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Preface

Environmental Chemistry is a relatively young science. Interest in this subject,
however, is growing very rapidly and, although no agreement has been reached
as yet about the exact content and limits of this interdisciplinary discipline,
there appears to be increasing interest in seeing environmental topics which
are based on chemistry embodied in this subject. One of the first objectives
of Environmental Chemistry must be the study of the environment and of
natural chemical processes which occur in the environment. A major purpose
of this series on Environmental Chemistry, therefore, is to present a reasonably
uniform view of various aspects of the chemistry of the environment and
chemical reactions occurring in the environment.

The industrial activities of man have given a new dimension to Environ-
mental Chemistry. We have now synthesized and described over five million
chemical compounds and chemical industry produces about hundred and fifty
million tons of synthetic chemicals annually. We ship billions of tons of oil per
year and through mining operations and other geophysical modifications, large
quantities of inorganic and organic materials are released from their natural
deposits. Cities and metropolitan areas of up to 15 million inhabitants produce
large quantities of waste in relatively small and confined areas. Much of the
chemical products and waste products of modern society are released into
the environment either during production, storage, transport, use or ultimate
disposal. These released materials participate in natural cycles and reactions
and frequently lead to interference and disturbance of natural systems.

Environmental Chemistry is concerned with reactions in the environment.
It is about distribution and equilibria between environmental compartments.
It is about reactions, pathways, thermodynamics and kinetics. An important
purpose of this Handbook, is to aid understanding of the basic distribution
and chemical reaction processes which occur in the environment.

Laws regulating toxic substances in various countries are designed to assess
and control risk of chemicals to man and his environment. Science can con-
tribute in two areas to this assessment; firstly in the area of toxicology and sec-
ondly in the area of chemical exposure. The available concentration (“environ-
mental exposure concentration”) depends on the fate of chemical compounds
in the environment and thus their distribution and reaction behaviour in the
environment. One very important contribution of Environmental Chemistry to



x Preface

the above mentioned toxic substances laws is to develop laboratory test meth-
ods, or mathematical correlations and models that predict the environmental
fate of new chemical compounds. The third purpose of this Handbook is to help
in the basic understanding and development of such test methods and models.

The last explicit purpose of the Handbook is to present, in concise form, the
most important properties relating to environmental chemistry and hazard
assessment for the most important series of chemical compounds.

At the moment three volumes of the Handbook are planned. Volume 1 deals
with the natural environment and the biogeochemical cycles therein, includ-
ing some background information such as energetics and ecology. Volume 2
is concerned with reactions and processes in the environment and deals with
physical factors such as transport and adsorption, and chemical, photochem-
ical and biochemical reactions in the environment, as well as some aspects
of pharmacokinetics and metabolism within organisms. Volume 3 deals with
anthropogenic compounds, their chemical backgrounds, production methods
and information about their use, their environmental behaviour, analytical
methodology and some important aspects of their toxic effects. The material
for volume 1, 2 and 3 was each more than could easily be fitted into a single vol-
ume, and for this reason, as well as for the purpose of rapid publication of avail-
able manuscripts, all three volumes were divided in the parts A and B. Part A of
all three volumes is now being published and the second part of each of these
volumes should appear about six months thereafter. Publisher and editor hope
to keep materials of the volumes one to three up to date and to extend coverage
in the subject areas by publishing further parts in the future. Plans also exist for
volumes dealing with different subject matter such as analysis, chemical tech-
nology and toxicology, and readers are encouraged to offer suggestions and
advice as to future editions of “The Handbook of Environmental Chemistry”.

Most chapters in the Handbook are written to a fairly advanced level and
should be of interest to the graduate student and practising scientist. I also hope
that the subject matter treated will be of interest to people outside chemistry
and to scientists in industry as well as government and regulatory bodies. It
would be very satisfying for me to see the books used as a basis for developing
graduate courses in Environmental Chemistry.

Due to the breadth of the subject matter, it was not easy to edit this Hand-
book. Specialists had to be found in quite different areas of science who were
willing to contribute a chapter within the prescribed schedule. It is with great
satisfaction that I thank all 52 authors from 8 countries for their understanding
and for devoting their time to this effort. Special thanks are due to Dr. F. Boschke
of Springer for his advice and discussions throughout all stages of preparation
of the Handbook. Mrs. A. Heinrich of Springer has significantly contributed to
the technical development of the book through her conscientious and efficient
work. Finally Ilike to thank my family, students and colleagues for being so pa-
tient with me during several critical phases of preparation for the Handbook,
and to some colleagues and the secretaries for technical help.



Preface XI

I consider it a privilege to see my chosen subject grow. My interest in Envi-
ronmental Chemistry dates back to my early college days in Vienna. I received
significant impulses during my postdoctoral period at the University of Cal-
ifornia and my interest slowly developed during my time with the National
Research Council of Canada, before I could devote my full time of Environ-
mental Chemistry, here in Amsterdam. I hope this Handbook may help deepen
the interest of other scientists in this subject.

Amsterdam, May 1980 O. Hutzinger

Twenty-one years have now passed since the appearance of the first volumes
of the Handbook. Although the basic concept has remained the same changes
and adjustments were necessary.

Some years ago publishers and editors agreed to expand the Handbook by
two new open-end volume series: Air Pollution and Water Pollution. These
broad topics could not be fitted easily into the headings of the first three
volumes. All five volume series are integrated through the choice of topics and
by a system of cross referencing.

The outline of the Handbook is thus as follows:

The Natural Environment and the Biochemical Cycles,
Reaction and Processes,

Anthropogenic Compounds,

Air Pollution,

Water Pollution.

DAl ol

Rapid developments in Environmental Chemistry and the increasing breadth
of the subject matter covered made it necessary to establish volume-editors.
Each subject is now supervised by specialists in their respective fields.

Arecent development is the accessibility of all new volumes of the Handbook
from 1990 onwards, available via the Springer Homepage springeronline.com
or springerlink.com.

During the last 5 to 10 years there was a growing tendency to include subject
matters of societal relevance into a broad view of Environmental Chemistry.
Topics include LCA (Life Cycle Analysis), Environmental Management, Sus-
tainable Development and others. Whilst these topics are of great importance
for the development and acceptance of Environmental Chemistry Publishers
and Editors have decided to keep the Handbook essentially a source of infor-
mation on “hard sciences”.

With books in press and in preparation we have now well over 40 volumes
available. Authors, volume-editors and editor-in-chief are rewarded by the
broad acceptance of the “Handbook” in the scientific community.

Bayreuth, July 2001 Otto Hutzinger
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Foreword

The need for effective antifoulants, which prevent the settlement and growth
of marine organisms on submerged structures, such as ship’s hulls, oil rig
supports, buoys and fish cages is recognised worldwide as being of significant
economic importance. Tributyltin (TBT)-based antifouling paints have been
widely acclaimed as the most effective antifoulants ever devised and conse-
quently were the most widely used active ingredients in paint formulations
for many years. However, since 1990 they have been internationally regulated
due to their severe impact on the aquatic ecosystem. Although much research
has been performed in the field of TBT monitoring, environmental fate and
effects, a large number of environmental scientists around the world continue
to engage in this issue since ongoing sources of TBT remain. The ecotoxico-
logical problems associated with the use of TBT have led to policy actions.
Legislation in many countries banned the application of TBT-based paints to
small vessels (< 25 m) and the International Maritime Organization (IMO),
Marine Environment Protection Committee (MEPC) endorsed the ban on the
use of TBT as an antifouling agent on ships by January 2003 and the presence
of such paints on vessel hulls by January 2008.

This imminent ban of the TBT-based paints has been the cause of a major
change in the antifouling paint industry and led to an increase in vessels
using alternative TBT-free coatings containing copper combined with organic
booster biocides, the majority of which are already used in agriculture. Biocide-
containing coatings are already used and applied to the hulls of ships and
boats in order to prevent the growth of marine species. Worldwide around
18 compounds like Irgarol 1051, sea-nine 211, dichlofluanid, chlorothalonil,
zinc pyrithione, diuron, TCMS pyridine, TCMTB, zineb, etc., are currently
used as antifouling biocides. These biocides are also the most frequently used
in many countries. As a result, important levels of contamination have been
observed in the aquatic environment worldwide, especially in coastal areas
with high yachting activity, particularly in marinas and sportive harbours.
Since these alternatives to TBT are also toxic and their putative impact on
non-target organisms is poorly known in some cases, their contamination in
the aquatic environment has been a topic of increasing importance over the
last few years. Already, many countries have reached on agreement on the
restriction of biocides such as Irgarol 1051 and diuron.
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Therefore, environmentally safe biocidal additives that will perform equally
as well or even better than the currently used substances are sought. This search
led investigators to study natural products. The development of antifoulants
containing environmentally safe natural products has anticipated the conser-
vation of the marine environment.

This volume represents a comprehensive coverage of the antifouling biocides
field and addresses a broad spectrum of the environmental issues. It reviews
systematically the currently available data, results and discussion on topics
such as the occurrence of TBT-based and alternative antifouling biocides in
the aquatic environment, trace analytical techniques for the determination of
biocide residues in various matrices, the environmental fate and behaviour,
inputs estimation, the toxic effects and the risk assessment, with an emphasis
on the last 10-year period. It also highlights the gaps in scientific knowledge
where more research and monitoring efforts are needed, especially in the fields
of ecotoxicology and long-term risk assessment.

I would like to thank all the contributors to this volume and all experts
in the field, who have shared their expertise and experience with the reader.
I greatly appreciate their efforts and believe that they will be rewarded by the
production of such an interesting volume. In particular, I would like to extend
my thanks to Prof. O. Hutzinger for inviting me to coordinate the preparation of
this book and to Springer for their advice and assistance. Finally, it is my hope
that readers will enjoy the reading of this book and the content will constitute
an important resource for researchers, students, environmental managers and
professionals interested in this interdisciplinary field.

Ioannina, July 2005 Ioannis K. Konstantinou
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Abstract Antifouling agents have been used on ships since the ancient Roman and Greek
civilizations. A brief history is provided through to the demise of tributyltin (TBT) and
the introduction of organic “booster” biocides. It is upon these latter compounds that
the chapter is focused. A broad description of published data and of work undertaken
through the Assessment of Antifouling Agents in Coastal Environments (ACE) project
is provided to afford an overview of levels, behaviours and potential threats posed by
the compounds. Legislative measures that influence and control usage are described.
Finally, options for antifouling measures projected into the future are described and
discussed.

Keywords Antifouling - Booster biocides - Environmental behaviour - History -
Regulations

1
Background and Historical Perspectives

Antifouling of boats and ships is not a new concept. The history of antifoul-
ing has recently been reviewed [1]. The ancient civilizations of the Romans
and the Greeks coated their vessels with lead sheathing secured by cooper
nails. Columbus’ ships are thought to have been coated with pitch and tal-
low. In the UK, lead sheathing was abandoned by the Navy in the late 1600s
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and antifouling paints containing tar, grease, sulphur pitch and brimstone
were developed. One hundred years later, copper sheathing was used, which
prevented fouling through dissolution of the toxic metal ions. It was in the
mid-1800s that antifouling paints really began to develop. This was attributed
to the introduction of iron ships on which copper sheathing caused corro-
sion of the iron. Paints were prepared by adding toxicants such as copper
oxide, arsenic, and mercury oxide to resin binders. These proved to be effect-
ive. Following the Second World War, the introduction of petroleum-based
resins and health and safety concerns relating to organo-arsenicals and mer-
curials meant that synthetic copper based paints became most popular. In
the late 1950s and early 1960s, a new formulation using tributyltin (TBT)
proved to be excellent in the prevention of fouling. This is where our story
begins.

The efficiency of TBT, especially in “self-polishing” formulations, was re-
markable, and the application of TBT-based paints rapidly expanded. Added
bonuses also included the fact that it did not cause galvanic corrosion on
aluminium hulls, it was colourless, and periods between dry-docking were
extended. Whilst this appears ideal, unfortunately, the use of the compound
had environmental consequences. As the popularity of TBT grew, oyster pro-
ducers in France were reporting shell malformations, which rendered their
produce worthless. This effect was traced to TBT in the water. In Arca-
chon Bay (France) alone, it has been estimated that TBT provoked a loss in
revenue of 147 million US dollars through reduced oyster production [2].
Wild populations of other mollusc species were also found to be affected at
very low concentrations (< 10 ng L™!) [3]. Female dog whelks (Nucella sp.)
were shown to develop male characteristics (termed imposex) at these lev-
els [4]. Imposex was also reported in the open North Sea [5]. Although
dealt with in more detail in a later section, national and international leg-
islation was introduced to restrict the use of TBT. In 1989, the European
Community introduced a directive to prevent the use of TBT on boats
under 25m [6]. This provoked paint manufacturers and chemical compa-
nies to develop and sell a range of agents for new antifouling paints for
the “small boat” market. Although usually added to copper-based formu-
lations, they were also added to TBT-based paints to enhance efficacy for
larger vessels. These compounds have since been termed “booster biocides”.
Examples of the types of compounds that were used or promoted for use
included:

e 2-methylthio-4-tertiary-butylamino-6-cyclopropylamino-s-triazine
(Irgarol 1051);

e 1-(3,4-dichlorophenyl)-3,3-dimethylurea (diuron);

e 4,5-dichloro-2-n-octyl-4-isothiazolin-3-one (SeaNine 211);

e N-dichlorofluoromethylthio-N’, N’-dimethyl-N-phenylsulphamide
(dichlofluanid);
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2,4,5,6-tetrachloro iso phthalo nitrile (chlorothalonil);
bis(1hydroxy-2(1H)-pyridethionato-0,S)-T-4zinc (zinc pyrithione);
2-(thiocyanomethyl thio)benzthiazole (TCMBT);
2,3,5,6-tetrachloro-4-(methyl sulphonyl) pyridine (TCMS pyridine);
cuprous thiocyanate;

4-chloro-meta-cresol;

arsenic trioxide;

cis1-(3-chloroallyl)-3,5,7-triaza-1-azonia adamantane chloride;
zineb;

folpet;

thiram;

oxy tetracycline hydrochloride;

ziram;

maneb.

Many of these compounds were known to be highly toxic. Negligible data,
at that time, was, however, available concerning contamination, and (po-
tential) effects/risks of these compounds in coastal and marine environ-
ments. Towards the end of the 1990s, this lack of information was ad-
dressed through the “Assessment of Antifouling Agents in Coastal Envi-
ronments (ACE)” project of the European Commission (MAS3-CT98-0178)
(1999-2002).
This project was designed to provide:

e information on usage and geographical differences in usage of antifouling
agents and products in Europe;

e suitably sensitive analytical (chemical) techniques for quantifying an-
tifouling “booster” biocides;

e an assessment of the extent of contamination of European harbours and
marinas and coastal waters through chemical surveys;

e information concerning the dissipation, transport and ecotoxicological ef-
fects of “booster” biocides (through experimentation under laboratory
and field conditions);

e models that predict environmental concentration and impact;

e a critical comparison of products regarding environmental impact.

Partners in the project were: J.W. Readman (Plymouth Marine Labora-
tory, UK); B. van Hattum, and M. DPAmoree (Institute for Environmental
Studies, Vrije Universiteit, Amsterdam, Netherlands); D. Barcelo (CID-CSIC,
Barcelona, Spain); T.A. Albanis (University of Ioannina, Greece); B. Rie-
mann (National Environmental Research Institute, Denmark); H. Blanck and
E. Gronvall (Botanical Institute, G6teborg University, Sweden); K. Gustavson
(DHI Water & Environment, Denmark); J. Tronczynski and C. Munschy
(IFREMER, Centre de Nantes, France); A. Jacobson (Rohm & Haas).

Full details of the ACE project (including reports) are available at
www.pml.ac.uk/ace. Much of the data briefly summarised in the present
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chapter relate to the substantial efforts of all partners within the ACE
project.

