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Abstract A rapid extraction procedure is presented for the
determination of five endocrine-disrupting compounds, es-
trone, ethinylestradiol, bisphenol A, triclosan, and 2-
ethylhexylsalicylate, in water samples. The analysis involves
a two-step extraction procedure that combines dispersive liq-
uid–liquid microextraction (DLLME) with dispersive micro-
solid phase extraction (D-μ-SPE), using magnetic nanoparti-
cles, followed by in situ derivatization in the injection port of a
gas chromatograph coupled to triple quadrupole mass spec-
trometry. The use of uncoated or oleate-coated Fe3O4 nano-
particles as sorbent in the extraction process was evaluated
and compared. Themain parameters involved in the extraction
process were optimized applying experimental designs.
Uncoated Fe3O4 nanoparticles were selected in order to sim-
plify and make more cost-effective the procedure. DLLME
was carried out at pH 3, during 2min, followed by the addition
of the nanoparticles for D-μ-SPE employing 1 min in the
extraction. Analysis of spiked water samples of different
sources gave satisfactory recovery results for all the com-
pounds with detection limits ranging from 7 to 180 ng l−1.
Finally, the procedure was applied in tap, well, and river water.
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Introduction

Endocrine-disrupting compounds (EDCs) are naturally occur-
ring or man-made substances that alter functions of the endo-
crine system and consequently cause adverse health effects in
an intact organism, its progeny, or (sub)populations [1]. A
wide range of substances, present in a high variety of everyday
products, are thought to cause endocrine disruption at very
low concentrations [2]. Additionally, a challenge to the field
of endocrine disruption is that these substances are diverse and
apparently do not share any structural similarity [3, 4]. The
EDCs enter surface water from different sources such as direct
discharge of industrial and domestic wastewater, effluents of
wastewater treatment plants (WWTPs), and agricultural activ-
ities that cause nonpoint source pollution [4].

In this work, estrone (E1), ethinylestradiol (EE2),
b i s p h e no l A (BPA ) , t r i c l o s a n (TCS ) , a n d 2 -
ethylhexylsalicylate (EHS) are analyzed. Steroid hormones
are considered the most potent active EDCs present in the
environment [5, 6]. E1 and EE2 are a natural and a synthetic
estrogen, respectively. E1 is one of the main metabolites of
estradiol that is excreted through human and animal urine into
the environment. EE2 is currently included in the revised list
of EU Priority substances in the field of water policy [7] due to
its high estrogenic potency. BPA is an intermediate in the
production of epoxy resins and polycarbonate plastics which
is used as a model agent for endocrine disruption. It was de-
scribed that perinatal exposure to environmentally relevant
doses of this compound results inmorphological and function-
al alterations [8]. This compound is included in the list of
substances with endocrine disruption classifications with cat-
egory 1 for wildlife and human health due to the evidence of
endocrine-disrupting activity in at least one species using in-
tact animals [9]. TCS is a broad-spectrum bactericide used in
consumer products that could enter the environment by
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spreading sludge fromWWTPs or through treated wastewater
effluents. The last product included in our study is EHS, an
ultraviolet (UV) filter. UV filters could enter the environment
indirectly via WWTPs or directly via wash-off from the skin.
EHS is one of the UV filters approved in cosmetic products in
the European Union, which is classified as toxic to aquatic life
with long-lasting effects [10].

Due to the low level of EDCs in environmental samples,
the extraction, clean-up, and preconcentration of samples prior
to their chromatographic analysis is necessary. Solid-phase
extraction (SPE) is the extraction technique most commonly
applied in the determination of steroid hormones in liquid
samples. Nevertheless, miniaturized liquid–liquid extraction
methods and other extraction methodologies, based on solid-
phase microextraction (SPME), have also been used for the
analyses of EDCs [11–14]. In recent years, some SPE
methods using nanoparticles (NPs) of magnetite (Fe3O4) have
been evaluated for the preconcentration of contaminants from
liquid samples [15]. The use of magnetic nanostructures in the
extraction of contaminants from liquid samples is a very in-
teresting tool because the magnetic nanoparticles (MNPs)
with the analytes are isolated by placing a magnet on the wall
of the flask, discarding the solution, and the target compounds
can be eluted from the sorbent with a low quantity of an
adequate organic solvent to be analyzed. In the last years, a
few magnetic solid-phase extraction (mSPE) methods have
been described in the available literature for the analysis of
different EDCs (phenols, UV filter, or some hormones) in
water samples [16–23].

