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ABSTRACT: A novel mixed iron hydroxide molecularly imprinted polymer (MIH-MIP) was synthesized via polymerization using
mixed-valence iron hydroxide as a magnetic supporter, glyphosate as a template, acrylamide as a functional monomer, and ethylene
glycol dimethacrylate as a cross-linker. The resulting material was characterized and applied as a sorbent for the selective enrichment
of glyphosate, aminomethylphosphonic acid, and glufosinate by magnetic solid-phase extraction (MSPE) prior to high-performance
liquid chromatography. MIH-MIP possessed a high adsorption capacity in the range of 2.31—5.40 mg g~' with good imprinting
factors ranging from 1.52 to 7.59. The Langmuir model proved that the recognition sites were distributed as a monolayer on the
surface of MIH-MIP. Scatchard analysis showed two types of binding sites on MIH-MIP. The kinetic characteristics of MIH-MIP
suggested that the binding process of all analytes fit well with the pseudosecond-order model. The developed methodology provides
good linearity in the range of 72.0—2000.0 ug L™". Low detection limits of 21.0—22.5 ug L™" and enrichment factors of up to 18
were achieved. The precision in terms of relative standard deviations of the intra- and interday experiments was better than 7 and
9%, respectively. The applicability of the developed MSPE facilitates the accurate and efficient determination of water, soil, and
vegetable samples with satisfactory recoveries in the range of 86—118%. The results confirmed the suitability of the MIH-MIP
sorbent for selective extraction and quantification of glyphosate, aminomethylphosphonic acid, and glufosinate.

1. INTRODUCTION
Glyphosate (N-(phosphonomethyl)glycine, GLYP) and glufo-

make the detection of these compounds at trace levels difficult.
Hence, a sample preparation or preconcentration step is

sinate (2-amino-4-(hydroxymethylphosphinyl)butyric acid,
GLUP) are the most frequently used nonselective herbicides
for weed control in agricultural production. GLYP is
nonpersistent in the environment and is rapidly degraded
due to light and microorganisms, resulting in amino-
methylphosphonic acid (AMPA) as a major metabolite.
These compounds are challenging to analyze due to their
small size structures, high polarity, and lack of a chromophore
or fluorophore. Separation techniques, including gas chroma-
tography (GC), high-performance liquid chromatography
(HPLC), and capillary electrophoresis (CE), are commonly
used for the determination of GLYP and related compounds."*
The physicochemical characteristics and a high sample matrix
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required before instrumental analysis.

Solid-phase extraction (SPE) is a popular and practical
sample preparation technique due to its high recovery, high
enrichment factor, wide applicable range for organic analytes
(from nonpolar to very polar analytes), and ease of
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Figure 1. SEM micrographs of (a) MIH, (b) MIH-MIP, and (c) MIH-NIP.

automation, while liquid—liquid extraction (LLE) has some
drawbacks, such as being time-consuming, requiring a larger
amount of solvent, and being laborious. Recently, analytical
chemists have turned to SPE-based miniaturized and simplified
techniques. Dispersive solid-phase extraction (DSPE) is
proposed. Such a method is based on the dispersion of
micro- or nanosorbents (in the yg or mg range) in the sample
solution to contribute to the interaction between solid sorbent
and analytes and isolation of solid sorbent by centrifugation
and filtration. After adsorption, the analytes adsorbed in the
solid sorbent are eluted. Magnetic solid-phase extraction
(MSPE) is one of the most effective SPE operating techniques
based on dispersive mode. Magnetic materials have been
employed for the extraction of the target analytes and then
simply separated by the application of an external magnetic
field. The essential features of the MSPE technique are that it
is simple and has rapid solid-phase separation, diminished
extraction time, and less organic solvent consumption than
conventional SPE.

The enrichment sorbents of GLYP are based on either ion
exchange or partitioning of its derivatives on nonpolar
sorbents.” However, the methods are poorly selective toward
GLYP in the presence of compounds of a similar chemical
nature, thus causing interference in the derivatization and
detection steps. Molecularly imprinted polymers (MIPs) have
received great attention in recent decades in many scientific
areas, such as chemical sensors,””” chromatographic stationary
phases,”” and SPE sorbents.'””"’ In the field of sample
preparation technology, MIP materials are specific or highly
selective sorbents. Different synthesis protocols have been
adopted for preparing MIPs for GLYP.'~"?

Magnetic molecularly imprinted polymers (MMIPs) have
the benefits of highly selective recognition cavities with
outstanding magnetism, which can be easily separated from
the solution using an external magnet without tedious
centrifugation or filtration.'* The combination of magnetic
materials and molecular imprinting technology can compen-
sate for the shortcomings of traditional MIPs for application in
sorbent-based extraction procedures. MMIPs have been
applied for the determination of pesticides, i.e., carbamate,"’
pyrethroids,'®'” triazine,"® organophosphorus,'” ™" and  imi-
dacloprid.”* To the best of our knowledge, only one MMIP for
GLYP has been synthesized, based on Fe;O, as the magnetic
core and polymethylmethacrylate as the shell, using
ammonium persulfate as an initiator for free radical polymer-
ization and glutaraldehyde as a cross-linker.”” The synthesized
nanocomposite was used to modify the glassy carbon electrode
to investigate the recognition of GLYP. However, there is a

lack of literature dedicated to the development of MMIP for
the enrichment of GLYP and its analogues. Thus, it is
important to further develop MMIP for use as an adsorbent in
the MSPE technique.

