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Abstract Molecularly imprinted polymers are synthetic poly-
mers possessing specific cavities designed for target mole-
cules. They are prepared by copolymerization of a cross-
linking agent with the complex formed from a template and
monomers that have functional groups specifically interacting
with the template through covalent or noncovalent bonds.
Subsequent removal of the imprint template leaves specific
cavities whose shape, size, and functional groups are comple-
mentary to the template molecule. Because of their
predetermined selectivity, molecularly imprinted polymers
(MIPs) can be used as ideal materials in wastewater treatment.
Especially, MIP-based composites offer a wide range of po-
tentialities in wastewater treatment. This paper reviews the
latest applications of MIPs in wastewater treatment, highlights
the development of MIP-based composites in wastewater, and
offers suggestions for future success in the field of MIPs.
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Introduction

Water pollution is a global menace. Over the past several
decades, a wide range of chemical contaminants have been
released to the environmental water by various industries,
agriculture, and long-term drought (Chong et al. 2010; Cundy
et al. 2008; Foo and Hameed 2009). The surface water and
groundwater have been severely contaminated by heavy met-
al, inorganic pollutants, organic pollutants, especially dyes,
polycyclic aromatic hydrocarbons (PAHs), and pesticides
(Aksu 2005; Oller et al. 2011; Ferrer et al. 2000). All of these
chemicals have great harmful effect on public health and
aquatic ecosystems due to its high toxicity and bioaccumula-
tion (Auriol et al. 2006; Ternes and Gunten 2010; Reungoat
etal. 2010). Consequently, advanced treatments of wastewater
have to be envisaged to removal contaminants.

Several technologies have been developed to remove pol-
lutants from wastewater, including physical adsorption
(Snyder et al. 2007; Malik 2003; Huang and Chen 2009),
oxidation (Snyder et al. 2006; Lee et al. 2008; Gottschalk
et al. 2009), and bioremediation (Onesios et al. 2009; Huang
et al. 2006; Guo et al. 2010). However, for some
micropollutants such as endocrine-disrupting compounds
(EDCs), which concentration are extremely low (typically at
levels of parts per billion or parts per trillion), most of these
treatments cannot completely remove them. Additionally, the-
se techniques may remove various pollutants simultaneously
but cannot effectively remove specific pollutants in wastewa-
ter. For these reasons, new methods that are both effective and
selective to removal pollutants are urgently needed. More
recently, molecularly imprinted polymers (MIPs) are
attracting widespread attention due to their prominent selec-
tivity. MIPs are synthetic polymers possessing specific cavi-
ties designed for target molecules. They are prepared by
copolymerization of a cross-linking agent with the complex
formed from a template and monomers that have functional
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groups specifically interacting with the template through co-
valent or noncovalent bonds. Subsequent removal of the im-
print template leaves specific cavities whose shape, size, and
functional groups are complementary to the template mole-
cule (Shen et al. 2012; Lavignac et al. 2004; Advincula 2011)
(Fig. 1). Furthermore, in contrast to these conventional
methods, MIPs have other outstanding advantages such as
relative ease and low cost of preparation, high stability, phys-
ical robustness, resistance to elevated temperature, and pres-
sure and potential application to a wide range of target mole-
cules (Xu et al. 2004; Bui and Haupt 2010; Vasapollo et al.
2011).

MIPs, the polymeric matrices obtained by the imprinting
technology, are robust molecular recognition elements able to
mimic natural recognition entities such as antibodies and
biological receptors (Advincula 2011; Ge and Turner 2008;
Bossi et al. 2007), exhibiting high affinity and selectivity for
the given analyte or its structure analogs. Therefore, MIPs
have been widely utilized in many areas such as chromato-
graph separation (Byun et al. 2010), membrane separations
(Sueyoshi et al. 2010), solid phase extraction (Yin et al. 2010),
sensor (Javanbakht et al. 2008; Fuchs et al. 2012), and reactive
catalysis (Strikovsky et al. 2003). Recently, the molecular
imprinting technique also has applied for the determination
and removal of pollutants from the wastewater and drink
water.

This review describes the latest applications of MIPs in
wastewater treatment, highlights the development of MIP-
based composites in wastewater, and offers suggestions for
future success in the field of MIPs. Primary attention is given
to the developments of MIPs used as sorbent materials for
quantitative determination and purification of contaminants in
environmental water, followed by critical discussion on their
application as catalysts. Furthermore, the applications of MIP-
based on fluorescence sensor for selective recognition of
pollutants are discussed. Simultaneously, we pay special at-
tention to the development of MIP-based composites in
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Fig. 1 Schematic representation of principle of molecular imprinting
(adopted from Shen et al. 2012)
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wastewater treatment. Finally, challenges are offered to inspire
more exciting developments in this still young yet very prom-
ising field in the future. The structure of this review is illus-
trated in Fig. 2.

