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Magnetic molecularly imprinted polymers (MIPs) capable of selectively recognizing and absorbing 4,4′-methylenedianiline
(MDA) were successfully synthesized, using Fe3O4 coated with mesoporous silicon (Fe3O4@mSiO2) as the magnetic carrier, 4-
vinyl pyridine (4-VP) as the functional monomer, ethylene glycol dimethacrylate (EGDMA) as the cross-linking agent, and
MDA as the template molecule. The morphology, structure, and properties of MIPs were characterized, suggesting that the
MIPs had obvious core-shell structure and strong magnetic responsiveness. The results of adsorption property tests showed
that the MIPs could specifically recognize and adsorb MDA with excellent selectivity and reusability. The adsorption kinetic
process could be described by the pseudo-second-order kinetic model, and the adsorption isotherm could be fitted by the
Langmuir model, with a maximum adsorption capacity of 59.5 μmol/g. Furthermore, the magnetic MIPs have been applied to
the electrochemical detection of MDA from the composite film sample, with recoveries in the range from 87.8% to 92.5% and
the RSD values less than 4.4%. The prepared magnetic MIPs showed potential for the selective separation and detection of
MDA in food-contact materials.

1. Introduction

Primary aromatic amines (PAAs) are chemicals with a pri-
mary amine -NH2 attached to an aromatic ring, and several
of them have been identified as carcinogens or suspected
carcinogens [1]. The sources of PAAs in food-contact mate-
rials are varied. Some of them are derived from additives
used in the preparation of materials to enhance their proper-
ties, for example, 4,4′-methylenedianiline (MDA) added in
nylon production [1]. Others are produced by chemical
reactions triggered by conditions such as heat and light dur-
ing storage and use of the materials, among which the two
main sources are polyurethane adhesives and azo dyes [2].
Polyurethane is a common component in adhesives, inks,
and coatings used to produce flexible food packaging mate-
rials, and azo dyes are used as printing ink, paint, and dyeing
agent of food-contact materials such as nylon, plastic, and

rubber. PAAs, that may migrate from food-contact materials
into foodstuffs, can be absorbed by the human body through
various ways to harm human health.

Given the toxicity hazard and migration risk of PAAs
from food-contact materials, the European regulation on
food-contact materials (EU) No. 10/2011 [3] stipulates that
the specific “nondetectable” migration limit for each kind
of PAAs specified in REACH [4] is 0.002mg/kg food or food
simulants, and the total migration for the PAAs not listed in
REACH shall not exceed 0.01mg/kg food or food simulants.
In order to meet the determination requirements for PAAs,
many detection methods have been developed [1, 5]. The
most commonly used methods are based on spectrophotom-
etry, chromatography, chromatography-mass spectrometry,
and direct analysis in real-time mass spectrometry [1, 6].
However, these current methods require high cost (resulting
from expensive instruments and performing the assays) and
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tedious pretreatment processes (e.g., extraction, purification,
and enrichment) due to the complexity of the sample matrix.
Additionally, the extraction mediums commonly used in
current extraction methods are poorly selective for the target
molecules. Therefore, it is essential to develop simple, inex-
pensive, and efficient methods for the selective separation
and accurate determination of PAAs from food-contact
materials.

Molecularly imprinted polymers (MIPs) are synthetic
polymers with specific recognition sites and strong binding
capacities for a given template molecule [7]. MIPs can selec-
tively recognize and absorb the target because of the existing
binding sites complementary to the template molecule [8].
Due to their high affinity and selectivity toward templates
in complex systems, MIPs show high promise for absorp-
tion, separation and purification, biochemistry, and drug
delivery [9–11]. Compared with MIPs, magnetic MIPs that
use magnetic particles coated by a polymer as the magnetic
carrier not only retain the specific recognition ability of
MIPs but also have the magnetic characteristic [12]. Hence,
they allow a controllable rebinding process and can be more
easily separated from sample solution after the recognition
and absorption for target molecules. These advantages of
specific recognition, rapid separation, and good reusability
make magnetic MIP potential in selectively separating and
enriching the target molecules from sample matrixes.