In the present work, we propose a novel synthesized MMIP
using mixed-valence iron hydroxide as a magnetic supporter,
GLYP as a template, acrylamide (AAm) as a functional
monomer, and ethylene glycol dimethacrylate (EGDMA) as a
cross-linker. The proposed material is called a mixed iron
hydroxide molecularly imprinted polymer (MIH-MIP). We
also developed, for the first time, the MSPE procedure using
MMIP as a selective sorbent for the enrichment of GLYP and
its analogues. The extract was derivatized with 9-fluorenylme-
thoxycarbonyl chloride (FMOC-CI) before analysis by HPLC.
The characteristics, binding experiments, and selectivity of
MIH-MIP were also investigated. The proposed material
showed satisfactory magnetization properties, specific recog-
nition ability, and fast adsorption kinetics toward the target
analytes. The developed MSPE coupled with the HPLC
procedure has been successfully applied to determine GLYP,
AMPA, and GLUP in various environmental samples.

2. RESULTS AND DISCUSSION

2.1. Characterization. The functional groups of the
synthesized sorbents were determined using Fourier transform
infrared spectroscopy (FTIR), as shown in Figure S1. The
FTIR spectra of the synthesized polymers agree well with those
of polyacrylamide.'’ The aliphatic C—H stretching vibration
peaks of methyl and methylene were found at 2996 and 2953
cm™!, respectively. The peaks at 1726 and 1645 cm™' were
attributed to the stretching of carbonyl (C=0) from EGDMA
and AAm, respectively. The 1450 cm™ band was assigned to
the angular deformity of CH, (scissors), presented in the
EGDMA structure. At 1255 cm™', the stretching of C—N in
AAm was observed. The 1157 cm™' band was related to the
C—O stretching of the ester group in EGDMA. The peak at
636 cm™! originating from Fe—O vibration was found in the
spectra of both polymer composites. The results indicated that
EGDMA and monomers successfully formed polymers with
the magnetic material (MIH). In addition, similar character-
istic signals were observed for MIH-NIP. The results
confirmed the complete removal of the template molecules
from MIH-MIP.

The X-ray diffraction (XRD) patterns of the as-synthesized
MIH, MIH-MIP, and MIH-NIP are shown in Figure S2. The
characteristic peaks of the MIH material agree with a previous
report.24 The diffraction peaks with 26 values of 30.2, 35.6,
43.3, 53.7, 57.3, and 62.9° correspond to the (220), (311),
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Figure 2. TEM images of (a) MIH, (b) MIH-MIP, and (c) MIH-NIP.

(400), (422), (511), and (440) crystal planes of the crystalline
Fe;0,/y7-Fe,O3 phase; these agree with the standard data
JCPDS card nos. 39-1346 and 75-0033 for y-Fe,O; and Fe;O,,
respectively. The XRD patterns of the synthesized MIH-MIP
and MIH-NIP were not different, and the crystal structure of
the magnetic material remained the same after polymerization.
A decrease in the diffraction peaks of the magnetic polymer
sorbents could be due to obstruction of the MIH crystal phase
by the amorphous polymer material.

The morphology of MIH, MIH-MIP, and MIH-NIP was
investigated by scanning electron microscopy (SEM), as shown
in Figure 1. The SEM image of the synthesized MIH shows
agglomerated nanoparticles (Figure 1a). The surface morphol-
ogy of MIH-MIP and MIH-NIP shown in Figure 1Ib,,
respectively, was different from that of MIH nanoparticles
because of the polyacrylamide coating, which offered evidence
of the formation of a polymer. Figure 2 shows transmission
electron microscopy (TEM) micrographs of the synthesized
materials. Covering of the polyacrylamide shell over MIH
nanoparticles was clearly observed from the TEM images of
MIH-MIP and MIH-NIP.

An elemental CHN analysis was carried out to confirm the
carbon, hydrogen, and nitrogen compositions of MIH-MIP
and MIH-NIP. The results indicated that the two magnetic
polymers had similar compositions. The percentages of C/H/
N in MIH-MIP and MIH-NIP were 46.16:5.97:0.51 and
43.63:5.72:0.37, respectively. These results also confirmed the
successful removal of the template molecules from MIH-MIP.

The magnetic properties of the sorbents were measured
using a vibrating sample magnetometer (VSM), as shown in
Figure 3. The saturation magnetization values of MIH, MIP-
MIH, and MIH-NIP were 98.627, 18.931, and 20.954 emu g_l,
respectively. The decrease in magnetization values could be
attributed to the coating of the polymeric layer on the
magnetic material. Although their magnetization was signifi-
cantly reduced, the magnetic strengths (above 10 emu g™') of
these materials were sufficient for application in the MSPE
method. The inset of Figure 3 shows a clear solution after
applying an external magnet for 20 s on the gray MIH-MIP
suspension.

