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a  b  s  t  r  a  c  t

A  fast,  simple,  sensitive  and  green  analytical  chemistry  method  for the  simultaneous  determination
of  alkylphenols  (4-tert-octylphenol,  4-octylphenol,  4-n-nonylphenol,  nonylphenol)  and  bisphenol  A
in seawater  was  developed  and  validated.  The  procedure  was  based  on a dispersive  liquid–liquid
microextraction  (DLLME)  of  a small  volume  of seawater  sample  (30 mL)  using  only  100  �L of 1-octanol,
combined  with  liquid  chromatography–electrospray  ionization  tandem  mass  spectrometry  in  negative
mode  (LC–ESI-MS/MS).  The  matrix  effect  was  studied  and  compensated  using  deuterated  labelled  stan-
dards as  surrogate  standards  for  the  quantitation  of target  compounds.  The  analytical  features  of the
proposed  method  were  satisfactory:  repeatability  and  intermediate  precision  were <10%  and  recover-
isphenol A
eawater
ispersive liquid–liquid microextraction
C–ESI-MS/MS

ies  were  around  84–104%  for all  compounds.  Uncertainty  assessment  of  measurement  was  estimated
on  the  basis  of  an  in-house  validation  according  to  EURACHEM/CITAC  guide.  Quantitation  limits  of  the
method  (MQL)  ranged  between  0.005  and  0.03  �g L−1, therefore  the  levels  established  in the  Directive
2008/105/EC  were  achieved.  The  applicability  of  the  proposed  method  was  demonstrated  analyzing  sea-
water  samples  from  different  sites  of  A Coruña  (Northwest  of  Spain).  The  analyses  showed  the  presence

s  betw
of  all  compounds  at level

. Introduction

Alkylphenols (APs) have been used in the production of her-
icides, detergents and synthetic resin products. In addition, they
re the biodegradation products of alkylphenols polyethoxylates,
ne of the main non-ionic surfactants in industrial applications
1]. Bisphenol A (BPA) is used as a monomer for the production of
poxy resins, phenol resins, polycarbonates, polyesters and lacquer
oatings for food cans [2].

These compounds are considered synthetic endocrine-
isrupting chemicals because they can alter immune functions,
roduce sexual dysfunction or cause cancer at low concen-
rations [3].  For all these reasons, alkylphenols (specifically
-tert-octylphenol and 4-nonylphenol) have been included in the

ater Framework Directive 2000/60/EC [4] and in the Directive

008/105/EC [5] which sets the Environmental Quality Stan-
ards (EQS) for these compounds. The annual average (AA) for

∗ Corresponding author. Tel.: +34 981 167000; fax: +34 981 167065.
E-mail address: smuniat@udc.es (S. Muniategui-Lorenzo).

021-9673/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.chroma.2011.12.011
een  0.035  (bisphenol  A)  and  0.14  �g L−1 (nonylphenol).
© 2011 Elsevier B.V. All rights reserved.

4-nonylphenol in seawater samples (other surface waters) is
0.3 �g L−1, whereas the maximum allowable concentration (MAC)
is 2 �g L−1. In the case of 4-tert-octylphenol, the MAC is not
applicable since the AA (0.01 �g L−1) is significantly lower than
the values derived on the basis on acute toxicity. Therefore, it
is considered protective against short-term pollution peaks in
continuous discharges.

On the other hand, bisphenol A has not being legislated in
water yet. However, it is included in the Annex II of the Direc-
tive 2008/105/EC as a future regulated substance in the “list of
33 priority substances” [5].  Furthermore, the Directive 2009/90/EC
establishes that the quantitation limit of the method must be lower
than 30% of the EQS (Directive 2008/105/EC) [6].

In order to support the implementation of the Directive
2008/105/EC, fast, simple and sensitive analytical methods
are needed. Furthermore, the incorporation of these analytical
methodologies in monitoring programs is mandatory in order to

control the presence of pollutants in the environment.

