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Magnetic molecularly imprinted polymer (mag-MIP) were developed for the analysis of ametryn (4-N-ethyl-6-
methylsulfanyl-2-N-propan-2-yl-1,3,5-triazine-2,4-diamine), a popular triazine herbicide. Iron oxide (Fe304)
nanoparticles were synthetized, and then modified with tetraethoxysilane (TEOS) and 3-mercaptopropyl-
trimethoxysilane (MPS). Then MIPs' polymerimerization occurred in the nanoparticles' surface, using ethylene-
glycol-dimethacrylate (EGDMA) as the building monomer, 2,2’-azobis(2-methylpropionitrile) (AIBN) as the ra-

dical initiator, and 2-vinylpyridine as the functional monomer. The functional monomer was previously chosen
by computational simulation. The mag-MIPs' adsorption behavior well-fitted a Langmuir model (q, of
8.6mgg !, K. of 5.2 L. mg~ ') and pseudo first order kinetics (k; of 2.5 x 10~ * s~ 1). The developed analytical
methodology, using high-performance liquid chromatography with UV detection (HPLC-UV), showed suitable
selectivity and had a limit of detection (LOD) and quantification (LOQ) of 25 and 82 nmol L™ 1 respectively.

1. Introduction

Ametryn is a herbicide in the relevant group of triazines [1], it is
particularly used to control weeds in various crops like sugar cane or
corn, among others [2,3]. Its water solubility is about 185 mg L™ !, Log
Kow of 3, Log K, of 2.5, and its contamination levels range up to 0.13
and 0.35 ug L™ ! in surface water and ground water respectively [1,4].
In general, legislation considers levels above 0.5 pug L~ ! in water in-
tended to human consumption to be unsafe [1]. Even though the use of
pesticides has many decades, the development of analytical methods for
their determination still remains a hot topic in analytical chemistry
[5-71.

Since ametryn is so widely used, it is of huge relevance its swift
determination in environmental samples, but of course, also in food
samples. Some analytical methods can be found in literature making use
of a wide range of techniques like liquid chromatography with mass
spectrometric detection (LC-MS) [3,8], gas chromatography with mass
spectrometric detection (GC-MS) [9,10], anodic stripping voltammetry
[11], surface-enhanced Raman spectroscopy [12], surface plasmon re-
sonance (SPR) [13], ion mobility spectrometry [14] or micellar

electrokinetic capillary chromatography [15]. However these methods
are usually associated with sample preparation techniques, crucial to
remove matrix effects and even to obtain enriched extracts of trace
analytes [16]. Some of the sample preparation techniques that have
been applied include microwave-assisted solvent extraction [11], solid-
phase microextraction (SPME) [9,10,14], liquid-liquid extraction [17]
or solid-phase extraction [8].

Molecularly imprinted polymers (MIPs) are an interesting sample
preparation tool in environmental research for the separation and
analysis of organic contaminants from wastewater due to their minute
size, greater surface area and selectivity towards the target molecules
[10,13,18-23]. MIPs recently evolved to magnetic MIPs (mag-MIPs),
these particles improve the separation and opened a new window for
analyzing compounds in complex sample matrices [24]. Among other
advantages, these hybrid materials offer enhanced selectivity, dur-
ability, and the possibility of reuse [25-29]. Recent reviews detail the
wige range of possibilities using these interesting materials [30-32]. In
this work, mag-MIPs for ametryn were developed and characterized
aiming its application within an analytical methodology.
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2. Materials and methods
2.1. Chemicals and samples

All chemicals were of analytical grade and were used as received
without further purification. Ultrapure water (resistivity not lower than
18.2 MQ cm at 298 K) from a Direct-Q 3UV water purification system
(Millipore) was used in all experiments. Ametryn, iron(IIl) chloride
hexahydrate (FeCl3-6H0), iron(II) chloride tetrahydrate (FeCl,4H,0),
2-vinylpyridine, 3-mercaptopropyltrimethoxysilane (MPS), ethylene-
glycol-dimethacrylate (EGDMA) and 2,2’-azobis(2-methylpropionitrile)
(AIBN), atrazine, ciprofloxacin and folic acid were purchased from
Sigma-Aldrich. Ammonium hydroxide, sodium hydroxide and hydro-
chloric acid were purchased from Synth-Brazil. Tetraethoxysilane
(TEOS) was obtained from Acros Organics.

Food samples were purchased in local supermarkets.

2.2. Molecular modeling

Computer simulation was used to calculate the association-free en-
ergies interaction, in vacuo, between ametryn and several functional
monomers commonly employed for MIP synthesis. The molecular me-
chanics studies were performed using the softwares HyperChem v.
8.0.5, OpenEye software package and VIDA v. 3.0.0 and the multiple
minimum hypersurfaces with MOPAC program. Further details can be
found in literature [33].

