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Abstract: In this article, the influence of the monomers on the extraction efficiency and the effect of the
addition of surfactants during the synthesis have also been considered. The sorption capacity of the
resulting nanocomposites has been evaluated, in the dispersive micro-solid phase extraction format,
by determining that of six benzophenones in water using ultra performance liquid chromatography
(UPLC) combined with photodiode array detection. Under the optimum conditions, the limits of
detection were in the range of 0.5–4.3 ng/mL and the repeatability, expressed as the relative standard
deviation (RSD), varied between 1.5% and 5.6%. The proposed method has been applied for the
analysis of real water samples, providing relative recoveries in the interval of 84–105%

Keywords: dispersive micro-solid phase extraction; magnetic polyamide nanocomposite;
UPLC-DAD; benzophenones

1. Introduction

Polymeric nanocomposites, obtained from the synergic combination of polymers and nanoparticles
(NPs), have demonstrated great potential as sorbents in solid phase (micro)extraction [1,2]. In such a
combination, polymers provide their well-established sorption capacity [3] while NPs boost the
extraction capabilities (enhancing the superficial area of the polymer or introducing secondary
interaction domains) [4–6] and endow the nanocomposite with unique properties [7,8]. The large
number of available polymers (covering a wide range of different interaction chemistries) and NPs
provide the analyst with an almost endless group of analytical tools that can be adapted to the problem
(sample/analyte) under study. Polymeric nanocomposites have been traditionally obtained following
three main routes, namely: (a) covering the polymer surface with the NPs; (b) coating the NP’s surface
with the polymer; or (c) by electrospinning.

Covering the polymer surface with the NPs has been proposed as a synthetic approach, although it
presents the reduction of the active surface of the polymer, due to the NPs’ deposition, as the main
limitation [9]. The opposite approach has resulted in a better strategy since the resulting material
maintains the nanometric size, which provides it with a high superficial area, and the polymer remains
in the outer surface, making its interaction with the analytes possible [10,11]. However, this synthetic
approach is usually multistep and is a relatively time-consuming procedure. On the other hand,
electrospinning is a well-established and simple technique to obtain polymeric fibers with defined
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dimension and orientation. The introduction of NPs into the fiber mat is usually a priori done,
dispersing the NPs into the precursor polymeric solution [12,13], although the later modification
of the polymeric mate with NPs of a different nature, which are embedded in the network, is also
possible [14].

In 2014, our research group proposed a new synthetic approach, which involves the embedding of
the NPs into the polymeric network, to obtain nanocomposites simply and cheaply [15]. The procedure
plays with the solvent-dependent solubility of polymers and consists of the solubilization of the
polymer in an appropriate solvent, the dispersion of the NPs in this solution, and the final precipitation
of the polymer around the NPs by a solvent changeover. The NPs interfere in the normal stacking
of the polymer chains, increasing the superficial area of the polymer, [16] or they may provide new
properties to the nanocomposite [17,18]. The synthesis can be considered environmentally friendly
since the volume of organic solvent is reduced to 5 mL (formic acid) when polyamides are used.
The scope of this strategy has been recently extended to other polymers, opening the door to the use of
recyclable plastics in the preparation of nanocomposites [19].

Benzophenones are a family of organic UV-filters worldwide that are applied in many personal
care products to protect our skin against damage by UVA and UVB radiation. They can also be found
in some plastics, paints, adhesives, and rubber, where they are used to enhance the light stability of
the materials. Due to their excessive use, they can find their way into wastewater, the environment,
foods, and even the human body. There are increasing reports that BP-UV (benzophenone-UV) filters
have the potential to interfere with the endocrine system [20,21]. Considering the adverse effects of
long-term exposure and the excessive use of BP-UV filters, their identification in water samples is of
great importance. This identification is usually done by liquid chromatography, coupled with different
instrumental techniques. The low concentration of the targets in environmental waters makes a
previous extraction to pre-concentrate them and to remove potential interferents necessary. Solid phase
microextraction [22–24] and liquid phase microextraction [25–28] have already been proposed for this
purpose. Dispersive micro-solid phase extraction, which is based on the efficient dispersion of a sorbent
into the sample, is a powerful sample preparation technique that allows the rapid isolation of the
target compounds [29]. In fact, some successful extraction protocols for the isolation of benzophenones
have been reported [22,23]. In this article, an easy and fast (less than 5 h) procedure to synthesize
polymeric nanocomposite, based on the use of Fe2CoO4 magnetic nanoparticles and polyamides,
is proposed for the effective isolation of six benzophenones (BPs) from water samples. The influence
of the type of polyamide used in the synthesis of the nanocomposite on the extraction efficiency of the
nanocomposite is systematically evaluated. As a result, it has been demonstrated that the selection of
the polyamide was critical in boosting the extraction of the analytes since the inclusion of aromatic
rings on the structure allows better interaction with the targets. Moreover, the effect of the addition
of a surfactant (SDS) as a potential modifier of the nanocomposite has been evaluated. In this case,
a slightly higher porosity of the final nanocomposite was obtained. As a consequence, the enrichment
factor was also higher for all of the analytes. Finally, the application of the synthesized material to the
dispersive micro-solid phase extraction of the analytes resulted in detection limits in the low nanogram
per liter range, with shorter extraction times.

2. Results and Discussion

The type of polyamide used in the nanocomposite synthesis is crucial since it defines the type of
chemical interactions that the sorbent will establish with the target analytes [30]. Polyamides produce
inter- and intra-molecular hydrogen bonds through their amide groups that allow the stacking of
the linear polymer chains. These bonds may be developed with an external carbonyl, as are those
presented in the benzophenone structures [31]. Also, the linear chains of polyamides can interact by
dispersion forces with the analytes, while the introduction of aromatic moieties in the polymer can
enhance the interaction with the benzene rings of the target compounds. Three different polyamides
(commercial nylon-6 and lab-made isophthaloyl or terephthaloyl-based ones) were initially evaluated.
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The IR (infrared) spectra of the resulting nanocomposites are shown in Figure 1 show the characteristic
bands of the polyamides. The band at around 1642 cm−1 is the result of the C=O stretching, while the
band at around 1546 cm−1 is due to the N-H deformation.
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Figure 1. The IR (infrared) spectra of the resulting nanocomposites used in the study. The spectra are
normalized to make their comparison easier.