Molecularly imprinted polymers

The history of molecular imprinting technology seems to be
somewhat complicated. The first appearance of molecularly
imprinted technique (MIT) dates back to the early 1930s.
Polyakov (1931) explained the selectivity effects in terms of
a template effect, although the additives were included after
polymerization. In the 1940s, Pauling (1940) first put forward
the idea about molecular imprinting, which involved a protein
antibody self-assembly with an antigen acting as a template.
However, no significant advances in molecular imprinting
have been made in the following 20 years. And, it was not
until in 1972 that Wulff and Sarhan (1972) laid the foundation
for the current field with the first report of organic polymers
which were prepared by reversible chemical bonds. In the
early 1980s, Vlatakis et al. (1993) have successfully prepared
the MIPs by using noncovalent molecular imprinting technol-
ogy. Based on these pioneering studies, molecular imprinting
technology started to grow rapidly (Hu et al. 2007).
Generally, there are three binding interactions between tem-
plate and monomers such as covalent, noncovalent, and
semicovalent. The covalent approach was first introduced by
Wulff and Sarhan (1972), which involves the formation of
reversible covalent bonds between template and monomers prior
to polymerization. The obvious advantage of this technique is
that binding sites are more homogenous due to the high stability
of the template—-monomer interaction (Martin-Esteban 2013).
However, the interactions between template and monomers are
so strong that it is difficult to thoroughly remove the template.
In contrast, Arshady and Mosbach (1981) developed a
noncovalent approach which combines the template and
monomer in situ by noncovalent interactions such as electro-
static forces, hydrogen binding, or van der Waals forces and so
on. Due to the weak interaction, this procedure is rather
simple, and a large number of monomers able to interact with
a wide range of templates are commercially available. This
approach is by far the most used for the preparation of MIPs
(Tamayo et al. 2007; Bergmann and Peppas 2008; Malitesta
et al. 2012). However, it is not free of some drawbacks
occurring because of the low-selectivity binding sites.
Semicovalent is a method that combines the covalent and
noncovalent methods. MIPs are synthesized by covalent in-
teractions and then re-recognize the template via a
noncovalent molecular imprinting process because of the
reversible bond (Fuchs et al. 2012; Zhan et al. 2013). Thus,
semicovalent imprinting combines the main advantages of the
above two techniques, the stable and stoichiometric complex
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Fig. 2 Overview of review
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in covalent imprinting, and the fast guest binding in
noncovalent imprinting.

MIPs are being increased used as selective adsorbents in
different applications. To satisfy the different application pur-
pose, MIPs with well-controlled physical forms in different
size ranges are highly desirable. Generally, MIPs have been
prepared as monoliths by traditional bulk polymerization. In
this polymerization, functional monomers, template, cross-
linking, and initiator are dissolved by suitable solvent in a test
tube. Subsequently, the mixture is purged with nitrogen to
remove oxygen, and the test tube is sealed under vacuum.
Finally, bulk monoliths are downsized by grinding and siev-
ing, which result in irregularly shaped particles. Bulk poly-
merization is by far the most widely used method for the
preparation of MIPs due to the simplicity and universality
(Pérez-Moral and Mayes 2004; He et al. 2007). However, it
has some serious problems such as time-consuming and labor-
intensive, and less than 50 % of the ground polymer is recov-
ered as useable particles (Zheng et al. 2013; Poma et al. 2010;
Yoshimatsu et al. 2007).

To overcome these drawbacks, several polymerizations
have been proposed for the direct preparation of spherical
particles in desired size. Suspension polymerization is one of
the simplest and the most common approaches for the pro-
duction of the MIP beads. In conventional suspension poly-
merization, all the components involved in the polymerization
process are dispersed in water phase in the presence of

stabilizer and surfactant. However, the use of water as a
dispersing agent reduces the binding site number and strength
between the functional monomer and template (Mayes and
Mosbach 1996). Liquid perfluorocarbons are largely immis-
cible with most organic compounds and hence become an
appropriate continuous phase for suspension polymerization.
Precipitation polymerization is one of the most well-suited
methods to obtain MIP microspheres with the desired charac-
teristics. In this reaction system, the functional monomers,
template, cross-linking, and initiator are dissolved in a larger
amount of porogen than those typically used in the bulk
polymerization. But, as the polymerization proceeds, the
growing polymer chains become insoluble in the porogen
and tend to precipitate. The advantage of this method includes
that it requires no surfactant and can obtain a micron size
range of MIPs by controlling the polymerization conditions
(He et al. 2007; Yan et al. 2007). Two-step or multiple swell-
ing polymerizations are another common method for prepar-
ing MIP beads, but it is also one of the more laborious
procedures (Hu et al. 2007; Turiel and Martin-Esteban
2004). In this technique, preformed uniformed-sized seed
particles are suspended in water, and after several additions
of suitable organic solvents, the initial particles swell to a final
size with desirable performance.

More recently, surface imprinting technique has attracted
significant interest as a new alternative for improving the
performance of MIPs. In the most common MIP strategy,

@ Springer



966

Environ Sci Pollut Res (2015) 22:963-977

surface imprinting, the imprinted binding sites are located at
or very near the surface of the polymer. The special charac-
teristic solves the problem of limited mass transfer, small
binding capacity, and incomplete template removal which
often associated with materials by previous molecular imprint-
ing methods (Gao et al. 2007, 2008). Surface imprinting
polymers were usually prepared by either synthesizing a thin
polymer film using similar approaches to those in bulk im-
printing or by attaching the template on the surface of a
substrate (flat or spherical) with polymerization.

Use of molecularly imprinted polymers in wastewater
treatment

In recent years, several research began to study the use of
MIPs for wastewater treatment. The applications of MIPs in
contaminated water can be divided into four aspects: (i) tech-
nologies which use MIPs as selective tools for determination
of pollutants in wastewater, (ii) technologies which use MIPs
as a kind of effective sorbent for purification of pollutants, (iii)
technologies which use MIPs to improve the efficiency of
catalytic for organic matters, and (iv) those which apply
MIP-based fluorescence sensor to recongnize and directly
quantifty target analytes. Due to the advantages of high selec-
tivity and strong affinity, MIPs become an efficient method for
selective recognition, separation, determination, and purifica-
tion of pollutants in wastewater.

