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Abstract A novel hybrid polymer was developed and evalu-
ated as a sorbent for the matrix solid-phase dispersion (MSPD)
extraction of pesticides. The hybrid polymer was synthesized
by the sol-gel method and by free radical polymerization. The
chemical structure of the resulting hybrid polymer (SiO,—PVI)
was confirmed by Fourier transform infrared spectroscopy (FT-
IR). Thermal analyses suggest that the polymer consists of an
organic/inorganic ratio of 28:72 wt/wt%. Scanning electron mi-
croscopy (SEM) and elemental analysis (EDS) revealed particle
aggregates and a rough surface and suggested that the polymer
is primarily composed of SiO,. The obtained pore size was
appropriate for use in a solid-phase extraction support. X-ray
photoelectron spectroscopy (XPS) was used to assess the sur-
face composition of the hybrid polymer and indicated the pres-
ence of C, N, O, and Si. The material was tested for extraction
of five selected organophosphorus pesticides (OPPs) in propolis
using gas chromatography—mass spectrometry (GC/MS). In
experiments performed in triplicate at 1.0 pg mL ™", pesticide
recovery was in the range of 81-122 %. In addition, the sorbent
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hybrid polymer (SiO,—PVI) demonstrated good repeatability
(RSD<11 %), on the same order as C18 (commercial sorbent)
when tested under the same conditions. These results suggest
that SiO,—PVI hybrid polymer is a good sorptive material that
is comparable to the commercially utilized C18 and can be used
in MSPD for the extraction of organophosphorus pesticides.
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Introduction

The determination of chemical species in a given sample is a
subject of great interest in current research. Analysis can be
performed using various analytical techniques; however, the
direct determination of extremely low concentrations of
analytes is often difficult as a result of limitations, which in-
clude matrix interference and insufficient sensitivity [1].
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Extraction by matrix solid-phase dispersion (MSPD) is a rela-
tively recently developed extraction technique for the clean-up
and pre-concentration of samples; MSPD is suitable for both
solid and semisolid samples. In MSPD, the components of the
matrix sample are mechanically dispersed onto a sorbent, and
the analytes are then selectively desorbed by the use of an
appropriate solvent. This method includes disruption of the
sample structure, fractionation, and a simple purification pro-
cess. MSPD is a low-cost technique, as it reduces the required
volume of organic solvents and provides high extraction yields
and a considerable degree of selectivity [2—7]. The classical
sorbents used for MSPD extraction are Florisil, octadecylsilyl
silica (C18), octasilyl silica (C8), or alumina [3, 4]. The current
sorbents based on organic functionalized silica have relatively
low polar compound retention and low chemical stability in
extreme pH conditions (pH<2 and pH>8). Some sorbents are
moderately polar and have poor interaction with hydrophobic
samples [8, 9]. The development, evaluation, and application of
new sorbents for MSPD are still limited.

Over the last few years, researchers have explored alterna-
tive sorbents to replace traditional extraction phases to im-
prove the performance of the extraction of analytes.
According to current literature [10—13], these materials should
have a high surface area; thus, when new materials are devel-
oped, it is important to characterize their chemical structure
and morphology (i.e., specific surface area, distribution of
pore diameter, particle size, etc.).

In recent years, there has been increasing interest in the de-
velopment of new hybrid materials and their potential applica-
tion as sorbents for the removal of various pollutants. For ex-
ample, polar poly(N-vinylimidazole) (PVI) has been synthe-
sized with divinylbenzene for the extraction of polar compounds
[14], and polymethacrylic acid (PMAA) was grafted onto the
surface of silica gel particles (PMAA/SiO,) for the adsorption of
phenols [15]. Some researchers have reported silica-derived ma-
terials that have been successfully applied as sorbents for the
removal of aromatic compounds and some heavy metal pollut-
ants. For example, polyacrylamide (PAM) was grafted onto the
surface of silica gel particles with 3-methacryloxypropyl
trimethoxysilane (MPS) as the coupling agent for use in the
removal of 2,4,6-trinitrotoluene (TNT). There have also been
studies on the use of silica-based columns for the detection of
selected heavy metals using solid-phase extraction [16].

