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Polymer-coated hollow-fiber microextraction of estrogens in water
samples with analysis by gas chromatography–mass spectrometry
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Abstract

A novel sorbent, dihydroxylated polymethylmethacrylate (DHPMM), coated on hollow-fiber membrane, is used for the polymer-coated hollow-
fiber microextraction of trace amounts of natural and synthetic estrogens, such as diethylstilbestrol, estrone, 17�-estradiol and 17�-ethynylestradiol,
in aqueous samples. In this procedure, estrogens were extracted using the functionalized polar DHPMM polymer with derivatization usingN-
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ethyl-N-(trimethylsilyl)trifluoroacetamide followed by gas chromatography–mass spectrometric analysis. The detection limits for est
queous sample were between 0.03 and 0.8 ng l−1 and the calibration curves were linear over the concentration range 0.05–10�g l−1 and had
orrelation coefficients of >0.994. The relative standard deviations (RSDs) were <15% (n = 3). This simple, accurate, sensitive and selec
nalytical method is applicable to the determination of trace amounts of estrogens in reservoir and potable water samples.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Endocrine disrupting compounds (EDCs) are widespread
nvironmental contaminants that affect the endocrine systems
f wildlife and human beings[1]. Decreasing sperm count in
uman males, increasing breast cancer in women and reproduc-

ive abnormalities in human beings represent some evidence of
he effects of natural and synthetic EDCs found in the envi-
onment[2,3]. Among the wide range of EDCs, estrogens are
f particular interest due to their high estrogenic potency[2].
hese estrogens are classified as natural hormones which include
7�-estradiol, its main metabolites estriol and estrone and syn-

hetic contraceptive additives, such as 17�-ethynylestradiol and
iethylstilbestrol (DES)[4,5] (Fig. 1). Previously, DES was
ommonly used in the USA for the treatment of high-risk preg-
ancies, and was prescribed to more than five million pregnant
omen in the 1940s[6]. In the 1970s and 1980s, possible
ssociation between treatment of DES during pregnancy and
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its endocrine disruption effects were documented by se
epidemiologists[7,8]. Estradiol has also been used in the m
agement of the menopausal syndrome and in diverse ca
mainly prostate and breast cancer[9].

Invariably, estrogens used by the general population
the manner described above, are entering the aqueous
ronment by various ways including excretion, and incomp
removal in wastewater treatment plants. Municipal sewage
ents are a major source of estrogens in the aquatic media[10,11].
Estrogens have been shown to provoke endocrine disru
in certain fish at ultratrace levels[10,12]. Their determinatio
therefore requires high-sensitivity analytical methods. Ther
limited analytical techniques reported in the literature for es
gen analysis, normally after liquid–liquid extraction (LLE)[13],
solid-phase extraction (SPE)[14–18]and solid-phase microe
traction (SPME)[19] of aqueous samples. In SPME, sorb
coatings for polar compounds, such as estrogens are usual
ited to only polyacrylate (PA) coating although more coat
for more polar compounds are being introduced. Some o
commercial SPME coatings are not stable with the coated p
being detached from the silica core[19] after two or three estro
gen extractions. Accordingly, there are only few reports on
E-mail addresses: chmsv@nus.edu.sg (S. Valiyaveettil),

hmleehk@nus.edu.sg (H.K. Lee). SPME of estrogens, combined with gas chromatography–mass
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Fig. 1. Chemical structures of estrogens studied.

spectrometry (GC–MS)[20] and high performance liquid chro-
matography[21]. In these reports, relatively high quantification
limits were obtained. With the alternative stir bar sorptive extrac-
tion (SBSE) technique, only polydimethylsiloxane (PDMS)-
coated stir bars are commercially available. Strictly speaking,
the non-polar PDMS is not suitable for the extraction of polar
analytes[22]. Recently, to improve the extraction of the estro-
gens using SBSE, multiple PDMS-coated stirrer bars were used
[23].

