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Qúımica Anaĺıtica Aplicada (QANAP), Ins

(IUMA), Campus de A Coruña, 15071 A Co

+34981167065; Tel: +34981167000

Cite this: Anal. Methods, 2024, 16,
1603

Received 3rd November 2023
Accepted 8th February 2024

DOI: 10.1039/d3ay01948a

rsc.li/methods

This journal is © The Royal Society o
a dispersive liquid–liquid
microextraction method for the determination of
plastic additives in seawater

Maŕıa José González-Castro, Jaime Uribe-Ares, Soledad Muniategui-Lorenzo
and Elisa Beceiro-González *

A method using dispersive liquid–liquid microextraction (DLLME) prior to high performance liquid

chromatography-diode array detection (HPLC-DAD) was developed to determine seven additives from

the plastics industry (butylated hydroxytoluene, diisodecyl phthalate, irgafos 168, lawsone, quercetin,

triclosan and vitamin E) in seawater samples. These compounds can reach seawater due to direct

discharge from wastewater treatment plants and leaching from plastics and microplastics. The extraction

was performed using 25 mL of seawater, 500 mL of 1-octanol (extraction solvent) and a stirring step

instead of dispersive solvent. Additive concentrations were determined by LC-DAD on a C18 column

with a mobile phase of acetonitrile and phosphoric acid aqueous solution (pH 3.5) by gradient elution.

The analytical recoveries ranged from 82 to 93% for all compounds, except for lawsone (60%).

Repeatability and intermediate precision were adequate with RSD < calculated values following the

Horwitz equation at the concentration levels evaluated (0.06 and 0.24 mg L−1). All additives exhibited

linear matrix calibration curves (R2 > 0.99). Detection limits ranged from 0.009 to 0.028 mg L−1 and

quantification limits ranged from 0.027 to 0.084 mg L−1. Finally, the application of the method to real

samples verified the method as accurate and applicable to seawater.
Introduction

Plastics have become a major environmental problem because
of their increasing presence in marine ecosystems. These debris
are a source of hazardous chemical compounds with negative
effects on marine organisms. Thus, in addition to the harmful
effects of the plastic particles ingested by organisms
(zooplankton, bivalves, crustaceans, etc.), the associated
chemical compounds can be transferred to them with toxic
effects.1 To understand their impact, it is necessary to study the
associated compounds which represent a risk to a healthy and
productive ecosystem. However, research on chemicals associ-
ated with plastics has been limited.

Chemical compounds associated with plastics include both
additives added duringmanufacturing (plasticisers, antioxidants,
stabilizers, ame retardants.) and organic compounds (poly-
cyclic aromatic hydrocarbons, polychlorinated biphenyls, pesti-
cides.) adsorbed on their surface from the surrounding
environment.2 About this, it should be noted that additives have
been studied considerably less than organic compounds adsor-
bed on the surface. However, environmental studies focusing on
iencias, Universidade da Coruña, Grupo

tituto Universitario de Medio Ambiente
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f Chemistry 2024
plastics should include additives as they can easily leach from the
polymer matrix which implies a risk to marine organisms.3,4

Among the seven additives studied in this work, there are
two natural antioxidants (quercetin and vitamin E) and
a natural colouring agent with antimicrobial properties (law-
sone). The latter one can be obtained from the leaves of the
henna plant4 and quercetin is found naturally in some foods
(onions, grapes and tea).5 The other four compounds are
industrially produced chemicals. Butylated hydroxytoluene
(BHT) is employed as an antioxidant in foodstuffs. Exposure to
this compound can cause damage mainly due to its degradation
products, especially in algae and sh.6 Irgafos 168 is also an
antioxidant used in the manufacture of polymers for food
preservation. Diisodecyl phthalate (DIDP) is a plasticiser
belonging to the group of phthalates whose toxicity has been
extensively investigated in recent years.7 Finally, triclosan is an
antibacterial agent employed in household and personal care
products. This additive accumulates in algae and its toxicity to
aquatic organisms needs to be studied.8 The adverse effects on
marine organisms of some of these additives are already known,
but the lack of information on others makes it impossible to
know what effects they may have. Therefore, it is necessary to
develop analytical methods for the determination of these
compounds in the marine environment.

