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Abstract

Taking the advantages of surface imprinting, multi-template imprinting and magnetic separation, a novel magnetic multi-
template molecularly imprinted polymer (mag-MMIP@MWCNTs) was prepared by using MWCNTs as support material,
Fe;0, as magnetic core, and dimethyl phthalate (DMP), diethyl phthalate (DEP), and dibutyl phthalate (DBP) as template
molecules. This composite was characterized by scanning electron microscopy (SEM), Fourier-transform infrared spectroscopy
(FTIR), vibrating sample magnetometer (VSM), and the Brunauer-Emmett-Teller (BET) analysis, and was used for the simul-
taneous adsorption of DMP, DEP, and DBP in aqueous solution. The effects of solution pH, contact time, PAEs initial concen-
tration, temperature, adsorption selectivity, and reusability were investigated and discussed in detail. The results demonstrated
that mag-MMIP@MWCNTs exhibited fast kinetics, good magnetic separation, and excellent selectivity for the adsorption of
three phthalate esters (PAEs). The adsorption kinetics followed pseudo second-order kinetic model and the adsorption thermo-
dynamics followed Langmuir isothermal model very well, and the maximum adsorption capacities (Qy,.x) of DMP, DEP, and
DBP were obtained as 0.95, 1.38, and 7.09 mg g, respectively. The Scatchard analysis revealed that the template-polymer
system had a two-site binding behavior. The adsorption thermodynamic studies indicated that the adsorption processes were
exothermic and spontaneous, and dominated by physical adsorption relying on hydrogen bond, hydrophobic interaction, and van
der Waals force. Mag-MMIP@MWCNTs also showed good reproducibility and reusability for simultaneous adsorption of the
three PAEs. The potential application of mag-MMIP@MWCNTs was proved by the removal of DMP, DEP, and DBP spiked in
environmental water samples.

Keywords Magnetic molecularly imprinted polymer - Multi-template - Phthalate esters - Simultaneous adsorption -
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Introduction

Phthalate esters (PAEs) are synthetic organic compounds and

intensively used as important additives in plastic industry
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aquatic organisms, and may pose a potential threat to human
health (Chen and Sung 2005; Net et al. 2015; Wang et al.
2015). Therefore, PAEs have been regarded as a kind of pri-
ority pollutants for risk assessment in many countries and
regions, and it is of great significance to develop a simple
and effective method to remove PAEs in water environment
(Yang et al. 2015).

In order to remove PAEs in the polluted water, some
methods including biodegradation, adsorption, and advanced
oxidation are available (Abdel daiem et al. 2012). Among
these methods, adsorption is considered a simple and efficient
method because of its easy operation, cost-effectiveness, and
high regeneration ability, which has been widely used in in-
dustry to remove pollutants (Awual et al. 2019b; Julinova and
Slavik 2012). Until now, activated carbon (Fang and Huang
2010; Jedynak et al. 2017), biochars (Yao et al. 2019; Zhang
et al. 2016), carbon nanotubes (Abdul et al. 2015; Wang et al.
2010), polymeric resin (Xu et al. 2011), chitosan (Chen et al.
2007; Shaida et al. 2018), clay minerals (Wu et al. 2015), and
some new composite materials (e.g., zeolitic imidazolate and
metal-organic frameworks, alkylbenzene-functionalized poly-
propylene nonwoven, and biochar graphene nanosheet com-
posites) (Abdul et al. 2017; Khan et al. 2015; Zhang et al.
2018) have been used as adsorbents to remove PAEs in water.
Under the given conditions, the adsorption performances of
these materials have been confirmed, but the adsorption pro-
cesses need to take several hours or even longer time to attain
equilibrium, and filtration or centrifugation procedure is re-
quired to separate the adsorbents from aqueous phase, which
is very time-consuming and cumbersome. Moreover, PAEs
are commonly present at very low concentration and always
coexist with a variety of toxic and non-biodegradable pollut-
ants in water environment, which is a great challenge for se-
lective adsorption of PAEs. So further development of new
materials is still needed to break through some technical bot-
tlenecks, such as the lack of molecular selectivity, low kinetics
to target molecule, and cumbersome filtration or centrifuga-
tion procedure.

As a kind of synthetic macroporous materials, molecularly
imprinted polymers (MIPs) can create structurally comple-
mentary recognition sites to match template compounds with
similar structure (Chen et al. 2016). Due to their features of
high selectivity, chemical stability, and wide adaptability,
MIPs have been used in the studies on wastewater treatment
in recent years, and are considered to be one kind of the most
promising adsorbents for pollutant removal in aqueous phase
(Huang et al. 2015). Owning to superparamagnetic effect,
magnetic nanoparticles (MNPs) can be easily used for the
rapid separation of solid and liquid phases. Using MNPs as
“core”, surface MIPs bound target molecules can be easily
collected and separated by an external magnetic field without
filtration or centrifugation, which simplifies further treatment
process and avoids secondary pollution caused by residual

adsorbent (Kumar et al. 2018). Moreover, the surface imprint-
ing composite can not only selectively recognize the template
molecules in complex matrix, but also effectively avoids the
deficiencies of traditional imprinting technology, such as tem-
plate leakage, large size, irregular morphology, and low mass
transfer efficiency (Li et al. 2018). Therefore, combining
MNPs with MIPs, magnetic MIPs could be the promising
multifunctional candidate for selective separation and effec-
tive removal of target pollutants, which have been attracted
increasing attention (Guo et al. 2019; Pan et al. 2011; Zuo
et al. 2019).