Effective determination of pollutants

As an alternative, MIPs have been already successfully used
as selective tools in several analytical fields such as sensors,
solid phase extraction (SPE), and chromatograph due to their
favorable molecular recognition capabilities and stability. In
particular, SPE is the most advanced application of the area of
MIPs, which provides a simple and effective pretreatment
method in complicated samples (Sellergren 2000; Whitcombe
and Vulfson 2001; Haupt and Mosbach 2000). Molecular
imprinted SPE (MISPE) has opened a new window for selec-
tive extraction and recognition of target molecules from the
complex matrices (Turiel and Martin-Esteban 2010). In recent
years, several publications have described the success of
MISPE for the extraction and determination of a broad range
of compounds from water sample, including carbaryl
(Sanchez-Barragan et al. 2007), water-soluble acid dyes
(Luo et al. 2011a), bisphenol A (Ou et al. 2006), catechol
(Tarley and Kubota 2005), carbamazepine (Beltran et al.
2007), benzimidazole compounds (Cacho et al. 2009), 173-
estradiol (Watabe et al. 2006), herbicides (Sambe et al. 2007),
mercury (Liu et al. 2006), and cyanide (Say et al. 2004).
When MIPs act as SPE sorbents for the selective extraction
of target analytes from water samples, the retention of the
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analytes is mainly due to nonspecific hydrophobic, electro-
static interaction or hydrogen bonding (Sun and Qiao 2008)
with the polymer matrix, as well as selective retention mech-
anism between the target and the surface function monomer.
In general, the intermolecular hydrogen-bonding between an-
alyte and the polymer is weak in aqueous solution because of
the competition from the high concentration of water mole-
cules (Ou et al. 2006). MISPE coupled to high-performance
liquid chromatograph can effectively separate pollutants from
water samples. For example, Xu et al. (2009) studied on a
MISPE coupled to high-performance liquid chromatograph
for separation and determination of trace estrone in environ-
ment. Due to the specific recognition sites from the molecular
imprinted process, MIPs show high selectivity toward estrone.
Results also showed that the limit of detection was
5.7 ng L '(S/N=3), and the relative standard deviations for
nine replicate extractions of 0.5 pg L™ estrone were less than
10.0 %. This novel-developed method is capable of being
applied for monitoring the existing estrone residue in water.

Most MIPs are synthesized by using the target analyte as a
template to show high selectivity, but residual template
leaking may happen in the SPE procedure, which would have
a serious impact on the accuracy of identification and quanti-
tation of the trace compounds (Andersson et al. 1997). To
solve this problem, the strategy of surface molecular imprinted
polymers with dummy templates has been applied to prepare
the sorbents. With this strategy, the bleeding template can be
separated from the target molecules and would not interfere
with trace analysis. Furthermore, SMI greatly increases the
efficiency of adsorption and desorption, reducing the leakage
of the residual template to a great extent. For example, Zhao
et al. (2010) prepared dummy template imprinted polymers at
surface of silica microparticles for the selective extraction of
trace bisphenol A from water samples. The analogs of BPA,
such as DDBP and TBBPA, were used as the dummy tem-
plates instead of BPA, to prevent inaccurate determination of
trace BPA in water samples in case of the leakage of residual
BPA in the MIPs. And, the resulting dummy MIPs (DMIPs)
showed large sorption capacity, high recognition ability, and
fast binding kinetics for BPA.

With the development of MISPE, some drawbacks of
MISPE emerged and greatly restricted its widespread applica-
tion. For example, the small particle sizes bring difficulties
when trying to separate them from aqueous sample, which
eventually lead them far from real application. It was excited
for scientists to find that giving MIP magnetism was an
effective approach to overcome the disadvantages of MISPE
(Ansell and Mosbach 1998; Lu et al. 2006a, b). Lin et al.
(2012) performed the combination of imprinting polymers
and magnetic particles for selective extraction and detection
of bisphenol A (BPA) from aqueous samples. As magnetic
molecular imprinted polymers (MMIPs) were adopted as the
adsorbents of SPE for detecting BPA in real water samples,
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the recoveries of spiked samples ranged from 84.7 to 93.8 %
with the limit of detection of 2.50 pg mL ™", revealing that the
MMIPs were efficient SPE adsorbents and were reliable for
selective extraction and determination of BPA. These MMIPs
not only have selectivity for the target molecules from com-
plex matrix, but also are easily collected and separated by an
external magnetic field without additional centrifugation, fil-
tration, and membrane separation, which greatly facilitate the
lab work. Similarly, other MMIPs have been synthesized for
the determination of different contaminants (Zhu et al. 2013;
Mehdinia et al. 2013; Kong et al. 2012).

Selective adsorption of organic pollutants

As a well-known wastewater treatment, adsorption process
has been widely applied to remove chemical pollutants from
water. It has numerous advantages in terms of cost, flexibility,
and simplicity of design/operation, and in many cases, it well
generate high-quality-treated effluent (Rafatullah et al. 2010;
Ahmad et al. 2009; Zeng et al. 2007). The adsorption process
is a surface phenomenon in which the adsorbates are attracted
to the surface of solid adsorbent and form attachments via
physical or chemical bonds (Foo and Hameed 2010, 2011). To
date, various materials including activated carbon (Kobya
et al. 2005), iron oxide nanomaterials (Xu et al. 2012),
graphene-based materials (Wang et al. 2013), etc., have been
applied to removal of pollutants from water. Among these
available adsorbents, it seems that MIPs, possessing high
selectivity for target analyte and favorable capacity to organic
pollutants, are most promising ones for pollutant removal
from aqueous systems. Currently, MIPs are being explored
for organic contaminant adsorption, particularly for the treat-
ment of trace contaminants in large-volume water samples. A
lot of experiments have been undertaken to examine the
removal efficiency of organic pollutants by using MIPs for
organic pollutants. Table 1 lists recent reports on the adsorp-
tion of organic compounds by MIPs.

