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ABSTRACT

Thermosensitive/magnetic molecularly imprinted polymers (TM-MIPs) were prepared by
Pickering emulsion polymerization. With this method, SiO2 nanoparticles were used as the
Pickering emulsion stabilizer, N-isopropylacrylamide functioned as the thermosensitive
monomer participating in co-polymerization, and bifenthrin (BF) acted as the template
molecule. The results of the characterizations demonstrated that the TM-MIPs were porous
and magnetic inorganic/polymer composite microparticles with magnetic sensitivity
(Ms = 0.7921 emu g−1), thermal stability (below 473 K), and magnetic stability (over the pH
range of 2.0–8.0). TM-MIPs were used as sorbents to remove bifenthrin (BF), and then were
swiftly split in magnetic field. The Freundlich isotherm model preferably matched with the
experimental data. The adsorption kinetic of the TM-MIPs was primely fitted by the
pseudo-second-order, indicating that the chemical reaction could be the rate-limiting step in
the process of BF absorption. The selective recognition experiments exhibited that the
TM-MIPs have obvious effect on selective adsorption of BF with diethyl phthalate and
fenvalerate. In aqueous solutions, the adsorption of BF onto the TM-MIPs had response to
temperature, and could be used for adsorbing and separating bifenthrin.

Keywords: Thermosensitive molecularly imprinted polymers; Bifenthrin; Selective
recognition; Pickering emulsion polymerization

1. Introduction

Pyrethroids were successfully developed as a kind
of chemical synthesis broad-spectrum insecticides by
mimicking the structures of natural pyrethrins, with
stable properties, low effective concentration, strong

contact action, fast pest control, selective insecticidal
activity, and so forth, which interfere with the mecha-
nism of nerve conduction to leave pests to die [1]. In
the past few decades, pyrethroids were widely used
for controlling agricultural pests, healthy insects, and
now they gradually take the place of organic
phosphorus, organic nitrogen, and organic chlorine
traditional insecticides in agriculture [2,3]. For*Corresponding author.
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example, bifenthrin was used to kill pests on
vegetables, fruit trees, and tea trees. In recent years,
pyrethroid pesticides have accounted for nearly 20%
of the international pesticide market. Mass production
and widespread use of pyrethroids, flowing into the
environment through production wastewater, pesti-
cide residue, and other methods resulted in environ-
mental pollution and ecosystem destruction, which
has aroused wide attention at home and abroad.
Moreover, the research on migration, toxicology, bio-
logical hazards, and treatment methods of pyrethroids
residue in the environment have been reported [4–7].
Some studies suggest that pyrethroids have influence
on the central nervous system of human when con-
fronting the consciousness obstacles and seizures, and
the disruption of the endocrine system [8]. Therefore,
how to separate pyrethroid residues rapidly and sensi-
tively has become a hotspot in this field. Alternatively,
adsorption is a kind of simple and effective approach
to eliminate residual pyrethroids in the environment.

The materials of selective recognition and separa-
tion of pyrethroid compounds have stepped into the
spotlight of research. Molecularly imprinted polymers
(MIPs) are a type of selective adsorbent for the quick
removal of target pollutants, and can be used for
adsorption–desorption repeatedly when removing
contaminants [9]. The magnetic separation technique
is a quick and easy separation technique, which can
replace centrifugation and filtration, and has been
used in the molecular imprinting field [10]. Since tem-
perature is the most common kind of stimulation,
thermosensitive polymer can be adapted to tempera-
ture changes [11], wherein, poly-N-isopropyl acry-
lamide (PNIPAm) is studied most, whose low critical
solution temperature is about 32˚C [12]. Reversible
phase transition has attracted extensive attention of
researchers at home and abroad because of its occur-
rence by the temperature change. Zhang et al. pre-
pared water-soluble MIPs with temperature
stimulation effect by superficially grafting PNIPAm
brush onto MIPs microspheres [13]. The intelligent
control of template molecules adsorbed on thermosen-
sitive MIPs can be implemented by adjusting the
ambient temperature. In the field of separation
science, drug delivery, catalysis, and sensing, ther-
mosensitive MIPs have great application prospects.