Different chromatography techniques were used to determine
alkylphenols and bisphenol A. Gas chromatography has been
widely used [7–9]; however, due to the polarity and the low

dx.doi.org/10.1016/j.chroma.2011.12.011
http://www.sciencedirect.com/science/journal/00219673
http://www.elsevier.com/locate/chroma
mailto:smuniat@udc.es
dx.doi.org/10.1016/j.chroma.2011.12.011
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olatility of these compounds a derivatization step is frequently
eeded. In order to avoid losses of analytes and to simplify the
xperimental process, liquid chromatography is the most used
echnique.

Although liquid chromatography coupled with ultraviolet visi-
le and fluorescence detectors are used for the determination of
Ps and BPA [10–12],  these detectors do not have the inherent
pecificity of the mass spectrometer. Furthermore, a tedious sam-
le preparation is required and interferences are common in the
nalysis of complex matrices [13].

Therefore, liquid chromatography coupled to mass spectrom-
try (LC–MS) is the most powerful tool to analyze APs and BPA in
nvironmental matrices [1,13–16]. Besides its sensitivity and selec-
ivity, the emergence of new ionization techniques which allow the
oft ionization of a wide range of substances, such as electrospray
ESI) and atmospheric pressure chemical ionization (APCI), have
ncouraged the use of this technique in the last years.

An efficient sample preparation to remove possible interfer-
nces and preconcentrate the analytes is also mandatory to achieve
he required levels. APs and BPA are commonly extracted by solid
hase extraction (SPE) [1,13–15]. However, this technique is being
eplaced by other fast and simple techniques that minimize the
aste of organic solvents according with the principles of the Green
hemistry.

Dispersive liquid–liquid microextraction (DLLME) [10,17], was
ntroduced by Rezaee et al. [18] in 2006 and is based on the extrac-
ion of analytes in aqueous samples by an appropriated mixture of
xtraction solvent and dispersant agent producing a cloudy solu-
ion. Some of its advantages are short extraction time, ease of
peration, low cost and high enrichment factors. The main problem
s the correct selection of mixture of solvents because losses of ana-
ytes can take place. To avoid this situation, some authors suggest
hat dispersant agent can be eliminated using an adequate extrac-
ion solvent helped with an agitation step to achieve the formation
f the cloudy [19].

The main novelty of this paper is the development and validation
f a simple, fast, sensitive and environmental friendly method for
he simultaneous determination of APs and BPA in seawater based
n dispersive liquid–liquid microextraction followed by the deter-
ination using LC–ESI-MS/MS. Although these compounds have

een investigated in different environmental matrices, they are
carcely studied in seawater because of the difficulty of the matrix
nd the low levels of concentration [20]. Therefore, analytical
ethodologies are needed in order to investigate the distribu-

ion and partitioning of these compounds in marine ecosystem.
his method enables the determination of these pollutants at
ltratrace levels according to the restrictive legislation (Directive
008/105/EC) analyzing only 30 mL  of sample; consequently it can
e an important tool for monitoring strategies to control the pres-
nce of alkylphenols and bisphenol A in seawater samples. As far
s we know, other published works do not achieve these low limits
r need to process higher volumes of samples which are difficult to
anipulate and storage.

. Experimental

.1. Standards and reagents

Nonylphenol technical mixture (NP) 94% purity (±1% tolerance)
nd 4-n-nonylphenol (4-n-NP) 99.9% purity (±0.5% tolerance) were
rom Riedel-de Haën (Seelze, Germany). Bisphenol A (BPA) 99%

urity (±0.5% tolerance), 4-tert-octylphenol (4-tOP) 97% purity
±0.5% tolerance) and 4-octylphenol (4-OP) 99% purity (±0.5% tol-
rance) were obtained from Sigma–Aldrich (Steinheim, Germany).
ll standard solutions (1000, 10 and 1 mg  L−1) containing all the
matogr. A 1223 (2012) 1– 8

compounds were prepared in methanol (SPS grade) from Romil Ltd.
(Cambridge, United Kingdom) and stored at 4 ◦C.

As surrogate internal standards, 4-n-nonylphenol-2,3,5,6-d4
(NP-d4) 99.3% was obtained from CDN Isotopes (Pointe-Claire,
Canada) and solution of bisphenol A-d16 (BPA-d16) 99.5% in ace-
tonitrile (100 mg  L−1) was  from Dr. Ehrenstorfer GMBH (Augsburg,
Germany).