According to the previous research, mechanisms of con-
taminant adsorption in aqueous phase by MIPs can be classi-
fied into two types: nonspecific adsorption and specific ad-
sorption. Nonspecific adsorption results from the hydrogen
bonding, hydrophobic interaction, or van der Waals force,
while specific adsorption comes from the selectivity recogni-
tion cavities which were introduced in imprinting process.
Furthermore, two types of adsorption may simultaneously
occur in aqueous solution. For instance, Dai et al. (2011)
synthesized MIPs for the selective removal of diclofenac
(DFC) from the complex surface water. The prepared MIPs
exhibited outstanding adsorption ability for DFC with a max-
imum binding site capacity (Opmax) of 324.8 mg g~'. In com-
parison, nonimprinted polymers (NIPs) only absorbed less
than 20 % of DFC, and the Q... value of NIPs was
45.2 mg g '. The result demonstrated that nonspecific

adsorption and specific adsorption simultaneoustly occur in
the adsorption process, and specific imprinting sites favored
the adsorption of the target molecule in aqueous solution. In
addition, MIPs show excellent regeneration characteristics
and can be reused at least 12 times without significant loss
of loading capacity. It was recommended that MIPs were
selective and effective adsorbents for rapid removal of organic
pollutants from contaminated water.

Currently, MIPs used in most studies were limited to one
target enrichment and adsorption. To further improve the
utilization efficiency of MIPs, a few studies recently devel-
oped multifunctional MIPs, aiming for simultaneously remov-
ing lots of pollutants rather than single pollutant during ad-
sorption process. In a study performed by Dai et al. (2012),
multitemplate MIPs were prepared by using acidic pharma-
ceuticals mixture (ibuprofen (IBP), naproxen (NPX),
ketoprofen (KEP), diclofenac (DFC), and clofibric acid
(CA)) as the templates for the removal of acidic pharmaceu-
ticals from contaminated water. Due to the specific imprinting
cavities and nonspecific interaction between adsorbent and
adsorbate, the prepared MIPs exhibited outstanding selectivity
affinity toward five pharmaceuticals with high binding capac-
ity. Furthermore, MIPs can be reused for at least 15 times
without loss of performance, indicating that the multitemplate
MIPs are economic and practical materials for removing lots
of pollutants.

When it comes to the application of MIPs in adsorption of
pollutants from environment water, the efficiency and cost
must be taken into account. In previous research, great
efforts have been made to optimize the polymerization and
improve efficiency. Recently, there has been research on
combination with other efficient materials to widen their
potential applications in wastewater treatment. Pan et al.
(2011b) synthesized MMIPs for the selective recognition of
2,4-dichloropheol (2,4-DCP). The prepared MMIPs exhibited
high magnetic property (M;=5.67 emug ') and great adsorp-
tion capacity (145.79 mg g '). Due to their high magnetic
susceptibility, MIPs could be easily separated from the sus-
pension, leading to a fast and selective removal of 2,4-DCP
from aqueous solutions. Gao et al. (2011) reported the prepa-
ration of carbon nanotubes (CNTSs) functionalized with MIPs
for advanced removal of estrone from water samples. The
prepared MIP nanocomposites showed excellent selectivity
and high removal efficiency (ranged from 96.14 to 98.03 %)
toward estrone due to the high specific surface area of CNTs
and the specific recognition sites of MIPs. Thus, the combi-
nation of the selectivity properties of MIPs and superior
adsorption performance of materials tends to be a promising
way to deal with a variety of environmental problems.

Laboratory studies indicated that MIPs could effectively
remove a range of organic pollutants, including BPA, 2.4-
DCP, estrone, and DFC. However, MIP-based technology
for organic adsorption is still at a relatively early stage for
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Table 1 Previous research in the utilization of molecularly imprinted polymers as adsorbents for the removal of organic pollutants in wastewater

Target analytes Adsorption capacity

Reference

Diclofenac

«-Estradiol
capacity of 380 nmol mg ™.
173-Estradiol

Clofibric acid
2,4-Dichlorophenol
2,4-Dinitrophenolic

Carbamazepine
Clofibric acid
Polycyclic aromatic
hydrocarbons (PAHs)
Estrogenic compounds

The adsorbent showed a maximum of 324.8 mg g~ uptake capacity for diclofenac.

The MIPs showed outstanding affinity toward o-estradiol with a binding

The adsorption capacity of MIPs for 173-estradiol was 15 mg/g.

The maximum adsorption capacity for Clofibric acid was 359 mg g’

The removal efficiency of 2,4-dichlorophenol reached 83.2 %.

The removal efficiency of 2,4-dinitrophenolic was very high with all above 92 %.

The adsorption amount of MIPs for CBA and CA reached 74.2 and 82.2 mg g ', respectively.
The removal efficiency of PAHs reached more than 80 % within 45 min.

The maximum adsorption capacity of MIPs for estrone, E2, 17x-ethinylestradiol and

(Dai et al. 2011)
(Meng et al. 2005)

(Lai et al. 2010)
(Dai et al. 2013a)
(Li et al. 2009)
(Jing et al. 2014)
(Dai et al. 2013b)

(Krupadam et al. 2010)

(Zhongbo and Hu 2008)

BPA were 92.8, 95.8, 115.4, and 57.4 1 mol g ' polymers, respectively.

wide application. It is recognized that there is much room for
further improvement, and the transfer of MIPs from laboratory
to field-scale application involves many complexities. With
increasing trends in contaminant removal treatment, more data
of MIPs will become available on performance and cost,
which can provide additional information for large-scale in-
dustrial application.

Degradation of pollutants as catalysts

Considerable efforts have been made to investigate the possi-
ble use of MIPs for catalytic applications (Briiggemann 2001;
Sharabi and Paz 2010; Resmini 2012; Sun et al. 2013; Zhang
et al. 2013). The obvious advantage of MIPs can withstand
aggressive conditions, including high temperature and pres-
sure, extreme pH, and organic solvents, making the new MIP-
based catalysts attractive for diverse practical applications. In
addition, MIP catalysts are able to mimic the active center of
enzymes which are generally utilized as catalysts in several
reactions and have high selectivity toward substrates. For
these reasons, MIPs can be employed instead of enzymes or
natural catalytic antibodies and offer potential for developing
tailored catalysts for special substrates.

