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In order to resolve the low adsorption capacity of the surface molecularly imprinting methods, an
approach was developed for the preparation of magnetic imprinted polymers by pre-grafting the amino
functional material, 3-aminopropyltriethoxysilane (APTES), on the surface of the silica coated magnetic
substrate. APTES was used for amino functionalization of the silica coated Fe;04 nanoparticles. Amino
groups were used for immobilization of the template molecules on the magnetic surface and additionally
to react with the terminal vinyl groups of cross-linker, ethylene glycol dimethacrylate (EGDMA), by the
Michael addition reaction. In this way, the imprinting sites of the analytes formed on the substrate were
increased. The sorbent was synthesized in the presence of 4-nitrophenol (4-NP) and EGDMA as the tem-
plate and cross-linker, respectively. Different parameters affecting the adsorption, such as pH, desorption
solvent type and adsorption time were evaluated and optimized. The prepared magnetic molecularly
imprinted polymer (MMIP) showed high adsorption capacity and proper selectivity for the template
molecule. The kinetic adsorption curve indicated that 90 min was sufficient to achieve the adsorption
equilibrium for MMIP. The maximum adsorption capacity was 129.1 mg g—'. The experiments exhibited
a linear range of 10-3000 wg L~ for 4-NP with the correlation coefficient (R?) of 0.997. The results of the
real sample analysis confirmed the applicability of the proposed MMIP for quantitative analysis of 4-NP
in the aqueous samples.
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1. Introduction the surface imprinting, such as the use of immobilized initiators

on the supporting matrix [4], atom transfer radical polymeriza-

Molecularly imprinted polymers (MIPs) are common, robust
and cost-efficient smart materials which are used to prepare a
qualified substrate with selective recognition properties for the
target molecules. The selective recognition sites are created by
a process where the template molecules are imprinted into the
polymeric matrices. During the recent decades, great attention
was focused on improving synthesis conditions of MIPs. Surface
imprinting is now among the most studied alternative methods to
overcome the drawbacks related to the traditional MIPs such as
bulk polymerization [1-3]. Surface graft imprinting improves the
adsorption capacity, kinetic of binding and mass transfer in MIPs
by controlling the position of the templates on the material’s sur-
faces or in their vicinity. Several strategies have been proposed for
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tion (ATRP) [5,6], reversible addition fragmentation chain transfer
(RAFT) polymerization [7] and grafting polymerization by modify-
ing the surface [8].

Nanoparticles are promising support materials for the surface
imprinting that expresses notable advantages owing to their large
external surface area to volume ratio. Furthermore, the utilization
of nanoparticles leads to enhancement of the physical and chemi-
cal properties of the sorbent, such as uniform spherical geometry,
as well as stability and facile dispersion [9]. The perfect size of MIP
nanoparticles can be achieved by the selection of proper nanostruc-
tured substrates and the control of imprinted layer thicknesses [3].
Different substrates were used as a support in the surface imprint-
ing process, such as activated silica nanoparticles [2,10,11], Fe304
nanoparticles [12,13], gold nanoparticles [14], titanium dioxide
[15], chitosan [16], activated polystyrene beads [4], quantum dots
[17,18], alumina membranes [19], carbon nanotubes [20,21] and
graphene [22].
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Recently, the frequently studied method for selective extraction
of templates is based on the combination of magnetic nanoparticles
and imprinting polymers. The encapsulation of magnetic compo-
nents into the MIPs can create a selective composite polymer with
magnetically susceptible characteristics [23].

In order to prepare the imprinted polymers, the functional
groups undertake critical roles via binding to the target molecules
before the actual imprinting [24]. An efficient procedure for cre-
ating the imprinted sites is based on an interaction between the
pre-grafted functional material and template molecules rather
than that between the template and functional monomers in the
bulk solution. The pre-grafting of functional groups on the sur-
face can also increase the imprinting sites formed for the target
analytes. In the present technique, the templates were at first
immobilized on the functionalized substrate through an effective
non-covalent interaction [25-28]. Thereafter, the post-imprinting
of the template molecules occurs in the grafted groups toward
the reactive end groups of the special cross-linking agent. There-
fore, the method demonstrates an effective approach to the surface
imprinting methodology via immobilizing the template on the sup-
port material.