For the extraction, 1-octanol Chromasolv® (grade HPLC 99%)
was from Sigma–Aldrich Co. (Madrid, Spain). For the determina-
tion, methanol LC–MS PAI and ammonia (30%) for instrumental
analysis were from Panreac (Barcelona, Spain). Water was  puri-
fied with a Direct 5 Milli Q system (Millipore, Bedford, MA,  USA).
Seawater samples were used for the optimization and validation of
the analysis method.

2.2. Sampling

Seawater samples were collected in amber glass containers and
stored refrigerated at 4 ◦C before the analysis. Due to the low sta-
bility of APs and BPA, samples had to be analyzed within five days
of their sampling.

2.3. Extraction

Aliquots of 30 mL  of seawater samples were extracted as fol-
lows: 100 �L of 1-octanol was added as extractant solvent and the
mixture was  vigorously shaken using an agitation plate Vibrax-VXR
by IKA (Staufen, Germany) during 5 min  at 1200 rpm. Separation of
two phases occurred upon centrifugation (Eppendorf 5804, Madrid,
Spain) at 3500 rpm for 3 min. The fine droplets of 1-octanol were
collected and the volume was  adjusted to 1 mL  with methanol due
to the immiscibility of the 1-octanol with the LC mobile phase.
To remove any solid particles that might interfere in the analy-
sis and damage the equipment, the extract was passed through a
0.2 �m syringe filter of PTFE (Teknokroma, Barcelona, Spain) before
LC injection.

2.4. Liquid chromatography–tandem mass spectrometry

LC analyses were performed using an Agilent HP-1200 Series
LC system equipped with an autosampler (volume injected was
25 �L), a binary solvent pump and a thermostated column oven.
The chromatographic separation was  carried out with a column
Hypersil Gold C18 (150 mm × 2.1 mm),  3 �m Thermo Fisher Scien-
tific Inc. (Waltham, MA), using as mobile phase A (water) and B
(methanol) with 0.05% of ammonia as modifier. A 14 min  gradient
was performed as follows: 20% B (1 min) to 100% B in 4 min; this
percentage was  maintained for 7 min  and returned to initial condi-
tions in 2 min. The system was  re-equilibrated for 7 min  between
runs. The flow rate was  0.25 mL  min−1 and the oven temperature
was set at 40 ◦C.

The LC system is coupled to a mass spectrometer with a triple
quadrupole detector (API 3200, Applied Biosystems, Carlsbad, CA,
USA). It was  equipped with an APCI/ESI source. All compounds were
detected with ESI interface operating in negative mode.

2.5. Quantitation and quality control

Multiple-reaction monitoring (MRM)  was  chosen as acquisi-
tion mode because it allows high sensitivity and selectivity [1]
and deuterated surrogate standards were used for the quantita-

tion in order to correct matrix effect [14]. BPA-d16 was used as BPA
surrogate, whereas 4-NP-d4 was used to determine APs.

According to the Decision 2002/657/EC, four identification
points (one precursor ion and two  products ions) were required
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Table 2
Variables and values of the Plackett–Burmann design used in the optimization of
the  MS/MS  conditions.

Variables (units) Minimum
value

Maximum
value

Modifier: ammonium acetate
(mM)

0 10

Temperature (◦C) 200 650
Gas  nebulizer flow (psi) 20 60
Curtain gas flow (psi) 10 30
Collision gas flow (psi) 0 10
Vertical distance between the 5 10

were studied: acetic acid (0.05%, v/v) [23], ammonium acetate
(2.5 mM)  [13,14,24] and ammonia (0.05%, v/v) [25]. Fig. 2 shows
that ammonia highly increases the response of APs. Basic pH (>8)

4-n-NP

+-

6543210
B
C
F
D
G
A
E

6543210

4-tOP

D
F
B
C
A
G
E +-

4-OP

+-

32,521,510,50
D
B
C
F
G
A
E

32,521,510,50
BPA

G
D
B
C
F
E
A +-

T
P
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or a suitable confirmation of the compounds for LC–MS/MS analy-
is. Furthermore, the relation between the transitions (MRM ratio)
as also used as a criterion for the identification in samples analysis

21].

