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netic polymeric ionic liquid
nanocomposites by the Radziszewski reaction†

Alexander Castro-Grijalba,a Emilia M. Reyes-Gallardo,b Rodolfo G. Wuilloud, a

Rafael Lucena *b and Soledad Cárdenas *b

In the present article a new approach for the synthesis of magnetic polymeric ionic liquid nanocomposites

based on the Radziszewski reaction is presented. The Radziszewski reaction is a simple and successful

procedure to obtain imidazolium-containing polymers under mild conditions and consists of the

reaction between diamine compounds, glyoxal and formaldehyde in an acidic media. If magnetic

nanoparticles coated with amino groups are introduced, they can participate as polyamines in the

synthesis thus providing a final nanocomposite where polymeric ionic liquids and nanoparticles are

combined. The resulting nanocomposite has been characterized using several instrumental techniques

aimed at elucidating its chemical composition (infrared spectroscopy and elemental analysis), properties

(zeta potential) and morphology (microscopy, X-ray diffraction and dynamic light scattering). Finally, its

sorptive ability towards three non-steroidal anti-inflammatory drugs (NSAIDs) such as salicylic acid,

ketoprofen and naproxen was evaluated considering the main variables involved in the process.

According to the results, the polymeric ionic liquid nanocomposite is a promising sorptive material for

analytical purposes.
Introduction

Ionic liquids (ILs) are semiorganic salts which are liquid in the
temperature range 180–600 K due to the existence of at least one
ion with a delocalized charge that avoids the formation of stable
crystal lattices.1 Room temperature ILs have shown great
applicability thanks to their special properties like high thermal
stability, tunable solubility, negligible vapor pressure, and
several solvation interactions, among others.2 ILs have been
used as solvents for both industrial3 and analytical chemistry
applications.4–6 In the latter context, they have been applied in
microextraction techniques,4,5 chromatography6 and electro-
phoresis.7 Their usual high viscosity can hinder their use in
some contexts and several alternatives like magnetic ionic
liquids8–11 and polymeric ionic liquids12 have been proposed.

Polymeric ionic liquids (PILs) are polyelectrolytes obtained
by the controlled reaction of monomers containing ILs moie-
ties. The resultingmaterial presents the special properties of ILs
Research and Development (QUIANID),

Universidad Nacional de Cuyo, Instituto

, UNCUYO-CONICET, Padre J. Contreras

tituto Universitario de Investigación en

Universidad de Córdoba, Campus de
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with an enhanced mechanical stability.13 PILs are usually
synthesized by radical polymerization using monomers con-
taining acryloyl, methacryloyl or vinyl groups. These proce-
dures, which are time consuming and needs a lot of resources
(reagents, solvents, high temperatures), provide low chemical
yields and require several purication stages.14 However, J. P.
Lindner15 has recently proposed the synthesis of imidazolium-
based polymers via the Radziszewski reaction. The reaction
that can be developed at room temperature in 24 h can be also
accelerated if the temperature is increased at 100 �C. The
reaction yields (as high as 98%), the simplicity of the reaction
conditions and the low reagents requirements make this
synthetic approach highly attractive.

Polymeric nanocomposites, comprising polymers and
nanoparticles, have recently attracted much attention in the
sample preparation context thanks to their special properties16

such as the mechanical,17 thermal,18 photoluminescence19 and
thermoelectric ones.20 The polymeric part usually offers the
main interaction chemistry21 while the nanometric domain
improves this performance (adding a secondary interaction or
enhancing the supercial areas)22,23 or provides the nano-
composite with special properties (e.g. magnetism).24 In fact,
although PILs can be directly used in sample preparation,25,26

their combination with nanoparticles drives to special and
improved materials.27 Magnetic polymeric nanocomposites are
especially attractive in sample treatment since they allow the
simplication of the sample processing. In this sense, the
nanocomposite can be easily dispersed into the sample
RSC Adv., 2017, 7, 42979–42985 | 42979
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enlarging the analyte/sorbent contact while it can be easily
recovered using an external magnetic eld.28 Core–shell
approach, consisting of coating the surface of the magnetic
nanoparticle (MNP) with an appropriate phase, is the most
common approach. Although it has several advantages, the
functionalization of the MNPs with PILs is not an easy task. For
example, Zheng et al.29 employed vinyltriethoxysilane as
a previous step to attach the PIL to Fe3O4@SiO2 requiring as
Fig. 1 Schematic diagram of the synthesis of polymeric ionic liquids
(PILs) by the Radziszewski reaction. Panel (a) describes the synthesis of
bulk PILS while panels (b and c) show potential paths for the synthesis
of the nanocomposites.