Recently, the electrochemical sensors based on MIPs
have attracted increasing attention in the determination of
diverse target molecules [13]. MIP-based electrochemical
sensors are simple and inexpensive and have high sensitivity
and selectivity due to the synergic superiorities of electro-
chemistry and MIPs. Particularly, since the magnetic elec-
trodes are used in electrochemical sensing to capture
functionalized magnetic MIPs from sample solutions, the
electrochemical detection for target molecules allows excel-
lent electrode regeneration capacity and is more suitable
for mass detection [14]. This electrochemical detection
method, which is based on the integration of magnetic MIPs
and magnetic electrodes, has been used in the separation and
detection of metronidazole [15], bisphenol A [16], and mefe-
namic acid [17]. However, there are rare studies on the
potential usage of the magnetic MIPs coupled with magnetic
electrochemical sensors to separate and detect PAAs from
food-contact materials.

In this paper, the magnetic MIPs for the selective
absorption and enrichment of PAAs from food-contact
materials were synthesized on the surfaces of magnetic
carriers, using MDA (one of the typical PAAs specified
in REACH) as the template molecule, 4-VP as the func-
tional monomer, and EGDMA as the cross-linking agent.
The synthesis conditions of MIPs were optimized. The
morphology, structure, and properties of magnetic MIPs
were characterized, and their adsorption properties includ-
ing adsorption kinetics, adsorption isotherm, selectivity,
and reusability were also studied. Finally, the obtained
magnetic MIPs were applied in the electrochemical detec-
tion by coupling with the magnetic electrodes to achieve
the cost-effective, efficient, and sensitive determination of
MDA in real samples.

2. Materials and Methods

2.1. Materials. All chemicals were of analytical grade. Nano
ferroferric oxide (Fe3O4) and tetraethyl orthosilicate (TEOS)
were purchased from Shanghai Maclin Biochemical Technol-
ogy Co., Ltd. (Shanghai, China). 4-Vinylpyridine (4-VP), 4-
aminobiphenyl, 4,4′-methylenebis(2-chloroaniline) (MOCA),
and 4,4′-methylenebis(N,N-dimethylaniline) were all pur-
chased from Shanghai Aladdin Biochemical Technology Co.,
Ltd. (Shanghai, China). Ethylene glycol dimethacrylate
(EGDMA), 2,2′-azobis(2-methylbutyronitrile) (AIBN), γ-ami-
nopropyltriethoxysilane (KH550), cetyltrimethylammonium
bromide (CTAB), 4,4′-methylenedianiline (MDA), isopropa-
nol, anhydrous ethanol, ammonia solution, acetonitrile, anhy-
drous methanol, disodium hydrogen phosphate, sodium
dihydrogen phosphate, and potassium ferricyanide were all
purchased from Sinopharm Chemical Reagent Co., Ltd.
(Shanghai, China). Single-walled carbon nanotubes were
obtained from Nanjing Pioneer Nanotechnology Co., Ltd.
(Nanjing, China).

2.2. Preparation of Magnetic Molecularly Imprinted Polymers

2.2.1. Preparation and Surface Modification of Fe3O4@mSiO2.
The magnetic mesoporous silica carriers were prepared
according to the previous report with some modification
[18]. The Fe3O4 (0.1 g) was activated by HCl solution (1mol/
L) and washed with deionized water to neutrality. The acti-
vated Fe3O4 particles were dispersed in the mixed solution of
anhydrous ethanol (80mL), deionized water (20mL), and
concentrated ammonia aqueous solution (1mL). After the
obtained mixture was stirred for 0.5 h at room temperature,
the TEOS (0.03 g) was added dropwise and stirred vigorously
for 12h. Subsequently, the obtained particles were separated
by the applied magnetic field, washed continuously with water
and ethanol, and then dispersed in the mixed solution con-
taining water (80mL) and ethanol (60mL). After adding
CTAB (0.3g) and concentrated ammonia (2mL) with stirring
for 0.5h, TEOS (0.4 g) was added dropwise and stirred for 8h
at 70°C. After that, the obtained particles were washed contin-
uously with the ethanol and water and then dispersed in anhy-
drous ethanol (100mL) with stirring at reflux for 24h at 82°C
to remove CTAB. After the reaction finished, the products
were collected using the applied magnetic field and dried in
vacuum at 60°C for 12h. The obtained magnetic mesoporous
silicon carriers were named as Fe3O4@mSiO2.