The extraction capabilities of the nanocomposites were evaluated, using aqueous standards
containing the analytes at a concentration level of 100 ng/mL for each analyte. For this purpose,
10 mL of the standard was extracted with 20 mg of each composite during 30 min, with the analytes
finally being eluted with 500 µL of methanol. In light of the results, which are shown in Figure 2,
terephthaloyl polyamide-based nanocomposite performed the best. Nylon-6 provided the worst
results, demonstrating the boosting effect of the inclusion of an aromatic moiety into the polyamide.

The terephthaloyl polyamide-based nanocomposite produced a superficial area of 52 m2/g,
which is an acceptable value for a solid phase extraction sorbent. The use of surfactants for increasing
the superficial area has been successful for some nanoparticles [32]. In this case, the inclusion of SDS as
a modifier only produces a slight improvement in the superficial area, to 57 m2/g. The results obtained,
which are shown in Figure 3, also demonstrate a small increase in the extraction of the analytes.
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Figure 2. The effect of the polyamide type on the extraction of the target compounds.
The chemical structure of the polyamides is also shown. Extraction conditions: Sample volume,
10 mL; sorbent amount, 20 mg; extraction time, 30 mins; sample pH, 7.4; elution solvent,
methanol. The analytes are: 2,2′,4,4′-tetrahydroxybenzophenone (BP-2), 4-hydroxybenzophenone
(4-OH-BP), 2,4-dihydroxybenzophenone (BP-1), 2,2′-dihydroxy-4-methoxybenzophenone (BP-8),
2,2′-dihydroxy-4,4′-dimethoxybenzophenone (BP-6), and 2-hydroxy-4-methoxybenzophenone (BP-3).
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Figure 3. The effect of the addition of sodium dodecyl sulfate (SDS) on the extraction capabilities of the
terephthaloyl-based magnetic nanocomposite. The analytes are: 2,2′,4,4′-tetrahydroxybenzophenone
(BP-2), 4-hydroxybenzophenone (4-OH-BP), 2,4-dihydroxybenzophenone (BP-1), 2,2′-dihydroxy-4-
methoxybenzophenone (BP-8), 2,2′-dihydroxy-4,4′-dimethoxybenzophenone (BP-6), and
2-hydroxy-4-methoxybenzophenone (BP-3).

2.1. Optimization of the Extraction Procedure

Several variables, listed in Table 1, were evaluated in the optimization of the extraction procedure.
Table 1 also lists the initial values for these variables, the interval studied, and the optimum values
achieved. For brevity, only those with a relevant effect on the extraction efficiency will be discussed.
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Table 1. A list of the variables studied in extraction optimization.

Variable Initial Value Interval Studied Optimum Value

Elution solvent Methanol Several solvents Mixture of 1-propanol and 0.01 M NaOH
solution (50:50, v/v)

Elution temperature (◦C) RT 1 RT 1/60 RT 1

Sample volume (mL) 10 5–40 40
Extraction time (min) 30 15–120 15

pH 7.4 3–9 3
1 RT, room temperature.

Elution media is critical to achieving a good recovery of the extracted analytes from the sorbent.
Considering the chemical nature of the analytes, four different media (methanol, 1-propanol, and 50/50
v/v mixtures of both solvents with 0.01 M NaOH aqueous solution) were tested. The results,
summarized in Figure 4, showed that the 1-propanol mixed with 0.01 M NaOH solution provided the
best results.
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Figure 4. The effect of the elution solvent type on the efficiency of extraction. Extraction
conditions: Sorbent, terephthaloyl nylon composite treated by sodium dodecyl sulfate (SDS);
sample volume, 10 mL; sorbent amount, 20 mg; extraction time, 30 min; sample pH,
7.4. The analytes are: 2,2′,4,4′-tetrahydroxybenzophenone (BP-2), 4-hydroxybenzophenone
(4-OH-BP), 2,4-dihydroxybenzophenone (BP-1), 2,2′-dihydroxy-4-methoxybenzophenone (BP-8),
2,2′-dihydroxy-4,4′-dimethoxybenzophenone (BP-6), and 2-hydroxy-4-methoxybenzophenone (BP-3).

The sample volume was investigated in the range from 5 to 40 mL. As observed in our previous
studies [17,19], the best dispersion of the nanocomposites was obtained when the sorbent/sample
ratio was 2 mg per mL. This study was developed under these conditions. Thereby, the experiments
were performed employing 10 to 80 mg of sorbent. As can be seen in Figure 5, the signals increased
with an increasing sample volume. In light of these results, 40 mL was selected as the sample volume.
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Figure 5. The effect of the sample volume on the efficiency of extraction. Extraction conditions:
Elution solvent, mixture of 1-propanol and 0.01 M NaOH solution (50:50, v/v); extraction time, 30 min;
sample pH, 7.4. The analytes are: 2,2′,4,4′-tetrahydroxybenzophenone (BP-2), 4-hydroxybenzophenone
(4-OH-BP), 2,4-dihydroxybenzophenone (BP-1), 2,2′-dihydroxy-4-methoxybenzophenone (BP-8),
2,2′-dihydroxy-4,4′-dimethoxybenzophenone (BP-6), and 2-hydroxy-4-methoxybenzophenone (BP-3).

The extraction time was studied using an interval of 15 to 120 min. The extraction is generally
fast and, in most cases, negligible variations were observed for the analytes. Therefore, the subsequent
extractions were performed in 15 min, in order to maintain an acceptable sample throughput.