42980 | RSC Adv., 2017, 7, 42979–42985
catalyst triethanolamine in distilled toluene under inert atmo-
sphere at 100 �C and a reaction time of 24 h. Then, the PIL was
attached to this structure by a reaction at 100 �C for 2 h under
nitrogen atmosphere. The PIL was formed by free radical
copolymerization of the monomer unit of 1-vinyl-3-
hexylimidazolium bromide employing 2,2-azobisisobutyroni-
trile as initiator. The complete process took 42 h, without
considering the time for washing and purication steps. Other
authors27,30 have reported similar reaction times, temperatures
and inert atmosphere to obtain the nal PIL magnetic
nanocomposite.

In this work, a new PIL magnetic nanocomposite was ob-
tained based in the Radziszewski reaction.15 This approach
simplies the overall synthetic procedure reducing the amount
of reagents and the synthesis time. The bulk synthesis involves
the reaction between diamine compounds, glyoxal and form-
aldehyde in an acidic media as it is shown in Fig. 1a. Our
approach is based on the use of magnetic nanoparticles (Fe3O4)
coated with amine groups that may be involved as polyamines
in the Radziszewski reaction following some synthetic paths as
those described in Fig. 1b and c. The resulting material has
been characterized by different instrumental techniques and its
potential use as sorbent towards three nonsteroidal anti-
inammatory drugs (NSAIDs) (salicylic acid, ketoprofen and
naproxen) in saliva samples has been outlined.
Experimental section
Reagents and samples

All reagents were of analytical grade or better. Unless otherwise
specied, they were purchased from Sigma-Aldrich (Madrid,
Spain). Stock standard solution of each analyte (salicylic acid,
ketoprofen and naproxen) was prepared at a concentration of
1000 mg L�1 in methanol (Carlo Erba Reagents, Italy) and
stored at 4 �C. A diluted solution containing all the analytes at
a concentration of 100 mg L�1 was prepared in methanol and
stored at 4 �C. Working solutions were prepared by the appro-
priate dilution of the stocks in Milli-Q water (Millipore Corp.,
Madrid, Spain). Acetonitrile, acetic acid (both from Panreac,
Barcelona, Spain), and ultrapure water were employed to
prepare the chromatographic mobile phase. Iron(III) chloride
hexahydrate (FeCl3$6H2O) (99%), iron(II) chloride tetrahydrate
(FeCl2$4H2O) (99.99%) and ammonia (25%) were used for the
synthesis of the magnetic nanoparticles (Fe3O4). (3-Amino-
propyl)triethoxysilane (APTES) (98%) and ethanol were
employed for coating the nanoparticles with a protective silica-
based coating. For the synthesis of PIL, the following reagents
were used: glyoxal (40%), acetic acid (99%), formaldehyde (37%)
and hexamethylenediamine (98%).

Blank saliva samples were collected from healthy volunteers,
using a citric acid solution as stimulus. Food and liquids (apart
from water) ingestion, chewing gum and tooth brushing were
avoided 30 min before sampling. The whole saliva (2.5–3 mL
approximately) was obtained by spitting into a polypropylene
commercial sterile pot (Deltalab, Barcelona, Spain) and stored
at 4 �C until the nal analysis (performed in the same day of
This journal is © The Royal Society of Chemistry 2017
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collection). The samples were ltered through 0.22 mm regen-
erated cellulose lters.

Synthesis of the magnetic polymeric ionic liquid
nanocomposite

Synthesis of magnetic nanoparticles. The synthesis of MNPs
was carried out by a co-precipitation method. A total of 24 g of
FeCl3$6H2O and 9.8 g of FeCl2$4H2O were dissolved in 100 mL
of Milli-Q water. The mixture was maintained during 30 min at
80 �C under nitrogen atmosphere. Then, 50 mL of ammonia
(25 wt%) was added dropwise with a syringe producing a black
precipitate of iron oxide. The MNPs formed were separated by
an external magnet (60� 30� 15 mm and 549.4 N of maximum
adhesive force), washed with water (three-times) and acetoni-
trile and nally dried at 80 �C for 24 h.