2.2. Binding Studies. 2.2.1. Adsorption Isotherms. The
adsorption isotherms of MIH-MIP and MIH-NIP are shown in
Figure S3. The adsorption amounts of the target analytes on
MIH-MIP and MIH-NIP increased with increasing initial
concentrations until reaching saturation levels. MIH-MIP
showed adsorption capacities of 5.40, 2.31, and 2.42 mg g~
for GHYP, AMPA, and GLUP, respectively. The higher
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Figure 3. VSM plots of (a) MIH, (b) MIH-MIP, and (c) MIH-NIP
(the inset shows the separation of MIH-MIP by an external magnet).

adsorption ability of MIH-MIP than that of MIH-NIP
indicated that it possessed abundant imprinted cavities, leading
to higher selective recognition for GLYP, AMPA, and GLUP.

Scatchard analysis was used to investigate the binding
characteristics of MIH-MIP toward GLYP, AMPA, and GLUP.
As shown in Figure 4, Scatchard’s plot of MIH-MIP for each
studied compound consisted of two linear parts (red and black
lines), which suggested the presence of two types of binding
sites on the MIH-MIP surface. This result corresponded with
the characteristics of the previously reported molecular
imprinting sensor of GLYP.” The linear equations as well as
K4 and Q,, values calculated from the slopes and intercepts
are summarized in Table S1. In contrast, MIH-NIP showed
only one straight line (bl). Considering the K, values, MIH-
MIP contains low- and high-affinity binding sites for
specifically adsorbing GLYP, AMPA, and GLUP, while MIH-
NIP had only one negligible affinity binding site for adsorbing
GLYP, AMPA, and GLUP nonspecifically. These results
confirmed that the as-prepared MIH-MIP showed good
binding ability for all studied analytes.

The Langmuir and Freundlich isotherms for GLYP, AMPA,
and GLUP are shown in Figure S4. The results demonstrated
that the Langmuir model was more suitable than the
Freundlich model. Therefore, the recognition sites were
uniformly distributed in a monolayer on the surface of MIH-
MIP and MIH-NIP.
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Figure 4. Scatchard plots of MIH-MIP and MIH-NIP for (a) GLYP, (b) AMPA, and (c) GLUP.

2.2.2. Adsorption Kinetics. The dynamic adsorption of
GLYP, AMPA, and GLUP onto MIH-MIP and MIH-NIP is
illustrated in Figure SS5. It was observed that the adsorbed
amounts of analytes (Q) by the two magnetic polymers
increased with time. During the first 60 s, the adsorption
amounts on MIH-MIP increased rapidly and gradually reached
equilibrium after 80 s. MIH-NIP also showed a similar trend as
MIH-MIP but with lower adsorbed amounts than MIH-MIP
for all studied compounds (Figure SSa,d,g). Moreover, the
equilibrium adsorption ability of MIH-MIP for GLYP was
higher than that of other analytes, which was in accordance
with static adsorption results.

Data obtained from kinetic models, including pseudofirst-
order (Figure SSb,eh) and pseudosecond-order (Figure
SSc/fji), are summarized in Table S2. The pseudosecond-
order equations provided better R, values than the pseudofirst-
order equations. Therefore, the pseudosecond-order model
was the best fit for MIH-MIP and MIH-NIP. In addition, the

27010

equilibrium adsorption capacity (Q,) from the experiment was
closer to Q,, than Q. This result was in accordance with a
previous report.  The pseudosecond-order model proposes
that the target compounds (GLYP, AMPA, and GLUP) bind
to two or more active sites on the adsorbent surface, and this
adsorption is of a chemical nature.”®

2.3. Selectivity of MIH-MIP. In the present study, AMPA,
GLUP, and glycine (GLYC) were selected as analogues, and
sarcosine (SAR) and monocrotophos (MONO) were selected
as nonanalogues to investigate the selectivity of MIH-MIP
toward GLYP. The results are shown in Figure S. The highest
imprinting factor (IF) value of GLYP on MIH-MIP (7.59)
suggested that MIH-MIP had the highest affinity for GLYP
(the template molecule) compared to the other compounds.
The IF values of MIH-MIP for GLYP analogues were better
than those of nonanalogues, which agreed well with the
selectivity coefficient (SC) values (1.86 for AMPA, 4.98 for
GLUP, 2.21 for GLYC, 8.09 for SARC, and 7.55 for MONO).
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each, and 80 s of vortexing).

These results are probably related to the similarity of
functional groups, which can generate hydrogen bonds, as in
GLYP.” In the present work, both electrostatic interactions
and hydrogen bonds can also occur between the interference
and the functional monomer. However, the template molecule
has a high adsorbed amount because the interaction between
the polymer imprinted and the target analyte was not only
dependent on electrostatic interactions and hydrogen bonding
but also related to the specific cavity memory of the size, shape,
and functional group of the template.”® Therefore, MIH-MIP
demonstrated specific recognition sites for the class-selective
extraction of GLYP analogues.