2
Usage of Antifouling Agents

Usage of antifouling paints differs regionally according to legislation, location
of the manufacturer, marketing and consumer preferences. Whilst the list of
potential booster biocides provided above is substantial, not all compounds
are marketed. For example in the UK, although recent legislative changes have
occurred (as discussed in Sect. 5), during the last decade usage of antifoul-
ing agents was massively dominated by copper(1)oxide followed by (in order
of usage) diuron, Irgarol 1051, zinc pyrithione and dichlofluanid [7]. This
will change with the newly introduced legislation (see Sect. 5). Within ACE,
similar investigations on usage were undertaken in all the partner’s mem-
ber states. Table 1 summarises the booster biocides that are permitted on
yachts less than 25 m in length. Investigations revealed that of these products,

Table 1 Usage of booster biocides: ingredients permitted for use on yachts <25 m

UK? France® Greece® Spain® Sweden Denmark® Neth®c

Copper(1) oxide + + + + +d + +
Copper thiocyanate + + +d + +
Cu powder +d +

Chromium trioxide +
Diuron - + + + _ +
Irgarol 1051 - + + + + _ +
Zinc pyrithione + + + + -

Dichlofluanid + + + + +
TCMTB -

Chlorothalonil - + +

TCMS pyridine -

Sea-Nine 211 - + +e

Ziram + +
Zineb + +
Folpet +

Total 3 5P 7° 5P 1 2 5

(booster biocides)

# UK = United Kingdom and Neth = The Netherlands

very limited/no approval scheme (in principle, all can be used)
regulations currently under debate

leach rate regulated on west coast; banned on east coast
although approved, product not used on pleasure craft

o

(="
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booster biocides that were the most used were diuron, Irgarol 1051, dichloflu-
anid, chlorothalonil and SeaNine 211. For this reason, research within ACE
was focused on these compounds. Whilst zinc pyrithione was also considered
to be of emerging importance, usage, then, was comparatively low. In add-
ition the compound is difficult to analyse. For these reasons, very little data
is available for this biocide.

3
Extent of Contamination

Concentrations of booster biocides in coastal environments are a function of
the inputs from vessels, dilution/flushing of the systems, and degradation of
the compounds.

The first reported contamination of coastal waters by booster biocides was
for Irgarol 1051 on the Cote d’Azur [8]. Substantial concentrations (up to
approximately 1700 ng L) were recorded in marinas of the region. Subse-
quent papers confirmed broad contamination in other areas of high boating
activity in Europe. More recently, booster biocide contamination has been
reported in waters from Japan, the United States, Singapore, Australia and
Bermuda. Several reviews have described and compared the extent of con-
tamination (e.g. [9-12]) (see also other chapters within this book).

Critical to monitoring of the extent of contamination is the develop-
ment of suitably sensitive analytical techniques. This topic is dealt with
in detail in the chapter by Barcelo and Fernandez-Alba. Within ACE, sev-
eral highly sensitive chromatographic methods for the analysis of the se-
lected booster biocides and their metabolites in environmental waters and
sediments were developed. Methods were directed towards: Irgarol 1051,
its metabolite 2-methylthio-4-tert-butylamino-s-triazine; diuron and its by-
products dimethyl diuron and 1-(3,4-dichlorophenyl)urea; chlorothalonil;
vinclozolin; dichlofluanid; and SeaNine 211. Extractions employed on-line
and off-line solid-phase extraction (SPE) cartridges and disks, solid-phase
micro-extraction (SPME), headspace-SPME, XAD-2 resin and liquid-liquid
techniques. Sediment analyses used an ultrasonication extraction protocol.
A comparative ELISA method was also developed for trace level determina-
tions. Quantification was carried out by gas chromatography (GC) with elec-
tron capture (ECD), nitrogen phosphorus (NPD), flame photometric (FPD)
and mass spectrometric (MS) (including ion-trap tandem MS) detection.
High-performance liquid chromatography was also used in quantification
with detection using electrospray MS/MS and atmospheric chemical ioniza-
tion mass spectrometry (HPLC-ACPI-MS).

Approximately 800 water samples (and sediments from some areas) were
collected within ACE from the areas shown in Fig. 1. These included mari-
nas, harbours, estuaries and coastal waters and covered diverse European
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Fig.1 Location of sampling areas (indicated by squares) investigated during the ACE
Project
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Fig.2 Mean concentrations (ng L") of diuron in samples taken from marinas and ports

coastal systems. Results from analyses are summarised in Table 2. They in-
dicate that of the major booster biocides, highest mean concentrations of
diuron were encountered. The distribution of this compound is shown in
Fig. 2 and indicates highest levels in North Western Europe. Irgarol 1051
tended to be present at lower mean concentrations than diuron, although for
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Fig.3 Mean concentrations (ngL™') of Irgarol 1051 in samples taken from marinas and
ports

this compound, Mediterranean coastal environments were the most contam-
inated (Fig. 3). Chlorothalonil, dichlofluanid and SeaNine 211 were sporadi-
cally encountered, primarily in the Mediterranean. In isolated cases, however,
high concentrations of these were recorded. Measurable concentrations of the
degradation products of Irgarol 1051 and diuron were also recorded, albeit at
lower levels than those of the parent compounds.

In summary, on a global scale, data are available for the biocides most
commonly used in Europe, North America and Japan (i.e. diuron, Irgarol 1051
and SeaNine 211), whilst negligible data are available for the others.

4
Fates, Effects and Environmental Risks

The behaviour and fates of booster biocides in coastal waters have been re-
viewed [9, 10] and further details are provided in chapters within this volume.

Removal of the compounds from the water column can occur through bi-
otic degradation, photo-degradation, chemical hydrolysis, sorption to partic-
ulates followed by sedimentation, volatilization, or bioaccumulation. A com-
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parative study of the disappearance of booster biocides from natural sea
water containing the diatom Amphora coeffeaeformis [13] concluded that Ir-
garol 1051 and diuron were not easily degraded even after 8 weeks, whereas
chlorothalonil was unlikely to persist and SeaNine 211 was easily degraded.
In another study [14], the authors demonstrated that the toxicity of Sea-
Nine 211 and zinc pyrithione to Acartia tonsa declined rapidly through either
rapid degradation or partitioning to sediments. Half-lives of Irgarol 1051
(100 d), dichlofluanid (18 h), chlorothalonil (1.8 d), SeaNine 211 (< 24 h), zinc
pyrithione (< 24 h), TCMTB (740 h) and zineb (96 h) have been reported [10].
Further details on the mechanisms of degradation are provided in the re-
views [9, 10] and the other chapters of this book.

Zinc pyrithione (the zinc chelate of 2-pyridinethiol-1-oxide) is unusual as
it is reported to transchelate with copper to form copper pyrithione (which
also acts as a booster biocide) [15]. Both zinc and copper pyrithiones are
considered to degrade rapidly.

Toxicological properties of the compounds have been reviewed [9, 11] and
are detailed in the chapter by Yamada within this volume. Marine plants ap-
pear particularly vulnerable to many of these biocides. The first published
study on the herbicidal properties of the booster biocides was by Dahl and
Blanck [16] on the toxicity of Irgarol 1051 to periphyton communities. Long-
term effects were detected at 0.25 to 1 nM (63 to 250 ng L"), which is within
the range of concentrations reported for coastal waters. Later studies [17-19]
have confirmed the vulnerability of algae/phytoplankton to booster biocides,
and especially corals through damage to their endosymbiotic microalgae
(zooxanthellae) [20]. Subsequent to the review by Konstantinou and Alba-
nis [9], some other papers address algal toxicity [21-23]. Using natural pop-
ulations of phytoplankton, Readman et al. [21] report toxic effects of Irgarol
at low concentrations (Fig. 4) with an EC50 (72 h) of 70 ngL™!. Again, this
concentration is well within the range of concentrations reported in coastal
waters.

Within the ACE Project, endocrine disruption was also assessed. Based on
an evaluation of potentially suitable test systems, it was decided to apply the
ER-CALUX (estrogen responsive-chemically activated luciferase expression)
assay to determine (anti) estrogenicity. None of the antifoulants selected (Ir-
garol 1051, SeaNine, chlorothalonil, diuron, dichlofluanid, maneb and ziram)
showed a strong estrogenic response.

The critical feature in risk evaluation of the booster biocides relates to
persistence and toxicity. Although substantial information has been accrued,
some authors [24] consider that additional data is still required to properly
evaluate the risks associated with the widespread use of Irgarol 1051, di-
uron, SeaNine 211 and chlorothalonil. These authors caution against the use
of TCMS pyridine, TCMTB and dichlofluanid and, again, identify a lack of
appropriate data. In their initial risk evaluation, zinc pyrithione and zineb
appear the least hazardous options for the aquatic environment.



12 J.W. Readman

12000

Cells-mL ™

80

Time (h)

Fig.4 Cell numbers (measured by flow cytometry) of marine eukaryotic phytoplank-
ton (natural population) exposed to different concentrations of Irgarol 1051 over a 72-h
period. Symbols indicate: ¢ 0ngL~! (control); o 112ngL7!; 0 331 ngL™!; M 465ngL7};
A 1082 ngL!; ¢ 2020 ng L' (adapted from [21])

5
Recent Legislation

The permitted use of booster biocides in selected European Countries (those
of the ACE partners) has already been provided in Table 1. The legislative pos-
ition from a global perspective (a key points summary) is available via the
Internet [25].

In the UK, diuron, Irgarol 1051, TCMTB, chlorothalonil, TCMS pyri-
dine, and Sea-Nine registrations have recently been removed for boats less
than 25 m (however, Sea-Nine is still registered on ships > 25m) [26]. The
currently registered biocides for boats less than 25m are zinc pyrithione,
dichlofluanid, and zineb [26]. In the Netherlands, files for antifouling agents
are being reviewed. Current information can be obtained from the “College
vor Toelating van Bestrijdingsmiddelen” (CTB), the regulatory authority. In
Spain, Greece, and France, there are very limited registration schemes and, in
principle, all can be used. In Denmark, diuron and Irgarol 1051 were banned
for use on pleasure craft in 2000. Results from an environmental risk analysis
of Sea-Nine and zinc pyrithione in Danish waters demonstrated that, in most
cases examined, the PEC/PNEC (predicted no effect level/predicted no effect
level) ratio was less than 1, indicating an acceptable risk. The European Union
has instituted the Biocidal Products Directive (BPD) (98/8/EC) for authori-
sation of biocidal products within the European Union. The BPD harmonises
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the data requirements for existing and new biocides within the EU. Antifoul-
ing agents are included in this directive (Product Type 21). Any antifouling
agent seeking registration was required to notify in 2002 and provide a base
set of data. Time-scales for submission of additional necessary data have not
been established; however they will be part of the 10-year plan to fully imple-
ment the directive. It has been suggested that antifouling agents are likely to
be reviewed in 2006 [25].

6
Future Developments

Clearly there is a need to protect non-target organisms in the environment
from antifouling agents. However, antifoulants are critical for shipping, and
with an imminent ban on TBT, alternative strategies must be found. Yebra
et al. [1] have reviewed this topic.

In the short term, the most feasible option is to utilize copper-based for-
mulations with the most environmentally friendly booster biocides. Whilst
substantial data on the biocides is presented within this volume, there remain
deficits in our knowledge concerning the environmental behaviour and ef-
fects of these compounds. Persistence is an important feature of the agents,
but needs to be tempered with longevity of antifouling performance. In the
slightly longer term, some companies are addressing this issue through poly-
mer research, which controls the release of active compounds and affords
self-polishing capabilities to maintain the active ingredient in the surface
layer. This challenge is substantial, as it needs to maintain a constant, and ide-
ally a small release, that is adequate for antifouling the vessel (even during
stationary periods), whilst maximizing the lifetime of the coating.

An alternative strategy to the polymer option relates to the use of natu-
ral products (or synthesized analogues), which prevent fouling of organisms
in the wild. Usually, these compounds act enzymatically by interfering with
the metabolism, or dissolving adhesive materials of the fouling organisms.
Structures include terpenoids, steroids, heterocyclics, alkaloids and poly-
phenolics. This approach to the prevention of fouling is, however, far from
commercial exploitation.

Another important area of technological development of antifouling re-
lates to non-stick fouling-residue coatings that prevent adhesion by the foul-
ing organisms. The demands of this type of material, presently, restricts
choice to two families of compounds: the fluoro-polymers and silicones. This
option, from an environmental viewpoint, is appealing. Results from per-
formance tests for currently available coatings indicate modest performance,
requiring comparatively high speeds to remove fouling organisms. Coupled
with expense, poor adhesion qualities to the hull and susceptibility to dam-
age, further advances will be necessary [1].
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Finally, it would appear logical that production of engineered highly re-
active nano-particles would afford an alternative, high-tech option. To the
knowledge of the author, however, this has not, as yet, been addressed.

7
Conclusions

The use of antifouling materials has been pertinent since ancient times.
The removal of TBT from control options has provoked change, primarily
through accelerated introduction of organic booster biocides. Through the
ACE project, the most popular biocides were evaluated and, together with in-
formation in the literature, combined usage, persistence and toxicity of some
products (e.g. Irgarol 1051 and diuron) were shown to be likely to cause
damage to non-target organisms, especially phytoplankton, periphyton and
corals. Data necessary for the risk assessments of other booster biocides is
lacking. Options for the future will, in the short term, probably be directed to-
wards copper-based paints combined with the most environmentally friendly
booster biocides. In the medium term, improvements in polymer synthesis
to control release is likely. Research into natural toxin products and their
synthetic analogues, together with investigations into non-stick coatings will
continue, aiming to afford a longer-term solution to fouling. Although not
presently addressed, nano-particle technology might also afford an alterna-
tive option to antifouling in the future.
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Abstract Organotin antifouling paints are degraded relatively rapidly in seawater mainly
by microorganisms, but they have high affinities to sediment and organisms in the sea.
The concentrations of tin in seawater have been observed to decrease in many harbors in
the world since the ban to use the paints for small vessels came into force, however, in
a few areas frequented by large ships, organotin compounds continued to be input onto
the surface of the sediment. Therefore, recently, the number of articles on the investiga-
tion of depuration of organotin compounds by organisms have increased. For example,
pyroverdins, azotochelin and ornibactin obtained from microorganisms such as Pseu-
domonas chlororaphis and Burkholderia cepacia, and organisms such as dinoflagellates,
diatoms, mussel, green algae and chrysophytes are able to depurate organotin compounds
of TBT and TPT in seawater. Furthermore, with the help of these depuration technologies,
we hope that the marine environment will improve in the world, at least up to the point in
time where environmentally friendly best alternative antifouling paints are used routinely
for all vessels.

Keywords Bioaccumulation - Biomethylation - Degradation - Fate -
Organotin antifouling biocides
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Abbreviations

DBT dibutyltin compounds

DPT  diphenyltin compounds

IMO International Maritime Organization
MBT monobutyltin compounds

MEPC Maritime Environmental Protection Committee
MPT monophenyltin compounds

PVC  polyvinyl chloride

TBT tributyltin compounds

TBTCI tributyltin chloride

TBTF tributyltin fluoride

TBTO tributyltin oxide

TPT  triphenyltin compounds

1
Introduction

The historical development of organotin antifouling paints has two big steps.
The first step was the discovery of tributyltin (TBT) compounds in the 1950s by
the research group of van der Kerk in the Netherlands. The second step was
the discovery of self-polishing antifouling paints in the 1970s. The first step
involved the discovery of the most effective antifouling compounds, although
they exhibit very low toxicity towards mammals, among the many kinds of an-
tifoulants. The second step involved the discovery of polymers with very high
performance as the paints containing the antifoulants and they were used for
a long time. These polymers easily allowed a constant release rate of the an-
tifoulants into seawater and maintained a low frictional resistance to seawater
by keeping a polished smooth surface. This meets the need to reduce the eco-
logical impact of components of antifouling paints that are being released into
the aqueous environment. Leaching occurs by hydrolysis of the painted poly-
mer at the surface of the ships hull by seawater. The self-polishing antifouling
paints have very long lives and are the most cost effective. Almost all vessels in
the world used these antifouling paints. The leaching rates of organotin com-
pounds from the antifouling paint film into seawater from one vessel are very
low. However, as too many vessels release organotin compounds into seawater,
the amount of organotin compounds in seawater in closed sea areas such as
harbors and marinas, gradually increases year by year.