In order to protect them, the MNPs were coated with a silica
shell with amino (–NH2) groups. 4 g of the MNPs was added to
an ethanol/water (200 and 16 mL, respectively) solution. This
solution was sonicated for 30 min to ensure the total dispersion
of the MNPs. Then, 8 mL of 3-aminopropyl-triethoxysilane
(APTES) was added. Aer that, the solution was stirred during
24 h under nitrogen atmosphere. The nal material
Fe3O4@NH2, was recovered with an external magnet and
washed with water (at least six-times) and acetonitrile (twice).
Finally, the solid was dried in an oven at 80 �C for 24 h.

In situ synthesis of the nanocomposite. For the synthesis of
magnetic polymeric ionic liquid nanocomposite (MPILNC),
500 mg of Fe3O4@NH2 was added in a solution of 1.46 g of
water, 978 mg of hexamethylenediamine and 101 mg of acetic
acid. Hexamethylenediamine was melted rst at 60 �C. This
solution was sonicated for 1 h. Then, a mixture of 1.22 g of
glyoxal solution (40%) with 682 mg of formaldehyde (37%) was
added. Aer that, the nal mixture was sonicated for 6 h and
then, stirred for 18 h at 25 �C. The nal MPILNC, was recovered
with an external magnet and washed with water (at least six-
times) and acetonitrile (twice). Finally, the solid was dried in
an oven at 80 �C for 24 h.

Characterization of the magnetic polymeric ionic liquid
nanocomposite

The MPILNC was characterized using several instrumental
techniques aimed at knowing its chemical composition
(infrared spectroscopy and elemental analysis), properties (zeta
potential) and morphology (microscopy, X-ray diffraction and
dynamic light scattering).

Infrared measurements were performed in a Bruker Tensor
37 FT-IR spectrometer, equipped with a diamond ATR cell with
a circular surface of 3 mm diameter and three internal reec-
tions. A Deuterated Triglycine Sulfate (DTGS) detector was
employed for spectra acquisition. Spectra were collected
between 4000 and 600 cm�1 at a 4 cm�1 resolution with 64
coadded scans each. Data collection was made using OPUS
soware (Bruker, Ettligen, Germany). Elemental analysis was
carried out on an elemental analyzer CHNS Eurovector EA 3000,
which was used for measuring the carbon and nitrogen content
of the synthesized nanomaterials.
This journal is © The Royal Society of Chemistry 2017
A Philips CM-10 transmission electron microscopy (TEM)
was employed to characterize their particle size, morphology
and aggregation behavior of MPILNC. X-ray powder diffraction
(XRD) patterns were recorded on a Siemens D5000 X-ray
diffractometer, using Cu Ka radiation and a graphite mono-
chromator. The average hydrodynamic diameter, size distribu-
tion an zeta potential of the nanocomposites in aqueous
samples were calculated at room temperature, using a Malvern
Zetasizer Nano ZSP ZEN5600 analyzer equipped with a 10 mW
laser He–Ne (633 nm). A Vibracell™ 75.041 ultrasonic probe
(750 W, 20 KHz, Bioblock Scientic, Illkirch, France) equipped
with a 3 mm probe was employed for the dispersion of the
suspensions.

The micrographs acquisition and elemental analysis
measurements were developed in the Central Service for
Research Support (SCAI) of the University of Córdoba. Zeta-
potential, X-ray diffraction and dynamic light scattering
measurements were done at the Institute of Fine Chemistry and
Nanochemistry of the University of Cordoba.
Chromatographic analysis

Liquid chromatographic analysis was performed using
a HP1100 series liquid chromatograph (Agilent, Palo Alto, CA)
equipped with a binary high-pressure pump for mobile phase
delivery, an autosampler and a single wavelength photometer
(HP1100 series). Data analysis was performed using HP Chem-
Station soware. Chromatographic separation was performed
with a LiChrosorb C18 (4.6 mm � 250 mm, 5 mm, 100 Å)
column (Analisis Vinicos, Tomelloso, Spain), using acetonitrile
and a 3% acetic acid aqueous solution as mobile phase
components in a 42/58 (v/v) ratio. The injection volume was
10 mL, the ow rate was 1.2 mL min�1 in isocratic mode and the
analytes were monitored at 254 nm.
Results and discussion
Synthesis and characterization of magnetic polymeric ionic
liquid nanocomposite