High-performance liquid chromatography (HPLC) with
ultraviolet (UV) detection or diode array detection (DAD) is the
Anal. Methods, 2024, 16, 1603–1610 | 1603
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Fig. 1 Structures of the additives.
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most commonly employed technique in the analysis of these
additives.9–19 The reversed-phase mode using octadecyl
columns10–14,20–23 and mixtures of acetonitrile/water or
methanol/water as mobile phase11,12,14,16,17,22 is by far the most
commonly used chromatographic conditions currently for the
analysis of these additives.

Regarding the extraction procedures employed for the
determination of additives in water samples, solid-phase
extraction (SPE) is the most widely used method.15,20,24–26

However, this technique is being replaced by other fast tech-
niques that minimize the waste of organic solvents such as
liquid–liquid microextraction techniques. Thus, ultrasound-
assisted salt-induced liquid–liquid microextraction followed
by HPLC-DAD analysis has been used for the determination of
triclosan in swimming pool, lake, and wastewater.16 Caldas et al.
used dispersive liquid–liquid microextraction (DLLME)
combined with liquid chromatography-tandem mass spec-
trometry (LC-MS/MS) to determine 58 organic compounds,
including triclosan, in water samples. The DLLME procedure
was carried out with 1-octanol as extraction solvent and acetone
as dispersive solvent.27 Finally, DLLME has also been used in
the extraction of some of the analytes under study from food
samples. Asadollahi et al. used this microextraction technique
for the analysis of quercetin in food samples.28 The sample pH
was adjusted to ∼3 and methanol and 1-undecanol were
employed as the dispersive and extraction solvent respectively.
Moreover, a study for the analysis of vitamin E in infant formula
by DLLME combined with HPLC-UV has also been developed.29

The advantages of DLLME are simplicity of operation, short
extraction time, low cost and high enrichment factors.30 In
addition, surface water matrices have little effect on DLLME and
for seawater samples, the salt in the sample leads to increased
ionic strength enhancing the extraction efficiency.

The present work has two objectives: (i) to develop a simple
reversed-phase with ionic suppression for routine determina-
tion of the seven additives, and (ii) development and validation
of a method based on DLLME for the extraction of the seven
additives from seawater samples. It should be noted that the
simultaneous chromatographic determination of these chem-
icals, as well as the use of DLLME for their extraction from
seawater has not been reported before in the literature.

Experimental
Standards and reagents

Regarding additive standards, DIDP and vitamin E individual
standards were supplied by AIMPLAS (an aliquot of the stan-
dards used in the fabrication of polymers). Lawsone, triclosan,
BHT and irgafos 168 individual standards were supplied by
Sigma Aldrich (Steinheim, Germany). Quercetin dihydrate was
from Alfa Aesar (Thermo Fisher (Kandel) GmbH, Germany). The
individual standard solutions of 2000 mg L−1 were prepared in
different solvents: methanol (quercetin), acetonitrile (lawsone,
triclosan, BHT and vitamin E) and ethyl acetate (DIDP and
irgafos) by exact weighing of high-purity substances. To opti-
mise the HPLC-DAD method, a mixture of all the compounds
was prepared in acetonitrile containing 20 mg L−1 of each
1604 | Anal. Methods, 2024, 16, 1603–1610
individual additive. To optimise the extraction method, since
acetonitrile may compete with 1-octanol during extraction,
a mixture of all the compounds containing 200 mg L−1 of each
individual additive was prepared employing 1-octanol as
solvent. Working solutions were daily prepared by appropriate
dilution of 20 or 200 mg L−1 standard solutions. All solutions
were stored at 4 °C in the dark. The additives studied are shown
in Fig. 1.

A synthetic saltwater solution of 35 g L−1 was prepared using
sea salts from Sigma-Aldrich (chloride 19 000–20 000 mg L−1;
sodium 10 700–11 000 mg L−1; sulfate 2660 mg L−1; potassium
300–400 mg L−1; calcium 400 mg L−1; carbonate 140–
200 mg L−1; boron 5.6 mg L−1; magnesium 1320 mg L−1;
strontium 8.8 mg L−1 and insoluble matter #0.05%) (Stein-
heim, Germany). 1-Octanol Chromasolv® (grade HPLC 99%)
was purchased from Sigma-Aldrich (Steinheim, Germany),
acetonitrile HiPerSolv Chromanorm® ($99.9%) was from VWR
Chemicals (Leicester, UK) and phosphoric acid was from Pan-
reac (Barcelona, Spain). Ultrapure water was obtained using
a Millipore Milli-Q system (Millipore, Bedford, MA, USA). To
prevent potential contamination, no plastic wares or equipment
were used during sampling, extraction and analysis.