2.2. Analytical Parameters of the Method, Accuracy, and Real Sample Analysis

Once the optimum conditions were selected, the method was analytically evaluated in regards
to the sensitivity, linear range, precision, and accuracy. The more relevant parameters are shown in
Table 2. The calibration graphs were constructed by using aliquots of 40 mL of aqueous standards
containing the benzophenones at concentrations between 0.5 and 5000 ng/mL and were processed
following the complete dispersive micro-solid phase extraction procedure. Each standard was run
in triplicate. The limits of detection (LOD) and limits of quantification (LOQ) were calculated based
on an S/N of 3 and 10, respectively [33]. The LODs ranged from 0.5 to 4.3 ng/mL, while the LOQs
(which were further defined as the initial points of the linear ranges) varied in the interval from
1.6 to 14.3 ng/mL. Good linearity (R2 ≥ 0.997) was observed for all of the analytes. The precision
was evaluated using the repeatability and reproducibility at the concentration levels of 5 ng/mL for
4-OH-BP, BP-1, and BP-3; 12.5 ng/mL for BP-8 and BP-6, and 25 ng/mL for BP-2. The repeatability
was evaluated by extracting six aliquots of a standard solution which provided values better than 5.6%
(expressed as the relative standard deviation, RSD). The reproducibility was calculated by carrying
out three replicate extractions in three subsequent days (n = 3). The values were better than 8.4%,
expressed as the RSD. The enrichment factor (EF) values were calculated by comparison of the slopes
of the calibration graphs obtained before and after the microextraction procedure. The EFs calculated
thus varied between 6.1 to 24.1 and the absolute extraction recoveries were in the range of 7.6% to
30.1%.
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Table 2. The analytical parameters of the proposed method for the selected benzophenones (BPs).

Analyte Linear Range
(ng/mL)

Determination
Coefficient (R2)

LOD a

(ng/mL)
AER b

(%)
EF c Intra-Day RSD

% (n = 6) d
Inter-Day RSD

% (n = 3) d

BP-2 14.3–5000 0.997 4.3 7.6 6.1 5.6 8.0
4-OH-BP 2.0–1000 0.997 0.6 20.6 16.5 1.9 3.8

BP-1 1.6–1000 0.998 0.5 28.8 23.0 1.5 4.6
BP-8 7.2–2500 0.999 2.2 8.9 7.1 1.7 7.7
BP-6 10–2500 0.998 3.0 9.0 7.2 4.9 5.3
BP-3 1.7–1000 0.997 0.5 30.1 24.1 3.0 8.4
a Limit of detection; b Absolute extraction recovery; c Enrichment factor; d Relative standard deviation. The analytes
are: 2,2′,4,4′-tetrahydroxybenzophenone (BP-2), 4-hydroxybenzophenone (4-OH-BP), 2,4-dihydroxybenzophenone
(BP-1), 2,2′-dihydroxy-4-methoxybenzophenone (BP-8), 2,2′-dihydroxy-4,4′-dimethoxybenzophenone (BP-6), and
2-hydroxy-4-methoxybenzophenone (BP-3).

In order to calculate the accuracy of the method, two methodologies can be followed. Firstly,
a certified reference material (CRM) is the recommended approach. However, the availability of
this material to the large variety of sample-analyte binomials is rather limited. Therefore, a second
methodology is widely accepted in analytical sciences, which deals with the use of quality control
samples (QC). This latter option has been selected in this article. For this purpose, validation samples
were prepared using benzophenone-free water samples (from a tap, river, and creek). The samples
were spiked with the analytes at 5 ng/mL for 4-OH-BP, BP-1, and BP-3; 12.5 ng/mL for BP-8 and BP-6;
and 25 ng/mL for BP-2, before being analyzed. The samples were all run in triplicate and the relative
recovery was calculated. An acceptable accuracy was defined as a relative recovery (RR) between
70–130%. As can be seen in Table 3, all of the values were between 84–105%, which indicates the
absence of the matrix effect on the proposed dispersive micro-solid phase extraction method.

Table 3. The analysis of water samples spiked with the target analytes.

Analyte Creek (RR ± SD) a Tap (RR ± SD) a River (RR ± SD) a

BP-2 84 ± 3 87 ± 3 105 ± 4
4-OH-BP 96 ± 3 98 ± 2 86 ± 3

BP-1 100 ± 2 100 ± 3 96 ± 1
BP-8 96 ± 5 104 ± 5 102 ± 3
BP-6 90 ± 2 103 ± 4 104 ± 4
BP-3 98 ± 3 97 ± 2 97 ± 2

a Relative recovery percentage± standard deviation (n = 3). The analytes are: 2,2′,4,4′-tetrahydroxybenzophenone (BP-2),
4-hydroxybenzophenone (4-OH-BP), 2,4-dihydroxybenzophenone (BP-1), 2,2′-dihydroxy-4-methoxybenzophenone
(BP-8), 2,2′-dihydroxy-4,4′-dimethoxybenzophenone (BP-6), and 2-hydroxy-4-methoxybenzophenone (BP-3).

The present work was also compared with other works reported in the literature for the analysis of
BPs [22–28]. Comparisons were performed regarding the LOD, linear dynamic range (LDR), intra-day
RSD %, EF, relative recovery (RR %), sorbent synthesis time, and extraction time. Table 4 shows
the results. As can be seen, better or comparable results were obtained by the present method in
regards to the linearity, sensitivity, precision, and RR %. The main advantage of the current work
is its simplicity and rapidity of the sorbent synthesis when it is compared with other sorbent-based
methods. Additionally, it is completed in a short extraction time.
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Table 4. A comparison of the proposed method with other reported methods.