Recently, the application of MNPs in two-step
microextraction techniques for liquid samples has been de-
scribed. In these procedures, dispersive liquid–liquid
microextraction (DLLME) combined with dispersive micro-
solid phase extraction (D-μ-SPE), in which the retrieval of the
extraction solvent is based on the adsorption by MNPs
[24–28], was described as an alternative to the conventional
DLLME. Thus, the organic phase containing the analytes is
the target of the magnetic retrieval step rather than the analytes
directly. After DLLME, MNPs retrieved 1-octanol from the
aqueous solution via hydrophobic interaction. In the two-step
extraction procedure, the need for a centrifugation or cooling
step used in the conventional DLLME is overcome.

In general, most of the published studies concerning
the presence of EDCs in water samples are focused on a
limited number of compounds of a same group, being
natural estrogens, alkylphenol, and BPA the most widely
studied compounds. Nevertheless, the presence of a
broad number of substances classified as EDCs has been
recently investigated in surface and tap water [4, 29, 30].
In these studies, the multi-residue analysis was carried
out by a sophisticated method using dual column liquid
chromatography switching system coupled to tandem
mass spectrometry.

Currently, quantification of EDCs in water samples has
been mainly achieved by liquid chromatography–tandem
mass spectrometry (LC–MS/MS) [4, 30–33]. Nevertheless,
liquid chromatography–diode array detector (LC–DAD)
[23], gas chromatography–mass spectrometry (GC–MS) [34,
35], or gas chromatography–tandem mass spectrometry (GC–
MS/MS) [36–38] have also been reported. The choice of the
analytical technique depends on the physico-chemical proper-
ties and concentrations of the compounds to be analyzed and,
in many situations, on the equipment availability. Due to the
high polarity, non-volatility, and thermal lability of many
EDCs, a derivatization step before GC analysis is necessary
to improve their volatility and chromatographic behavior.
Silylation is one of the derivatization procedures widely used
to improve GC behavior of polar compounds containing phe-
nolic groups. Silylation of some EDCs using N,O-
bis(trimethylsilyl)trifluoroacetamide (BSTFA) and pyridine
has been previously used by our group [39] and by other
authors [35, 38], although other derivatization procedures
had been reported in the available literature. The addition of
pyridine, as derivatization reagent with BSTFA, has been re-
ported to provide higher chromatographic responses, probably
due to its catalytic and acid scavenging properties, and to
prevent the conversion of EE2 to other products during the
derivatization [35, 39]. Derivatization procedures are some-
times laborious and time consuming that often require the use
of toxic reagents; thus, in situ derivatization in the GC injector
is an attractive alternative because it avoids preparative steps,
accelerates reaction rates, and reduces evaporative losses [37].

The main objective of this study was to develop a quick,
cheap, and efficient method for the simultaneous analysis of
EDCs in water samples. The method developed was based on
DLLE combined with D-μ-SPE using MNPs, followed by in
situ derivatization in the GC–MS/MS system. Finally, the val-
idated method was used to monitor these contaminants in
water samples from different sources.

Experimental

Reagents and standards

Ethyl acetate (EtAc), acetonitrile (ACN), n-hexane, and meth-
anol (MeOH), residue analysis grade, were purchased from
Scharlab (Spain). Fe (II, III) oxide MNPs (diameter 50–
100 nm), sodium oleate (purity ≥95 %), sodium chloride
(NaCl), and anhydrous sodium sulfate were acquired from
Sigma-Aldrich (Steinheim, Germany). 1-Octanol was sup-
plied by Merck (Germany). Chlorobenzene and carbon tetra-
chloride were obtained from Panreac (Spain). Chloroformwas
acquired from Fisher Chemical (United Kingdom). The deriv-
atization agent BSTFA, purity 99 %, was from Supelco
(Pennsylvania, USA). Pyridine, hydrochloric acid (37 %),
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and sodium hydroxide were purchased from Panreac (Spain).
Ultrahigh-quality water was obtained from a Milli-Q water
purification system (Millipore, Spain).

EHS, E1, and EE2 (all with purity >97 %) were obtained
from Sigma–Aldrich (St Louis, MO, USA). TCS, purity
>97 %, was purchased from Riedel-de Haën (Seelze,
Germany), whereas BPA and the labeled compounds used as
internal standards (13C12-TCS,

13C12-BPA, and
13C12-E1)

were supplied by Cambridge Isotope Laboratories (Andover,
MA, USA).