Nitrophenols are classified as priority and persistent contam-
inants due to their relatively high toxicity, even at trace level
concentrations in the aqueous matrices [27]. Since these com-
pounds are released into the aquatic environments through the
effluents of various industries, the U.S. Environmental Protection
Agency (U.S. EPA) has listed them as toxic pollutants. Among
the mono nitrophenols, 4-nitrophenol (4-NP) is often considered
owing to its high production in the world, toxicity and water
solubility [28]. Because of the low concentration and high water
solubility of 4-NP, and also the presence of much interferences
in the water samples, the clean-up and pre-concentration steps
are required. In this regard, different MIPs were developed for the
selective and sensitive recognition of 4-NP [28-32].

In our previous work [31], we synthesized magnetic imprinted
polymer via the “Grafting to” techniques for the selective recogni-
tion of 4-NP in the aqueous samples. The magnetic surface was at
first modified via vinyl groups and then employed for the graft-
ing polymerization of the functional monomer and cross-linker
in the presence of target analytes. In the present work, an effec-
tive approach was developed for the preparation of magnetic MIP
(MMIP) via pre-grafting of functional groups on the magnetic
nanoparticles surface. Therefore, 4-NP was also used to evaluate
the performance of the template immobilizing approach which
are used here, than that the “Grafting to” method, used in our
previous work. Template immobilizing was performed using 3-
aminopropyltriethoxysilane (APTES) to associate the target analyte
on the surface of the magnetic substrate. The post imprinting
was also successfully performed by ethylene glycol dimethacry-
late (EGDMA) in the presence of 2,2-azobisisobutyronitrile (AIBN).
The results showed that the static adsorption capacity of the MMIP,
prepared by the pre-grafting approach, was about two-folds as
compared to that obtained in our previous work. It clearly con-
firmed the improvement of the adsorption capacity, number of sites
and binding kinetic of the prepared MMIP.

2. Experimental
2.1. Materials

4-Nitrophenol (4-NP), 2-nitrophenol (2-NP), 2,4-dinitrophenol
(2,4-DNP), phenol (Ph), 3-aminopropyltriethoxysilane (APTES)
and 2,2-azobisisobutyronitrile (AIBN) were obtained from Merck
(Darmstadt, Germany). Ethylene glycol dimethacrylate (EGDMA)
and acetonitrile (HPLC grade) were purchased from Sigma-Aldrich
(Beijing, China) and Caledon (Ontario, Canada) companies,

respectively. Toluene, methanol (HPLC grade), iron (IlI) chlo-
ride hexahydrate (FeCl3-6H,0), iron (II) chloride tetrahydrate
(FeCl;-4H,0), ammonium hydroxide and tetraethyl orthosilicate
(TEOS) were also obtained from Merck (Darmstadt, Germany).

2.2. Instruments

The size, structure and morphology of the MMIPs were char-
acterized by transmission electronic microscopy (Zeiss - EM10C -
80kV TEM) and scanning electron microscopy (SEM Vega tescan),
respectively. A Fourier transform infrared FT-IR (Bruker VERTEX 70
spectrometer) was utilized to investigate the infrared spectra of
MMIPs using KBr pellets.