2.3. Mag-MIPs' synthesis

The synthesis of the Mag-MIPs is schematized in Fig. 1. The nano-
particles were prepared by dissolving FeCl36H,O (4.72g) and
FeCly4H,0 (1.72 g) in 80 mL of water with vigorously stirring under
nitrogen environment. Ammonium hydroxide (10 mL, 28% in water)
was added to the system drop by drop and the reaction was kept at
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80 °C for about 30 min. The black precipitate (the nanoparticles of
Fe;0,4) was removed using a magnet, then some unreacted chemicals
were washed away using water and dried under vacuum. The particles
of Fe304 were further modified by dispersing 300 mg in 40 mL of
ethanol and 4 mL of water by ultra-sonication for 15 min. Then 5 mL of
ammonium hydroxide and 2 mL of TEOS were added to the mixture and
left to completely react for 12 h at 25 °C. The materials were then se-
parated using a magnet, and were washed with water and dried in
vacuum (completing step I of Fig. 1).

These Fe30,4@SiO, particles were subsequently altered with MPS.
The 250 mg of the Fe;04@SiO, were added to 50 mL of toluene (an-
hydrous) containing 5 mL of MPS and the mixture was left under dry
nitrogen atmosphere for 12 h (completing step II of Fig. 1).

Meanwhile, an association of ametryn (0.2 mmol) with the func-
tional monomer 2-vinylpyridine (0.8 mmol) was added into ethanol
(30 mL) with agitation in a water bath at 25 °C for about 12 h. 200 mg
of the produced Fe;0,@SiO,-MPS were added into this system and
subject to agitation for about 3 h. Then, 0.05 mmol of AIBN (the radical
initiator) and 4.0 mmol of EGDMA (the building monomer, also known
as cross-linking mediator) were added and sonicated in a water bath for
5 min. The mixture was purged using nitrogen gas during 5 min and the
mixture was left to react at 60 °C in a nitrogen atmosphere for 24 h
(completing step III of Fig. 1).

Subsequently the material was washed out by Soxhlet using acetic
acid and methanol (1:9, v/v) during 48 h, changing the eluent every 8 h
(step a in Fig. 1). The used eluent was analyzed by HPLC-UV and, when
no analyte was detected, that meant that a thoroughly wash of the
template was achieved. The obtained material was dried at 40 °C under
vacuum, by this way completing the mag-MIPs synthesis. The magnetic
non-imprinted polymers (mag-NIPs) were fabricated in a similar
manner under the same conditions however without any analyte
[34,35].

Fig. 1. A) Schematic representation of the mag-MIPs'
synthesis. I - Modification of the Fe;04 with TEOS, ca. 12 h
in NH40H, forming Fe30,@SiO,; II — Modification of the
Fe30,@Si0, with MPS, for about 12 h in toluene, forming
Fe30,@Si0O,-MPS; III — Reaction between the Fe;0,@SiO,-
MPS particles and the product of the supramolecular reac-
tion of the analyte (ametryn) and the functional monomer
(2-vinylpyridine) in an environment with AIBN and
EGDMA, for about 24 h at 60 °C; o — eluting, i.e. losing the
analyte creating the imprinted spots; f — rebinding, the
oppose process of eluting, filling the imprinted holes with
the analyte. B) Schematic representation of the experi-
mental procedure.
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Table 1
List of monomers used in the simulation along with the results obtained in the semi-
empirical computational simulation.

Monomers Binding energy/kJ mol !
2-Vinylpyridine —115 = 1
1,3-Divinylbenzene —-108 = 1
4-Imidazoleacrylic acid -107.4 = 0.6
Allylamine -90 =1
1-Vinylimidazole —-88.9 + 0.8
2-(Diethylamino)ethyl methacrylate -71.7 £ 0.1
Methacrylic acid -71.0 £ 0.6
Acrylamide —-68 + 4
2-Hydroxyethyl methacrylate -67.6 = 0.7
Styrene —66.4 = 0.8
2-Acrylamido-2-methyl-1-propanesulfonic acid -6l =1
Acrylonitrile —-54.7 £ 0.3
N,N-methylenebisacrylamide —47 £ 2
4-Imidazoleacrylic ethyl ester -42 1
Acrylic acid —42 * 2
Acrolein -31 1
Methylenesuccinic acid —-25.6 £ 0.2

2.4. Characterization

The textural properties were studied by N, sorption measurements
at 77 K (liquid nitrogen temperature) using a Micromeritics Gemini VII
2390 t. Prior to the adsorption experiments, samples were degassed in
vacuum with helium at 80 °C for 4 h. The average pore sizes of the
polymers were estimated by the Barrett-Joyner-Halenda (BJH) method.
Specific surface areas were calculated according to the
Brunauer-Emmett-Teller (BET) method. Scanning electron microscopy
(SEM) was performed with a JEOL JSM 6330F equipped with a field
emission gun (FEG).

