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The antifouling booster biocides are frequently studied for toxic effects on the aquatic ecosystems. The present investigation

proposes passive silicone rubber samplers as a collection method for biocides, once these methods can concentrate substances in
aqueous matrices at very low levels. Through the passive sampler-water partition coefficient (K,) and the analyte chemical nature,
we can optimize their extraction from the membrane to apply in the sample medium. We used the co-solvent method to determine
the K, of three third-generation antifouling biocides, chlorothalonil, dichlofluanid, and dichlorooctylisothiazolinone (DCOIT), with
log K,,, =2.24, 4.01, and 2.38, respectively. Improving extraction also led to a recovery range higher than 70%, determinations were

carried out by gas chromatography with an electron capture detector. Biocides concentration in seawater samples from Itaqui port
(Sao Marcos Bay, northern Brazil) ranged from 0.058 to 0.72 ug L™ for chlorothalonil, 0.001 to 0.008 pg L' for dichlofluanid, and

0.018 to 0.64 ug L' for DCOIT.
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INTRODUCTION

Aquatic ecosystems are susceptible for toxic substances due
to irregular chemical disposal directly into the water, contaminant
transport in river channels, and wet/dry atmospheric deposition,
among other input sources of toxic substances.! Dichlofluanid,
chlorothalonil, and DCOIT (4,5-dichloro-2-n-octyl-4-isothiazolin-
3-one) are among the most popular third-generation antifouling
booster biocides, being frequently studied for toxic effects on the
ecosystem,” such as algal growth inhibition,? carcinogenic and
mutagenic effects on marine invertebrates.* These biocides usually
have a relatively short half-life in the environment, for example the
DCOIT biocide has a half-time that can range between 1-13 days in
seawater due to the diverse environmental conditions that affect its
degradation.” However, they may degrade into even toxic products,
chlorothanonil can be highlighted, once degradation products
are more toxic than the parent compound.®’ Chlorothalonil and
dichlofluanid are also used as pesticides (fungicides), and applied
to several crops worldwide.® DCOIT, also known as Sea-Nine®, was
developed for antifouling purposes, and it is highly toxic.’

Solid-phase extraction (SPE), liquid-liquid extraction (LLE), and
solid-phase microextraction (SPME) are the main methods to prepare
environmental matrices for analysis.®”!* These are very expensive
and time-consuming techniques, requiring high-cost materials."

The low level of these contaminants in aqueous matrices usually
hampers their detection in small volumes of water, as they can
fall below the limits of detection and quantification of traditional
chromatographic methods. Only a few studies report chlorothalonil,
dichlofluanid, and DCOIT in seawater using conventional extraction
techniques, such as SPE, LLE, and SPME.!¢ Studies using those
extraction methods and chromatographic techniques often do not
detect biocides.”'""” Thus, silicone passive samplers are an alternative
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to traditional procedures as they may be reusable, are mechanically
resistant, and they also can feature temporal integration and
non-discrete sampling.?*?! Unlike in traditional extractions, passive
sampler does not require a large water volume because it is immersed
in the aquatic environment, eliminating costs with transportation,
storage, collect, and treatment of large volumes of water.?>?

The present investigation proposes passive silicone rubber
samplers as a collection method for third generation biocides, once
these methods can guarantee data of compounds bioavailability
integrated to time.* This occurs because silicone rubbers have
the characteristic of accumulating pollutants in a similar way to
what happens with living tissues.?’ Regarded to time, unlike active
sampling, passive samplers are exposed for a period, accumulating
substances present in natural waters, such as living organisms. These
three compounds chosen in this study are components of antifouling
paints currently used to protect submerged surfaces. It should be
noted that these substances (DCOIT, chlorothalonil, dichlofluanid)
have sampler-water partition coefficient (K,) < 3.0, different from
what occurs with the compounds previously studied for the material
of the sampler.? This is the present study main contribution, since it
expands this silicone rubbers use in the passive sampling of organic
pollutants in natural waters.