The synthesis of novel materials with improved properties
and performance is an interesting goal of chemistry and mate-
rials science. The development of hybrid polymers and modi-
fication of silica particles have improved the absorption of var-
ious analytes [17-20]. In particular, the inclusion of well-
defined polymers in inorganic substrates is of significance be-
cause the functionality, composition, and dimensions of these
macromolecules enable the resulting hybrids to be designed
with specific properties. Well-defined organic polymers have
been attached to inorganic (co)polymers, particles, surfaces,
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glassy networks, and interpenetrating polymer networks to pre-
pare organic/inorganic hybrids [17-21].

The aim of this study was to synthesize, characterize, and
evaluate a new hybrid polymer based on SiO, particles grafted
with PVI as a sorbent in MSPD. The hybrid polymer was ana-
lyzed using FT-IR, and the thermal stability was assessed using
thermogravimetric analysis (TGA). To characterize the surface
type and porosity, the polymer was evaluated by scanning elec-
tron microscopy (SEM), elemental analysis (EDS), and X-ray
photoelectron spectroscopy (XPS). Finally, the hybrid polymer
was evaluated as a sorbent in MSPD for the extraction of five
pesticides from propolis. The MSPD extracts were analyzed
using gas chromatography coupled to mass spectrometry (GC/
MS). There were no scientific reports about the MSPD extrac-
tion of organophosphorus pesticides from propolis with the ap-
plication of this hybrid polymer as a sorbent.

Materials and methods
Materials

Monomers for SiO,—PVI hybrid polymer preparation,
tetracthylorthosilicate (TEOS), triethoxyvinylsilane
(VTEOS), and N-vinylimidazole (N-VI), were obtained from
Sigma-Aldrich (Saint Louis, MO, USA). Hydrochloric acid
(HCI), acetone, hexane, dimethyl acetamide (DMAc), ethanol
(EtOH), ethyl acetate (EtOAc), ammonium hydroxide
(NH40OH), 2,2-azobisisobutyronitrile (AIBN), acetonitrile
(ACN), dichloromethane (DCM), and isooctane were pur-
chased from J.T. Baker (Phillipsburg, NJ, USA) and used as
received and without further purification. Octadecylsilyl silica
(C18) (specific surface area 550 m* g ', pore size 60 A), di-
chlorvos (DCV), diazinon (DZN), methyl parathion (MPT),
malathion (MLT), and coumaphos (CMF) were obtained from
Sigma-Aldrich (Saint Louis, MO, USA). The propolis sample
was obtained from the Instituto Nacional de Investigaciones
Forestales Agricolas y Pecuarias (INIFAP) in Yucatan, Mexico.

Synthesis of SiO,—PVI hybrid polymer

Sol-gel solution was prepared by mixing HCI, water, TEOS
and EtOH (1:8:1:8 mol) under vigorous magnetic stirring for
2 h. Next, NH,OH (0.42 mol) was added, and the solution was
stirred for 24 h. The SiO, particles obtained were washed
several times with EtOH and acetone and then dried under
vacuum at 65 °C for 24 h (Fig. 1a). For functionality, dried
SiO, particles were mixed with water, NH4OH and ethanol
under vigorous magnetic stirring for 1 h. Immediately,
VTEOS was added to the solution, which was then stirred
for 24 h. The functionalized particles were washed several
times with EtOH and acetone and dried under vacuum at
65 °C for 24 h (Fig. 1Db).
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Fig. 1 Schematic representation (a)

of SiO,—PVI polymer

preparation: (a) preparation of . H,.0
Si0,, (b) functionalization of SIOCHLCH,),

Si0,, and (c¢) free radical
polymerization of N-VI on the

surface of the SiO, particles

TEOS

(b)

H

A mixture (1:1 wt/wt) of vinyl functionalized particles and
N-vinylimidazole (N-VI) monomer was placed into a three-
necked flask. Next, 80 mL of dimethylacetamide (DMACc)
and AIBN (1 wt% relative to the monomer, N-VI) were added.
The free radical polymerization was conducted by heating and
stirring this mixture at reflux (110 °C) under nitrogen atmo-
sphere for 24 h. Next, the ungrafted PVI was removed via

Soxhlet extraction for 24 h with DMACc as the solvent (Fig. 1c).