2.3. HPLC analysis

All chromatographic measurements were performed, using an
Agilent 1100 high performance liquid chromatograph (Santa Clara,
CA, USA) with a Cig column (250 mm x 4.6 mm i.d., 5um) and
UV/vis detector. For quantitative analysis of 4-NP, a RP-HPLC
method was used. The mobile phase for chromatographic analysis
consisted of acetonitrile, containing 1% (v/v) acetic acid, as solvent
A and Milli-Q water acidified to pH 2.5 with acetic acid, as solvent
B. The gradient profile was 50-100% A from 0 to 10 min, and then
isocratic elution for 2 min at a flow rate of 1 mLmin~!. All com-
pounds were detected at 254 nm and the oven temperature was
set at 25°C.

2.4. Preparation of silica-based magnetic nanoparticles

The preparation of Fe304 nanoparticles was carried out by mix-
ing FeCl3.6H,0 (34.6 mmol) and FeCly-4H,0 (17.30 mmol) with
160 mL double distilled water, while being stirred under nitro-
gen gas atmosphere. Then, 20 mL of ammonium hydroxide (25%,
v/v) was added drop wise to the solution while elevating the tem-
perature of the solution up to 80°C. The reaction was kept at the
mentioned temperature for 30 min. The obtained Fe304 nanopar-
ticles were dispersed in the mixture of ethanol (160mL) and
water (40 mL) by sonication for 15 min, then ammonium hydrox-
ide (15mL) and TEOS (2.1 mL) were added to the reaction mixture.
The reaction was carried out for 12h at 40°C under continuous
mechanical stirring. The final product was isolated by an exter-
nal magnetic field, and then, thoroughly washed with ethanol and
water, respectively.

2.5. Surface modification and pre-grafting functional material

Fe3;04@Si0, (400 mg), APTES (1 mL) and absolutely dry toluene
(30 mL) were mixed in a flask under nitrogen atmosphere. The reac-
tion was refluxed for 48 h under continuous mechanical stirring.
The resulted pre-grafted amino-functionalized nanoparticles were
washed with toluene and methanol thoroughly, and then dried at
55°C for 3 h.

2.6. Preparation of the surface-immobilized 4-NP-MMIP

The template adsorption on the amino-functional nanoparticles
was carried out in 20 mL acetonitrile, 0.4 mmol 4-NP and 200 mg
modified magnetic silica at 0-2°C for 12h to obtain the modi-
fied magnetic silica self-assembled by 4-NP. Then, the cross-linker
(EGDMA, 4 mmol) was added. The mixture was stirred for 30 min
for the preparation of the preassembled solution. After sealing,
shaking and purging the mixture with nitrogen, a 20 mL of acetoni-
trile solution containing 40 mg of AIBN was added to the reaction
mixture while it was being sonicated and purged by the nitrogen
gas in an ice bath for 15 min. The polymerization was performed
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by exposing the mixture to 60°C in an oil bath for 24 h, under
nitrogen atmosphere. The synthesized product was separated and
washed with methanol/acetic acid (9:1, v/v) several times until
the template molecules were not detected in the washing solu-
tion. Magnetic non-imprinted polymers (MNIPs) were synthesized
using the same synthetic protocol mentioned above without the
template addition.

2.7. Evaluation of static adsorption capacity and selectivity

The adsorption capacity of the sorbent was measured three
times by suspending 20 mg of 4-NP-MMIPs or MNIPs in a 10mL
aqueous solution of 4-NP with various concentrations ranging from
0.1 to 9mM. The mixture was shaken for 12 h at room tempera-
ture and then, the magnetic sorbent was separated using a magnet.
The supernatant solution was analyzed by RP-HPLC. The adsorption
capacity (Q) was calculated based on the Eq. (1):

(G -C)V
- m

Q (M)
where Q(mgg~!)is the adsorption capacity, and Cy and C, (mgL~1!)
are the initial and equilibrium concentrations of 4-NP solution,
respectively. V (L) is volume of the initial solution and m (g) is the
weight of the adsorbent (MMIP).