Working mixture solution containing all analytes (EHS,
TCS, BPA, and E1 at 200 ng ml−1, and EE2 at 600 ng ml−1)
and the internal standard solution containing 13C12-TCS,
13C12-BPA, and

13C12-E1 (at 200 ng ml−1) were prepared in
MeOH. All standard solutions were stored at −20 °C prior to
use.

Samples and MNPs

Samples were collected in 250-ml amber glass bottles. Tap
water was collected from our laboratory. The other samples
analyzed were well water and river water (Manzanares River)
from Madrid. River samples were filtered through a paper
filter (8 μm particle retention; Whatman) before the extraction
procedure in order to remove the suspended solids.

Surface modification of the Fe3O4 MNPs with sodium ole-
ate was carried out as described in our previous work [40].
Elemental analysis of the MNPs was performed with a LECO
CHNS-932 microanalyzer at the Institute of General Organic
Chemistry of the CSIC (Madrid, Spain).

Extraction procedure

The presented procedure is based on our previous work [28].
A mixture of 60 μl of 1-octanol and 4 ml of MeOH was
quickly injected into a 100-ml conical flask containing
25 ml of sample adjusted to pH 3 with HCl 3 N. The sample
was spiked with the internal standard solution, and it was
closed with a glass cap. Then, the mixture was vigorously
stirred using a vibromatic mixer at a vibration frequency of
782 oscillations min−1 for 2 min. Subsequently, 50 mg of
MNPs was quickly added to the flask that was stirred for
another 1 min. TheMNPswere isolated by placing the magnet
on the wall of the flask, and the supernatant was quickly
discarded. Finally, the EDCs were extracted from the MNPs
sonicating twice with 2 ml of EtAc each, during 1 min. The
extract was evaporated using a Genevac EZ-2 evaporator
(NET Interlab, S.A.L., Spain; www.net-interlab.es), and the
residue was redissolved in 200 μl of EtAc. Then, a small
spatula-tip full of anhydrous sodium sulfate was added to
the organic extract to remove any water, and, finally, the ex-
tract was analyzed in the GC–MS/MS system.

For the recovery studies, samples were spiked with the
working solution to reach concentrations of 1 or 0.5 ng ml−1

(for EE2, the concentration was tripled). In all experiments,
the internal standard solution at 0.5 ng ml−1 was added to each
water sample before extraction.

GC–MS/MS analysis

GC–MS/MS analysis was performed using the same chro-
matographic instrument, column, and analyte confirmation
criteria than those reported in our previous works [28, 37,
39, 40]. In situ derivatization was done in the GC injector at
280 °C using two-layer sandwich injections drawing 1 μl of
sample and 0.5 μl of the derivatization reagent (BSTFA/pyr-
idine (1:1, v/v)) in pulsed splitless mode (pulsed pressure, 45
psi = 310 kPa for 1.5 min) with the splitless injector purge
valve activated 1.5 min after sample injection. The column
temperature was maintained at 60 °C for 1.5 min, then pro-
grammed at 25 °C min−1 to 300 °C and held for 1.5 min and
set to analyze after a 6-min solvent delay. The total run time
was 12.6 min.

The mass spectrometer was operated in electron impact
(EI) ionization mode. Analysis was performed in the
Multiple Reaction Monitoring (MRM) mode. A gain factor
of 10 was set. Table 1 summarizes the retention times and
the transitions with their optimal collision energy of each
analyte.

The quantification of the studied compounds was based on
their relative response factor to seven calibration standards in
the range from 20 to 125 ng ml−1, except for EE2 that ranged
from 60 to 375 ng ml−1. Each calibration level was spiked
with labeled internal standards at 60 ng ml−1, taking into ac-
count a preconcentration factor of 125.

Statistical analysis

The data analyses were performed using the statistical pack-
age Statgraphics Plus, release 5.0 (Manugistics, Maryland,
USA).