2.5. High-performance liquid chromatography with UV detection

The chromatographic analysis were carried out by a high-perfor-
mance liquid chromatography (HPLC) model Shimadzu 20A coupled
with SPD-20A UV detector and a C;g column, 250 X 4.6 mm, 5 pm
particle size, 100 A pore size (Kinetex from Phenomenex). The mobile
phase was composed of 1% phosphoric acid and acetonitrile (60:40, v/
v), at a flow rate of 1.0 mL min~ !, the injection volume was 20 uL and
the wavelength set was 220 nm. The retention time for ametryn was
around 3.9 min. The mobile-phase for ciprofloxacin was composed of
phosphoric acid and acetonitrile (80:20, v/v) and wavelength of
280 nm, for atrazine the mobile phase was water and acetonitrile
(80:20, v/v) and wavelength of 220 nm, whereas for folic acid it was
water and acetonitrile (60:40, v/v) and wavelength of 280 nm (these
three compounds were analyzed in the selectivity studies).

2.6. Adsorption experiments

Binding capacity of the prepared mag-MIPs and mag-NIPs adsorp-
tion tests were tested by adding 2 mg of the mag-MIPs or the mag-NIPs
in a separated vials and adding 2.0 mL of solutions with different
concentrations of the ametryn, using a ametryn standard stock solution
(20 mg L™ ) prepared in methanol. The mixture was shaken in a ro-
tating shaker for 120 min, then the magnetic polymer suspensions were
separated using a magnetic bar and filtered with a 0.45 ym membrane
(polyester, diameter of 25 mm, purchased from Chromafil).

2.7. Sample preparation

The schematics of the analytical procedure are shown is Fig. 1 — B.
100 g of each sample (tomato, capsicum and strawberry) were crushed
in a mixer in the presence of 10 mL of sodium hydroxide, 0.1 mol L™ *
and water that completed the volume. Then, this mixture was heated at
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70 °C for about 1 h. Aliquots of 1 mL were removed to small vials, some
of them were spiked using an ametryn standard stock solution
(20 mg L™ ! in methanol), 1 mg of mag-MIPs were added and left to
react during 2 h with agitation. After adsorption, the mag-MIPs were
retained inside the vial using a magnet. Then 1 mL of methanol was
added to promote desorption, this was performed with agitation for
about 10 min. Aliquots of the obtained extract, after using a magnet to
‘decant’ the mag-MIPs and filtration, were analyzed by HPLC-UV (this
was performed according to what was previously described in section
2.5. HPLC-UV).

3. Results and discussion
3.1. Mag-MIP development and characterization

Computational studies of molecular mechanics were performed to
select the most suitable monomer for the fabrication of the imprinted
polymer. The optimized structure and energy of the pre-polymerization
of ametryn with normally available monomers was calculated. It was
observed that 2-vinylpyridine, 1,3-divinylbenzene and 4-imidazo-
leacrylic acid presented the highests binding energies with ametryne, in
that order, (Table 1). A higher binding energy assumes an expected
better interaction with the analyte. Probably, the superior value of
binding energy is due to the -1t interaction between the aromatic ring
of template and the aromatic ring of these three functional monomers
[36,37]. The 2-vinylpyridine may have presented the highest binding
energy because this monomer can also interact by hydrogen bonding
between the nitrogen of aromatic ring of 4-vynilpiridine and the amines
in ametryn's structure [38]. The monomers with intermediary binding
energy, such as: allylamine, 2-(diethylamino)ethyl methacrylate, me-
thacrylic acid (MAA), acrylamide, 2-hydroxyethyl methacrylate and 2-
acrylamido-2-methyl-1-propanesulfonic acid, have in their structure
atoms of amine, amide or carboxylic groups. These groups, in general,
provide hydrogen bonds with the analyte, then the intermediary energy
is probably due to this interaction [13,39-42]. For the mag-MIPs'
synthesis, 2-vinylpyridine was chosen due to its higher binding energy
and the possibility of two kinds of interaction with analyte. Fig. S1 in
the supporting information schematizes the possible interactions.