Radziszewski reaction is an easy and efficient procedure to
synthesize imidazolium-containing polymers under mild
conditions. The reaction between diamine compounds, glyoxal
and formaldehyde in an acidic media drives to the formation of
a PIL as it is shown in Fig. 1a. The acid used in the synthesis
denes the counteranion of the resulting PIL. This synthesis
has been practically evaluated in the lab to demonstrate the
feasibility and the synthesis procedure as well as the IR char-
acterization of the PIL are included in the ESI (Section S1 and
Fig. S1).†

The hypothesis tested in this article consists of using
magnetic nanoparticles coated with amine groups as reagent in
this synthesis with the aim to obtain a polymeric nano-
composite where nanoparticles and PIL chains are combined.
Theoretically, the amino groups, one or several of them, located
over the surface of the NP can act as reagents of the Radzis-
zewski reaction to form the imidazolium rings with another
amino group from the diamine of C6 chain and initiate the
RSC Adv., 2017, 7, 42979–42985 | 42981
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polymerization onto the surface of the nanoparticles as it is
shown in Fig. 1b. In addition, the PIL chain presents a terminal
amino group that can interact with another hexamethylenedi-
amine molecule or even with another nanoparticle as it is
indicated in Fig. 1c. This strategy showed an easier route for the
synthesis of these nanomaterials than the explored before by
other authors.29,31

Fig. 2 compares the IR spectra for the initial nanoparticles
and the resulting nanocomposite. The characteristic peaks for
Fe3O4@NH2 (Fig. 2a) appeared at 585–632 cm�1 for the
stretching vibrations of Fe–O–Fe, at 1000–1200 cm�1 for the
Si–O, Si–O–H vibrations, at 1625 cm�1 for the bending mode of
NH2 and at 3400 cm�1 region for the stretching vibration of
N–H. All these peaks showed the efficient coating of the MNPs
with APTES. The IR spectrum of the nanocomposite (Fig. 2b)
indicated two new peaks with medium absorbance at 1382 and
1558 cm�1 corresponding to the stretching vibrations of C–N of
the imidazolium ring and the C]O of the acetate group,
respectively. These results conrmed the functionalization of
the surface of MNPs with PIL. Other characteristic peaks of
Fe3O4@NH2 nanoparticles were present in the region of
585–632 cm�1 (Fe–O bonds) and 1000–1200 cm�1 (Si–O, Si–O–H
Fig. 2 ATR-FTIR spectra of (a) initial nanoparticles and (b) nano-
composite. The main IR absorption bands for each material are
identified.

42982 | RSC Adv., 2017, 7, 42979–42985
bonds). The small bands at 2860 and 2936 cm�1 correspond to
the asymmetric and symmetric stretching modes of –CH2–

vibrations.32

The XRD spectra of initial nanoparticles and the nano-
composite are shown in Fig. S2.† The six characteristic peaks
appear at 2q of 30.1�, 35.6�, 43.4�, 54.0�, 57.0� and 62.7�. The
nanocomposite and the initial nanoparticles present similar
diffraction peaks, indicating that the crystalline structure of the
nanoparticles does not change aer functionalization with the
PIL. The average magnetic particle size (L) can be estimated
using Scherrer's equation relating the coherently scattering
domains with Bragg peak widths: L ¼ kl/B cos(q), where k is
Scherrer constant, l the X-ray wavelength, b the peak width of
half maximum and q is the Bragg diffraction angle. The average
magnetic particle size obtained from this equation was 11.9 nm.

The size and surface morphology of the initial NPs and the
nanocomposite were evaluated by transmission electron
microscopy (TEM). Fig. 3a shows that the Fe3O4@NH2 nano-
particles were spherical, dispersed and with an average diam-
eter of 10 nm. This size is in accordance with the obtained value
by Scherrer's equation with the results by XRD. Only few
agglomerates were observed. On the other hand, Fig. 3b shows
that nanoparticles were strongly agglomerated in the nano-
composite indicating, as it was expected in the initial hypoth-
esis, that the PIL acted as an entanglement agent between the
Fig. 3 TEM micrographs of the (a) initial nanoparticles and (b)
nanocomposite.

This journal is © The Royal Society of Chemistry 2017
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Fe3O4@NH2 nanoparticles. The size of magnetic nano-
composite was larger than the Fe3O4@NH2 nanoparticles and
resulted between 500 and 1000 nm.

