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terization, and evaluation of
selective molecularly imprinted polymers for the
fast determination of synthetic cathinones†
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As a kind of new psychoactive substance (NPS), synthetic cathinones have drawn great worldwide attention. In

this study, molecularly imprinted polymers (MIPs), as adsorbents for the extraction and determination of 4-

methyldimethcathinone (4-MDMC), were first synthesized by coprecipitation polymerization. The

physicochemical analyses of MIPs were successfully performed by XRD, FTIR, FESEM and TGA techniques.

Furthermore, rebinding properties of temperature and pH dependence, and selectivity and reusability tests for

MIPs and non-imprinted polymers (NIPs) were performed using an ultraviolet-visible spectrometer (UV-vis).

The obtained results indicate that the imprinting efficiency has strong dependence on temperature and pH,

and the optimal adsorption for targets is achieved under the condition of 318 K and pH ¼ 6.0. This means

that the combination between the polymers and 4-MDMC is a strong spontaneous and endothermic process.

Compared with NIPs, MIPs exhibit prominent adsorption capacity (Qe ¼ 9.77 mg g�1, 318 K). The selectivity

coefficients (k) of MIPs for 4-MDMC, methylenedioxypentedrone (bk-MBDP), 4-ethylmethcathinone (4-EMC),

methoxetamine (MXE) and tetrahydrofuranylfentanyl (THF-F) were found to be 1.70, 3.49, 7.14 and 5.82,

respectively. Moreover, it was found that the adsorption equilibrium was achieved within 30 min. The aim of

this work is the simple synthesis of MIPs and the optimal performance of the molecular recognition of 4-

MDMC. Moreover, the synthesized MIPs can be easily regenerated and repeatedly used with negligible loss of

efficiency (only 9.94% loss after six times adsorption–desorption tests). Satisfying recoveries in the range of

69.3–78.9% indicate that MIPs have good applicability for analyte removal from urine samples. Ultimately, this

material shows great promise for the rapid extraction and separation of synthetic cathinones, which are

dissolved in the liquid for the field of criminal sciences.
1. Introduction

Over the last few decades, the unprecedented abuse of new
psychoactive substances (NPSs) including synthetic canna-
binoids, cathinones, phenethylamines and tryptamines is
a noticeable phenomenon in the society. Expansion of the
illicit drug market poses a great threat to law enforcement
and public health protection agencies,1 while most NPSs are
currently dened as illicit substances. According to the offi-
cial statistics, about 271 million people (5.5% of the global
Evidence, Shanghai Research Institute of
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761
population) worldwide have taken psychoactive drugs at least
once during 2019.2 This is mainly because an increasing
number of NPSs are typically given labels such as plant food,
bath salts and research chemicals, with similar instructions
to “not for human consumption” or “not tested for hazards or
toxicity” in order to achieve the ultimate intent of bypassing
illegalization.3,4

Among these NPSs, synthetic cathinones are notorious for
their varieties and hazards, which can produce psychosti-
mulant effects in part attributed to its structure similar to the
classically abused agent amphetamine.5 Until now, more
than 140 kinds of synthetic cathinones have been found to
contain alkyl or halogen substitutions at points along the
aromatic ring as well as methylenedioxy substitutions, pyr-
rolidinyl substitutions or a combination therein.6,7 In order
to reduce the demand for these cathinones and restrict their
commercialization, the determination and identication of
illicit drugs in seized samples are very important for inte-
grated public policies. Generally, in forensic drug laborato-
ries, the analytical tools of gas chromatography-mass
© 2021 The Author(s). Published by the Royal Society of Chemistry
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spectrometry (GC-MS) and high performance liquid
chromatography-mass spectrometry (HPLC-MS) are
commonly established to identify and quantify seized drugs
and suspicious liquid samples.8–10 Recently, a number of
studies have reported the use of direct analysis in real-time
mass spectrometry (DART-MS) that focuses on the charac-
terization of various NPSs.11 A more convenient detection
based on surface-enhanced Raman spectroscopy (SERS) has
been reported by Mabbott and his colleagues,12 and this
technique displays an excellent sensitivity for 5,6-
methylenedioxy-2-aminoindane and mephedrone. Besides,
electrochemistry is an advantageous analytical method that
is adaptable to an in-the-eld device in light of its portability.
In addition, it can exhibit sensitivity and selectivity toward
target analytes. Besides, the large majority of relevant reports
have used modied electrodes, which are attractive for
a preliminary method in forensic analysis.13–15 Although
these methods are known to be reproducible and sensitive for
qualitative and quantitative analysis, they suffer from many
defects such as high cost, long and complex pre-treatment as
well as the need for trained personnel. Therefore, exploiting
a facile and versatile method is necessary.