2.4, Optimization of the MSPE Condition. To obtain
satisfactory MSPE conditions for the target analytes, the
experimental parameters influencing the extraction efficiency
were investigated, including sample volume, sorbent amount,
adsorption and desorption times, type of desorption solvent
and its volume, and sample pH. A mixed standard solution
containing 0.5 mg L™' GLYP, AMPA, and GLUP was used to
examine the extraction performance of the MSPE method
under different experimental conditions. All optimization
experiments were carried out in triplicate (n = 3). Peak areas
were used to evaluate the extraction efficiency of the developed
procedure.

The effect of sample volume on the extraction efliciency of
the target analytes was assessed in the range from 10 to 35 mL
while keeping other conditions as follows: 50 mg of sorbent, a
vortex adsorption time of 60 s, 1000 L of 0.01 mol L' NaOH
as desorption solvent, and a vortex desorption time of 60 s.
The results in Figure S6 show that the peak areas of all analytes
increased as the sample volume increased from 10 to 25 mL
and remained constant afterward. Therefore, a sample volume
of 25 mL was selected for subsequent experiments.

To achieve the highest extraction efficiency, different
amounts of MIH-MIP ranging from 50 to 150 mg were
examined to extract the studied herbicides. The other
experimental conditions were fixed as follows: 25 mL of the
sample solution, a vortex adsorption time of 60 s, 1000 uL of
0.01 mol L' NaOH as desorption solvent, and a vortex
desorption time of 60 s. The peak areas of all analytes reached
a plateau using the sorbent in the range from 100 to 150 mg
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(Figure S7). Therefore, in the present work, a sorbent amount
of 100 mg was chosen.

The time during the extraction process generally determines
the equilibrium distribution of the analytes between the
aqueous sample solution and the sorbent material. In the
present work, vortex agitation was applied during extraction to
accelerate the adsorption kinetics of the target herbicides onto
the MIH-MIP sorbent. The vortex adsorption time varied in
the range of 20—100 s. The other experimental conditions
were fixed as follows: 100 mg of sorbent, 25 mL of the sample
solution, 1000 uL of 0.01 mol L™' NaOH as the desorption
solvent, and a vortex desorption time of 60 s. The extraction
efficiency in terms of peak area increased with increasing vortex
time from 20 to 80 s and remained constant after this point, as
shown in Figure S8a. Therefore, vortexing was applied during
the adsorption process for 80 s before collecting the MIH-MIP
sorbent from the sample solution.

During the desorption process, the analytes retaining MIH-
MIP sorbents were suspended in the desorption solvent using a
vortex mixer, and a sufficient desorption time was required to
quantitatively desorb the analytes from the sorbent. Therefore,
the vortex desorption time between 20 and 100 s was
investigated while keeping the other parameters as follows: 100
mg of sorbent, 25 mL of the sample solution, a vortex
adsorption time of 80 s, and 1000 L of 0.01 mol L' NaOH
as desorption solvent. The results in Figure S8b indicated that
the peak areas of all analytes reached the maximum at 60 s.
Hence, a vortex time of 60 s was sufficient for achieving the
complete desorption of analytes from the MIH-MIP sorbent
and therefore was selected in this work.

Desorption of analytes from the solid sorbent is an
important part of the entire extraction process. To obtain
high desorption efliciency, different types of desorption
solvents were tested, including 0.01 mol L™' NaOH, 0.01
mol L™! NH,OH, acetonitrile: 0.1 mol L™' NaOH (90:10% v/
v), acetone: 0.1 mol L™' NaOH (90:10% v/v), and methanol:
0.1 mol L™ NaOH (90:10% v/v). The other experimental
conditions were fixed as follows: 100 mg of sorbent, 25 mL of
the sample solution, a vortex adsorption time of 80 s, 1000 uL
desorption solvent volume, and a vortex desorption time of 60
s. As shown in Figure S9a, a 0.01 mol L' NaOH solution gave
the highest desorption power for all studied analytes and was
adopted throughout the work.

To study the effect of desorption solvent volume on the
extraction efficiency of MSPE, the volume of 0.01 mol L™
NaOH varied in the range of 400—800 pL. The other
experimental conditions were fixed as follows: 100 mg of
sorbent, 25 mL of the sample solution, a vortex adsorption
time of 80 s, and a vortex desorption time of 60 s. The results
in Figure S9b show that sufficient elution efficiency was
achieved when 500 pL of 0.01 mol L™' NaOH was used.
Therefore, after extraction, the analytes were desorbed using
500 uL of 0.01 mol L™' NaOH before further derivatization
with the FMOC-CI reagent.