The selectivity of the prepared MMIP is evaluated via several
structural analogs of 4-NP. In this regard, 2-NP, 2,4-DNP, Ph were
chosen. They contained similar functional groups with the analyte
and were used to examine the recognition selectivity of the syn-
thetic MMIPs toward 4-NP. The selectivity recognition experiments
of each compound were carried out by adding 20 mg MMIPs (or
MNIPs) into 10 mL solution of each phenolic compound with the
concentration level of 500 mg L~1. The distribution coefficient was
calculated according to Eq. (2).

Qe
kd = a (2)
where k4 represents the distribution coefficient (Lg~1), Q. (mgg~1)
is the equilibrium adsorption capacity and C, (mgL-1) is the equi-
librium concentration. The selectivity coefficient of MMIP can be
obtained from the equilibrium binding data according to the Eq.

(3):

k
o — ~d(template) (3)
ka(se)

where « is the selectivity coefficient and k) is the distribution
coefficient of similar compounds. A relative selectivity coefficient
or (Eq. (4)) can also indicate the enhanced extent of adsorption
affinity and selectivity of MMIP to the templates with respect to
MNIP.

0%
or = —MIP (4)
QNIP

2.8. Real sample analysis

The seawater of the Persian Gulf was collected and stored in
the pre-cleaned glass bottles before conducting the analysis. The
sample was filtered to eliminate particulate matters and also it was
stored inadark and cool place. The proposed procedure was applied
for the determination of 4-NP in real water sample. 20 mg of mag-
netic sorbent was added to 10 mL of the water sample, and stirred
for 90 min at 25 °C. Subsequently, the MMIP was separated by an
external magnetic field and eluted with 0.5 mL of methanol solu-
tion containing 10% acetic acid. Finally, the concentration of 4-NP
in the eluted solution was determined by HPLC-UV.

3. Results and discussion
3.1. Preparation and characterization of MMIP

The surface-immobilized template imprinting polymer was
obtained by the following steps: (I) synthesis of Fe304 nanopar-
ticles, (II) silica coating on Fe3Qy4, (III) surface functionalization
by APTES, (IV) immobilization of the templates on the surface
(V) Michael addition reaction between EGDMA and amino groups
of APTES and (VI) coating thin layer of MIP on the surface. The
schematic representation of the preparation procedure of the sor-
bent is illustrated in Fig. 1.

The preparation of Fe304 nanoparticles was carried out by the
coprecipitation method. Silica coating on the Fe304 was carried
out by a sol-gel process with TEOS. Silica nanoparticles exhibit
high surface areas and intrinsic surface reactivity which allows
its modification to be performed by a silanization procedure with
different silane coupling agents [33]. The silica shell on the sur-
face of the magnetic nanoparticles prevents the aggregation and
oxidation of the magnetic particles. The immobilization of the
templates on the surface was designed by hydrogen bonding inter-
actions between templates and functional groups. The immobilized
template approach prevented the residual template leakage and
increased the imprinting efficiency. This is based on the surface
functionalization with C-NH; groups which can assemble template
and cross-linker, simultaneously. The assembling of cross-linker on
the magnetic surface was performed via Michael addition reaction.
The Michael addition involves the addition of a nucleophile, also
called “Michael donor” to an «,3-unsaturated carbonyl compound
as a “Michael acceptor”. In this regard, the nitrogen-donor version
of the Michael addition is often referred to as the aza-Michael reac-
tion [8,34]. In the present work, an aza-Michael addition reaction
occurred between the terminal vinyl groups of the cross-linker as
o,B-unsaturated carbonyl and amino functional groups of APTES
as nucleophile. Since, there is always a competition between bulk
and surface polymerization, the bulk polymerization effect can be
minimized by Michael addition of EGDMA prior to the molecular
imprinting process. Subsequently a thin film of MIP was formed by
the addition of AIBN, in the presence of APTES as amino functional
groups, 4-NP as template and the optimal amount of EGDMA as
cross-linker.