Recently, molecularly imprinted polymers (MIPs) have
attracted considerable attention due to their high selectivity,
predominant sensitivity, reusability and low cost. Molecular
imprinting is known as an efficient technique for the creation
of synthetic specic recognition sites in a polymeric network
with a memory of the shape, size and functional group of the
template molecules.16,17 With these superior features, MIPs
are widely used for applications including sensing,18 solid
phase extraction,19 antibody detection,20 separation and
purication technology,21 food analysis22 and pharmaceutical
analysis.23 The synthesis methods of MIPs are quite simple
and mature such as bulk polymerization,24 precipitation
polymerization,25 membrane polymerization,26 electro-
polymerization,27,28 multi-step swelling and polymerization
and surface-graing polymerization.29,30 Precipitation poly-
merization has been proven very suitable for the synthesis of
MIPs because of its mild reaction conditions, simple opera-
tion and exemption from additional stabilizers or
surfactants.

In this study, we report one-step synthesis of MIPs and its
application for the determination of 4-methyl-
dimethcathinone (4-MDMC). MIPs were synthesized by
a precipitation polymerization method using 4-MDMC as
a template, methacrylic acid as a functional monomer and
ethylene glycol dimethacrylate as a cross-linker. The chem-
ical structures and physical properties of the obtained MIPs
were characterized by a series of experimental techniques
such as FT-IR, XRD, TGA and FESEM. The effect of temper-
ature and pH on adsorption was investigated, and the
adsorption kinetics and isotherms, selective recognition and
regenerative performance of MIPs were systematically elab-
orated in detail. To the best of our knowledge, this is the rst
adsorption attempt for the preparation of MIPs to detect
synthetic cathinones.
© 2021 The Author(s). Published by the Royal Society of Chemistry
2. Experimental section
2.1 Chemicals and reagents

The chemicals 4-methyldimethcathinone (4-MDMC,
C12H17NO), methylenedioxypentedrone (bk-MBDP, C13H17NO3),
4-ethylmethcathinone (4-EMC, C12H17NO), methoxetamine
(MXE, C15H21NO2) and tetrahydrofuranylfentanyl (THF-F,
C24H30N2O2) were supplied by Shanghai Research Institute of
Criminal Science and Technology. Methacrylic acid (MAA), 2,2-
azobisbutyronitrile (AIBN), ethylene glycol dimethacrylate
(EGDMA), absolute ethanol, potassium dihydrogen phosphate
(KH2PO4), dipotassium hydrogen phosphate (K2HPO4), meth-
anol and acetic acid were all purchased from Shanghai Titan-
chem Co., Ltd. (China). Hydrochloric acid (HCl) and potassium
hydroxide (KOH) were bought from Aladdin Reagent Co., Ltd.
(China). The above-mentioned chemicals were of analytical
grade and used as received without further purication. Meth-
anol of HPLC grade was also acquired from Shanghai Titan-
chem Co., Ltd. (China). Ultrapure water of 18 MU cm�1 of
resistivity was obtained using a Milli-Q water purication
system (Millipore, USA).

2.2 Instruments

The phase compositions of MIPs and NIPs samples were
analyzed using powder X-ray diffraction patterns (XRD, Shi-
madzu, Lab XRD-6000, Japan) with Cu Ka radiation (l¼ 0.154
Å). Field emission scanning electron microscopic (FESEM)
images were collected using a Nova NanoSEM 450 scanning
electron microscope (FEI, USA). Fourier transform infrared
(FT-IR) spectroscopy was performed using a Frontier infrared
spectrometer (PerkinElmer, USA) over the range of 500–
4000 cm�1 with KBr pellets. Thermogravimetric analysis
(TGA) was carried out from 30 to 800 �C at a heating rate of
10 �C min�1 in an atmosphere of nitrogen using a TGA 4000
Thermal Analyzer (PerkinElmer, USA). UV-vis adsorption
spectra were recorded using a Lambda 365 spectrometer
(PerkinElmer, USA). The real urine samples were tested using
an Shimadzu LC-20A HPLC system equipped with a diode
array inspection (DAD) system in the experiment.