These observations were conrmed by dynamic light scat-
tering (DLS) measurement as it is shown in Fig. 4. The hydro-
dynamic radius (RH), which is the radius of the hypothetical
hard sphere that diffuses with the same speed as the particles
assayed under DLS,33 varies between both type of materials. In
this sense, the RH of the nanoparticles was 137.7 nm while the
nanocomposite presents a RH of 883.4 nm. In addition the
broader peaks obtained for the nanocomposite indicates
a lower homogeneity than the original nanoparticles. This effect
was expected since the synthesis of the nanocomposite
combines two different paths (presented in Fig. 1b and c). As it
was expected, the hydrodynamic ratio by DLS was larger than
the size observed by TEM. This size is larger than observed by
TEM due to the hydration ratio since the nanoparticles are
charged with amino groups which have high affinity for water
molecules increasing its hydration.

The N% and C% content can be used for characterization as
well. The % N and % C content of the initial nanoparticles,
obtained by elemental analysis (see Experimental section),
resulted to be 0.96% and 4.40% due to the presence of the
Fig. 4 Particle size distribution by DLS of the (a) initial nanoparticles
and (b) nanocomposite.

This journal is © The Royal Society of Chemistry 2017
APTES reagent. The percentages increased up to 1.42% N and
7.81% C in the nanocomposite. This increment conrms once
again the presence of the PIL in the nanocomposite. However,
the increase (1.5 and 1.8 times, respectively) is not dramatic and
it is line with the observation of bulk PIL in the supernatant of
the synthesis.

The zeta potential (ZP) (z) is an important parameter to
elucidate the stability of a dispersion of the nanoparticles in
a specicmedium. The ZP was evaluated at different pHs for the
starting and nal material, the results being shown in Fig. 5.
The two materials show values higher than zero which indicate
that both present a positive charge. The higher value obtained
for the MPILNC can be ascribed to the imidazolium rings.

Elucidation of the sorptive ability of the magnetic polymeric
ionic liquid nanocomposite

Once the material was characterized demonstrating its
successful synthesis, its sorptive ability was evaluated. Three
acidic compounds with moderate and pH dependent polarity
were selected as model targets. They present a negative charge,
complementary to the positive charge of the PIL, when the
working pH is higher to their pKa values. Therefore they are
interesting analytes to understand the potential interactions
(reverse phase and/or ionic exchange mechanisms) with the
sorptive phase. The analyte/nanocomposite interaction may be
affected by several variables like those summarized in Table S1
(ESI†). Table S1† also presents the studied interval and the best
results for each one. For this evaluation, an aqueous standard
solution containing a mixture of all analytes at a concentration
of 2 mg L�1 was employed. Separation and quantication of the
analytes was performed by HPLC-UV-VIS. For brevity, only the
key parameters will be discussed in the text.

pH is an important parameter because it establishes the
anionic or neutral form of the analytes in solution, which have
carboxylic groups in their structures. Salicylic acid has a pKa of
2.97, ketoprofen of 3.80 and naproxen of 4.6.34–36 The pH range
evaluated was 2.0–8.0. The results of this evaluation are shown
in Fig. 6a. The analyte extraction was almost constant for pHs
Fig. 5 Z potential vs. pH for nanoparticles (-) and nanocomposite
(C).

RSC Adv., 2017, 7, 42979–42985 | 42983
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Fig. 6 (a) Effect of the pH on the extraction efficiency. (b) Influence of
the ionic strength on the extraction of the analytes. (c) Effect of time
on the extraction when vortex is used for agitation. (d) Effect of time on
the extraction when ultrasounds are used for agitation.
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higher than 6. The extraction was better at alkaline pHs indi-
cating that the analytes must be in the anionic form to be
extracted by the MPILNC, which is charged positively according
to zeta potential results.

Ionic strength is a key parameter since the stability of the
system is greatly inuenced by the charged ions present in the
media. This parameter also inuences the affinity of the ana-
lytes for the MPILNC. The ionic strength was evaluated in the
range 0 and 300 g L�1 using sodium chloride as model elec-
trolyte. The results of the evaluation are shown in Fig. 6b
indicating a clear effect of the ionic strength on the extraction of
the analytes.