The first use of the organotin-based antifouling boat-bottom paints began
in the early 1960s. In 1974, oyster growers first reported the occurrence of ab-
normal shell growth in Crassostrea gigas (the Pacific oyster) along the east
coast of England. However, it was not until the mid 1980s that researchers in
France and the UK began to suggest that the use of TBT in the antifouling
paints was adversely impacting a number of marine species other than the
fouling organisms [1-3].
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Legislation to ban the use of the organotins for small boats was first intro-
duced in France in 1982 and followed by the UK in 1987. Similar legislations
have been introduced worldwide since then, and led to a significant fall in the
concentrations of organotins in seawater.

The “International Convention on the Control of Harmful Antifouling Sys-
tems on Ships” adopted on 5 October 2001 by the International Maritime
Organization (IMO) stated that: (1) by 1 January 2003, a ban on the applica-
tion of TBT-based antifouling paints should be introduced; and (2) 1 January
2008 is the last date for having a TBT-based antifouling paint on a vessel. In
addition, the MEPC also proposed that the IMO promotes the use of environ-
mentally safe antifouling technologies to replace TBT [1].

However, by November 2005, two years later, there were only 12 countries
including Antigua & Barbuda, Bulgaria, Denmark, Japan, Latvia, Nigeria,
Norway, Poland, Romania, Saint Kitts and Nevis, Spain and Sweden, who had
ratified this control. Since at least 25 countries are required to ratify the con-
trol it has not become effective yet.

There are three issues regarding the control: The first is that the organotin
antifouling paints have too high a performance, as some researchers suggest
that organotin antifouling paints have ten years of life and they are too cost
effective. The second is that alternative antifouling paints do not inspire con-
fidence in providing high antifouling activity and environmental problems
yet. The third is that many articles have reported that concentrations of the
organotins in marinas decreased after regulation of small vessels.

Although the control was approved in 1999—by the IMO conference—by
2005 it had still not come into effect. It has been stated that world opinion is
gradually changing from supporting organotin antifouling paints to support-
ing alternative antifouling paints. Hence, if good alternative antifouling paints
were to be found, organotin antifouling paints would be easily and com-
pletely replaced by the alternative antifouling paints. However, at this time,
the best alternative antifouling paints have not been determined. Hence, there
is a need for reliable data regarding both the fate of organotin compounds
and the performance of the most cost-effective and environmentally friendly
alternative antifouling paints.

2
Organotin Compounds and Their Properties

2.1
Organotin Compounds

There are two kinds of organotin compounds, i.e., bivalent compounds and
tetravalent compounds. The bivalent compounds, which have two organic
groups and one lone pair of electrons, are shown in structural formula 1.
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=+ o
Ph Sn: + :Sn Ph » Ph Sn Sn Ph
Ph Ph Ph Ph
—> higher polymers (1)

These compounds are usually polymeric substances; and only in a few
cases, monomeric compounds. They slowly polymerize on standing [4].
The bond angle is approximately 90° (as p? bonding), for example, 94(5)°
(SnFy) [5, 6]. In structural formula 2, a molecule with sp? hybridization, a va-
cant p orbital and bulky groups [4, 7, 8] is shown. In this case, the bond angle
is for example 117.4° in (CsH;5)SnCl [9].

R3SnX — R,SnX; — RSnX3 — SnX4 2)

It is particularly to be noted that these molecules exist in a singlet state
with their nonbonding electron paired. Since the central tin atom in either
of the structural formulaes, 1 and 2, has only six electrons in the valence
shell, polymerization forming a stable octet is expected to occur [4]. When
freshly prepared, diphenyltin is monomeric, but it readily polymerizes to
reach a pentamer or greater based on its molecular weight as shown in
Eq. 1[10].

These bivalent tin compounds, wherever possible, adopt structures in
which the metal achieves a coordination number higher than two either by
complexation, chelation or by bridging. The bivalent tin compounds having
active lone pair electrons are utilized as catalysts [11]. The potential for bi-
valent organometallic tin species in organic syntheses has also been studied.
However, as the organotin compound, tetravalent compounds (R,SnX4_,, Ris
alkyl, aryl, etc.; X is halogen, hydroxyl, etc.) are used, since they are very
stable and easy to handle.

The organotin compounds were first used as stabilizers for polyvinyl chlo-
ride (PVC) in 1940 [12]. Although the organotin compounds have a variety of
uses, their use as stabilizers for PVC has been the most important application
of the organotin compounds.

In 1950, the research team under the leadership of Prof. G.J.M. van der
Kerk made important contributions to the study of organotin chemistry as
described above. In particular, the powerful biocidal properties of trialkyltin
and triaryltin derivatives were established [13, 14]. The introduction of bio-
cidal uses of the triorganotin compounds began in the late 1950s, when they
were used as agricultural fungicides; their uses in wood-preserving com-
pounds began in 1960 and antifouling paints in the early 1960s [15]. Other



Chemistry and Fate of Organotin Antifouling Biocides in the Environment 21

biocidal uses include use as antifeedants, acaricides, stone preservants, disin-
fectants and molluscicides.

The organotin compounds are used mainly by utilizing the following two
characteristics. The first is the strong affinity of the tin atom with a donorligand
atom such as sulfur, oxygen or nitrogen. The second comprises physiological
activities such as biocidal activities (e.g., bactericidal, fungicidal, acaricidal,

Table 1 Industrial applications of organotin compounds [16-22]

Application

Agriculture
fungicides
antifeedants
acaricides

Antifouling paint biocides

Wood preservative fungicides

Stone preservation
Disinfectants
Molluscicides (field trials)

Heat and light stabilizers for rigid PVC

Homogeneous catalysts for RTV silicon,
polyurethane foam and
transestserification reactions

Precursor for forming SnO,

films on glass

Anthelmintics for poultry

Heat stabilizers for rigid PVC

Homogenous catalysts for
transesterification reactions
Precursor for SnO; films on glass

Compound

R3 SnX

Ph3SnX (X = OH, OAc), (Cy)3SnOH
Ph3SnX (X = OH, OAc),
(CY)3SDOH,

((Ph - C(CH3)2CH3)35n),0

Ph3SnX (X = OH, OAc, E, Cl, SCS-NMe,),
(Bug,SI‘l)zO, Bu3 SnX (X = F, Cl, OAC)
(- CH,C(CH3)(COOSnBu3) —),
(Bu_gSl’l)zO, (Bu;Sn)3PO4,
BusSn(naphthalenate)

(Bu_z,SI‘l)zO

Bu3zSnOCOPh, (Bu3Sn),0

BusSnF, (BuszSn),0

RzSan

R,;Sn(SCH,COO — 1 —0Oct),

(R = Me, Bu, BuOCOCH,CHj,),
(R,)Sn(OCOCH = CHCOO), (R = Bu, Oct),
(R2)Sn(OCOCH = CHCOOOct),,
(R2)Sn(OCOC11H23)2, (R2)Sn(SCi2Hys)2
R,Sn(OCOCH3),, R;Sn(0OCO —i— Oct),,
(R2)Sn(0OCOC11H23)2, (R2)Sn(OCOC12Hys )2,
(Bu_z,SI‘l)zO

Me,SnCl,

BuZSn(OCOCHst )2

RSnX3

RSn(SCH,COO -1 - Oct)3 (R = Me, Bu, Oct,
BuOCOCHchz), (BuSnSl,5)4
R,Sn(SCH,COO —1i—Oct); (R = Me, Bu, Oct)
[BuSn(O)(OH)],, BuSn(OH),Cl

BuSnClz, MeSnCl3?, Me,SnCl,

# These compounds are used in combination with the corresponding R,SnX, derivatives
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insecticidal and molluscicidal activities) and repellent activities against wood-
destroying organisms, marine animals, marine plants, rodents, etc.

The industrial uses of the organotin compounds, utilizing the first char-
acteristic, are as stabilizers for PVC and the other vinyl polymers, and
as catalysts. The industrial uses utilizing the second characteristic are as
wood preservatives, antifouling agents, agrochemicals, pharmaceuticals, dis-
infectants, rodent repellents, masonry and stonework-protecting agents, and
slime-preventing agents, etc. Other minor uses of organotin compounds are
in glass applications (such as easy handling of raw materials by using inor-
ganic tin compounds (Sn0O;), flame retardants, etc.) [16].

The industrial applications of the organotin compounds are shown in
Table 1 [16-22].

In 1950, the annual production of organotin compounds was only around
50 tons. This rose to 2000 tons in 1960 and 16 000 tons in 1970, and production
in the mid-1980s was estimated at over 40 000 tons [15].

As discussed by Blunden et al. [18] in 1985, the most important use of
the organotins was as PVC stabilizers (ca. 70%); biocidal uses such as an-
tifoulants, agrochemicals and wood preservatives, are ca. 20%. Around 3500
tons per year were used as organotin antifoulants.

2.2
Properties of Organotin Compounds

Organotin compounds are one of the organometallic compounds, since they
have the characteristic metal-carbon bonds. However, they are very different
from general organometallic compounds, especially, from organotransition
metal compounds in their stability. For example, tetramethyltin is very sta-
ble, and it decomposes between 440 and 493 °C over a range between 5 and
185 mm Hg initial pressure [23].

Basic organotin compounds, their related compounds and their physical
properties are shown in Table 2 [4, 16, 24]. They are liquid or solid at room
temperature, and they are stable and easy to handle.

Tributyltin (TBT) has a low aqueous solubility and relatively high affin-
ity for particulate matter, providing a direct and potentially persistent route
of its entry into benthic sediment. The need to determine the fate of TBT in
such environments is consequently a priority issue, as the sediment becomes
the major reservoir for this pollutant. Initial tests are shown in Fig. 1 [25].
The sorption of TBT to the sediment was rapid so that the major propor-
tion was taken up within 10 min and an equilibrium was achieved within
2h, when 85.7% of the added TBT had bound with suspended particles in
the dark at 15°C [25]. The difference of affinities of the organotin com-
pounds with water and sediment relates to the difference of the half-lives of
organotin compounds in water and the sediment as described in the next
section.
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Table 2 Physical properties of organotin compounds [4, 16, 24]*

Compound Melting Boiling Refractive Solubility b

point point index

(°C) (°Cor°CmmHg™!) (0¥ (°C)) (ppm)
BusSnF 248-252 6
Bu3SnCl 145-147/5 1.4903 (25) 16
BusSnBr 163/12 1.5022 (25)
BusSnl 168/8 1.5345
Ph3SnF 357(dec.) 1.2
Ph3SnCl 105.5-107 249/13.5 5.2
Ph3SnBr 121-122
Ph;3Snl 121
Bu,SnF, 156-157
Bu,SnCl, 43 153-156/5 4
Bu,SnBr, 20
Bu,Snl, 145/6
Ph,SnF, >360
Ph,SnCl, 42-44 333-337/760
th SDBI‘Z 38
Ph,Snl, 71-72 176-182/2
BuSnF; 93/10
BuSnCl; 93/10
BuSnBr; 77-90/0.2 (dec.)
BuSnlI3 154/5
PhSnCl3 142-143 1.5844
PhSnBr; 182-183/25
Me4sSn -54 78/760 1.4386 (25)
Me;SnBu 149-150/726 1.4560 (21.5)
Me,SnBu, 70/4.4 1.4640 (25)
MeSnBuj 121/10
BuySn 145/10 1.4727
PhySn 224-225
(Bu3 )ZSnO 8
Bu3SnOAc 99-100 220-230/10 1.8472 16
Ph3SnOAc 121-122 2.9

 Reference therein
b Solubility values refer to seawater at room temperature

23
Toxicities of Triorganotin Compounds

Tin is a ubiquitous element. Our bodies contain 0.2 ppm [26, 27]. We ingest
0.2 ppm based on kg body weight from daily foods [28]. Inorganic tin at trace
level has never been implicated in plant and animal malfunctions and on the
whole has been assumed to be an innocuous background material [29]. Most
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Fig.1 The equilibration of TBT between particulates and water. The vessel initially con-
taining 500 ml water, 1 g sediment and 300 ng '*C-labeled TBT [25]

inorganic tin and organotin compounds entering mammals through food are
excreted within a short period of time [29]. For example, the biological re-
tention of SnCl, in rats is 2 days (= 98%) [30]. Inorganic tin has little or no
effect on the animals, and common organotin compounds and inorganic tin
compounds pass rapidly through the animals [29].

In the organotin series expressed by formula; R,, SnX4_, (R = carbon-bonded
organic group; X = inorganic substituent; and n = 1-4), it is now well estab-

1/——x —_—O
FUNGI AND
BACTERIA

MAMMALS

ACTIVITY —

1 [l i
METHYL ETHYL PROPYL BUTYL
R in R3Sn0.CO. Me

Fig.2 Dependence of the biological activity of tri-n-alkyltin acetates on the nature of the
alkyl group for different species [13, 14]
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lished that maximum toxicity to all types of living species occurs with the
triorganotin compounds R3SnX. As the length of the carbon chain is progres-
sively increased within a particular series of tri-n-alkyltin salt, R3SnX, the
mammalian toxicity reaches a maximum value when R is an ethyl group, and
then falls off rapidly with further lengthening of the alkyl chain. The tri-n-

Table 3 Acute oral toxicity of organotin compounds [3, 14, 18, 24, 31]

Compound LDsy (rats, mgkg™')
R4Sn

Me4Sn 195-331

Et4Sn 9-16

BuySn > 4000

OctySn > 4000

R3SnX

Me;SnCl 9-20
Me3SnOAc 9.1

Et;SnCl 10

Et3SnOAc 4.0
Pr3;SnOCOMe 118

Pr3SnOSnPr; 120

BuzSnCl 122-349

BusSnF 200
BuzSnOCOMe 125-136, 125-380
Bu3SnOCO(CH;)9Me 205
Bu3;SnOCO(CH;);CH = CH(CH;);Me 195
Bu3;SnOCOPh 132
Bu3zSnOSnBus 112-234, 148-234
Oct3SnCl > 4000
Oct3SnOCOMe > 1000

Ph3SnCl 125, 125-135
Ph3SnF 1170, 160
Ph3SnOH 500-600, 108-360
Ph3SnOCOMe 125-491, 125-150
RzSnXZ

Me, SnCl, 74-237

Et,SnCl, 66-94

Bu,SnCl, 112-219

Bu;Sn0O 487-520
Oct,SnCl, > 4000

Oct,Sn0O 2334-2350, > 4000
RSnX3

MeSnCl3 575-1370
BuSnCl3 2200-2300
OctSnCl3 2400-3800
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octyltin derivatives are essentially nontoxic as shown in Table 3 [13, 14, 18, 31]
and in Fig. 2 [13, 14]. With regard to the toxicity of a TBT salt, (n-BuzSnCl) in
mammals, acute oral LDs5g values are in the range of 122-349 mg/kg (rats) as
shown in Table 3. Their biological activity is almost entirely due to the BuzSn
moiety, since in common with other trialkyltin compounds, the variation of the
inorganic substituent X does not usually have a significant effect on their toxi-
city. The “X” group tends to affect properties such as volatility and solubility.

The acute mammalian toxicities of the common triphenyltin (TPT) bio-
cides are generally very similar to, and often lower than those of their trib-
utyltin analogues. It is also interesting to note that anionic groups appear to
have an effect on the toxicity in these compounds as shown in Table 3.

Although TBT and TPT compounds are not unduly hazardous to hu-
mans, as discussed above, they are nevertheless very effective biocides against
a wide range of marine fouling organisms. Information on the activities of
various TBT and TPT derivatives against marine algae, barnacles, shrimps
and tubeworms has been published [13, 14].