Apparatus

The chromatographic system consisted of a 2695 pump with
a 996 Diode Array Detector fromWaters (Milford, MA, USA) and
the Empower Pro soware. The column was a stainless-steel
column (150 mm × 4.6 mm ID, particle size 5 mm) packed
with Hypersil GOLD C18 chemical bonded phase from Thermo
Scientic (Austin, TX, USA).

Chromatographic analysis

The separation of the seven additives is based on reverse phase
partitioning with ionic suppression which allows the separation
of ionic compounds by suppressing their ionisation state
This journal is © The Royal Society of Chemistry 2024
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through pH control. For this purpose, a mixture of acetonitrile
and an aqueous solution of phosphoric acid at pH 3.5 was
employed as the mobile phase, using the following gradient
elution: acetonitrile initial percentage of 20%, increased line-
arly to 30% in 3 min; increased to 100% in 3 min (9 min), aer
which the percentage was returned to the initial conditions in
4 min. A constant temperature (40 °C) and mobile phase ow
rate (1 mL min−1) were used and 20 mL of sample was injected.

The signal was monitored in the 190–600 nm range, to
conrm its identication and also to check the homogeneity of
the spectral peak. For quantication purposes 200 nm was
selected in order to achieve maximum sensitivity.
Extraction procedure

500 mL of 1-octanol was added to 25mL of seawater samples and
the mixture was shaken using a Vibrax-VXR agitation plate from
IKA (Staufen, Germany) during 20 min at 1200 rpm. The phases
were separated by centrifugation (Eppendorf 5804, Madrid,
Spain) at 3500 rpm for 5min. Then, 200 mL of the 1-octanol drop
was collected and the volume was adjusted to 600 mL with
acetonitrile before chromatographic analysis. The schematic
DLLME procedure is presented in Fig. 2.
Results and discussion
HPLC-DAD optimization

Since lawsone and quercetin are weak acids, they are strongly
dissociated in a neutral aqueous solution so they have an
electrical charge which inhibits the interaction with the non-
polar C18 stationary phase. For reverse phase chromatog-
raphy, it is important that ionic species exist in a protonated
form, the acidication of the mobile phase is necessary in order
to obtain an acid analyte in non-ionized form and the separa-
tion takes place by partitioning. Therefore, it is recommended
to work at a pH around 1.5–2 units lower than the pKa of the
most acidic species to ensure that solutes are protonated and
the reproducibility from one injection to another. Furthermore,
it is important to consider that several studies devoted to this
topic have shown that the pKa values of acids increase when
increasing proportions of organic solvent content, which can be
attributed to a decrease of the dielectric constant of the
Fig. 2 Scheme of the DLLME procedure.

This journal is © The Royal Society of Chemistry 2024
medium; for instance, in the case of using acetonitrile as
organic solvent in the mobile phase, several authors have re-
ported that an increase of 10% in the acetonitrile content led to
an increase of 0.3 log unit in the pKa value.31,32

On the other hand, silica-based columns usually contain free
silanol groups on their surface, which are ionized at neutral pH
and can participate on the analyte retention by electrostatic
interactions because of their negative charge.33 Therefore, the
adjustment of pH of the mobile phase also governs the state of
the ionization of the silanol surface. Protonation of silanol
groups occurs at pH values less than 4.5, thus working at lower
pHs minimizes electrostatic interactions and helps to reduce
peak tail problems.

Considering the points mentioned above, the pKa of lawsone
and quercetin (4.31 and 6.31 respectively) and the range of pH
of the aqueous mobile phase (2.5–3.7) employed in the litera-
ture for chromatographic analysis of lawsone, in this work the
pH of the aqueous phase was adjusted to 3.5.18,21,34

The hydrophobicity of the seven additives is too large so
a gradient elution will be necessary. The most employed acids
for adjusting the pH of the mobile phase for the determination
of these additives are acetic acid,19,21 formic acid18,23 and phos-
phoric acid.13,35 In this work phosphoric acid was selected since
organic acids exhibit absorbance at 200 nm, and consequently
they cannot be used in gradient elution.