GLYP and AMPA are amphiprotic compounds, with pK,
values of 0.8, 2.3, 6.0, and 11.0 for GLY and 0.9, 5.6, and 10.2
for AMPA.> Depending on the pH of the sample solution,
GLYP and AMPA can be either positively or negatively
charged. The influence of sample pH values ranging between 4
and 11 was investigated while keeping other experimental
parameters at constant: 100 mg of sorbent, 25 mL of the
sample solution, a vortex adsorption time of 80 s, 500 yL of
0.01 mol L™" NaOH as desorption solvent, and a vortex
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Table 1. Analytical Features of Direct HPLC and the Proposed MSPE-HPLC Procedures

precision (%RSD)

LOD LOQ intrada interday linear range
analyte method (ug L) (ug L) (n= 7§ (n=5x3) (ug L) linear equation R* EF
GLYP direct HPLC 750.0 2500.0 3 6 2500.0—15 000.0 y = 7.8903x + 4137.6 0.9991 18
MSPE-HPLC 21.0 72.0 S 8 72.0—2000.0 y = 140.82x + 1433.8 0.9912
AMPA direct HPLC 450.0 1500.0 6 8 1500.0—15 000.0 y = 24.997x — 25689 0.9965 14
MSPE-HPLC 22.0 73.5 3 4 73.5—2000.0 y = 348.22x — 14077 0.9902
GLUP direct HPLC 450.0 1500.0 2 4 1500.0—15 000.0 y = 15.335x + 3902.8 0.9980 9
MSPE-HPLC 22.5 75.0 7 9 75.0—2000.0 y = 137.38x + 15650 0.9982
Table 2. Recoveries for Determination of Real Samples Using the Proposed MSPE-HPLC Procedure
GLYP* AMPA® GLUP
found %R, %R, found %R, %R, found %R, %R,
sample (mg kg™) (%RSD) (%RSD) (mg kg™) (%RSD) (%RSD) (mg kg™) (%RSD) (%RSD)
tap water ND 88 (3) 104 (2) ND 86 (7) 98 (3) ND 88 (2) 103 (2)
rice field water ND 112 (9) 92 () ND 107 (2) 97 (6) ND 106 (6) 96 (2)
agricultural water ND 107 (8) 115 (3) ND 97 (4) 105 (1) ND 90 (9) 89 (2)
river water ND 98 (4) 108 (9) ND 112 (4) 98 (5) ND 95 (3) 92 (3)
rice field soil ND 92 (6) 109 (3) ND 94 (10) 103 (2) ND 97 (3) 91 (7)
agricultural soil ND 94 (8) 99 (3) ND 110 (1) 90 (3) ND 112 (6) 94 (6)
Chinese cabbage 0.85 118 (6) 95 (6) 0.87 104 (2) 87 (5) ND 86 (8) 89 (6)
cabbage ND 98 (3) 103 (2) ND 106 (3) 91 (9) ND 91 (9) 96 (4)

“Spiked concentration: R; = LOQ and R, = SLOQ. ®ND, not detected.

desorption time of 60 s. According to the results in Figure S10,
the extraction efficiency of all analytes increased by increasing
the sample pH from 4 to 7. This could be due to the increase
in the number of negative charges of the analytes from
ionization of phosphonate and carboxylate groups. Conversely,
acrylamide is positively charged.'® At higher pH values (9—
10), all functional groups are deprotonated, and the negative
charge is maximal, leading to a dramatic drop in extraction
efficiency. Therefore, in the present work, the sample pH was
controlled at 7 during extraction. Under the selected MSPE
conditions, specifically, 25 mL of the sample solution, 100 mg
of MIH-MIP as a sorbent, a vortex adsorption time of 80 s, a
vortex desorption time of 60 s, S00 uL of 0.01 mol L™ NaOH
as desorption solvent, and a sample pH of 7, the extraction
recoveries of GLYP, AMPA, and GLUP were 96.1, 72.5, and
23.4%, respectively. The developed MSPE method using MIH-
MIP provided high extraction efficiency for GLYP (template
molecule). The results also corresponded to the selectivity
data.

2.5. Method Validation. The analytical performance of
the developed MSPE-HPLC method for the determination of
GLYP, AMPA, and GLUP was evaluated under the above-
mentioned conditions. Linear calibration graphs were obtained
in the ranges of 72.0—2000.0, 73.5—2000, and 75.0—2000.0 xg
L' for GLYP, AMPA, and GLUP, respectively, with
coefficients of determination (R,) greater than 0.9902. The
limits of detection (LODs) and limits of quantification
(LOQs) were calculated from the concentrations giving
signal-to-noise ratios of 3 and 10, respectively, and were
obtained in the ranges of 21.0—22.5 and 72.0—75.0 ug L™,
respectively. The LOQs obtained by the proposed method are
lower than the maximum residue limits (MRLs) of glyphosate
(0.1 mg kg™" in raw agricultural commodities) established by
the European Commission (EC No. 396/2005).”" Therefore,
the MSPE method using the synthesized MIH-MIP could be
practically applied for determining GLYP, AMPA, and GLUP

27012

in real samples. The enrichment factors calculated from the
concentration ratios obtained by MSPE and direct HPLC were
found to be 18, 14, and 9 for GLYP, AMPA, and GLUP,
respectively. The precision values of the proposed methods,
evaluated from the relative standard deviations (RSDs) of the
peak areas from intraday (n = 7) and interday (n = 3 X §)
experiments, were better than 7 and 9%, respectively. The
validation data of the developed MSPE-HPLC are summarized
in Table 1.