There have been many reports about MIPs as enzyme-
mimetic catalysts for organic catalysis. For example, Chen
et al. (2002) successfully synthesized MIP-based catalysts for
catalytic ester hydrolysis by using p-nitrophenyl phosphate as
a transition state analog. In the study, the effects of pH and
contact time were studied to evaluate the catalytic activity of
MIPs. And, results demonstrated that rate enhancement of the
hydrolysis by MIPs was 60-folds over the uncatalyzed solu-
tion reaction. Nowadays, the MIP catalysts were mainly pre-
pared by two approaches. The first one involves introduction
of suitable catalytic groups such as metal ions into a defined
orientation in the active sites and subsequently exhibits high
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catalytic efficiency in the presence of true substrates. For
example, Liu and Wulff (2008) prepared an artificial model
of carboxypeptidase A by combination of molecular imprint-
ing and the introduction of americium groups and copper (II)
or zinc (II) into the active site in predetermined orientation
(Fig. 3). The results demonstrated that the molecular
imprinted polymers offer an excellent possibility to mimic
the active sites of natural enzymes. Furthermore, it has been
seen that the introduction of metal ions into the TSA-
imprinted active sites resulted in a strong increase in catalytic
activity. Therefore, constructing a catalytically active center
with a special structure and function in MIP-imprinted cavities
would open up new ways for the design of highly active new
catalysts.

The second approach is based on the immobilization of
metal or metal complex of low molecular weight exhibiting
catalytic properties. Titania (TiO;) is one of the most com-
mon photocatalysts and has been well-studied with concern
for environmental protection. But, because TiO, has poor
selectivity it is difficult to selectively catalyst specific pol-
lutants from complicated wastewaters in the presence of
other pollutants. Shen et al. (2008) synthesized MIP-
coated TiO, photocatalysts for the degradation of
2-nitrophenol and 4-nitrophenol via surface molecular im-
printing. The prepared MIP-coated photocatalysts not only
enhanced the activity toward the photodegradation of target
pollutants but also showed great selectivity compared to the
conventional TiO,.

Selective recognition of pollutants by MIP-based fluorescence
sensor

In recent years, MIP-based fluorescence sensors, which are
based on surface MIPs and fluorescence signal, have been
used for the specific recognition and quantitative detection of
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Fig. 3 Schematic representation
of the copper (II) into the active
site in predetermined orientation
of the imprinted polymers
(adopted from Liu and Wulff
2008)

Z

target analytes. Kim et al. (2012) prepared a highly sensitive
molecularly imprinted fluorescent sensor by using a CdSe
quantum dot (QD) as a signal transducer and a mesoporous
silica nanoparticle as an imprinting material for fluorescent
sensing of BPA. Liu et al. (2014) synthesized nanoshell sensor
using the molecular imprinted polymer on the surface of the
YVO4Eu*" for detection of A-Cyhalothrin (LC). The as-
prepared core—shell structured nanocomposite
(YVO4:Eu*" @MIPs), which was composed of lanthanide
doped YVO4:Eu®" as fluorescent signal and surface molecu-
lar imprinted polymers as molecular selective recognition
sites, could selectively and sensitively optosense the target
analytes. Quenching of the luminescence emitted by the
core—shell structured nanoparticles allowed the determination
of LC as low as 1.76 uM. The obtained sensor was proven to
be suitable for the detection of residues of LC in real
examples.

MIPs have been successfully used with fluorescence sen-
sors, and several methods have been used to achieve a close
integration of the fluorescence sensors with the polymer.
There are some papers using fluorescence functional mono-
mers to synthesize MIP-based fluorescence sensors. Tong and
coworkers (2002) have used zinc(Il)-protoporphyrin (ZnPP)
as fluorescent reporter/functional monomer to synthesize MIP
sensor for the selective recognition of histamine. Results
demonstrated that the fluorescence intensity of the MIP de-
creased upon exposure to histamine. As an alternative to
integrate MIPs with fluorescence sensors, Turkewitsch et al.
(1998) developed fluorescent chemosensor for adenosine
3":5'-cyclic monophosphate (cAMP) by incorporation of a
fluorescent dye (trans-4-[p-(V,N-dimethylamino) styryl]-N-
vinylbenzylpyridinium chloride) into the binding sites. The
fluorescent dye is serving as both the recognition element and
the measuring element for the fluorescence detection of cAMP
in aqueous media. Quenching of the dye was observed upon
rebinding of the template cAMP molecule to the MIP. In
addition, Ng and Narayanaswamy (2006) also developed a
novel aluminium ion-specific sensor. This sensor adopted
AP as the template molecule and 8-hydroxyquinoline sul-
fonic acid ligand as the fluorescence tag. 8-Hydroxyquinoline
sulfonic acid (8HQS) was adopted as the ligand owing to its