Pickering emulsion polymerization technique is a
novel method of preparing MIPs. Pickering emulsions
use solid particles instead of surfactants as an emul-
sion stabilizer [14]. Recently, Pickering emulsion poly-
merization has been proven to be a green synthetic
technique in terms of reducing the large amount of
surfactants to prepare organic–inorganic hybrid
microspheres, which has become a hot topic [15,16].

For example, clay-armored latexes were prepared by
Pickering emulsion polymerization using clay as emul-
sion stabilizer [17].

In this work, thermosensitive and magnetic
molecularly imprinted polymers (TM-MIPs) were suc-
cessfully prepared by Pickering emulsion polymeriza-
tion, and used as an adsorbent for the selective
adsorption separation of bifenthrin (BF). As shown in
Fig. 1, for preparing TM-MIPs, the template molecule
was BF, the functional monomer was methacrylic acid
(MAA), the thermosensitive monomer was N-iso-
propyl acrylamide (NIPAm), the cross-linking agent
was ethylene glycol dimethacrylate (EGDMA), and the
initiator was azobis isobutyrate dimethyl (AIBME).
The mixture of BF, MAA, NIPAm, EGDMA, AIBME,
toluene, and dichloromethane acted as oil phase. The
oleic acid modified Fe3O4 nanoscale particles serving
as the magnetic carrier was dispersed in the oil phase,
SiO2 nanoparticles working as the Pickering stabilizer
was dispersed in aqueous phase, an oil-in-water
Pickering emulsion was formed by severe shaking.
Some relevant characterizations of the TM-MIPs were
studied to analyze its physicochemical properties. The
adsorption isotherm, kinetics, selectivity, and tempera-
ture response of BF were researched using the
TM-MIPs as sorbents.

2. Experimental

2.1. Chemicals

Bifenthrin (BF) and fenvalerate (FL) were pur-
chased from Jiangsu Huangma agrochemicals Co.,
Ltd. Ethanol, methanol, acetic acid, dichloromethane,
HPLC-grade methanol, and methacrylic acid (MAA),
FeCl2·4H2O, FeCl3·6H2O, NaOH, trimethylstearylam-
monium bromide, oleic acid, toluene, methylene chlo-
ride, and tetraethoxysilane (TEOS) were obtained from
Sinopharm Chemical Reagent Co., Ltd (Shanghai,
China). Ammonium hydroxide, N-isopropyl acry-
lamide (NIPAm), diethyl phthalate (DEP), dimethyl
2,2´-azobis(2-methylpropionate) (AIBME), and Ethyl
glycol dimethacrylate (EGDMA) were received from
Aladdin Reagent Co., Ltd (Shanghai, China). Deion-
ized water (DI, 18.2 ML cm−1) is obtained through a
Milli-Q water purification system.

2.2. Instrument

Infrared spectra (4,000–400 cm−1) were recorded on
a Nicolet NEXUS-470 FTIR apparatus (USA). The
morphology of TM-MIPs was observed by a scanning
electron microscope (SEM, JEOL, JSM-7001F) and a
transmission electron microscope (TEM, JEOL,
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JEM-2100). The identification of crystalline phase was
performed using a Rigaku D/max-γB X-ray diffrac-
tometer (XRD). Magnetic measurement was carried
out using a vibrating sample magnetometer (VSM,
7300, Lakeshore). Thermogravimetric analysis (TGA)
was carried out using a DSC/DTA-TG (STA 449C
Jupiter, Netzsch, Germany) at N2 atmosphere. A TBS-
990 atomic absorption spectrophotometer (Beijing
Purkinge General Instrument Co., Ltd, China) was
used for ion measurements. Chromatographic analysis
was carried out on an Agilent 1200 BF system
(Agilent, Germany). UV–vis adsorption spectra were
obtained from a UV–vis spectrophotometer (UV-2450,
Shimadzu, Japan).

2.3. Preparation of SiO2 nanoparticles

The preparation of SiO2 nanoparticles was carried
out referring to a method from Stöber et al. [18].
Briefly, 3.0 mL TEOS was added into 100 mL of etha-
nol and water (95:5, V/V) solution, followed by adding

0.01 g trimethylstearylammonium bromide, and the
mixture was remained ultrasonic every one minute.
1.0 mL ammonium hydroxide diluted by 6.0 mL deion-
ized water was slowly added dropwise to the above
solution. After incubating at 25˚C in a water bath for
6.0 h, the synthetic SiO2 nanoparticles were gathered
using high-speed centrifugation, washed with water
and ethanol three times, and dried in 30˚C vacuum.

