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Abstract: Dyes are used in different industries as textile, paper, food processing, cosmetic, leather tanning, rubber,
printing and so on. These chemical substances have negative effect on the quality of the water and food, causing human
diseases and environmental problems. In view of these aspects, colorant have attracted the interest of the scientists in
developing efficient routes for their detection and/or removal from the polluted sites. Although traditional technologies
used for removal of dyes are efficient, there is the necessity of developing innovative systems both more cheaply and of
easy performance. In this scenario, the integration of the membrane science with the molecular imprinting technology is
an alternative way that present many advantages such us the removal or detection of a specific dye or a class of dyes
and cost reduction processes. In fact, exploiting the benefits of these two technologies it is possible to develop
molecularly imprinted membranes able to recognize a dye of interest in specific mode. This potential is promising for
combatting the illegal use of dyes in food, drinks and aquaculture as well as for their removal. The main positive aspects
of the imprinted membranes are their chemical stability, reusability, as well as the resistance to the pH and temperature.
In addition, their preparation requires short operation time and it is not expensive. All these properties have an
encouraging impact in dealing with the problem of dyes contamination.

This short review offers a description of the concept of molecular imprinting, starting from the approach of the synthesis
of imprinted polymers until the description of the preparation of imprinted membranes. The application of imprinted

polymers and membranes for the detection and/or removal of dyes from polluted sites will be also discussed.
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INTRODUCTION

One of the more persistent environmental problems
associated to some industrial processes is the removal
of colors from effluents before to discharge them into
the environment. Dyes are used in different industries
as textile, paper, food processing, cosmetic, leather
tanning, rubber, printing and so on. As example, textile
wastewaters are highly colored and toxic and contain
different molecules that belong to many different
chemical classes. Colored wastewater is a
consequence of batch processes both in the dye
manufacturing industries and in the dye consuming
industries. There are more than 10,000 commercial
dyes with a production of over 7x10° tons per year.
About 10-15% of the total production is lost during their
synthesis and staining processes. In addition, almost
50% of the initial dyes load in staining industries is
present in the dye bath effluents [1]. These pollutants
affect the water quality and create human health and
ecological problems due to the toxicity and durability of
the dyes in wastewater [2]. In particular, colorants are
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carcinogenic and mutagenic for different fish species.
In addition, they cause various damage to human
beings as dysfunction of the kidney, liver, brain and
central nervous system. Therefore, it is advantageous
to develop technologies to remove them from polluted
environments. In fact, wastewaters containing dyes and
chemical residues need appropriate treatments in
relation to the kind of reactive dye present in the
effluents. In literature are present some reviews which
deal with the different processes employed for the
treatment of dyes [3-8]. They include physical,
chemical and biological methods, such as flocculation,
membrane-filtration, electrochemical techniques, ozon-
ation, coagulation, precipitation, adsorption, fungal dec-
olorization, adsorption and much more. However, the
detection and/or removal of dyes by conventional
methods result particularly difficult due to their stability
to light and resistance to oxidizing agents [9] and
operating costs. Owing to these weak points, there is
the necessity of developing alternative strategies both
more cheaply and of easy performance. In the last
years, the development of molecular imprinting
technology allowed to produce imprinted polymers and
membranes for the selective detection and/or removal
of dyes in alternative to the traditional methods. The
main advantages of the imprinted membranes are their
reusability, chemical stability, as well as the resistance
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to the pH and temperature. In addition, their
preparation requires short operation time and it is not
expensive. All these features have a positive impact in
terms of environmental defense and economic costs.

Dickey et al. have highlighted the relation between
dyes and molecular imprinting technology. Authors,
that are believed to be the inventors of the first
imprinted materials, produced imprinted adsorbents of
silica gel in the presence of methyl orange (MO) or one
of its structural homologues [10, 11]. Later, Wulff and
Sarhan [12] and Klots and Takagishi [13], separately,
applied this technology to develop imprinted organic
network polymers. Since then, molecularly imprinted
polymers (MIP) were used as synthetic materials
capable to rebind analytes of interest. They were
applied in numerous fields such as solid-phase
extraction [14], drug delivery [15], sensors [16],
chromatography [17], etc.

Generally, for the synthesis of an imprinted polymer
three different steps are required. The first step
concerns the formation of a complex (via covalent or
non-covalent interactions) between a target analyte
(also named template) and polymerizable functional
monomers before polymerization. The second step is
the polymerization process that allows to obtain a rigid
polymer containing the template. The third step
concerns the extraction of the template from the
synthesized polymer with the consequent formation of
recognition sites that are sterically and chemically
complementary to the template.

Different polymerization techniques such as bulk
polymerization [18], suspension polymerization [19],
emulsion polymerization, two-step polymerization and
precipitation polymerization [20] can be used to
synthesize MIPs.

The imprinting technique was also applied by the
scientists for the preparation of molecularly imprinted
membranes (MIMs) [21-26] that can separate and
purify a target molecule or selectively recognize an
analyte from a mixture of similar compounds. Thanks to
their high selective properties, imprinted membranes
have potential applications in numerous fields [27-29].
In addition, compared to other processes, separations
based on membranes do not require additives, and can
be performed isothermally at low temperatures.

This short review provides a description of the
concept of molecular imprinting, starting from the
approach of the MIP synthesis until the description of

the methods used for the preparation of MIMs. The
application of imprinted polymers and membranes for
the recognition and removal of dyes from polluted
environment will be also discussed.

THE CONCEPT OF MOLECULAR IMPRINTING

Molecular imprinting technology is a method to
introduce molecular recognition sites into synthetic
materials reproducing natural recognition elements,
such as biological receptors and antibodies [30, 31].
Imprinted materials are widely applied, they are used in
drug delivery [32], in affinity separations [33, 34], in
clinical diagnostic [35], in catalysis and sensors
technologies [36, 37], for the detection of
environmental contaminants [38] and much more.
Compared with other biological systems imprinted
materials are less expensive, stronger, resistant to
elevated temperatures and pressures, and are
chemically inert [39].

Dickey [10] introduced the concept of molecular
imprinting. However, this technique has not received
much attention until 1972 when Wulff and Sarhan [13]
and Takagishi and Klotz [14] developed organic
polymer networks with prearranged ligand selectivity.

The principle of the imprinting is detailed as follows:
a polymerization of a monomer occurs in the presence
of the target molecules. During the polymerization
monomers are spatially positioned around the template
with the aid of a cross-linker. The polymerizable
monomers must have chemical complementarity with
the template to interact with it and forming stable
template-monomer complexes. This aspect s
fundamental for the success of molecular recognition.
The first step of the molecular imprinting process
begins with the dissolution of template, functional
monomers, cross-linking agent and initiator in a
porogenic solvent. The subsequent polymerization step
allows to obtain a macroporous polymeric matrix, that
has incorporated the template. The removal of the
template molecules from the polymer produces
recognition sites that are complementary to the
template in shape, size and chemical function. The
resultant imprinted polymer is able to recognize and
selectively bind the template separating it from a
mixture of similar chemical compounds [39-42]. Figure
1 reports the scheme of the molecular imprinting
process.