o’éb
(e}
o

ability to react with AI** ion to form a complex with good
optical properties. The fluorescence signal during metal-li-
gand complexation was detected using a fiber optic cable.
Results demonstrated that the synthesized MIPs showed a
promising quantitative response over a range of different
AP jon concentrations within a very short period of time.
Moreover, MIP-based fluorescence sensor can also be de-
veloped by imprinting of fluorescence transduction platform.
The MIPs on the surface of fluorescence transduction plat-
form, as a recognition element, can specially bind the trace
target analyte in complicated matrix, which bring about the
fluorescence quenching of the sensor, and the degree of
quenching may be related to the amount of the target analyte.
Several groups have fabricated molecularly imprinted film on
the surface of semiconductor quantum dots (such as Mn®"
doped ZnS QDs, CdSe QDs, CdTe QDs) (Wang et al. 2009;
Zhang et al. 2012). Ge et al. (2011) developed a fluorescence
nanosensor based on CdTe quantum dots and MIPs for the
determination of deltmethrin (DM). The CdTe—SiO,—MIPs is
employed as a novel and highly sensitive luminescence probe
for optical recognition of DM. Zhou et al. (2014) reported a
novel fluorescent sensor based on MIP-coated graphene quan-
tum dots (GQDs) for determination of paranitrophenol (4-NP)
in water sample. The novel fluorescent sensor possesses
prominent merits, such as stable fluorescence, eco-friendly
property, rapid response, and good recognition specificity.
Leakage of the residual template molecules is one of the
biggest challenges for application of MIP in fluorescence
sensors, which would impair the accuracy of sensors. SMI
with dummy templates may be a good alternative to solve this
problem. Xu et al. (2013b) reported a novel DMIP@QDs
sensor with trinitrophenol (TNP) as a dummy template mole-
cule for the detection of TNT on the surface of QD. In the
study of Chen et al. (2012), molecularly imprinted film with
diphenolic acid (DPA) as dummy template molecule has been
grafted on the surface of Mn-doped ZnS quantum dots (QDs)
to develop a selective and sensitive sensor for rapid determi-
nation of tetrabromobisphenol A (TBBPA) in water. The
obtained DPA-MIP-QDs sensor has distinguished selectivity
and high binding affinity to TBBPA. The sensor has been
successfully applied to determine the TBBPA in water, and the
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average recoveries of the TBBPA at various spiking levels
ranged from 80.2 to 96.5 % with relative standard deviation
below 8.0 %.

Application of MIP-based composites in wastewater
treatment

Molecular imprinting technique has become a promising way
to prepare MIPs with tailored selectivity for target analytes.
The prepared MIPs exhibit an affinity for the template mole-
cule over other structurally related compounds. However,
traditional MIPs suffer from many limitations in practical
application, such as incomplete template removal, low-
affinity binding, and slow mass transfer. Recently, molecular
imprinting technique combines with nanomaterials (Chen
et al. 2014; Pan et al. 2011c), magnetic particles (Mehdinia
etal. 2013; Liet al. 2012), or quantum dots to prepare surface
MIP composites (Table 2), which enable the imprinting sites
situated at the polymer surface or close to the surface, which
have received considerable attention. Because the composites
possess the advantages of both MIPs and nanomaterials, mag-
netic particles, or quantum dots, it shows great selectivity,
favorable affinity, and fast association/dissociation kinetics
toward analytes. Many approaches have been explored to
develop these surface MIP composites, including free radical
polymerization (FRP), reversible addition fragmentation

chain transfer (RAFT) polymerization, atom transfer radical
polymerization, and sol-gel method, etc.

MIP-magnetic particle composites in wastewater treatment

Magnetic particles (Fe;O4) have drawn considerable attention
because of the fundamental scientific interest and the promis-
ing applications in separation, catalysis, and biological and
environmental remediation. Additionally, Fe;O,4 also shows
advantages such as low toxicity, low cost, and eco-friendliness
which serves as a stabilizer. More recently, there has been an
increasing interest in combining magnetic particles with mo-
lecular imprinting technique for the comprehensive benefits in
selectivity and sensitivity. It is expected that the marriage of
the magnetic particles and MIPs will provide a new approach
toward separation application and broaden the use of MIPs in
wastewater treatment. When magnetic particles are encapsu-
lated inside of imprinted polymers, the resulting MMIPs can-
not only selectively recognize the target analytes, but also can
be quickly isolated from the complex matrix with an external
magnetic field (one of the polymerizations of preparation
magnetic MIP composites is shown in Fig. 4).

Guo et al. (2011) successfully synthesized magnetic MIPs
based on kaolinite/Fe;0,4 composites for the selective adsorp-
tion and separation of BPA from aqueous solutions. In the
study, the effects of pH, initial BPA concentration, contact
time, and temperature of the medium on the adsorption were

Table 2 Recent reports about the application of MIP-based composites in wastewater treatment

Materials Target analytes Application Reference
MIPs/Fe;04 Estrogens Determination of estrogens in water samples. (Lin et al. 2013)
MIPs/Fe;0,4 4-Nitrophenol Selective determination of 4-nitrophenol in aqueous water. (Mehdinia et al. 2013)
MIPs/Fe;04 4-Nitrophenol Selective adsorption of 4-nitrophenol from wastewater (Tang et al. 2012)
MIPs/Fe;0y4 Sulfonamides Fast determination of sulfonamides from water. (Chen et al. 2013)
MIPs/Fe;04 BPA Rapid determination of BPA in envir- onmental water. (Ji et al. 2009)
MIPs/Fe;0,4 Water-soluble acid dyes Removal of water-soluble acid dyes from water environmental. (Luo et al. 2011b)
MIPs/Fe;04 EDCs Removal of EDCs from aqueous environmental. (Xia et al. 2013)
MIPs/kaolinite BPA Selective adsorption and separation of BPA from aqueous solution. (Guo et al. 2011)
ﬁ%’?/ihitonsan Carbamazepine Separation of carbamazepine from environmental water bodies. (Yuetal. 2011)
;\/flf;fs(/)liu nanoparticles BPA Selective determination BPA in real water samples. (Xue et al. 2013)
MIPs/TiO, nanotubes Estrogenic compounds Removal of estrogenic compounds from second effluents. (Zhang et al. 2013)
MIPs/carbon nanotubes Triclosan Determination of triclosan in water samples. (Gao et al. 2010)
MIPs/carbon nanotubes Estrone Selective removal of estrone from water samples. (Gao et al. 2011)

MIPs/mutiwalled
carbon natubes

MIPs/halloysite nanotubes

2,4-dichlorophe-noxya
Ceticacid
2,4,6-trichlorop-heonl

Determination of 2,4- dichlorophenoxya Ceticacid in
environmental water.
Recognition of 2,4,6-trichloropheonl from environmental samples.

MIPs/carbon nanoparticles Fluoroquinolone antibiotics Removal of fluoroquinolone antibiotics in aqueous solution.