Gadd [29] reported on some toxic effects of TBT compounds on microbial
processes. The inhibition of microbial processes by TBT has been recorded
for all major groups, with the main interactions occurring at cellular mem-
branes and chloroplasts, or the mitochondria in eukaryotes as shown in
Table 4 [32-36]. Maguire [37] and White et al. [22], also reported on toxicity
of TBT to organisms in detail.

Table 4 Some toxic effects of TBT compounds on microbial processes [32] ?

Process affected

Respiration
Photosynthesis
Nitrogen fixation
Primary productivity
Growth

Energy-linked reactions
Growth
Growth/metabolism

Photophosphorylation
and ATP synthesis
H*-ATPase activity
plasma membrane
mitochondrial
vacuolar

# Gadd [29] compiled with data from original sources cited in publication from [30-33]

Organism(s)/organelle(s)

Bacteria

Cyanobacteira
Anabaena cylindrica
Microalgae

Microalgae

Escherichia coli
Aureobasidium pullulans
Fungi

Bacteria

Chloroplasts

Neurospora crassa

Inhibitory concentration
(IC) (M)

0.04-1.7

~ 1 (ICs0)

<1 (ICso)
0.00055-0.0017
0.00017-0.0084
0.15-> 50 (ICsp)
27 (ICso)
0.28-3.3
0.33-16

0.56-5

0.06 (ICso)
0.01 (ICsp)
0.6 (ICs0)



Chemistry and Fate of Organotin Antifouling Biocides in the Environment 27

The chronic toxicity of the organotin compounds arises from their abil-
ities as endocrine disruptors leading to disorders such as imposex, intersex
and masculinization of abalone (ear shell, Haliotis sp.) The symptom of im-
posex (imposed sexual organ) is defined as a superimposition of the male
characteristic, such as a penis and vas deferens, in female gastropods [38,
39].

Schweinfurth and Giinzel [40] reported on the mammalian toxicity and
risk evaluation for humans. Since TBT compounds can produce severe irrita-
tion of the skin and mucous membrane, their contact with the skin and eyes
as well as the inhalation of their spray mist or dust must be prevented. TBT
vapor is not considered hazardous. In repeated dose studies, lymphotoxicity
and hepatobiliary toxicity were predominant findings. There was no evidence
of damage to the central nervous system. From the available data, it is con-
cluded that TBTs do not represent a mutagenic, teratogenic or carcinogenic
hazard to humans.

3
Degradation of Organotin Compounds

3.1
Organotin Compounds as Ideal Antifoulants

Most organotin researchers’ faith in organotin compounds as ideal an-
tifoulants remained unshaken till early in the 1980s; this was because much
experimental data actually showed that the above was true. In the mid 1960s,
Professor Matsuda frequently said to us in his research laboratories “Organo-
tin compounds are ideal compounds because they change to nontoxic inor-
ganic tin compounds after we have used them”.

Triorganotin compounds undergo degradation in the environment via
progressively less toxic di-(R;SnX;) and mono-organotin (RSnX3) deriva-
tives, to form a harmless inorganic tin residue. This cleavage of the tin-
carbon bonds may occur photolytically by UV light, microbiologically by
fungi or bacteria, or by chemical attack, and a typical breakdown scheme for
the TBT and TPT compounds is illustrated in Fig. 3 [41]. Therefore, organotin
researchers did not expect the early environmental problems caused by the
organotin compounds.

3.2
Degradation of Organotin Compounds
by Hydrolysis, Ultraviolet Light and Microorganisms

The degradation of the organotin compound may be defined as the progressive
removal of organic groups from the tin atom as shown in Eq. 2 (see Fig. 3).
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UV or
microorganisms
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Fig.3 Environmental degradation scheme for TBT and TPT compounds [41]

The degradation of the organotin compounds is caused by hydrolysis,
ultraviolet light and microorganisms. The most dominant degradation is
caused by microorganisms such as bacteria, algae and fungi [24].

Almost all of the sun’s emitted radiation in the UV region with wavelengths
shorter than 290 nm is absorbed by a thin band of ozone. However, the light
of 290 nm wavelength possesses an energy of approximately 300 k] mol™!, and
this is above the typical range [42] of tin-carbon bond dissociation energies
(190-200 k] /mol). Therefore, if absorption of light by the organotin takes
place, degradation can occur [24].

Mailhot et al. [43] pointed out that photodegradation by a photoredox pro-
cess by iron(III) occurs. Upon irradiation at Aexcitation > 300 nm, a photoredox
process yielding iron(II) and OH radicals was observed. The disappearance of
TBT was proved to involve only an attack by OH radicals in the presence of
iron(III): the quantum yield of TBT disappearance was determined.

Fe’* + H,0 — Fe** +'OH + H* (3)
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hv

Fe(OH)* > Fe? +  «OH
A >295nm
(solar emission)
Bu B
Bu— Sn—OH —— > Bu— Sn—OH + H,0

CH,-CH,-CH,-C. CHy-CH,-CH,.C,
i \:\

e Fe(III)
TBT *OH Re 10, Bu

~
Bu— Sn—OH
Bu CH}-CHz-CHz-C
(R-0-0-0-O-R) <=—— 2R-0-O- Bu— Sn—OH OH
CH;3-CH,-CH,-C
} : 2 alcohol
0-0Oe
Bu
R-0-O°
Oy +2 Bu— Sn—OH
CH;-CH,-CH,-C
O. R-O-
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C-H
Sn-C / \ Bu
H Bu— Sn—OH
CH;-CHy-CHy-C CH3-CH,-CH,-C + He
\\o 3 2 2 \O
Bu +
Sn—OH ketone
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Bu Fe(ITT)
+
Sn—OH
Bu
DBT

Scheme 1 Proposed mechanism for iron(III)-photoinduced degradation of TBT [43]

The complete mineralization of TBT was achieved with a long irradiation
time, leading to innocuous inorganic tin. A mechanism for iron(III)-photo-
induced degradation of TBT is proposed as shown in Scheme 1 [43].

Mailhot et al. [44] considered also that the degradation of TPT carried
out by the photoredox process takes place in iron(III) aquacomplexes. TPT
elimination was proved to come only from attack by hydroxyl radicals gen-
erated upon irradiation at 365 nm of Fe(H,0)sOH?*. The first step is the
formation of a hydroxyl radical adduct with the benzene ring. The main pro-
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cess is the stepwise dephenylation of the starting TPT as shown in Scheme 2.
Hydroxylated phenyltin derivatives were also formed, but only as minor pho-
toproducts. The process was shown to be efficient with artificial light as well
as with solar light [44].

On a field of crops, the degradation of organotin compounds such as fungi-
cides mainly proceeds photolytically. TPT is a fungicide used on a variety of
crops throughout the world. In a study of pecan orchards in central Georgia in
the USA, TPT concentrations in foliage and soil immediately after its applica-
tion (0.5 days) were up to 33 and 1.6 ug g~' dry weight, respectively, and those
after 10 or 15 days were decreased to 11 pg g™ dry weight (33%, 10 days) and
0.8 pgg™! dry weight (50%, 15 days), respectively. Besides TPT, diphenyltin
(DPT) and monophenyltin (MPT) were present in the leaves and soil, with
MPT generally the predominant compound. The proportion of MPT to TPT
in pecan leaves increased with time after spraying, since MPT is indicative

2+ hv
Fe(OH)" —m8 —» Fe?* + *OH
A >295 nm
(solar emission)
® ®
Sn(Ph), Sn(Ph), TPT + Fe(Ill)
+ *OH —— OH hv l H0
DPT, Phenol, TPTOH and DPTOH
TPT o
p)
hv l HZO
® Sn(Ph);0eH50, ¢ MPT, Phenol, TPTOH and MPTOH
j OH hv l H,0
H,0, CO,, Sn inorganic
Sn(Ph),
TPTOH + OH + HO,-

l H,0
(Ph),sn?® QOH +  «OH

DPT
phenol

Scheme 2 Degradation of TPT by photoredox process taking place in iron(III) aquacom-
plexes [44]
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of the photolytic degradation of TPT. The microbial degradation of a radi-
olabeled TPT in soil or sediment samples was slow, with only 5% degraded
during a 14 day incubation period.

With regard to the organotins in aqueous systems, less is known about
the patterns of degradation. The reason for this is that, in general, with the
organotin compounds, their aqueous solubility decreases as the length of the
alkyl chain increases, and tributyl- and triphenyltin compounds have solu-
bility’s typically of only a few ppm as shown in Table 2. Maquire et al. [45]
showed that the UV degradation of tributyl species in water occurs in nat-
ural sunlight and the environmental half-life of tributyltin oxide (TBTO) in
water was estimated to be approximately 89 days [45]. Hence, obviously, UV
degradation is only important in situations where the organotins are exposed
to sunlight and is important close to the surface of water because seawater
contains a large amount of suspended solid and the organotins have a high
affinity for the soil and sediment [24].

In Brest naval harbor water from September 1993 to December 1997, the
levels of contamination were more or less the same (14-75ngL™!) during
the four-year study period. The variations of the DBT concentrations showed
a seasonal pattern and had a statistically significant relationship with those of
water temperature [46]. This lends support to the hypothesis of a dominant
effect of microbiological activity (favored by the increase in temperature) in
the degradation of TBT.

A colder temperature slowed the degradation as shown in Table 5 [47-51].
This evidence also shows that the degradation of TBT takes place by micro-
organisms.

Table5 Degradation of TBT in the marine environment [47-51]

Comments Initial TBT Reaction Half-life Rate Refs.
concentration order constant
(ngL™)

Natural water

radiolabeled TBT 0.615 First 3.5 days 0.20/day [48]

ambient marine water 0.57 6 days [49]

natural water 0.8 First 60 days [49]
(at 5°C)

filtered seawater 0.55 First 2.5 days 0.28/day [50]

Sediment

sediment cores 0.3 First 1.85 years  0.375/y [51]

from a marina

Biota

eelgrass grown in 0.14 First 9.6 days 0.072/d [50]

TBT-spiked seawater
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14C-labeled triphenyltin acetate, TBTO, TBT fluoride and TPT chloride in
soil could be broken down to inorganic tin; since carbon dioxide was evolved,
and since as a similar breakdown did not occur in sterile soil, the degra-
dation was ascribed to the ability of certain microorganisms to metabolize
the organotin compounds [24, 52-55]. Gram-negative bacteria Pseudomonas
aeruginosa and Alcaligenes faecalis and green alga, Ankistrodesmus faecalis
are reported as deakylation organisms [56, 57].

Sheldon [55] reported the breakdown of “C-labeled TBTO in soil and
showed that its degradation occurred faster under aerobic rather than anaer-
obic conditions.

Mussels are used as biomonitors to evaluate the concentrations of the
organotin compounds in Dutch fresh water at two locations near potato crops
that were sprayed with TPT at the end of the summer of 1992 [58]. The
half-life times in the field were calculated to be 100 to 200 days for TPT as
shown in Table 6 [58-62]. TBT is more easily depurated by zebra mussels than
TPT [58].

The biodegradation of TBT and DBT in unfiltered seawater in sum-
mer is rather fast; their half-lives are about a week. But pretreatment
with a glass fiber filter makes the half-life of TBT much longer (about 80
days) [63].

The organotin compounds are mainly degraded by microorganisms, and
this is the depuration of organotin compounds by organisms. This depuration
can be done not only by microorganisms but also by many other organisms
such as mussels, fish and mammals under not so high concentrations of the
organotins.

Table 6 Uptake and depuration rate constant of TBT and TPT for the zebra mussel (Dreis-
sena polymorpha) and other organisms [58-62]

Compound Organism Study type T2 (day) Refs.
TPT Dreissena polymorpha  field 20089 [58]
TPT Dreissena polymorpha  field 105449 [58]
TBT Dreissena polymorpha  field 26% [59]
TBTO Mytilus edulis lab (18 °C) 2-14 2 [60]
TPT Mytilus edulis field 133 2 [61]
TPT Poecilia reticulate lab (22 °C) 49 [61,62]

% Ty, was calculated after transplantation to a clean area by Becker van Slooten and
Tarradellas [59]. In another study by Laughlin et al. [60], the animals were transplanted
from the field to laboratory aquaria for elimination studies. In a study by Shiraishi and
Soma [61], the mussels were not transplanted, but the decrease in body concentrations,
after the legal restriction on TPT application, was investigated
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Scheme 3 Speculated pathway of TBT chloride metabolism [64]

The acute oral toxicity of TBT chloride in rats (LDsg) is 122-349 mg TBT
kg™! body weight (see Table 3). However, mammals such as rats are able to
metabolize a small amount of TBT compounds. For example, Wister rats,
which are orally administrated at a dose of 2 mg TBT kg~! body weight after
12 h of fasting, were investigated for 7 days and n-butyl(3-carboxypropyl)tin
compound in the liver and n-butyl(3-hydroxybutyl)tin compound in the kid-
ney were found as the main metabolites, respectively. Matsuda et al. spec-
ulated the pathway for progressive removal of the organic groups from tin
atoms as shown in Scheme 3 [64].

The depuration of TBT with mussel, Mytilus edulis was determined by
the analysis of dissected organs. A transplant study showed that the depu-
rations of TBT from gill tissue and digestive gland tissue are biphasic two-
compartment processes involving a rapid TBT loss process and a concurrent
slower TBT depuration process as shown in Table 7 [65]. Whole-body and go-
nadal tissue depuration followed a slower monophasic depuration process.
Depuration half-life values range from 2.2-5.3 days for the fast depuration
component and 28-69 days for the slow component [65].

Table 7 Half-life values for TBT and DBT depuration from various tissues in mussels [65]

Tissue TBT rapid TBT slow DBT

Ty, (day) T1/2 (day) T1/2 (day)
Whole animal - 69 115
Gonad - 28 58
Digestive gland 5.3 58 35

Gills 2.2 53 36
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3.3
Half-lives of Organotin Compounds in Seawater and Sediment

After the environmental problems of organotin antifouling paints became
evident, the stability of the organotin compounds such as TBT and TPT com-
pounds in terms of the half-lives have been reported in many articles. These
organotins are degraded by hydrolysis in water with sunlight and microor-
ganisms at a room temperature. Hence, data for the half-lives in natural
seawater, in fresh water or in pure water in the laboratory vary with the in-
tensity of light, temperature, types or amounts of organisms, flow rates of
seawater, types or amounts of ions in seawater, and amounts of the organotin
compounds.

In 1983, the degradation of the TBTO as a representative organotin com-
pound in water was reported. Its aqueous solubility at 20 °C is 0.7-7 mg L
at pH 5-7 and the vapor pressure is estimated to be 6.4 x 10”7 mm Hg. Dis-
solved in water, it neither volatilized nor lost butyl groups over a period of
at least 2 months in the dark at 20 °C; in sunlight, however, it underwent

Table 8 Degradation of organotin compounds in water [67, 68]

Organotin, Halflife =~ Comment Publication Refs.
medium (days) (initial concentration) year

TBT, seawater 4-19 1989 [69]
TBT, seawater 6-7 (0.5png/L) 1989 [70]
TBT, seawater 17 open seawater (28 °C) 1986 [71]
TBT, seawater 6-13 in sunlight, San Diego, USA 1996 [72]
TBT, seawater 7-19 in the dark, San Diego, USA 1986 [72]
TBT, seawater 6 in sunlight, San Diego, USA 1988 [73]
TBT, seawater 13 in one location, no degradation 1988 [74]

over 15 days in the dark,
Osaka, Japan

TBT, seawater 4-19 in sunlight, USA 1989 [75]
TBT, seawater 15 Italy 1990 [76]
TBT, seawater 6 in the light, '*C TBT (2 jug/L) [77]
7 in the dark, USA, marina 1988

TBT, seawater 17 open seawater 1996 [71]
TBT, seawater 60 at5°C 1987 [78]
TBT, estuarine 6-7 at 28°C 1996 [71]
TBT, estuarine 7-14 at 22-28°C in the dark 1988 [74]
TBT, estuarine 7.77 0-39 days 1998 [80]

2.55 for first 10 days

13.4 after 11 to 40 days
TBTO, fresh water >89 in sunlight 1983 [66]

TBT, fresh water 26 in winter, in lab window 1992 [81]
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slow (t1/2 >89 days) photolytic decomposition, by stepwise debutylations to
inorganic tin [66].