Results and discussion

Derivatization

The automated liquid sampler used in this work is capable of
making multilayer (sandwich) injections of the silylation re-
agent and the sample, so the derivatization takes place in the
GC inlet [37]. Multilayer injections applying two different
organic solvents (ACN and EtAc) and a standard/reagent vol-
ume ratio (1:0.5, v/v) were assayed for the in situ derivatiza-
tion. Both solvents provided similar chromatographic re-
sponse for the majority of the compounds, and EtAc was
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selected in further analysis based on their lower cost (ACN is
approximately 1.4 times more expensive than a similar-grade
EtAc), higher volatility, and lower toxicity. The amount of
derivatization reagents and the reaction time are greatly re-
duced when in situ derivatization is applied. Higher reaction
efficiencies with less manipulation of the sample are achieved
with this technique than with manual derivatization.

Characterization of the MNPs

Characterization of the Fe3O4 MNPs was reported in a
previous paper [40]. The analysis by TEM showed that
both uncoated and Ol-coated MNPs had cubic shape and
variable sizes, sometimes higher than 100 nm, but not
obvious morphological differences were observed.
Although the grafted oleate layer was thin, its presence
on the surface of the MNPs could be determined by DTA,
taking into account the difference in the temperature of
the exothermic transformation corresponding to the oxida-
tive phase that were higher when the MNPs were coated,
due to their higher thermal stability [40].

Additionally, the elemental analysis was employed to con-
firm the presence of oleate in the modified MNPs. The anal-
yses showed a mass percent of carbon of 0 and 0.7 % in the
unmodified and the modified MNPs, respectively. The pres-
ence of this element in the modified magnetite particles is
attributed to the coating of oleate on the Fe3O4 MNPs surface.
Although the low percentage obtained confirmed that the
grafted oleate layer was very thin, probably due to the high
size of the MNPs, it has been described that the oleate adsorp-
tion decreases with the increasing size of Fe3O4 MNPs [41].

Extraction procedure

The combination of DLLME with D-μ-SPE using uncoated
and Ol-coated MNPs as sorbents was evaluated. The use of

MNPs overcomes the need for a centrifugation or cooling step
used in conventional DLLME procedures. In preliminary
studies, 1-octanol was selected as the extractant because it is
one of the most used organic solvents in liquid phase
microextraction, it is less toxic than conventional halogenated
hydrocarbons, and is immiscible with water and free from loss
during agitation (due to its low vapor pressure and viscosity)
[42]. Although 1-octanol is not generally applied in classical
DLLME, it has been reported as a good solvent to be extracted
and retrieved from an aqueous sample by D-μ-SPE [25–27].
The DLLME using 1-octanol could be carried out with or
without a disperser solvent. Thus, in a first assay, the
DLLME was done with 50 μl of 1-octanol, quickly injected
and vigorously stirred for 2 min, and the results were com-
pared with those obtained when the quick injection was done
with 4 ml of MeOH, as disperser solvent, containing 50 μl of
1-octanol. In all the assays, the D-μ-SPE step was carried out
with 50 mg ofMNPs (uncoated and Ol-coated) stirring at high
speed for 2 min. The recoveries obtained were in general
better when MeOH was used as disperser solvent. When un-
coated MNPs were used, recoveries >40 % for EHS and E1
and >82 % for TCS, BPA, and EE2 were obtained, and when
Ol-coatedMNPs were applied, recoveries >51 % for EHS and
E1 and >90 % for the rest were achieved (see Fig. 1).
Although the results obtained in this preliminary assay seem
to show certain improvement in the recoveries with Ol-coated
MNPs, these differences were not significant to select the Ol-
coated MNPs. Therefore, optimization of the main parameters
of the extraction process was carried out using both uncoated
and coated MNPs.

The selection of a right extraction solvent is an essential
parameter in DLLME. For this reason, extraction solvents
with different densities, carbon tetrachloride, chlorobenzene,
chloroform, and 1-octanol were assayed using MeOH (4 ml)
as disperser solvent and uncoated MNPs (50 mg) to retrieve
the extraction solvent. The results showed that the best

Table 1 Retention times (tR, min) and mass spectrometric parameters for the GC–MS/MS method

Compound tR Qa q1b q2c ISd

2-Ethylhexyl salicylate (EHS) 9.07 195 → 177.1 (15) 195 → 159.1 (25) 177 → 159 (10) 13C-TCS
13C12-Triclosan (13C12-TCS) 9.85 357 → 206.1 (20) 357 → 191 (35) 359 → 206 (15)

Triclosan (TCS) 9.86 200 → 170 (30) 200 → 185.1 (15) 362 → 347 (5) 13C-TCS

Bisphenol A (BPA) 10.09 357 → 191.1 (20) 372 → 357.2 (20) 13C-BPA
13C12-Bisphenol A (13C12-BPA) 10.09 384 → 369.2 (20) 369 → 197.1 (20)