The process of molecular imprinting seems to be
simple and easy to realize. Anyway, the application of
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Figure 1: Representation of the molecular imprinting process.

this technique is intricate because of the number of recognition sites, as well as their spatial orientation,
parameters that must be taken into account to obtain a accessibility and stability are strictly related to the
good imprinting effect. Some examples are the chemical and structural properties of the synthesized
appropriate choice of the couple monomer-template polymer.

and their ratio, the choice of the cross-linker and the
ratio cross-linker/functional monomer, the type of
solvent, the polymerization conditions and the adopted
imprinting strategy. In fact, the homogeneity of the

Until now, a large number of templates were used to
generate imprinted polymers. Anyway, not all the
existing chemical compound are suitable to be
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Figure 2: Some functional monomers used in MIP synthesis.
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imprinted. The choice of the target molecule has a
central role because its chemical structure influence
the orientation of the functional monomer during the
polymerization step. An important factor is the stability
of the template, which must be ideally inert under the
polymerization conditions, and not be involved into the
reaction mechanism [40]. The chemical comple-
mentarity between the template and the functional
monomer represent also a relevant aspect for
achieving a good imprinting effect. In addition, the
functional monomer must be in excess with respect to
the template.

The chemical structure of the most common
functional monomers is shown in Figure 2.

The sufficient rigidity of a synthesized MIP is
guaranteed by the presence of the cross-linker that
freezes the nascent polymeric matrix in an appropriate
configuration to interact with the template, and so,
stabilizing the recognition sites [35, 43, 44]. Usually
high cross-linker/functional monomer ratios (80%) are
used to produce imprinted materials with satisfactory
mechanical stability [45, 46]. However, an extreme
excess of the cross-linker can hinder the binding sites
because it might be problematic to totally remove the
template. This is because of an exacerbate polymer
rigidity, thus resulting in polymers with low binding
capacity and/or template bleeding phenomenon during
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Figure 3: Classic cross-linkers used in MIP synthesis.

the re-binding step [47, 48]. Moreover, at low cross-
linker ratio, the stability of the recognition sites is not
preserved owing to low degree of cross-linking of the
synthesized MIP [49]. The performance of a MIP is also
affected by the type of the cross-linker which should
exhibits very few interactions with the template to
minimize the formation of non-specific recognition sites
[39, 50].

Figure 3 lists some of the most common cross-
linkers used for imprinting process.

Ethylene glycol dimethacrylate (EDMA) and
trimethalolpropane trimethacrylate (TRIM) are the most
commonly used cross-linkers. However, TRIM is
viewed to give more rigid and effective binding sites
than EDMA [39, 51].

The nature and the volume of the solvent are other
two important elements because they influence the
morphology and the pore volume of a MIP [44, 52]. In
fact, the solvent exert the double function of solvent
and pore forming agent. First, the solvent promotes the
dissolution of the polymerization reagents and secondly
it allows the formation of pores into the polymer
network [40]. Referring to the polymer morphology, in
the high-diluted polymerizations, the growing polymer
occupies only a small part of the total available volume
and more small particles/powders with higher surface
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area are produced [44]. The solvent should also
promote the template-monomer interactions without
interfering with the formation of the pre-polymerization
complex.

Molecular imprinting using simultaneously different
types and ratios of functional monomers was inspected
by Ramstrdm*‘ s group [53]. In this work, three types of
terpolymers were prepared by varying the molar ratio of
functional monomer to target molecule and using two
differents monomeric functionalities in the
polymerization mixture. Results of the recognition tests
showed as the polymer made with the highest molar
ratio of functional monomer to the template exhibited
the best separation factor. In addition, the MIPs
prepared by two different monomers had better
recognition capacity than polymers synthesized using
only one functional monomer. In a combination of
theoretical and experimental studies, Golker et al. [54]
correlated for the first time the extent of monomer-
template complexation with the composition, the
morphology and the recognition performance of the
final imprinted polymer. Authors demonstrated that
even slight modifications in stoichiometry determine
changes in binding site affinity and heterogeneity in
synthesized MIP [54].

Baggiani et al. [55] proposed an alternative view,
which attributes the imprinting effect to the presence of
template molecules that increase the pre-existing
recognition properties of a non-imprinted polymer
(NIP). In this context, authors experimentally confirmed
that if a NIP possess recognition properties towards a
template, the corresponding MIP will exhibit a
substantial imprinting effect. Moreover, if a NIP does
not show recognition properties towards the template,
the corresponding MIP also will display a weak
imprinting effect [55].
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Many authors examined the influence of the initiator
on the synthesis of imprinted polymers. Mijangos et al.
synthesized different polymers changing the initiator
and polymerization conditions. Results of their
experiments revealed as MIPs synthesized at low
temperature and quantities of initiators, as well as over
a long polymerization time exhibited the best
recognition properties [56]. Azonitriles are mostly used
as initiators. The 1,1'-azo-bis-(cyclohexyl carbonitrile)
(ABCHC) is a superior quality initiator at low
temperatures due to its greater solubility in comparison
to azo-isobutyronitrile (AIBN) which is the most used.
Skudar et al. reported that this quality might be an
advantage in  photochemical initiation of a
polymerization process [57].

The chemical structure of some initiators used in
MIP synthesis is shown in Figure 4.

The effect of polymerization temperature on the final
performance of the nascent MIP is a parameter that
must be also taken into account. Several studies were
focused on this aspect [56, 58]. Results of these
investigations have highlighted as MIPs synthesized at
lower temperatures exhibited greater selectivity with
respect to the same polymers prepared at higher
temperatures.

Usually, low polymerization temperature allows to

better stabilizing the template—monomer pre-
polymerization complexes. Nevertheless, higher
polymerization temperature promotes the

completeness of the polymerization process, which for
its part enhances the quantity and quality of the
recognition sites [59]. However, an optimal
polymerization temperature for each couple template-
monomer can be established. Imprinting properties can
be conferred to a polymeric material by means of two
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Figure 4: Some initiators used in MIP synthesis.
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different kinds of interaction: the covalent bond firstly
proposed by Wulff, [60] and the non-covalent
interaction suggested by Mosbach [61]. The first
involves the formation of a reversible covalent bond
between the template and the functional monomer in
the pre-polymerization mixture. There is then a
subsequent chemical cleaving of this bond to remove
the template from the polymeric matrix and promote the
formation of the recognition sites. During the rebinding
step, the template-monomer interactions also take
place by means of the same covalent bond. Covalent
imprinted polymers are highly stable and selective and
favorites the formation of homogeneous recognition
sites thanks to the possibility to control the
stoichiometry of the process. The second type of
interaction relies non-covalent self-assembly template-
monomer bonds (i.e., hydrogen, hydrophobic and Van
der Waals interactions, metal chelation, etc.) before
polymerization. After the polymerization step, the
removal of the template allows to obtain an imprinted
polymer with recognition sites able to re-bind the
template via the same non-covalent interactions.

Actually, the non-covalent imprinting method is the
most popular owing to its easy operation mode and the
wide range of functional monomers, which complement
every desired template molecule. In addition, this kind
of interaction is the basis of the molecular recognition,
which take place in living systems [14, 26, 62, 63]. A
weakness of this approach is that the non-covalent
interactions are less strong than covalent bonds and
are ruled by an equilibrium process. Therefore, the
functional monomer is used in excess compared to the
template to shift the equilibrium versus the formation of
the pre-polymerization complex. This can promote a
random distribution of the free monomer into the
polymer matrix letting the formation of a high number of
non-specific recognition sites [64-66].