2.3 Synthesis of molecularly imprinted polymers for 4-
MDMC

Molecularly imprinted polymers (MIPs) and non-imprinted
polymers (NIPs) were successfully synthesized by a copreci-
pitation polymerization approach using 4-MDMC as
a template. Typical experiments were performed as follows:
0.1 mmol of 4-MDMC and 0.4 mmol of MAA were dissolved in
5 mL of acetonitrile, followed by ultrasonic stirring for
10 min at room temperature to form a homogeneous solu-
tion. Subsequently, the mixed solution was magnetically
stirred at room temperature for 12 h to obtain the pre-
polymerization complex solution. Aer that, 10 mmol of
EGDMA and 10 mg of AIBN were added to the above pre-
polymerization complex solution. The solution was deoxy-
genated with nitrogen for 10 min and magnetically stirred at
70 �C in a water bath for 12 h. The obtained polymers were
RSC Adv., 2021, 11, 29752–29761 | 29753
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eluted with a methanol/acetic acid solution (9 : 1, v/v) to
extract the template 4-MDMC and rinsed adequately with
methanol and absolute ethanol. Finally, the products were
dried in vacuum at 50 �C to a constant weight. Moreover, the
NIPs were also prepared under the same condition without
the addition of the template. The schematic of the prepara-
tion procedure of MIPs is simply shown in Fig. 1.
2.4 Adsorption experiments

To evaluate the adsorption capacity of MIPs and NIPs, static
and dynamic adsorption experiments were investigated. In
the adsorption thermodynamics experiment, 10 mg of MIPs
(or NIPs) was dispersed in a series of 10 mL 4-MDMC solution
(10 mmol L�1 phosphate buffer solution (PBS), pH¼ 6.0) with
different initial concentrations ranging from 5 to 50 mg L�1.
Aer mechanical shaking for 300 minutes at three different
temperatures (298, 308, and 318 K), the MIPs and NIPs were
separated by ltering through a 0.22 mm membrane, and the
concentrations of the supernatants were further analyzed
using a UV-vis spectrometer at 260 nm. The amount of 4-
MDMC adsorbed was estimated using the following
equation:

Qe ¼ C0 � Ce

m
V (1)

where Qe (mg g�1) represents the equilibrium adsorption
capacity, m (mg) the mass of MIPs or NIPs used, V (mL) the
volume of the solution, and C0 (mg L�1) and Ce (mg L�1) the
initial and equilibrium concentrations of 4-MDMC,
respectively.

In the dynamic adsorption study, 10 mg of MIPs (or NIPs)
was suspended in 10 mL of 40 mg L�1 4-MDMC solution
(10 mmol L�1 PBS, pH ¼ 6.0) and shaken at three different
temperatures (298, 308, and 318 K). The real-time concentration
of 4-MDMC in the supernatant solutions was also monitored
aer a series of time intervals from 10 min to 300 min, which
was calculated using the following equation:

Qt ¼ C0 � Ct

m
V (2)

where Qt (mg g�1) means the temporal binding capacity of 4-
MDMC, and C0 (mg L�1) and Ct (mg L�1) the initial and
temporal 4-MDMC concentrations, respectively. V (mL) is the
sample volume, and m (mg) the mass of MIPs or NIPs added
to the solutions.