Koohpaei et al. described the chemometric optimization of a MIP to
ametryn (template - T) using methacrylic acid as the functional
monomer (FM) and EGDMA as the build monomer (BM) [41]. The
authors reported the molar ratio 1:4 between T-FM presents a good
stability for complex formation, thereby the molecularly imprinted ef-
fect is improved. Furthermore, the T-BM proportion around of 1:20
facilitates the mass transfer of the analyte to rebinding to the cavities of
imprinted polymer. According to the results, obtained from experi-
mental design, the optimum molar ratio of T-FM-BM is 1:4.49:22.48.
Thus, the mag-MIP in this work was synthetized using the proportion
1:4:20, which is a rounding to the optimum proportion proposed by
Koohpaei et al. [41,42], it is also a common proportion in literature
[43].

From the SEM images (Fig. 2) it seems that there is a considerable
difference in the morphology between the mag-MIPs and the mag-NIPs.
The morphological differences could be due to variations that occur in
the structure of the MIP during the template removal. The mag-MIPs
seem to have created a larger number of micropores (< 2 nm diam-
meter) groups and less aggregates of mesopores (2-50 nm diammeter)
and macropores (> 50 nm diammeter) [33]. According to the BET and
BJH measurements [33], Mag-MIPs are more porous and granular than
the control, which is confirmed by the difference in surface area be-
tween the two polymers, mag-MIPs have indeed a greater surface area
(50.6 m? g_l) than the mag-NIPs (26.7 m? g_l), along with greater
pore volume per mass for the mag-MIPs (25.5 dm® g~ ') than the mag-
MIPs (13.4 dm® g 1). XRD and FTIR caractherization can be found in
the supporting information (as Fig. S2 and Fig. S3, respectively).

Fig. 3 shows the binding capacity of ametryn on mag-MIPs and mag-
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Fig. 2. SEM images of mag-MIPs and mag-NIPs (30.000 x amplification).
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Fig. 3. pH studies for the adsorption of ametryn on mag-MIPs and mag-NIPs.

NIPs at various pH values. The sorption of ametryn on the mag-MIPs is
low in basic pH and increases linearly in acidic medium up to the tested
pH 3.0. An analogous tendency was observed for the sorption of mag-
NIPs. Since ametryn's pk, is around 4.1 [44], with a less acidic pH
ametryn deprotonation occurs leadings to less hydrogen bonds between
the analyte and the mag-MIPs' pores. Taking into consideration the
obtained results the pH 3.0 was used in the following experiments.

The most commonly used adsorption isotherms, Langmuir and
Freundlich, were used to evaluate the capacity of adsorption of the
pesticide on mag-MIPs and mag-NIPs. In general, it is believed that the
Langmuir equation (Eq. (1)) better estimates a monolayer adsorption
while the Freundlich equation (Eq. (2)) is more appropriate to non-
covalent mag-MIPs adsorption, assuming an heterogeneous adsorption
surface and active sites with different energy [45-48].

C_ 1 .G
Je KiGm ~ Qm (€H)
Inge = InKg + lInC

Qe = F n e (2)

where C. is the equilibrium concentration (mgL™1), q. is the equili-
brium adsorption capacity (mg g~ ), qp, is the maximum adsorption
capacity (mg g~ "), K is the Langmuir affinity constant, (L g~ 1), K is
the Freundlich adsorption constant (mgg~') and n™ ' is an empirical
parameter related to the adsorption intensity which is affected by the
heterogeneity of the material [46]. Both binding isotherms, at 25 °C,
were plotted and are shown in Fig. 4 along with the obtained results. It
seems clear that as the concentration of ametryn is increased the ad-
sorption of ametryn on the mag-MIPs and mag-NIPs increases as well.
The maximum adsorption capacity (q,,) as well as the K;, and Ky were
all greater in with mag-MIPs than the mag-NIPS. The non-linearity in-
dicators (n~ 1) for mag-MIPs and mag-NIPs were 0.13 and 0.29, re-
spectively, which suggests favorable adsorption on both materials while
suggesting a greater non-linearity for mag-MIPs than to mag-NIPs. From
the analysis of the r? values it is suggested that the Langmuir model
better fits the adsorption equilibrium than the Freundlich model. All
data suggest that the mag-MIPs' adsorption ability for ametryn was
greater than of the mag-NIPs, this is quite likely due to MIPs' imprinted
cavities, with high affinity binding sites, which were generated during
cross-linking reactions.

