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Abstract

The goal of this study was to improve an already established reference method, such as the one devoted to organotin com-
pounds determination (Reference Method for Marine Pollution Studies, No. 59, UNEP). The proposed upgrade consists of
replacing the mechanical shaking by ultrasound energy and applying low temperature throughout the whole procedure. The
optimization of the new operational conditions was performed by using a factorial design. Quality control was performed
using a certified sediment reference material (PACS-2) for sediments (82.5-97% of recovery) and recoveries on spiked
samples for suspended particulate matter (SPM) and mussels (94-100%). The proposed procedure was applied to surface
sediment samples, SPM, and native bivalve mollusks (Brachidontes rodriguezii) collected in Bahia Blanca estuary, a very
industrialized zone. The relative standard deviation (RSD %) of the environmental samples were less than 7.9%. It is impor-
tant to note that the proposed procedure reduced the sample pretreatment time about seven times.

Organotin compounds (OTCs) are used in a wide range of
industrial applications, including stabilizers in the PVC
manufacture, biocides, fungicides, miticides, molluscicides,
nematocides, ovicides, rodent repellents, catalysts, and wood
preservatives (Hoch 2001). In particular, tributyltin (TBT)
has been extensively used as biocide mainly in antifouling
paints, until their complete ban on January 1, 2008 (Caval-
heiro et al. 2016), whereas monobutyltin (MBT) and dibu-
tyltin (DBT) are still widely employed as PVC stabilizers
(Hoch 2001). These numerous applications directly or indi-
rectly contribute to a significant input of OTCs to the marine
environment.
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TBT degrades into the environment, giving rise to DBT
and MBT. The final degradation product is inorganic tin
(Sn**), which is stable (Hoch 2001). Degradation of TBT
can take place via chemical, photochemical, and/or biologi-
cal pathways (Furdek et al. 2016; Graceli et al. 2013).

Bioavailability, mobility, toxicity, and physicochemical
properties of OTCs are closely linked to their chemical form
(de Carvalho and Santelli 2010). The effects caused by TBT
are the most known, and they have been a major source of
concern (Bao et al. 2011; Meyer et al. 2012; Pagliarani et al.
2010). Monobutyltin is considered the least harmful form,
and there is not enough available toxicological data indicat-
ing significant toxicity in the marine environment (Herzke
et al. 2007). On the contrary, DBT is considerably more
toxic than the monosubstituted derivative. The deleterious
effects of this compound are probably due to their ability to
penetrate cell membranes, interfere with the cell’s electron
transfer mechanism, and interact with mitochondrial respira-
tory complexes (Nesci et al. 2011).

Hence, the determination of the different OTCs and their
distribution is relevant and could facilitate a “potential haz-
ard” definition for these compounds (Rosenberg 2005). In
this sense, the development of fast, reliable, and accurate
analytical methods able to perform the speciation of OTCs
in environmental matrices constitutes an area of increasingly
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active research (de Carvalho and Santelli 2010). Moreover,
these analytical methods should comply with the require-
ments of legislation regarding the minimum permitted
levels.

In this context, many analytical methods have been
developed for the OTCs analysis mainly based on gas chro-
matography (GC) coupled to different detectors (de Car-
valho and Santelli 2010; Graceli et al. 2013; Morabito et al.
2000), which require a previous derivatization to make the
OTCs—typically polar and nonvolatile—compatible with
the chromatographic separation, i.e., volatile and thermally
stable species (Antizar-Ladislao 2008). Moreover, the deri-
vatization process can be considered a critical step in the
analysis because of the possible low yields and analyte loss
that may occur during this stage (de Carvalho and Santelli
2010). Several derivatization techniques were used, involv-
ing either Grignard reagents (dos Santos et al. 2013; Tsunoi
et al. 2002), sodium borohydride (NaBH,) (Gui-bin et al.
2001; Neng et al. 2014), or sodium tetraethylborate (NaBEt,)
(Kannan et al. 2010; Lagerstrom et al. 2017; Okoro et al.
2016; Smitiene et al. 2014). However, the main disadvantage
of Grignard derivatization is the need for a careful removal
of the excess of reagents, which increase the number of steps
and the operating time (Brunori et al. 2006). On the other
hand, the major drawback of using alkylation reagents are
the complex manipulation under an inert gas atmosphere,
low availability, prohibition of air transportation, and high
cost of acquisition and storage. Furthermore, specialized
technical skills and particular laboratory safety conditions
are required (Yafez et al. 2016). By contrast, the advantages
of using NaBH, include the low cost, straightforward sample
handling, higher reaction rate, and enhanced yield (Yafiez
et al. 2016).