For ultratrace estrogen analysis, GC–MS has been com-
monly used with derivatization[11,24]. Different derivatization
reagents have been used for estrogens in order to improve
sensitivity and selectivity. These include pentafluorobenzyl
[25], N,O-bis(trimethylsilyl)trifluoroacetamide (BSTFA)[26],
N-methyl-N-(tert-butyldimethylsilyl)trifluoroacetamide (MTB-
STFA) [27] N-methyl-N-(trimethylsilyl)trifluoroacetamide
(MSTFA) [28] and direct aqueous derivatization using acetic
anhydride[29]. Among these methods, BSTFA, MTBSTFA
and MSTFA are the most popular derivatization approaches for
estrogens[30].

In this work, an efficient extraction procedure, in which a
novel functional polymer coated on hollow-fiber membrane was
used as sorbent material followed by MSTFA derivatization of
estrogens, in combination with GC–MS detection, is reported
for the analysis of these compounds in water samples.

Compared with SPME sorbent materials, the novel poly-
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2.2. Materials

Accurel Q3/2 polypropylene hollow-fiber (600�m inner
diameter, 200�m wall thickness; 0.2�m wall pore size) was
purchased from Membrana (Wuppertal, Germany). The SPME
fiber holder and fibers (PDMS, 100�m; PDMS-divinylbenzene
(DVB), 65�m; and PA, 85�m) and extraction vials, septa
and aluminium caps were purchased from Supelco (Bellefonte,
PA, USA) and used without modification. Before extraction
the fibers were conditioned in the GC injection port based on
the manufacturer’s recommended procedure. The ultrasonica-
tor was purchased from Midmark (Versailles, OH, USA) and
the magnetic stirrer/hot plate was obtained from Heidolph (Kel-
heim, Germany).

2.3. Synthesis of hydrogel and coating on HFM

The synthesis of dihydroxylated polymethylmethacry-
late (DHPMM) has been reported previously[33]. Briefly,
the alcoholic OH of solketal (2,2-dimethyl-1,3-dioxolan-4-
ylmethanol) 1 was protected using tosyl chloride to give the
tosylated derivative 2. Reaction of 2 with 3-hydroxy benzyl
alcohol gave intermediate 3 which on reaction with methacry-
loyl chloride in the presence of triethylamine as base yielded
monomer 4. Free radical polymerization of 4 was carried out
i pro-
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ial
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a /v).
A and
e rred
er described has a high number of functional groups (OH)
hat makes it more amenable for the extraction of polar c
ounds. Results from this procedure (polymer-coated ho
ber microextraction (PC-HFME))[31,32] are compared wit
hose from SPME. Finally, the developed method was ap
o the determination of estrogens in reservoir and potable
amples.

. Experimental

.1. Chemicals and reagents

Pure estrogen standards were obtained from Ald
Milwaukee, WI, USA). All HPLC-grade organic solven
ydrochloric acid, sodium hydroxide and sodium chloride w
urchased from Merck (Darmstadt, Germany). Ultrapure w
as prepared on a Milli-Q (Milford, MA, USA) system. Dilut
tandards and mixtures of them were prepared in meth
he derivatization reagent MSTFA was purchased f
ldrich.
-

r

r

l.

n toluene using azobisisobutyronitrile as the initiator. De
ection of the precursor polymer 5 under acidic conditions
he hydroxylated polymethacrylate, DHPMM in 70% yield. T
btained polymer was found to be soluble in polar solvents
lcohols and acetone but insoluble in hexane, dichlorome
DCM), toluene,iso-octane andn-nonane.

To coat the porous HFM, the latter was cut into 1.2-cm len
nd immersed in a 0.5-g ml−1 solution of DHPMM in methano

or 24 h. The functional polymer formed a thin layer on the HF
hysical characterization of the polymer-coated HFM was

ied out; scanning electron micrographs, and attenuated
eflection fourier transform infrared spectra indicate the p
nce of hydroxylated groups on the fiber surface.