Kinetics studies are also vital in adsorption phenomena and offer
valuable information about the rate-controlling and binding mechanism
[49]. The kinetic data was analyzed by adapted pseudo first order
equation:

In(q120 — Q) = InQm — kat 3)

where t is the time (s), Q20 is the adsorbed quantity at 120 min
(mg g~ 1), when there was a plateau and the experiments were stopped,
and k; is the rate constant (s~ '). The obtained values are shown in
Table 2. The rate of adsorption of ametryn by mag-MIPs was higher
than by mag-NIPs, furthermore mag-MIPs demonstrated higher binding
capacity. Second order kinetic equations were also tested but not with
the same well fitted results (data not shown). It is usually accepted in
literature that pseudo-second order kinetics are adsorptions of chemical
nature [50], for a pseudo-first order obtaining conclusions is a bit more
difficult since we could be observing a physical adsorption, a one-step
chemical adsorption or a several step chemical adsorption in which the
first interaction is the rate-determining step.

3.2. Analytical application

The mag-MIPs were initial studied in terms of selectivity. As can be
seen in Fig. 5, the competitive tests were conducted using various other
analytes (atrazine, ciprofloxacin and folic acid). Selectivity (a) can be
calculated using the following equation [25,35,51]:
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2.0 . Fig. 4. Equilibrium data and modeling for the adsorption of
LangmUIr ametryn on mag-NIPs and mag-MIPs using the Langmuir
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Table 2 IE = Kq of mag—mip
The rate constant and binding capacity for the sorption of ametryn. Studies were per- - Ky of mag—NIP 6)

formed at 25 °C with ametryn concentration of 10 mg L™ *.

Qm/mg g~ " ki/s™? 1
mag-MIPs 8.16 = 0.96 (25 + 4) x 10™° 0.961
mag-NIPs 3.73 + 0.01 (154 = 5) x 107° 0.990
K
q = Rat
Kaz 4)

where Ky is the distribution coefficient of ametryn and Ky, is the dis-
tribution coefficient of the other compound used for comparison. Ky4
(mLg~ 1 is calculated using the following formula [51]:

Ky=Ze
Ce 5)

where q. is the experimental adsorption capacity (mg g~ 1), and C, is
the equilibrium concentration (mg g~ %), previously mentioned in the
adsorption experiments. The a values were all above 4, as expected, the
lowest selectivity factor was obtained for atrazine, which is also a
triazine herbicide. Still, considering the similarity between the two
compounds it is a quite good a value. Also, as expected, the highest a
value was obtained for folic acid which is a larger molecule and should
not suitably fit into the mag-MIPs' pores.

The K4 could also be used to calculate the imprinted factor (IF) using
the following equation [35]:

The IF should be above 1.0 and as high as possible. As can be seen in
Fig. 5, the developed mag-MIPs indeed produced the best IF for ametryn
(3.4), all other were below 2.

The calibration curve for ametryn had the following analytical
parameters: r2 0f 0.9994, Abs (mV-min) = (129 + 2) x 107 [ametryn]
(molL™ Y + (53 + 9), limit of detection (LOD) and quantification
(LOQ) of 25 and 82nmolL.™! (14 and 47 pgkg™ ! in the samples),
respectively (Fig. 6). LOD and LOQ were calculated as three and ten
times the standard deviation of the intercept/slope, respectively. Re-
coveries results were of 102% * 6% in the studied food samples
(studies were performed by spiking the samples). However, and
thankfully, ametryn determination, performed by the standard addition
method, was below the LOQ in the non-spiked food samples. The ob-
tained analytical parameters are comparable to those find in literature
for ametryne analysis. Zhao et al. combined MIPs with SPR achieving a
LOD of 35 nmol L™ ![13], Sambe et al. [52] and Koohpaei et al. [42]
used MIPs with HPLC-UV detection achieving a LOD of 0.1 and
44 nmol L™ Y, respectively. Djozan et al. [10] used MIPs as SPME with
GC-MS detection achieved a LOD of 62 nmol L™ *. These results cor-
roborate the assumption that the synthetized mag-MIPs are a feasible
tool for the extraction of ametryn in food samples aiming its analysis.

4. Conclusions

This work describes the successful development of selective mag-
MIPs for the pesticide ametryn. Theoretical calculations were
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Fig. 5. Selectivity studies, using atrazine, ciprofloxacin and

folic acid as the molecules of comparison.

8 x 107 mol L
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performed for the pre-selection of the most suitable functional
monomer able to interact with ametryn, the chosen compound was 2-
vinylpyridine. The synthesized mag-MIPs showed greater surface area
and pore volume in comparison to the corresponding mag-NIPs, and IFs
of 3.4. The mag-MIPs' adsorption behavior well-fitted a Langmuir
model and pseudo first order kinetics. The developed methodology had
a LOD and LOQ of 25 and 82nmol L™}, respectively, recoveries ca.
100%, and a r* of 0.9994.
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