In addition, the extraction of the OTCs from the sample
matrix is an important issue. Many extraction techniques
have been used, assisted by different procedures for improv-
ing the contact between sample and extractant, such as shak-
ing (Cassi et al. 2008; Choi et al. 2014; Kim et al. 2017;
Okoro et al. 2016), vortex (Bhosle et al. 2004; Dong et al.
2015), and, in the last decades, ultrasound (Filipkowska and
Lubecki 2016; Kucuksezgin et al. 2011; Wang et al. 2008;
Zhang et al. 2013). The high temperatures and pressures
generated during the sonication process (implosion) accel-
erate and improve the sample treatment in different kind of
samples. In this way, higher yields, reduced operation time,
shorter reaction times, and milder conditions are achieved
(Antizar-Ladislao 2008).

Despite the great amount of methods for OTCs deter-
mination found in the literature, only a few standardized
methods are available that could provide a systematic and
integrated measure of the toxicological and environmental
risk assessment (AFNOR NF T 90-250 2005; ISO/TC 147/
WG44 2003; UNEP/IOC/TAEA 1994).
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In this study, we proposed some modifications to the
Reference Method for Marine Pollution Studies (UNEP/
IOC/TAEA 1994) for organotin compounds determination
in different environmental samples. The principal changes
consisted of implementing low temperature throughout the
whole procedure and applying ultrasound energy (US) on
the extraction and derivatization steps. The speciation of
butyltin compounds (TBT, DBT, and MBT) in MPS, sedi-
ments, and mussels samples from the Bahia Blanca Estuary
(Argentina) was satisfactorily achieved by using the pro-
posed modifications.

Materials and Methods
Sampling

The Bahia Blanca estuary (38°45'-39°40'S,
61°45'-62°30'W) is located on the southwestern Atlantic
Ocean coast, Argentina (Fig. 1). Six sampling sites, affected
by different intensities of human and industrial activities,
were considered: S1: Rosales Harbor (ship-repair yard); S2:
Luis Piedra Buena thermoelectric plant; S3 and S4: Galvan
Harbor (industrial harbor, gas, and oil loading buoy); S5:
Cuatreros Harbor (fishing and recreational port); and S6:
Villarino Viejo (rural zone).

Sediment samples were collected using a stainless-steel
grab sampler and an acrylic corer. The samples were taken
in the superficial layer (1-5 cm). Several portions were col-
lected in the same sampling point to achieve representative
samples (composite samples). After collection, the samples
were refrigerated, stored on solvent-cleaned amber glass
containers avoiding exposure to light, and then rapidly
transported to the laboratory. For the organotin compound
extraction, sediments were frozen at — 20 °C and then lyo-
philized, powdered, sieved (250 mesh), and stored at 4 °C
until analysis.

Mussels (Brachidontes rodriguezii) were collected from
natural banks, dock columns, platforms, surface sediments,
or in surface water (0—1 m), according to their availability.
An average of 60 mussels from each site was used to make
a composite sample. Mussels were immediately transferred
to the laboratory after collection in a portable cooler. Then,
they were washed with distillated water and finally stored
at — 20 °C until extraction. Before analysis, mussels were
homogenized, lyophilized, smashed in a mortar, and stored
at4 °C.