EXPERIMENTAL
Chemical reagents and materials

All experiments used silicone rubber (0.5 mm thick) purchased
from AlteSil (Bude, UK). Alkaline detergent (Dindmica®, Indaiatuba,
Brazil) was used and running water to wash the glassware, followed
by immersion for 24 h in a 10% alkaline detergent solution and a
10% nitric acid (Alphatec, Carlsbad, USA) bath. Glassware was
placed in a drying oven at 36 °C for 3 h.

Chlorothalonil, dichlofluanid, and DCOIT analytical
standards (98%) were obtained from Sigma-Aldrich (St. Louis,
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USA). Acetonitrile (ACN), methanol (MeOH), toluene,
hexane (Hex), and acetone (AcO) chromatographic grade from Merck
(Darmstadt, Germany) and ethyl acetate from JT Baker (Phillipsburg,
USA). PCB-30 (2.,4,6-trichlorobiphenyl), used as internal standard,
and PCB-112 (2,3,3°,5,6-pentachloro-1,1’-biphenyl), used as
surrogate standard, were purchased from Merck and Dr. Ehrestorfer
(Augsburg, Germany) (> 99%), respectively. Individual stock
solutions were prepared in toluene and working solutions were
prepared by dilution in hexane.

Sampling location and deployments

Itaqui Port (02°35°12” S and 044°23°30” W) was chosen due to
the high volume of large vessel traffic and the mangrove ecosystem.
This port is located in Sdo Marcos Bay, Sao Luis (MA), capital
of Maranhdo State, northern Brazil, in the Legal Amazon zone
(Figure 1). The sampling site (Pier 108) was selected considering
vessel traffic, ease of access, the safety of samplers, and enough
depth to ensure full structure coverage, despite the wide tidal range,
protecting the samplers from atmospheric exposure.

Twenty-four silicone rubber samplers were fixed to two stainless-
steel frames and deployed for six weeks according to agreed standard
operating procedures.”’” Structural fabrication procedures and field
blanks were carried out as described in Vrana et al.?® Immediately
after retrieval, sheet surfaces were cleaned from fouling by wiping
them using a pre-cleaned (in methanol and dried) nylon scouring pad
while immersed in water collected at the sampling site. Samplers
were stored in pre-cleaned glass flasks, identified, and kept frozen
until extraction and analysis.

The silicone rubber samplers were immersed in Pier 108 of Itaqui
Port to verify the presence of chlorothalonil, dichlofluanid, and DCOIT
for two 6-week periods, this sampler remained for 6 weeks to guarantee
the partition balance between the analytes and the membrane. The first
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sampling period went from August 08" to September 28", 2018, and
the second from September 28" to November 14", 2018. All rubbers
were immersed under similar conditions of temperature, luminosity,
pH, and depth. The rubber batches were divided into three groups of
6 rubbers, ensuring that extractions and analyses were performed in
triplicate for each sampling period.

Analytical methods

Passive sampler preparation

Translucent silicone polymer sheets with 0.5 mm thickness
(Altesil, Bude, UK) were cut into 5.5 x 9.0 cm sheets and Soxhlet-
extracted with ethyl acetate for 100 h to remove short-chain branched
polymers that may interfere with the analyses. The silicone rubbers’
size increase has been observed due to ethyl acetate adsorption. The
sheets were then immersed in methanol for 8 h, this process was
performed twice.” This allowed the removal of ethyl acetate from
the sheet. Before their usage, sheets were stored in glass bottle closed
with aluminum foil. At each sampling campaign, 18 sheets were
transported to the area to be sampled, of which 12 were exposed to
water during the sampling period and 6 returned to the laboratory as
blank samples. After its usage, each sheet was washed with methanol
again and stored.