The half-lives of the organotin compounds in seawater are several days to
several months; however, those in sediment have been reported to be about
1 to 15 years. These data show that the stabilities of the organotin in natural
seawater are surprisingly higher than those previously indicated. In particu-
lar, in sediment the stabilities of the organotins are very high. The data for
the half-lives of organotin compounds including the above data, are shown in
Tables 8, 9 and 10 [66-96].

Lee et al. [97] reported the TBT degradation in low concentrations
(< 5ngL7!, both radiolabeled and unlabeled) in estuarine waters along the
Georgia coast (USA) with half-lives ranging from 3 to 6 days under light and
from 7 to 13 days in dark conditions. Evidence suggests that microalgae play
important roles in TBT degradation in sunlit coastal water. TBT degradation
rates were high in light as compared with those of degradations in the dark.
Further, after adding nitrate for growth of microalgae, for example Skele-

Table9 Degradation of organotin compounds in sediments [67, 68]

Organotin, Half life Comment Publi- Refs.
medium (initial cation
concentration) year
TBT, sediment  about 2.5 years Aukland, 1995 [82]
New Zealand

TBT, sediment  about 8.7 years Vancouver, Canada 1997 [83]

TBT, sediment 2.1 years 1995 [84]

TBT, sediment  1.85 years, first order Aukland, 1989 [85]
0.375/year, estimated from New Zealand
sediment core data (TBT: 0.759 ngSn/g)

TBT, sediment > 8-15 years, estimated Arcachon Bay, 1990 [86]
from sediment core data, France

TBT, sediment 6.9 years, estimated from  Chinhae Bay, 1998 [87]
sediment core data, Korea

TBT, sediment 2.1 years, estimated from Oleron Island, 1995 [88]
sediment core data France

TBT, sediment  100-800 days, faster under Japan 1995 [89]
aerobic conditions than
anaerobic conditions

TBT, sediment 460 days Toba Bay, Japan 1992 [90]
anaeroabic sediment

TBT, sediment  360-775 days UK 1993 [91]
surfacial sediment

DBT, sediment 1.9 years 1995 [84]

MBT, sediment 1.1 years 1995 [84]
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Table 10 Degradation of TBT compounds in water/sediment mixtures [67, 68]

Organotin, Half life Comment Publication Refs.
Medium year
Entuarine/sediment 3.8 years Georges River, Australia 1993 [92]

estimated from
sediment core data
Entuarine/sediment 0.9-5.2 years Southeast England 1993 [93]
estimated from
sediment core data

Fresh water, 1.2 years Much longer in 1993 [94]
estuarine/sediment anaerobic sediments

TBT, fresh water/ > 11 months Sterile 1978 [95]
sediment

TBT, fresh water/ 4 months Toronto Harbor, Canada 1988 [96]
sediment

tonema costatum and Skeletonema tropicum, their half-lives become only
approx. 2 days (see Fig. 7) [97].

Adelman et al. [98] studied radiolabeled TBT in a 13-m> marine enclo-
sure with a near-natural water column and benthos. TBT and its degradation
products were monitored for 278 days. TBT concentration in the water col-
umn (initially 590 & 20 ng L™!) decreased at a rate of 0.20 g! for 15 days and
then slowed to 0.10 day™' [98]. Lines were fit to the data and first-order re-

TBT
air a portion of TBT
fast 2/3
TBT > DBT —> MBT
seawater
1/3
> MBT
sediment 1
TBT very slow DBT

Fig.4 Radiolabeled TBT into a 13-m® marine enclosure with near-natural water column
and benthos [98]
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moval rates were shown. Most of the TBT was lost from the water column
through biodegradation which occurred at a rate of 0.08 day!. Two-thirds of
the degradation proceeded through debutylation to DBT which in turn de-
graded to MBT at ~ 0.04 day~!. One-third of the TBT was degraded directly
to MBT in the water. Another portion of the TBT removed from the wa-
ter column was apparently transported rapidly to the air-water interface to
a measurable degree, and then lost from the tank as shown in Fig. 4 [98].

De Mora et al. [85] reported on sediment cores collected from Tamaki Es-
tuary in Auckland, New Zealand in 1989. The data from three stations were
used for the determination of a degradation rate for TBT in the sediment. The
core profiles from these stations display a high degree of internal consistency
when corrections are made for the differing sedimentation rates at each of
the stations. A plot of the natural logarithm of concentrations against time
yielded a straight line in all cases, thereby indicating that the degradation was
a first order kinetic process. The average degradation rate was 37.5%)/year
giving a half-life of 1.85 year [85].

4
Bioaccumulation and Sediment Accumulation of Organotin Antifoulants

Many studies have shown that TBT is not persistent in most natural wa-
ters. However, the tendency of TBT to accumulate in sediment and biota
implies that degradation processes operating in the sediment and biota will
be of greater importance in determining the overall persistence of TBT in the

[TBT],, (mgkg™]
10° 10° 1
T T T T T T T T T
seawater A
freshwater ————
sediments —
harbor sediments
sewage sludge ——
algae —
mussels ——
fish ——
mammals —
I 1|0,12 T T 110_9 T T 1|()5 =T 1
[TBT],, [mol kg

Fig.5 Range of measured TBT concentration in different compartments of aquatic envi-
ronments [99]
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marine environment. Of particular concern is the stability of TBT in con-
taminated sediment where biodegradation processes may be inhibited [47].
Because of the long persistence of TBT in sediment, sediment may be a big
reservoir for TBT in some locations [67].

The concentrations of TBT in seawater, sediment, fish, etc., are shown in
Fig. 5 [99]. The concentrations are different (10°-10° times) between the sea-
water or freshwater and sediments or fish. These data show that TBT is stable
in the sediment, sludge and living organisms such as algae and fish. Bioaccu-
mulation factors for TBT, range from 400 to 50 x 10* for fishes, 1500 to 2.2 x
10* for molluscs and were > 3 x 10° for algae [67].

The main ingredient of the sediment is oxygen in the form of metal
oxides, and those of fish and shellfish are proteins containing nitrogen elem-
ents as amino acids. The organotin compounds easily form a five- or six-
coordination state by which the tin element is coordinated with electronega-
tive atoms such as nitrogen, oxygen, sulfur or phosphorus [16]. In particular,
the organotin compounds very easily form the five- or six-coordination state
by the coordination of three sites with alkyl or phenyl groups and two or
three sites with the oxygen or nitrogen atoms of metal oxides or proteins
(R3SnL!L? or R3SnL'L?L?). Therefore, the organotin compounds show high
affinities to those substances containing nitrogen or oxygen atoms. This is
the first characteristic property of the organotin compounds described in
Sect. 2.1.

5
Biomethylation of Organotin Compounds

Biomethylation proceeds through microorganisms such as bacteria hav-
ing a methylating capability [100-105]. The principal naturally occur-
ring methylating agents are: (a) methylcobalamin (vitamin Biy); (b) S-
adenosylmethionine (methyl-group donor, active methionine); and (c)
methyl iodide (probably formed by the methylation of the iodide ion by S-
adenosylmethionine) [100]. Biomethylation is known in the methylation of
metals such as mercury, arsenic, lead, chromium, tin, palladium and thallium.
For example, methyl mercury compounds are produced from inorganic mer-
cury in sediment by anaerobic bacteria through the action of the methlylating
agent, methylcobalamine [100].

The main methylating agent for tin compounds is believed to be methyl-
cobalamin (CH3CoBj;), although the other methyl donors may be involved in
extracellular reactions, e.g. methyl iodide, CH3I [32].

The first laboratory studies on inorganic tin compounds were conducted
in 1974 by Huey et al. [106] using pure cultures of tin-resistant Pseudomonas
bacteria from Chesapeake Bay. Incubation with SnCly - 5H,0 led to the pro-
duction of what was believed to be a dimethyltin species [24]. The aquatic
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Table 11 Aquatic environmental occurrence of methyltin compounds [24] ?

Medium
Location

Drinking water
Florida

Fresh water
Florida

Lake Michigan

Rivers in

Southeast, USA

Rhine River, Germany
Main River, Germany
Ontario

Estuarine water
Florida

Baltimore Harbor

Seawater
Florida

California

Rain water
Florida

Sediment
General

Fish
(Upenelus molluccensis
and Mullus barbatus)

Seaweed

Algae
San Diego Bay

2 This table is revised from the table which Wilson, Nicholson and Prosser presented in

MeSn**
(molLSn~! or
mol kgSn™!)

4.20x 10712
-6.81x 107!

<8.40x 1074
-1.01 x 10710
2.49 x 10711
-7.90 x 107!
n.d.-1.18 x 10711

5.92 x 10710

5.04 x 10710
-1.01 x 1078

<8.40 x 10714
-7.14x 10711

<8.40x 10714
-1.26 x 10710
n.d.-3.33 x 10711

5.04 x 10712
-1.85x 107!

n.d.-8.91 x 1078
(dry weight)

2.27 x 1077
(dry weight)
1.40 x 1077
(dry weight)

n.d.-4.99 x 10~°

(dry weight)

ITIR Publication No 669 in 1986 [24]

Me,Sn?*
(molLSn™! or
mol kgSn~!)

3.36 x 10712
-1.85x 107

8.40 x 10714
-6.30 x 1071
n.d.-2.86 x 10710

n.d.-2.61 x 10711

1.77 x 107°
3.4 x 10712
n.d.-3.36 x 10~°

5.88 x 10712
-3.86 x 107!
<4.20x 1071
-4.12x 107

5.04 x 10712
-5.88 x 107!
n.d.-2.04 x 10710

<8.40x 10714
-6.22 x 10711

nd.-1.13 x 10~
(dry weight)

2.31x 1078
(dry weight)
3.11x 1077
(dry weight)

1.82x 107°
-1.00x 1078
(dry weight)

Mes3Sn*t
(molLSn~! or
mol kgSn™!)

4.20x 10712
-2.02x 10711

<8.40x 1074
-6.39 x 10711

n.d.-1.43 x 10711

1.35x 1071
2.5x 10712

<8.40 x 10714
-3.36 x 10711
<420x 1071
-1.68 x 10710

<8.40x 10714
-8.23x 10712

<8.40x 10714
-9.24 x 10712

n.d.-1.63 x 1077
(dry weight)

1.05 x 1077
(dry weight)
7.56 x 107
(dry weight)

n.d.-1.50 x 10~°

(dry weight)

Refs.

[107]

[107]
[108]
[109]

[109]
[109]
[110]

[107]

[114]

[107]

[108]

[107]

[111]

[111]

[112]

[113]
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Table 12 Aquatic environmental occurrence of tetramethyltin and butylmethyltin com-
pounds [24] ?

Medium Me4Sn Bu,SnMe, BuszSnMe Refs.
Location (molLSn~! or (molLSn™! or (molLSn™! or
mol kgSn™!) mol kgSn™!) mol kgSn™!)

Estuarine water

Baltimore Harbor < 8.40 x 107!! [114]
-2.52x 107

Invertebrates

California coast n.d.-3.35x 1078 [115]
(dry weight)

Algae

San Diego Bay n.d.-6.98 x 107 [115]
(dry weight)

Sediment

Ontario n.d.-4.68 x 10°® n.d.-4.68 x 1078 n.d.-7.47 x 1078 [57]

(dry weight) (dry weight)
Port Dover Harbor 10.943.6 (ugkg™) 12.3+3.1 (ugkg™) [116]
Top 2 cm (dry weight) (dry weight)

2 This table is revised from the table which Wilson, Nicholson and Prosser presented in
ITIR Publication No 669 in 1986 [24]

environmental occurrence of methyltin compounds is shown in Tables 11 and
12 [24,107-117].

Vella and Vassallo reported on TBT-contaminated sediment from Mars-
amxett Harbor, Malta, placed in 0.5 L chambers through which air was dis-
placed by continuous pumping for 11 days, which released mainly methyl-
butyltins with concentrations (as for tin) reaching a maximum at 48h
showing mean values of 8.7 (Me3SnBu), 22.1 (Me;SnBuy) and 93.0 ng m™>
(MeSnBu3) [118].

Marine sediment contaminated with TBT residues can host methyl-
butyltins, presumably formed by the environmental methylation of TBT and
its debutylated metabolites. These substances are far more volatile than polar
TBT, DBT and MBT, and would be released into the atmosphere from sedi-
ment that has been dredged up from the sea and allowed to dry on land.
The preliminary results presented here suggested that air pollution from such
sediment is probably minor; however, more work is necessary to establish
the extent of this problem, especially in situations where the vapors emitted
can be accumulated in some way, and also in regard to any ecological effect
caused by any land uses to which a consideration similar to the sediment may
be applied [118].

Recently, Amouroux et al. [119] reported on volatile organotin compounds
in the Arcachon Bay (southwest France). These compounds, formed by the
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biomethylation of organotin compounds, were found both in silt and sand.
The methylation products are mono-, di-, tri- and tetra-methyl derivatives.
The tetraorganotins do not generally have highly physiologically active prop-
erties; therefore, they are used mainly as intermediates for the production
of other organotin compounds. The amount of monomethytin compounds is
about half of that of the total methyltin compounds in the silt sample and is
about 1/10000 of that of TBT. Hence the total amount of these products is
very small compared with that of the TBT compounds. At present, the volatile
methyl derivatives are considered to be of little concern in causing environ-
mental problems.

Volatile butylmetyltin compounds formed by the biomethylation were re-
ported in the 1980s by Maquire and coworkers [120, 121], Rapsomanikis
and Harrison [101], recently by Yonezawa et al. [105], and Vella and co-
workers [104,122-124]. In 1994, Yonezawa et al. [105] reported that these
biomethylations represent one path of degradation of the triorganotin com-
pounds through microbial activities in the sediment. The degradation of
the triorganotin compounds proceeds by two methylation reactions with
a sulfate-reducing microbial activity and debutylation with a nitrate-reducing
microbial activity.

6
Degradation of Organotin Compounds by Organisms and Their Metabolites

Yamaoka et al. [125-134] screened TPT-degrading bacteria with a simple
technique using post-column high-performance liquid chromatography with
3,3',4/,7-tetrahydro-fluavone as a post-column reagent for the determination
of TPT and its metabolite, DPT. They found that TPT degradation was cat-
alyzed by low-molecular-mass substances in the extract [126].

Yellow compound pyoverdins were isolated from Pseudomonas chloro-
raphis. The degradation of TPT by pyoverdin (20 mg) was carried out in
distilled water (30 ml) containing 6 pg L™ concentration of TPT at 20 °C for
96 h in aerobic conditions. TPT and DPT in seawater were degraded to MPT
with pyoverdins [127]. The degradation of TPT in seawater increased with
elevating temperature between 4 and 37 °C. The optimum degradation of
TPT in seawater was observed at pH 7-8.5. The degradation of TPT and
DPT in distilled water can be faster than in seawater. Also, the degradation
of TPT in both water and seawater was faster than that of DPT while TBT,
DBT, MBT and MPT in water and seawater were not degraded by the py-
overdin [127].

The TPT-degrading bacterium Pseudomonas chlororaphis CNR15 produces
extracellular yellow substances to degrade TPT. F-I is suc-pyoverdin from
P. chlororaphis ATCC 9446, which is a peptide siderophore produced by fluor-
escent pseudomonads. F-ITa and F-IIb are also pyoverdins [130]. F-I and F-IIa
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degraded TPT to MPT via DPT and degraded DPT and DBT to MPT and MBT,
respectively.

The TPT-degrading activity of F-I was remarkably inhibited by the add-
ition of metal ions chelated with pyoverdin. On the other hand, the activity
of the F-I was increased 13- and 8-fold by the addition of Cu?* and Sn**,
respectively. These results suggest that metal-chelating ligands common to
pyoverdins may play important roles in the Sn-C cleavage of the organotin
compounds in both the metal-free and metal-complexed states as described
below (see Fig. 6) [130].