.6. Blank contamination considerations

Blank contamination is a common problem in the determination
f alkylphenols and bisphenol A at these low levels. In order to
educe blank problems, the use of detergents and plastic material
hould be avoided. All the glassware was carefully washed with
cetone, Milli-Q water and methanol before use.

Blank analysis revealed the presence of NP at level of concen-
ration <5 ng L−1. Consequently, procedural blanks were frequently
hecked and kept under control. In order to identify the source
f NP, procedural blank (non-spiked seawater sample) and sol-
ent blank (no sample) were compared. The responses obtained in
oth cases were similar; therefore, it can be concluded that blank
ontamination come mainly from the experimental process. Pro-
edural blanks were analyzed in triplicate and the contribution of
P (<5 ng L−1) was subtracted from the samples in order to avoid
verestimations in the results.

. Results and discussion

.1. Study of LC–MS/MS variables

Optimization of MS/MS  settings was performed by direct infu-
ion of individual standard solutions using MS software (Analyst
.4, Applied Biosystems, Carlsbad, CA, USA). The relevant instru-
ent settings for each compound are shown in Table 1. According

o the Decision 2002/657/EC [21], two products ions were cho-
en for the suitable confirmation of each compound, except for
-OP because of the presence of an interference in one of them
15]. The parent ion of BPA-d16 was 241 instead of 242 because
t becomes BPA-d15 in water [22]. The ion spray voltage was  the

aximum level −4500 V. The rest of parameters of the source that
ave influence in the ionization were tested using a multivariable
lackett–Burman 27 × 3/32 randomized design with one dummy
actor. The experimental matrix was obtained using the statistical
rogram Statgraphics 5.0 for Windows (Table 2). The response in
ach experiment was measured as area of peak and the results were
nalyzed by means of the representation of the first and second

rder Pareto charts (P = 95.0%).

The Pareto charts (Fig. 1) obtained for each compound show that
ollision gas flow is the only significant factor for alkylphenols. No
nteractions between variables were observed. The selected value

able  1
arent and fragment ions, retention times and MS/MS  parameters for each compound.

Analyte tR (min) Precursor ion (m/z) Product ions (m/z) 

BPA-d16 9.39 241 [M−D]− 142a

221 

BPA 9.40 227 [M−H]− 212a

133

4-tOP 10.62 205  [M−H]− 133a

116 

NP 10.89 229 [M−H]− 133a

116 

4-OP 10.99 205 [M−H]− 106a

– 

4-n-NP 11.23 219 [M−H]− 106a

119  

NP-d4 11.23 223 [M−D]− 109a

129

a Quantitation ion.
b Ratio and tolerances between quantification and confirmation MRM  transitions accor
capillary and source (mm)
Dummy  −1 1

of collision gas was  the maximum (12 psi) because of its positive
influence. The values of the no significant parameters were selected
according to the sign of the estimated effect as well other instru-
mental conditions: nitrogen was  used as curtain gas (10 psi) and
nebulizer gas (35 psi). The auxiliary gas (35 psi) was air. The tem-
perature of the source was fixed at 650 ◦C and the vertical distance
between the capillary and the source was 5 mm.

Due to the influence of the mobile-phase composition on the
ionization efficiency in LC–ESI-MS/MS three kinds of modifiers
Fig. 1. Optimization of MS/MS  conditions: First order Pareto Charts obtained for all
compounds. Variables of the study were modifier of the mobile phase (A), temper-
ature (B), gas nebulizer flow (C), curtain gas flow (D), collision gas flow (E), vertical
distance (F) and dummy (G).

Declustering potential (V) Collision energy (V) MRM ratiob

−45
−44

1.6 ± 0.1−46

−40
−24

15.7 ± 2.8−32

−45
−30

8.9 ± 0.3−76

−40
−38

5.8 ± 0.1−74

−50
−26 –

–

−45
−28

22.4 ± 0.4−44

−45
−28

14.4 ± 1.1−46

ding to Decision 2002/657/EC [21].
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there was  an increase in the signal when 1-octanol was present in
ig. 2. Influence of the mobile phase modifiers on the signal: without modifier (A),
cetic acid 0.05% (B), ammonium acetate 2.5 mM (C) and 0.05% ammonia (D) (n = 2).

ontributes to the ionization of the target compounds, except in the
ase of BPA (the best modifier for BPA is ammonium acetate). In
rder to reach a compromise between these situations and achieve
he low limits established by Directive 2008/105/EC for alkylphe-
ols, ammonia (0.05%, v/v) was chosen as a modifier.