Initially, because articles have not been found in which these
seven additives were analysed simultaneously, isocratic runs
were performed using individual solutions of the additives
(10 mg L−1) at different ratios of acetonitrile and a solution of
phosphoric acid at pH 3.5 as a mobile phase. Then several
gradient conditions were carefully assayed which correspond
closely to their isocratic counterparts. The best conditions for
achieving an adequate chromatographic resolution of the seven
additives were obtained by employing the gradient previously
described in the Experimental section, starting the mobile
phase gradient with 20% acetonitrile in order to avoid over-
lapping between the peaks of lawsone and quercetin. As can be
seen in Fig. 3, adequate resolution was reached for all the
additives in less than 20 min.

Upon the chromatographic method being optimized, in
order to check the precision of the chromatographic system,
Anal. Methods, 2024, 16, 1603–1610 | 1605
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Fig. 3 HPLC chromatogram obtained under optimized conditions for a standard solution of additives (10 mg L−1). Target compounds are
numbered as follows: (1) lawsone; (2) quercetin; (3) triclosan; (4) BHT; (5) DIDP; (6) vitamin E; (7) irgafos 168.
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two standard solutions containing 0.5 and 6 mg L−1 of each
additive were employed. For intra-day precision, ten consecu-
tive measurements of each concentration level were analyzed; in
the case of inter-day precision, three replicates of each
concentration level were injected per day on ve consecutive
days. The obtained precision was good, with RSD values lower
than 5% in both intra- and inter-day precision assays. In order
to verify the linearity of the detector, eight concentration levels
of each additive (0.25, 0.50, 1, 2, 4, 6, 8 and 10 mg L−1) were
prepared and injected in triplicate. Coefficients of determina-
tion (R2) were higher than 0.999 for six of the seven additives,
being a bit lower in the case of lawsone (0.998).
Table 1 Analytical recoveries of additives from synthetic saltwater
using different pH

Compound

Recovery (%)

pH = 3.5 Saltwater pH

Lawsone 56.1 —
Quercetin 86.9 —
Triclosan 92.4 85.6
BHT 89.8 83.2
DIDP 83.5 89.7
Vitamin E 84.4 82.6
Irgafos 168 88.1 84.2

Fig. 4 Effect of agitation time on the extraction efficiency in DLLME
(n = 3).
DLLME optimization

The DLLMEmethod is based on a previous extraction procedure
developed by the authors for the determination of triazines in
seawater employing 1-octanol as the extraction solvent and
a shaking step instead of a dispersive solvent.36 To carry out the
optimization, 25 mL of synthetic saltwater solution spiked with
0.3 mg L−1 of each additive was used and three replicates were
employed in each assay. Furthermore, procedural blanks were
also analysed.

The effect of the extraction solvent volume was studied
employing 100, 300, 400 and 500 mL volumes of 1-octanol. The
single drop formed by adding the organic solvent to the water
sample was dispersed by using an agitation step (10 min, 1200
rpm). Then, the mixture was centrifuged (5 min at 3500 rpm) to
separate the phases. For tested volumes below 500 mL, the
formed drop was not easily distinguishable from the aqueous
phase. This could be due to the solubility of 1-octanol in water,
which is also reected in the small volume of organic phase
obtained (<300 mL) aer the extraction when 500 mL were used.
Consequently, 500 mL of 1-octanol was chosen as optimum
extraction solvent volume.

Since the sample pH can affect the extraction efficiency of
ionisable compounds, a study of sample pH was carried out. For
this purpose, saltwater with unchanged pH and saltwater with
pH adjusted to 3 using phosphoric acid were subjected to the
extraction procedure under the above-mentioned shaking and
centrifugation conditions. Then, 200 mL of the 1-octanol drop
was collected and diluted with acetonitrile (1 : 3). To calculate
the recoveries, standards of the additives with the nal
1606 | Anal. Methods, 2024, 16, 1603–1610
concentration of the extracts and the same ratio of 1-octanol/
acetonitrile were used. The results obtained (see Table 1)
showed that lawsone and quercetin were not extracted at salt-
water pH because ionic suppression of these compounds is not
achieved. For the other additives studied, recovery increased at
acid pH, except for DIDP. Therefore, pH 3 was selected to carry
out the extraction method.