The surface of Fe3O4@mSiO2 was modified with the
amino groups as the following process. The Fe3O4@mSiO2
(0.1 g) was added into isopropanol (100mL), followed by
adding KH550 (150μL) dropwise with stirring at 82°C. After
the mixture was stirred at reflux for 24h at 82°C, the samples
were collected using the applied magnetic field and dried for
24 h. The obtained amino-modified magnetic mesoporous
silicon carriers were denoted as Fe3O4@mSiO2-NH2.

2.2.2. Preparation of MIPs with Fe3O4@mSiO2. The template
molecule of MDA (1mmol) and functional monomer of 4-
VP (4mmol) were dispersed in acetonitrile (25mL) with
stirring magnetically for 3 h to prepolymerize. Afterwards,

2 Advances in Polymer Technology



the carrier of Fe3O4@mSiO2-NH2 (0.1 g) and acetonitrile
(35mL) was added with ultrasonically shaking for 10min,
and then, the cross-linking agent of EGDMA (1mL) and
the polymerization initiator of AIBN (50mg) were added
to the above solution. The reaction vessel was sealed after
it was filled with N2 to remove O2 for 15min. The polymer-
ization reaction lasted for 24h at 60°Cwater bath under the N2
atmosphere, and the mixture was magnetically separated to
obtain the molecularly imprinted polymers with MDA. The
resulting products were eluted repeatedly with a solution of
methanol and acetic acid (v/v 9 : 1) in a ultrasonic cleaner
(KQ-300DE, Kunshan Ultrasonic Instrument Co., Ltd.,
China), until no MDA was detected by the ultraviolet spectro-
photometer (UV-1800, Shimadzu, Japan) in the solution. The
eluted materials were dried in vacuum at 60°C for 12h to
obtain the molecularly imprinted polymers with the template
MDA removed, which was named as MIPs (MIPs with
Fe3O4@mSiO2). The nonimprinted polymers (NIPs) were
prepared under the same conditions without adding MDA.

2.3. Characterizations. The chemical structures of the pre-
pared MIPs were characterized by Fourier transform infra-
red (FT-IR) spectrophotometer (ALPHA, Bruker,
Germany). The morphologies and the elemental analysis of
MIPs were characterized by transmission electron micro-
scope (TEM) (JEM-2100, JEOL, Japan) and energy disper-
sive spectroscopy (EDS) (Talos F200, FEI, America),
respectively. The tests were carried out by ultrasonically dis-
persing the measured samples with ethanol for 10min, drip-
ping them onto a Cu mesh to dry, and then selecting
appropriate magnifications to obtain high-resolution images
of the samples. Magnetic properties of MIPs were measured
by a vibrating sample magnetometer (VSM) (PPMS-9,
Quantum, USA). The adsorption properties of the MIPs
were determined by an ultraviolet spectrophotometer (UV-
1800, Shimadzu, Japan).

2.4. Absorption Experiments of MIPs

2.4.1. The Effect of Adsorption Time on Adsorption Capacity.
In order to study the adsorption kinetics of MIPs for the
template MDA, the effect of adsorption time on the adsorp-
tion capacity was investigated. 5mg MIPs were dispersed in
20mL MDA solution, whose initial concentration was
200μmol/L. After shaking at 25°C for various time, the mag-
netic particles in the solution were removed by magnetic
separation. The adsorption time was set as 10, 20, 30, 40,
50, 60, 80, 120, 180, and 240min, respectively. Then, the
concentration of residual MDA in the supernatant was
determined by ultraviolet spectrophotometer, and the
adsorption capacity (q) was calculated according to the fol-
lowing [19]:

q = C0 − Ctð ÞV
m

, ð1Þ

where q (μmol/g) is the absorption capacity of MDA, C0
(μmol/L) is the initial concentration of MDA, Ct (μmol/L)

is the concentration of MDA at t min, V (L) is the volume
of the solution, and m (g) is the mass of the MIPs.

2.4.2. The Effect of Initial Concentration of MDA on
Adsorption Capacity. To study the adsorption isotherms of
MIPs for MDA, the effect of initial concentration of MDA
on the adsorption capacity was also investigated. 5mg MIPs
were dispersed in 20mL MDA solutions with various con-
centrations of 10, 30, 50, 100, 150, 200, 300, 400, and
600μmol/L. The mixtures were shaken at 25°C for 4 h. After-
wards, the adsorption capacity (Q) in this part was obtained
as the same way as Section 2.4.1.