.4. PC-HFME procedure

Twenty millilitres of ultrapure water in a 25-ml screw-cap v
as spiked with 2.5�g l−1of each estrogen. The sample pH w
djusted to 4 and sodium chloride concentration to 30% (w
polymer-coated HFM was placed in the sample solution,

xtraction was performed for 30 min. The solution was sti
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at 105 rad s−1 (1000 rpm; 1 rpm = 0.1047 rad s−1). After equilib-
rium was established, the fiber was removed with a pair of tweez-
ers and dabbed dry in a lint-free tissue. The analyte containing
HFM was desorbed ultrasonically in a 150-�l auosampler-
crimper vial with 100�l of DCM for 20 min. After complete
desorption of analytes, the polymer-coated HFM was removed
from the vial and then 50�l of MSTFA was added. The mixture
was kept in a hot water bath for 30 min at 60◦C. To increase the
sensitivity of the quantitative analysis, the extract volume was
reduced to dryness using nitrogen gas and made up to 20�l with
DCM. Finally, 5�l was injected into the GC–MS. This accounts
for the high sensitivity of the method. Derivatized extracts were
analyzed immediately, and their temporal stability was not sys-
tematically studied. However, the silylated estrogens were stable
for at least 2 days, during which no degradation was observed.

2.5. SPME procedure

An estrogens-spiked (5�g l−1 of each analyte) 10-ml sample
solution (pH and sodium chloride concentration were adjusted
to 2 and 30% (w/v), respectively) was extracted by direct immer-
sion SPME with stirring (at 105 rad s−1). Equilibrium was estab-
lished after 160 min. After extraction, and prior to derivatization,
the fiber was exposed for 2 min to ultrapure water in order to
remove excess sodium chloride from its surface. For on-fiber
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same concentration. Significant differences between PC-HFME
and SPME extracts are clearly shown. Extraction was faster in
PC-HFME (30 min) than for SPME (160 min).

2.6. Derivatization procedure

Reagents used for the silylation of estrogens are destroyed in
the presence of water. Therefore, microextraction and derivati-
zation steps cannot be performed simultaneously. Recently, Cela
and co-workers[18] evaluated the performance and selectivity
of MSTFA, BSTFA and MTBSTFA at different derivatization
conditions. Shareef et al. reported that BSTFA and MTBSTFA
derivatization leads to formation of degradation products of
trimethylsilyl andt-butyldimethylsilyl derivatives[34]. Based
on these results, it was decided to use MSTFA as derivatiza-
tion agent with similar reported conditions in the present work
[18,19]. Different amounts (50–100�l) of MSTFA, the influ-
ence of derivatization time (from 10 to 60 min) and temperature
(from 40 to 80◦C) were evaluated. The amount of MSTFA did
not have any impact on derivatization. During long derivatization
times at a high temperature (>60◦C) a significant decrease in the
peak areas of the silylated compounds was observed. Probably,
under these conditions analytes were partially desorbed from
the fibers. Short derivatization times at low temperatures led to
the incomplete silylation of analytes. At a derivatization time of
30 min and at 60◦C with 50�l of MSTFA, complete derivatiza-
t ame
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erivatization, the SPME fiber was placed in the headspa
3-ml GC autosampler vial containing 100�l of MSTFA at

0◦C, for 30 min. All these extraction and derivatization c
itions were optimized in the present work, based on prev
esults[19]. Finally, the fiber was desorbed in the injection-p
f the GC for 5 min at 280◦C. Possible carryover was minimiz
y keeping the fiber in the injector for an additional 5 min. Bla
ere run periodically to confirm the absence of contamina
Fig. 2shows chromatograms of extracts after PC-HFME

PME (with PA fiber), with samples spiked with estrogens a

ig. 2. Total ion chromatogram of MSTFA-derivatized estrogens. Rese
ater spiked at the (5�g l−1) of each estrogen (a) after PC-HFME and (b) SP

PA fiber). Peak identification [1a and 1b] DES,[2] Estrone,[3] 17�-estradio
nd[4] 17�-ethynylestradiol. Extraction conditions are given in the text.
f
ion was observed; additionally, two DES peaks with the s
ass spectra, corresponding to thecis andtrans isomers, wer
btained[18,19,35]. The combined peak areas were used
uantification.