Estrone (E1) 11.67 342.1 → 257.1 (15) 342.1 → 243.9 (15) 342.1→ 218.3 (15) 13C-E1
13C12-Estrone (

13C12-E1) 11.66 344 → 259.1 (10) 344 → 246.2 (20)

17α-Ethinylestradiol (EE2) 11.97 368 → 285 (20) 368 → 232 (20) 13C-E1

aQuantifier transition (collision energy, eV)
bQualifier transition 1 (collision energy, eV)
c Qualifier transition 2 (collision energy, eV)
d Internal standard
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extraction capacities were obtained with 1-octanol, followed
by chlorobenzene, whereas with chloroform and carbon tetra-
chloride, they were very low (data not shown). According to
this, the extraction capacity of 1-octanol and chlorobenzene
using Ol-coated MNPs was evaluated, and similar or better
results were obtained with 1-octanol.

Once the optimal DLLME solvent was selected, the effect
of the amount of MNPs and extraction time were evaluated.
The response surface methodology has already proven to be a
reliable statistical tool in the investigation of chemical treat-
ment processes to optimize parameters with a minimal number
of experiments. Therefore, a statistical analysis was done to
improve the efficiency of the procedure, and the effect of the
amount of MNPs and different volumes of 1-octanol were
simultaneously studied using a multilevel experimental facto-
rial design to obtain an optimal response. Thus, these param-
eters were optimized for uncoated and Ol-coated MNPs, ap-
plying a 32 experimental design at three levels and five factors
that allows estimating the influence of two factors simulta-
neously on the recoveries. The 1-octanol volumes were 25,
50, and 75 μl, and the amounts of uncoated or coated NPs
were 30, 50, and 75 mg. In general, 1-octanol volume signif-
icantly affected the extraction efficiency, whereas the amount
of MNPs did not show significant differences. Nevertheless,
the responses depended on the analyte. EHS showed a high
negative significant dependence with the volume of extract-
ant, whereas this high dependence was positive for E1 and
EE2 and no dependence was observed for TCS. The results

obtained for BPA depended on the MNP used; therefore, pos-
itive significant influence or no statistically significant influ-
ence was obtained with uncoated and Ol-coated MNPs, re-
spectively. According to this, the optimal response was very
different for EHS than for the rest of the compounds (see
Table 2a). Considering these results, as compromise for the
whole group of EDCs evaluated, a 1-octanol volume of 60 μl
and 50mg ofMNPswere selected for further assays. The first-
order interactions obtained in this study for two representative
compounds (EHS and E1) are summarized in the Pareto
charts, and the response surfaces shown in Fig. 2a.

Two other important factors were the pH for the
DLLME and the extraction time for D-μ-SPE. The ef-
fects of these two parameters were evaluated using a
multilevel experimental factorial design, a 32 experimen-
tal design at three levels and six factors. The pH values
were 2.5, 6.5, and 10, and the extraction times were 2,
5.5, and 10 min. The results obtained using uncoated and
Ol-coated MNPs showed that pH significantly affects the
efficiency of the extraction and the optimum was pH 3.
This result is in agreement with those reported by other
authors that extract EDCs from water by mSPE or
DLLME at pH from 2 to 4 [17, 43–46]. In general,
extraction time was found to have no effect on EDC
recoveries (see Table 2b). As example, Fig. 2b shows
the Pareto charts and the response surfaces obtained for
EHS and E1. In general, an extraction time of 1 min was
appropriate to obtain the optimum recovery. Taking into

Fig. 1 Recoveries obtained with
and without dispersive solvent in
the DLLME step using A
uncoated Fe3O4 NPs and B Ol-
coated Fe3O4 NPs in the D-μ-
SPE. Number of replicates n = 3

Table 2 Optimized response
obtained in the statistical analyses
of (a) 1-octanol volume and
quantity of MNPs factors, and (b)
pH of the sample and extraction
time factors, using uncoated and
Ol-coated MNPs

Compound a b

Uncoated MNPs Ol-coated MNPs Uncoated
MNPs

Ol-coated
MNPs

μl 1-octanol mg MNPs μl 1-octanol mg MNPs pH Timeb pH Timeb

EHS 25 (−)a 30 (x) 25 (−) 75 (x) 3 (−) 10 (x) 3 (x) 10 (x)