Suspended particulate matter (SPM) was obtained by
filtration of seawater. Typically 4 L of seawater, collected
in amber glass bottles, were carried to the laboratory in a
portable cooler in the dark. The water was immediately fil-
tered through a 0.4-pum pore size polycarbonate membrane
(Millipore® HTTP 04700) with a vacuum pump. Before
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Fig. 1 Sampling sites at the Bahia Blanca Estuary, Argentina

using, membranes were treated with 0.7% nitric acid, rinse
with deionized water, and dried at 50 °C until constant
weight. After, they were frozen (— 20 °C), lyophilized,
weighed, and stored at 4 °C until used.

Reagents and Standards

Butyltin Trichloride (MBT, 97%), Dibutyltin dichloride
(DBT, 97%), Tributyltin chloride (TBT, 96%), and Tetrabu-
tyltin (TeBT, 93%), used as internal standard, were obtained
from SIGMA-ALDRICH. Tripropyltin chloride, used as
recovery control standard (TPrT, > 99%), was purchased
from LGC Promochem. Standard stock solutions of MBT,
DBT, TBT, TPrT, and TeBT were prepared in chromato-
graphic grade methanol (U.V.E.) (MERCK) to obtain solu-
tions containing 1 mg mL ™" of tin for each compound.

Before use, all containers were soaked in 10% HNO; for
24 h and rinsed with doubly distilled water. All standard
solutions were stored in amber flask and vials at 0 °C in the
darkness (UNEP/IOC/TAEA 1994).

Sodium borohydride (NaBH,, > 96%) was purchased
from Fluka Chemika. Sodium hydroxide methanolic

62°10'0"W

solution was prepared by dissolving 1.0 g of sodium
hydroxide (98%) in 1 L of chromatographic-grade meth-
anol (U.V.E.) to get a 0.1% solution (UNEP/IOC/IAEA
1994). Chromatographic-grade hexane (U.V.E) was pro-
vided by MERCK, and ultrapure deionized water (18.3 Q
cm™!, Barnstead, Dubuque, USA) was used. Silica gel 60
(0.063-0.200 mm) was used for column chromatography
(MERCK).

PACS-2 marine sediment reference material (National
Research Council of Canada, Ottawa, Canada) was used
for assessing the method accuracy.

Apparatus and Instrumentation

An ultrasonic bath TESTLAB (model TB 04 CTPD, with
an ultrasound power of 160 W (real ultrasonic power:
100 W) and a frequency of 40 kHz was used. Derivat-
ized compounds were measured by gas chromatography
(Agilent 7890 B) coupled to a mass spectrometer (Agilent
5977A). The chromatographic conditions and selected ions
are shown in Table 1.
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Table 1 GC-MS operational
conditions for the determination

Parameter

Operational conditions

of OTCs GC column

Injection system
Injector temperature
Carrier gas (flow rate)
Temperature program
Ion source
Acquisition mode
Injection volume

Selected ions

HP-5MS fused silica column (30 m; 0.25 mm i.d.;
0.25-pm film thickness)

Split-less mode at 220 °C

220 °C

He (1 mL min™")

55 °C for 1 min, 20 °C/min to 200, 200 °C for 5 min
Electron impact mode (EIM), 70 eV

Selected ion monitoring (SIM) mode

1L

TBTH: 119, 121, 177, 179, 233, and 235 m/z
DBTH,: 121, 177, 179 m/z

MBTH;: 119, 121, 177, 179 m/z

TeBT: 119, 121, 177, 179, 233, 235, 289, and 281 m/z
TPrH: 119, 121, 163, 165, 205, and 207 m/z

Procedure

The UNEP method is described elsewhere (UNEP/IOC/
IAEA 1994). The modified procedure involved approxi-
mately 2 g of dry sample (sediment or mussels) or 0.25 g
of dry SPM, to which 2 mL of ultrapure deionized water
and 100 pL of tripropyltin (surrogate recovery standard)
were added in a 50-mL centrifuge tube. The extraction
of the OTCs was performed by adding 10 mL of 0.1%
sodium hydroxide methanolic solution (4:1 methanol/
water) in an ice bath, with application of 8 min of ultra-
sound (US). Then, 5 mL of hexane and approximately
100 mg of sodium borohydride were added for derivati-
zation of the OTCs. Then, 1 min of US was applied, and
the tube was left to stand for 1 h at 0 °C. The samples
were dried with anhydrous sodium sulphate and finally
centrifuged at 4000 rpm for 20 min at 4 °C to prevent
losses by evaporation.