Characterization of SiO,—PVI hybrid polymer

The structure of the resulting hybrid polymer was analyzed by
attenuated total reflectance (ATR) Fourier transform infrared
spectroscopy (FT-IR) in a Bruker Tensor 27 (Billerica,
Massachusetts, USA), taking an average of 64 scans per sam-
ple between 400 and 4,000 cm ™.

The thermal stability of the hybrid polymer was determined
by TGA using a TA Instruments SDT Q600 (NewCastle, DE,
USA) under nitrogen atmosphere. The scans for thermal de-
composition were taken between 50 and 800 °C at a heating
rate of 10 °C min ™.

The nitrogen adsorption—desorption isotherms of the SiO,—
PVI sorbent were determined in a Quantachrome Autosorb iQ
device (Boynton Beach, FL, USA). Prior to the experiments, the
samples were degassed at 700 K in a vacuum for 16 h. The
volume of adsorbed N, was normalized to a standard tempera-
ture and pressure. The specific surface area of the hybrid material
was determined using the Brunauer—Emmett—Teller (BET)

+ CH,=CH-Si(OCH,CH,),

+

VTEOS

CH=CH, Si—CH,-CH+[CH-CH}, -
| Yo (I)CHZCH3
D y
4 Ly
N-VI

multipoint method, and the pore size distribution was obtained
using the Barret-Joyner—Halenda (BJH) method.

Field emission scanning electron microscopy (SEM) anal-
yses were performed using a Nova NanoSEM 200 FEI micro-
scope (Hillsboro, OR, USA). Elemental characterization was
performed using an energy-dispersive X-ray spectroscope at-
tached to the FEI microscope equipped with an INCA X-Sight
Oxford detector (Concord, MA, USA). Samples were fixed on
a support with a copper film and sputter-coated with gold in a
Denton Desk IV (Moorestown, NJ, USA) sputtering chamber.

XPS analysis was performed using a Jeol JPS-9200
(Akishima, Japan) equipped with a Mg source (1,253.5 eV)
and operating at 200 W under a vacuum of 1x10°® torr; for
all samples, the analysis area was 1 mm?. SpecSurf™ software
was used to analyze the experimental results. Charge correction
was based on the adventitious carbon signal (Cls) at 285.5 eV.
The Shirley method was used for background adjustment, and
the Gauss—Lorentz method was utilized for curve fitting.

SiO,-PVI

Fortification procedure

Fortified propolis samples were prepared by adding 100 pL. of
a standard solution containing five organophosphorus pesti-
cides, dichlorvos (DCYV), diazinon (DZN), methyl parathion
(MPT), malathion (MLT), and coumaphos (CMF)
(10 ug mL™"), to 1 g of propolis to obtain a sample
concentration of 1 ug g_l. The fortified propolis sam-
ples were left to stand (40 min) to allow absorption of
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pesticides into the matrix sample. The tests were con-  organophosphorus pesticides evaluated are presented in
ducted in triplicate. The chemical structures of the  Table 1.

Table 1  Chemical structures of the organophosphorus pesticides evaluated

Compound IUPAC Name Structure
0
%
Dichlorvos Dimethyl-2,2- AV
dicl ilfosf O O
(DCV) iclorovinilfosfato & /
Cl
S
\\P_
Diazinon 0,0-Diethyl-O-(2-isopropyl-6- WO/ Y —
methyl-4-pyrimidinyl)thio- i <
(DZN) phosphate Z
S
A\
Methyl /P\_ 0
nitrophenyl) phosphorothioate o_ . /
(MPT) \ﬁ
o}
S\\
\ A
) S—0 O \—
0,0-Dimethyl-S-[1,2-
Malathion bis(ethoxy-carbonyl)ethyl] 4
dithiophosphate
(MLT) PROSP 0
§
. S
o N 0, 0-Diethyl-O-(3-chloro-4- \\I\D—O
Umaphos thyl-2-ox0-2H-1- Cl \
meb yl-2-oxo0 yZ O/ \O
(CMF) enzopyran-7-
yl)phosphorothioate 5 &
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MSPD extraction