.7. GC–MS analysis

Analysis was carried out using a Shimadzu (Tokyo, Ja
P2010 GC–MS system equipped with a Shimadzu A
0i autosampler and a DB-5 fused silica capillary colu
30 m× 0.32 mm I.D., film thickness 0.25�m, from J & W Sci-
ntific, Folsom, CA, USA). Helium was used as the carrier
t a flow rate of 2.1 ml min−1. Five microlitres of sample wa

njected into the GC–MS with a splitless injection-port un
plitless mode after a sampling time (holding time) of 2 m
he injection temperature was set at 300◦C, and the interfac

emperature at 270◦C. The GC temperature programme wa
ollows: 50◦C (2 min); 20◦C min−1 to 100◦C; 10◦C min−1 to
00◦C; 20◦C min−1 to 300◦C (2 min). All samples were an

yzed in selective ion monitoring (SIM) mode with a detec
oltage of 1.5 kV.

. Results and discussion

.1. Optimization of PC-HFME

Initially, 10 ml samples (spiked with individual analy
t 2.5 ng ml−1) were extracted with a single polymer-coa
FM. To improve analyte enrichment, multi-fibers w

ested for extraction. Trials on two, three and four piece
olymer-coated HFM fibers were used to check the efficie
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of PC-HFME. Desorption in a 150-�l autosampler-crimper vial
only allowed two pieces of HFM. To desorb four pieces we
had to use a larger capacity crimper vial. The latter however
decreased the sensitivity as the volume of solvent used was
necessarily increased to accommodate the additional fibers.
On comparison, extraction with two fibers gave∼40% higher
peak area response. Thus, for subsequent experiments two
polymer-coated HFM were used. In PC-HFME, the extraction
efficiency and selectivity of the coatings to the analytes depend
on the interactions between the analytes and the DHPMM-
coated HFM, which most probably include hydrogen bonding,
�–�, dipole–dipole, dipole-induced-dipole, and dispersion
(hydrophobic interaction) forces. The PC-HFME and SPME
parameters that were optimized include extraction time, sample
ionic strength, pH, desorption solvent, desorption time, and
various aspects of the derivatization procedure.

The effect of extraction time on estrogens extraction was
investigated by monitoring the peak area response with expo-
sure time over 5, 10, 15, 20, 25, 30, and 40 min. The amount of
analyte that can be extracted depends on the partition coefficient
of the analyte between the aqueous sample and the polymer coat-
ing on the fiber. The extraction profile showed an initial rapid
partitioning between these two phases, followed by a slower
uptake profile.Fig. 3 shows that the peak areas increase with
sampling time in the range of 5–30 min, and decreases after
30 min. At strong sample agitation with longer extraction time,
a r has
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Fig. 4. Effect of sodium chloride on PC-HFME (n = 3).

results in better extraction efficiency. Since the extraction effi-
ciency for most of the compounds increased up to 30% (w/v), all
subsequent experiments were conducted at this concentration.

Since estrogens are ionizable compounds (pKa values around
9–10), their extraction behavior at various pH (2–12) was stud-
ied; the results are shown inFig. 5. At low pH (<4) extraction
was not found to be better than that obtained at pH 4, whereas
pH higher than 8 led to significant losses of DES. At pH 12, the
analytes were fully ionized and extraction recovery was minimal
[36]. pH 4 was deemed to be suitable for extraction.

As in SBSE[37] and SPE[14–18], in PC-HFME, the analytes
were desorbed using a suitable solvent after extraction. Selection
of a suitable solvent is one of the prerequisites of PC-HFME.
The polypropylene HFM is not soluble in most organic solvents.
The DHPMM coating is soluble in methanol and acetone, and
insoluble in DCM, hexane, isooctane, toluene andn-nonane.
The latter solvents were evaluated and the results are shown in
Fig. 6. DCM gave the best results and was used as the eluting
solvent of choice.

Next, desorption time over the range of 2–25 min was inves-
tigated. Analyte desorption peak areas were not significantly
increased after 10 min (although there was a slight increase in
desorption of 17�-ethinylestradiol after 10 min; data not shown).
An optimized desorption time of 20 min was selected for subse-
quent experiments. After the first desorption, fibers were further
desorbed to test carryover effects. No carryover was observed,
i fiber
d used
w aly-
s

nalytes may slightly desorb from the fiber. Similar behavio
een observed in many microextraction procedures. Ther
0 min was deemed sufficient for PC-HFME. As long as co

ions were carefully maintained from experiment to experim
uantitative rigor was not compromised.