3.1.1. FT-IR spectroscopic analysis

FT-IR spectra of Fe304@Si0,, Fe304,@SiO, @NH, and Fe30,@MIP
were obtained to confirm the synthesis of the expected products.
The presence of silanol groups on the surface of Fe304 is shown in
Fig. 2(a). The characteristic peak of Fe-0 band appeared at around
580.27cm~! in the spectrum. The Si-O-Si (symmetric), Si-OH
and Si-0-Si (asymmetric) vibration peaks were observed at about
801.1cm™', 946.07 and 1098.78 cm™!, respectively. It confirmed
the silanization of Fe;04 nanoparticles. As shown in Fig. 2, by com-
paring the FTIR spectra of Fe30,@Si0,@NH, (b) with Fe30,@SiO,
(a), it was clearly observed that the N-H bending vibration peak
at 1608.33 cm~! and the relatively strong peak in 2800-3000 cm™!
which are corresponded to the stretching vibration of C-H bonds of
the methyl or methylene groups of APTES. The results indicated that
modification on the surface of Fe304,@SiO, has been successfully
achieved by APTES. As shown in Fig. 2(c), the peak that appeared at
1731.08 cm~! isrelated to the grafting of carbonyl group of EGDMA
on the magnetic surface that confirmed the polymerization process
has been successful. In addition, the C=0 peak in EGDMA (conju-
gated esters) appears in the region of 1710-1720 cm~1. The shift of
C=0 peak from this value to 1731.08 cm~! can indicate the elimi-
nation of the conjugation of the carbonyl group by Michael addition
reaction and polymerization process.
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Fig. 1. Scheme of the synthetic route for 4ANP-MMIP by surface immobilized template strategy.

3.1.2. SEM and TEM characterizations

The morphology, size and structure of MMIP nanoparticles were
assessed by SEM and TEM as shown in Fig. 3. The core-shell struc-
ture (polymeric shell) with well specific shape and configuration on
the surface of Fe304,@Si0, nanoparticles was obviously observed in
TEM images. As illustrated in the SEM image, the nanoparticles are
spherical with a particle size range and some extent of aggregation.
The TEM micrograph also clearly demonstrates the successful syn-
thesis of MIP-coated nanoparticles, and the thickness of imprinted
polymer layer was lower than 25 nm.

3.2. Optimization of the extraction parameters

3.2.1. Effect of solution pH

pH plays a special role in controlling the adsorption process due
to its effects on the available surface binding sites and ionization of
the ionizable analytes such as 4-NP. In this study, the influence of
pH was investigated in the range of 2-8. Fig. 4(a) indicates that the
MIP provided the highest affinity at pH of 5 for the target analyte.
4-NP was mainly extracted in the molecular form at pH of 5 due
to the better H-bonding interaction between the analyte and the
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Fig. 2. FT-IR spectra of Fe30,@SiO; (a), Fe304@NH; (b) and Fe;04@MIP (c).
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Fig. 3. SEM (a) and TEM (b) images of MMIP.

imprinted binding sites. According to the dissociation constant of 4-
NP (pK, =7.15), the neutral and acidic form would be the preferred
form of it at pH values lower than pKj.

The cavities of the polymer were imprinted with the neutral
form of 4-NP molecule, therefore, when pH increased more than the
pK; value, 4-NP is fully deprotonated and changed to anionic form.
The anionic form of 4-NP may not be completely fitted to the cavi-
ties and also, this form of 4-NP is highly water soluble that results in
reducing the adsorption affinity of the template on the MIP. On the
other hand, at strong acidic conditions, amino functional groups
of MIP might be protonated and their effective interactions with
4-NP may also be decreased. This is reasonable because pH has
extraordinary influences on the structure of 4-NP and the surface
polymer. Therefore, pH 5.0 was selected as optimum pH value for
the subsequent experiments.