TCS 75 (x) 75 (x) 75 (x) 75 (x) 3 (−) 1 (x) 3 (−) 1 (−)
BPA 75 (+) 30 (x) 25 (x) 30 (x) 3 (x) 10 (x) 10 (−) 1 (x)

E1 75 (+) 75 (x) 75 (+) 30 (x) 3 (−) 1 (x) 3 (−) 1 (x)

EE2 75 (+) 75 (x) 75 (+) 75 (x) 3 (−) 1 (x) 3 (−) 1 (−)

a Response in the standardized main effect Pareto charts: (+) positive, (−) negative, or (x) no effects on the
response
bMinutes
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consideration the standard response, further analyses
were carried out at pH 3 and with an extraction time of
only 1 min.

During the optimization, uncoated and Ol-coated MNPs
were assayed. The results showed again that the efficiency
of both MNPs retrieving the extractive solvent was very sim-
ilar. Given that Ol-coatedMNPs were obtained from uncoated
Fe3O4 MNPs, it should be noted that the surface modification

involves spending time, reagents, and handling. Therefore, in
order to simplify the process and to make it much more cost-
effective, further analyses and validation of the method were
carried out using only uncoated Fe3O4 MNPs.

Additionally, the effect of ionic strength was investigated
by adding NaCl in the range of 0 to 15%. Results showed that
recoveries did not increase in the presence of NaCl, and a
significant decrease in the recovery of EHS was obtained after

B

A

Fig. 2 Pareto charts and response surfaces for understanding the recovery (%) of EHS and E1 as function on the effect of volume of octanol and MNPs
quantity (A) and as function of the effect of pH and extraction time (B), using uncoated Fe3O4 MNPs
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salt addition (data not shown). Therefore, salt was not added
in the following assays. Finally, desorption of the analytes
from the MNPs was performed by sonication. EtAc and
ACN were examined for their suitability as desorption sol-
vents in the post-DLLME/μ-SPE step. Results showed that
EtAc gave the highest overall extraction efficiency for EHS
and TCS, and similar than ACN for BPA, E1, and EE2.
However, as described above, EtAc provided similar chro-
matographic response than ACN in the in situ derivatization
in the GC injector. Therefore, EtAc was selected as the de-
sorption solvent for the subsequent studies.

Based on the results shown above, the summary of the final
conditions for the extraction procedure were as follows: 25 ml
of sample, at pH 3, extraction during 2 min with 1-octanol
(60 μl) as the extraction solvent with MeOH as disperser sol-
vent, followed by the addition of 50 mg of MNPs, and 1 min
of extraction time for D-μ-SPE, and, finally, desorption from
the MNPs using EtAc.

Method validation

After optimization, the method was evaluated in terms of lin-
earity, precision, accuracy, and detection limits before it was
used to determine EDCs in water samples.

The linearity of the method was evaluated injecting seven
standard solutions prepared at 20, 30, 40, 50, 65, 80, and
125 ng ml−1 levels for all the studied compounds except for
EE2 that were prepared at triple concentration due to their low
chromatographic response. The set of standards contained the
internal standards at 60 ng ml−1. A good linearity was obtain-
ed, with correlation coefficients equal or higher than 0.98 for
all the compounds studied.

The quality assurance and quality control criteria used for
this method included analyses of laboratory blanks (solvent
blank) and laboratory control samples (LCS) with each set of
samples. One laboratory blank was run with each set of sam-
ples to check potential contamination from the preparative
steps and to demonstrate laboratory background levels. LCS
were used in the recovery assays. Quantification was carried
out with internal standard calibration to avoid the dependence
of the results with the sample matrix, improving the reproduc-
ibility and accuracy of the analyses. The accuracy of the meth-
od was evaluated performing the recovery of target analytes
from water samples of Milli-Q water, spiked at two concen-
trations, 1 and 0.5 ng ml−1, using isotopically labeled com-
pounds as surrogate standard 0.5 ng ml−1. Table 3 shows the
satisfactory recovery results obtained (>78 %) for all the com-
pounds at the levels assayed.