At present, most MIPs were prepared using single template
in many researches, which restricts the recognition for a fam-
ily of compounds. Based on the cross selectivity, the recogni-
tion of multiple substances can be simultaneously achieved by
constructing multiple-matching imprinted recognition sites
(Lu et al. 2017), and thus a multi-template imprinting strategy
can be developed to improve the utilization efficiency of MIPs
using two or more structural analogues as templates. Some
studies have been focused on the application of multi-
template MIPs, but they are mainly concentrated in the fields
of solid-phase extraction and microsphere extraction
(Madikizela and Chimuka 2016; Ostovan et al. 2018), and
little attention has been paid to synthesize magnetic MIPs
combining multi-template imprinting and magnetic separation
technologies. As a result, there is a broad space for the devel-
opment of magnetic multi-template MIPs as the adsorbent for
pollutant removal in aqueous systems.

In this work, combining the merits of magnetic separation,
surface imprinting and multiple-template imprinting, novel
magnetic multi-template molecularly imprinted polymer
(mag-MMIP@MWCNTs) based on multi-walled carbon
nanotubes (MWCNTs), were prepared by using three fre-
quently detected PAEs (DMP, DEP, and DBP) as template
molecules, Fe;O4 as magnetic core, and MWCNTs as support
material due to their nanoscale dimension, large specific sur-
face area, and high dispersion and stability (Gao et al. 2012).
The prepared material was characterized by SEM, FTIR,
VSM, and BET analysis and was used to simultaneously ad-
sorb the three PAEs in aqueous solution. The adsorption con-
ditions were optimized, and the adsorption properties and
mechanisms were illustrated by adsorption kinetics, isotherm,
selectivity, and adsorbent reuse. The potential application of
the material was testified to remove the three PAEs spiked in
environmental water samples.

Materials and methods
Reagents and materials

Dimethyl phthalate (DMP), diethyl phthalate (DEP), dibutyl
phthalate (DBP), di-(2-ethylhexylPhthalate (DEHP), phthalic
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acid (H,PA), methacrylic acid (MAA), ethylene
dimethacrylate (EDMA), 2, 2-azobis(2-methylpropionitrile)
(AIBN), 3-(trimethoxysilyl) propyl methacrylate (KH-570),
and tetraethoxysilane (TEOS) were purchased from
Shanghai Adamas Reagent Co., Ltd., China. Acetonitrile with
HPLC grade was purchased from Fisher Scientific Inc., USA.
Other reagents used in this study were provided by Chengdu
Kelong Chemical Co., Ltd., China. Multi-walled carbon nano-
tubes (MWCNTs, 60—100 nm in diameter) were obtained
from Shenzhen Nanotech Port Co., Ltd., China. All chemical
reagents were of analytical grade and used without further
purification. Ultra-pure water was used throughout the
experiment.

Preparation of magnetic multi-template molecularly
imprinted polymer

The preparation of mag-MMIP@MWCNTs via a multi-step
procedure is shown in Fig. 1 and carried out as below.
Preparation of MWCNTs@Fe;0,4@Si0,-C=C composite:
magnetic multi-walled carbon nanotubes
(MWCNTs@Fe;04) were first prepared according to the
method of Rao et al. (Rao et al. 2014), and then coated on
SiO, by the Stober process (Luo et al. 2010).
MWCNTs@Fe;04 (0.50 g) was dispersed into 49.5 mL of
anhydrous ethanol, and 6.3 mL of ultrapure water and 2.2
mL of TEOS were added in ice water bath with constant
stirring for 10 min, and then 2.0 mL of 25% NH3-H,O (v/v)
was added dropwise to adjust pH to alkaline. After stirring at
room temperature for 12 h, the resultant product
(MWCNTs@Fe;0,@Si0,) was washed with anhydrous eth-
anol for 6 times, and dried in vacuum at 60 °C for 12 h.
Afterwards, 0.5 g of MWCNTs @Fe;0,@Si0, was dispersed
into 30 mL of 50% ethanol, and pH was adjusted to 4 with
acetic acid, and then 1.5 mL of KH-570 was added and stirred
at 50 °C for 24 h. The product was separated by an external
magnetic field, washed with ethanol for several times, dried
and stored under vacuum for further use, which was noted as
MWCNTs@Fe;0,@Si0,-C=C.
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Fig. 1 Schematic diagram of the preparation of mag-MMIP@MWCNTs