2.4. Synthesis and surface oleic acid modification of Fe3O4

nanoparticles

Fe3O4 nanoparticles were synthesized according to
the literature reported method from Massart [19]. In a
typical run, 1.35 g FeCl3·6H2O and 0.6 g FeCl2·4H2O
were dissolved in 50 mL deionized water, then the
mixture was heated to 30˚C, and mechanical stirred
for 15 min in N2 atmosphere. Subsequently, 50 mL of
0.5 mol L−1 NaOH solution was added rapidly to the
above solution with vigorous mechanical stirring for
20 min. The synthetic Fe3O4 nanoparticles were

Fig. 1. The synthesis of TM-MIPs by Pickering emulsion polymerization.
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separated by applied magnetic field, and washed with
ethanol three times. The obtained Fe3O4 nanoparticles
were dispersed in 40 mL mixture of oleic acid and of
ethanol (1:3, V/V), heated to 50˚C, and mechanically
stirred for 6.0 h. After magnetic separation, the
hydrophobic Fe3O4 nanoparticles (HFNs) were washed
with ethanol three times and dried in vacuum at 40˚C.

2.5. Preparation of TM-MIPs

Firstly, 0.11 mg BF and 0.1 mL MAA were added
to a mixed solution of 1.0 mL of toluene and 1.0 mL of
dichloromethane for the pre-polymerization reaction.
After 6.0 h, 1.0 mL EGDMA, 0.565 g NIPAm, 0.05 mL
AIBME, and 0.05 g HFNs were added into the above
solution and magnetically stirred for 10 min, and the
mixture was used as the oil phase of Pickering emul-
sion. 0.35 g SiO2 nanoparticles acting as Pickering
emulsion stabilizers were dispersed in 20 mL deion-
ized water. The stable oil-in-water (O/W) Pickering
emulsion was prepared by vigorous shaking. After
purging with N2 for 10–20 min, the Pickering emul-
sion was heated to 65˚C for 12 h. The synthetic TM-
MIPs were collected by magnetic separation and
washed by water and ethanol three times, subse-
quently dried in vacuum at 50˚C. Finally, the template
molecule (BF) with a mixture of methanol and acetic
acid (95:5, V/V) were washed away. The obtained
TM-MIPs were dried in vacuum at 50˚C. The method
of preparing corresponding thermosensitive magnetic
non-imprinted polymer (TM-NIPs) was similar to
TM-MIPs, but without adding template molecule BF
in the preparation process. Corresponding non-
thermosensitive magnetic imprinted polymers (NTM-
MIPs) were not added into sensitive monomer NIPAm
during the preparation process.

2.6. Static adsorption experiments

The influence of initial BF concentration
(20–200 mg L−1) and equilibration time (30–720 min)
on the adsorption of BF was investigated. In the study
of adsorption isotherm, 5.0 mg TM-MIPs or TM-NIPs
were added into 10 mL ethanol and distilled water
solutions (5:5, V/V) of BF at various concentrations.
The temperature of the solutions was thermostatically
controlled at 25˚C. After 12 h, the TM-MIPs or TM-
NIPs were isolated by an external magnetic field. In
the study of adsorption kinetics, 10 mL solution with
the initial BF concentration of 200 mg L−1 was reacted
with 5.0 mg of adsorbents in batch experiments, and
the residual amount of BF in the water phase was
measured using UV–vis spectrophotometer at 254 nm.

The amount of BF adsorbed (mg g−1) at time t was
calculated by a mass balance relationship:

Qt ¼ ðC0 � CtÞV
W

(1)

where C0 is defined as the initial concentration of BF
in the solution (mg L−1), Ct represents the remaining
concentration in the solution at time t (mg L−1), V is
the solution volume (L), and W stands for the adsor-
bent mass (g). When Ct is replaced by Ce is used
instead of in Eq. (1), and Qe is calculated.