The influence of the mobile phase flow in the ionization was  also
tudied. Flows between 0.2 and 0.3 mL  min−1 were tested. The best
esult was obtained with a flow of 0.25 mL  min−1. No effect on the

hromatographic separation was observed.

Finally, a chromatogram of a seawater sample spiked with
.7 �g L−1 of each compound and 0.5 �g L−1 of surrogate standards
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Fig. 3. LC–MS/MS chromatogram of a spiked seawater sample (1.7 �
matogr. A 1223 (2012) 1– 8

is  shown in Fig. 3. A satisfactory separation is achieved in less than
12 min  with these LC–MS/MS conditions.

3.2. Optimization of extraction parameters

Several organic solvents (200 �L) with different water miscibil-
ity (n-hexane, cyclohexane, dichloromethane, 1,2-dichloroethane,
1-octanol) [10,12,26] were tested as extractants of 30 mL of sea-
water spiked at a 1.7 �g L−1 level of all compounds of study (n = 2).
Because of their water immiscibility, the organic solvents tend to
form a single micro drop when they are added to a water sample;
therefore, an agitation (5 min, 1200 rpm) was needed to break down
the drop of organic solvent and to improve the dispersion process.
After that, centrifugation (3 min  at 3500 rpm) was used to separate
the two phases again. Finally, extracts were collected and the vol-
ume was  adjusted to 1 mL  with methanol due to the immiscibility
of the 1-octanol with the LC mobile phase.

As can be seen in Fig. 4, 1-octanol was the solvent that achieved
a quantitative extraction of all compounds (included BPA, which
was not extracted by any other solvent). The recoveries obtained
with this solvent were higher than 100%, hence the influence of 1-
octanol during the ionization was  evaluated. The study showed that
the extract. For this reason, the same volume of 1-octanol employed
as extractant solvent was  added to the standards used for the quan-
titation. After that, recoveries between 95 and 102% were obtained.

227>133

205>133

219>133

205>106

219>106

131211 14

223>109

11.23

11.23

10.99

10.89

241>142

ontime (min)

g L−1 of each compound and 0.5 �g L−1 of surrogate standards).
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Fig. 4. Selection of extraction solvent in DLLME (n = 2).
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Fig. 5. Effect of DLLME extraction time (n = 2).

The extraction time (agitation time) was also studied. As
bserved in Fig. 5, the response was highly increased until 5 min
nd kept constant after this time. Consequently, 5 min  was  selected
s extraction time.

Finally, the volume of 1-octanol was tested. Different volumes
etween 50 and 300 �L were assayed and 100 �L were enough to
xtract analytes (Fig. 6).

.3. Matrix effect

Ion suppression and enhancement originating from matrix is
ommon in electrospray (ESI); therefore this phenomenon was
tudied. The slopes of the calibration plots built for standard ana-

ytes with 100 �L of 1-octanol (1–100 �g L−1) and for the standard
dditions performed on the seawater samples (0.03–3.33 �g L−1)
ere compared using a test t-Student (P = 95.0%) [27]. The statistical
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Fig. 6. Effect of extraction solvent volume in DLLME (n = 2).
matogr. A 1223 (2012) 1– 8 5

test showed that matrix had negative influence (suppression of the
signal during the ionization) in the case of BPA, 4-n-NP and NP.
Octylphenols did not present matrix effect. Surrogate internal stan-
dards (BPA-d16 and NP-d4) were used to compensate this effect and
satisfactory results were obtained for all compounds.

3.4. Method validation

There are not certificated reference materials available of these
compounds in water, so the figures of merit of the method were
evaluated analyzing spiked seawater samples.

Linearity (r > 0.9989) was  evaluated between 0.09 and 50 �g L−1

using seven calibration points (n = 2). The response was linear
between the MQL  and 20 �g L−1.