@ Springer

MWCNTs@Fe;0,@Si0,-C=C

Bouble bond modified silicon layer (

Preparation of magnetic multi-template molecularly
imprinted polymer: 0.2 mmol of multi-template
(npmp:npep:pgp = 6:3:2), 0.8 mmol of MAA functional
monomer and 50 mL of acetonitrile were mixed with ultra-
sound in a three-port bottle for 10 min, and then placed in the
dark for 3 h allowing self-assembly of the three PAEs and
MAA. Next, 100 mg of MWCNTs@Fe;0,@Si0,-C=C,
4 mmol of EDMA cross-linker and 20 mg of AIBN initiator
were mixed thoroughly, and degassed with ultrasound at 20
°C for 1 h to form a homogeneous dispersion. Under the
protection of N, atmosphere, the mixture was polymerized
in 60 °C water bath with constant stirring for 24 h, and the
obtained product (mag-MMIP@MWCNTs) was washed sev-
eral times with the mixed solution of methanol and acetic acid
(9:1, v/v) to remove the multi-template. When the three tem-
plates in the elution solvent were not detected by HPLC, the
product was washed with ethanol to neutral and dried under
vacuum at 60 °C.

For contrast, the non-imprinted polymer (mag-
NIP@MWCNTs) was synthesized using the above proce-
dures without PAEs multi-template.

Instruments and analyses

The morphology of the prepared materials at different stages
was investigated by the TESCAN MIRA3 scanning electron
microscopy (SEM, Tescan, Czech) at an accelerating voltage
of 5 kV, and the group characteristics were recorded by the
Nicolet 6700 Fourier-transform infrared spectrometer (FTIR,
Thermo Scientific, USA) in the wave number range of 4000
650 cm™. The magnetic property was analyzed by VSM 7037
vibrating sample magnetometer (VSM, Lake Shore, USA) at
room temperature. The surface area and porosity were ana-
lyzed through N, adsorption-desorption experiment by the
2460 Brunauer-Emmett-Teller analyzer (BET,
Micromeritics, USA).

DMP, DEP, and DBP were determined by an LC-20A high
performance liquid chromatograph (HPLC, Shimadazu,
Japan). Chromatographic separation was achieved in an
Inertsil ODS-SP column (250 mm x 4.6 mm, 5 um,
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Shimadazu GL-science, Japan) using acetonitrile and water as
mobile phases at a flow rate of 1.0 mL min™'. The gradient
elution program started from 70% acetonitrile and held for 6
min, and then increased to 100% acetonitrile in 2 min and held
for 8 min, finally returned to 70% acetonitrile in 1 min and
held for 15 min. The injection sample volume was 20 uL, and
UV detection wavelength was 225 nm.

Adsorption experiments

The adsorption experiments were carried out in 25-mL glass
bottles with the following procedures. Firstly, 100 mg of com-
posite material was added to 10 mL of PAEs solution (pH 6—
7) and shaken for 40 min at 25 °C. Then the material was
isolated from the solution using a permanent magnet, and
PAEs concentrations in the solution before and after adsorp-
tion were determined. The adsorption efficiency (a) and ad-
sorption capacity Q (mg-g-1) were calculated according to the
following equations:

a=5"C 100% (1)

Co
(Co—Ce)V
m

0= (2)
where C, (mg'L’l) and C, (mg'L’l) are the initial and equilib-
rium concentrations of the three PAEs, respectively; V (mL) is
solution volume; m (mg) is adsorbent mass.

To determine the effect of pH, the initial pH of the solution
containing 5 mg L™' PAEs was adjusted from 3.0 to 11.0 by
using 0.1 mol L™ HCl and 0.1 mol L™! NaOH as needed. For
the assessment of kinetic performance, 10 mL of 5 mg Lt
PAE:s solution was used, and the adsorbent amount was fixed
at 100 mg. At different time intervals, the adsorbent was iso-
lated by a magnet, and the supernatant was measured by
HPLC. In case of maximum adsorption capacities of mag-
MMIP@MWCNTs to the three PAEs, the adsorption iso-
therms were studied based on different PAEs initial concen-
trations when the other conditions were fixed. To investigate
the influence of temperature and further analyze the adsorp-
tion mechanisms, the initial concentration of PAEs was fixed
at 5 mg L and the temperature was varied from 10 °C to 40
°C. The selectivity of mag-MMIP@MWCNTs was per-
formed in 10 mL of mixed solution containing 5 mg L™
DMP, DEP, DBP, DEHP, and H,PA by using mag-
NIP@MWCNTs as contrast.

Evaluation of the reusability and reproducibility

To evaluate the reusability, 100 mg of newly prepared com-
posite was added into 10 mL of 5 mg L™ three PAEs solution
and shaken at 25 °C for 40 min. Then, the composite was
isolated by a magnet and washed with 10% acetic acid in

methanol (v/v) for several times until no PAEs detected, and
washed to be neutral with ethanol, dried under vacuum at 60
°C. After desorption, the composite was reused for several
cycles to estimate the reusability as a potential material in real
performance. The reproducibility was investigated using the
composites prepared in three different batches.

Adsorption of PAEs spiked in environmental water
samples

The surface water, groundwater, and domestic sewage sam-
ples (no DMP, DEP, and DBP detected) were collected from
Bishan, Nanchuan, and Xiushan (Chongqing, China), respec-
tively. The environmental water samples were passed through
a 0.45-um polypropylene film, and the three PAEs (5 mg L™)
were spiked in the filtrates. Mag-MMIP@MWCNTs (100
mg) was added to 10 mL of the spiked environmental water
sample, and then the adsorption and detection procedures
were carried out as described in the adsorption experiment.