Method Analyte LOD (ng/mL) LDR (ng/mL) Intra-Day RSD % EF RR % Synthesis Time
(hours:mins)

Extraction Time
(mins) Reference

Magnetic D-µ-SPE-UPLC-DAD

BP-2 4.3 14.3–5000 5.6 6.1 84–105

4:45 15 Present
method

4-OH-BP 0.6 2–1000 1.9 16.5 86–98
BP-1 0.5 1.6–1000 1.5 23 96–100
BP-8 2.2 7.2–2500 1.7 7.1 96–104
BP-6 3.0 10–2500 4.9 7.2 90–104
BP-3 0.5 1.7–1000 3.0 24.1 97–98

D-µ-SPE-HPLC-DAD
BP-1 1.2 4–3500 1.5 - -

37:00 55 [22]BP-3 0.9 4–3500 2.3 - -

Magnetic D-µ-SPE-HPLC-MS/MS

BP-2 0.81 2.7–500 5.2 21.4 92–96

132:30 27 [23]

4-OH-BP 0.62 2.07–500 4.2 29.3 90–93
BP-1 1.21 4.03–500 7.1 17.3 89–92
BP-8 0.84 2.80–500 5.1 34.1 87–96
BP-6 1.11 3.70–500 8.3 18.4 92–98
BP-3 0.16 0.87–500 7.3 49.2 89–96

BAµE-HPLC-DAD

4-OH-BP
Sorbent 1: 0.3 1–24 5.6 - -

- Sorbent 1: 255
Sorbent 2: 990

[24]

Sorbent 2: 0.4 2–24 3.4 - -

BP-1
Sorbent 1: 0.3 1–24 5.0 - -
Sorbent 2: 0.4 2–24 1.5 - -

BP-3
Sorbent 1: 0.3 1–24 2.6 - -
Sorbent 2: 0.4 2–24 8.5 - -

MR-DLLME-HPLC-DAD
4-OH-BP 0.7 70–7000 4.1 93 -

28:40 5 [25]BP-1 1.8 70–7000 3.7 110 -
BP-3 12.3 70–7000 4.4 107 -

IL-HF-LPME-HPLC-UV
BP-1 0.5 10–1000 8.2 25 101.9–102.7 - 50 [26]BP-3 0.2 5–1000 1.1 216 98.1–104.9

IL-DLLME-HPLC-UV
4-OH-BP 2.4 10–1000 6.3 21.7 -

- 14 [27]BP-1 6.4 20–1000 4.1 18.9 -
BP-3 3.3 10–1000 8.0 20.3 -

USA-DLLME HPLC-UV

BP 0.15 0.5–500 4.0–5.9 76 92–102

- 9 [28]BP-1 0.15 0.5–500 2.4–4.2 67 90–103

BP-3 0.30 1–500 3.7–5.1 74 94–100

SPE, solid phase extraction; DAD, diode array detection; BAµE, bar adsorptive micro-extraction; MR-DLLME, magnetic retrieval dispersive liquid-liquid microextraction; IL-HF-LPME,
Ionic liquid Hollow fiber liquid phase microextraction; USA, ultrasound assisted. The analytes are: 2,2′,4,4′-tetrahydroxybenzophenone (BP-2), 4-hydroxybenzophenone (4-OH-BP),
2,4-dihydroxybenzophenone (BP-1), 2,2′-dihydroxy-4-methoxybenzophenone (BP-8), 2,2′-dihydroxy-4,4′-dimethoxybenzophenone (BP-6), and 2-hydroxy-4-methoxybenzophenone (BP-3).
LOD, limit of detection; LDR, linear dynamic range; RSD, relative standard deviation; EF, enrichment factor; RR, relative recovery.
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3. Material and Methods

3.1. Reagents

All of the reagents were of analytical grade or better. Unless otherwise specified, they were purchased
from Sigma Aldrich (Madrid, Spain). 2,2′,4,4′-tetrahydroxybenzophenone (BP-2), 4-hydroxybenzophenone
(4-OH-BP), 2,4-dihydroxybenzophenone (BP-1), 2,2′-dihydroxy-4-methoxybenzophenone (BP-8),
2,2′-dihydroxy-4,4′-dimethoxybenzophenone (BP-6), and 2-hydroxy-4-methoxybenzophenone
(BP-3) were the target analytes. Stock standard solutions of the benzophenones were prepared at a
concentration of 1000 mg/L in acetonitrile. The solutions were stored at 4 ◦C in the dark. Working
solutions were prepared daily by the appropriate dilution of the stock solutions in methanol or Milli-Q
water (Millipore Corp., Madrid, Spain), as required. Hexamethylendiamine, isophthaloyl chloride,
terephthaloyl chloride, toluene, and methanol were used for synthesizing the different polyamides
while commercial nylon-6 pellets were acquired. Sodium dodecyl sulfate (SDS) was evaluated as a
modifier of the superficial area of the synthesized nanocomposites.

Cobalt (II) nitrate hexahydrate, iron (III) nitrate nonahydrate, hydrogen peroxide (33.0 w/v %),
and sodium hydroxide were used for the synthesis of the magnetic nanoparticles (Fe2CoO4). Formic
acid and Milli-Q water were chosen as solvents, to induce the solubilization/precipitation of the
polyamides around the magnetic core.

3.2. Preparation of the Magnetic Polyamide Nanocomposites (MNPs)

3.2.1. Synthesis of the Magnetic Core (Fe2CoO4 MNPs)

Cobalt (II) nitrate hexahydrate (7.3 g) and iron (III) nitrate nonahydrate (20.2 g) were dissolved in
50 mL of Milli-Q water. The solution was heated at 80 ◦C and 250 mL of 1.2 M NaOH solution was
added in a dropwise manner. The reaction proceeded at the same temperature for 2 h under vigorous
stirring. Then, 250 mL of hydrogen peroxide (33.0 w/v %) was added in a dropwise manner and the
dispersion was heated at 80 ◦C for 2 h. The resulting MNPs were isolated by an external magnet,
washed (with Milli-Q water and acetonitrile), and finally dried in an oven at 80 ◦C.

3.2.2. Synthesis of Isophthaloyl and Terephthaloyl Polyamides

Isophthaloyl and terephthaloyl polyamides were prepared according to our previous work [30].
Briefly, 4.06 g of isophthaloyl chloride or terephthaloyl chloride was dissolved in 20 mL of toluene.
At the same time, 1.16 g of hexamethylenediamine and 0.3 g of NaOH were dissolved in 10 mL of
water. Both solutions were transferred to a beaker, forming a biphasic system, with an interface at
which the polyamide was formed. The resulting polyamide was collected by a glass rod, washed (with
toluene, water, and methanol), and finally dried at 80 ◦C overnight.