3.2.2. Effect of adsorption time

The kinetic of adsorption is one of the important factors in defin-
ing the adsorption efficiency. The effect of the adsorption time
was investigated by varying the shaking time (30-180 min). The
kinetic adsorption curve (Fig. 4b) indicated that 90 min was suf-
ficient to achieve the adsorption equilibrium for MMIP even at
the concentration of 5mmolL~!. 4-NP easily reached the surface
imprinting cavities of the MIP in the present procedure, and the
time it took to reach the adsorption equilibrium was short com-
pared with the time required for that in the traditionally imprinted
materials [30,31]. It can be attributed to the nanosized, effective
surface imprinting and uniform structures of MIP that exhibited
efficient mass transfer and short equilibrium time.
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3.2.3. Effect of desorption solvent

The adsorption of 4-NP on the surface of MIP can be carried
out by hydrogen bonding interaction between amino-functional
group and the template molecules. Using acetic acid, as an elu-
ent, allows disruption of the hydrogen bonding without having any
major impact on the polymer morphology and therefore, caused
the release of 4-NP into the desorption solvent. In this study, two
elution solvents namely acetonitrile containing 10% v/v acetic acid
(solvent A) and methanol containing 10% v/v acetic acid (solvent
B) were evaluated to desorb the analyte efficiently. The recovery
amount of solvent B (97.4%) was higher than that of solvent A
(76.3%). Therefore, methanol containing 10% v/v acetic acid was
used in all the subsequent experiments.

3.3. Adsorption isotherms

An important factor for the MIP nanoparticles is the adsorp-
tion capacity that determines the required amount of sorbent for
quantitative removal of the analyte from the solution. To obtain the
adsorption capacities of MMIP and MNIP, the adsorption experi-
ments were carried out at different initial concentrations of 4-NP,
ranging from 0.1 to 9mmolL~1. The MMIP and MNIP nanoparti-
cles were exposed to the various concentrations of 4-NP, and the
suspensions were stirred at room temperature. After separation
with a magnet, the supernatants were analyzed by RP-HPLC. As
shown in Fig. 5, the MMIP nanoparticles revealed greatly higher
adsorption capacity for 4-NP than that for MNIP. The maximum
adsorption capacity of MMIP was almost two-folds as compared
to that of MNIP. The results demonstrate that the recognition sites
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Fig. 4. Adsorption capacity of MMIP at different pH containing the 3 mmolL~! 4-NP in a buffer ranging from 2 to 8 (a), kinetic adsorption curves for 4-NP containing the

5mmol L' 4-NP (b).
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Table 1
The comparison of “Pre-grafting” MMIP procedure with “Grafting to” MMIP procedure for 4-NP as template.
Type of synthesis Qmax (mgg™") t* (min) Ni i —kmax LOQ* (ngL™") LOD! (pgL™)
“Grafting to” 4NP-MMIP 57.8 150 23.42 25 7.24
“Pre-grafting” 4-NP-MMIP 129.1 90 81.80 10 3.6
2 Time of adsorption.
b Number of sites.
¢ Limit of quantitation.
d Limit of detection.
160 1-m 1-m
- m k=M _k
R o = (77 ) < e ) (®)
1o ——MMIP min ~ "max
120 —a—MNIP 1
Kmin = ——, kmax =
& 100 Cmax min
o0
b AsitcanbeseeninTable2,Ny . _,  for MMIP was much higher
£ 30 X Kmin —Kmax . N o
5 than that for MNIP. This means that the number of binding sites
60 with adequate geometry and good accessibility to the target analyte
in MIP-coated magnetic nanoparticles were higher than those in
4 the NIP-coated magnetic nanoparticles. Thus, the imprinting phe-
30 nomenon was proved for the target analyte.
The Langmuir model was also studied for fitting the experimen-
0 tal data and the R? values (R? =0.959 for MMIP and R?=0.961 for
! t 2 2 4 2 8 1 % 2 1 MNIP) obtained were less than those of the Freundlich model. In
C (mmol L)

Fig. 5. Adsorption equilibrium isotherm of MMIP and MNIP for 4-NP.