Using a screening technique based on pyrocatechol violet colorimetry for
the detection of TPT metabolites, DPT, MPT, and inorganic tin were iso-
lated. An isolated strain CNR22, Burkholderia cepacia was identified. The
organotin degradation activity was observed in the culture supernant of
the strain CNR22 grown without organotin; the reaction was catalyzed by
low-molecular-mass iron chelators of a microbial origin [133]. These four
substances are two azotochelins and two ornibactins [134]. The azotochelins

NHZ

Pyoverdiﬁei;e complex @
G}

O Qo a7
= @=(C=CE©

I: }':. €
Pyoverdine Pyoverdine-MPT
complex

Fig.6 The structure of pyoverdin from Pseudomonas chlororaphis CRN 15 possessing
TPT degradation activity. Proposed TPT and DPT degradation pathway involving the
complexation with pyoverdin. Scheme I, the physiological Fe-complexation of pyoverdin;
scheme II, the potential organotin cometabolism pathway by pyoverdin [131]

11



Chemistry and Fate of Organotin Antifouling Biocides in the Environment 43

show an activity for degradation of both TPT and TBT and the ornibactins
show a weak activity for degradation of DPT.

They reported the adsorption and degradation of TPT by immobilized
Pseudomonas chlororaphis CNR15 cells. The cells were entrapped in calcium
alginate beads. Pyoverdin, which is a siderophore that participates in the
degradation of TPT, was secreted from the immobilized cells, and the concen-
tration of the pyoverdin increases for at least one month, and DPT and MPT
are formed [132]. The degradation activity was influenced by temperature
and pH, and showed a maximum at 30 °C and pH 8.8 [132].

The pyoverdins also degrade DBT to MBT in seawater. The optimum
degradation of DBT in seawater was at pH 4.8-8.2, at a temperature of
25-30°C [129]. The TPT degradation by pyoverdin was markedly inhibited
by transition metal ions, Zn** and Sn**, while under the metal-free condi-
tion, its degradation seems to form a stable 1: 1 complex with MPT without

©-Filtered estuarine &-Estuarine water.

water (sunlight exposed) (sunlight exposed)
O-Estuarine water ®-Estuarine water with added
(dark) nitrate (sunlight exposed)

TBT (pg/liter)
o
T
o /

I\
00 T I¥¥

0 2 4 6
Time (days)

Fig.7 Degradation of [!4C] TBT added to Skidaway River water under dark and natu-
ral sunlight conditions [97]. The initial concentration of ['*C] TBT was 1.0 pgL™!. For
filtered samples water was passed through a 0.2-um filter. For the added nitrate study
there was an addition of sodium nitrate (10 mgL™!), which resulted in a chlorophyll
concentration of 21 jugL™!. Initial chlorophyll concentration in the estuarine water was
6 ugL!. Vertical bars represent one standard deviation with n = 3. TBT degradation was
significantly higher (P = 0.05) in the light compared with dark degradation



44 I. Omae

releasing an intermediate, DPT [130]. The optimum pH for the activity was
pH 7.5 to 8, and the relative activities were reduced to approximately 40-50%
at pHs 5.5 and 9.5 [126]. These observations suggest that the chelating residue
of pyoverdin may participate in a nucleophile attack at the tin atom and dur-
ing the protonation of the phenyl group of TPT, to form more stable DPT- and
MPT-pyoverdin as shown in Fig. 6 [131].

The half-lives of TBT in an estuarine river along the Georgia coast (at the
low concentration of TBT (< 5 ngL™!) range from 3 to 13 days. Evidence sug-
gesting that microalgae play an important role in TBT degradation in sunlit
coastal water included the following:

1. TBT degradation rates were high in light compared to that in dark
degradation and there was no evidence of TBT photolysis because the TBT
degradation does not practically proceed in filtered estuarine water in sun-
light as shown in Fig. 7.

2. (Hydroxybutyl)tins and dibutyltin were the major degradation products
in the light and by the cultures of diatoms and dinoflagellates, while only
dibutyltin was observed in the dark.

3. The TBT degradation increased in sunlight when nitrate was added as
shown in Fig. 7 [97].

The degradation rates were always higher in sunlight-incubated samples
than those in the dark (Fig. 7). The TBT degradation was considered to in-
crease in the light because it is metabolized by the algae. Further support
for this conclusion was that the TBT degradation rates increased signifi-
cantly when nitrate was added to water before the samples were exposed to
sunlight. The half-life of TBT was 1-2 days in nitrate-supplemented water
(Fig. 7). The dominant algae in the normal and nitrate-supplemented estuar-
ine water were the diatoms Skeletonema costatum or Skeletonema tropicum
(summer months). Phytoplankton that can degrade TBT, included diatoms
(Skeletonema costatum and Chaetoceros curvisetus), and a dinoflagellate (Pro-
centrum triestium). Green algae (Dunaliella tertiolecta) and chrysophytes
(Isochrysis galbana and Cricosphaera ricoco) showed a very limited ability to
degrade TBT (Table 13 [97]). The stimulation of algal growth may be of use in
enclosed aquatic areas with the organotins, since dense algal cultures may be
able to rapidly degrade these organometallic compounds [97].

Tsang et al. [135] investigated two microalgal species, Chlorella vulgaris
and Chlorella sp. for their capabilities in degrading TBT at its sublethal con-
centration. The biosorption of TBT by the algal cell wall was the major
mechanism in reducing 40% of the initial TBT from the medium in the first
2 days. The half-life of TBT incubated with C. vulgaris was 60 h while that
with Chlorella sp. was 80 h. At the end of the experimental period of 14 days,
27 and 41% of the original TBT were recovered as DBT and MBT in the cul-
tures of C. vulgaris, respectively [135]. The capability of such debutylating
processes therefore accounts for the higher tolerant ability of C. vulgaris than
that of Chlorella sp. [135].



Chemistry and Fate of Organotin Antifouling Biocides in the Environment 45

Table 13 Degradation of TBT by marine algae [97] ?

Algae species Concentration °, ugL™!

TBT DBT Hydroxylated Polar

products products

Diatoms-Bacillariophyta
Skeletonema costatum 0.1 0.2 0.1 0.04
Chaetoceros curvisetus 0.20 0.11 0.05 nd
Dinoflagellates-Pyrrhophyta
Procentrum triestinum 0.30 0.05 0.01 nd
Golden algae-Chrysophyta
Isochrysis galbana 0.40 nd nd nd
Cricosphaera ricoco 0.35 0.02 nd 0.01
Green algae-Chlorophyta
Dunaliella tertiolecta 0.40 0.05 nd nd

2 Algae were cultured in seawater media. ['*C] TBT was added to cultured algae to give
an initial concentration of 0.04 pgL~!. After 2 days the algae culture containing TBT was
extracted and analyzed for TBT and metabolites

b nd, not detected (< 0.01 ugL™)

The fate of TBT with a subtropical seagrass bed including Thalassia tes-
tudinum and associated fauna was studied over 3 or 6 weeks by dosing weekly
for 24 h with *C-labeled TBT. The TBT was rapidly removed from the wa-
ter column (half-life of 10-20 h), primarily through absorption onto sediment
and seagrass leaves. By contrast, 12 microcosms that received similar TBT
doses but that contained only seawater had TBT removal half-life of 2-7 days.
The accumulation of TBT in sediment and grasses was temporary, however, at
harvest, the seagrass microcosms contained just 20-30% of the *C that had
been adsorbed or assimilated during dose periods, and half of this label was
in degradation products. The principal mechanism of TBT loss from solids
was degradation followed by the desorption of degradation products (largely
monobutyltin and CO; which are more soluble than TBT) [136].

7
Conclusions

The organotin compounds have a high affinity to sediment and organisms.
Hence, the organotin compounds tend to be accumulated in the sediment and
organisms, though they are degraded relatively rapidly in seawater or fresh-
water mainly by microorganisms.

Many countries started to ban the use of the organotin antifoulants for
small vessels in the late 1980s. Consequently, in France, UK, USA, Canada,
Australia, Japan, Spain, Norway, Switzerland, etc., decreases in TBT have been
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generally observed in the environment since the ban, particularly in areas
dominated by the small craft affected by the ban. However, in a few areas fre-
quented by large ships, the organotin compounds continue to be input to the
surface of the sediment, especially, in some harbors in Mediterranean coun-
tries such as Spain, Italy and Greece, and in northern Europe, etc.

Therefore, recently, the number of articles investigating depuration of the
organotin compounds by organisms have increased. Yamaoka et al. found two
kinds of microorganisms, Pseudomonas chlororaphis and Burkholderia cepa-
cia capable of degrading TPT. Dinoflagellates, diatoms, mussels, green algae
and chrysophytes, etc. are able to depurate TBT in seawater. Biomethylation
is also considered a depuration mechanism of the organotin compounds. The
results of these researches may be utilized for depuration of high concen-
tration areas of TBT and TPT such as areas frequented by the larger ships,
seawater near a dry dock and aquaculture with fish nets using organotin an-
tifouling paints. These may also be used for the treatment of waste water from
dry docks and for the treatment of cooling water from power plants.

Generally, recently, the concentration of organotin compounds in seawa-
ter has tended to decrease in the world through restrictions for small boats
and because of their fast degradation properties in seawater, though they have
accumulating properties in sediment and organisms. Furthermore, with the
help of these depuration technologies, we hope that the marine environment
improves in the world up to the point in time when environmentally friendly
best alternative antifouling paints are used routinely throughout the world.
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Abstract Tributyltin still remains a major issue for the marine environment and its de-
termination is mandatory by legislation in several countries. As for speciation analysis in
general, organotin analysis is a highly complex analysis with a long and laborious sample
treatment procedure prone to various errors. It is widely recognized that the contribution
of sample treatment to the total calculated uncertainty of a method is much larger than
the contribution from the instrumental analysis. Furthermore, in contrary to instrumen-
tal analysis, sample treatment is far from being under control. Extraction, derivatization
when needed, and preconcentration are usually carried out by exploiting a large var-
iety of reagent combinations and techniques characterized by different efficiency and
reproducibility.

In this chapter new approaches in sample treatment procedures for organotin spe-
ciation that have emerged within the last 5 years are presented schematically and
discussed briefly underlining the main advantages and disadvantages of the individual
solutions.

In the extraction and preconcentration steps the new tendencies are oriented towards
the use of reduced-solvent or solvent-free systems, such as accelerated solvent extraction
(ASE) or solid phase micro extraction (SPME). Derivatization has seen no significant de-
velopments within the last 15 years. The most significant development has probably been
achieved in instrumental analysis with the application of isotope dilution techniques in
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order to trace the transformation/degradation of organotin species during the sample
preparation steps. This technique will presumably become the most powerful tool for
optimizing and validating extraction methods in the near future.

Keywords Derivatization - Extraction - Organotin species - Preconcentration -
Sample treatment
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1
Introduction

The release of triorganotin compounds [mainly tributyltin (TBT)] from im-
mersed structures (mainly the hulls of boats, but also platforms) protected by
organotin-based antifouling paints has been (and still is) responsible for one
of the main problems of the direct, diffuse and continuous contamination of
the marine environment.

Since their introduction as an active ingredient of antifouling paints, which
dates back to the 1970s, there has been a great deal of evidence of its
worldwide impact on non-target marine organisms such as bivalves and gas-
tropods, and fish as well. Books, chapters of books and review papers have
provided detailed descriptions of the history of organotin contamination and
its effects on the marine environment [1-4].

Following the first legislations that limited the use but not the produc-
tion of organotin-based antifouling paints, enacted in the 1980s in several
countries following the example of France, several monitoring programmes
were carried out for evaluation of organotin contamination in the different
environmental compartments. However, reliability in the collected data was
difficult to be achieved, at the beginning due to the lack of suitable and val-
idated analytical methods for speciation analysis.

During the last 20 years outstanding progress has been made in the de-
velopment of analytical methodologies and instrumentation for speciation
analysis, which has given rise to an increased awareness of speciation-related
issues in the international community. Since the turn of the millennium sci-
entific publications on speciation still continue to proliferate, underlining
the vital importance of information about bioavailability, toxicity and elem-
ents, and the long established fact that the determination of total element
concentrations does not provide accurate information about the potential en-
vironmental and health impact of such elements. Frequently, papers report
that speciation analysis is today routinely performed in many laboratories to
control the quality of the environment, food and health, particularly in the
case of tributyltin and methylmercury. For these species, in fact, instrumental
analysis, including chromatographic separation and detection, can be consid-
ered today to be under control. However, there are still persistent difficulties
in the presently applied procedures of elemental speciation which generally
derive from the preceding steps—sample storage and sample preparation,
and considerable efforts are still required to overcome them [5-10].

The main reason for these difficulties lies in the complexity of sample
preparation required for the speciation of elements. It is indispensable to
preserve the nature/integrity of the target species while separating the max-
imum possible amount from the matrix. In some cases the concentrations
of target species may be extremely low even for the most sensitive tech-
niques which even render the application of a pre-concentration step ne-
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cessary. In addition, the sample preparation steps have to be harmonized
with the instrumental set-up chosen for determination. It is not surprising
therefore, that the experts of the field have recently made the overall conclu-
sion that sample treatment is one of the most challenging steps in speciation
analyses [3].

2
Sample Preparation Methods for Organotin Analysis

Sample preparation techniques for speciation analyses generally consist of
several steps [11]. The necessary steps depend on the physico-chemical char-
acteristics of the analytes to be determined and of the matrix to be analyzed.
Furthermore, the suitability of the sample preparation steps with the chosen
determination technique must also be assured.

Generally, the instrument combinations applied for speciation analysis are
composed of a selective and sensitive detector coupled with some chromato-
graphic separation step [high performance liquid chromatography (HPLC),
gas chromatography (GC), gel electrophoresis (GE)] to provide time-resolved
introduction of the analytes into the detector [5]. These separation tech-
niques, especially GC, establish certain physico-chemical requirements for
the analytes. This usually demands that the applied sample preparation pro-
cedure isolates the target species—by extraction—from the matrix and then
converts them into suitable forms for separation. Derivatization is the most
frequent approach to fulfil this task in the case where GC is chosen to carry
out the separation. Besides producing volatile and thermally stable species,
it reduces the occurrence of possible interferences during the subsequent an-
alytical steps, particularly at the detection stage. These two steps must be
considered crucial as low extraction efficiencies and/or low derivatization
yields may lead to the underestimation of the actual analyte concentration
in the investigated sample [8, 9]. Before the chromatographic separation, the
phase containing the derivatized target analytes is often submitted to purifi-
cation, by a so-called clean-up step. Furthermore, a preconcentration step
is often included in order to improve the limit of detection of the overall
method, mostly combined either with extraction or derivatization. These ma-
jor steps are often further composed of a series of minor operations such as
pH adjustment, agitation, change of solvent, phase separation, transfer from
one vessel to another, dilution, evaporation of organic phase etc. [6].

Each single one of these sample preparation steps (both minor and major)
is associated with possible sources of error. In general, all considerations that
apply to trace organic analysis, also apply to speciation analysis, but in add-
ition, due to the properties of the main target analytes of speciation analysis,
the organometallic compounds, particular precautions have to be taken [7],
specially for preserving the original form of the considered analytes.
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Considering the different steps, including instrumental analysis, extrac-
tion generally accounts for a significant percentage of the total error of an
analytical result, especially in speciation analysis and still much has to be
done to improve extraction efficiencies while assuring species integrity. Sev-
eral articles have been published so far with the aim of outlining an ideal
extraction method for speciation purposes, however, many arrived to the
conclusion that even in the case of two very similar sample types, slight mod-
ifications have to be carried out in the method conditions optimized on one
material, to adjust it to the other. Such a thing as the ultimate extraction pro-
cedure has not been found yet, for none of the species of concern, from any
matrix. Nevertheless, publications do propose methods for groups of sam-
ples, while underlining the sample used for the optimization of the method
parameters.