Results and discussion

Preparation and characterization of mag-
MMIP@MWCNTs

The preparation of mag-MMIP@MWCNTs involved the
preparation of MWCNTs@Fe;0,, silica shell modified on
the surface of MWCNTs@Fe;04, MIPs layer functionalized
onto the composite, and final formation of recognition sites on
the imprinting composite. Firstly, the negatively charged
MWCNTs-COOH was formed by treating MWCNTSs under
acidic condition, which was beneficial for electrostatic attrac-
tion between MWCNTSs and iron ions in the system to suc-
cessfully introduce Fe;O,4 particles onto the surface of
MWCNTs through hydrothermal reaction, and thus provided
a “magnetic core” for the material. In order to prevent the
oxidation of magnetic core and increase the efficient combi-
nation of “core” and MIPs, the double bond modified silicon
shell was then coated on MWCNTs@Fe;04 by sol-gel and
surface grafting techniques (Guo et al. 2015). Finally,
MWCNTs@Fe;04,@S10,-C=C was mixed with DMP,
DEP, and DBP (multiple-template molecules), MAA (func-
tional monomer), EGDMA (cross linker), and AIBN (initia-
tor), then the mixture were reacted to form the printing layer of
PAEs through thermal polymerization, and thus the MIP was
loaded on MWCNTs@Fe;0,@Si0,-C=C by covalent cou-
pling. After elution, specific recognition sites were formed
on the imprinting layer.

SEM images of the prepared materials at different stages
are shown in Fig. S1 (Supplementary Material). It can be seen
that MWCNTs with the diameter of 60—100 nm are tubular
structure and intertwined (Fig. Sla), which provide the
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framework support for the core-shell magnetic MIP in this
study. The morphology of carbon nanotubes does not change
obviously, and Fe;O,4 nanoparticles with the mean diameter of
about 200 nm are well distributed on the surface of MWCNTSs
in MWCNTs@Fe;0,4 (Fig. S1b), which confirms that the
“magnetic core” has been successfully modified to give
MWCNTs magnetic property. After silicon coating modifica-
tion, the thickness of Fe;O4 nanoparticles in
MWCNTs@Fe;0,@8Si0, increases to about 350 nm (Fig.
Slc), and Fe;O4 nanoparticles become smoother than those
in MWCNTs@Fe;0,4 (Fig. S1b). Finally, the thickness of the
nanoparticles increases to about 400 nm, and corresponds to a
50-nm thick MIP layer covered on magnetic nanoparticles in
MWCNTs@Fe;0,@8Si0,-C=C (Fig. S1d), which may be
beneficial for mass transfer between the solution and mag-
MMIP@MWCNTs, and improves the incomplete template
removal caused by “deep buried” binding sites (Figueiredo
et al. 2016).

FTIR spectra of the prepared materials at different stages
are shown in Fig. S2 (Supplementary Material). For
MWCNTs (curve a), no obvious characteristic peaks can be
observed. In FTIR spectra of MWCNTs@Fe;0,4 (curve b),
MWCNTs@Fe;0,@Si0, (curve c¢) and
MWCNTs@Fe;0,@S10,-C=C (curve d), the characteristic
absorption peaks of Fe—O stretching vibration are all observed
at 577 cm™! or 573 em’!, which give a further evidence that
Fe;O4 nanoparticles have been successfully loaded on the
surface of MWCNTSs. The absorption peaks at 1076 cm™,
801 cm! (or 793 cm™), and 462 cm™ are ascribed to asym-
metric stretching vibration, symmetric stretching vibration
and bending vibration of Si-O-Si, and those at 3450 cm™
and 1645 cm™ are attributed to stretching vibration and bend-
ing vibration of O-H, respectively. The characteristic peak at
2926 cm™ is the stretching vibration peak of C—H bonds on
methyl and methylene, which can be ascribed to KH-570
modification on silica shell (Wu et al. 2016). The existence
of these characteristic peaks indicates that the modified silica
shell has been successfully loaded on the surface of
MWCNTS@FC304.

The magnetic property of the prepared materials was inves-
tigated by vibrating sample magnetometer. As seen in Fig. S3
(Supplementary Material), the magnetic hysteresis loops of
MWCNTs@Fe;04, MWCNTs@Fe;0,@8Si0,, and mag-
MMIP@MWCNTs have similar shape (Fig. S3a), and their
saturation magnetization values are 66.25, 36.66, and 25.6
emu g, respectively. According to the view of Ma et al.
(Ma et al. 2005), the saturation magnetization of mag-
MMIP@MWCNTs is lower than that of MWCNTs@Fe;0,4
owing to the encapsulation of silica and PAEs imprinting lay-
er, but the magnetism of mag-MMIP@MWCNTs is sufficient
for magnetic separation using an external magnet. Moreover,
the remanent magnetization and coercive force of three mate-
rials are close to zero, indicating that they have
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superparamagnetism, and thus enable rapid dispersion after
removing the magnetic field (Gao et al. 2014). In Fig. S3b,
the black homogeneous dispersion of mag-
MMIP@MWCNTs is observed in the absence of an external
magnetic field, and the composite can be quickly and
completely isolated from the dispersion by placing an external
magnet near the glass vial.