and the amounts of 4-NP bounded to the surface of MMIP were
clearly more than those of MNIP. The resulting MIP in this work
showed higher Qmax than the other corresponding works. In this
regard, Tang et al. [35] prepared the MMIP in water media via o-
phenylenediamine as a functional monomer. The Qmax of 4-NP was
obtained 4.5mgg-! which was lower than that obtained in the
present work (129.1 mgg~'). On the other hand, a comprehensive
comparison was made between the newly proposed MMIP and our
previous MMIP [31]. The obtained results are shown in Table 1. The
priority of the pre-grafting procedure was due to the formation of
imprinting sites via the template immobilized approach. Therefore,
the proposed method can be more efficient than the “Grafting to”
method that has so far been a common method for the synthesis
MMIP.

For fitting the experimental data, the Langmuir and Freundlich
models have been widely used to describe the data by linear
regression. When the adsorption is monolayer and indicates homo-
geneous distribution of energy over the entire coverage surface,
the Langmuir isotherm was used, while Freundlich isotherm model
is suitable for the multilayer adsorption and heterogeneous bind-
ing sites in the imprinted polymers. The experimental data was
fitted with Freundlich isotherm and the resulting parameters are
summarized in Table 2.

The Freundlich equation can be demonstrated by the Egs. (5) and
(6), where Q. is the amount of the adsorbed analyte and Ce, is the
equilibrium concentration of analyte. In addition, @ and m represent
Freundlich constant and the heterogeneity index (with values from
0 to 1), respectively. Two additional binding parameters, that is,
the number of the binding sites (N . ... ) and the apparent aver-
age association constant (I_(kmin*kmax ), were also calculated using the
Egs. (7) and (8):

Qe =o' (5)
log Q. = log a + mlog C, (6)
Nkmin*kmax =a(l- m? )(k;]’::-l - k;{gx) (7)

addition, the related constants of Freundlich equation (such as m
and «) are more compatible with the obtained experimental data,
while they are not obtained for the related constants of the Lang-
muir equation. The theoretical adsorption capacity of Langmuir
(Qmax=66.67mgg~! and Qmax =40.49mgg=" for MMIP and MNIP,
respectively) is not adjusted to the real value that is obtained from
the experimental data. Hence, the results demonstrate the multi-
layer adsorption and heterogeneous binding sites in the imprinted
polymers.

3.4. Selectivity experiment for 4-NP

For imprinted materials, selective adsorption performance is
very important and often demonstrated by comparing the bind-
ing extent of the template molecule with other similar structural
analogs. In order to verify that the MMIP was selective for 4-NP,
the solutions of 2,4-DNP, Ph, 2-NP and 4-NP were individually pre-
pared for testing the binding characteristics of the MMIP and MNIP.
Fig. 6 shows the adsorption capacities of the MIP and NIP for 2,4-
DNP, Ph, 2-NP and 4-NP molecules with the concentration level
of 500mgL-1. The MMIP exhibited remarkably higher adsorption
capacity for the template molecule than the MNIP. The distribution

80 1
o MMIP
H MNIP

70 1

60 +

301

Q(mgg"

20 1

10 1

4-NP 2-NP

2-4NP ph

Fig. 6. Adsorption selectivity for 4-NP and analogous compounds by MMIP and
MNIP under optimized conditions.



18 A. Mehdinia et al. / J. Chromatogr. A 1364 (2014) 12-19

Table 2
Parameters of Freundlich isothermal equation for adsorption experimental data.