It is well-known that increasing the ionic strength of the a
yte solution can favor partitioning of organic compounds f
n aqueous phase on to a polymer absorbent. The effect
n extraction efficiency was determined by adding sodium c
ide to 10 ml water samples at 5, 10, 15, 20 and 30% (w
ig. 4 shows the extraction efficiency of PC-HFME on ad

ion of sodium chloride. Salt addition, possibly contribute
he ionization of polar functional groups on the estrogens
HPMM and also decrease the solubility of the estrogens w

ig. 3. Effect of extraction time on PC-HFME. Stirring speed was 105 rad−1.
ample pH and ionic strength was not adjusted.
ndicating that analytes were completely desorbed from the
uring DCM desorption. This means that fibers could be re-
ithout compromising extraction efficiency for up to 20 an
es.

Fig. 5. Effect of sample pH on PC-HFME (n = 3).



C. Basheer et al. / J. Chromatogr. A 1100 (2005) 137–143 141

Fig. 6. Desorption profile of estrogens using different solvents (n = 3).

The sample volume size on PC-HFME extraction efficiency
was evaluated between 5 and 50 ml. The efficiency increased
from 5 to 25 ml and then decreased (Fig. 7). Although the extrac-
tion concepts are similar, substantial differences between both
methods were observed. For example, the coated HFMs have
higher affinity towards target analytes, with two fibers giving
higher active surface area than the single SPME fiber; also
the former fibers tumbled freely in the sample which increases
extraction capacity. PC-HFME enrichment (based on GC–MS
peak area) was optimum when extracting from 25 ml of sample.
Analyte enrichment decreased considerably for sample volumes
higher than 25 ml. Therefore, a sample size of 25 ml was selected
for further experiments.

3.2. Comparison of PC-HFME with SPME

Fig. 8shows the comparison of PC-HFME with SPME using
PA, PDMS and PDMS-DVB fibers, for solutions spiked at iden-
tical concentrations. Among the SPME fibers, PA fiber gave
higher responses than PDMS-DVB and PDMS. When com-
paring with the PC-HFME data, only 15% of DES, 10% of
17�-ethynylestradiol, and∼75% of 17�-estradiol and estrone
were extracted using the PA fiber. It clearly shows the selectivity
of the DHPMM and benefits of the higher extraction capacity
of PC-HFME (since two fibers were used). The PC-HFME is
faster (30 min extraction time versus 160 min) and gave bette

Fig. 8. Comparison of PC-HFME with SPME with different SPME fiber coat-
ings Concentration of each analyte, 5�g l−1 (n = 3).

enrichment than SPME which allowed us to determine sub-ppb
level concentrations of estrogens in aqueous samples.

3.3. Quantitative results of PC-HFME and SPME

To assess the applicability of PC-HFME, linearity, repeata-
bility and limits of detection (LODs) were investigated using the
previously optimized extraction conditions. Since the estrogens
are present in real world samples at the ng l−1 range, linearity
was tested with estrogen-spiked sample concentrations of 0.025,
0.05, 0.1, 1, 2.5, 5 and 10�g l−1. The calibration plots were lin-
ear over this range of concentrations with correlation coefficient
(r) between 0.994 and 0.997. The limits of detection for all tar-
get analytes were determined by progressively decreasing the
concentrations of analytes until signals were just detected at a
signal-to-noise ratio of 3 (S/N = 3) after PC-HFME. The LODs
ranged from 0.03 to 0.8 ng l−1. While determining the LODs,
blanks were carried out to confirm that no sample carryover
occurred. Three replicates were used to calculate LODs. Limits
of quantification (LOQs) at S/N = 10 were calculated and are
listed in Table 1. The LOQs of the PC-HFME method were
comparable with those previously reported for SPME–GC–MS-
MS [19]. The relative standard deviation (RSD) was performed
by extracting ultrapure water spiked at 5�g l−1 of each com-
pound (three replicates). PC-HFME analyte enrichment was
h o the
D tro-
s ctive
a tion,
s ated.
T ear
r is
s ith a
P