The repeatability of the chromatographic determination
was determined by injecting ten times a fortified blank of
water sample within a given day. The precision (expressed
as relative standard deviations, RSDs) were <10 %. Within-
laboratory reproducibility of the chromatographic determina-
tion was evaluated during different days and was found to be

Table 3 Detection limits, quantification limits, and recoveries of EDCs
from Milli-Q water samples

Compound LODa LOQa Recoveriesb (%)

(ng l−1) (ng l−1) Ac Bd

EHS 29 96 85.8 ± 4.7 78.9 ± 5.7

TCS 22 72 101.0 ± 3.6 97.5 ± 8.3

BPA 39 129 101.9 ± 10.2 80.1 ± 10.6

E1 7 24 92.9 ± 8.7 108.9 ± 4.9

EE2 138 464 86.1 ± 9.4 94.1 ± 4.5

a Results are the mean of eight replicates
b Results are the mean of three replicates ± standard deviation
c A. 1 ng ml−1 of EHS, TCS, BPA, E1 and 3 ng ml−1 of EE2
dB. 0.5 ng ml−1 of EHS, TCS, BPA, E1 and 1.4 ng ml−1 of EE2

Table 4 Detection limits, quantification limits, and recoveries of EDCs in different water matrices (n = 3)

Compound Tap water Well water River water

LODa

(ng l−1)
LOQa

(ng l−1)
Recoveriesb (%) LODa

(ng l−1)
LOQa

(ng l−1)
Recoveriesb (%) LODa

(ng l−1)
LOQa

(ng l−1)
Recoveriesb (%)

Ac Bd Ac Bd Ac Bd

EHS 88 293 103.6 ± 3.7 93.6 ± 10.9 73 243 85.8 ± 8.7 88.1 ± 9.0 80 267 69.2 ± 6.7 68.7 ± 7.6

TCS 54 180 100.1 ± 1.0 98.7 ± 7.3 31 104 91.8 ± 7.4 92.9 ± 5.1 22 74 89.4 ± 2.1 90.4 ± 1.3

BPA 39 130 92.7 ± 6.7 87.6 ± 7.7 44 146 72.2 ± 4.0 91.0 ± 4.0 59 196 67.0 ± 5.9 68.9 ± 8.1

E1 128 428 109.0 ± 3.2 108.7 ± 7.4 123 410 76.3 ± 5.1 69.6 ± 3.5 69 229 95.7 ± 9.2 95.9 ± 6.1

EE2 134 446 73.5 ± 3.9 88.7 ± 7 180 603 94.1 ± 9.0 102.1 ± 4.4 138 461 99.2 ± 3.1 94.0 ± 5.4

a Results are the mean of eight replicates
b Results are the mean of three replicates ± standard deviation
c A. 1 ng ml−1 of EHS, TCS, BPA, E1 and 3 ng ml−1 of EE2
dB. 0.5 ng ml−1 of EHS, TCS, BPA, E1 and 1.4 ng ml−1 of EE2
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lower than 13 % for all the compounds, expressed as RSD.
The limits of detection (LODs) and limits of quantification
(LOQs) of the developed method were calculated by GC–
MS/MS after the analysis of eight replicates of water spiked
at 0.24 ng ml−1. These values were obtained following the
t99sLLMV approach developed by EPA [47]. As shown in
Table 3, LODs for pure water ranged from 7 to 138 ng l−1.

Real samples

In order to assess the suitability of the developed DLLME/
D-μ-SPE method for the analysis of real samples, three differ-
ent surface water samples of different matrix composition
(tap, river, and well) were studied. Thus, once the method
was validated for pure water, it was validated for these envi-
ronmental waters. Reagent and sample blanks were prepared
together with the water samples analyzed to check for contam-
ination and EDC presence, respectively. Table 4 shows the
recovery results obtained that ranged between 67 and
109 %, with relative standard deviations <11 %. The efficien-
cy obtained by DLLME/D-μ-SPE was in the range reported in
other studies (Table 5). LOD values of tap, well, and river
waters were slightly higher than those obtained for pure water,

ranging from 22 to 180 ng l−1. Although the values obtained
for TCS or EHS are somewhat higher than those obtained by
mSPE [44] or SPE combined with DLLME [17, 44], respec-
tively, in general, the LODs obtained by DLLME/D-μ-SPE
are similar to or lower than those reported by other authors for
the determination of EDCs from water samples (see Table 5).
Thus, LODs of about 1000 ng ml−1 were reported for the
analysis of the estrogenic compounds by DLLME integrated
with the solidification of a floating organic drop [48]; LODs of
890 ng ml−1 for BPA extracted from water samples by mSPE
was reported by Meng et al. [49], and the limit obtained for
EHS by Zhang and Lee [46] with ionic liquid-based ultra-
sound-assisted DLLME was 5000 ng l−1. LODs of 8 ng l-1

for E1 extracted from water samples were obtained by mSPE
using 200 mg of palmitate coated NPs (PA-Fe3O4 NPs) [50].