2.7. Selective recognition experiments

The selective recognition of the TM-MIPs sorbents
was evaluated using BF and another two structurally
related compounds, DEP and FL, respectively. Firstly,
single-solute adsorption was studied. 5.0 mg TM-MIPs
or TM-NIPs sorbent was added into three colorimeter
tubes, both containing 10 mL of 100 mg L−1 BF, FL, or
DEP. After adsorption at 25˚C for 12 h, BF, FL, and
DEP were detected by UV–vis spectrophotometer at
254, 277.5, and 275 nm, respectively. Afterwards, dual-
solute solution was studied. The experiments were
conducted by standing at 25˚C for 12 h. A binary
mixed solution containing BF, DEP, or FL was pre-
pared with the same concentration of 100 mg L−1. The
experiment was carried out by adding 5.0 mg TM-
MIPs or TM-NIPs into a colorimeter tube containing
10 mL of the binary mixed solution. The supernatant
was separated from the colorimeter tubes, and ana-
lyzed by HPLC with UV detector at 254 nm. The sam-
ples were separated by a C18 column in which the
mobile phase was a mixture of 88% methanol and 12%
deionized water, and the flow rate was 1.5 mL min−1.

2.8. Temperature sensitive experiments

About 20 mg of adsorbents TM-MIPs and NTM-
MIPs were added to 1.0 L of 0.1 mg L−1 BF aqueous
solution (deionized water as the solvent), keeping at
different temperatures (25, 30, 35, 40, 45˚C) in a water
bath oscillator with a rate of 200 rpm for 24 h. The sor-
bent solution was collected by a permanent magnet,
then added to 2.0 mL of ethanol elution and kept
ultrasonic for 1.0 h. The BF concentration in the super-
natant was tested by HPLC instrument equipped with
an Agilent TC-C18(2) column (4.6 × 250 mm, 5.0 µm)
and UV detector at 254 nm.

2.9. Regeneration

About 5.0 mg TM-MIPs used as adsorbents were
added into 10 mL of 200 mg L−1 BF solution,
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maintained in 25˚C water bath for 12 h. After
adsorption，the TM-MIPs were separated using a
permanent magnet. The supernatant was removed
and tested by UV–vis spectrophotometer. The adsor-
bent TM-MIPs were washed with 2.0 mL eluent
(methanol: acetic acid = 95:5, V/V) with ultrasonic
eluted for three times and 10 min for each run. The
as-prepared TM-MIPs were reused for four times.

2.10. Magnetite leakage experiments

To estimate the amount of magnetite that is likely
to leach from TM-MIPs, 10 mg TM-MIPs was placed
in test tubes containing 10 mL deionized water with
different pH values (ranging from 2.0 to 8.0). The mix-
ture was shaken by a rotary shaker for 12 h. Then, the
TM-MIPs were isolated by an external magnetic field,
and the amount of the iron ion leached into the media
was measured by a graphite furnace atomic absorp-
tion spectrophotometer.

3. Results and discussion

3.1. Design and preparation of Pickering emulsion

Photos of Pickering emulsion before (a) and after
(b) ultrasonification are shown in Fig. 2. The optical
micrograph of the emulsion is shown in Fig. 2(c).
Fig. 2(a), which suggests that the water phase disper-
sion with SiO2 nanoparticles was located at the top of
the vial, while the black oil phase dispersion was
located at the bottom of the vial. After ultrasonifica-
tion and emulsification, O/W Pickering emulsion
could be obtained.

3.2. Characterization

The FT-IR spectra of SiO2, Fe3O4, HFNs, TM-MIPs,
and NTM-MIPs are shown in Fig. 3. SiO2 infrared
spectrum shows a broad peak at 3,387 cm−1, which
may be a stretching vibration peak of O–H on the sur-
face of the silica. The peaks at 1,098 and 951 cm−1 are
characteristic absorption peaks of Si–O–Si and Si–OH,
and the peaks at 801 and 467 cm−1 are asymmetric
stretching vibration absorption peaks of Si–O–Si [20].
Fe3O4 infrared spectroscopy shows two broad peak at
572 and 629 cm−1, which are characteristic absorption
peaks of Fe–O, proving the successful preparation of
Fe3O4 nanoparticles [21,22]. Compared to Fe3O4, the
absorption peaks of HFNs at 2,852 and 2,920 cm−1 are
attributed to the CH asymmetric stretching vibration
of –CH2 and –CH3, indicating that oleic acid was suc-
cessfully grafted on the surface of Fe3O4 nanoparticles.