2.6. Application to Real Samples. To demonstrate the
applicability of the proposed MSPE-HPLC method in real
samples, different types of water, soil, and vegetable samples
were analyzed under optimized conditions. Matrix-matched
calibration curves were prepared to evaluate any possible
matrix effect. Matrix-matched standard solutions were
prepared by adding the standard mixture to the blank sample.
The matrix effect was estimated by the slope ratio of the
calibration curves in the matrix and ultrapure water. The
matrix effect values were found in the ranges of 0.20—1.69,
0.22—0.88, and 0.13—0.62 for water, soil, and vegetables,
respectively. For this reason, the matrix-matched calibration
method was used to diminish the sample matrix effects. The
results demonstrated that GLYP and AMPA residues were
detected at 0.85 and 0.87 mg kg™’ respectively, in the studied
Chinese cabbage samples, which were higher than the MRLs.
The accuracy of the method was verified with recovery
experiments by analyzing the samples spiked with standards at
two concentration levels, at approximately LOQ (R;) and
approximately S times higher than LOQ concentrations (R,).
The recoveries of all analytes ranged from 86 to 118% with
RSDs less than 10% (Table 2), meeting the requirements of
pesticide residue analysis by the European Commission.”" The
acceptable recoveries with low RSDs demonstrated the
successful applicability of the developed MSPE-HPLC method
for the determination of GLYP, AMPA, and GLUP in various
environmental samples.
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Figure 6. Schematic diagrams of (a) MIH-MIP synthesis, (b) MSPE procedure, and (c) precolumn derivatization HPLC analysis.

2.7. Comparison of the Proposed MSPE to Other
Methods. The performance of the proposed MSPE method
using novel MIH-MIP as a sorbent was compared with other
previously reported sorbent-based extraction methods based
on different MIPs for the determination of GLYP and other
related compounds, as summarized in Table S3. The proposed
method is reliable for GLYP analogues and provides wide
linear calibration ranges as well as acceptable recoveries for
determination in various environmental matrices. Considering
the sensitivity, the obtained LODs and LOQs are lower than
those of regulated MRLs and suflicient for real-world
application. The method using a commercially available
AFFINIMIP SPE Glyphosate-AMPA cartridge gave higher
sensitivity in a water matrix. However, the proposed MSPE
procedure showed a significant feature of a simple extraction
process in a shorter extraction time (time consumption in both
adsorption and desorption processes). The proposed MIH-
MIP sorbent has a high adsorption capacity for the target
analytes and could be rapidly separated from the solution using
an external magnet. In addition, this is the first report of MMIP
for the enrichment of GLYP analogue compounds.

3. CONCLUSIONS

In this work, a novel magnetic molecularly imprinted polymer
was successfully synthesized from GLYP as a template and
applied as an efficient sorbent for selective extraction of GLYP
and its analogue compounds. Data obtained from adsorption
experiments demonstrated the specific recognition site and
binding characteristics of the synthesized sorbent toward the
target analytes. The developed MSPE coupled to HPLC
indicated good analytical performance for accurate determi-
nation of GLYP, AMPA, and GLUP in various environmental
samples. This procedure possesses the advantages of simplicity,
rapidness, high selectivity, and sensitivity, which meet the
method requirements for EU standards; therefore, the
developed procedure has the potential to be practically used
for the determination of glyphosate residues in real samples.

4. EXPERIMENTAL SECTION

4.1. Chemicals and Reagents. All standards, including
GLYP, AMPA, GLUP, glycine (GLYC), sarcosine (SAR), and
monocrotophos (MONO), were used with a purity of >99%.
GLYP, AMPA, and GLUP were obtained from Dr.
Ehrenstorfer GmbH (Germany). GLYC was supplied by
Sigma-Aldrich (Switzerland). MONO was supplied by Chem-
Service (United States). SAR was purchased from Sigma-
Aldrich (China). Stock standard solutions at a concentration of
1000 g mL~" were prepared in water. Working solutions were
prepared daily by dilution with water. Deionized water (18.2
MQ cm) used in all experiments was prepared by a RiOs Type
I Simplicity 185 water purification system (Millipore).

Acetonitrile (isocratic grade, Merck, Germany), methanol
(gradient grade, Merck, Germany), acetone (AR grade,
Honeywell Riedel-de Haén, France), ammonia solution (AR
grade, QREC, New Zealand), and formic acid (AR grade,
Merck, Germany) were used for extraction and HPLC
separation. Iron(III) chloride anhydrous (FeCl; analysis
grade, Riedel-de Haén, Germany), ammonium iron(II) sulfate
hexahydrate (Fe(NH,),(SO,),:6H,0, AR grade, QR&C, New
Zealand), and sodium hydroxide (NaOH, analysis grade,
Merck, Germany) were utilized for the synthesis of MIH
nanoparticles.