(Yang et al. 2013)

(Pan et al. 2011¢)
(Tan et al. 2013)
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Fig. 4 Synthesis route of surface
imprinted core—shell magnetic
beads (adopted from Li et al.
2010)

Fe3Oa

studied to examine the removal efficiency of the prepared
adsorbents. And, the resulting MMIPs showed an outstanding
affinity toward BPA in aqueous samples with the adsorption
capacity of 142.86 mg g ' at 298 K. Furthermore, the
separation and recycling of MMIPs became much easier due
to incorporating Fe;Oy4. Similar to adsorption of pollutants by
MIPs, MMIPs adsorb on BPA also by imprinting sites and
nonspecific interactions. In addition, MMIPs have
successfully applied to SPE pollutants from aqueous phase.
For example, Chen et al. (2013) prepared MMIPs for the
extraction and enrichment of sulfonamide antibiotics and their
acetylated metabolites from environmental water. Results
showed that the detection limits of the method are in the range
of 0.38-1.32 ng L™" and the relative standard deviations of
intraday and interday are in the range of 1.3-6.8 and 1.7—
9.1 %, respectively. The MMIPs with saturation magnetiza-
tion value of 16.7 emu g ' could be separated from the
environmental water samples easily by the application of an
external magnetic field, reducing the time consumption of
pretreatment.

MIP—-nanoparticle composites in wastewater treatment

At present, diverse nanotechniques are employed for the im-
printing polymers. Among these techniques, the combination
of surface imprinting with nanostructure, especially imprint-
ing of target molecules on the surface of nanosized support
materials, has recently attracted much more interest (Ma et al.
2011). Up to now, a large number of nanostructure materials
have been used as supporting material in the preparation of
imprinted polymers, including carbon nanotubes (Gao et al.
2011), nanosilica (Wei et al. 2013), magnetic nanoparticle
(Wang et al. 2011), multiwalled carbon particles (MCNs)
(Yang et al. 2013), TiO, nanotubes (Zhang et al. 2013), gold
nanoparticles (Xu et al. 2013a), and silver colloidal particles

Sol-gel >/\\/Imprinting
—— " —-
TEOS A

Fe304@SiO:

Extration

Seperation Binding

Fe3;04@SiO2-MIP

(He et al. 2008). These nanomaterials that combine with
surface molecular imprinting have been successfully synthe-
sized core—shell MIPs. Such core—shell MIPs can be endowed
with the following additional features: (i) The templates with-
in thin imprinted shells can be completely removed to form
effective recognition sites; (ii) the size or form of the imprinted
materials can be readily regulated by that of the preformed
supports; and (iii) the multifunctional composites possess
good dispersibility, high surface-to-volume ratio, and rapid
binding kinetics.

MIPs in conjunction with nanomaterials have widespread
applications in wastewater treatment, including recognition,
separation, and adsorption pollutants from environmental wa-
ter. For example, Gao applied surface molecular imprinting
technique to anchoring MIP shell onto the surface of CNTs for
determination of trace triclosan (TCS) in environmental water
(Gao et al. 2010) (Fig. 5). The prepared MIP nanocomposites
combined the merits of surface molecular imprinting and
carbon nanotubes. Results showed that the recoveries of
MIP nanocomposites in river water and lake water sample
ranged from 92.1 to 95.3 and 90.7 to 93.6 %, respectively. The
relative standard deviation was less than 8.4 %. Tan et al.
(2013) successfully synthesized core—shell MIPs for adsorp-
tion of fluoroquinolone antibiotics (FQs) in aqueous solution.
The synthesized process combined a surface technique
with sol-gel process based on mesoporous carbon nano-
particles (MCNs). The prepared MIP—-nanoparticle compos-
ites showed fast adsorption and good selectivity for ofloxacin
due to the specific adsorption and nonspecific adsorption
(electrostatic interaction and hydrogen-bonding interac-
tions). In addition, nano-MCN/MIPs could be reused at
least five rounds for removing of FQs without any loss
of performance, indicating the potential applications of
the nano-MCN/MIPs for selective removal of FQ resi-
dues in waters.
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Fig.5 Scheme of the synthetic route for CNTs@TCS-MIPs: a formation
of template (TCS)-aminosilica monomer (APTES) complex; b transfor-
mation of the surface of purified CNTs to silica shell by a sol—gel process
using TEOS and APTES in the presence of CTAB to obtain core@shell

MIP quantum dot composites in wastewater treatment

Over the past decade, quantum dots (QDs) have attracted
intensive research interest for sensing and recognizing the
organic and inorganic compound pollutants due to their prom-
inent advantages, such as great photostability, high
photoluminescence efficiency, size-dependent emission wave-
lengths, and sharp emission profile (Liu et al. 2013; Van
Tilborg et al. 2006). However, the selectivity of QDs may be
restricted by the similar fluorescence response to structural
analogs of the template molecules. And, the nonspecific bind-
ing causes a high level of background fluorescence, limiting
target specificity and detection sensitivity—a major barrier for
the widespread application of QDs in real. To our knowledge,
molecular imprinting is a well-established technique widely
used for synthesizing MIPs with tailor-made molecular recog-
nition binding sites for recognition. Therefore, combining the
high selectivity of molecular imprinting technology and ex-
cellent fluorescent characteristics of QDs could develope new
method for target analyte recognition.