2.4.3. Selectivity and Reusability of MIPs. The selectivity of
MIPs was investigated by comparing the adsorption capacity
of MIPs for the analogues including MDA, MOCA, 4-aminobi-
phenyl, and 4,4′-methylenebis(N,N-dimethylaniline). 5mg
MIPs or NIPs were dispersed into 20mL of above four solutions
(200μmol/L), respectively. After shaking at 25°C for 4h, mag-
netic particles were separated from the solutions using the
applied magnetic field. The adsorption capacity of MIPs for
MDA, MOCA, 4-aminobiphenyl, and 4,4′-methylenebis(N,N-
dimethylaniline) was calculated, respectively, following the
same way as Section 2.4.1. The selectivity of MIPs was assessed
by three parameters including the distribution coefficient (Kd),
the selectivity coefficient (k), and the relative selection coeffi-
cient (k′), which can be calculated by the following [20, 21]:

kd =
C0 − Ceð ÞV
Cem

,

k = Kd Mð Þ
Kd Nð Þ ,

k′ = kMIPs
kNIPs

,

ð2Þ

where C0 and Ce are the initial and equilibrium concentrations
of the target molecules in solution (μmol/L), respectively; m is
the mass of the adsorbent material (g); V is the volume of the
solution (L);KdðMÞ and KdðNÞ are the distribution coefficients
for MDA and other competing molecules (N), respectively; and
KMIPs and KNIPs are the selectivity coefficients for the molecu-
larly imprinted and nonmolecularly imprinted materials,
respectively.

In order to test the reusability of MIPs for enrichment
and separation, the adsorption-desorption procedure was
conducted. 5mg MIPs were dispersed in 20mL MDA solu-
tion (200μmol/L) and shaken at 25°C for 4 h for adsorption.
The adsorption capacity of MIPs for MDA was calculated by
the same method above. The MIPs with a saturate accumu-
lation of MDA were collected and washed with a mixture of
methanol and acetic acid (v/v 9 : 1) to remove the template,
until no MDA was detected in the eluent. The obtained
MIPs were dried and used for the next adsorption experi-
ment. The above adsorption-desorption procedure was
repeated several times using the same MIPs.
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2.5. Electrochemical Detection Application of MIPs in
Real Sample

2.5.1. Preparation of Electrochemical Sensors Based on MIPs.
Firstly, the magnetic glassy carbon electrode (MGCE) was
pretreated as follows: MGCE was polished with alumina
powder and then ultrasonically cleaned with 50% ethanol
(v/v) and ultrapure water for 3 minutes successively. After
cyclic voltammetry (CV) scanned in 0.1mol/L H2SO4 solu-
tion to reach the steady state, the MGCE was scanned in
5mmol/L solution of K3[Fe (CN)6]/K4[Fe(CN)6] until the
difference in redox potential was less than 90mV. The
MGCE with a clean surface was obtained after dried in nitro-
gen. Secondly, the MGCE was enhanced sensitivity by drop-
coating 5μL solution of single-walled carbon nanotubes
(SWCNTs, 2mg/mL) onto its surface and then dried by
infrared light. Finally, the electrochemical sensor based on
MIPs was prepared by the following steps: 2mg of the pre-
pared MIPs was added into 15mL MDA solutions with dif-
ferent concentrations and shaken for 60min to achieve
saturate absorption of MDA. And then, the MGCE was
immersed into the above solution for 180 s to capture the
MIPs onto the MGCE surface. The MGCE was later on
removed from the solution and carefully rinsed by distilled
water to remove unbound MDA on the surface of electrode.
This MGCE modified by MIPs was used for further electro-
chemical measurements.

2.5.2. Preparation and Measurement of the Real Sample. The
multilayer composite packaging film purchased from Wuxi
Guotai Colour Printing Co., Ltd. (Wuxi, China) was chosen
as the real sample in this experiment. 2.0 g film sample was
cut into pieces and then extracted with 40mL methanol by
microwave at 50°C for 15min. After centrifuged at 5000 r/
min for 10min, the sample solution was obtained for further
test.