Recently, the main emphasis of developments in the tin speciation of ma-
rine samples has no longer concentrated on the improvement of method
detection limits, but on speeding up the lengthy sample preparation pro-
cedures and tracing the transformation/degradation of organotins that may
occur during the sample treatment steps. In this context, recent developments
in the field of sample preparation for speciation analysis have experienced
a steady shift from traditional technologies. The novel approaches prefer
(i) significant reductions in the use of organic solvents to decrease occupa-
tional hazards and problems of toxic chemical management; (ii) the appli-
cation of isotopically labelled compounds to trace species-specific recoveries
and alteration in the original speciation by degradation and/or possible oc-
currence of accidental species transformations such as transalkylation; (iii)
miniaturization that allows easier in-situ and on-site manipulation; and (iv)
the combination of previously well-separated sample preparation steps thus
reducing the overall time required for sample preparation and simplifying the
otherwise complex and time-consuming procedures [11-17].

The materials of marine origin can be divided roughly into three cate-
gories: water, sediment and biological materials. In this chapter the authors
aim to point out the recent applications, and highlight the new developments,
approaches and tendencies within the categories, especially concentrating on
the most challenging step of speciation, the sample preparation methods.

2.1
Sample Preparation Methods
for the Determination of Organotin Compounds in Seawater

Organotins are present in seawater at ngL~! levels. Their quantification,
therefore, requires highly sensitive techniques, and/or the collection of large
sample volumes together with the application of preconcentration methods.
Generally, the applied methods are (i) direct derivatization with organobo-
rates or hydride generation in an acidic medium followed by liquid-liquid
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extraction (LLE), solid-phase extraction (SPE) or solid-phase microextrac-
tion (SPME) of the derivatizated compounds; and (ii) LLE with non-polar
solvents [toluene, dichloromethane (DCM)] alone or in mixture with or
without complexing agents and in the presence or not of acidic condi-
tions and subsequent derivatization with Grignard reagents. After derivati-
zation, gas chromatographic separation followed by different detection tech-
niques such as mass spectrometry (GC-MS), tandem mass spectrometry
(GC-MS-MS) or flame photometry (GC-FPD) for the determination of the
species [18-21].

Martinez Vidal et al. [22] compared the use of LLE (using DCM, hex-
ane, diethyl ether, acetone, acetonitrile and their different mixtures) and solid
phase extraction (SPE) for the determination of eight organotin compounds
(MBT, DBT, TBT, TeBT, MPhT, DPhT, TPhT and TePhT), with a spiking ex-
periment, using DDTC (diethyldithiocarbamate) as the complexing agent.
With LLE low recoveries were obtained for all the compounds except for MBT,
but then the high values of MBT proved to be due to some interfering com-
pound. With the SPE method, good recovery values were achieved, but no
further details on recovery evaluation were reported in the paper. Tessier et al.
studied the extraction of volatile tin compounds from marine water by cryo-
genic trapping-GC-ICP-MS [23]. The high sensitivity and selectivity of the
ICP/MS detector coupled with cryofocusing assured detection limits below
1 fmol L! as tin. Felsvik et al. [24] studied whether semipermeable mem-
brane devices (SPMDs) are applicable to monitor organotin compounds in
the marine environment with time-integrated sampling. Triolein, one of the
main components of neutral lipids in numerous aquatic organisms, suitable
for concentrating organic contaminants, was used to fill the SPMD tubing

Table 1 Applied speciation steps for organotin determination in marine water reported in
papers published since 2000

Extraction Derivatization Preconcentration Analysis
e LLE: e hydride generation e SPME e GC-MS [18]
- DCM [21,22] [19] e cryogenic trap [23] e GC-MS/MS
- hexane [18,22] e organoborate: [20,22]
- toluene [20] - ethylation [18, 24] e GC-FPD [19,21]
- diethylether [22] e Grignard: o GC-ICP-MS [23]
- acetone [22] - pentylation [20, 22] o GC-AED [24]
- acetonitrile [22] - propylation [21]
- mixtures [22,24]
e SPE [22]

o SPMDs [24]
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for the sample treatment procedure that is based on imitating the neutral
bioaccumulation processes. This SPMD setup was indeed successful in accu-
mulating TBT and DBT from the water, but not MBT.

In respect of organotin analysis in seawater samples, it is worth stress-
ing that the development of sample preparation methods has mainly been
oriented to the reduction of time and to the use of solvent-free extraction
systems or those with reduced solvent need such as SPME or SPMD after
in situ derivatization. However, the complete validation of these methods is
far from being achieved, mainly because of reproducibility problems [12].
The summary of the most applied extractants, derivatizing reagents, pre-
concentration systems and instrumental techniques in the determination of
organotin species in seawater, derived from the literature published since
2000, is reported in Table 1.

2.2
Sample Preparation Methods
for the Determination of Organotin Compounds in Sediment Samples

Speciation from solid samples—restricted to sediments and biota in the case of
marine ecosystems—is obviously more challenging than from water. Although
the high salt content of seawater may cause difficulties in the determination step
(chromatographic separation and detection), the challenges of extraction, such
as the process of isolating the target analytes from complex cell structures and
biomolecules, and the number of possible errors are much higher.

Even if organotin compounds are not involved in mineralogical processes,
they strongly interact with particulate matter in association with a variety
of counterions, due to hydrophobic and/or ionic forces. The trisubstituted
(TBT, TPhT) compounds are mainly bound by hydrophobic forces, while the
monosubstituted ones (MBT, MPhT) by ionic forces. These forces influence
the efficiency of the different extraction methods.

In recent literature, leaching mixtures for organotin extraction have been
used in concert with various extraction devices, such as the Soxhlet, mechan-
ical shaker, sonication probe or ultrasonic bath, microwave and more recently
pressured liquid extraction (PLE). The most frequently adopted methods for
organotin extraction from sediments are leachings with acids or acid-polar
solvent mixtures. Acids with non-polar solvents and mixtures of different po-
larity grade solvents are seldom utilized.

The acidic conditions reduce the strength of mineral binding, break the
bonds between the matrix and the target organotin analytes and provide pos-
itively charged ionic species. The extraction of di-substituted (DBT, DPhT)
and, above all, mono-substituted organotin compounds (MBT, MPhT) from
the aqueous to organic phase is enhanced by the addition of a complex-
ing agent such as tropolone or diethyl dithiocarbamate. However, efficiency
should always be critically evaluated, especially under strong acidic condi-
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tions [25], and it has to be kept in mind that high complexing agent concen-
trations might adversely affect chromatographic separation.

The choice of acid for organotin extraction mainly falls on acetic or hy-
drochloric acid whereas the polar solvent mostly chosen is methanol [14, 15,
26-36]. The extraction is mostly assisted by mechanical shaking, microwave
energy or sonication [15, 18, 26,29, 31-41]. Several authors have reported on
the influence of, for example, sonication time, extraction temperature, ex-
tractant concentration and volume on the efficiency of organotin extractions
from sediments [41]. The leached compounds are then derivatized in the
aqueous medium, for example, buffered with AcOH/AcONa in the presence
of a polar solvent and analyzed by GC separation. Results indicate that one
of the most important factors within the extraction conditions is the acid
concentration, too strong acid conditions leading to significant organotin
degradation, mainly in the case of TPhT [42].

The influence of MW energy has been tested in several variations. From
the closed-vessel microwave system to open focused microwave systems, in-
tegrating several steps of the sample preparation procedure or following the
traditional step-by-step method. Yang and Lam [43] recently investigated the
extraction of organotins from sediment in a closed-vessel microwave system
with glacial acetic acid without a complexing agent. 6 min at 100 °C ensured
quantitative recovery in the HPLC-ICP-MS determination of all the three
butyltin species.

In extensive studies Ruiz Encinar et al. [14, 26] and Rodriguez-Gonzalez
et al. [15] compared and evaluated the efficiency of all together four different
solid-liquid extraction techniques—mechanical shaking, ultrasonic shaking,
microwave, ASE—on sediment reference materials (PACS-2 and BCR 646),
the extraction solution being a 3:1 (or 9: 1 with ASE) mixture of methanol
and acetic acid. The extraction time was higher than 4 h for mechanical shak-
ing and in the order of minutes for the other three techniques. The best results
in terms of butyltin recovery— quantitative for TBT and DBT—were pro-
vided by ultrasonication with a relatively short treatment time. Microwave
extraction provided adequate data for DBT and TBT but only in a narrow
range of MW conditions, while MBT seemed to be less prone to degradation.
Ambient temperature leaching with mechanical shaking also provided data in
agreement with certified values for all the three species, including MBT that
until then seemed to require harsher extraction conditions and even longer
extraction times (several hours) for quantitative recovery. A spike solution of
11855 and 11%Sn isotopes and the GC-ICP-MS technique, based on the deter-
mination of isotope ratios 120/119 and 118/119 for TBT, were used to check
for transbutylation, and no evidence of the phenomenon was found under
any of the tested extraction conditions.

In the last years, the application of ASE is becoming more and more
popular for organotin speciation. With carefully optimized extraction condi-
tions, it has been proven to give comparable results to ultrasonication and
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microwave-assisted extraction. The main advantage of ASE is that it allows
a significant reduction of time and has increased potential for being used
routinely. It is able to treat up to 24 sample at a time generating extracts in
about 10 min, and, therefore carries considerable advantages for routine lab-
oratories. Various extraction mixtures [1 M acetic acid in methanol, 0.5 M
acetic acid in methanol with 0.2% (w/v) tropolone and 1 M acetate buffer in
methanol] were tested with the same ASE settings (five static cycles of 5 min
at 100 °C) and coupled to HPLC separation and ICP-MS detection [27]. 0.5 M
acetic acid in methanol with 0.2% (w/v) tropolone proved to be the most ef-
ficient extractant. The work compares also the efficiency of the proposed ASE
method with conventional acid extractions (acetic acid—stirring overnight)
and medium polarity organic solvent extraction at acidic pH for the extrac-
tion of both butyl- and phenyl-tin compounds. The best overall extraction
results were always assured by ASE, providing quantitative recovery for all
the six compounds from spiked sediment samples. It has also been demon-
strated that extraction time does not influence recoveries and neither does
it induce degradation reactions, while static extraction temperatures above
110 °C do influence the decomposition factors [14, 15, 26]. Together with “iso-
topically labelled” spikes to check for possible degradation or transbutylation
reactions, it is a promising powerful technique.

Isotope dilution with in-house synthesized !'1®Sn-enriched organotin stan-
dards was applied to evaluate the efficiency of different extraction reagents in
the GC-ICP-MS analysis of sediment CRMs (PACS-2 and BCR 646). Extractants
of increasing ionic strength, from pure organic solvents to a mixture 1 : 1 with
concentrated strong acids were applied in combination with ultrasonication
and mechanical shaking [44, 45] in the presence as well as in the absence of
tropolone. Extraction conditions like HBr : water (1 : 1) and a methanol : acetic
acid (1 : 3) mixture gave results coinciding with the certified values for all the
three butyltin compounds, while extraction with tropolone in diethyl ether or
simply with HCl proved to be the most efficient for the phenyltin forms.

The use of complexing agents in organotin extraction have proved to be
mandatory on several occasions [27, 28], especially in order to extract the
mono-substituted compounds (MBT, MPhT), which tend to undergo strong
ionic interaction and/or surface complexation in complex matrices [28], and
the di-substituted compounds (DBT, DPhT) whereas TBT and TPhT are not
affected at all by the presence of complexing agents like tropolone [46].
The presence of 1% oxine (8-quinolinol) complexing agent in the extrac-
tion of organotin compounds from spiked marine sediment under acidic
conditions (various concentrations) with different polar solvents was found
to be necessary to improve the recoveries of organotin compounds. Re-
coveries of 84-100% were achieved for both the phenylated and butylated
compounds. Other methods with acidic conditions and non-polar solvent
mixtures mostly foresee the utilization of tropolone [47] or ammonium
pyrrolidine-dithiocarbamate (APDC) [48] as the complexing agent. A good
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performance was obtained also by Martinez-Vidal et al. [22], who extracted
sediment samples only with toluene in the presence of DDTC as the com-
plexing agent in an ultrasonic bath, achieving recoveries of organotin species
from spiked samples ranging between 96-108%.

The application of preconcentration methods is necessary to further in-
crease the detection limit of analytical methods. Solid phase microextrac-
tion [12, 29, 31, 34, 36, 39, 49], mostly utilized after polar solvent extraction in
acidic media, is becoming very popular also for tin speciation. The cryogenic
trapping of a continuously stirred suspension of sediment and water [23]
purged with He flow directly connected with a GC-ICP-MS system has also
proved to have a good potential for the analysis of samples with very low
organotin levels. For methyltin species, Gomez-Ariza et al. [50] utilized the
advantages of the pervaporation module as a preconcentration that allows
the direct determination of the species without preliminary treatment. After
preconcentration, the species to be determined were ethylated, separated
and determined by GC-PFPD. Recovery values in the range of 90-98% were
achieved for the mono-, di- and also the trimethylated forms with this ex-
tremely simple and easily automatizable method.

In the sample preparation of sediment samples for tin speciation, the main
developments within the last years concerned the extraction and precon-
centration steps. With the application of alternative energies —microwaves,
high pressure, ultrasounds—the efficiency of the extraction step has been
increased and the required treatment time has been decreased, whereas the
application of SPME has mainly improved the preconcentration step. On the
other hand, the derivatization step has continued to be carried out essentially
with the techniques developed twenty years ago. Furthermore, the possibility
of using isotope dilution techniques for tracing possible degradation and in-
terconversion of organotin compounds during sample treatment has become
more accessible to a larger number of laboratories.

A summary of the most applied extractants, derivatizing reagents, pre-
concentration systems and instrumental techniques in the determination of
organotin compounds in marine sediment, derived from the literature pub-
lished after 2000, is reported in Table 2.

23
Sample Preparation Methods
for the Determination of Organotin Compounds in Biological Samples

TBT present in the marine environment accumulates through the marine
food chain, resulting in the occurrence of this compound as well as its break-
down products in marine biota organisms. Due to their lipophilic characteris-
tics, organotin compounds may be incorporated in parts of organisms where
lipids are present in a higher quantity such as the entrails, gonads and gills.
These biological tissues offer the advantage of being highly soluble in polar
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solvents, which are used to leach/digest the biological matrices as much as
possible to remove the analytes from the binding sites.

The most-reported extraction methods for organotin compounds from
biota samples are also based on acidic digestion (mostly with HCI or acetic
acid) in the presence of a polar solvent which is mainly methanol [16, 17,
32,33,37,51-53]. The preference of methanol is due to its osmotic activity
that induces rapid bursting of the cells and facilitates the homogenization of
biological materials.

The extensive comparative study of Pellegrino et al. [6] proved that the
use of a methanol/tropolone/hydrochloric acid extraction mixture assisted
by ultrasound, out of 12 selected extraction methods (combination of organic
solvents of various polarity—methanol, dichloromethane, toluene, pentane,
hexane; the presence of a complexing agent (tropolone); the effect of different
acidic conditions—HCI, HBr, acetic acid; and different extraction devices—
ultrasonic bath, mechanical shaker, Soxhlet apparatus, microwave oven), pro-
vides the statistically most similar results to the certified butyl- and the
indicative phenyltin values of BCR 477 CRM.

As it has become popular for organotin extraction from sediments, pres-
surized liquid extraction has also been gaining popularity for the leaching of
marine biota samples. Wahlen and Catterick [51] utilized accelerated solvent
extraction in the determination of various organotin species in CRM samples
(BCR 477, candidate BCR 710) with the HPLC-ICP-MS technique achieving
accurate and precise results. A program of five static cycles of 5 min at 100 °C
and 1500 psi, with a solution of 0.5M sodium acetate/1.0 M acetic acid in
methanol was applied.