e For sediment and SPM samples, the hexane layer con-
taining the derivatized compounds was put into an
amber glass vial, and the volume was reduced to 1 mL
by a gentle stream of pure nitrogen.

e For mussel samples, the hexane layer was seeded in
silica gel columns to perform the sample clean-up.
OTCs were eluted with 4 mL of hexane, and the vol-
ume was reduced to 1 mL by a gentle stream of pure
nitrogen.

Before injection in the gas chromatograph, 7 pL of
TeBT standard solution (internal standard) was added. A
comparison between the original UNEP method and the
modified one is depicted in Fig. 2.
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Results and Discussion
Modifications to the UNEP Method

The application of UNEP method (UNEP/IOC/IAEA 1994)
to the certified reference material PACS-2 and mussels
samples was not satisfactory, mainly due to a considerable
difficulty in detecting MBT, probably due to its volatility
after derivatization step (Colombini et al. 2004). Also, low
recoveries and high relative standard deviation (RSD) values
were obtained for TBT and DBT. Accordingly, some modifi-
cations were introduced in the UNEP method. The first one
was the application of low temperatures (0 °C) throughout
the whole procedure, but especially for the derivatization
step. Working at low temperatures allowed us to control this
stage, avoiding losses of volatile compounds and improving
the precision of the results.

Even though MBT was detected after the application of
low temperatures, the recoveries were still unsatisfactory.
In particular for sediments and SPM, MBT seemed to be
more strongly bounded to the sample matrix than DBT and
TBT (Quintas et al. 2016). This fact could be attributed to
an insufficient desorption of MBT from the sediment. Some
studies have indicated that the strength of MBT adsorption
is favored by its polarity (Bravo et al. 2015).

Thus, harder extraction conditions were needed to extract
quantitatively the MBT. Therefore, we applied US instead of
mechanical stirring in order to achieve higher recoveries for
the three analytes and better precision (Fig. 3).

In the case of biological samples, it was essential to
perform a clean-up step before the injection in CG-MS.
Although UNEP method does not apply a clean-up step,
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Fig.2 The UNEP reference
method and the introduced
modifications

Freeze-dried sample
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temperature Shaking f‘l us ce ba
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it recommends its use to preserve the working life of the
chromatographic column. Despite the fact that metha-
nol induces rapid bursting of the cells and facilitates the
homogenization of biological materials due to its osmotic
activity (Brunori et al. 2006), sample extracts with high
levels of fats can contain substances susceptible to be co-
extracted and deposited on the chromatographic column,
reducing the efficiency of the separation (de Oliveira et al.
2010; dos Santos et al. 2013). The clean-up step was intro-
duced to minimize these issues.

Shaking us
1 min

15 min

.. U,

method (US-UNEP)

Hexane + NaBH,

\

\\ [

Mussel samples:
clean-up

l

TeBT (i.s.)
CG-MS

Optimization of the US Application

The application of US was optimized to maximize the %
recovery (response variable). Optimization of the time for
extraction (factor A) and derivatization (factor B) in the
OTCs extraction/derivatization process was carried out
using a full factorial design at two levels, with four central
points to estimate the experimental error (Maran et al. 2013).
Each point of the experimental design was randomly per-
formed in duplicate. The factor A was studied in the inter-
val between 4 and 8 min, whereas the factor B was studied

@ Springer



650

Archives of Environmental Contamination and Toxicology (2018) 74:645-655

Fig.3 OTC levels in PACS-2
and spiked mussels samples,
with the corresponding standard
deviations
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between 1 and 3 min. The statistical design and analysis of
the response variables were supported by statistical graphics
software (STATGRAPHICS Plus, version 5.1 STSC, Rock-
ville, MD).