The surface area and porosity of mag-MMIP@MWCNTs
and mag-NIP@MWCNTs were measured by BET analysis,
and the N, adsorption-desorption isotherms are shown in Fig.
S4 (Supplementary Material). The adsorption-desorption
curves can be identified as type IV hysteresis loop according
to the IUPAC classification, indicating that both mag-
MMIP@MWCNTs and mag-NIP@MWCNTs are mesopo-
rous materials. The specific surface area and pore volume of
mag-MMIP@MWCNTs are slightly higher than those of
mag-NIP@MWCNTs, suggesting that the former is more
suitable for the binding of the three PAEs (Li et al. 2009).
From another perspective, the different adsorption properties
of mag-MMIP@MWCNTs and mag-NIP@MWCNTs cannot
be completely attributed to the differences in morphology,
which are related to specific recognition sites in molecular
imprinting process (Mao et al. 2016).

Effect of solution pH

Figure 2 shows the effect of solution pH on the adsorption
efficiency. As we can see, the removal efficiencies are rela-
tively low at pH 3, and slightly increase and keep stable when
solution pH changes from 5 to 9 for every PAE, and then have
a significant increase at pH 11 for DMP and DEP. In fact, OH
in solution can easily induce PAEs hydrolysis under alkaline
condition, so the removal efficiency at pH 11 cannot truly
reflect the adsorption capability of mag-MMIP@MWCNTs
to the three PAEs. The adsorption properties of mag-
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Fig. 2 Effect of solution pH on the adsorption of mag-
MMIPs@MWCNTs to the three PAEs. (PAEs initial concentrations:
5 mg L™'; adsorption time: 40 min; temperature: 25 °C)
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MMIP@MWCNTs at pH 5 to 9 are favorable for the removal
of the three PAEs in natural water, because the real pH of
actual water environment is mostly distributed in this range.
So we did not adjust the pH of adsorption solution in the
following experiments.

Effect of contact time and adsorption kinetics

Contact time is an important parameter affecting the adsorp-
tion efficiency (Awual et al. 2019a). The dynamic binding
curves of the three PAEs on mag-MMIP@MWCNTs and
mag-NIP@MWCNTs were investigated at various time, and
the results are shown in Fig. 3. It can be seen that the three
PAEs on mag-MMIP@MWCNTs display similar dynamic
binding curves (Fig. 3a), and they can rapidly transfer and
occupy enough binding sites on the material surface in the
first 30 min, and thus the adsorption rates increase rapidly.
With the decrease of binding sites, the adsorption rates slow
down and the adsorption capacities gradually tend to be con-
stant at 40 min. Compared with the traditional bulk polymers,
mag-MMIP@MWCNTs with nano-sized imprinting layer
can effectively improve mass transfer and thus greatly shorten
the adsorption time (He et al. 2010; Wolska and Bryjak 2012).
Because of the hydrophobicity of the three PAEs and 7-7
interaction between PAEs (m-acceptor) and MWCNTs (7r-do-
nor) (Julinova and Slavik 2012; Wang et al. 2010), mag-

NIP@MWCNTs can also adsorb the three PAEs (Fig. 3b),
but it need more time (about 60 min) to reach adsorption
equilibrium. Compared with DMP and DEP, DBP has higher
octanol-water partition coefficient, thus stronger hydrophobic-
ity makes it easy to be adsorbed, so the adsorption capacity
displays an increasing order of DMP, DEP and DBP. During
the preparation of mag-MIP@MWCNTs, the three PAEs was
used as template molecules to create the tailor-made bind-
ing sites, the adsorption capacities of the three PAEs on
mag-MIP@MWCNTSs are much higher than those on mag-
NIP@MWCNTs under the same conditions. Based on
these results, 40 min was chosen as the adsorption time
for the adsorption of mag-MMIP@MWCNTSs to the three
PAEs.

To study the kinetic characteristics of adsorption process,
the experimental data were fitted by pseudo first-order, pseudo
second-order and intraparticle diffusion kinetic models, and
the results are shown in Table 1. The highest determination
coefficients (R?) can be obtained by pseudo second-order ki-
netic model for the adsorption of the three PAEs, and the
equilibrium adsorption capacities (Qxe, fiteq) Of DMP, DEP
and DBP are close to the experimental values. In addition,
the good linear relationship between #(Q, and ¢ implies that
the rate-limiting step might be governed by the occupation
of the binding sites by PAEs through noncovalent interaction
(Guo et al. 2019; Qian et al. 2017).