Precision and accuracy (Table 3) for each compound were deter-
mined at three different concentrations levels distributed over the
linear range: low, medium and high concentration (0.09, 5 and
20 �g L−1 in seawater samples). To evaluate the accuracy, the ana-
lytical recoveries of spiked samples were calculated. As it was
explained before, the presence of NP in procedural blank was taken
into account and the contribution of NP blank was subtracted from
the spiked samples. Mean recoveries (n = 7) ranged from 84 to 104%
for all concentrations and all compounds. The repeatability was  cal-
culated as within-day RSD of concentrations, using seven replicates
of spiking seawater samples analyzed with the proposed method
during the same day and the same analyst and equipment. For inter-
mediate precision, ten replicates of spiked seawater analyzed with
the proposed method during different days along two weeks and
the same analyst and equipment. In all cases, the repeatability and
the intermediate precision of the method were satisfactory, with
RSD < 10%

Uncertainty of the analytical method was also estimated on the
basis of in-house validation data according to EURACHEM/CITAC
guide [28] for all compounds at three spiking levels. The main
sources of uncertainty were identified and quantified and com-
bined uncertainty (uc) was calculated as follows:

uc(y) =
√

u2
1 + u2

2 + u2
3

where the uncertainties associated with the spiked sample (u1),
precision (u2) and accuracy (u3) were taken into account. The
expanded uncertainty (uexp) was estimated using the coverage fac-
tor (k) as 2 for a level of confidence of 95%.

uexp = kuc

Due to the fact that validation was carried out using spiked
samples (certificate reference materials were not available), the
preparation of the standards and the concentration spiked in sam-
ple (Csample) had to be considered. The uncertainty associated with
the spiked sample (u1) was calculated considering the contribution
of the following factors: standards, pipettes, flask and balance.

u1 = Csample

√(
Sstandard

Cstandard

)2

+
(

Spipette

Vpipette

)2

+
(

Sflask

Vflask

)2

+
(

Sbalance

mstandard

)2

The uncertainty associated with the precision (u2) was
expressed as a relative standard deviation obtained from the inter-
mediate precision (N = 10).

u2 = Sintprec√

N

Finally, the uncertainty associated with accuracy was evalu-
ated. At first, a test t-Student was  used to determine whether the
mean experimental recovery (X) was significantly different from
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Table  3
Recovery, precision and uncertainty of target compounds in seawater with DLLME–LC–MS/MS.

Analyte Concentration in sample
±Uncertaintya (�g L−1)

Accuracy (%) Precision (%)

Recovery
(n = 7)

Repeatability
(n = 7)

Intermediate
precision
(N = 10)

BPA 0.09 ± 0.014 100 9 9
5 ±  0.97 100 6 8

20  ± 3.7 104 7 6

4-t-OP 0.09 ± 0.015 84 5 6
5  ± 1.1 91 9 10

20 ±  4.5 94 9 9

4-OP 0.09 ± 0.016 96 10 9
5  ± 1.0 94 5 10

20  ± 3.2 94 5 10

4-n-NP 0.09 ± 0.009 103 2 3
5  ± 0.87 91 9 7

20  ± 2.2 101 3 4

NP  0.09 ± 0.014 101 8 9
5 ±  0.72 103 9 9

94 

ence)

t
e

u

t

v
i
v
i
v
m
(
T
t
c

l

T
C
a

20 ± 2.7 

a Expanded uncertainty (U) about the mean with coverage factor 2 (95% of confid

he theoretical spiked value (�) of concentration, according to the
quation:

3 = Srec√
N

exp = |X − �|
u3

The texp values were compared with the 2-tailed theoretical
alue (n − 1 degrees of freedom at 95% of confidence, where n
s the number of replicates used to estimate recoveries). If these
alues are higher or equal than the theoretical value (t4,95%), exper-
mental mean is significantly different from the theoretical spiked
alue; therefore, the uncertainty associated to the accuracy (u3)
ust be taken into account. The texp values were higher than t4,95%

1.94) only for alkylphenols at level of concentration of 0.09 �g L−1.
able 4 shows all values of these individual uncertainties, the uncer-

ainty combined and the relative expanded uncertainty (%) of target
ompounds in seawater at different concentrations.

The method detection limit (MDL) and method quantitation
imit (MQL) were estimated as Xb + 3SDb (Xb average and SDb

able 4
ombined (uc) and relative expanded uncertainties (uexp%) estimated for each analyte con
nd  to the accuracy (u3).