Problems related to covalent and non-covalent
imprinting can be overcome endorsing a combination of
the two different methods in a semi-covalent approach.
This method, pioneered by Whitcombe [67], exploits
the formation of covalent interactions during the
imprinting process and the establishment of non-
covalent binding during the recognition step.

MIPs are difficult to characterize owing to their
insoluble nature. Anyway, some analytical techniques
can help to perform chemical and morphological
characterizations. They include solid-state magnetic
nuclear resonance (NMR) [68], elemental micro-
analysis (EDX) and Fourier-transform infrared

spectroscopy (FT-IR) [69] which can be applied for the
determination of the chemical composition of a
polymer. As example, Annamma and co-workers [68]
confirmed the incorporation of the crosslinking agent
EGDMA and of the functional monomer 4-vynilpyridine
in the polymer backbone of a prepared MIP by Bc
NMR spectra.

More often, the presence of the functional monomer
in the synthesized polymers is confirmed by FT-IR
studies, which allow to compare the spectrum of a
single functional monomer with that one of the polymer.
In this case, it is possible to follow the shifting or the
disappearance of some signals into the polymer with
respect to the monomer as results of the
polymerization process [62, 69, 70].

Pore size, pore size distribution and specific pore
volumes are usually determined by means of
morphological characterizations. In particular, the
microscopy is used to assess the mechanical integrity
of polymer particles and to ascertain the presence of
macropores. Nitrogen sorption porosimetry allows
determining surface area, pore size distribution and
specific pore volume. The method consists in exposing
a fixed amount of a dry polymer to a nitrogen at
different pressures and constant temperature. The
calculation of the adsorbed gas as a function of
pressure permits to constructs sorption isotherms from
which can be determined the parameters of interest.
Mercury intrusion porosimetry gives the same
information of the nitrogen sorption porosimetry but it is
more sensitive. Literature well details both methods
[71-76].

Solvent uptake measurements to determine the
specific pore volume of MIPs are also performed. As
example, Zhong et al. [77] synthesized a MIPs for
recognition of levofloxacin. In this work, authors studied
the morphology of the polymer particles using the
above reported methods. In the same context, Lu and
co-workers [78] carried out pore analysis and swelling
measurements to investigate the effect of the
polymerization temperature on the morphology of three
different imprinted polymers. Spivak reviewed the
morphological and physical characterization methods
of MIPs [79]. Author reported the range of the values
for the surface area of a MIP that is between 100 and
400 mzlg. In addition, it was highlighted that the
percentage of crosslinkihng monomer, the type and
amount of porogen, and the reaction temperature have
a large influence on the surface area and pore
distribution.
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Sellergren and Shea [80] have carried out a
complete characterization of a series of L-
phenylalanine anilide (L-PheNHPh) imprinted polymers
synthesized by photo and thermal polymerization. The
morphology of the polymers varied from gel-like non
porous to macroporous. Thermal analysis showed that
the first type of polymers resulted more stable than the
corresponding macro porous materials. In addition, it
was found that a porous polymer is not a prerequisite
to obtain an efficient chromatographic imprinted
material.

Combinatorial chemistry and theoretical studies
were developed by many scientists to investigate the
template/monomer complexes. The properties of MIPs
were also evaluated and a rational design of these
materials was performed. These approaches resulted
advantageous, especially in terms of short time, lower
cost and safety [81-85]. In this context, Lulinsk et al.
[86] have reported the efficacy of the theoretical
analysis of pre-polymerization complexes for the
dopamine-MIPs. The calculation of the binding
energies demonstrated that the complex formed
between dopamine and methacrylic acid was more
stable (-151.83 kJ/mol) than that formed with
acrylonitrile (-49.51 kJ/mol) due to the participation of
water molecules in hydrogen bounds [86].

Some publications deal with the application of the
density functional theory (DFT) to evaluate the binding
energy between monomer and template [87-91]. As an
example, Donato et al. [91] performed DFT and ab-
initio method of computational molecular modeling to
calculate the binding energies of the hydrogen bonds
between the template 4,4-methylendianiline (MDA)
and the monomer acrylic acid (AA). The results showed
the importance of the solvent in the formation of pre-
polymerization complexes and the H- bonds between
MDA and AA was (-16.70 Kcal/mol).

Today, molecular imprinting technology is widely
applied in many research fields, which have taken
advantage of the high specifity and selectivity exhibited
by the imprinted materials.

However a valid and realistic contribution to the
development of innovative strategies of recognition at
molecular level in requested. In this perspective, the
preparation on advance functional membranes by
means of the introduction of specific recognition sites
into their matrix represent an easy route to prepare
imprinted materials. In fact, imprinted polymers can be
used to develop their special format represented by the

molecularly imprinted membranes (MIMs). These latter,
have the ability to distinguish between target molecule
and other analytes. This property plays a significant
part in the transport or retention of particular
substances, thus improving the separation efficiency of
the typical membrane processes.

MOLECULARLY IMPRINTED MEMBRANES

The development of membrane technology goes
back a long time ago the advent of the molecular
imprinting technique and was very successful on a
large scale, even on an industrial level [92-94]. A
membrane is an interphase between two neighboring
phases, which acts as selective barrier regulating the
transport of chemical species phase to phase. It can be
homogenous or heterogeneous, dense or porous,
symmetric or asymmetric, neutral or charged, solid or
liqguid. The transport of a chemical specie across a
membrane can occur by convection or diffusion: In
addition, it can be induced by an electric field or by a
concentration, pressure and temperature gradient [95].
Blood detoxification [96], waste water treatment [97],
controlled drug release [98] enzymatic catalysis [99],
food treatment [100] and many more [101-103],
represent some examples about the application of
membrane science.

The integration of the imprinting technique and of
the membrane technology allowed the scientists to
obtain molecularly imprinted membranes, with high
specific molecular recognition capacity of targeted
organic compounds [104-106]. MIMs-based processes
can be performed in absence of additives and at low
temperature, thus reducing the operating costs. In
comparison with classical membranes, MIMs exhibit a
better selectivity. In addition, compared to the
traditional imprinted polymers, MIMs may operate in
continuous processes [107].

The selective separation of a target molecule with a
MIM can be obtained by means of two different
transport mechanisms: the “facilitated permeation” and
the “retarded permeation” of the target analyte. In the
first case, a fast permeation of the template through the
membrane is obtained thanks to a preferential path-
way made via binding to and dissociating from the
recognition sites in the membrane. Other solutes shall
be submitted to a slower transport. Shan Ping and co-
workers [108] gave an example of facilitated
permeation. Authors developed composite imprinted
membranes using levodropropizine (LDPZ) as the
template. In competitive permeation studies the
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selectivpity factor LDPZ/I-phenylpiperazine (a structural
homologue) was 2.34.

In the case of the second type of transport
mechanism slow or no template transport is observed.
This phenomenon is due to template’s binding affinity
with the recognition sites of the membrane. Zhu and
co-workers [109] that developed surface molecularly
imprinted  electrospun  affinity membranes for
separation of proteins gave an example of the retarded
permeation.