3.2.3. Synthesis of the Magnetic Polyamide Nanocomposites (MNPs)

For the preparation of the nanocomposites, 150 mg of polyamide (commercial nylon-6 or
synthesized isophthaloyl or terephthaloyl polyamides) was dissolved in 5 mL of formic acid. 200 mg
of MNPs were dispersed into the solution, aided by ultrasounds, for 5 min. Then, the dispersion was
added to 50 mL of Milli-Q water using a plastic syringe. The solvent changeover, from formic acid to
water, induced the precipitation of the polyamide around the MNPs. The resulting nanocomposite
was recovered using an external magnet, was washed with water and acetonitrile, and was finally
dried in the oven.

SDS was used as a potential modifier. Terephthaloyl polyamide nanocomposite was used in this
study as it provided the best extraction results. For this purpose, 250 mg of the surfactant was added
to the formic acid solution containing the polyamide and the MNPs, following a similar procedure
to the one described above. The synthesis procedure was like the aforementioned but with minor
changes. Once the nanocomposite was obtained, the modifier had to be removed with water.
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3.3. Characterization of the Magnetic Polyamide Nanocomposites (MNPs)

The chemical composition of the synthesized nanocomposites was studied by infrared
spectroscopy while their morphology was investigated using superficial area measurements.

Fourier transform infrared (FT-IR) spectra were obtained with a Bruker Tensor 37 FT-IR
spectrometer, equipped with a Deuterated Triglycine Sulfate (DTGS) detector. The spectrometer
consisted of a diamond ATR cell with a circular surface of 3 mm in diameter and three internal
reflections. The spectra were recorded in the range of 600–4000 cm−1 at a 4 cm−1 resolution with 64
co-added scans. The data acquisition was performed by OPUS software (version 4.2, Bruker, Ettligen,
Germany).

The measurements of the superficial areas of the composites were carried out using a Quanta
chrome® ASiQwinTM-Automated Gas Sorption Data analyzer (Quantachrome, Boynton Beach, FL,
USA) at the Institute of Fine Chemistry and Nanochemistry at the University of Cordoba. The analysis
was based on the nitrogen adsorption/desorption at −196 ◦C and the specific surface area values were
calculated using the BET (Brunauer–Emmett–Teller) equation.

3.4. Extraction Procedure

Firstly, 80 mg of the nanocomposite was placed in a 50 mL vial and 40 mL of an aqueous
standard or a water sample, adjusted at pH 3 with a diluted hydrochloric acid solution, was poured
into the vial. The vial was vortexed vigorously for 15 min. The use of a multiport vortex allowed
the simultaneous extraction of several samples. The sorbent was isolated from the solution by an
external magnet and washed with 10 mL of Milli-Q water. After that, the sorbent was completely
dried and the analytes were eluted by 500 µL of a mixture of 1-propanol and 0.01 M NaOH solution
(50:50, v/v). The eluate was finally analyzed by Ultra-Performance Liquid Chromatography with
Diode-Array Detection (UPLC-DAD) (Waters Corp., Madrid, Spain). The synthesis pathway, as well as
the dispersive microextraction procedure, is depicted in Figure 6.

Molecules 2019, 24, x  11 of 14 

 

3.3. Characterization of the Magnetic Polyamide Nanocomposites (MNPs) 

The chemical composition of the synthesized nanocomposites was studied by infrared 
spectroscopy while their morphology was investigated using superficial area measurements. 

Fourier transform infrared (FT-IR) spectra were obtained with a Bruker Tensor 37 FT-IR 
spectrometer, equipped with a Deuterated Triglycine Sulfate (DTGS) detector. The spectrometer 
consisted of a diamond ATR cell with a circular surface of 3 mm in diameter and three internal 
reflections. The spectra were recorded in the range of 600–4000 cm−1 at a 4 cm−1 resolution with 64 co-
added scans. The data acquisition was performed by OPUS software (version 4.2, Bruker, Ettligen, 
Germany). 

The measurements of the superficial areas of the composites were carried out using a Quanta 
chrome® ASiQwinTM-Automated Gas Sorption Data analyzer (Quantachrome, Boynton Beach, FL, 
USA) at the Institute of Fine Chemistry and Nanochemistry at the University of Cordoba. The 
analysis was based on the nitrogen adsorption/desorption at −196 °C and the specific surface area 
values were calculated using the BET (Brunauer–Emmett–Teller) equation.  

3.4. Extraction Procedure 

Firstly, 80 mg of the nanocomposite was placed in a 50 mL vial and 40 mL of an aqueous 
standard or a water sample, adjusted at pH 3 with a diluted hydrochloric acid solution, was poured 
into the vial. The vial was vortexed vigorously for 15 min. The use of a multiport vortex allowed the 
simultaneous extraction of several samples. The sorbent was isolated from the solution by an external 
magnet and washed with 10 mL of Milli-Q water. After that, the sorbent was completely dried and 
the analytes were eluted by 500 µL of a mixture of 1-propanol and 0.01 M NaOH solution (50:50, v/v). 
The eluate was finally analyzed by Ultra-Performance Liquid Chromatography with Diode-Array 
Detection (UPLC-DAD) (Waters Corp., Madrid, Spain). The synthesis pathway, as well as the 
dispersive microextraction procedure, is depicted in Figure 6. 

 
Figure 6. The scheme of the synthesis of the nanocomposite and its use in the dispersive micro-solid 
phase extraction procedure designed for the identification of benzophenones in waters. SDS: Sodium 
dodecyl sulfate; MNPs: Magnetic Polyamide Nanocomposites; UPLC-DAD: Ultra-Performance 
Liquid Chromatography with Diode-Array Detection. 