Extraction procedure

Two extraction procedures using acetonitrile:methanol (1:1) were
tested: (i) mechanical agitation at 40 rpm for 1 h, followed by another
1 h in an ultrasound bath, and (ii) only one ultrasound bath for 1 h.
After extraction, the solvent was evaporated to 1 mL in a Syncore
Analyst® (London, England) drying system. The extract obtained
was concentrated up to 0.4 mL under nitrogen flow, and ethyl acetate
was added to complete 1 mL, because the analyses were carried out
with GC system.
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Figure 1. Sampling point localization: Pier 108 of Itaqui Port, Sdo Marcos Bay, northern Brazil, in the Legal Amazon zone
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The clean-up step was performed in an open column filled with
3 gofsilica (activated at 160 °C for 4 h) and 1 cm top layer of sodium
sulfate (Na,SO,) to remove moisture. The extract was eluted three
times with a 5 mL acetone-hexane (1:2), then evaporated to 1 mL
under nitrogen flow and fortified with 40 ng of PCB-30 (internal
standard). Recovery standard (PCB-112) was added to the rubbers
before every extraction to monitor the process efficiency on real
samples. The recovery of the analytes was calculated according
to Equation 1, where C1 is the concentration of the analyte in
the fortified sample, C2 is the concentration of the analyte in the
unfortified sample, and C3 is the concentration of the analyte added
to the fortified sample.

Rec %):[%Jxloo )
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Analysis by gas chromatography

The analytes were analyzed in a PerkinElmer® Clarus® 500
(Waltham, USA) gas chromatograph equipped with an electron
capture detector (CG-ECD) and a Phenomenex® Zebron™ ZB-5MS
capillary column (30 m x 0.25 mm x 0.25 pm) in an isocratic elution
mode at 280 °C. Helium was used as carrier gas (1.5 mL min') and
nitrogen was employed as make up gas. The run-time and injection
volume were 30 min and 2 L, respectively. The injector and detector
were kept at 280 °C. Analytical curves were obtained by injecting
solutions between 0.50 and 50.0 ng mL"!, for each analyte, analyzed
in triplicate, under the chromatographic conditions described."

Validation parameters

To evaluate the precision and accuracy, recovery studies were
carried out. Each extraction procedure was investigated with 6 sheets
fortified with biocides and the recovery standard (PCB-112), at three
different level concentrations. Increased sheets volume indicates
successful absorption of the solution. Hexane was used as a solvent
in fortification solutions due to analyte absorption improvement
attributable to its hydrophobicity.*® Each sampler was individually
placed inside a 100 mL flask containing 60 mL of ACN:MeOH
(1:1, v:v) and both extractions methods were performed as previously
mentioned.

Recovery tests were carried out in triplicate by fortifying rubbers
with studied analytes at three different concentrations, between
5.0 and 50.0 ng mL"'. For repeatability purposes, all experimental
replicates were made by same analyst operating the same equipment.
To assess whether there are significant differences between the values
obtained and the fortification concentrations, two-tailed Student’s
t-test was performed with 95% confidence. The null hypothesis (H,)
is that there is no significant difference between the determined
concentrations and the fortification concentrations.

Limit of detection (LOD) calculation employed residual
standard deviation (s,,) approach, obtained in place of blank
standard deviation (sg), which is a more accurate estimate of
value blank sign (yp) than a simple blank measurement. Limit
of quantification (LOQ) was determined by estimating from the
analytical curve, which provides better results at the trace level. The
LOQ is the smallest amount of the analyte in the sample that can be
quantitatively determined with acceptable precision and accuracy.?!

Passive sampler-water partition coefficients (K,,)
The sampler-water partition coefficients were determined

according to other works.?**?> Each 1 g rubber silicone was fortified
with the biocides and transferred to 100 mL flasks. Solvent system
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used was changed over time, starting with 100% methanol and
adding water up to the limit of 50%, as shown in Table 1. During the
experiments, these flasks were kept under constant agitation.

Table 1. Solvent volumes added in the K, studies employing 24 rubber sheets
fortified with investigated compounds

Water
Time / h Methanol / mL Added / . VOlu]I;(]);a} o %
0 24 0 0 0
24 24 2.96 2.96 11
48 24 3.04 6.0 20
72 24 4.28 10.28 30
120 24 5.72 16.0 40
168 24 8.0 24.0 50

Source: adapted from Smedes and Booij.”* K,: sampler-water partition
coefficient.