Molecularly imprinted membranes can be prepared
from organic polymers, as well as from inorganic
materials (oxides, ceramics, and metals). They can
have a dense or a porous structure and can have a flat-
sheet or hollow fiber configuration [96]. Different
strategies were exploited for the development of MIMs.
Among them, the in-situ cross-linking polymerization
was one of the firstly used. Piletsky and co-workers
have applied this method to synthesize the first MIM
[110]. Authors wused the nucleotide adenosine
monophosphate (AMP) as the template and acrylate
functional monomers. In recognition tests, the template
was preferentially permeated through the imprinted
membranes. MIMs able to selectively transport L-
phenylalanine were also prepared by Marx-Tibbon et
al. [111]. Authors demonstrated that the value of the
template flux was higher compared to other similar
molecules such as tyrosine and tryptophan. First
membranes produced by the in situ cross-linking
polymerization method exhibited low permeability and
mechanical stability. This problem was addressed by

Casting knife

Sergeyeva et al. [112] that improved mechanical
stability and flexibility of MIMs by adding oligo-
urethane-acrylate macro-monomer to the
polymerization environment containing atrazine as the
template. Others improved membrane permeability by
adding a pore forming agent to the system. For
example, Kimaro et al. [113] developed uranyl-ion
imprinted membrane using styrene as the monomer
and divinylbenzene as the cross-linker. The addition of
polyester to the polymer composition promoted the
formation of channels that facilitated the transport of
ions across the imprinted sites.

The preparation of MIMs is achieved also by means
of the phase inversion process, which is a widely used
method for the preparation of polymeric membranes.
This technique involves the polymer transition from a
liquid phase to a solid state. The process can be
accomplished by means of two different strategies: the
“dry” and the “wet” method [44, 102, 114]. The first one
is the simplest way. It consists in casting the polymer
solution on an appropriate surface and subsequently to
allow the solvent evaporation for obtaining a solid
polymeric film. Figure 5 reports a graphic repre-
sentation of this method.

This procedure leads to the formation of dense
membranes, owing to an increase of the polymer
concentration in the forming membrane because of
solvent evaporation. The “wet” method is realized by
immerging the polymer casted solution in a coagulation
bath containing a non-solvent for the polymer. The
formation of the membrane is due to a precipitation
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Figure 5: Representation of the “dry” phase inversion method used for membranes preparation.
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Figure 6: Representation of the “wet” phase inversion method used for membranes preparation.



Emerging Tools for Recognition and/or Removal of Dyes

Journal of Membrane and Separation Technology, 2014, Vol. 3, No. 4 251

provoked over the contact with the non-solvent. In fact,
there is an exchange between the solvent and the non-
solvent resulting by diffusion of the non-solvent from
the coagulation bath to the cast film and an opposite
diffusion of the solvent. Figure 6 shows the “wet” phase
inversion process.

Generally, membranes prepared with this method
present a porous structure [115].

Yoshikawa et al. firstly proposed the “dry” phase
inversion for the preparation of MIMs. Authors applied
this method for preparing MIMs containing acrylonitrile
and styrene as the membrane-forming matrix for
tetrapeptide recognition [44, 116-119]. To the other
side, Kobayashi and co-workers introduced the “wet”
phase inversion method for MIMs preparation. Authors
prepared porous membranes using poly(acrylonitrile-
co-acrylic acid) as membrane forming material and
theophylline as the template [120]. The results of the
permeation experiments showed that this membrane
have a strong binding capacity towards theophylline.
Trotta et al. [121], used the same copolymer to produce
MIMs as tools for the recognition of the antibiotic
tetracycline hydrochloride. Ramamoorthy and Ulbricht
[122] used cellulose acetate (CA) and sulfonated
polysulfone for the preparation of Rhodamine B-
imprinted blend membranes. Silvestry et al. developed
other MIMs, for clinical application [123]. In this case,
Poly(ethylene-co-vinyl alcohol) was chosen as
membrane forming material. The production process
was carried out in the presence of different template
species (phosphatidylcholine, a -amylase). Folic acid, a
constituent of the vitamin B, was successfully removed
from aqueous media with poly(AN-co-Aamide)
imprinted membranes prepared by the phase inversion
technique. The membranes exhibited a specific binding
capacity of 5.3 ymol/gmempr. [124]. Tasselli et al. [125]
investigated the performance of MIMs based on

different acrylic copolymers. In particular,
poly(acrylonitrile) (PAN), poly(acrylonitrile-co-itaconic
acid) P(AN-co-1A), poly(acrylonitrile-co-acrylic acid)

P(AN-co-AA) and  poly(acrylonitrile-co-Acrylamide)
P(AN-co-AAm) were used as membrane forming
polymers. The template was the flavonoid naringin. All
the prepared membranes displayed good recognition
towards naringin. Among them, P(AN-co-AAm)-based
membranes exhibited the best overall (12.9
pmol/gmemp.) and specific  binding capacity (9.0
MMOl/Gmemb )-

Some other publications (and more) discussed the
preparation of MIMs by using this technique [28, 29,
126-134].

The phase inversion process was recently applied
for developing MIMs exhibiting both, size exclusion
properties and molecular recognition ability during
nanofiltration processes [135]. This technique was also
exploited to produce hybrid-imprinted membranes. The
adopted strategy involves the mixing of a cross-linked
imprinted polymer with a supporting polymer that forms
the membrane structure during the phase inversion
step. Several works deal with the development of this
kind of membranes. Takeda and Kobayashi [136]
developed four different type of membranes using
polystyrene (PS), polysulfone (PSf), nylon 66 (Ny) and
cellulose acetate (CA) as polymer matrix. SEM analysis
of the resulting hybrid membranes showed that the
cross-linked polymers were well embedded into the
porous polymeric matrices. Takeda et al. also prepared
imprinted membranes by hybridization of indole-3-
ethanol (IE) imprinted polymer with polysulfone as
membrane forming matrix [137]. Divinylbenzene (DVB)
was used as the cross-linker. It was observed that the
alone imprinted polymer showed non-selective binding
towards the template. Conversely, the polymer
hybridized with the polysulfone exhibited selective
recognition of IE with respect to the structural
analogues indole, pyrrole and 8-hydroxyquinoline [137].
Silvestri et al. develop polymeric devices containing
imprinted nanosphere as a novel approach to improve
the recognition of molecules of clinical interest in water
[138]. Faizal et al. prepared tocopherol-imprinted
membranes using polysulfone (PS), cellulose acetate
(CA), and nylon (Ny) as scaffold polymers. The
investigated membranes showed selective binding and
good retention of a-tocopherol with respect to its
derivative [139]. More recently, Borrelli and co-workers
removed the riboflavin from beer using membranes
incorporating imprinted polymer particles [140]. Two
different hybrid membranes were also prepared by
dispersing in a poly(vinylchloride) (PVC) matrix a MIP
synthesized using methacrylic acid or 2-vinylpyridine as
functional monomer. Membranes acted as ionophores
in a charged carrier mechanism [141]. Similar
membranes were produced as new sensing materials
for detection of antibiotics [142, 143].