Electrochemical measurements were performed at room
temperature in three-electrode system with an electrochem-
ical workstation (CHI660E, Chenhua Instruments, China).
The modified MGCE was used as the working electrode,
and the saturated calomel electrode and the platinum wire
electrode were used as the reference and counter electrodes,
respectively. The electrochemical response was measured
using differential pulse voltammetry (DPV) in 0.1mol/L
phosphate buffer solution with the pH of 7. The DPV was
performed from 0.2V to 1.0V, with the pulse amplitude of
5mV and the pulse period of 200ms. In order to ensure
clean and smooth electrode surface and eliminate the con-
taminants and residues from last determination, after each
test, the electrode should be pretreated as the process in Sec-
tion 2.5.1 for the next experiment.

3. Results and Discussion

3.1. Optimization of Preparation Conditions. The chemical
bond and binding force between functional monomers and
templates directly affected the adsorption capacity of the
MIPs for the target molecular [19]. In this study, 4-
vinylpyridine (4-VP), α-methacrylic acid (MA), and salicy-

laldoxime (SA) were selected to evaluate the effects of differ-
ent functional monomers on the adsorption properties of
MIPs. As shown in Figure 1, comparing with the MIPs pre-
pared by functional monomers with the hydroxyl groups
(MA, SA), the ones made with 4-VP had higher adsorption
capability. This was probably because there were not only
hydrogen bonds between the 4-VP and MDA molecules,
but also, π-π bonds might had played a role between the
two [19]. After saturated adsorption in MDA solution with
an initial concentration of 100μmol/L, the adsorption
capacity of MIPs was 37.8μmol/g, showing excellent adsorp-
tion performance. Thus, the 4-VP was used as the functional
monomer to prepare MIPs for the following experiment.

The ratio of template molecules to functional monomers
will affect the formation of noncovalent interaction between
MIPs and imprinted molecules and further affect the
adsorption capability of the MIPs [22]. Four different molar
ratios of template molecules (MDA) to functional mono-
mers (4-VP) (1 : 2, 1 : 4, 1 : 6, and 1 : 8) were selected to pre-
pare MIPs, and the adsorption performance was evaluated
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Figure 1: Adsorption capacities of MIPs synthesized by different
functional monomers.
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Figure 2: Adsorption capacities of MIPs synthesized by different
ratios of templates to functional monomers.
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through adsorption experiments. It can be seen from
Figure 2 that when the molar ratio of template molecules
to functional monomers was 1 : 4, the maximum adsorption
capacity of MIPs for MDA was obtained, indicating that
higher or lower amount of functional monomers will influ-
ence the enrichment ability of MIPs. Consequently, the
molar ratio of 1 : 4 (template molecules : functional mono-
mers) was selected to prepare the MIPs in this work.

3.2. Characterizations of MIPs. The transmission electron
microscopy (TEM) images of the Fe3O4@mSiO2 and MIPs
together with the EDS spectrum of MIPs are displayed in
Figure 3. As seen from Figure 3(a), the Fe3O4@mSiO2 was
well shaped with particle size of about 230nm and coated
by the hydrolyzed ethyl silicate. This provided the magnetic
core with a silica surface, which favored the graft of
imprinted polymers [23]. Figures 3(b) and 3(c) show that
obvious core-shell structures were emerged in MIPs as dar-
ker microspheres Fe3O4@mSiO2 were uniformly coated by
the imprinted polymers. The particle size of MIPs was a little
larger after coated by MDA-imprinted film, and the thick-
ness of imprinted polymer layer was about 40 nm. The poly-
mer shell layers were light gray, and the pore structures
could be observed, which suggested that large number of
imprinting sites could exist in the imprinted polymer layers
to bind the template molecules [24]. This made the recogni-