Extraction was conducted right after the fortification process
to determine the initial concentration (initial C,). This co-solvent
experiment is carried out to prevent molecules migration to glass
of the flasks due to the investigated compounds hydrophobicity,
interfering in the results of interaction between silicone rubber and
water. After each 24-h interval, three sheets were removed from
this experiment for extraction and chromatographic analysis and
water was added to the solvent in remaining flasks, as described in
Table 1. A graph was built relating the concentrations determined
in the sampler (C,) after this exposure period versus the co-solvent
percentage. From the obtained equation, by extrapolation, analytes
concentration in silicone rubber for 100% water can be calculated
(final C,). Analyte concentrations in water (C,) was considered as the
difference between final and initial concentration in silicone rubber.
The Equation 2 describes sampler partition coefficient calculation:

Ky == ©)

Calculation of freely dissolved concentrations

Biocides aqueous concentrations (C,,) from real samples
were calculated using the first-order uptake model to equilibrium
according to Smedes and Booij.”” After silicone rubber exposition to
the environment, each sheet was subjected to developed extraction
process and biocides concentrations found in silicone rubbers (C,)
and calculated partition coefficients were used in the equation to
estimate water concentrations (C,).

RESULTS AND DISCUSSION

Analytical curves data provided correlation coefficients (R)
with values above 0.99, showing a very strong correlation between
the analyte concentration and the analytic signal.*** Linear range
was determined as described by Ribani et al.,* and values for
chlorothalonil and dichlofluanid were found between 1.0 and
25 ng mL" and between 0.5 and 10 ng mL"' for DCOIT and PCB-112.
Limit of quantification (LOQ) and limit of detection (LOD) are
shown in Table 2.

Accuracy and precision

Recovery assay was used to assess accuracy and precision,
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Table 2. Linear regression equation, correlation coefficient, limit of detection and limit of quantification

Analyte Chlorothalonil Dichlofluanid DCOIT PCB-112

Linear regression equation y =0.2987x + 1.262 y =0.1051x + 0.1302 y =0.1434x + 0.1177 y =0.1434x + 0.1177

R? 0.995 0.995 0.994

LOD/ (ng mL") 1.34 1.34 0.1

LOQ/ (ng mL") 2.86 2.87 0.30

Linear range / (ng mL") 1.0-25.0 1.0-25.0 0.5-10.0 0.5-10.0

R% correlation coefficient; LOD: limit of detection; LOQ: limit of quantification; DCOIT: dichlorooctylisothiazolinone; PCB-112: (2,3,3’,5,6-pentachloro-

1,1’-biphenyl).

both obtained during fortification tests of silicone rubber samplers.
Accuracy was considered as the recoveries ratio and precision was
estimated as the coefficients of variation (CV) for each studied
compound. Average of recoveries for employed surrogate standard
PCB-112 were 116.86%, with CV of 5.95%. Recovery values for
PCB-112 were within the acceptable range for methods for pesticide
residue analysis.**

Table 3 shows the recovery values obtained for the three booster
biocides fortified in the silicone rubber samplers. All three biocides
presented recovery percentages within the range indicated in the
scientific literature for all three concentration levels investigated,
thus the method was considered to have adequate accuracy. Also,
the method precision for residue analyses of microcontaminants was
considered acceptable since CVs were below 20%.%3" A two-tailed
Student’s r-test (95% confidence) compared recovery mean values
with fortification concentration values, resulting in #-values lower than
the tabulated #-value, indicating no significant differences between
the actual value and those found in the recovery study.**

Once the method proved accurate and precise, it was applied
to determine sampler-water partition coefficients and then passive
samplers were used in the waters of Itaqui Port.

Partition coefficients (K,)

Extraction only by ultrasound bath showed best recoveries results
for all the studied compounds. Wille ef al.*” had already stated that

combining solvent mixture and sonication was the best option to
extract pesticides and drugs with log K, from —0.39 to 4.51, which
matches the investigated biocides. Just as K, is used to measure a
compound lipophilicity and relates to a substance bioavailability,
bioaccumulation, biomagnification, and toxicity, K, can assess the
accumulation of target compounds on silicone rubber materials.*

Analyses of the extracts from the fortified translucent silicone
polymer samplers (TSPS) in contact with the solvent allowed us to
plot the analyte concentration in the rubber vs. methanol concentration
in the solvent mixture. Straight-line equation was employed to
determine the analyte concentration in 0.5, 1, 5, and 10% methanol
solutions and studied compounds K, as showed on Table 4. All three
biocides showed affinity to the silicone sampler, as it is showed by
their log K,, values. These results suggest that the material studied
has the potential to be used as passive samplers. Dichlofluanid highest
affinity can be explained by its hydrophobicity, once its value of
log K, is 3.70.7%7