Concentration in
sample (�g L−1)

Analyte u1

0.09

BPA 0.009 

4-tOP 0.009 

4-OP  0.009 

4-n-NP 0.009 

NP  0.009 

5

BPA  0.50 

4-tOP 0.50 

4-OP 0.50 

4-n-NP 0.50 

NP 0.50  

20

BPA  2 

4-tOP 2 

4-OP  2 

4-n-NP 2 

NP  2 
8 4

.

standard deviation of the seven blank seawater samples) and
Xb + 10SDb, respectively. In addition, MQL  were experimentally ver-
ified by spiking seawater sample at a level of concentration close to
the estimated of each compound (n = 5). Recoveries ranged from 90
to 110% and RSD < 20% therefore the values calculated for the MQL
were successfully verified (Table 5).

The MQL  obtained allow the determination of 4-tOP and 4-n-NP
at the levels established by the legislation (Directive 2008/105/EC)
with satisfactory precision and accuracy. Moreover, in the case
of 4-n-NP the MQL  is lower than the 30% of the Environ-
mental Quality Standards, which is requested by the Directive
2009/90/EC.

The analytical method proposed for seawater samples was also
evaluated for the analysis of alkylphenols and bisphenol A in
other types of water (surface and tap water). The use of surrogate
standards compensates the possible matrix effect and therefore,
adequate results were obtained for both kinds of waters. Preci-

sion and accuracy were calculated at one level of concentration
(1.5 �g L−1) in order to check the possible applicability of the
method. Recoveries obtained (n = 5) ranged from 95 to 104% in sur-
face water and from 98 to 105% in tap water. Repeatability was

sidering the uncertainty associated to the spiked samples (u1), to the precision (u2)

u2 u3 uc uexp (%)

0.002 – 0.019 20.6
0.001 0.002 0.018 20.5
0.003 0.002 0.019 20.2
0.001 0.002 0.018 20.6
0.003 0.003 0.019 21.2

0.13 – 1.03 20.3
0.18 – 1.06 21.3
0.14 – 1.03 20.6
0.10 – 1.02 20.0
0.13 – 1.03 20.4

0.4 – 4.05 20.3
0.5 – 4.11 20.0
0.2 – 3.99 21.9
0.2 – 4.00 20.6
0.3 – 4.02 20.1
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Table 5
Method detection limits (MDL) and method quantitation limits (MQLs) calculated and experimentally verified, precision (RSD%) and recoveries (R%) obtained. Directive
2008/105/EC requirements for each compound.

Compound Estimated limits Verified limits Directive values

MDL  (�g L−1) MQL  (�g L−1) MQL (�g L−1) RSD% R% AA (�g L−1) MAC  (�g L−1)

BPA 0.006 0.020 0.020 9 100 – –
4-tOP  0.003 0.007 0.008 19 108 0.01 Not applicable
4-OP 0.003 0.006 0.006 10 95 0.01 Not applicable

15 90 0.3 2
9 104 0.3 2

<
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[

Table 6
Concentrations (�g L−1) of alkylphenols and bisphenol A in seawater samples col-
lected from different beaches of A Coruña (NW Spain).

Analyte C1 C2 C3 C4

BPA <MQLb 0.035 nda nda

4-t-OP <MQLb 0.11 nda <MQLb

4-OP nda 0.065 nda nda

4-n-NP nda 0.059 nda nda

NP 0.070 0.14 <MQLb <MQLb
4-n-NP 0.001 0.003 0.005 

NP  0.010 0.029 0.030 

10% (n = 5) in all cases. These values are comparable with previ-
us works [16,18]. Consequently, the method could be used for the
nalysis of other kinds of water, although more assays are needed
n order to complete the validation.

.5. Comparison with other reported methods

A wide variety of analytical methodologies for the analysis of
lkylphenols and bisphenol A in surface and sewage waters can be
ound in the literature. However, few researches about the analysis
f these compounds in seawater samples were reported. As it was
aid before, sensitive methods are needed in attempt to achieve
he low levels set in the Directive 2008/105/EC. As far as we  know,
he MQLs of the proposed DLLME–LC–MS/MS method are lower
han the limits reported in previous works, in which a similar vol-
me  of sample was processed [10,17]. When higher volumes of
ample were processed, e.g. 500 mL  seawater [13,14],  4 L seawa-
er [1] or >40 L seawater [15], MQLs are comparable. Nevertheless,
hese high volumes hinder the sampling, transport and storage of
he samples.