The main effects (A and B) and their interaction (AB)
were estimated. For example, Fig. 4 shows the results
obtained for DBT, because the results were the same for the
three study analytes. The Pareto chart (Fig. 4a) shows the
significance of the responses. Only the interaction (AB) can
be considered significant, showing a negative effect.

The optimum working conditions found after analysis
were 8 min for extraction time and 1 min for derivatization
time. This behavior could be explained in terms of the inter-
action AB (Fig. 4b). When A increases, a better response
is obtained for the lower value of B. The same results were
obtained for the other analyzed compounds (TBT and MBT)
and for all the studied sample matrices. Therefore, the opti-
mal conditions were applied for the different analyzed envi-
ronmental samples.

Analytical Figures of Merit

Quality parameters of the US-UNEP method were eval-
uated for sediments and mussels. SPM samples were

Fig.4 a Pareto chart of the (a)
standardized effects in the 22

u PAC S-2 sediment reference material (US -UNEP)
PAC S-2 sediment reference material (UNEP)

= Spiked mussel samples (US -UNEP)
Spiked mussel samples (UNEP)

DBT MBT

analyzed with the same straight line regression than sedi-
ments (Bhosle et al. 2004). The analytical figures of merit
are shown in Table 2. Linearity evaluation was performed
by applying the ANOVA test, and no lack of fit for the
linear models was observed (p > 0.30).

The limit of detection (LOD) for all target analytes were
calculated as three times the baseline noise of chromato-
grams (signal to noise ratio, S/N) (Cassi et al. 2008; Choi
et al. 2014) and the limit of quantification (LOQ) as ten
times the above mentioned ratio. The LOD and LOQ val-
ues were, in all cases, lower for US-UNEP method than for
the unmodified UNEP one, for which the LOD values were
5, 10, and 20 ng Sn per gram of sample (either sediment or
mussel) for TBT, DBT, and MBT respectively.

Most of the methods found in the literature for OTCs
determination using US-assisted pretreatment informed
similar limits of detection respect to the method proposed
in the current study. Some authors (Filipkowska and
Lubecki 2016; Kucuksezgin et al. 2011; Tang and Wang
2007; Tang et al. 2010) reported better detection limits.
However, the sonication times were higher, and the overall
pretreatment time was much greater than the one used in
the proposed method. Also, Wang et al. (2008) report low

(b)

(X 0.001)

factorial design for DBT. The

red line indicates the confidence AB
level of 95%. b Interaction plot

of (A) extraction time versus

(B) derivatization time for DBT A

dl
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Table 2 Figures of merit for organotin compounds determination by GC-MS
Sample Analyte Linear range Regression line R? LOD LOQ
(ngSnmL™") b, (Sp,) by (Spy) (ngSng™)  (ngSng™)

Sediments and MPS TBT 4.5-1000 0.002 (1 E-4) 0.382 (1.2E-2)  0.9994 0.8 2.7

DBT 6.2-1000 0.002 3 E-4) 0.277 (1 E-3) 0.999, 1.1 3.7

MBT 19.5-1000 0.001 (6 E-4) 0.215 (7E-3) 0.999; 35 11.7
Mussels TBT 9.7-1000 - 0.756 (1 E-1) 24.439 (1.153) 0.99 1.2 5.8

DBT 10.0-1000 -0.022 5 E-3) 7.040 (0.327) 0.99, 1.8 6.0

MBT 17.6-1000 —0.241 2.3E-2) 4.910 (0.012) 0.9995 3.0 10.6

b, intercept, b, slope, Sb,, standard deviation of the intercept, Sb; standard deviation of the slope, R? coefficient of determination, LOD detection
limit (expressed as dry weight), LOQ quantification limit (expressed as dry weight)

LOD for OTCs determination in sediments, but the sonica-
tion time in the extraction step was 1 h.

Quality Control

The traceability of the US-UNEP method was evalu-
ated using the PACS-2 reference material for sediments
and spiked samples for the other matrices. The recoveries
obtained ranged between 82.5 and 97% for the reference
material and between 94 and 100% for the other samples
(Fig. 3).