3.5. UPLC (Ultra-Performance Liquid Chromatography) Analysis 

The analytes were separated and quantified using a Waters Acquity TM Ultra Performance LC 
system (Waters Corp., Madrid, Spain) equipped with an autosampler and a PDA eλ Detector 
(Waters). The analytical column was an ACQUITY UPLC®BEH C18 column (1.7 µm, 2.1 × 100 mm) 

Figure 6. The scheme of the synthesis of the nanocomposite and its use in the dispersive micro-solid
phase extraction procedure designed for the identification of benzophenones in waters. SDS: Sodium
dodecyl sulfate; MNPs: Magnetic Polyamide Nanocomposites; UPLC-DAD: Ultra-Performance Liquid
Chromatography with Diode-Array Detection.

3.5. UPLC (Ultra-Performance Liquid Chromatography) Analysis

The analytes were separated and quantified using a Waters Acquity TM Ultra Performance LC
system (Waters Corp., Madrid, Spain) equipped with an autosampler and a PDA eλ Detector (Waters).
The analytical column was an ACQUITY UPLC®BEH C18 column (1.7 µm, 2.1 × 100 mm) that was
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maintained at 30 ◦C. The separation was performed under a gradient elution mode using a mobile
phase consisting of water (solvent A) and acetonitrile (solvent B). The elution began by using 20%
of solvent B and linearly increased to using 60% within 8 min. The flow rate was maintained at
0.5 mL/min and the injection volume was 5 µL. The detection was performed at 290 nm.

4. Conclusions

In this article, we have presented the synthesis of a nanocomposite for the identification of
benzophenones in water samples. The sorbent was laboratory-prepared by the simple mixing of the
components. In the first stage, the polymeric phase was synthesized using monomers whose chemical
structure maximized the interaction with the analytes. In this case, the presence of aromatic rings is
crucial. Next, and with the aim of increasing the porosity, two strategies were implemented. Magnetic
nanoparticles were incorporated into the polymeric network by playing with the solubility of the
polymer in different media. In this way, the addition of an aqueous dispersion of the MNPs to a
solution of the polymer in formic acid immediately precipitated the nanocomposite. The inclusion
of the MNPs between the polymer chain increased the porosity of the material. Also, the presence of
the surfactant SDS in the formic phase permitted the incorporation of the micelles into the polymeric
network. Washing the solid with water removed the suprastructures, leaving the voids within the
nanocomposite. This resulted in a higher porosity in comparison to the material prepared in the
absence of SDS. The sorbent has been used in a dispersive micro-solid phase extraction procedure,
where the superparamagnetism exhibited by the solid simplifies the whole methodology, as no
filtration/centrifugation steps are required. Rather, an external magnet enabled the recovery of the
nanocomposite in different stages of the procedure. The developed protocol provided enrichment
factors of between 6.1–24.1. These values are acceptable, but they can be improved eventually (by up
to 10-times) if an evaporation/redissolution of the final methanolic extract is implemented prior to the
chromatographic analysis.

Author Contributions: H.G., E.M.R.-G., and R.L. designed the extraction experiments; H.G. performed the
experiments; M.S., S.C., and R.L. supervised the project; all of the authors have contributed to the paper writing.

Funding: The financial support from the Spanish Ministry of Economy and Competitiveness (CTQ2017-83175R)
is gratefully acknowledged.

Acknowledgments: H. Ghambari would like to thank the Ministry of Science, Research, and Technology of Iran
for financial support. The authors would like to thank the Institute of Fine Chemistry and Nanochemistry, both at
the University of Cordoba, for the services provided to characterize the nanocomposites.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. Reyes-Gallardo, E.M.; Lucena, R.; Cárdenas, S.; Valcárcel, M. Polymer-nanoparticles composites in
bioanalytical sample preparation. Bioanalysis 2015, 7, 1723–1730. [CrossRef] [PubMed]

2. Ayazi, Z. Application of nanocomposite-based sorbents in microextraction techniques: A review. Analyst
2017, 142, 721–739. [CrossRef] [PubMed]

3. Nika, C.E.; Yiantzi, E.; Psillakis, E. Plastic pellets sorptive extraction: Low-cost, rapid and efficient extraction
of polycyclic aromatic hydrocarbons from environmental waters. Anal. Chim. Acta 2016, 922, 30–36.
[CrossRef] [PubMed]

4. Bagheri, H.; Banihashemi, S.; Zandian, F.K. Microextraction of antidepressant drugs into syringes packed
with a nanocomposite consisting of polydopamine, silver nanoparticles and polypyrrole. Microchim. Acta
2016, 183, 195–202. [CrossRef]

5. Li, W.J.; Zhou, X.; Tong, S.S.; Jia, Q. Poly(N-isopropylacrylamide-co-N,N′-methylene bisacrylamide)
monolithic column embedded with γ-alumina nanoparticles microextraction coupled with high-performance
liquid chromatography for the determination of synthetic food dyes in soft drink samples. Talanta 2013, 105,
386–392. [CrossRef] [PubMed]

http://dx.doi.org/10.4155/bio.15.93
http://www.ncbi.nlm.nih.gov/pubmed/26270780
http://dx.doi.org/10.1039/C6AN02744J
http://www.ncbi.nlm.nih.gov/pubmed/28197570
http://dx.doi.org/10.1016/j.aca.2016.03.037
http://www.ncbi.nlm.nih.gov/pubmed/27154829
http://dx.doi.org/10.1007/s00604-015-1606-5
http://dx.doi.org/10.1016/j.talanta.2012.10.065
http://www.ncbi.nlm.nih.gov/pubmed/23598035


Molecules 2019, 24, 953 12 of 13

6. Fresco-Cala, B.; Cárdenas, S.; Herrero-Martínez, J.M. Preparation of porous methacrylate monoliths with
oxidized single-walled carbon nanohorns for the extraction of nonsteroidal anti-inflammatory drugs from
urine samples. Microchim. Acta 2017, 184, 1863–1871. [CrossRef]

7. Asgharinezhad, A.A.; Ebrahimzadeh, H.; Mirbabaei, F.; Mollazadeh, N.; Shekari, N. Dispersive
micro-solid-phase extraction of benzodiazepines from biological fluids based on polyaniline/magnetic
nanoparticles composite. Anal. Chim. Acta 2014, 844, 80–89. [CrossRef] [PubMed]