Meanwhile, the inuence of solution pH on the adsorp-
tion capacity was studied by measuring the binding amounts
at different PBS solution pH values (2.0–12.0, adjusted by
corresponding 0.1 mol L�1 HCl and 0.1 mol L�1 NaOH).
Besides, selectivity experiments were evaluated towards
40 mg L�1 4-MDMC, 4-EMC, bk-MBDP, MXE and THF-F in
10 mmol L�1 PBS (pH ¼ 6.0) solution at 318 K, respectively.
The operating sequences and conditions were consistent
with the static adsorption tests. Aer shaken for 300 min, the
mixtures were centrifuged and then ltered using a 0.22 mm
membrane, and the concentrations of the supernatants were
determined using a UV-vis spectrometer. The selectivity and
29754 | RSC Adv., 2021, 11, 29752–29761
recognition ability of the MIPs (or NIPs) were evaluated by the
selectivity coefficient (k) and imprinting factor (a), respec-
tively, which are dened as follows:

Kd ¼ Qe

Ce

(3)

k ¼ Kdð4-MDMCÞ
KdðanaÞ

(4)

a ¼ KdðMIPsÞ
KdðNIPsÞ

(5)

where Kd(4-MDMC) and Kd(ana) (mL g�1) are the partition coefficients
of MIPs (or NIPs) toward 4-MDMC and the analogues, Qe (mg g�1)
the equilibrium adsorption capacity and C0 (mg L�1) and Ce (mg
L�1) the initial and equilibrium concentrations of 4-MDMC.
Kd(MIPs) and Kd(NIPs) (mg g�1) refer to the partition coefficients of
MIPs and NIPs toward the adsorbed samples, separately.
2.5 Stability and reusability

The stability and reusability of MIPs or NIPs were investigated
as follows: 10 mg of MIPs (or NIPs) was added into 10 mL of 4-
MDMC solution with a concentration of 40 mg L�1

(10 mmol L�1 PBS, pH ¼ 6.0) and shaken at 308 K for 300 min.
The samples were separated by centrifugation. The recycled
MIPs (or NIPs) were washed repeatedly with a mixture of
methanol/acetic acid solution (9 : 1, v/v) to remove the template,
rinsed with methanol to neutral state and dried in a vacuum.
The adsorption–regeneration testing was repeated six times by
the above-mentioned method, and the recovery was evaluated
according to the following equation:

R ¼ Ci � Cn

Ci

� 100% (6)

where R and Ci (mg mL�1) are the recovery and the initial
concentration of 4-MDMC (namely 40 mg L�1), respectively. Cn

(mg mL�1) is the concentration of 4-MDMC in the supernatant
aer repeated experiments, and n is the number of times the
experiments were repeated (n ¼ 1, 2, 3, 4, 5, and 6).
2.6 Determination of 4-MDMC in human urine

The human urine samples were obtained from laboratory staff
volunteers. The urine samples were centrifuged at 5000 rpm for
10 min and the supernatant was ltered using a 0.22 mm
membrane for subsequent solid phase extraction. First, 30 mg of
MIPs was put into 5.0mLmethanol under continuous stirring for
10 min, which was separated by centrifugation, and the super-
natant was discarded. The treated MIPs were dispersed in 5.0 mL
4-MDMC urine samples (40–400 mg L�1) and shaken for 1 h. Aer
the solution was separated by centrifugation and washed with
ultrapure water, the analytes were collected from theMIPs, which
were rinsed ve times with methanol. Finally, the eluent was
dried with nitrogen. The residues were redissolved in 200 mL
methanol and further analyzed by HPLC at 210 nm.
© 2021 The Author(s). Published by the Royal Society of Chemistry
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3. Results and discussion
3.1 Preparation of MIPs
Fig. 1 Schematic of the MIP preparation and application in extraction process and possible recognition mechanism by temperatures.
3.2 Characterization of MIPs and NIPs

The X-ray powder diffraction patterns of MIPs, unextracted
MIPs and NIPs are shown in Fig. S1A.† It can be seen that MIPs
and unextractedMIPs exhibit a typical similar diffraction prole
without any peaks and crystallinity, suggesting that both poly-
mers are amorphous materials.31 The above characteristics are
common for polymers.32 As for the synthesized NIPs without 4-
MDMC as a template, there are no changes in the crystallinity.
The above analysis indicates that the 4-MDMC has no signi-
cant impact on the crystalline behavior of molecularly imprin-
ted polymers.33

FT-IR measurement was used to characterize the samples in
the form of KBr pressed pellets. Fig. S1B† shows the FT-IR
Fig. 2 (A) TGA thermograms and (B) DTG plots of MIPs, unextracted MI