Table 1 Adsorption kinetic parameters of mag-MIP@MWCNTSs to DMP, DEP and DBP
Compound  Pseudo first-order kinetic Pseudo second-order Intraparticle diffusion

model In(Q,— 0) =In O, — kyt Kinetic model & = b+ + £ model O, =ks** +¢

t 2% e

Oc. fivea (Hgg") o (min)  R? Os. finea (Hgg") ko (mgpg'min™) R ¢ ks (ugg ' min®?)  R?
DMP 79.66 0.060 0.8761  303.0 2.86 0.9998 25637 4.38 0.4321
DEP 108.2 0.053 0.7673  416.7 1.28 0.9994 31738 841 0.4861
DBP 134.0 0.081 0.7962  500.0 4.41 0.9999 46442 246 0.5523

O, and O, are the adsorption capacities at equilibrium and ¢ time, Qe firea and Qo firrea are the adsorption capacities fitted by pseudo first-order and
second-order kinetic models, respectively. ki, k,, and k3 are pseudo first-order, second-order and intraparticle diffusion rate constants, respectively. c is a
constant for boundary layer thickness
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Fig. 4 Adsorption isotherms of mag-MMIP@MWCNTs to the three
PAEs. (solution pH: 7; adsorption time: 40 min; temperature: 25 °C)

PAEs initial concentration and adsorption isotherms

To determine the maximum adsorption capacities, the isother-
mal adsorption experiments were conducted at different PAEs
initial concentrations, and the results are shown in Fig. 4.
Apparently, the adsorption capacities of DMP and DEP in-
crease with the initial concentration increasing, and tend to be
constant when higher than 30 mg L™'. However, the adsorp-
tion capacity of DBP increases rapidly with the initial concen-
tration, and the adsorption does not reach equilibrium in the
investigated concentration range, implying that mag-
MMIP@MWCNTs has higher adsorption ability for DBP.
Overall, mag-MMIP@MWCNTs is more effective to adsorb
DMP and DEP not exceeding 30 mg L', and has a good
applicability for DBP from low to high concentrations.

The adsorption isotherms were assessed by the Langmuir
and Freundlich isothermal adsorption models, and the results
are shown in Table 2. Overall, Langmuir model can describe
the adsorption processes of DBP, DEP, and DMP very well,
and the maximum adsorption capacities (Onay) are obtained as

7.09, 1.38, and 0.95 mg g, respectively. The high determina-
tion coefficients of Langmuir model indicate that the adsorption
of DMP and DEP on mag-MMIPs@MWCNTs is monolayer
adsorption, which mainly occur on the specific or active bind-
ing sites of the imprinted layer and the surface of adsorbent
(Kong et al. 2012). Due to the binding sites of the imprinted
layer and the interaction of DBP and MWCNTs, the adsorption
of DBP is inclined to heterogeneous adsorption (Wang et al.
2010). A comparison of PAEs adsorption with other functional
materials has been made and the data are summarized in
Table 3. Mag-MMIP@MWCNTs has high adsorption capacity
with shorter adsorption time, and can simultaneously adsorb
DMP, DEP, and DBP in aqueous solution.

In order to further investigate the binding properties of
mag-MMIP@MWCNTs to the three PAEs, the Scatchard
analysis was adopted to evaluate adsorption parameters
(Zhang et al. 2018):

O Oux @
C. Kq Kg ®)

where O is the adsorbate amount bound to adsorbent (mg-g™");
Omax 18 apparent maximum binding amount (mg-g’l); C. (mg-
L") is the equilibrium concentration of adsorbate; Ky is the
dissociation constant of binding sites.

The relationship between Q/C, and Q was fitted to two
distinct linear equations, indicating that there are probably
two classes of binding sites for the adsorption of mag-
MMIP@MWCNTs to the three PAEs, i.e., specific binding
sites with high affinity and unspecific binding sites with low
affinity (Table 4). The Ky and Q,.x values of two classes of
binding sites can be obtained from the slope and intercept of
the Scatchard plot at adsorption equilibrium, respectively.
Compared with the two groups of 1/Ky, the binding affinities
of high affinity sites for DMP, DEP, and DBP are 4.8,2.7, and
2.9 times higher than those of low affinity sites, respectively.
However, the Oy, values of high affinity sites are lower than
those of low affinity sites, suggesting that the adsorption pro-
cesses result from the combination of two kinds of binding

Table 2 Fitted results of the isothermal adsorption of mag-MMIP@MWCNTs to DMP, DEP, and DBP by Langmuir and Freundlich models

Compound Langmuir model Freundlich model
L Qmax + K%_ Omax . Ky R ng = ngF + %lgCe Kg 1/n R
émax (mg-g™)
DMP y=105x+4.78 0.95 0.22 0.994 y=043x-0.72 0.19 0.43 0.935
DEP y=0.72x+3.15 1.38 0.23 0.992 y=047x—-0.57 0.27 0.47 0.943
DBP y=0.14x + 0.37 7.09 0.38 0.976 y=0.77x+0.18 1.52 0.77 0.984