Donato et al. [91], hybridized a 4, 4-methylene-
dianiline-imprinted  polymer  with  poly(vinylidene
fluoride) (PVDF) for the recognition of this genotoxin in
organic medium. MIMs showed high binding capacity
(7.5 pmol/g membrane) and exhibited a selectivity
factor of 1.82 towards the structural omologue 4,4’-
ethylendianiline. Hybrid MIMs were also applied in
enantiomeric  separation [144], catalysis [145],
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separation of flavonoids [146], environment pollution
[147] and sensor technology [44].

Many authors used both the photo and the thermal
polymerization methods to produce composite
imprinted membranes [44]. This type of membranes
seems to be attractive particularly in terms of high
permeability and good flexibility. Composite MIMs were
firstly prepared by Wang et al. [148] via the UV surface
imprinting of a polyacrylonitrile membrane (containing a
photosensitive dithiocarbamate group) in the presence
of theophylline as the target molecule.

Ulbricht et al. [149] produced a composite MIM for
recognition of the herbicide desmetryn, using photo-
initiated copolymerization of 2-acrylamido-2-methyl1-
propane sulphonic acid and N, N'-methylene-bis-
acrylamide. They deposited a thin layer of MIP on the
surface of PVDF membranes. These membranes
exhibited a strong selective binding of desmetryn from
aqueous mixtures of herbicides. Others also reported
the preparation of composite imprinted membranes for
recognizing herbicides [150-153]. Composite MIMs
imprinted with S-naproxen were prepared by Donato et
al. by photo-copolymerization of polypropylene with the
functional monomer 4-vinylpiridine [154]. More recently,
Wang and co-workers produced S-naproxen-imprinted
hollow fibres using PVDF as membrane forming matrix
[155]. Authors applied the thermal polymerization.
Polyvinylidene substrate was also used for developing
composite  MIMs  towards theophylline  [156].
Membranes imprinted with the same molecule were
prepared very recently by Ye et al. [157]. The MIP was
synthesized by thermal polymerization of the monomer
methacrylic acid (MAA), the cross-linker ethylene glycol
dimethacrylate (EDMA), and 2, 2'-azobisisobutyronitrile
(AIBN) as the free-radical initiator. The synthesized
MIP was deposited on the surface of a-Al203 ceramic
microporous hollow fiber membranes. Morphological
characterizations of the thin imprinted layer showed a
thickness of 1 pm. The membranes allowed to
preferentially permeate theophylline rather than the
similar compound theobromine. The selectivity factor
was 2.63 [157].

In another approach, Tonglairoum et al. produced
imprinted composite electrospun nanofiber membranes
using propranolol as target molecule [158]. In this work,
authors imprinted microspheres prepared via oil/water
polymerization and then incorporated in Eudragit-
RS100 nanofibers wuntil up 50% (w/w). Methyl
methacrylate (MMA) and divinylbenzene (DVB) were
chosen as functional monomer and cross-linker,

respectively. Composite MIMs were also developed for
the recognition of lovastatin [159], magnolol [160],
adenosine 3',5'-cyclic monophosphate [161], for the
detection of water contaminants [42, 44] and many
other target molecules [162, 163].

Molecularly imprinted membranes have not only a
polymeric nature but in some cases they were
manufactured by polymerizing thin polymeric films on
the surface of inorganic supports [164, 165]. In this
perspective, Kunitake and Lee reviewed the
preparation of ultrathins titania gel films obtained via
the sol-gel imprinting process [166]. During MIMs
preparation some drawbacks concern the incomplete
availability of the imprinted sites due to their random
distribution in the membrane. Moreover, an imprinted
membrane having a high number of recognition site
and a pore structure suitable for an efficient
performance in terms of permeability and separation is
difficult to obtain. Despite these weaknesses, imprinted
membranes represent the most profitable separation
tools at molecular level and possess versatility of
application. This short review only reports some
examples of a wide variety of MIMs application and it is
focused on the development of imprinted polymers and
membranes for dyes recognition. However, readers
interested in deepening their knowledge on the
development and application of the molecular
imprinting technique for membranes preparation can
refer to suitable literature [39, 42, 44, 92-95, 114, 167].

DYES

Dyes have attracted many interests recently
because of increasingly stringent limitations on the
organic content of industrial effluents [168]. Over
100,000 commercially dyes are available and more
than 7 x 10° tons of dyes are produced every year
[169]. These compounds are present in traces in
industrial wastewater but their presence is very
dangerous due to their toxic and also carcinogenic
effects [170]. Today, they are widely used in the textile,
paper, plastic, food and cosmetic industries [171]. Dye
molecules depending on their charge are classified in
anionic (direct, acid, reactive), cationic (basic) and
nonionic (disperse) [172]. Based on their structure,
azo-andanthraquinonic-dyes represent the two major
classes and together are the 90% of all organic
colorants [173]. The color of the dyes is due to the
presence of chromophores [174]. A chromophore
presents conjugated double bonds giving a
configuration of electrons that have the possibility to
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absorb certain wavelengths of visible
transmits or reflects others.

light and

The detection and/or removal of these compounds
from industrial effluents include adsorption with organic
or inorganic matrices, ionic exchange coagulation,
enzymatic  decomposition,  photocatalysis, and
membrane technologies [175].

Organic materials as polysaccharides present very
interesting properties as organic adsorbents being low-
cost polymers, abundant in nature and renewable
resources. However, chitosan and chitin are soluble in
acidic media and so cannot be used in this conditions
and so physical or chemical modifications are
necessary [173]. Chiou and co-workers studied the
adsorption capacity of cross-linked chitosan beads of
four reactive dyes (RB2, RR2, RY2, RY86), one direct
dye (DXR81) and three acid dyes (AO12, AR14, AO7)
from aqueous solution [176]. The authors found that
the adsorption capacity are affected considerably by
the colorant initial concentration, pH and adsorbent
dosage. Besides, the cross-linked chitosan, compared
to the commercial activated carbon, revealed excellent
performance for the anionic dyes. The removal of two
dyes Remazol Yellow Gelb 3RS and basic yellow 37
from aqueous solutions were studied by Kyzas and
Lozaridis using cross-linked (grafted with carboxyl and
amide groups) chitosan as powder o beads [177]. The
experimental results indicated as better systems the
powder than thee beads. In addition, chitosan grafted
with amide groups exhibited superior properties at acid
pH, while that grafted with carboxyl groups showed
better adsorbent properties at basic pH.

The most popular adsorbent system is an inorganic
species: the activated carbon [178]. However, the used
is limited for its high cost [179]. The adsorption with
these organic and inorganic adsorbents is not selective
and so the binding capacity of the supports is reduced
[175]. Considering the limitations about the cost,
different research groups tried to prepare the activated
carbon using cheaper materials. As an example,
recently, Sun et al. [180] investigated the adsorption of
three reactive dyes (reactive red 23, reactive blue 171
and reactive blu 4) on activated carbon prepared from
a green alga (Enteromorphas prolifera), which is
available in different parts of the world. This study
showed as the adsorption of the reactive dyes is pH-
dependent and with the maximum of the removal in the
pH range of 4.5-6.0. Clay materials are low costs
inorganic adsorbents [181]. They exhibited high affinity
with cationic and anionic dyes. About these materials, a

problem is that the sorption capacity is pH dependent.
Coagulation and flocculation processes are extensively
used as pretreatments to remove fine particles and
colorants prior the biological treatment being simple
and economic [182]. Coagulation is obtained lowering
the zeta potential at the surface of the particles and
then the interaction of the particles gives agglomerates
formation [183]. Various cationic, anionic and non-ionic
polymers as coagulants are used. However, different
are the problems presents in this process. First, the
recycle of the chemicals used during the coagulation.
The generation of colored coagulated solid waste, that
requires ways and means of legislative disposal [184].
As an example, poly(dimethyl-diallyl ammonium
chloride) was mixed with poly(ferric chloride) and used
for removing CI disperse blues 79, obtaining 98 % of
removal [185].