© 2021 The Author(s). Published by the Royal Society of Chemistry
spectra of MIPs, unextracted MIPs and NIPs, where the bands
in 2954 cm�1, 1452 cm�1 and 1389 cm�1 correspond to the
stretching vibration of C–H3 and the bending vibration of C–H,
–CH2 groups and –CH3 groups, respectively.34,35 Moreover, the
characteristic peak at 1144 cm�1 is assigned to the C–O–C
stretching vibration in monomers and cross-linkers. Generally,
the signal ascribed to the C]O bond of the polymers obviously
appears at 1719 cm�1.36 Besides, the characteristic peak at
1640 cm�1 refers to the stretching vibration of the C]C bond in
alkene. Moreover, the spectra of the MIPs and NIPs are almost
the same because the chemical compositions are similar aer
elution of the template from the MIPs. These results indicate
that the template well interacts with the cross-linking func-
tional monomer through hydrogen bonds.37

In addition, thermal stabilities about the MIPs, unextracted
MIPs and NIPs were studies. As exhibited in Fig. 2A, the TGA
curves of the MIPs, unextracted MIPs and NIPs reveal very
similar proles mainly including two stages. In the rst step,
Ps and NIPs in the range of 30–800 �C.

RSC Adv., 2021, 11, 29752–29761 | 29755
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Fig. 3 SEM images (A) MIPs, (B) unextracted MIPs and (C) NIPs.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

6 
Se

pt
em

be
r 

20
21

. D
ow

nl
oa

de
d 

on
 6

/1
2/

20
26

 8
:2

5:
10

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
a slight weight loss at 30–150 �C is attributed to the evaporation
of adsorbed water and possible solvents used in the synthesis.
The second event of mass loss can be ascribed to the thermal
decomposition of the material.38 However, decomposition of
the NIPs starts immediately aer melting (�360 �C) in a single
ramp, with a total mass loss of 99.4%, and the MIPs and
unextracted MIPs occur at a maximum temperature of 452 �C
and 473 �C, which is consistent with the results shown in
Fig. 2B.39 The is because the template generated a different
environment in the MIP beingmodied in relation to the NIP by
the impression of active selective sites.

The morphology and structures of the MIPs, unextracted
MIPs and NIPs were characterized by SEM. According to the
SEM images, MIPs and unextracted MIPs display a agglomer-
ated, concrete-like shape and visible chromatism with similar
sizes, as observed in Fig. 3A and B. Before extraction, the shape
of MIPs is not very clear probably due to the inuence of other
remainders.40 The shape of MIPs becomes more smooth,
discernible through the elution process. However, the NIPs
(Fig. 3C) exhibit heterogeneous and irregular morphology, which
means that the absence of the template molecule could be
involved in the synthesis of the polymer to some extent.41 These
results are also in agreement with the nding that additional
molecular interaction occurs between template and MAA, which
could somehow help the growth of the cross-linked polymer nuclei
to result in a more regular polymer structure in solutions.42
Fig. 4 Effect of pH on the adsorption capacity of MIPs and NIPs to 4-
MDMC.

29756 | RSC Adv., 2021, 11, 29752–29761
3.3 Effect of pH

To achieve the maximum adsorption capacity, the inuence of
different pH values of PBS solutions was investigated, and the
result is displayed in Fig. 4. The result shows that the adsorption
capacity of MIPs increased from pH 3.0 to 6.0 and reached the
maximum adsorption capacity at pH 6.0, which agrees with the
basic characteristic of cathinones. At pH 6.0, 4-MDMC becomes
positively charged due to the protonation of the amine moieties,
resulting in effective interactions with the MIP cavities via elec-
trostatic interactions.43,44 However, with the further increase in pH,
there is a gradual decrease observed in the adsorption capacity,
mainly attributing to the restriction of the electrostatic attraction
forces between 4-MDMC and MIPs.45,46 The pKa value of 4-MDMC
is 7.09. Instead, there is not a distinct effect of different pH
conditions on adsorption capacity of NIPs. An optimal pH of 6.0
was chosen as the further adsorption experiments.