C. (mg-L™") is the equilibrium concentration of adsorbate; 0 is adsorption capacity; Qpax is the maximum adsorption capacity; # is an empirical constant
related to the adsorption intensity; Ky and Ky are Langmuir and Freundlich adsorption equilibrium constants, respectively
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Table 3  Comparison of PAEs adsorption with other functional materials
Adsorbent Compound Ormax (mg-g™h Equilibrium time Reference
Mesoporous-ordered carbon DBP 0.209 lh (Jedynak et al. 2017)
Pepper straw biochars (400 °C) DMP 1.773 144 h (Yao et al. 2019)
DBP 6.292 96 h
a-Cyclodextrin-linked chitosan bead DEP 2.82 6h (Chen et al. 2007)
Coal-chitosan composite DEP 42.67 4h (Shaida et al. 2018)
K-mont clay DEP 1.89 120 h (Wu et al. 2015)
Biochar-graphene nanosheet DMP 12.21 48 h (Abdul et al. 2017)
DEP 10.04
DBP 543
Molecularly imprinted microspheres DBP 0.737 12h (He et al. 2010)
GO-MNPs DEP 8.71 5 min (Yin et al. 2014)
MGO@mSiO,-MIP DMP, DEP, DBP, BBP, DEHP, DOP 2.3-4.8 2h (Guo et al. 2019)
Mag-MMIP@MWCNTs DMP, DEP, DBP 9.42 40 min This work

sites, and are mainly dependent on physical adsorption of
unspecific binding (Pan et al. 2011).

Effect of temperature and adsorption mechanisms

The influence of temperature on the adsorption of mag-
MMIP@MWCNTs to the three PAEs was investigated, and
the results are shown in Fig. 5. It can be seen that the adsorp-
tion capacity shows a decreasing trend with the temperature
increasing. The adsorption capacities of DMP, DEP, and DBP
are 364.1, 444.8, and 505.6 ug g’l at 10 °C, and those were
reduced to 254.3, 348.9, and 467.6 pg g at 40 °C, respec-
tively. These results indicate that the relative low temperature
is beneficial for the adsorption of the three PAEs.

In order to further study adsorption thermodynamic behav-
iors, the following equations were introduced (Wang et al.
2010):

AS AH
InKp = ———— 4

D= kT (4)
AH = AG + TAS (5)

where Kp, represents adsorption distribution coefficient calcu-
lated by the ratio of the adsorbate amounts in solid phase and

liquid phase at adsorption equilibrium; R is the universal gas
constant (8.314 J'mol™ K™), and T'is thermodynamic temper-
ature (K); AG, AH, and AS are Gibbs free energy change
(kJ'mol™), enthalpy change (kJ-mol™), and entropy change
(Jmol K™, respectively.

The adsorption thermodynamic parameters are shown in
Table 5. It can be seen that AG and AH values are negative,
suggesting that the adsorption processes are spontaneous and
exothermic, and K, values decrease with the increase of tem-
perature. AG and AH values display a decreasing order of
DBP, DEP, and DMP at every temperature, indicating that
low temperature is beneficial for the adsorption process, and
DBP has the strongest migration ability from solution to the
composite surface. Meanwhile, the negative AS values corre-
spond to the decreases in the degree of freedom at solid-liquid
interface during the adsorption processes. In general, AG val-
ue is in the range of — 20 to 0 kJ mol" with AH of — 40 to
20 kJ mol™" for physical adsorption, while AG value is in the
range of — 400 to — 80 kJ mol™ for chemical adsorption (Ren
et al. 2015; Sharma et al. 2013). Based on the viewpoint of
von Oepen et al. (von Oepen et al. 1991), the absolute values
of adsorption AH caused by hydrogen bond, van der Waals
force, and hydrophobic interaction are 2-40, 4-10, and 5 kJ
mol ™!, respectively. Therefore, the adsorption of mag-

Table 4 The Scatchard analysis

of the adsorption of mag- Compound High affinity sites Low affinity sites

MMIPs@MWCNTs to DMP,

DEP, and DBP Linear equation Ky Onmax Linear equation Ky Omax
DMP y=—0.64x+0.34 1.55 0.52 y=—0.13x+0.13 7.42 0.94
DEP y=—049% + 046 2.03 0.94 y=—0.18x+0.26 5.42 1.42
DBP y=—077x+3.14 1.30 4.08 y=—026x+2.13 3.79 8.09
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Fig. 5 Effect of temperature on the adsorption of mag-
MMIPs@MWCNTs to the three PAEs. (PAEs initial concentrations:
5 mg L'; adsorption time: 40 min; solution pH 7)

MMIP@MWCNTs to the three PAEs is dominated by phys-
ical process, and mainly relying on hydrogen bond between
PAEs and MAA, hydrophobic interaction and van der Waals
force between MWCNTs and PAEs (Zhang et al. 2018).

Adsorption selectivity of mag-MMIP@MWCNTs

In order to examine the adsorption selectivity of mag-
MMIP@MWCNTs, DEHP, and H,PA were selected as ana-
logues and mag-NIP@MWCNTs was used as contrast. The
selective adsorption of these analogues is shown in Fig. 6. The
results indicate that the adsorption capacities of DMP, DEP,
and DBP on mag-MMIP@MWCNTs are evidently higher
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Fig. 6 The selectivity of mag-MMIP@MWCNTs and mag-
NIP@MWCNTSs. (The initial concentrations of DMP, DEP, DBP,
DEHP and H,PA: 5 mg L': solution pH: 7; adsorption time: 40 min;
temperature: 25 °C)

than those on mag-NIP@MWCNTs, which are similar to the
results of adsorption kinetic experiments. However, due to the
deficiency of bonding sites on the surface of mag-
MMIP@MWCNTs, the adsorption capacities of DEHP and
H,PA on mag-MMIP@MWCNTs are close to those observed
on mag-NIP@MWCNTs. The imprinting factor is usually
used to evaluate the specific recognition property of imprinted
material to template molecules and structurally similar com-
pounds. According to the ratios of adsorption capacity of the
five compounds on mag-MMIP@MWCNTs to that on mag-
NIP@MWCNTs, the imprinting factors of DMP, DEP, DBP,
DEHP, and H,PA can be obtained as 2.79, 2.53, 1.54, 1.12,
and 1.15, respectively. The imprinting factors of DMP, DEP