tion sites in the MIPs accessible for the template molecules,
and it took shorter time to gain adsorption equilibrium [25].
The EDS (Figure 3(d)) confirmed the presence of iron (Fe),
oxygen (O), silicon (Si), and nitrogen (N) in the MIPs sug-
gesting that the polymer shell was successfully coated on
the surface of the Fe3O4@mSiO2 carrier [7].
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Figure 3: TEM images of Fe3O4@mSiO2 (a), MIPs (×20000) (b), MIPs (×100000) (c), and the EDS spectrum of MIPs (d).
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The chemical compositions of Fe3O4, Fe3O4@mSiO2,
and MIPs were characterized by FT-IR spectroscopy, as
shown in Figure 4. Comparing with the infrared spectra of
Fe3O4, the characteristic peaks at 1042 cm-1 and 1068 cm-1,
which were attributed to Si–O–Si asymmetric stretching,
were observed in the spectra of Fe3O4@mSiO2 and MIPs,
respectively. This showed that silica layers were formed on
the surface of Fe3O4, and thus, the Fe3O4@mSiO2 magnetic
carrier was obtained. After coated by imprinted polymer
layers, the intensity of Si-O-Si stretching band found in
MIPs was significantly weakened. Moreover, the absorption
band of C=C bonds at 1411 cm-1 and the typical signal of
benzene ring structures at 1513 cm-1 appeared in the infra-
red spectrum of MIPs. These results indicated that the
imprinted polymer shell was grafted onto the surface of
Fe3O4@mSiO2, and MIPs were successfully constructed.

The magnetic properties of Fe3O4, Fe3O4@mSiO2, and
MIPs were investigated by the hysteresis loops, as depicted
in Figure 5. All the magnetization curves were symmetrical,
and the saturation magnetization values of Fe3O4,
Fe3O4@mSiO2, and MIPs are 80.2, 61.1, and 58.6 emu/g,
respectively. Although the saturation magnetization value
of MIPs decreased in contrast with that of Fe3O4 and
Fe3O4@mSiO2 to some extent, which ascribed to the mag-
netic shielding by outer imprinted polymer layers, the MIPs
still showed high magnetization. The magnetic MIPs could
be fast absorbed to the bottle wall by an external magnetic
field without residual magnetism in the solution (inset of
Figure 5), demonstrating the excellent magnetic response
of MIPs. This magnetic feature made the MIPs potentially
useful for separating and enriching targets from sample
solutions.

3.3. Adsorption Properties of MIPs

3.3.1. Adsorption Kinetics. The effect of adsorption time on
the adsorption capacity of MIPs is exhibited in Figure 6.
The adsorption capacity for MDA increased rapidly during

the first 40min, and it reached about 85% of the maximum
adsorption capacity. Afterwards, the adsorption rate slowed
down gradually with time until the adsorption equilibrium
was reached at roughly 80min, with a maximum adsorption
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Table 1: Fitting parameters of pseudo-first-order and pseudo-
second-order kinetic models.

qe,max
(μmol/g)

Pseudo-first-order model
Pseudo-second-order

model

k1
qe

(μmol/g)
R2 k2

qe
(μmol/g)

R2

56.5 0.0300 90.8343 0.5928 0.0015 59.7015 0.9964

0 100 200 300 400 500 600
0

10

20

30

40

50

60

70

A
ds

or
pt

io
n 

ca
pa

ci
ty

 (𝜇
m

ol
 g
−

1 ) 

The initial concentration (𝜇mol L−1) 

Figure 7: The adsorption isotherm curve of MIPs for MDA.

Table 2: Fitting parameters of the Langmuir and Freundlich
models.

qe,max (μmol/g)
Langmuir model Freundlich model

qmax b R2 n KF R2

56.5 71.6332 0.0121 0.9883 2.0759 3.5816 0.9398
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capacity (qe,max) of 56.5μmol/g approximately. At early stage
of the adsorption process, the concentration of target mole-
cules in solutions was high and lots of binding sites existed
on the surface of MIPs, resulting in easy and fast combina-
tion between targets and binding sites [26]. The adsorption
dynamics was weakened with the reduced concentration of
target molecules and available binding sites in later adsorp-
tion period, so the adsorption rate of MIPs toward targets
declined until the adsorption equilibrium was reached [7].

In order to further investigate the kinetic adsorption pro-
cess of MIPs, the pseudo-first-order and pseudo-second-
order kinetic models were used to fit the experimental data,
and the models were defined by the following [27, 28]:

ln qe − qtð Þ = ln qe − k1t,
t
qt

= 1
k2q2eð Þ +

t
qe
,

ð3Þ

where qe (μmol/g) and qt (μmol/g) are separately the adsorp-
tion amounts of MIPs for MDA at equilibrium and time t and
k1 and k2 are the pseudo-first-order and pseudo-second-order
model rate constants, respectively.