The method developed was applied in different water sam-
ples: tap, well, and river water. None of the five EDCs were
detected in unspiked tap water, but BPA was found in well
water and river water at 189 and 268 ng l−1, respectively. High
concentrations of BPA in river water (7940 ng l−1) were found
by Meng et al. [49]; however, Cunha et al. [45] only detected
BPA in effluent waters in 4 out of 15 WWTPs evaluated with
concentrations between 61 and 874 ng l−1. The presence of

Table 5 Comparison of the combination of DLLME with D-μ-SPE using MNPs with DLLME and mSPE methods reported for the determination of
these EDCs in water

Compound
(number)a

Method Sample
volume (ml)

pH Extraction solvent/sorbent Method
time (min)

LOD
(ng l−1)

Recovery (%) Reference

EHS (7) mSPE 75 3 CoFe2O4@oleic acid MNPs
(100 mg)

13 0.2 86–91 % 17

E1, EE2 (4) DLLME-SFOc 5 1-Undecanol
(10 μl)

∼5 1000–1200 87–116 48

BPA (5) mSPE 10 7 Fe3O4@C@PANIb microspheres
(40 mg)

35 890 103 % 49

EHS (8) DLLME 5 2.5 Chloroform
(50 μl)

5 26 112–117 43

EHS, TCS (22) SPE-DLLME 500–250 2 Dichloromethane (200 μl) <60 0.2–1225g 56–98 44

EHS, BPA (14) DLLME 10 3 Tetrachloroethylene (50 μl) 6.5 6–15g 74–103 45

EHS (4) ILe-UA-DLLME 10 4 [HMIM][FAP]f

(20 μl)
15 5000 71–93 46

EHS (5) UAd-DLLME 10 7 Tetrachloroethylene (15 μl) 12 2 70–73 50

TCS (2) DLLME-SFO 5 6 1-Dodecanol
(12 μl)

8 2 84–116 51

E1 (3) mSPE 10 6.5 PA-Fe3O4 NPs
(200 mg)

47 8 95–110 52

EHS, TCS, BPA,
E1, EE2

DLLME/D-μ-SPE 25 3 Octanol/Fe3O4 NPs
(60 μl/50 mg)

5 7–180 67–109 Present work

ªTotal number of compounds considered in the study
b Polyaniline and carbon-coated magnetic microspheres
c Solidification of a floating organic drop
dUltrasound-assisted
e Ionic liquid-based
f 1-Hexyl-3-methylimidazolium tris(pentafluoroethyl) trifluorophosphate
gMethod detection limits
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EHS was described by Benedé et al. [43] in three seawater
samples at levels from 440 to 880 ng l−1 and by Roman et al.
[17] in tap and river water at 160 and 146 ng l−1, respectively.
Nevertheless, this UV filter was not detected or was only some
time detected in river water or wastewaters [44, 45, 51]. Zheng
et al. [52] did not find TCS in tap water, but concentrations
between 26 and 38 ng l−1 were detected in river or lake waters.
Finally, estrogens were not found using any of the analytical
methods reported in Table 5.

Conclusions

In the present study, a two-step microextraction technique
based on DLLME and D-μ-SPE using MNPs was developed
for the extraction of five EDCs from surface water. In situ
derivatization carried out in the GC system was used as an
attractive alternative to manual procedures because it sim-
plifies the sample preparation and avoids the manipulation
of hazardous reagents. The effect of several parameters of
the DLLME/D-μ-SPE method was analyzed using uncoated
and Ol-coatedMNPs, and it was observed that the efficiencies
of both MNPs retrieving the extractive solvent were very sim-
ilar. Thus, in order to simplify the process and to make it much
more cost-effective, the extraction was performed using un-
coated MNPs. The method was applied to different water
samples, and the recovery results obtained were satisfactory
for all the compounds. The analyses confirmed the presence
BPA in well and river waters. The DLLME/D-μ-SPE method
developed is an easy and quick method that only required
about 5 min for the extraction procedure and does not need
any special laboratory equipment to be carried out.
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