3
t

ater
a r and
t ut. No
Fig. 7. Influence of sample volume on PC-HFME (n = 3).
righer than those obtained by SPME. This could be due t
HPMM having functional groups which have higher elec
tatic interaction with estrogens and the higher surface a
rea of polymer-coated HFMs. SPME quantitative informa
uch as linear range, precision and LODs were also evalu
he correlation coefficients were from 0.990 to 0.999 for lin
ange between 0.5 and 20 ng ml−1. The LOQs obtained in th
tudy were lower than previously reported for extraction w
A fiber[19] (Table 1).

.4. Application of PC-HFME to real samples and recovery
est

We tested the performance of PC-HFME with reservoir w
nd tap water samples. First, blank extraction of reservoi

ap water samples using the present method was carried o
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Table 1
Quantitative data: linearity, precision, LODs (S/N = 3) and LODs of PC-HFME and SPME

Analytes PC-HFMEa SPME (PA fiber)b SPME–GC–MS-MSc

Correlation
coefficient

%RSD
(n = 3)

LODs
(ng l−1)

LOQs
(S/N = 10)

Correlation
coefficient

%RSD
(n = 3)

LODs
(ng l−1)

LOQs
(S/N = 10)

LOQs
(S/N = 10)

DES 0.997 3 0.03 0.1 0.990 7 5.5 18.3 0.2
Estrone 0.995 4 0.7 2.3 0.999 8 2.4 8.0 1.0
17�-Estradiol 0.994 6 0.8 2.7 0.996 9 2.1 7.0 0.7
17�-Ethinylestradiol 0.996 7 0.1 0.3 0.997 6 3.3 11.0 3.0

a Linear range for PC-HFME, 0.025–10�g l−1.
b Linear range for SPME, 0.5–20�g l−1.
c Ref. [19].

Table 2
Recoveries (%) of estrogens from reservoir and tap water by PC-HPME (n = 3)

Analytes Spiked reservoir water Spiked tap water

0.5�g l−1 5�g l−1 0.5�g l−1 5�g l−1

DES 89± 11 86± 5 90 ± 15 99± 2
Estrone 98± 13 102± 4 100± 2 102± 3
17�-Estradiol 92± 3 110± 12 108± 10 100± 2
17�-Ethynylestradiol 100± 7 108± 5 87 ± 11 104± 5

estrogens were detected in both tap and reservoir water sam-
ples. Singapore has limited water resources; it purchases some
of its raw water supplies from neighboring countries. Another
major source is from rainwater catchments. Both type of water
are stored in reservoirs before treatment. Domestic wastewater is
also reclaimed by membrane microfiltration and reverse osmo-
sis, which is then blended with the reservoir water. The blended
water then undergoes the normal treatment process. Data from
the Singapore Ministry of Environment and Water Resources
regular monitoring program were compared. The targeted estro-
gens were not detected in tap water samples. To assess the
matrix effects on PC-HFME, two different concentrations (0.5
and 5 mg l−1) of individual estrogens were spiked in reservoir
and tap water samples. Extraction recoveries and reproducibil-
ity of PC-HFME were determined. The recoveries of the method
were tested by triplicate analysis (n = 3) of the spiked sample and
the results are listed inTable 2. Recoveries for reservoir water
sample were between 86 and 110% with RSD values betwee
3 and 13%. For tap water samples, between 87 and 108% wit
better RSD values (between 3 and 12%) were obtained. Thes
results clearly demonstrate that real sample matrices had littl
effect on the efficiency of PC-HFME, which is therefore suitable
for analysis of trace levels of estrogens from real water samples

4. Conclusions

xtra
t ater
s ecis
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h am-
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i . Th

LODs when two fibers were used were <1 ng l−1. The relative
recoveries for tap water were between 87 and 108% with good
precision between 2 and 15%, and for reservoir water, between
86 and 110% with precision between 3 and 13% for spiked sam-
ples at concentrations of 0.5 and 5�g l−1. This simple, accurate
and highly sensitive method is potentially useful for the analysis
of estrogens in environmental waters.
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