Recovery yields are similar to other methods [29] and even
mproved in the case of NP; due to the presence of NP in blank
nalysis, higher recoveries (>120%) were obtained when this con-

ribution is not considered [30]. Furthermore, the precision of the
roposed method is comparable to common application in DLLME
10] and better than SPE, LLE or other microextraction techniques
8].

1211,811,611,411,211,010,810,610,410,2
Time

0
500
701

Intensity, cps
10,65

1211,811,611,411,211,010,810,610,410,2
Time

0

313
10,94

1211,811,611,411,211,010,810,610,410,2
Time

0
100
171

10,70

1211,811,611,411,211,010,810,610,410,2
Time

0

500 10,40

54,54,03,53,02,52,01,51,00,5
Time

0

100

4tOP 205>133

4OP 205>106

4nNP 219>106

NP 229>133

Fig. 7. Chromatogram of a seawater sample (C
a Not detected.
b Below method quantitation limit.

3.6. Analysis of seawater samples

In order to demonstrate the feasibility and applicability of
the proposed DLLME–LC–MS/MS method some seawater sam-
ples obtained from different sites of A Coruña (NW Spain) were
analyzed. Sampling points were chosen in order to compare the
presence and levels of these compounds in industrial zones (C1 and
C2) and urban zones (C3 and C4). These compounds were found at
concentrations shown in Table 6.

BPA, 4-OP and 4-n-NP were only detected in industrial zones,
whereas NP and 4-tOP were detected in all samples which show
the ubiquity of these compounds. The higher concentration was

found in sampling point C2 which is close to a wastewater treat-
ment plant (WWTP). These values could be explained considering
the degradation process of APEOs. In this sample, 4-n-NP and 4-OP
were unexpectedly found, although they were not used in industrial

14,013,813,613,413,213,012,812,612,412,2,0
, min

14,013,813,613,413,213,012,812,612,412,2,0
, min

14,013,813,613,413,213,012,812,612,412,2,0
, min

14,013,813,613,413,213,012,812,612,412,2,0
, min

10,09,59,08,58,07,57,06,56,05,5,0
, min

9,21BPA 227>212

2) analyzed with the proposed method.
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N. Salgueiro-González et al. /

rocesses; therefore, the linear isomers should be also considered
n degradation processes. The chromatogram of sample C2 was
hown in Fig. 7. Only the concentration of 4-tOP and 4-OP were
igher than the annual average (AA) set in Directive 2008/105/EC.

Not many data of alkylphenols and bisphenol A concentrations
n seawater are available in the literature. Concentrations in this
tudy are similar to the reported levels in other coastal zones in
pain [29] and Portugal [30]. However, these levels are lower than
oncentrations measured in Singapore, Thessaloniki Coast (Greece)
nd Jamaica Bay [8,20].  The largest population and the industrial
ctivity in these zones can be the main reasons of those high results.

. Conclusions

The analytical method proposed in this work allows the simul-
aneous extraction, identification and quantitation of alkylphenols
nd bisphenol A in seawater. This method is fast and simple and
ses small volumes of organic solvent in agreement with the prin-
iples of the Green Chemistry. Furthermore, the application of a
ispersive liquid–liquid microextraction without any dispersant
gent simplifies the experimental process.

With the method proposed, satisfactory reproducibility, accu-
acy and low limits of quantification were obtained. Using only
0 mL  of sample (which facilitates sampling, transport and storage)
ltratrace levels of alkylphenols and bisphenol A can be determined
llowing the compliance of the Directive 2008/105/EC.

The application of the proposed method to seawater sam-
les proved its practicability. In addition, the presence of APs in
ome sites was evidenced and the concentration of 4-octylphenols
xceeded the environmental quality standards showed in Direc-
ive 2008/105/EC. The method was also evaluated for the analysis
f surface and tap water and satisfactory results were obtained.
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