TM-MIPs infrared spectrum shows that the significant
absorption peaks at 1,733, 1,655, 1,250, and 1,157 cm−1

are stretching vibration of C=O, C=C, and symmetric
and asymmetric stretching vibration peaks of C–O.

Fig. 2. Photos of Pickering emulsion before (a), after (b)
ultrasonification and the optical micrograph of the
emulsion (c).

Fig. 3. FT-IR spectra of the SiO2 (a), Fe3O4 (b), HFNs (c),
TM-MIPs (d), and NTM-MIPs (e).

L. Yang et al. / Desalination and Water Treatment 57 (2016) 18927–18938 18931



The absorption peak at 2,984 cm−1 is typical absorp-
tion peak of CH on CH3 [23,24]. The broad absorption
peak at 3,438 cm−1 is stretching vibration absorption
peak of –NH and OH. Compared with the NTM-MIPs,
the characteristic absorption peak of TM-MIPs at
1,538 cm−1 is bending vibration absorption peak of
NH on amide groups (–NHCO) [25], which illustrated
that thermosensitive monomers NIPAm were success-
fully introduced to the polymer. These peaks proved
the successful synthesis of TM-MIPs.

The EDX spectra (a) of TM-MIPs and XRD pattern
(b) of Fe3O4 were measured and shown in Fig. 4.
When 2θ is between 20˚ and 70˚, there are six charac-
teristic diffraction peaks of Fe3O4, which illustrated
that Fe3O4 was successfully prepared. In the EDX
spectra of TM-MIPs (Fig. 4(a)), Si was from Pickering
emulsion stabilizer SiO2, N was from thermosensitive
monomer NIPAm, C was from the imprinted polymer,
and Fe was from the magnetic carrier Fe3O4. All these
show that the TM-MIPs were successfully prepared.

The TGA curves of TM-MIPs and TM-NIPs are
shown in Fig. 5. When the temperature was lower
than 200˚C, the loss quality of TM-MIPs and TM-NIPs
was due to the absorbed water. When the temperature
was between 200 and 800˚C, the mass loss quality of
TM-MIPs and TM-NIPs resulted from the decomposi-
tion of the polymer network at a high temperature.
Finally, the Fe3O4, SiO2, and residual carbonized
polymers were left. The organic mass percentage of
TM-MIPs and TM-NIPs was only 1.1%, which was
mainly due to different degrees of polymerization.
With the temperature increased to 800˚C, the signifi-
cant weight losses of TM-MIPs and TM-NIPs could be
seen, respectively. At 800˚C, the remaining mass for

TM-MIPs and TM-NIPs may be attributed to the ther-
mal resistance of residual carbon by calcining poly-
mers. The TGA curves of TM-MIPs and TM-NIPs had
the same trend, indicating they possessed similar mor-
phological structure and size distribution.

TM-MIPs magnetic properties are shown in Fig. 6.
Hysteresis loop displayed the magnetic saturation and
intensity of Fe3O4 in the TM-MIPs are 54.13 and 0.79
emu g−1, respectively. Magnetic separation diagram
shows that TM-MIPs could be successfully and
magnetically separated, which reflected that the
synthetic TM-MIPs were magnetic. Magnetic leakage

Fig. 4. EDX spectra of the TM-MIPs (a) and XRD pattern
of the Fe3O4 nanoparticles (b).

Fig. 5. TGA curves of the TM-MIPs and TM-NIPs.

Fig. 6. Magnetization curves obtained by VSM at room
temperature of TM-MIPs (a) and Fe3O4 (b), a photograph
of the TM-MIPs dispersed in the water in the presence
(left) and absence (right) of an external magnetic field (c),
and magnetite leakage curve of the TM-MIPs (d).
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figure shows that at pH ≥ 4, almost no magnetic
material leaked. Even when the pH 2, only 0.0023 mg of
iron ion was detected in the supernatant, which illumi-
nated that TM-MIPs have certain magnetic stability.