The fitting results of the two kinetic models are shown in
Table 1. The correlation coefficient (R2 = 0:9964) fitted by
the pseudo-second-order kinetic model was much higher
than that (R2 = 0:5928) fitted by the pseudo-first-order
kinetic model, suggesting that the pseudo-second-order
kinetic model could better describe the kinetic adsorption
process of MIPs for MDA. Meanwhile, the theoretical
adsorption capacity predicted by the pseudo-second-order
model was 59.7μmol/g, which was very close to the mea-
sured value of 56.5μmol/g. Therefore, it could be inferred
that the adsorption process between MIPs and targets was
mainly chemical interaction.

3.3.2. Adsorption Isotherm. Adsorption isotherm studies are
important for estimating the adsorption performance and
efficiency of MIPs. Figure 7 shows the relationship between
the initial concentrations of MDA solutions and the adsorp-
tion capacity of MIPs. When the initial concentration was
lower than 200μmol/L, the adsorption capacity of MIPs
enhanced significantly. Subsequently, the adsorption capac-
ity increased slowly with rising concentrations of MDA until
it reached stability at MDA initial concentration of
300μmol/L, which might be because the binding sites on
the surface of MIPs were almost completely occupied by
MDA and the adsorption saturation was reached [22]. The
equilibrium adsorption capacity of MIPs for MDA was

59.5μmol/g, which was higher than the maximum adsorp-
tion capacity of MIPs for MOCA (also one of the typical
PAAs) reported in other study [19].

The classical Langmuir isothermal adsorption model and
the Freundlich isothermal adsorption model were utilized to
ulteriorly explore the adsorption mechanism of MIPs. The
equations for the Langmuir and Freundlich isothermal
models are separately expressed by the following [29, 30]:

Ce

qe
= Ce

qmax
+ 1
qmax∙b

,

ln qe = ln KF +
1
n

� �
ln Ce,

ð4Þ

where qe (μmol/g) is the adsorption capacity of MIPs for
MDA at equilibrium, Ce (μmol/L) is the equilibrium concen-
tration of MDA solution, qmax (μmol/g) is the maximum
adsorption capacity of MIPs for MDA, b represents the
Langmuir constant, and KF and n are the Freundlich con-
stants related to absorption capacity and intensity,
respectively.

The adsorption data for MDA onto MIPs were fitted by
the Langmuir and Freundlich isothermals, and the results
are presented in Table 2. As seen from Table 2, the Langmuir
model better fitted the experimental data than the Freun-
dlich model, given that the correlation coefficient of the for-
mer (R2 = 0:9883) was higher than that of the latter
(R2 = 0:9398). This illustrated that the Langmuir model
was more suitable for describing the adsorption behavior

Table 3: The coefficients about selectivity of MIPs and NIPs.

Analogues
MIPs NIPs

k′Kd k Kd k

MDA 54.90 — 19.60 — —

4-Aminobiphenyl 9.39 5.84 14.72 1.33 4.39

4,4′-Methylenebis(N,N-dimethylaniline) 14.90 3.68 7.84 2.50 1.47

MOCA 24.96 2.20 34.30 0.57 3.86
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Figure 8: Reusability of MIPs.

7Advances in Polymer Technology



of MIPs, indicating the adsorption process of MDA onto
MIPs was mainly monolayer adsorption. The Langmuir
model could be used for estimating the adsorption capacity
of MIPs in MDA solutions of different initial concentrations
due to the well matching with experimental data (R2 > 0:98),
and the theoretical value of maximum adsorption capacity
obtained by the Langmuir model was 71.63μmol/g.

3.3.3. Selectivity of MIPs. Three analogues including MOCA,
4-aminobiphenyl, and 4,4′-methylenebis(N,N-dimethylani-
line) were selected as competitive molecules to study the
selectivity of MIPs for MDA, and the results are shown in
Table 3. It can be seen from Table 3 that the k values of MIPs
for MOCA, 4-aminobiphenyl, and 4,4′-methylenebis(N,N-
dimethylaniline) were 2.2, 5.84, and 3.68, respectively; that
was to say, the binding amount to MDA was more than
twice of those to other analogues. Thus, it was indicated that
the MIPs showed highly selective binding to MDA, which
was probably because the specific recognition sites formed
on the surface of MIPs better matched with MDA in shapes,
sizes, and functional groups [27]. Besides, the adsorption
capacity of MIPs for MDA was significantly higher than that
of NIPs as the Kd values of MIPs were greater than that of
NIPs, suggesting the existence of a large number of specific
binding sites for MDA molecules in MIPs. And the k′ values
were greater than 1 for MIPs. These results confirmed that
MIPs had a noticeable imprinting effect and could achieve
the selective recognition and absorption for MDA.