Physical and chemical treatment methods as for
example adsorption and coagulation present some
drawbacks as cost, time and release of residues [186].
An alternative to these techniques is the use of
enzymes as biochemical route for wastewater
treatment [187]. The enzymes degrade the target
pollutant without effect on other components. In
addition, their environmental impact is very low
because of they are biodegradable [188]. The principal
enzymes used in this area are: azo-reductases,
laccases and peroxidases. Azo reductase catalyze the
reaction only in the presence of reducing equivalents
as FADH and NADH [189]. It is very important to
evidence as in presence of oxygen the reduction is
inhibited [186].

Laccases were widely studied for the degradation of
azo dyes [190, 191]. In particular, they decolorize these
dyes through a non-specific free radical mechanism
and at the same time is avoided the formation of toxic
compounds [192, 193].

Peroxidases are hemoproteins that catalyze
reactions in the presence of hydrogen peroxide [194].
Horseradish peroxidase was used for degrading azo
dyes [195]. The experimental results showed as the
degradation was dependent on the pH.

Lignin (LiP) and manganese peroxidase (MnP)
exhibit similar reaction mechanism. Recently, Zucca
and co-workers [196] demonstrated as two immobilized
metallo-porphirine (structurally similar to the ligninolytic
peroxidase) to bleach six different dyes. The two
different enzymes effectively bleached all tested dyes
working in mild operating conditions (standard
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pressure, room temperature and neutral pH, using no
organic solvents).

Hydrogen peroxide (H,O;) is commonly used to
bleach dyes. This process can effectively carried out
when H,0, is used the presence of Fe (Il) [197].
However, direct photolysis and advanced oxidation
process such as UV/ H,0,, UV/Fenton and UV/O; were
also used for the degradation of colorants [198].
Recently, Thomas et al. [199] used advanced oxidation
processes (as Fenton reaction, H,O, photolysis and so
on) to degrade the Acid Red 1 (AR1, azo dyes). They
demonstrated as the destruction of the AR1 is very
efficient but simultaneously it is time consuming.
Optimized operating conditions (dye concentration, pH
and oxidant dose) were determined for different
advance oxidative processes (UV, Oz, H,0,/UV, O3/UV,
H,0,/05/UV) for the degradation of the Red C1-5B
[200]. The experimental results indicated H,0,/UV
process as suitable for the removal of the dye (almost
100 %) in a very short time.

Among the different wastewater treatment
technologies, the photo-catalytic oxidation to degrade
various dyes and pollutant seems to be an effective
treatment technique [201]. The presence of the catalyst
increases the rate decomposition [175]. Different
research groups studied the photo-catalytic-
degradation of different dyes using as catalyst the
titanium dioxide (TiO,) [202-205]. This catalyst is used
being resistant to chemical and photo corrosion and for
its low cost [206]. In addition, it can be recycled [207]
and is more active than other semiconductor materials
[207]. In recent times, Gupta and co-workers [208]
demonstrated as the Amaranth ca be completely
degraded by TiO, sensitized photo-oxidation process
using UV radiation. Besides, it was also found the best
reaction dosage of titanium oxide (about 0.16 gL'l). To
improve the catalytic activity efficiency of the TiO, were
added nanoparticles of SiO, because they created new
catalytic active sites [209]. In particular, the photo-
catalytic experiments were carried out on agueous
solution of acid red 88 using TiO, and TiO,-SiO,
nanoparticles irradiating the system for four hours. The
results evidenced a dye decomposition of 94% and

97% with TiO, and TiO,-SiO, nanoparticles,
respectively.
Among the different membranes processes

ultrafiltration (UF), nanofiltration (NF) and reverse
osmosis (RO) are suitable for the treatment of
wastewater. In particular, for the removal of dyes RO
[210] and NF [211, 212] are considered useful. The use
of NF for the removal of different colorants (Cl Reactive

RED 2, Cl Reactive Orange 12, Cl Reactive Blue 19,
Cl Reactive Black 5) was demonstrated [213, 214].
Recently, some researchers studied the treatment of
dyes (acid basic and reactive dyes) by applying
individual coagulation/flocculation (CF) and
nanofiltration (NF) and their combination (CF-NF) [215].
The CF process achieved about 90 % of dye removal.
Moreover, for the treatment of multiple dyes
wastewater poly(aluminum chloride) is the best
coagulant and poly(diallyldimthyl ammonium chloride)
the best flocculant. The positively charged NF
membranes exhibited a removal of 100 % for anionic
and cationic dyes. The combination of CF and NF
overcome the limits of individual process. In this last
case, the fouling of the membrane is abated and the
flux is higher. Reverse osmosis process was also used
for the removal of dyes. As an example Mustafa and
Nakib [216] demonstrated the possibility to remove two
different colorants (direct blue 6 and direct yellow). The
maximum of the rejection is 98.89 % and 98.30 % for
direct blue 6 and direct yellow, respectively. However,
the major disadvantages of NF and RO is the flux
decline in the permeate owing to the concentration
polarization and fouling. On the other side, the
ultrafiltration technique due to the very large pores of
the used membranes is suitable only for the removal of
high molecular weight and insoluble dyes (as for
example indigo) [184]. An interesting route is the
combination of the ultrafiltration with the complexation
ability of the water-soluble polymer (PAUF). In this
year, the recovery of the methylene blue by means of
PAU was proved. The experiments showed a high
retention (98 %) [217].

IMPRINTED POLYMERS VS IMPRINTED MEM-
BRANES FOR DYES RECOGNITION

Although the above-mentioned technologies used
for the detection and removal of dyes are effective,
some disadvantageous determine a restriction of their
employment. As example, biological treatments present
restricted flexibility in design and operation time.

Other drawbacks are the high costs of active carbon
and other technologies like electrochemical destruction,
ozonation, and photo-catalysis. In the last few years,
molecular imprinted polymers and membranes as
alternative sorbents for selective detection and/or
removal of dyes from polluted environments were
proposed. In this scenario, particularly interesting is the
possibility of employing molecularly imprinted
membranes and/or polymers for the detection of illegal
dyes in food and beverages as well as in water used in
agricultural field.
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The main advantages of the imprinted materials are
the reusability, chemical and storage stability, as well
as the resistance at temperature and pH. Furthermore,
their preparation is low cost and requires short
operation time. These properties have a positive impact
in terms of economic costs and environment protection.
Literature data reported more papers in which MIPs are
used for the dyes removal rather than examples of
MIMs. This indicates that significant efforts must be
done to be able to apply them on large scale in this
field. This is because different are the advantages of
the membrane technology as the possibility to work in a
continuous way and to perform in a single stage
separation and removal. Food treatment, aquaculture,
textile industry as well as biology and water
detoxification represent the most popular fields in which
can be envisaged a potential employment of dyes-
imprinted materials.