Booster biocides in the environment

After silicone rubber samplers were immersed in Pier 108
of Itaqui for 7-week periods, rubber batches were submitted
to cleaning, extraction and analysis procedures as previously
described. After chromatographic analysis and determination of C,
(concentration absorbed by the sampler during the exposure period),
the K, of each analyte was used to calculate their concentration

Table 3. Recovery, coefficient of variation, standard deviation and calculated r-values

Biocide Level / (ng mL™") Rec/ % SD/ % CV /% o
5 93.4 4.4 4.7 -3.64
Chlorothalonil 10 97.7 35 35 -1.57
25 78.1 15.4 19.7 -3.47
10 87.1 13.2 15.1 -1.7
Dichlofluanid 25 92.5 13.8 15 -1.62
50 83.4 15.9 19.1 -2.08
5 89.4 43 4.9 —4.18
DCOIT 10 97.7 21.8 22.3 -0.18
25 101.7 18.5 18.5 0.16

Rec: recovery; CV: coefficient of variation; SD: standard deviation; DCOIT: dichlorooctylisothiazolinone; #.,: calculated #-value; 5., +6.2053, for two-tailed

test with degree of freedom (n— 1) =2.

Table 4. Concentration of analytes in silicone rubber samplers (initial and final), in water, and log K,

Biocide Regression equation TSPS,u / (ng mL") TSPS;,. / (ng mL™") Water / (ng mL") log K,
Chlorothalonil y =-0.2856x + 10.074 15.7 10.07 5.7 2.24
Dichlofluanid y =-0.2122x + 10.193 10.3 10.2 0.1 4.01
DCOIT y =-0.5657x + 27.966 29.92 21.2 8.72 2.38

K,,: sampler-water partition coefficient; TSPS: translucent silicone polymer samplers.
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in the water (C,). In a study carried out in the Czech Republic,*
researching polyaromatic hydrocarbons, polychlorinated biphenyls
and organochlorine pesticides, condition of equilibrium between
the concentration in water and the concentration in the samplers
was obtained in 28 days for compounds with K, close to those
presented by the analytes investigated in this present work. Due to
this, it was possible to consider that 7 weeks was enough to reach
the equilibrium between C,, and C for the investigated analytes.
Discrepant results were discarded and analyte concentrations in
water are shown in Table 5.

Table 5. Booster biocides concentration in seawater of each exposure period

. . C,/(ngmL")
Sampling period
Chlorothalonil Dichlofluanid DCOIT
August 08- 0.46 0.005 0.08
September 28" 0.72 0.008 0.12
September 28t 0.51 0.007 0.64
November 14" 0.52 0.001 0.47

C,,: analyte concentrations in water; DCOIT: dichlorooctylisothiazolinone.

Average concentrations were 0.59 ng mL"! with 0.18 ng mL"! of
SD for chlorothalonil in the first period of sampling and 0.52 ng mL!
with 0.01 ng mL! of SD in the second period. For dichlofluanid, an
average of 0.007 ng mL"! (SD of 0.002 ng mL™) in the first period
and an average of 0.004 ng mL' (SD of 0.004 ng mL"") in the second
period were found. DCOIT showed an average of 0.10 ng mL"
(SD 0f 0.03 ng mL") in the first period and an average of 0.56 ng mL!
(SD of 0.12 ng mL"") in the second period. As the first record in this
estuary, those data are worrying once it is in the Legal Amazon zone,
covered mainly by mangrove vegetation, providing large fishing
activity and shellfish harvesting for commerce and feeding the locals.

Comparing our data with other studies, only dichlofluanid
presented lower values in Sdo Luis than in other locations.
Chlorothalonil was found in Greece at concentrations ranging
from 0.031 to 0.063 ng mL".'"® Other studies®!> detected about
0.030 ng mL"! of this fungicide on the coast of South Korea and more
than 0.010 ng mL™" in Spain.