For the MSPD extraction, each fortified propolis sample
(1 g) was solubilized in 10 mL of hexane. A 1-mL
aliquot of this propolis solution was added to 1 g of
C18 in a glass mortar. Next, SiO,—PVI hybrid polymer
and the propolis solution were homogenized using a
pestle. The obtained mixture was packed into a polypro-
pylene column (85 mmx15 mm i.d.) and gently com-
pressed to eliminate air pockets. Subsequently, the pes-
ticides were eluted with 8 mL of acetonitrile/
dichloromethane (25:75 v/v). The extracts were collect-
ed in a graduated vial and then evaporated until dry
with a gentle air flow. The extract was reconstituted in
isooctane (1 mL) and frozen (<10 °C) for at least 2 h to
precipitate high molecular weight compounds. Finally,
the extracts were centrifuged for 45 s (10,000 rpm),
and then the supernatants were placed in vials for anal-
ysis using GC/MS in SIM mode.

Chromatographic conditions

GC/MS analyses were performed using an Agilent
Technologies (Santa Clara, CA, USA) 6890N gas chro-
matograph coupled to a mass spectrometer 5973N
(MSD) and a bonded fused-silica capillary column
(30 mx0.25 mm i.d. x 0.25 um film thickness of
5 % phenyl/ 95 % dimethylpolysiloxane) supplied by
Supelco (Bellefonte, PA, USA). Helium (99.999 % pu-
rity) was used as the carrier gas at 1.0 mL min~'. One
microliter of sample was introduced into the GC inlet
(splittess, 280 °C). The oven temperature program was
as follows: 100 °C (3 min)—20 °C (min ')—300 °C
(3 min).

Recovery evaluation

Pesticide recovery was evaluated with external calibration
curves. Standard solutions for calibration (0.025, 0.05, 0.1,
0.2,0.3, 0.4, and 0.5 pug mL™") were prepared by dilution of
the pesticide stock solution (1 mg mL™") with an appropriate
volume of unfortified propolis extracts obtained by MSPD.
The slope and intercept values and their standard deviations
were determined using regression analysis.

Results and discussion
Synthesis of SiO,—PVI hybrid polymer
SiO, particles were functionalized with VTEOS (cou-

pling agent) using the sol-gel method. The functional-
ized particles were organically modified with N-VI via

free radical polymerization to obtain PVI on the surface
of the SiO, particles.

The obtained material was a fine white powder. The
introduction of organic functional groups onto the silica
surfaces provides a partial conversion of the silanol sur-
face to a new organofunctional surface that acquires
organophilic properties. Thus, ligand-grafted silica im-
parts particular properties to the surface that differ con-
siderably from those of the original matrix. The pro-
posed reactions are shown in Fig. 1.

Characterization of the SiO,—PVI hybrid polymer

Figure 2 displays the FT-IR spectra of the synthesized
polymer. There are several bands present in the spectra
that are expected for the polymerization of the hybrid
material. The characteristic bands for the imidazole
ring group appear at 1,630, ca. 1,500, 1,400, and
660 cm ' due to C=C (ring) stretching, C—C and
C=N (ring) stretching, C-H (ring) in the plane and
C-N (ring) stretching vibrations, and C=N torsion
stretching, respectively, similar to previous literature
reports [22, 23].

Peaks at 1,086, 778, and 464 cm ' were attributed to Si-O—
Si stretching, bending, and rocking modes, respectively, ac-
cording to observations by Bange et al. [24]. According to the
technique used here, these results indicate that PVI is present
on the surface of the SiO, particles.

The thermal behavior and the composition of the
organic/inorganic hybrid polymer were studied via ther-
mogravimetric analysis. The thermogram (TG) and DTG
curves are shown in Fig. 3. The TG and DTG curves
exhibited an initial weight loss (5 wt%) at 100 °C that
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Fig. 2 FT-IR spectra of the SiO,—PVI hybrid polymer
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Fig.3 Thermogravimetric analysis and DTG of the SiO,—PVI hybrid polymer

is associated with the loss of absorbed water or residual
solvent. A second weight loss (13 wt%) at 320 °C is
related to oligomers in the sample. A third decomposi-
tion occurs at 404 °C (13 wt%), which is attributed to
thermal decomposition of PVI, similar to previous re-
ports [22, 25, 26]. These results suggest that the poly-
mer is composed of an organic/inorganic ratio of
28:72 wt/wt%, considering that, at 400 °C, only the
organic part of the hybrid polymer was lost and that
the SiO, particles do not exhibit any significant weight
loss up to 700 °C [27].