Acrylamide (AAm, AR grade, Sigma-Aldrich, China),
ethylene glycol dimethacrylate (EGDMA, AR grade, Aldrich,
China), and ammonium peroxodisulfate (APS, AR grade,
AnalaR NORMAPUR, European community) were used for
the synthesis of polymers. FMOC-Cl (AR grade, Aldrich,
China) was used for derivatization. A 1500 mg L™' FMOC-Cl
solution was freshly prepared using acetonitrile as the solvent.
Sodium tetraborate (Na,B,0,-10H,0) and boric acid
(H;BO;) were obtained from Kemaus (Australia) and used
for the preparation of borate buffer (pH 9). Hydrochloric acid
(AR grade, QREC, New Zealand) was used in the
derivatization procedure.

4.2. Instrumentation. Fourier transform infrared spectra
were obtained on a PerkinElmer Spectrum One FTIR
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spectrometer between 400 and 4000 cm™' using a standard

KBr disk method. A PANalytical EMPYREAN X-ray
diffractometer (XRD) using monochromatic Cu Ka radiation
(4 = 0.15406 nm) in a 26 range of 10—80° was used for crystal
structure characterization. The morphology and structure of
the sorbent were analyzed using an FEI Helios NanoLab G3
CX dual-beam scanning electron microscope with a focused
ion beam (FIB-SEM) and an FEI Tecnai G* 20 transmission
electron microscope working at a voltage of 200 kV. CHN
analyses were performed using a PerkinElmer PE 2400 CHNS
analyzer. The magnetic properties were measured using a Lake
Shore (VSM 7403) vibrating sample magnetometer (VSM) at
298 K with an applied magnetic field (H) of 10000 Oersted
(Oe).

The HPLC system consisted of an in-line degasser, a 600E
quaternary pump, a Rheodyne injector with a 10 yL sample
loop, a Waters 2996 photodiode array (PDA) detector, and
Empower software for data acquisition (Waters). A Phenom-
enex Luna C18 (4.6 mm X 150 mm, S um) column
(Phenomenex) was used for the separation of the analyte
derivatives. Separation was performed using acetonitrile
(solvent A) and 0.1% formic acid (solvent B) as the mobile
phase with a flow rate of 1.0 mL min~". The gradient elution
was started at 35% solvent A for 3 min and ramped to 40%
solvent A within 1 min. Then, solvent A was kept at 40% for 11
min followed by decreasing to 35% before starting the next
run. Detection was performed at 265 nm for all analytes.

4.3. Synthesis of the Sorbents. MIH nanoparticles were
prepared by coprecipitation of Fe(NH,),(SO,),6H,0 and
FeCl, (Figure 6a). Briefly, 7.922 g (0.020 mol) of Fe-
(NH,),(80,),-6H,0 and 1.630 g (0.010 mol) of FeCl were
dissolved in 400 mL of deionized water and then stirred at
room temperature for 20 min. Next, SO mL of a 3 mol L™
NaOH solution was quickly added. The resulting slurry was
stirred for 20 min. The product was separated by an external
magnet and rinsed with deionized water several times until
obtaining pH ~ 7. The obtained solid phase was washed with
methanol and dried at 60 °C for 12 h.

The MIH-MIP sorbent was prepared by a polymerization
procedure.” First, S mL of a 1 mg mL™' GLYP solution was
mixed with 0.568 g of AAm and 1 g of MIH in 200 mL of
deionized water. Next, 4.5 mL of the cross-linker (EGDMA)
was added, and the mixture was stirred at room temperature
for 60 min. Then, 10 mL of the fresh radical initiator solution
(8% w/v APS) was quickly added. The mixture was purged
with nitrogen gas for 10 min and continuously stirred for S h to
complete the polymerization process. The product was
separated by an external magnet and dried at 60 °C for 12
h. The obtained material was stirred in a 0.01 mol L™' NaOH
solution for 3 h to remove the template. Finally, the MIH-MIP
was rinsed several times with deionized water until obtaining
pH ~ 7. The sorbent was dried in a vacuum oven at 60 °C for
12 h. The mixed iron hydroxide-nonimprinted polymer (MIH-
NIP) was prepared in the same manner without the addition of
GLYPD.

4.4, MSPE Procedure. In the present work, MIH-MIP was
used as a sorbent material for the development of MSPE of
GLYP, AMPA, and GLUP. A schematic diagram of the
proposed MSPE procedure is presented in Figure 6b. First, 100
mg of the MIH-MIP sorbent was dispersed in 25 mL of the
sample solution via vortex mixing for 80 s. Next, the analyte-
extracted MIH-MIP sorbent was collected using an external
magnet before decanting the supernatant. Then, a 0.01 mol L™

NaOH solution (500 pL) was added, and the mixture was
placed in a vortex mixer for 60 s to desorb the analytes from
the sorbent. After separation of the MIH-MIP sorbent, the
eluate was transferred to form a derivative with the FMOC-CI
reagent before further analysis by HPLC.

4.5. Derivatization Procedure. The precolumn derivati-
zation of the target analytes was performed using the FMOC-
Cl reagent.”*** First, 300 uL of the sample extract was mixed
with 200 uL of 0.15 mol L™" borate buffer pH 9 in a 15 mL
centrifuge tube. After that, 150 L of a 1500 mg L™' FMOC-Cl
solution was added. The mixture was vortexed for 30 s and
kept at room temperature for 45 min. After that, 25 uL of 2.5%
v/v HCl was added, and the solution was vortexed for 30 s to
stop the reaction. Finally, the solution was filtered through a
0.45 pm nylon syringe filter and then injected into HPLC for
analysis (Figure 6¢).