The effect of agitation time was examined by testing three
different times (5, 10 and 20 min) keeping constant the other
experimental conditions. As can be seen in Fig. 4, the extraction
efficiency slightly increased up to 20 min for most additives.
Therefore, 20 min was chosen as extraction time. As an
This journal is © The Royal Society of Chemistry 2024
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Fig. 5 Chromatograms obtained after DLLME: (a) synthetic saltwater sample, (b) spiked synthetic saltwater sample. Target compounds are
numbered as follows: (1) lawsone; (2) quercetin; (3) triclosan; (4) BHT; (5) DIDP; (6) vitamin E; (7) irgafos 168.
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example, Fig. 5 shows the chromatogram corresponding to
unspiked and spiked synthetic saltwater analysed with the
developed procedure.
Method validation

The developed DLLME method was validated by estimation of
the linearity, limit of detection (LOD) and limit of quantication
(LOQ), accuracy and precision. All quantitative results were
calculated using 25 mL of synthetic saltwater spiked with
a standard additive mixture. The 1-octanol phase obtained aer
Table 2 Analytical characteristics of the DLLME-LC-DAD method

Compound
LOD
(mg L−1)

LOQ
(mg L−1)

Determination
coefficient (R2)

Intra-day precisio
RSDa (%)

0.06 mg L−1 0.

Lawsone 0.028 0.084 0.9929 7.98 5.
Quercetin 0.027 0.082 0.9931 9.11 6.
Triclosan 0.010 0.031 0.9990 5.10 3.
BHT 0.009 0.027 0.9992 5.67 3.
DIDP 0.020 0.059 0.9965 3.92 3.
Vitamin E 0.025 0.077 0.9960 7.70 4.
Irgafos 168 0.013 0.041 0.9983 3.39 3.

a n = 5 for intraday precision and recovery; n = 3 for inter-day precision.

This journal is © The Royal Society of Chemistry 2024
DLLME was diluted with acetonitrile before LC injection as
described in the extraction procedure. The validation data are
shown in Table 2.

Linearity was investigated by triplicate analysis of standard
synthetic saltwater solutions. Five-point calibration curves were
constructed at the concentration range between 0.03 and
0.24 mg L−1. As can be seen in Table 2, determination coeffi-
cients (R2) higher than 0.9900 were achieved for all compounds.

The LODs were determined as 3 × Sy/x/b and the LOQs as 10
× Sy/x/b, where Sy/x is the residual standard deviation and b is
the slope of the calibration curves. The detection and
n Inter-day precision
RSDa (%) Recoverya (%)

24 mg L−1 0.06 mg L−1 0.24 mg L−1 0.06 mg L−1 0.24 mg L−1

92 11.45 8.94 62.1 59.6
21 11.31 8.14 82.1 85.1
42 7.80 7.42 87.4 92.6
76 7.17 6.08 85.4 91.3
05 5.54 4.57 85.3 87.0
39 7.26 7.27 85.8 82.0
46 6.52 7.85 85.7 93.1

Anal. Methods, 2024, 16, 1603–1610 | 1607
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Table 3 Analytical recoveries of additives from a real seawater sample

Compound

Recovery � RSD (%)

0.06 mg L−1 0.24 mg L−1

Lawsone 54.7 � 1.2 64.3 � 3.9
Quercetin 82.7 � 3.6 100.7 � 2.8
Triclosan 83.9 � 3.3 95.9 � 3.6
BHT 84.6 � 2.4 94.0 � 2.9
DIDP 84.5 � 3.6 93.6 � 4.0
Vitamin E 81.9 � 3.4 92.9 � 3.8
Irgafos 168 84.7 � 3.4 98.0 � 3.7
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quantication limits obtained using only 25 mL of synthetic
saltwater (between 0.009–0.028 and 0.027–0.084 mg L−1

respectively) can be considered adequate (see Table 2).
Furthermore, in case more sensitivity is required, the method is
easy to adapt for further analysis by LC-MS.