The pore size distribution was obtained from the N, ad-
sorption—desorption isotherms using the BJH method. The
nitrogen adsorption—desorption isotherm is shown in Fig. 4.
According to the [IUPAC classification, the isotherm of SiO,—
PVI hybrid polymer is a type IV isotherm. A type IV isotherm
is indicative of a material with micropores (<2 nm) and
mesopores (2—50 nm) [28]. The specific total pore volume
was 0.997 cm® g, and the specific surface area (BET) was
2348m’>g .

According to the literature, sorbents with surface area
greater than 100 m* g ! are suitable for solid-phase extraction.
The organically modified silica materials offer advantages that
are similar to those of commercial silica gel, such as a large
specific surface area (S>200 m® g ') and pore volume V>
0.2 cm® g ") [29]. The C18 commercial sorbent utilized here
has a specific surface area of 550 m? g ' according to the
supplier.

Surface morphology and elemental analyses were uti-
lized to determine the structure and composition of the
Si0,—PVI hybrid polymer (Figs. 5 and 6, respectively).
The surface of the SiO,—PVI hybrid polymer displayed
round-shaped, porous particle aggregates. These images
show that the particles have a rough surface. The sur-
face roughness should be considered as a factor in in-
creasing surface area. Material surface area increases

@ Springer
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Fig. 4 N, adsorption—desorption isotherm of the SiO,—PVI hybrid
polymer

with increased surface roughness, which is related to
the adsorption characteristics [30]. Energy dispersive
X-ray elemental mapping was used to estimate the
chemical composition and homogeneity of the hybrid
polymer. The images in Fig. 6 clearly show a homoge-
neous and uniform distribution of chemical elements on
the surface of the hybrid polymer. According to these
results, the material is composed of C (25.14 %), O
(45.77 %), Si (14.35 %), and N (13.86 %). As expect-
ed, these results suggested that the polymer is primarily
composed of SiO,.

XPS measurements were used to further investigate
the polymer surface composition. The signals identified
in the wide scan XPS spectra of the SiO,—PVI hybrid
polymer correspond to Cls (38.4 %), Nls (13.3 %),
Ols (29.1 %), and Si2p (19.2 %). Each of these peaks
was analyzed and deconvoluted (curve fitted) to identify
the chemical species and their possible interactions
(Fig. 7). Note that the quantities of C, O, Si, and N
were relatively consistent with those measured via
EDS analysis. The differences in some of the obtained
values from these two methods can be explained by
their different excitation depths [31].

Figure 7a shows the peak of Si2p, which was fit with two
signals. The first peak located at 102.3 eV contributes 52.5 %
of the total peak area. This peak shift is consistent with an
interaction between silicon and carbon. The second peak, lo-
cated at 103.5 eV, represents 47.5 % of the total peak area and
can be assigned to the Si—O bond present in the SiO, molecule
[32-34].

The peak of Ols was also fit with two signals, as shown in
Fig. 7b. One peak at 531.5 eV contributes 70 % of the total
peak area and is assigned to O attached to Si in the SiO,. The
other signal, at 532.2 eV, accounted for the remaining 30 %
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Fig. 5 Scanning electron
micrographs of the SiO,—PVI
hybrid polymer at 1000x (/eff)
and 100000x (right)

and is assigned to atmospheric oxygen that was adsorbed onto
the material surface.

Figure 7c shows the peak of N1s, which was fit with two
peak components that have binding energies of 398.7 eV and
400.7 eV corresponding to C—N and C=N interactions,
respectively.

The XPS spectra of Cls is shown in Fig. 7d. The binding
energy results are correlated with C—N and C—C bonds at
284.2 eV and C=C and C=N at 285.5 eV, which contribute
40 and 60 %, respectively, of the total of the fitted area. These
assignments are supported by the intensity ratio between these
two components and by literature reports [32—34].

In summary, the results of the different characterization
techniques of TGA, FT-IR, EDS, and XPS confirm that the
PVI was grafted successfully onto the SiO, particles.