4.6. Adsorption Experiments. 4.6.1. Static Adsorption.
To investigate the adsorption capacity of MIH-MIP and MIH-
NIP sorbents, 25 mg of sorbent was added into 50 mL
centrifuge tubes. Then, 10 mL of the mixed standard solution
at concentrations varying from 2 to 60 mg L™" was added. The
mixture was vortexed for 80 s, and the sorbents were separated
by an external magnet. The supernatant was collected and
derivatized with FMOC-CI before analysis by HPLC. The
equilibrium adsorption capacity was calculated (eq 1).

Q,=(C-C)XV/m (1)

where Q, is the amount of the analyte adsorbed by MIH-MIP
or MIH-NIP (mg g™'); C, and C, are the initial and
equilibrium concentrations of the standard solution (mg
L"), respectively; V is the volume of the solution (mL);
and m is the mass of the adsorbent (g).27

Scatchard’s plot equation (eq 2) was used for further
evaluation of the binding property of MIH-MIP or MIH-NIP.

Q/C = (Qu — Q)/Ky ®)

where Q, is the adsorption capacity at adsorption equilibrium,
C. is the equilibrium concentration, Q,,, is the apparent
maximum adsorption capacity, and Ky is the dissociation
constant.*®

4.6.2. Dynamic Adsorption. Dynamic adsorption experi-
ments were carried out to determine the adsorption
mechanisms of the synthesized sorbents. MIH-MIP or MIH-
NIP (25 mg) was added to 10 mL of a 20 mg L™" standard
solution in 50 mL centrifuge tubes. Then, the mixture was
vortexed for 20, 40, 60, 80, and 100 s. The sorbents were
magnetically separated. The supernatant was collected and
derivatized with FMOC-Cl and analyzed by HPLC. The
experimental data were evaluated by adsorption kinetic models
(egs 3 and 4).

pseudofirst — order: 1n(Q'e — Qt) =lnQ,  — kit (3)

pseudosecond — order: t/Q, = I/kZQZZCal +t/Qu (4

where Q. is the equilibrium adsorption capacity (mg g~'); Q.
is the theoretical adsorption capacity; Q, is the adsorption
capacity at time t; and k, and k, are the first-order and second-
order rate constants, respectively.”’

4.7. Selectivity Evaluation. To determine the selectivity
of the synthesized MIH-MIP sorbent, similar structural
compounds, including AMPA, GLUP, GLYC, SAR, and
MONO, were tested as interfering molecules. MIH-MIP or
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MIH-NIP sorbents (20 mg) were added to 10 mL of mixed
solutions containing GLYP, AMPA, GLUP, GLY, SAR, and
MONO at a concentration of 20 g mL™" each. The mixture
was vortexed for 80 s. Then, the free target analytes and
interfering molecules in the supernatant were derivatized with
FMOC-CI and analyzed using HPLC. The imprinting factor
(IF) and selectivity coefficient (SC) were calculated (eqs S and
6).

IF = Q- e/ Qs — i (s)
SC = IR/IE (6)

where Quuu.mp and  Quupnrp represent the adsorption
capacities of MIH-MIP and MIH-NIP, respectively. IF, is the
imprinting factor for template molecules, and IF_ is the
imprinting factor for structural or nonstructural analogues.””

4.8. Collection and Pretreatment of the Samples.
Water, soil, and vegetable samples were collected from
different sites in the northeastern area of Thailand. Agricultural
water was collected from Maha Sarakham Province. Tap water,
rice field water, and river water were collected from Khon Kaen
Province. All samples were filtered through 0.45 um nylon
membrane filters and kept below 4 °C until analysis.

Two soil samples, including rice fields and agricultural soils,
were collected from Khon Kaen Province. Soil samples were
air-dried at room temperature, crushed, and then sieved to a
particle size of 180 pm. The pretreatment method modified
from a previous report was adopted.”® Briefly, 2.5 g of
homogenized soil was weighed into a 50 mL polypropylene
centrifuge tube, and then 12.5 mL of a 0.6 mol L! KOH
solution was added followed by vortexing for 2 min. After that,
12.5 mL of 0.6 mol L™" HCl was added, and the pH was
adjusted to 7 using 1 mol L™ HCL Thereafter, the supernatant
was collected and filtered through a 0.45 ym nylon membrane
filter before applying the MSPE procedure.

Chinese cabbage taken from a local market in Maha
Sarakham Province and cabbage collected from a local market
in Khon Kaen Province were analyzed. The samples were
homogeneously blended and treated using the modified
QuPPe method.”” Briefly, the samples (2.5 g) were mixed
with 12.5 mL of 0.1% formic acid in 50 mL polypropylene
centrifuge tubes. Then, 12.5 mL of a 0.1% KOH solution was
added, and the pH was adjusted to 7 using 1 mol L™ KOH.
The supernatant was collected and filtered through a 0.45 ym
nylon membrane filter before analysis.
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