8. Ríos-Gómez, J.; Ferrer-Monteagudo, B.; López-Lorente, Á.I.; Lucena, R.; Luque, R.; Cárdenas, S. Efficient
combined sorption/photobleaching of dyes promoted by cellulose/titania-based nanocomposite films.
J. Clean. Prod. 2018, 194, 167–173. [CrossRef]

9. Reyes-Gallardo, E.M.; Lasarte-Aragonés, G.; Lucena, R.; Cárdenas, S.; Valcárcel, M. Hybridization of
commercial polymeric microparticles and magnetic nanoparticles for the dispersive micro-solid phase
extraction of nitroaromatic hydrocarbons from water. J. Chromatogr. A 2013, 1271, 50–55. [CrossRef]

10. Bagheri, H.; Manouchehri, M.; Allahdadlalouni, M. A magnetic multifunctional dendrimeric coating on a
steel fiber for solid phase microextraction of chlorophenols. Microchim. Acta 2017, 184, 2201–2209. [CrossRef]

11. Li, C.; Ma, X.; Zhang, X.; Wang, R.; Chen, Y.; Li, Z. Magnetic molecularly imprinted polymer
nanoparticles-based solid-phase extraction coupled with gas chromatography–mass spectrometry for
selective determination of trace di-(2-ethylhexyl) phthalate in water samples. Anal. Bioanal. Chem. 2016, 408,
7857–7864. [CrossRef] [PubMed]

12. He, X.M.; Zhu, G.T.; Yin, J.; Zhao, Q.; Yuan, B.F.; Feng, Y.Q. Electrospun polystyrene/oxidized carbon
nanotubes film as both sorbent for thin film microextraction and matrix for matrix-assisted laser
desorption/ionization time-of-flight mass spectrometry. J. Chromatogr. A 2014, 1351, 29–36. [CrossRef]
[PubMed]

13. Huang, J.; Deng, H.; Song, D.; Xu, H. Electrospun polystyrene/graphene nanofiber film as a novel adsorbent of
thin film microextraction for extraction of aldehydes in human exhaled breath condensates. Anal. Chim. Acta
2015, 878, 102–108. [CrossRef] [PubMed]

14. Huang, Y.; Miao, Y.E.; Ji, S.; Tjiu, W.W.; Liu, T. Electrospun carbon nanofibers decorated with Ag-Pt bimetallic
nanoparticles for selective detection of dopamine. ACS Appl. Mater. Interfaces 2014, 6, 12449–12456. [CrossRef]
[PubMed]

15. Reyes-Gallardo, E.M.; Lucena, R.; Cárdenas, S.; Valcárcel, M. Magnetic nanoparticles-nylon 6 composite
for the dispersive micro solid phase extraction of selected polycyclic aromatic hydrocarbons from water
samples. J. Chromatogr. A 2014, 1345, 43–49. [CrossRef] [PubMed]

16. Reyes-Gallardo, E.M.; Lucena, R.; Cárdenas, S. Silica nanoparticles-nylon 6 composites: Synthesis,
characterization and potential use as sorbent. RSC Adv. 2017, 7, 2308–2314. [CrossRef]

17. Reyes-Gallardo, E.M.; Lucena, R.; Cárdenas, S.; Valcárcel, M. Dispersive micro-solid phase extraction
of bisphenol A from milk using magnetic nylon 6 composite and its final determination by HPLC-UV.
Microchem. J. 2016, 124, 751–756. [CrossRef]

18. Benedé, J.L.; Chisvert, A.; Giokas, D.L.; Salvador, A. Stir bar sorptive-dispersive microextraction mediated by
magnetic nanoparticles-nylon 6 composite for the extraction of hydrophilic organic compounds in aqueous
media. Anal. Chim. Acta 2016, 926, 63–71. [CrossRef]

19. Ghambari, H.; Reyes-Gallardo, E.M.; Lucena, R.; Saraji, M.; Cárdenas, S. Recycling polymer residues to
synthesize magnetic nanocomposites for dispersive micro-solid phase extraction. Talanta 2017, 170, 451–456.
[CrossRef]

20. Watanabe, Y.; Kojima, H.; Takeuchi, S.; Uramaru, N.; Sanoh, S.; Sugihara, K.; Kitamura, S.; Ohta, S.
Metabolism of UV-filter benzophenone-3 by rat and human liver microsomes and its effect on
endocrine-disrupting activity. Toxicol. Appl. Pharmacol. 2015, 282, 119–128. [CrossRef]

21. Schreurs, R.H.M.M.; Sonneveld, E.; Jansen, J.H.J.; Seinen, W.; van der Burg, B. Interaction of polycyclic musks
and UV filters with the estrogen receptor (ER), androgen receptor (AR), and progesterone receptor (PR) in
reporter gene bioassays. Toxicol. Sci. 2005, 83, 264–272. [CrossRef] [PubMed]

22. Li, N.; Zhu, Q.; Yang, Y.; Huang, J.; Dang, X.; Chen, H. A novel dispersive solid-phase extraction method
using metal-organic framework MIL-101 as the adsorbent for the analysis of benzophenones in toner. Talanta
2015, 132, 713–718. [CrossRef] [PubMed]