Morphology of Fe3O4 nanoparticles and SiO2

nanoparticles were observed by TEM, which can be
seen from Fig. 7(a) and (b), the size of SiO2 nanoparti-
cles was approximately 50 nm in diameter, and the
size of Fe3O4 nanoparticles was about 15 nm in diame-
ter. The morphology of TM-MIPs was observed by
SEM, and the diameter of TM-MIPs particles ranged
from 10 to 60 μm. The enlarged view of the surface of
TM-MIPs shows many SiO2 nanoparticles were on the
surface, which illustrated SiO2 nanoparticles were suc-
cessfully attached to the surface of the polymer micro-
spheres. From the section graph of TM-MIPs, it can be
concluded that a plurality of holes were inside the
polymer, and the diameter was at about 20–200 nm.
The resulting description of TM-MIPs proves that it
has a porous structure.

3.3. Adsorption isotherm

Theoretically, the binding properties of the TM-
MIPs and TM-NIPs for BF were studied by the equi-
librium adsorption experiments, and the equilibrium
data fitting to the Langmuir and Freundlich isotherm
models are shown in Fig. 8. The Langmuir isotherm
presupposes that the adsorption behavior is based on

monolayer adsorption and homogeneous solid surface,
while the Freundlich isotherm is an empirical equation
which assumes a heterogeneous surface energy and
uneven solid surface [26]. The applicability of the iso-
therm models to the adsorption behaviors was studied
by judging the correlation coefficient (R2). The nonlin-
ear form of the Langmuir and Freundlich isotherm
models is expressed by the following equations,
respectively [27,28]:

Fig. 7. TEM images of the SiO2 nanoparticles (a) and Fe3O4 nanoparticles (b), a SEM image (c), the surface with
magnification image (d) and a profile image (e) of the TM-MIPs.

Fig. 8. Equilibrium data and modeling for the adsorption
of BF onto the TM-MIPs and TM-NIPs.
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Qe ¼ KLQmCe

1þ KLCe
(2)

Qe ¼ KFC
1=n
e (3)

where Qe (mg g−1) is the equilibrium adsorption
capacity, Ce (mg L−1) is the equilibrium concentration
of the adsorbate at equilibrium, and Qm (mg g−1) is
the maximum adsorption capacity of the sorbent. KL

(L mg−1) is the Langmuir adsorption constant. KF

(mg g−1) is the Freundlich adsorption equilibrium con-
stants, and 1/n is a measure of exchanging intensity
or surface heterogeneity, with a value of 1/n smaller
than 1.0 describing favorable removal conditions [29].
All calculated values of the adsorption experiment are
listed in Table 1.

As seen in Fig. 8, the adsorption capacity
increased with the increasing concentration of BF. In
addition, the adsorption capacity of TM-MIPs was
higher than that of TM-NIPs under the same condi-
tion, which indicates the significant preferential
adsorption of TM-MIPs for BF. It was probably due
to good specificity of the TM-MIPs for the imprinted
molecules [30]. The Freundlich isotherm model gave
a better fit to the experimental data. Values of Fre-
undlich constant 1/n (less than 1.0) are shown in
Table 1, which indicated that the experimental condi-
tions were favorable to BF adsorption. The calculated
R2 (Table 1) and the fitted curves (Fig. 8) fully illus-
trated that the binding of BF by the TM-MIPs and
TM-NIPs was compatible with the Freundlich iso-
therm model. In a controlled experiment, sorbent
obtained from MIPs that were further immersed in
the HF solution to remove the SiO2 layer revealed the
maximum adsorption capacity of 106.1678 mg g−1,
which was similar with that of prepared MIPs in this
work. This result suggested that SiO2 layer on the
surface of MIPs had no effect on the adsorption and
mass transfer process.