Gong et al. [218] employed the imprinting
technology to prepare dye-molecular-imprinted
microsphere poly(siloxanes) by means of the sol-gel
method using disperse red, disperse blue or water-
soluble dyes as the template. During absorption studies
the imprinted poly(siloxanes) showed high selective
recognition  properties  with respect to the
corresponding non-imprinted materials. Later, Yan and
co-workers [219] prepared Malachite green-imprinted
polymers (MG-MIPS) by the precipitation
polymerization method. Methacrylic acid, ethylene
glycol dimethacrylate, azobisisobutyronitrile, were used
as functional monomer, cross-linker, initiator and
porogen, respectively. Malachite green is a dye largely
used in aquaculture and dye industries and it has a
carcinogen action on rodent liver [220, 221].
Equilibrium sorption experiments performed with MG-
MIPS and their corresponding non-imprinted polymers
showed that these materials could be used for
analytical  applications such as  separation,
determination of traces of MG in water, in soil matrices
or in seafood.

Ramamoorthy and Ulbricht [222] applied the
imprinting technique to produce polymeric membranes
imprinted with the fluorescent dye Rhodamine B, widely
used in biotechnology and food areas, exhibiting
harmful effects to skin, eyes and brain of humans [223,
224]. The membranes were prepared via the phase
inversion technique using cellulose acetate-sulfonated
polysulfone  (CA-SPS) polymer blends. The
experimental results showed as cellulose acetate and
CA-SPS membranes exhibited high recognition
capacity with respect to blank membranes the blank

membranes. The authors stated that the SPS changes
the template rebinding capacity.

In 2012, Liu et al. prepared imprinted membranes
towards the same molecule via the electrospinning
technique, using polyethylene terephthalate (PET) as
membrane forming polymer [225]. Electrospinning
technology is a useful method to prepare ultrathin
fibers with diameters ranging from a few nanometers to
a few micrometers. Owing to their small pore size, high
permeability and surface area are good candidate for
filtration or adsorption devices [226]. The introduction
of specific recognition sites on the surface of
electrospun nanofiber membranes offers the possibility
to use them as adsorbent materials and separation of a
sample from complex mixture solutions. Very recent
papers deal with the development of core-shell
magnetic  imprinted  polymers  extraction and
determination of Rhodamine B residues in food [227,
228].

Refererring to the textile industry, reactive dyes-
imprinted polymers were successfully developed by
Okutucu et al. [229]. Authors, synthesized molecularly
imprinted polymers able for selectively recognize of
three different dyes: Cibacron Orange P-4R (CR),
Cibacron Red P-4B (CO) and Cibacron Black PSG
(CB). Batch-rebinding studies allowed to evaluating the
adsorption properties of the synthesized materials
towards template molecules. The dye-imprinted
polymers were used as a solid phase. The adsorption
data of the colorants are the following: 45 % for CR,
72% for CO and 65% for CB.

Al-Degs and co-workers [230] prepared Cibacron
Reactive Red imprinted polymer and its efficiency was
compared with Cibacron Reactive Blu and Cibacron
Reactive Yellow structural analogues of the template
molecule. The selectivity coefficients (Red dye/dye)
were 13.9 and 17.1, compared to Yellow and Blu dyes,
respectively. The effect of the imprint was evident for
the adsorption of the red dye, which is increased from
24.0 to 79.3 mg g-1 after imprinting.

Kyzas et al. [231] synthesized two different
imprinted polymers for the selective removal of
Reactive Red (RR) and Basic Red (BR) from textile
waste water. The BR-MIP in organic medium and RR-
MIP in aqueous medium were synthesized. The
methacrylic acid (functional monomer) and N, N-
methylene-bis-acrylamide (cross-linker) were used for
the preparation of the RR-MIP, while acrylamide and
ethylene glycol di-methacrylate were used for the
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Table 1: Binding Capacity and Selective Factors of CA-MB-Imprinted and PSf-MB-Imprinted Membranes (Adapted

from 231)
Membrane Binding Capacity Selective Factor
MB MO FG MB/MO MB/FG
CA-MB-imprinted 3.2x10° 5.43x10° 2.08x10° 5.9 15.4
PSf-MB-imprinted 1.5x107 4.39x10° 1.88x10° 3.41 8.0

synthesis of BR-MIP. After using in four adsorption-
desorption subsequent cycles, MIPs maintained the
90% of their initial adsorption capacity (15 mg/gpol).
The experimental data evidenced that pH had effect on
the process. In fact, for the BR-MIP the adsorption was
better in basic conditions and the high removal (69 %)
was performed at pH 10. On the contrary, RR-MIP
adsorbed in a better way (90%) at pH 2. In addition,
eelectivity studies with simulated and diluted real
effluents MIPs displayed high separation factors (40-
75) over competitive dyes. These results point out that
the synthesized MIPS could be concretely applied
[231].

In order to increase the absorption amount of these
dyes, the same authors recently prepared two novel
MIPs based on B-cyclodextrin (CD-MIPs) and chitosan
(CH-MIPs) [231]. The effect of the polymerization
conditions on the adsorption capacity and selectivity of
the synthesized polymers was evaluated varying
polymerization parameters such as the amount of
initiator, of functional monomer and of cross-linker.
Besides, CD-MIPs exhibited higher binding capacity
with respect to CHI-MIPs, for both kind of materials the
dye rebinding was up to 35 mg/gp. [232].

Hybrid MIMs was another type of imprinted
materials recently prepared by Asman et al. [233] for
the selective recognition of Methylene Blue (MB) which
is widely used in the textile industry as well as in
aquaculture and in biology as stain. Membranes were
prepared via the phase inversion process hybridizing
MB-MIP powders into a polymer membrane cellulose
acetate (CA) and polysulfone (PSf) as membrane
forming materials. Sorption studies evidenced that MB-
imprinted membranes were able to remove MB rapidly
from contamined solutions (in 60 minutes). Besides,
the CA-MB-imprinted membranes exhibited higher
binding capacity with respect to PSf-MB-imprinted
membranes. All of them were selective toward the
structural analogues fast green (FG) and methyl
orange (MO). Table 1 reports the binding capacity and
the selectivity factor of both kind of membranes.

Aiming to the photo-catalytic degradation of MO
present in waste waters, Zhao et al. [234] developed
imprinted composite membranes using TiO2/calcium
alginate hydrogel as supporting matrix. Ethylenetri(p-
methoxy) ethyoxysilane (KH-570) and y-amido-propyl-
tri-ethyl-oxysilane (KH-550) were used as functional
monomers and methyl orange (MO) as the template.
The imprinted membrane adsorbed more dye than the
NIP one. In addition, the adsorption rate was very fast.
In the same work, imprinting and photo-degradation
technologies were coupled to study the degradation of
MO and using the methyl red (MT) as competitive
molecule. Results demonstrated that the adsorption of
MO on imprinted membranes was fast and membranes
showed a good selective photo-degradation of MO with
respect to the MR. This work demonstrated as the
combination of imprinting technology and photo-
catalysis can make the water treatment a simple, fast
and effective process.