http://dx.doi.org/10.1007/s00604-017-2203-6
http://dx.doi.org/10.1016/j.aca.2014.06.007
http://www.ncbi.nlm.nih.gov/pubmed/25172820
http://dx.doi.org/10.1016/j.jclepro.2018.05.100
http://dx.doi.org/10.1016/j.chroma.2012.11.040
http://dx.doi.org/10.1007/s00604-017-2220-5
http://dx.doi.org/10.1007/s00216-016-9889-x
http://www.ncbi.nlm.nih.gov/pubmed/27580604
http://dx.doi.org/10.1016/j.chroma.2014.05.045
http://www.ncbi.nlm.nih.gov/pubmed/24908155
http://dx.doi.org/10.1016/j.aca.2015.03.053
http://www.ncbi.nlm.nih.gov/pubmed/26002331
http://dx.doi.org/10.1021/am502344p
http://www.ncbi.nlm.nih.gov/pubmed/25029608
http://dx.doi.org/10.1016/j.chroma.2014.04.033
http://www.ncbi.nlm.nih.gov/pubmed/24786654
http://dx.doi.org/10.1039/C6RA24739C
http://dx.doi.org/10.1016/j.microc.2015.10.025
http://dx.doi.org/10.1016/j.aca.2016.04.042
http://dx.doi.org/10.1016/j.talanta.2017.04.026
http://dx.doi.org/10.1016/j.taap.2014.12.002
http://dx.doi.org/10.1093/toxsci/kfi035
http://www.ncbi.nlm.nih.gov/pubmed/15537743
http://dx.doi.org/10.1016/j.talanta.2014.10.038
http://www.ncbi.nlm.nih.gov/pubmed/25476369


Molecules 2019, 24, 953 13 of 13

23. Casado-Carmona, F.A.; del CarmenAlcudia-León, M.; Lucena, R.; Cárdenas, S.; Valcárcel, M. Magnetic
nanoparticles coated with ionic liquid for the extraction of endocrine disrupting compounds from waters.
Microchem. J. 2016, 128, 347–353. [CrossRef]

24. Almeida, C.; Stepkowska, A.; Alegre, A.; Nogueira, J.M.F. Determination of trace levels of benzophenone-type
ultra-violet filters in real matrices by bar adsorptive micro-extraction using selective sorbent phases.
J. Chromatogr. A 2013, 1311, 1–10. [CrossRef] [PubMed]

25. Zhang, T.; Guo, J.F.; Bai, L.; Shi, Z.G.; Qi, L.M. Retrieval of the extraction solvent by magnetic particles for
dispersive liquid-liquid microextraction of UV filters. J. Liq. Chromatogr. Relat. Technol. 2015, 38, 104–110.
[CrossRef]

26. Ge, D.; Lee, H.K. Ionic liquid based hollow fiber supported liquid phase microextraction of ultraviolet filters.
J. Chromatogr. A 2012, 1229, 1–5. [CrossRef] [PubMed]

27. Ye, L.; Liu, J.; Yang, X.; Peng, Y.; Xu, L. Orthogonal array design for the optimization of ionic liquid-based
dispersive liquid-liquid microextraction of benzophenone-type UV filters. J. Sep. Sci. 2011, 34, 700–706.
[CrossRef] [PubMed]

28. Wang, H.; Hu, L.; Liu, X.; Yin, S.; Lu, R.; Zhang, S.; Zhou, W.; Gao, H. Deep eutectic solvent-based
ultrasound-assisted dispersive liquid-liquid microextraction coupled with high-performance liquid
chromatography for the determination of ultraviolet filters in water samples. J. Chromatogr. A 2017, 1516,
1–8. [CrossRef]

29. Chisvert, A.; Cárdenas, S.; Lucena, R. Dispersive micro-solid phase extraction. TrAC Trends Anal. Chem. 2019,
112, 226–233. [CrossRef]

30. Ballesteros-Esteban, T.; Reyes-Gallardo, E.M.; Lucena, R.; Cárdenas, S.; Valcárcel, M. Determination of
propranolol and carvedilol in urine samples using a magnetic polyamide composite and LC-MS/MS.
Bioanalysis 2016, 8, 2115–2123. [CrossRef]

31. Xu, Q.; Yin, X.; Wu, S.; Wang, M.; Wen, Z.; Gu, Z. Determination of phthalate esters in water samples using
Nylon6 nanofibers mat-based solid-phase extraction coupled to liquid chromatography. Microchim. Acta
2010, 168, 267–275. [CrossRef]

32. García-Valverde, M.T.; Rosende, M.; Lucena, R.; Cárdenas, S.; Miró, M. Lab-on-a-Valve Mesofluidic
Platform for On-Chip Handling of Carbon-Coated Titanium Dioxide Nanotubes in a Disposable Microsolid
Phase-Extraction Mode. Anal. Chem. 2018, 90, 4783–4791. [CrossRef] [PubMed]

33. Walfish, S. A statistical perspective on the ICH Q2A and Q2B guidelines for validation of analytical methods.
BioPharm Int. 2006, 19, 28–36.

Sample Availability: Samples of the composites are available from the authors.

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.microc.2016.05.011
http://dx.doi.org/10.1016/j.chroma.2013.08.007
http://www.ncbi.nlm.nih.gov/pubmed/24011723
http://dx.doi.org/10.1080/10826076.2014.883538
http://dx.doi.org/10.1016/j.chroma.2011.12.110
http://www.ncbi.nlm.nih.gov/pubmed/22307149
http://dx.doi.org/10.1002/jssc.201000552
http://www.ncbi.nlm.nih.gov/pubmed/21290603
http://dx.doi.org/10.1016/j.chroma.2017.07.073
http://dx.doi.org/10.1016/j.trac.2018.12.005
http://dx.doi.org/10.4155/bio-2016-0015
http://dx.doi.org/10.1007/s00604-010-0290-8
http://dx.doi.org/10.1021/acs.analchem.8b00158
http://www.ncbi.nlm.nih.gov/pubmed/29490460
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results and Discussion 
	Optimization of the Extraction Procedure 
	Analytical Parameters of the Method, Accuracy, and Real Sample Analysis 

	Material and Methods 
	Reagents 
	Preparation of the Magnetic Polyamide Nanocomposites (MNPs) 
	Synthesis of the Magnetic Core (Fe2CoO4 MNPs) 
	Synthesis of Isophthaloyl and Terephthaloyl Polyamides 
	Synthesis of the Magnetic Polyamide Nanocomposites (MNPs) 

	Characterization of the Magnetic Polyamide Nanocomposites (MNPs) 
	Extraction Procedure 
	UPLC (Ultra-Performance Liquid Chromatography) Analysis 

	Conclusions 
	References