DCOIT was found in Japanese waters varying from
0.0001 to 0.011 ng mL".* In Greece, the concentration reached
0.049 ng mL"' in recreational areas, while in Denmark and Spain,
DCOIT concentration ranged from 0.005 to 0.283 ng mL-!.12194!

Dichlofluanid was also found in Greece at concentrations
between 0.024 and 0.284 ng mL™"." Other studies'®!?> showed
concentrations below 0.030 ng mL"! on the Spanish coast and below
0.001 ng mL"in Italy. As dichlofluanid degrades rapidly (t,,, = 1.2 h),
we suggest quantifying its major metabolite DMSA (N,N-dimethyl-
N’-phenylsulfamide), which is more stable to photodegradation and
hydrolysis processes.”!”

Campos et al.** argue that DCOIT, dichlofluanid and chlorothalonil
are among the biocides with the greatest risk to coastal ecosystems,
highlighting that chlorothalonil is up to 400-fold more toxic for
non-target organisms than to target ones. These authors sustain that
DCOIT degradation ranges between less than a day and 13 days,
and it was found concentrations ranging from 0.03 to 3.7 ng mL" in
Mediterranean, Atlantic and Pacific waters samples. They indicate
that chlorothalonil present half-live around 1.8 days, but it has been
detected in Atlantic water samples in France (0.01 ng mL") and
UK (1.38 ng mL™"). Dichlofluanid has the fastest degradation
with half-life about 3 h, however it has been found in coast
water from different countries with higher concentrations, in
Portugal (0.02 ng mL"') and Spain (3.37 ng mL™").
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Those studies were carried out with active sampling methods
that obtain instantaneous information, which usually reflects the
moment the sample was collected but may not represent the reality
of the environment. Nevertheless, the present study was performed
applying passive samplers that provide an average of the exposition
period, about six weeks in this case. Dispersion of concentration
data in each sampling period showed variations that can be attributed
to biofouling and water flow on the surface of the sampler. The
biofouling process forms layers on the rubber during exposure, which
may hinder absorption once it let a less surface of rubber exposed.
Those data fluctuation may be related to the high tide variation (up
to 7 m) that can explain a longer residence time in this bay water.

Paz-Villarraga et al.? stand that chlorothalonil has not been
registered to use in nautical paints which can explain why these low
levels were determinate in the present investigation. Dichlofluanid
can be employed as pesticide in crops protection and dock at this bay
from rivers water. Overall, this information can be used to investigate
the potential impacts of high vessel traffic, most of all large draft ones,
in Itaqui Port and create a monitoring program to better understand
the dynamics of these contaminants.

CONCLUSIONS

Silicone rubbers were tested as passive samplers to determine
the presence and quantify third-generation antifouling biocides,
commonly used as reinforcing agents in underwater paints. This
sampling technique allows us to detect biocide levels usually described
as below the limit of quantification since the sampler is exposed to the
environment for a period to accumulate the contaminants.

Combining these samplers with the chosen extraction method
ensured recovery percentages suitable for applying the technique to
real samples. The chromatographic conditions provided an efficient
separation and quantification of the analytes, despite their very low
levels in the water. This paper identified these biocides in Itaqui Port
(Sao Luis, Maranhdo, Brazil) waters for the first time.

The estuary location is an area of environmental concern as
it exhibits high biodiversity, mangrove vegetation and provides a
nursery for various marine species. Besides the environmental risk,
these compounds can also represent a health and economic threat
since the area provides fish and shellfish for household feeding and
commerce.

Chlorothalonil showed the highest levels in this bay water,
followed by DCOIT, while dichlofluanid presented lower levels.
Beside chlorothalonil is not registered to be used in nautical paints,
international vessels traffic can bring this compound to the studied
area. Dichlofluanid fast degradation was not sufficient to guarantee its
absence in this environment. It can be related to recent and continuous
dock. However, degradation does not mean environmental safety, as
their metabolites can also be toxic. Passive sampling captures these
biocides as they are continuously released in the water and thus is
more suitable to monitor the environment than active sampling. We
suggest including degradation products in the upcoming investigations
and promoting new campaigns to better understand the dynamics of
contaminants and environmental fate.
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