The elution was performed by dispersing MPILNC aer the
extraction process in an appropriate solvent employing 1 min of
ultrasound. The following mixtures were evaluated for this
purpose: methanol/acetic acid 80 : 20, methanol, methanol/
ammonia 80 : 20 and acetonitrile. The highest elution
recovery was obtained with the mixture methanol/acetic acid
80 : 20 with values of 35%, 54% and 62% for salicylic acid,
ketoprofen and naproxen, respectively. The elution volume was
studied in a range of 100–500 mL, being 500 mL selected as the
best one since a quantitative elution of the analytes was ob-
tained with this volume. On the other hand, other methanol/
acetic acid ratios were evaluated but no further improvements
were achieved.

The amount of MPILNC was evaluated in the range from 5 to
30mg. The analytical signal for naproxen and ketoprofen do not
vary with the amount of the nanocomposite indicating its good
extraction capability. However, the background signal increases
at short retention times with the amount of nanoparticles
affecting the determination of salicylic acid. Therefore 5 mg was
selected as the best value.

Once the amount of MPILNC was studied, the type of
agitation (vortex or ultrasound) and extraction time (5–30 min)
were evaluated. The results, which are shown in Fig. 6c and d,
demonstrated that shorter times using vortex as agitation
42984 | RSC Adv., 2017, 7, 42979–42985
provided the best results. Ultrasounds or longer time provided
lower recoveries probably due to the slight heating of the
solution under these conditions. These results show that the
extraction could be achieved in a short time (5 min) indicating
a good supercial area of the nanocomposite and the homo-
geneous dispersion of MPILNC in the solution during
extraction.37

The sorptive ability of the MPILNC has been demonstrated
studying as well the key variables involved. If this sorbent is
intended to be used for analytical purposes, its sorptive capacity
must answer to the concentration of the target analytes in the
original sample. The extraction workow presented in ESI†
(Section 4) includes the optimum conditions of the above
studied variables. It was applied to the extraction of aqueous
standards and saliva samples (where these analytes may be
found as a consequence of their therapeutic use) providing
some interesting data. Saliva samples showed a strong matrix
effect, compared with aqueous standards, that can be ascribed
to their inherent viscosity. Viscous samples hinder the normal
diffusion of the analytes to the sorptive phase reducing the
extraction kinetics and therefore the efficiency. However, this
problem can be overcome if a matrix-match calibration
approach is used. For this purpose, blank saliva samples were
spiked with the analytes in the range from 100 to 20 000 mg L�1.
The calibration graphs were linear for all the analytes in all the
range of evaluated concentration providing correlation coeffi-
cients in the range of 0.9968 and 0.9999. These results are
promising for the analytical application of the new
nanocomposite.
Conclusions

In the present article, a nanocomposite comprising polymeric
ionic liquids and magnetic nanoparticles is synthesized in
a simple and rapid way. The synthesis is based on the use of
magnetic nanoparticles coated with amine groups as poly-
amines in the Radziszewski reaction. The new material pre-
sented the synergic properties of nanoparticles (magnetic
behavior) and polymeric ionic liquids (high affinity for the
anionic analytes). The new material was characterized employ-
ing different techniques and its extraction performance was
evaluated using three model analytes (salicylic acid, ketoprofen
and naproxen). The high extraction results were achieved
thanks to the positive charged surface of the nanocomposite in
all the range of pH evaluated and to the stability of the nano-
particles. The nanocomposite showed its potential application
to bioanalytical samples such as saliva. The short times of
microextraction and the small amount of nanocomposite to be
used in each single extraction can be highlighted as the main
advantages of the analytical procedure.
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11 A. Chisvert, J. L. Benedé, J. L. Anderson, S. A. Pierson and
A. Salvador, Anal. Chim. Acta, 2017, 983, 130–140.

12 R. Marcilla, J. A. Blazquez, J. Rodriguez, J. A. Pomposo and
D. Mecerreyes, J. Polym. Sci., Part A: Polym. Chem., 2004,
42, 208–212.

13 D. Mecerreyes, Prog. Polym. Sci., 2011, 36, 1629–1648.
14 O. Green, S. Grubjesic, S. Lee and M. A. Firestone, Polym.

Rev., 2009, 49, 339–360.
This journal is © The Royal Society of Chemistry 2017
15 J. P. Lindner, Macromolecules, 2016, 49, 2046–2053.
16 E. Reyes-Gallardo, R. Lucena, S. Cárdenas and M. Valcárcel,
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