Adsorbent m a[(mgg')Lg')m] R? Ny, —kmax (MgE™) Ky i—komax (L1
4-NP-MMIP 0.664 151.29 0.995 81.80 10.14
4-NP-MNIP 0.539 67.14 0.990 47.80 11.06
Table 3 were 2.49 and 1.86, respectively. It illustrated that MMIP was more
The selectivity parameters of MMIP and MNIP. selective for 2-NP than 2,4-DNP due to the more structural likeness
Sample MMIP MNIP of 2-NP than 2,4-DNP to the template. The imprinting process cre-
X ) ) ated cavities that were similar in size and conformational structure
a (mLg™) o Kq (mLg™1) o o . .
to the template. Therefore, the selectivity results were obtained
4-NP 205.82 92.98 from the imprinting effect owing to the stereochemistry, molecu-
2-NP 110.65 1.86 92.14 1.01 1.84 . i I .
2.4-DNP 8275 549 77.90 119 209 lar size recognition and specific interaction of MMIPs toward the
Ph 33.50 6.14 31.46 2.96 2.07 template molecules.

coefficients of 4-NP were higher than that of the similar compounds
and the calculated results are listed in Table 3. MMIP exhibited
significant adsorption selectivity for 4-NP, compared to the sim-
ilar structural compounds. It can be attributed to the more suitable
binding sites for the template due to an efficient imprinting effect
and the difference in the size, functional group’s type and position
of the analytes, molecular interactions, hydrophobicities and acidic
properties of the similar structural compounds.

Phenol has the greatest structural and molecular-interaction
difference than 4-NP, among the other compounds, which has
resulted in poor selectivity of MMIP for it. The results showed that
the selectivity coefficient of 4-NP than those of 2,4-DNP and 2-NP

3.5. Method validation and real sample analysis

The linear range of the calibration curve for 4-NP was
10-3000 pgL~! with limit of detection (LOD) of 3.6 wgL-!. The
LOD value was lower than the allowed limit reported by EPA
(<60 wgL~1)in drinking water [22]. Therefore, it indicates that this
method can be useful to detect 4-NP in water media according to
the guideline level of EPA.

To verify the ability of this method for analysis of real sam-
ples, MMIP was used to determine the trace amounts of 4-NP in
the seawater in combination with HPLC under optimal conditions.
The studied 4-NP was not detected in the seawater. Then, the real

Table 4
Determination of 4-NP in seawater sample by MMIP and MNIP (n=3).
Sample MMIP MNIP
Added (pgL1) Found (pgL~1) Recovery (%) RSD (%) Found (pgL1) Recovery (%) RSD (%)
Persian Gulf 0 N.D.2 - - N.D. - -
50 48.01 96.0 2.7 17.32 34.6 7.5
100 98.51 98.5 2.4 35.64 35.6 3.7
2 N.D,, not detected.
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Fig. 7. The chromatograms of extracted 4-NP from Persian Gulf (a) and spiked sample with 100 pgL-! of 4-NP (b) by MMIP.
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sample was spiked with 4-NP at two concentration levels of 50 and
100 g L~1. All the results for the seawater sample extracted by the
MMIP and MNIP are collected in the Table 4. When 100 ugL~! of
4-NP was spiked in the real sample, the average recoveries of 4-
NP reached 98.5% and 35.6% (n=3) by using the MMIP and MNIP,
respectively. In addition, Fig. 7 illustrates chromatograms of the
none-spiked and spiked seawater samples with 100 pwgL~! of 4-NP.

4. Conclusions

In summary, a novel surface imprinting method was devel-
oped for the construction of MMIP by combination of pre-grafted
functional material on the surface of magnetic substrate and
surface-immobilized template strategy by using 4-NP as template.
Compared with the conventional methods, the present technique
improved the binding capacity and kinetics by increasing the
amount of the formed imprinting sites for the target analytes due
to the immobilization of the template on the surface or in the vicin-
ity of the material’s surface. The magnetic MIP was easily collected
by an external magnetic field without additional centrifugation or
filtration. The results showed that MMIP offers the advantages of
high adsorption capacity and selectivity as well as better recov-
ery than MNIP. The presented method has a great potential for
the monitoring of the 4-NP in environmental water samples at the
concentration level of pgL-1.
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