Precision was evaluated under repeatability conditions
and was estimated as RSD (%) of three determinations and
was found to vary between 1.1 and 1.9% for the determi-
nations in PACS-2 reference material and between 0.9 and
7.1% for the spiked samples. The results were in accordance
with analytical validation recommendations (EURACHEM
1998; Thompson et al. 2002).

The recoveries and precision obtained were satisfactory
and comparable with other studies found in the bibliography,
which also made OTCs determinations on PACS-2 reference
material. For instance, Konieczka et al. (2007) and Nichols
et al. (2014) applied pressurized liquid extraction and report
recoveries only for TBT (104% (RSD: 1.8%) and 72.4%
(RSD: 6.8%), respectively), although the method involved
several steps and higher times for the extraction/derivatiza-
tion process. Other authors report very good recoveries and
RSD % but applied conventional stirring within an interval
of 12-24 h (Bravo et al. 2005, 2012; Pinochet et al. 2009).
A different kind of determination of OTCs during a photo-
degradation study obtained recoveries among 82.7 and 105%
with good RSD % values. The extraction also was performed
using mechanical stirring during about 12 h (Brosillon et al.
2014). Moreover, to accelerate the extraction process, some
authors have applied ultrasound energy. For instance, Yu
et al. (2011) studied TBT and DBT with recoveries lower
than 87%. Better recoveries were obtained by de Oliveira
et al. but RSD % ranged between 5.8 and 25.7 (de Oliveira
et al. 2010). Similar results were obtained by Carvalho et al.

(2007) but using higher sonication times (approximately
2 h). Finally, Xiao et al. combined US (30 min) and head-
space single drop microextraction (HS-SDME). The recover-
ies ranged from 67.3 to 94.4% with RSD % between 5.2 and
13.6 (Xiao et al. 2008).

Concerning the suspended particulate matter (SPM),
other studies in the literature had similar results. dos
Santos et al. (2013, 2016) obtained recoveries of 98—-110
(RSD < 20%) after applying 5 min of US, three times. Bho-
sle et al. (2004) informed recoveries of 96% for TBT and
82% for DBT for spiked SPM samples with RSD % between
3 and 7%, using vortex for the extraction/derivatization pro-
cess. Wang et al. (2008) applied different methods for sedi-
ments and SPM. The recoveries obtained ranged between
93 (DBT) and 122 (TBT) %. The extraction was performed
using 10 min of mechanical stirring. On the other hand, Tang
et al. (2010) used ultrasound energy in the extraction step
and the recoveries of the spiked samples ranged between
115 and 141%.

Regarding the samples of mussels, both mechanical
shaking and ultrasound are used either in extraction and
derivatization steps. Normally, the mechanical shaking was
used for long periods of time. Tang et al. obtained recover-
ies between 83 and 151% for spiked samples after digestion
of 1 and 1 h of mechanical shaking (Tang et al. 2010). Kim
et al. (2017) reported recoveries for CRM 477 mussels’ tis-
sue reference material among 85 and 116% for TBT, 97 and
115% for DBT, and 74-92% for MBT, using mechanical
stirring for 3 h. Other authors employed shaking overnight
and obtained recoveries between 70 and 120% for the same
reference material (Devier et al. 2005; Turja et al. 2014). As
mentioned, several studies used ultrasound with different
application times. For instance, Artifon et al. (2016) applied
15 min of US; the recoveries were 84% for TBT and 92%
for both DBT and MBT for the CRM 477 reference mate-
rial, whereas the recoveries for spiked samples were between
88.5 and 109%. Filipkowska and Lubecki (2016) used US for
15 min as well, but the recoveries on spiked samples were
lower, i.e., 53% for TBT, 84% for DBT, and 58% for MBT.
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Other authors used larger times of US application, such as
Kucuksezgin et al. (2011), who applied US to the sample
for 1.5 h with recoveries of 87% for TBT, 99% for DBT,
and 105% for MBT (CRM 477 reference material). Noventa
et al. (2015) used even more time of sonication (2 h), and
the recoveries obtained for the same reference material were
similar (87% for TBT, 92% for DBT, and 132% for MBT).