3.4 Adsorption isotherms

To demonstrate the rebinding features of the MIPs and NIPs,
the isothermal adsorption experiments were explored with the 4-
MDMC initial concentration range from 5 mg L�1 to 50 mg L�1 at
298 K, 308 K and 318 K respectively. The variation in the adsorption
equilibrium capacity (Qe) with initial concentration is displayed in
Fig. 5A. It can be clearly observed that with the increase in 4-MDMC
initial concentration, the adsorption capacity of MIPs for 4-MDMC
increased. While NIPs display a little dependence on the concen-
tration and lower adsorption amounts due to lack of recognition
sites. Besides, with the increment in temperature, the Qe value of 4-
MDMC shows the same trend and gets enhanced, indicating that
MIPs have more satisfactory efficiency at higher temperatures. As
a result, the high imprinting factor (a) was 8.45 at 308 K, suggesting
the MIPs possessed excellent selectivity for template molecule 4-
MDMC, because a large number of binding sites were existent.

The Langmuir (eqn (7)), Freundlich (eqn (8)), Temkin (eqn
(9)) and Slips or Langmuir–Freundlich (in ESI†) isotherm
adsorption models were employed to assess the isotherm
binding mechanism:

Ce

Qe

¼ 1

QmKL

þ Ce

Qm

(7)

log Qe ¼ 1

n
log Ce þ log Kf (8)

Qe ¼ B ln A + B ln Ce (9)
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (A) Static adsorption isotherms of 4-MDMC onto MIPs and NIPs at different temperatures; (B) Langmuir adsorption model, (C) Freundlich
adsorption model, and (D) Temkin adsorption model of 4-MDMC onto MIPs at different temperatures.
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where Ce (mg mL�1) is the concentration of 4-MDMC at
adsorption equilibrium, Qe (mg g�1) is the amount of the ana-
lyte adsorbed at equilibrium, and Qm (mg g�1) is the theoretical
maximum adsorption capacity. KL (mL g�1) and KF (mg g�1)
represent Langmuir and Freundlich constants, respectively. n is
the heterogeneity factor. B is related to the heat of adsorption
and A refers to the dimensionless Temkin isotherm constant.
The linear tting curves of MIPs and NIPs at different temper-
atures based on Langmuir, Freundlich, Temkin and Slips or
Langmuir–Freundlich isotherm models are illustrated in
Fig. 5B, C, D, S2 and S3,† respectively. In addition, the relevant
tting parameters are meanwhile detailed in the ESI (Table
S1†). It can be seen that the adsorption process is more suitable
by the Slips or Langmuir–Freundlich model than Langmuir,
Freundlich and Temkin. In general, the Freundlich isotherm
model demonstrates that the monolayer single-solute adsorp-
tion from dilute solutions on heterogeneous solid surfaces
show quasi-Gaussian distribution of adsorption energies.47,48

Besides, the related parameters of MIPs to 4-MDMC at different
temperatures are better than those of NIPs, which also suggest
an excellent imprinting effect owing to the presence of a large
number of selective binding sites on the MIPs.
3.5 Adsorption kinetics

The extended binding kinetics of 4-MDMC onto MIPs and NIPs
at different temperatures were carried out to evaluate the
© 2021 The Author(s). Published by the Royal Society of Chemistry
adsorption efficiency. From Fig. 6A, it can be observed that the
adsorption capacity of 4-MDMC onto MIPs increased rapidly in
the beginning 30 min and gradually slowed down till equilib-
rium. For NIPs, it has a similar trend but displays a lower
adsorption capacity. The differences in the adsorption capacity
can be explained as follows: the MIPs can obtain a large amount
of empty recognition sites through the exhaustive washing
procedure, which are matched well with the template molecules
in size, shape and chemical functionality. However, functional
monomers belong to a state of disorder in NIPs, which could be
unable to formulate tailored imprinting cavities. Therefore, it
results in non-specic adsorption between NIPs and 4-MDMC
only by van der Waals force procedure. With the extension of
reaction time, the adsorption tends to be saturated showing
a slight increase, possibly indicating that most of the recogni-
tion sites were occupied by 4-MDMC.49 According to previous
reports and results in this study, the adsorption of 4-MDMC is
a spontaneous and strong endothermic process.50,51 With the
increment in temperature, the thermal movements of the 4-
MDMC in solution are favored, resulting in a higher adsorption
capacity and a fast mass transfer. The pseudo-rst-order and
pseudo-second-order models (Fig. S4† and 6B–D) were further
applied for tting analysis according to the following equations,
and the relevant tting parameters are illustrated in the ESI
(Table S2†).
RSC Adv., 2021, 11, 29752–29761 | 29757
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Fig. 6 Adsorption kinetics of 4-MDMC onto MIPs and NIPs at different temperatures (A). Pseudo-second-order model of 4-MDMC onto MIPs
and NIPs at 298 K (B). 308 K (C). 318 K (D).