3.4. Adsorption kinetics

The kinetics of adsorption is important because of
the relation to process efficiency. In this study, the
pseudo-first-order and pseudo-second-order were
applied to investigate the controlling mechanism of
the adsorption of BF onto TM-MIPs or TM-NIPs. The
results are shown in Fig. 9 at initial concentration of
200 mg L−1 and temperature of 25˚C. The equilibrium
time required for the adsorption of BF was about
640 min for TM-MIPs and TM-NIPs. The pseudo-first-
order and pseudo-second-order kinetic models [31,32]
can be expressed as Eqs. (4) and (5):

lnðQe �QtÞ ¼ lnQe � k1t (4)

t

Qt
¼ 1

k2Q2
e

þ t

Qe
(5)

In the equations, Qt (mg g−1) and Qe (mg g−1) are the
amount of BF adsorbed at time t and at equilibrium,

Table 1
Langmuir and Freundlich adsorption isotherm constants for BF onto the TM-MIPs and TM-NIPs

Adsorption isotherm modes Constants TM-MIPs TM-NIPs

Langmuir equation R2 0.8293 0.8917
Qm (mg g−1) 105.2632 99.0099
KL (L mg−1) 0.003173 0.002343

Freundlich equation R2 0.9986 0.9952
KF (mg g−1) 0.6296 0.3199
1/n 0.7943 0.3199

Fig. 9. Kinetic data and modeling for the adsorption of BF
onto the TM-MIPs and TM-NIPs.
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respectively. k1 (min−1) and k2 (g mg−1 min−1) are rate
constants of the pseudo-first-order and pseudo-sec-
ond-order, which can be calculated from the plots of
ln(Qe − Qt) vs. t and t/Qt vs. t. All rate constants of
adsorption and linear regression correlation coeffi-
cients are presented in Table 2. As illustrated in
Table 2, the pseudo-second-order kinetic model (R2

values above 0.99) yielded a better fit than the
pseudo-first-order for the adsorption of BF onto both
TM-MIPs and TM-NIPs. It was assumed that the
chemical process could be the rate-limiting step in
the adsorption process for BF [33]. These results
showed that the formation of specific recognition sites
on the surface of TM-MIPs is beneficial for BF to be
bounded. Based on the pseudo-second-order kinetic
model, h (the initial adsorption rate, mg g−1 min−1)

and t1/2 (the half equilibrium time, min) are calculated
as follows [34]:

h ¼ k2Q
2
e (6)

t1=2 ¼ 1

k2Qe
(7)

The initial adsorption rate and the half equilibrium
time are usually applied in measurement of the
adsorption rate. The results are summarized in Table 2.
It further suggested that the TM-MIPs had more excel-
lent kinetic property. The initial adsorption rate of BF
onto TM-MIPs was higher than that of TM-NIPs.

Table 2
Kinetics constants for the pseudo-first-order and pseudo-second-order rate equations

Adsorption kinetics modes Constants TM-MIPs TM-NIPs

Pseudo-first-order equation R2 0.9045 0.9273
Qe,c (mg g−1) 19.76 13.22
k1 (L min−1) 0.0049 0.0041

Pseudo-second-order equation R2 0.9992 0.9989
Qe,c (mg g−1) 44.05 31.65
k2 (g (mg min)−1) 0.000428 0.000768
h (mg (g min)−1) 0.8308 0.7692
t1/2 53.03 41.14

Fig. 10. (a) Adsorption capacity of the TM-MIPs and TM-NIPs for BF, FL, and DEP. Inset the structures of the test
compounds, (b) adsorption selectivity of the TM-MIPs, and TM-NIPs for BF in dual-solute solution.
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3.5. Selectivity analysis