3.3.4. Reusability of MIPs. The reusability of MIPs was deter-
mined by carrying out the adsorption-desorption experi-
ment. As observed in Figure 8, after repeating the
adsorption-desorption process 6 times, the maximum
adsorption capacity of MIPs still maintained 83.5% of the
initial adsorption capacity. The reduced adsorption capacity
might be due to the loss of MIPs in this cyclic procedure
[31], but it was not enough to affect the binding capacity

of MIPs for MDA. The good reusability and stability allowed
the application potential of prepared MIPs in separating and
enriching MDA from real samples.

3.4. Electrochemical Detection Application of MIPs in Real
Samples. The response of the electrochemical sensor based
on magnetic MIPs to MDA concentrations was performed
by DPV, and the results are shown in Figure 9. As seen from
Figure 9(a), the DPV signals enhanced gradually with the
increase of MDA concentrations. The peak values of current
signals had a linear relationship with the logarithm of the
MDA concentrations in the range of 0.1 nmol/L to
10μmol/L, as exhibited in Figure 9(b). The linear regression
equation was Ip ðμAÞ = 1:617lgC ðμmol/LÞ + 6:821, and the
correlation coefficient (R2) of the linear fitting was 0.997,
favoring the quantitative analysis for MDA. The limit of
detection (LOD) for MDA obtained by this method was
0.015 nmol/L (S/N = 3), which was much lower than that
obtained by the reported method [32]. This may be attrib-
uted to the ability of magnetic MIPs to specifically bind
and enrich MDA from the solution.

The extracted solutions of composite film samples were
spiked with 1.0, 3.0, and 5.0μmol/L MDA, respectively,
and the amounts of MDA were determined by the proposed
electrochemical detection method. The results are shown in
Table 4. It can be seen that no MDA was detected in the
composite film samples, while the recoveries of MDA with
three spiked concentrations were 87.8%-92.5% with the

Table 4: Determination results of MDA in real samples (n = 3).

Spiked (μmol/L) Recovery (%) RSD (%)

0.0 — —

1.0 87.8 4.4

3.0 90.6 3.2

5.0 92.5 3.0

0.2 0.5 1.00.6 0.7 0.8 0.90.40.3
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Figure 9: (a) DPV signals of MIP sensors to different concentrations of MDA. (b) The linear relationship of DPV signals and the logarithm
of MDA concentrations.
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RSD less than 4.4%. Therefore, this method could be used
for the detection of MDA from composite film samples.

4. Conclusions

In this work, magnetic MIPs for the specific absorption and
enrichment of MDA were synthesized using 4-VP as the
functional monomer, EGDMA as the cross-linking agent,
and MDA as the template molecule. The morphology, struc-
ture, and properties of MIPs were characterized by TEM,
FT-IR, and VSM, validating that core-shell MIPs with excel-
lent magnetic responsiveness were successfully constructed.
The adsorption properties of the magnetic MIPs were also
studied. The results showed that the adsorption kinetics of
MIPs for MDA conformed to the pseudo-second-order
kinetic model, and the adsorption isotherm accorded with
the Langmuir model, with a maximum adsorption capacity
of 59.5μmol/g. Meanwhile, the results of selectivity and
reusability tests indicated that MIPs could achieve the spe-
cific recognition and absorption for MDA, and they still
maintained good recognition and adsorption properties after
six adsorption-desorption cycles. Moreover, electrochemical
sensors based on the obtained magnetic MIPs were con-
structed and used to detect MDA from the composite film
sample, which provided satisfactory recoveries and RSD
values. Thus, the prepared magnetic MIPs could be poten-
tially used for selective separation and electrochemical deter-
mination for MDA from food-contact materials.
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