Precision and accuracy were investigated at two levels of
concentration (0.06 and 0.24 mg L−1). The precision of the
analytical method, expressed as relative standard deviation
(RSD), was studied as intra-day and inter-day precision. To
evaluate intra-day precision, RSDs were calculated using ve
replicates measured at the same day. Inter-day precision was
investigated measuring three replicates on three consecutive
days. The obtained values lower than 10 and 11.5% for intra-day
and inter-day precision respectively (see Table 2) indicated that
the developed method was reproducible.

The Horwitz equation was also employed as an additional
criterion for checking the precision of the method. The equa-
tion is RSD (%) = 21−0.5logC, with C being the mass fraction
expressed as a power of 10. For intra-day precision, the obtained
values for RSD (%) would be lower than 1/2 (21−0.5logC), whereas
in the case of inter-day precision, the values for RSD (%) would
be lower than 2/3 (21−0.5logC). The values of RSDs obtained with
the proposed methodology were highly satisfactory because, for
the seven additives, the results achieved of RSD (%) for intra-day
and inter-day precision were below the limits calculated by the
Horwitz equation (intra-day 12.21 and 9.92% and inter-day
16.28 and 13.22% for 0.06 and 0.24 mg L−1 respectively).

The accuracy of the method was evaluated as analytical
recovery. Five replicate analyses of 25 mL of synthetic saltwater
solution spiked with the standard mixture of additives at each
fortication level were employed. Themethod showed very good
recoveries for all additives in the range of 82.1–87.4% for the
low level and 82.0–93.1% for the high level, except for lawsone
with a recovery value of around 60%, an accepted value in
residue analysis (Table 2).
Analysis of real samples

The absence of organic compounds, humic acids and other
materials in synthetic saltwater solution does not allow the
evaluation of interferences due to matrix components present
in real samples which may give rise to false positive or negative
results. Therefore, it is necessary to validate the accuracy and
suitability of the method for real samples.

Seawater samples were collected using amber glass bottles
from 3 different sites in the city of A Coruña duringMay of 2023:
sample 1 from Santa Cristina beach located in the estuary
formed by themouth of Mero River, sample 2 from Riazor beach
located in an open sea area and sample 3 from the harbour area.
The samples were stored at 4 °C until further analysis.

The presence of the additives in the samples was studied by
analyzing procedural blanks and peaks were not observed at the
retention times of the compounds. Therefore, it was concluded
that the additives were not present or present at concentrations
below the LOD values (see Table 2).

Recovery experiments were carried out using sample 1 as
a test sample. For this purpose, the sample was spiked at two
1608 | Anal. Methods, 2024, 16, 1603–1610
concentration levels (0.06 and 0.24 mg L−1) and three replicates
were assayed for both levels. The percent recovery results for
additives are presented in Table 3. As can be seen, high recov-
eries were obtained for all additives at both concentration
levels, except for lawsone. For this additive, the recovery
reached (around 60%) was similar to that obtained when
synthetic saltwater solution was used. Moreover, the RSD values
were below 5% (see Table 3), which validates the high repeat-
ability of the developed method.

Conclusions

A fast and simple method based on DLLME combined with
HPLC-DAD for the analysis of seven additives, with different
physicochemical properties, in terms of polarity and water
solubility, from seawater samples has been developed and
validated. Regarding the chromatographic method, both the
type of elution and the pH of the mobile phase are decisive to
obtain a satisfactory separation of the seven additives. The best
results are obtained using gradient elution and acetonitrile/
phosphoric acid aqueous solution at pH 3.5 as the mobile
phase.

The procedure employed for the extraction of the additives
from seawater is mainly inuenced by the sample pH. Under
optimal conditions, the compounds are extracted from sample
showing recoveries higher than 80% for all compounds, except
for lawsone (60%).

Finally, it is important to note that there are few studies of
these compounds in seawater and the presented method allows
the separation and determination of these seven additives in
seawater. Moreover, the method meets the requirements of
Green Analytical Chemistry, as the score (PPs) calculated with
the Analytical Eco-Scale metric was 86. This score is considered
excellent for green analysis.37
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