The aim of the experiments was to demonstrate
the feasibility that the TM-MIPs could selectively
recognize BF from mixtures. To measure this speci-
ficity of the TM-MIPs on BF, the adsorption to BF was
compared with DEP and FL, respectively. The molecu-
lar structures of these adsorbates (BF, DEP, and FL)
were similar but also different to some extent, which
are shown in Fig. 10(a). There was no obvious differ-
ence in the removal rates between the TM-MIPs and
TM-NIPs for DEP or FL, and the TM-MIPs had much
higher adsorption capacity for BF, indicating that the
TM-MIPs had the selective recognition for the tem-
plate molecule (BF). Hydrogen bond could be formed
between the testing compounds and functional mono-
mers. Through comparison of the adsorbates’ chemical
structural formulas, the different recognition effect
may be due to the distinct sizes, structures, and func-
tional groups of the templates [35]. To further investi-
gate the adsorption selectivity of the TM-MIPs for the
templates, DEP or FL was added into BF aqueous
solution respectively to form dual solute solutions.
Fig. 10(b) indicates that the TM-MIPs still exhibited a
high removal rate for BF in the presence of competi-
tive compounds, and the specific adsorption of the
TM-MIPs for BF was also obvious, suggesting that the
specific adsorption of the TM-MIPs for BF was not sig-
nificantly affected by the competitive antibiotics. The
TM-MIPs had the selective recognition for BF even in
the presence of competitive antibiotics. The recogni-
tion sites of the imprinting cavities were not comple-
mentary to the competitive molecules (DEP and FL).
What is more, in the aspects of space structure and
the number of hydrogen bonds formed between
adsorbates and imprinting cavities, BF had the most
hydrogen bonds and was the best match with the
imprinting cavities, leaving others less chance to be
captured onto the TM-MIPs, which verified that the
memory of specific functional groups also played an
important role in the conformation memory [36].

3.6. Temperature-sensitive research

TM-MIPs were added into thermosensitive mono-
mers NIPAm during the polymerization, having a
temperature response characteristic (Fig. 11). When
the temperature was below responsive temperature,
TM-MIPs were hydrophilic and beneficial for aqueous
approach into the polymer. After the temperature was
above responsive temperature, TM-MIPs were
hydrophobic and hindered aqueous solution into the
interior of polymer. Temperature-sensitive experi-
ments were carried out using 20 mg sorbent of

TM-MIPs and NTM-MIPs adsorpt by treating 1 L of
0.1 mg L−1 BF aqueous solution under different tem-
perature. The results are shown in Fig. 11, and from
25 to 45˚C, the adsorption rate of NTM-MIPs for BF in
aqueous solution increased along with the increase in
temperature. It illustrated that the adsorption process
was an endothermic reaction. However, when the tem-
perature ranges were 25–35 and 40–45˚C, the adsorp-
tion rate of TM-MIPs for BF changed a little with
temperature changes, adsorption rate at low tempera-
ture was larger than that at high temperature. From
35 to 40˚C, the adsorption rate vigorously reduced by
19.05 percent with the increase in temperature. This
was mainly caused by the dramatic change of the TM-
MIPs surface wettability near the lowest critical tem-
perature of the thermosensitive monomer NIPAm.
This showed that the adsorption of TM-MIPs for BF
did have temperature-sensitive effect. Therefore, the
prepared adsorbent in this work could be controlled
by adjusting the temperature.

3.7. Regeneration

Regeneration is important for the performance of
an adsorbent. To make an evaluation of adsorbent
regeneration, the experiment of adsorption–desorption
was studied over four cycles using TM-MIPs prepared
in this work. The adsorption capacity of the adsorbent
TM-MIPs is shown in Fig. 12. After four times of
adsorption, the adsorption capacity of the adsorbent
TM-MIPs reduced by only 8.623%, probably in that
the binding sites were damaged or collapsed during
the repeated use of the process. Experimental results
showed that TM-MIPs could be reused for adsorption.

Fig. 11. The temperature effect on adsorption of BF onto
TM-MIPs and NTM-MIPs in aqueous solution.
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4. Conclusions

Thermosensitive/magnetic molecularly imprinted
polymers (TM-MIPs) were successfully synthesized by
Pickering emulsion polymerization, and were further
applied in the selective adsorption of BF from aqueous
solutions. SiO2 nanoparticles provided Pickering emul-
sion with good stabilizer, and HFNs supplied mag-
netism to the TM-MIPs. Static adsorption experiments
investigated the adsorption equilibrium and dynamic
behavior of the TM-MIPs. The Freundlich isotherm
model yielded a better fit than the Langmuir model
for BF adsorbed onto the TM-MIPs and TM-NIPs. The
kinetics of adsorption followed the pseudo-second-
order model. In selective recognition experiments, the
TM-MIPs proved to be endowed with better specific
recognition and selectivity to BF even in the mixed
solution. In addition, the adsorption of bifenthrin onto
the MIPs had response to the temperature in water.
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