Application to Environmental Samples

Figure 5 shows the levels of TBT, DBT, and MBT found in
the sediment, SPM, and mussel samples in the Bahia Blanca
Estuary expressed in ng g Sn g~! on dry sample basis.

The RSD % values are in accordance with the analy-
sis recommendations for analytical validation, i.e., < 20%
(Eurachem 1998; Thompson et al. 2002). In general, for
all cases, the mean values of RSD % are lower than those
found in the literature with the same derivatization reagent
(NaBH,), using either orbital shaking or US assistance
(Bhosle et al. 2004; Delucchi et al. 2011; Xiao et al. 2008).
The RSD % values obtained for the biological samples
were higher than those achieved for sediment and SPM
samples, probably due to the addition of a clean-up step,
which increased the number of manipulations in the mussel
samples.

The obtained results show that all the samples in all the
studied sites have been impacted by the presence of OTCs.
The higher values of TBT in sediments could be caused by
the presence of numerous boats along the estuary, both com-
mercial and recreational, especially at S4 (Fig. 5a). This site
is located in the vicinity of an industrial hub and the dis-
charge of the effluents” collector, which is a potential source
of MBT and DBT. In general, high temperatures and more
intense solar radiation in summer provoke an increase in
the metabolic activity of microorganisms, which leads to an
increase in the TBT degradation and higher values of DBT
concentration (Hoch and Schwesig 2004).

In the case of mollusks, in general, lower values of
OTCs were obtained. These values are much lower than
those found in sediment samples, especially for TBT and
DBT. This fact could indicate that B. rodriguezii mussels,
as well as other species of bivalve mollusks, have a great
capacity to eliminate TBT from their organisms (either by
degradation or excretion). The higher the temperature of
the mussels’ environment, the greater is the degradation
of OTCs (Chandrinou et al. 2007; Hsia and Liu 2003).
Finally, as expected, OTCs concentrations obtained in
SPM samples are much higher than those found in other
matrices. This fact takes place as a consequence of the
large surface/volume ratio of the SPM, which makes it a
large pollutant sink in the marine environment (Ernst et al.
1993). The OTCs present in the marine ecosystems, due
to their hydrophobicity and/or their positive charge, are
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Fig.5 Levels of TBT, DBT, and MBT—with the respective standard
deviations—in samples of sediments (a), Brachidontes rodriguezii
mussels (b), and SPM (c), expressed in ng Sn g~! dry wt (blue square
box) TBT, (pink square box) DBT, (violet square box) MBT

rapidly adsorbed over the organic and/or mineral phases of
the suspended particulate matter (Arnold et al. 1997; Berg
et al. 2001). High levels of the three studied compounds
were found for SPM at sites S1 and S4. In proximity to
S1, sewage discharges could result in high concentrations
of DBT and MBT caused by the biodegradation of TBT.
In the same way, the high concentrations of DBT found
at S4 probably do not only come from the degradation of
TBT. There may be additional inputs of DBT, which is a
compound used in the PVC industry as a stabilizing agent.
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As mentioned, the entire study area seems to be polluted
by TBT and its degradation products. As discussed in our
previous studies (Quintas et al. 2016), such OTCs distribu-
tion could be the result of the tidal currents that characterize
the estuary, as well as the dredging processes periodically
performed on the Main Channel.

Conclusions

A rapid and reliable method was achieved for OTCs determi-
nation with low LOD, high recovery rates, and low RSD %.
We have improved the UNEP Reference Method, consuming
less time analysis for the determination of the three analytes
of interest (TBT, DBT, and MBT) in three environmental
compartments (sediment, SPM, and mussels) using the same
analytical method.

The use of US energy not only enabled the extraction
and derivatization of the analytes but also made it possible
to diminish the LOD and the total time of analysis. In the
extraction step, the time reduction was from 45 to 8 min and
from 15 to 1 min for the derivatization step, i.e., approxi-
mately seven times less than the original UNEP Reference
Method. This issue is especially important in environmental
monitoring programs that are required to face further studies
of a wider scope, involving the seasonal behavior of organo-
tin compounds in the area of study.
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