The QDs@MIP composites were widely used as sensors for
the recognition of pollutants. Liu et al. (2010) reported the
preparation of MIP anchored on the surface of Mn-doped Zns
QDs for chemiluminescence detection of 4-nitrophenol in tap
water. Zhao et al. (2011) developed composite QDs@MIP
nanospheres for specific recognition and direct fluorescent
quantification of pesticides in aqueous media. These QDs—
MIP nanospheres demonstrated high recognition selectivity
in aqueous media and relatively fast adsorption and desorption
kinetics. Based on the fluorescence quenching via template
analyte (diazinon) rebinding into the recognition cavities in the
polymer matrixes, the QDs—MIP nanospheres were success-
fully applied to the direct fluorescence quantification of diaz-
inon, independent of extracting templates from the MIP nano-
spheres, as well as further complicated and time-consuming
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CNTs@Si0,; ¢ reaction of CNTs@SiO, with template silica monomer
complex to produce silica surface functionalized with TCS-imprinted
polymer; d removal of the TCS from polymer shells and the
CNTs@TCS-MIPs were obtained (adopted from Gao et al. 2010)

assays. Wang et al. (2009) have developed a type of MIP-based
room temperature phosphorescence by anchoring a MIP layer
on the surface of Mn-doped ZnS QDs for detecting pentachlo-
rophenol in water. The combination of the RTP emission of
Mn-doped ZnS QDs and the merits of the surface imprinting
polymers not only makes the MIP-based RTP optosensor also
applicable to selective detecting of nonphosphorescent
analytes without the need for any inducers and derivatization
but also improves the RTP selectivity of the QDs.

Combinating the selectivity properties of MIPs and the
superior adsorption performance, magnetism and fluorescent
characteristics of these special materials tend to be a promising
approach to deal with a variety of environmental problems.
MIP-based nanoadsorbents, magnetic adsorbents, and QD
composites provide opportunities for selective and effective
removal of pollutants from environmental water, and MIP-
based catalysis could achieve the goal of selective catalysis
pollutants. Although lots of nanomaterials, magnetic particles,
and QDs have been investigated to combine with MIPs, more
potential materials and technologies need to search in order to
achieve the goal of MIP large-scale application in environ-
mental water. At present, little information is available on
combining molecularly imprinted technology with biological
technology for environmental application, which may show a
great application prospect by combining respective advan-
tages of both MIPs and biomass. Further studies may focus
on finding potential biomass combine with MIPs.

Critical barriers to success of MIP application
in wastewater treatment

Although considerable progresses have been achieved, the
real use of MIPs for water analysis and purification in its
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infancy. As illustrated in this review, a range of MIP-based
technologies has been proposed or is under active develop-
ment for wastewater treatment, but many techniques are still at
an experimental or pilot stage. Thus, there is much room for
further improvement. First, the fundamental mechanisms un-
derlying MIP formation and MIP ligand recognition have
received very little attention, thus remain largely unknown
(Nicholls et al. 2011). The successful preparation of MIPs
mainly depends on the stability and strength of the monomer
template complex prior to polymerization. It is clear that the
binding interactions between the template and monomer are
covalent or noncovalent (hydrogen bonding, electrostatic, and
hydrophobic interactions). However, the relative importance
of each of these is still in question. A better understanding of
mechanism behind the molecular imprinting process is neces-
sary to approach the goal of “rational MIP design.” More
efforts should be undertaken to understand the molecular level
events occurring in prepolymerization mixtures; the polymer-
ization reaction and the factors may affect polymer—ligand
recognition.

Second, the imprinting technologies to synthesis water-
compatible MIPs are still required (Piletska et al. 2008). The
traditional polymers are often synthesized in organic solvent
and display a different swelling effect when they are used in an
aqueous system. The apparently different structure after swell-
ing makes the MIPs unable to specific recognition the target
from water samples. On the other hand, water molecules will
compete with the template, then making weaker or destroying
noncovalent between template and function monomer. In spite
of these, some progress has been made in the development of
water-compatible MIPs. A new method to synthesis water-
compatible MIPs is introduction of hydrophilic properties into
the polymer. For example, Pan et al. (2011a) reported a highly
efficient one-pot approach to obtain dispersed water-
compatible MIP microspheres by surface grafting hydrophilic
polymers using reversible addition fragmentation chain trans-
fer (RAFT) polymerization. The obtained MIP microspheres
showed significant enhanced surface hydrophilicity and ex-
cellent molecular recognition ability in pure water.

Last, the potential risk for leakage of the residual template
molecules during the adsorption process must be taken into
account (Lin et al. 2012). Surface molecular imprinting (SMI)
technique was developed to solve this problem by localizing
the recognition sites on the surface of suitable substrate.
However, SMI cannot completely avoid residual template
leakage as there is always a small amount of templates well
remained in the polymer matrix after the template-washing
step. Recently, MIPs had been prepared using its structurally
related analog as an alternative template molecule in order to
eliminate the undesired leakage for the traditional MIPs (Yin
et al. 2012). However, the selective of the dummy template is
a significant problem because the interaction of template
molecules with that of functional monomer, and the

conformation effects between target molecules and rebinding
sites may take great influence on the properties of proper
affinity and sufficient recovery.

Conclusions

MIPs, with high selectivity and strong affinity for target
chemicals, have a particularly high potential for wastewater
treatment applications. To bring the MIP development a step
forward, MIP prioritization and further application prospect
have been presented. As a kind of effective sorbents, MIPs
have proven to be a very valuable technique for selective SPE
and removal of a given analyte or a group of structurally
analogous compounds. When employed as catalysts, MIPs
display an important role in the degradation of pollutants.
And, MIP-based fluorescence sensor provides an alternative
for special recognition and determination of pollutants from
real sample. In particular, MIP-based composite materials
offer a wide range of potentialities in wastewater treatment.
Incorporating with magnetic particles, nanoparticles, or quan-
tum dots, MIPs can reserve their prominent selectivity and
possibly induce new performance such as excellent charge
separation—transportation capability, high adsorption capabil-
ity. Little information is available on combining molecularly
imprinted technology with biological technology; further
studies may focus on finding potential biomass combine with
MIPs. All these works suggest that the potential applications
of MIPs for clean water are close to reality. However, there are
still some challenges to face, including fundamental mecha-
nism, the synthesis of water-compatible MIPs, and the poten-
tial leakage of residual template. Taking these things into
consideration, we remain positive about the future potential
of MIPs as selective adsorbents for wastewater treatment as
well as a wide variety of other applications.
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