NKal 2

OKat SiKat

Fig. 6 Elemental chemical mapping of SiO,—PVI hybrid polymer: a
tested sample (shows the N-moieties distribution), b N, ¢ O, and d Si

Extraction procedure

The performance of the SiO,—PVT1 hybrid polymer as a sorbent
material for MSPD extraction was evaluated and compared
with C18, a commercial adsorbent typically used in MSPD.
Both materials were used for the MSPD extraction of organ-
ophosphorus pesticides from propolis eluted with 8 mL of
ACN/DCM (25:75 v/Iv).

Propolis is a complex and sticky mixture of different plant
exudates that is collected, modified, and used by honey bees to
build and adapt their hive; among the types of chemical sub-
stances found in propolis are waxes, resins, essential oils, or-
ganic acids, alcohols, pigments, pollen, and other organic mat-
ter [35].

Two sets of matrix-matched calibration solutions, one for
each material, were prepared for pesticide recovery evalua-
tion. Parameters obtained for calibration curves by linear re-
gression are presented in Table 2. In general, the slopes and
intercepts were of the same order of magnitude. All pesticide
calibration curves exhibited determination coefficients greater
than 0.99.

Although the specific surface area of the SiO,—PVI hy-
brid polymer was lower than that of C18, similar recover-
ies and precision were obtained on two different days for
both materials. In particular, the pesticide recoveries and
precisions were acceptable for diazinon, methyl parathion,
malathion, and coumaphos (Table 3), with C18 recoveries
ranging from 83 to 126 % (RSD<12 %) and SiO,—PVI
recoveries ranging from 81 to 122 % (RSD<11 %).
Dichlorvos was the exception, as it presented recoveries
below 65 %. This result was attributed to its loss during
the evaporation step.

These results demonstrate that SiO,—PVI hybrid poly-
mer has the potential to be applied as a sorbent material
for MSPD extraction of pesticides from complex samples
such as propolis. In comparison to hydrocarbon chains
attached to SiO, in C18, the polymer attached to the
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Fig. 7 XPS curve fitting analysis
from core level spectra of the
surface of SiO,—PVI samples of
the following characteristic peaks:
a Si2p, b Ols, ¢ Nls,and d Cls

1% 510 520 ) 540 50

surface of SiO, particles in SiO,—PVI presents more in-
teractions, namely (i) hydrophobic interactions due to the
presence of the —-[CH,—CH,],— group, (ii) 7—7 interac-
tions, and iii) hydrogen bonding dipole—dipole interac-
tions due to the imidazole ring.

Conclusions
A hybrid polymer with PVI grafted to SiO, particles was

prepared successfully. The polymer exhibited suitable charac-
teristics for use as a sorbent in solid-phase extraction. The

Table 2 Calibration curves parameters employed for the evaluation of
pesticide recoveries via MSPD extraction with two adsorbents

Pesticide C18 SiO,—PVI
Slope Intercept R’ Slope Intercept R?
Diclorvos ~ 10,370.8 —54.8 0.9994 4317.1 —40.7 0.9965
Diazinon 11,410.6 —69.6 0.9991 11,381.0 —90.7 0.9959
Methyl 10,872.6 —40.1 0.9997 14,297.0 —179.7  0.9967
parathion

Malathion = 22,327.5 —19.8 0.9981 20,307.0 +6552  0.9910
Coumaphos 12,218.0 +57.6 0.9995 10,045.0 +48.2 0.9944

@0 200 280 200 300

surface of the hybrid polymer exhibited a rough surface with
a specific total pore volume of 0.997 cm® g ' and a specific
surface area of 234.8 m” g .

The synthesized hybrid polymer exhibited good perfor-
mance for the MSPD extraction of organophosphorus pesti-
cides. The pesticide recoveries and relative standard devia-
tions obtained with SiO,—PVI hybrid polymer were similar
to those of commercial C18. Therefore, SiO,—PVI has the
potential to be applied for the MSPD extraction of other sam-
ples and analytes.

Table3  Average pesticide recoveries obtained on two different days by
MSPD extraction with two adsorbents

Pesticide C18 SiO,—PVI

Day 1 Day 2 Day 1 Day 2

%R %R %R %R

(+RSD) (*RSD) (+RSD) (+RSD)
Diclorvos 55+8 63+3 50+11 57+3
Diazinon 85+4 92+8 91+6 93+10
Methyl parathion 96+5 97+10 94+10 81+2
Malathion 83+1 106+7 9145 99+3
Coumaphos 85+7 126+12 122+10 12043
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