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

6 
Se

pt
em

be
r 

20
21

. D
ow

nl
oa

de
d 

on
 6

/1
2/

20
26

 8
:2

5:
10

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
logðQe �QtÞ ¼ log Qe � K1t

2:303
(10)

t

Qt

¼ 1

K2Qe
2
þ t

Qe

(11)

where Qe (mg g�1) and Qt (mg g�1) are the adsorption amounts
of the template and analogues on MIPs (or NIPs), respectively.
Fig. 7 (A) Binding selectivity of MIPs and NIPs for 4-MDMC and its comp
and recoveries for 4-MDMC in six successive cycles of adsorption–deso

29758 | RSC Adv., 2021, 11, 29752–29761
3.6 Selectivity and reusability analysis

To investigate the selective recognition of the MIPs prepared in
this method, 4-EMC, bk-MBDP, MXE and THF-F were selected
as the competitive compounds at 308 K, as demonstrated in
Fig. 7A. As observed, MIPs exhibit a higher adsorption capacity
for 4-MDMC, and the selectivity coefficients of 4-EMC, bk-
MBDP, MXE and THF-F are 1.70, 3.49, 7.14 and 5.82 respec-
tively, while the bound amounts of the NIPs show poor selec-
tivity to all. The pKa values of 4-EMC, bk-MBDP, MXE and THF-F
etitive compounds in pH ¼ 6.0 PBS solution. (B) Regeneration of MIPs
rption.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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are 7.38, 7.74, 7.40 and 7.76, respectively. This results in the
existence of recognition cavity, which is closely related to the
similarity between the template and the adsorbed molecules in
functional groups, size and shape.52 At the same time, the
binding capacity of MIPs on 4-EMC is higher than that of the
other three compounds due to the similar structure to 4-MDMC.

Besides, MIPs and NIPs were subjected to six cycles of
adsorption–desorption for 4-MDMC at 308 K to test the reusability
and stability of the adsorbents. As shown in Fig. 7B, the adsorption
capacity of the regenerated MIPs is about 9.94% loss aer six
consecutive adsorption–desorption cycles, indicating that the
synthesized MIPs have good mechanical stability and could be
reused repeatedly with only a slight decrease in the adsorption
capacity. The results also demonstrate that the MIPs provide more
stable recognition sites in imprinting polymer materials.
3.7 Analysis of 4-MDMC in human urine

To evaluate the practical applicability of the prepared MIPs, it
was applied to the sorption and removal of 4-MDMC from
human urine samples, followed by HPLC determination. Aer
the treatment described above, no 4-MDMC at detectable levels
were found in the urine obtained from a healthy volunteer.
Then, the urine samples were spiked with 4-MDMC at three
spiked levels of 40, 200 and 400 mg L�1, respectively. Aer the
same treatment procedures, the recoveries of 4-MDMC in three
urine samples were found to be 69.3, 75.5, and 78.9%, respec-
tively (in Table S3†), demonstrating the potential capability of
MIPs for separating 4-MDMC from urine samples.
4. Conclusion

In summary, MIPs have been successfully synthesized by
a simple non-covalent polymerization process and the relevant
adsorption experiments were studied. The advantage of this
whole procedure is simple and economic in operation, andmild
in reaction conditions. It was found from adsorption experi-
ments that the adsorption was a spontaneous and endothermic
process, and the MIPs exhibited short adsorption equilibrium
time, excellent recognition performance, high adsorption effi-
ciency, and good reusability. Based on comparison with NIPs, it
can be shown that MIPs possessed both selective and nonse-
lective binding sites, whereas NIPs can only be absorbed by van
der Waals force. Satisfactory recoveries in spiked human urine
proved the potential of MIPs in the rapid and selective removal
of 4-MDMC. Hence, all the results indicated that the MIPs could
be expected to be used as promising materials for the selective
removal of 4-MDMC from complicated solutions.
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