Table 5 Adsorption

thermodynamic constants of mag-  Compound T (X) InKp AG (kJ-mol™") AH (kJ-mol™) AS (JmolK™)
MMIP@MWCNTSs to DMP,
DEP, and DBP DMP 283 5.59 -13.15 —24.15 —38.83
293 5.30 -12.90
298 5.08 -12.59
303 4.87 -12.27
313 4.64 -12.07
DEP 283 6.69 -15.74 -31.04 -53.31
293 6.31 -15.36
298 6.10 -15.12
303 5.85 - 14.74
313 5.44 - 14.16
DBP 283 8.68 —20.41 —41.85 -77.32
293 7.96 -19.40
298 7.70 -19.08
303 7.33 - 18.48
313 6.98 - 18.17
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Fig. 7 Reusability of mag-MMIP@MWCNTs

and DBP are higher than those of DEHP and H,PA, suggest-
ing that mag-MMIP@MWCNTs has a relatively high affinity
for the template molecules. These results illustrate that the
obtained mag-MMIP@MWCNTs exhibit adsorption selectiv-
ity for DMP, DEP, and DBP.

Reproducibility and reusability of mag-
MMIP@MWCNTs

The reproducibility and reusability of mag-
MMIP@MWCNTs were investigated using the composites
prepared in three batches and the same batch, respectively.
For the three-batch composites, the relative standard devia-
tions (RSDs) of adsorption efficiency were obtained as 1.4—
5.7%, further implying that mag-MMIP@MWCNTs can be
prepared repeatedly. The elution, regeneration and subsequent
reuse are very important to evaluate the sustainable applica-
tion and cost-effectiveness of the adsorbent (Awual et al.
2016). After seven adsorption-desorption cycles of the same
batch composites, the adsorption efficiencies of DMP, DEP,
and DBP are 59.7%, 77.6%, and 92.9% (Fig. 7), which still
maintain at 91.1%, 90.4%, and 95.4% of the initial adsorption
efficiencies, respectively. These results indicate that mag-
MMIP@MWCNTs has good stability and can be reused to
adsorb the three PAEs after regeneration. The slight decreases

of adsorption capacity may be due to the blocking of some
recognition sites by template molecules or the slight destruc-
tion by multiple elution during the reuse of mag-
MMIP@MWCNTs.

Adsorption of PAEs spiked in environmental water
samples

In order to inspect the feasibility of adsorbent for PAEs re-
moval, mag-MMIP@MWCNTSs was applied to adsorb the
three PAEs spiked in environmental water samples, and the
removal efficiencies are shown in Table 6. The results indicate
that the three PAEs can be effectively removed by mag-
MMIP@MWCNTs, and testify that this composite is a prom-
ising adsorbent for rapid and efficient removal of PAEs in
environmental water samples.

Conclusions

Combined magnetic surface imprinting technique with multi-
template imprinting strategy, a novel magnetic core-shell
structured multi-template molecularly imprinted polymer
based on MWCNTs (mag-MMIP@MWCNTs) has been suc-
cessfully prepared and used for the simultaneous adsorption of
DMP, DEP, and DBP in aqueous solution. This composite can
not only recognize the three PAEs with high selectivity, but
also display favorable reproducibility and reusability, and
good magnetic separation performance. The adsorption pro-
cesses of the three PAEs were well described by pseudo
second-order kinetic model, and the isothermal adsorption
data were well fitted by Langmuir model with maximum ad-
sorption capacities of 0.95, 1.38, and 7.09 mg g for DMP,
DEP and DBP, respectively. Relying on hydrogen bond, hy-
drophobic interaction, and the van der Waals force, the ad-
sorption of the three PAEs is a spontaneous and endothermic
process. Moreover, this composite has high adsorption capac-
ity with shorter adsorption time, and has been successfully
applied to simultaneous removal of the three PAEs spiked in
environmental water samples. Mag-MMIP@MWCNTs has a
great potential to effectively remove multiple PAEs and pro-
tect aquatic ecological environment.

Table 6 Removal efficiencies of
DMP, DEP, and DBP spiked in
environmental water samples

Water sample

Spiked concentration

Removal efficiency (%)

DMP DEP DBP
Groundwater 5mgL’ 60.0£7.2 74.6 £4.8 94.1+34
Surface water 66.3+6.7 84.0+£4.0 969+ 1.1
Domestic sewage 51.4+7.7 754 +6.1 94.7+2.6
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