Luo and co-workers also gave an example of water
purification using imprinting technology in 2011 [235].
Authors prepared novel hydrophilic molecularly
imprinted polymers (mag-MIPs) by an inverse
emulsion—suspension polymerization. The 1-(a-methyl
acrylate)-3-methylimidazolium bromide (1-MA-3MI-Br)
was used as a new functional monomer and MIPs were
used for removing five kinds of water-soluble acid dyes
from wastewater and soft drink. Compared with
traditional solid-phase extraction techniques and their
corresponding blanks, MIPs showed higher removal
efficiency and selectivity [235]. Results of this work
indicated that imprinted materials represent also an
efficient way to recycle the water-soluble acid dyes in
water media. Imprinted materials aiming the removal of
alizarin [236] and carcinogenic polycyclic aromatic
hydrocarbons [237] from contaminated waters were
also developed.

Another field where the colorants are used is that of
the food. However, the use of industrial dyes in food
packaging is very dangerous because their
biotransformation products are toxic for human body.
Therefore, it is extremely important to develop
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detection tools for the determination of dyes traces in
food. As example, it is very interesting to detect the
presence of Sudan | in which is a dye used in the past
as food additive but the European Union for its
carcinogen action banned it. In this context, Puoci and
coworkers [238] synthesized Sudan I-imprinted
polymers to discover the illegal use of this compound
as an alternative strategy to the traditional and
expensive detection methods. In the same perspective
and few years later, Baggiani et al. [239] prepared
MIPs beads exhibiting selectivity toward Sudan dyes.
To avoid the interference of residual template
molecules during the rebinding step, a template
analogue like 1-(4-chlorophenyl)azonaphthalen-2-ol
(chloro-Sudan, 1) was used during the imprinting
process. The possibility to detect and quantify traces of
Sudan dyes in food matrices was evaluated by
extracting some hot chilly pepper samples spiked with
different amounts of Sudan |. Results indicated that the
analyte recovery rate was more than 80%. In addition,
it was possible to measure amounts of dyes lower that
to 0.75 pgg-1 in food matrices.

Xu et al. [240] developed MIPs-based surface
plasma resonance (SPR) sensor for the detection of
the same dye. Authors combined a nanofilm (75 £ 5 nm
thick) of molecularly imprinted polymer (MIP) with a
SPR. The MIP-SPR sensor exhibited high adsorption
capacity and high selectivity versus the dye. In
particular, the system showed a linear response for the
Sudan | in the range 50-400 ng mL™" with a detection
limit of 30 ng mL™* [240].

Sudan dyes were also detected through MIP-coated
micro extraction fibers prepared by surface reversible
addition—fragmentation chain transfer polymerization
[241]. MIP coated fibers revealed enhanced selectivity
coefficients (3.0-6.5) for the Sudan I-IV dyes. In
addition, coupling the fibers with liquid chromatography
and mass spectrometry detection it was possible to
reach a limit of 21-55 ng mL™" for the four dyes. Some
other publications discussed the removal of Sudan dyes
[242-247].

In 2013 Zhan [248] and coworkers synthesized
molecularly imprinted polymeric particles (by means of
the semi-covalent method) which were used for a fast
detection of the azo dye Acid Orange Il in food and
environmental samples. The produced MIPS were
applied for an online solid-phase extraction and a
magnetic imprinted solid-phase extraction procedure.
For both methods, the recovery rate was more than

70%. Li et al. used another approach, for the
preparation of imprinted polymers aiming the detection
of Basic Orange Il in foods [249]. Modified rosin was
used as the cross-linker. Compared with the polymers
synthesized using traditional cross-linkers, these new
materials exhibited a higher binding capacity and
selectivity properties. In samples with a spiked level of
5-11 mg kg'l, the average recovery rate of the dyes
was in the range of 68—80% with a standard deviation
below 1.2%.

Seven water soluble azo-dyes were also recognized
and discriminated by Long et al. [250] by means of a
multi-channel molecularly imprinted polymer sensor
array. The system discriminated each analyte at 100%
of accuracy. Furthermore, recognition texts performed
on two real samples like spiked chrysoidin in smoked
bean curd extract and fanta lime soda (containing
tartrazine), the sensor successfully identified the two
azo-dyes.

Wang et al. [251] using as the template curcumin,
(the principal active components of the Chinese
traditional herb Curcuma longa) developed novel
composite imprinted membranes. Curcumin has a
bright-yellow color and may be used as a food coloring
or additive owing to its anti-cancer and anti-oxidation
action. Static binding experiments demonstrated that
curcumin-imprinted membranes were selective towards
the template with respect to the similar compounds
dimethoxy-curcumin  and  bis-dimethoxy-curcumin.
Therefore, these membranes might be used as
separation tools for curcumin enrichment in food.

An imprinted membranes-based on an
electrochemical sensor made-up by magnetic field
induced self-assembly of reduced oxide graphene-
based composites with Fe;0,4 (Fe;0,@rGO) was also
employed for the detection of amaranth. This work is
an example of the creation of electrochemical and
biological sensing membrane. The detection of the
targeted dye (which is used to confer red color to
drinks, syrups and sweets) was attained over the redox
probe Ks[Fe(CN)¢] by hindering the recognition sites,
thus avoiding the interferences of oxidation products
and of structural analogues of amaranth [252].

CONCLUSIONS

In the last decades, the advent of molecular
imprinting technology, endorsed the production of
imprinted materials for the selective removal of dyes
from polluted sites. In fact, these materials, proposed
as specific recognition systems, could be an innovative
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and more efficient route with respect to the traditional
methods. Dyes are largely used at industrial level, but
their content in industrial wastewater is rigorously
limited due to the toxic and carcinogen action that they
exert on human body.

Although the traditional technologies used for the
removal of dyes are proficient, some drawbacks limit
their application. For instance, coagulation and
flocculation remove dyes from wastewater but the
increase of concentrated sludge produced a disposal
problem. On their side, biological treatments present
limited elasticity in design and operation and require
long operation time and large surface area. Other
weaknesses are the high costs of active carbon and
other technologies like electrochemical destruction,
ozonation, and photo-catalysis. In this scenario, the
employment of imprinted materials for dyes removal
(and/or destruction) results advantageous in solving
these kind of problems. Most encouraging
characteristic of imprinted materials are the resistance
to temperature and pH, the high stability and selectivity
as well as their reusability. Furthermore, their
preparation requires short operation time and it is not
expensive.

Up to now, imprinted materials were applied in
different fields, such us drug release, catalysis, blood
detoxification, purification of active pharmaceutical
compounds an much more. Referring to specific
recognition of dyes, imprinted materials were
developed for removal of dyes from contaminated food,
industrial effluents, aquaculture and other.

Although these innovative tools have widespread
potential, a lot of work for optimizing their production
and achieving a substantial reduction of this type of
pollutants must still be done. Nevertheless, the results
so far achieved suggest that the integration of the
different knowledge in the development of such
systems will ensure a real benefit to humanity.
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