Wasik and Ciesielski [17] reached excellent extraction efficiencies without
significant species degradation by applying ASE parameters as follows: four
static cycles with a solution of 90% v/v methanol with acetic acid:sodium
acetate containing 0.03% w/v tropolone, at 800 psi and 125 °C. The most im-
portant factor affecting extraction efficiency turned out to be solvent compo-
sition and, in particular, the presence of the complexing agent. It considerably
improves DBT and above all, MBT recovery. The extraction efficiency of ionic
organotins with polar or medium polarity solvents is controlled by two op-
posite effects. On the one hand, the complexation of the ionic forms, MBT
in particular generates complexes that are less soluble in a medium polarity
solvent, and thus extraction decreases. On the other hand, the formation of
a tropolone-analyte complex that shields (owing to the steric effect) the ana-
lyte molecules from hydrogen bond forming functional groups of the protein
matrix, increases extraction efficiency. According to the authors, this latter
effect is prevalent and, consequently, the addition of tropolone does indeed
increase extraction efficiency.

Looser et al. [52] proposed the extraction of biological samples with
methanol/acetic acid by mechanical shaking at ambient temperature in the
dark followed by aqueous ethylation, LLE and GC-MS separation/determina-
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tion. The method allowed a fast (without a clean-up step for sample intakes
smaller than 500 mg), reliable (as showed by BCR 477 analysis), and sim-
ple determination (no special equipment like ASE, MW, etc. is required) of
organotin compounds in biological samples.

Even though the acid extraction in the presence of a polar solvent is
the most widespread method, leaching with acid and low or non-polar sol-
vents [22, 30, 54-56] and basic digestion with tetramethylammonium hydrox-
ide [18, 38,57-60] are also utilized with good recovery values and LOD at the
ng g~ level for each compound.

Alkaline conditions for organotin extraction are restricted to biotic sam-
ples and even then not applied very often and only with TMAH as the extrac-
tant [18, 38, 57-60]. The concentration of TMAH ranges from 20 to 25% and
is always aided by sonication or agitation. The temperature of the extraction
ranges from 50-60 °C and the time of extraction from 1 to 2 hours.

A summary of the most applied extractants, derivatizing reagents, pre-
concentration systems and instrumental techniques in the determination of
organotins in marine biota, derived from literature published after 2000, is
reported in Table 3.

3
The Commonly Applied Instrumental Techniques
for the Determination of Organotins in Marine Samples

A significant number of various instrumental techniques are reviewed in the
literature for the determination of organotin compounds [5, 11, 61-66].

The most commonly applied techniques over the last 20 years have been
based on gas and liquid chromatographic separation followed by different
types of detectors. In the case of gas chromatography, a derivatization step is
necessary prior to the separation, due to the low volatility of the target com-
pounds. The conversion of ionic alkyltins into gas chromatographable species
can be divided into two categories: (a) those based on in-situ hydridization
[with sodium borohydride (NaBHy4)] or alkylation (with most of all NaBEty
and NaBPry) in protic solvents [aqueous or (m)ethanolic environment]; and
(b) those based on the liquid-liquid extraction (LLE) of the ionic organotin
compounds and the following derivatization using Grignard reagents (methyl-
, ethyl-, propyl-, pentyl-, hexylmagnesium chlorides/bromides) in non-protic
solvents [9]. After derivatization a clean-up step is usually necessary unless the
derivatized compounds are directly determined by purge-and-trap analysis or
SPME is utilized to extract the derivatized compounds either from the aqueous
or the gaseous phase prior to the gas chromatographic separation [67].

Methods for the direct analysis of volatile organotin compounds, for ex-
ample, cryogenic trapping, gas chromatography, inductively coupled mass
spectrometry (CT-GC-ICP/MS) systems [23] are seldom applied.
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The high efficiency achieved by capillary GC allows the separation of
the derivatized compounds with non-polar or semi-polar stationary phases,
such as dimethyl-polysiloxane or 5% diphenyl-dimethyl-polysiloxane. Most
of the capillary columns generally utilized for OT separation, have a length of
25-30m, an i.d. of 0.2-0.25 mm and a film thickness of 0.1-0.3 um [11, 25,
61, 63].

Flame photometric detection (FPD), atomic emission detection (AED),
atomic emission spectrometry (AAS) and mass spectrometry (MS) are the
mostly used methods for the detection of tin species and are characterized by
detection limits down to pg levels for injected tin species [11, 25, 61, 63].

The FPD system is based on the emission of tin species in a hydrogen-rich
flame; selectivity for tin is obtained at 610 nm using a cut-off or interfer-
ence filter. However, the FPD signal may be disturbed by the coextracted
sulfur species. Dual flame FPD had been introduced to improve the selectiv-
ity of the technique, but it provided lower sensitivity than the single-flame
FPD. The new generation FPDs in which the continuous flame is replaced
by a pulsed flame, the pulsed FPD (PFPD) detector, has recently been intro-
duced. The main advantages are the increased sensitivity and lower matrix-
dependency [68].

The application of the AED detector is generally used in combination with
microwave-induced plasma (MIP-AED) rather than with inductively coupled
plasma (ICP-AED) for its high sensitivity, even if the robustness of the ICP is
a significant advantage when complex matrices are analyzed [67].

In the GC-AAS systems tin is quantified at 286.3 or 224.4 nm and the at-
omization of the compounds is mainly achieved by electrothermal (ET-AAS)
or quartz furnace (QF-AAS) [25, 28].

Mass spectrometric (MS) detection with electron impact (EI) ionization for
fragment production and a quadrupole or ion trap for ion detection, has dis-
tinct advantages over the previously mentioned detectors [6, 11, 65]. It is more
sensitive, highly selective and is able to provide structural information about
the target compounds. Especially, when a single fragment of a specific organo-
tin compound is chosen for selected ion monitoring (SIM) analysis mode.
Recently, ICP has been widely utilized as the ion source for fragment produc-
tion coupled to AES, MS or time-of-flight (TOF)-MS detection. The application
of MS in combination with isotope-dilution (ID) analysis is becoming very pop-
ular [14, 15, 26, 44, 45]. The sensitivity and selectivity of MS systems can be
further improved by tandem mass spectrometry (MS/MS) [20, 22].

The absolutely essential derivatization step in gas chromatography is not
necessary in high performance liquid chromatography (HPLC). This renders
the HPLC methods significantly simpler and faster. The separation of the un-
derivatized ionic organotin compounds may be performed with normal- or
reversed-phase, ion-pair as well as ion-exchange columns; the latter being the
most commonly applied [25,61-64]. Implementations with HPLC, however,
are limited for organotin separation compared to GC, because of the scarce
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sensitivity of the general detector for the organotin levels found in nature.
Even though in the last years with the utilization of MS [ICP-MS in particular
(with or without ID), but also MS/MS, ESI-MS/MS and ESI-TOF-MS] [51, 64]
and fluorimetry (after post-column derivatization) [56] as instrumental de-
tection techniques, LC methods satisfy the requirements of selectivity and
sensitivity for the determination of organotin compounds in environmental
samples [69], and are more largely applied.

4
Conclusions

Notwithstanding the ban of TBT in antifouling paints, TBT can still be en-
countered in the marine environment, because of its slow degradation and
high sorption to suspended matter and sediment and high tendency to be
bioaccumulated in marine organisms.

Its determination involves the use of multistep speciation analysis methods
including extraction, derivatization, clean up, preconcentration, separation
and detection. In some cases, some steps are simultaneously applied such as
extraction/derivatization/preconcentration or even avoided such as derivati-
zation in the case where high performance liquid chromatography is applied.

Each step presents specific problems that can be faced with different ap-
proaches presenting both advantages and disadvantages.

Extraction

In the case of water samples, the applied extractants can be solvents or solid
phases. The efficiency of LLE mainly depends on the type of chosen extrac-
tant(s) and on the experimental parameters such as pH, sample to solvent ratio
and extraction time. The main advantages of using LLE are the high efficiency,
reproducibility in recovery and high enrichment factors. However, its disad-
vantages are the high cost, laborious handling and the difficulties of adapting
them to field analysis and the potential hazard of organic solvents to the oper-
ators’ health. The efficiency of SPE depends on the type of adsorbent chosen
(both in terms of adsorption capacity and breakthrough) and on experimental
conditions such as pH and sample flow rate. It presents a number of advantages
over LLE as it is easy to handle, adaptable to field analysis, the extracts can
be more easily stored and transported, it is of lower cost, allows high routine
and presents a very low potential health hazard. In addition, no additional pre-
concentration is needed when it is coupled directly to a separation/detection
system. However, the main disadvantages are the lower enrichment factor,
efficiency and reproducibility when compared to LLE.

In the case of solid samples, the extraction efficiency depends, in add-
ition to the choice of extractant(s) and the experimental parameters, on the
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techniques applied to support the extraction such as Soxhlet, ultrasound,
microwave, supercritical fluid and pressurized solvent systems. The most
commonly applied method is ultrasonication, even if microwave energy and
pressurized solvent extraction have begun to be widely applied as well. Ultra-
sonication presents the advantages of being simple and relatively inexpensive,
but on the other hand, requires long treatment times as ultrasonic extraction
is generally performed with acid(s) and/or polar solvents, successively di-
luted with water and followed by LLE. The use of microwaves and particularly
of focused microwaves allows a significant reduction of treatment time in the
release of the organotin compounds from solid matrices, but the following
steps are the same as in the case of ultrasonication (LLE of the extract diluted
with water). The main advantages of the recently popularly used accelerated
solvent extraction (ASE) are the high sample throughput, significantly lower
solvent consumption and consequently, lower cost, and the high potential of
being used routinely.

In all the cases, however, the presence of a complexing agent has proved
to be mandatory for enhancing the extraction efficiency of the mono- and
disubstituted tin compounds.

Derivatization

The derivatization of organotins is achieved by hydridization and/or alky-
lation with tetraalkylborates (mainly tetraethyl- and, to a lesser extent,
tetrapropylborate) and/or a variety of Grignard reagents (from methyl- to
hexylmagnesium bromide). Hydridization is strongly influenced by the type
and concentrations of acid used and the sample matrix. Particularly, the
presence of high metal concentration of the matrix, which leads to boride for-
mation; humic substances and fat content leading to foam formation, strongly
affect the efficiency and reproducibility of the derivatization.

The yield of derivatization in the case of alkylation with borates is influ-
enced also by the reagent concentration, derivatization pH and reaction time
as well as by the substitution degree of the organotin compounds. The main
disadvantage of alkylation is the lack of stability of the alkylating reagents.

Both hydridization and alkylation with borates are particularly suitable for
water samples, where, exploiting the reagents’ compatibility with water, they
can be used for in situ derivatization showing, particularly in the case of alky-
lation, high yields of derivatization. On the contrary, both techniques are less
suitable in the case of solid samples.

Grignard derivatization is widely applied. The reaction yields are influ-
enced by the concentration and type of reagent, however, regardless of the
type, all Grignard reagents provide very high yields of derivatization. Penty-
lation and hexylation are preferable, as their derivatives are less prone to
volatilization losses during the successive preconcentration steps. The main
disadvantages of Grignard derivatization are the “violent” nature of the Grig-
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nard reagents (potentially leading to degradation or volatilization), the neces-
sity of destroying the excess reagent carefully (thereby increasing the number
of steps) and the high time consumption. Contrary to the other two hy-
dridization and alkylation methods, Grignard derivatization is particularly
suitable for solid samples and less so for water samples.

No significant improvements have been experienced recently in the deriva-
tization of organotin compounds. The techniques and their application have
been essentially the same for more than 15 years.

Preconcentration

Recently, several preconcentration techniques have been applied in specia-
tion analysis which include biotrapping (for inorganic species), flow injection,
purge and trap, cryogenic trapping and SPME. SPME—and to a smaller extent
even cryogenic trapping—has been successfully applied to organotin analysis.
It is easy to handle, not invasive which is crucial for preserving the original
speciation equilibrium, allows a reduced number of steps and the simultaneous
extraction/preconcentration of species of different elements and, furthermore,
it is a free-of-solvent technique thus with reduced health hazard for operators.
The main disadvantage is certainly its scarce reproducibility that still represents
the major drawback in the diffusion of this technique.

Instrumental Analysis

The mostly applied instrumental techniques for the routine determination of
organotin compounds in environmental samples are certainly GC-FPD and
GC-MS. Recently, an increase has been noted in the use of ICP-MS as the
detector for tin speciation coupled either with GC and, mainly, HPLC.

The most significant development in this field is the application of isotope
dilution techniques. This is worth stressing not so much for the improvement
of determination performances, but above all for their potential in sample
treatment optimization. In fact, the transformation/degradation of organo-
tins species during the sample preparation steps are monitored more and
more often by the utilization of species-specific isotope-dilution, which pre-
sumably will become the most powerful tool for optimizing and validating
extraction methods in the near future.
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Abstract Organotins belong to the most toxic pollutants for aquatic life known so far.
Widespread contamination of harbors and areas with high shipping activities occurs
globally due to the ongoing use of tributyltin (TBT) in antifouling paints on large vessels.
In the last decade, organotin pollution has spread to developing countries. Contamination
decreased only slowly several years after regulation of antifouling paints in small vessels
and remains widespread in sediments and marine biota. TBT degradation in sediment is
very slow under anaerobic conditions and remobilization occurs via mixing and dredg-
ing. Ecotoxicological effects occur globally in marine gastropods, which are affected by
masculinization (imposex) at ngL™! levels leading to population declines. Present TBT
levels in harbors and adjacent areas are still in the range of effect levels. Recently, also an-
drogenic activity of TBT in fish was reported. A large variety of organisms, in particular
early life stages, are susceptible to low TBT concentrations of a few 100 ngL™!. Bioac-
cumulation leads to significant residues in aquatic biota including marine mammals.
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Despite regulations, ecotoxicologically relevant contamination of marine ecosystems is
persisting, particularly in sediments. The recent spread into developing countries indi-
cates that organotin contamination has ongoing ecotoxicological relevance globally.

Keywords Ecotoxicological effects - Environmental contamination - Organotins -
Tributyltin - Triphenyltin

Abbreviations

BCF bioconcentration factor

DBT  dibutyltin

DOM  dissolved organic matter

Kp distribution ratio between particulate and dissolved fraction
Kow n-octanol-water distribution coefficient
pKa acidity constant

PVC polyvinyl chloride

MBT  monobutyltin

TBT tributyltin

TBT*  tributyltin cation

TBTCl tributyltin chloride

TBTOH tributyltin hydroxide

TPT triphenyltin

TPT*  triphenyltin cation

TPTCl triphenyltin chloride

TPTOH triphenyltin hydroxide

1
Introduction

Organotins belong to the most important anthropogenic organometallic com-
pounds. Trisubstituted organotins are of considerable environmental concern
due to their extremely high toxicity to aquatic life, which has resulted in
population declines in marine oysters [1] and snails [2]. Organotins are pro-
duced for different purposes. About 70% of the total annual world production
is devoted to the stabilization of PVC (mainly dibutyl-, and dioctyltins, mono-
substituted organotins), catalysts in the production of polyurethane foams,
silicones and in other industrial processes. About 20-25% are used as bio-
cides in agrochemicals and in a broad spectrum of applications such as an-
tifouling paints, and fungicides in timber and wood protection. Tributyltins
(TBT) are also used for protection of textiles, leather and other materials,
as well as a disinfecting agent [3]. The annual world production of organo-
tins may reach 50000t [4]. The agricultural and biocidal use of organotins,
mainly in antifouling paints, gives rise to the largest direct environmental in-
put. The current application of TBT lies mainly in its use as a preservative for
timber and wood, and other materials, but it TBT is still used in antifouling
paints, mainly in developing countries.
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Historically, TBT gained widespread application as an effective antifoul-
ing paint biocide on pleasure boats, large ships and docks in the 1970s and
1980s. In the late 1970s organotin-containing antifouling paints were found
to cause detrimental effects on marine and freshwater biota, however. As TBT
leaches directly into water, relatively high contamination of pleasure boat and
commercial harbors and their surroundings, areas with high shipping activi-
ties, and coastal areas result. Detrimental effects on oysters [5] shed light on
the ecotoxicological impact of this toxicant. Subsequent studies confirmed the
general hazard of TBT and triphenyltin (TPT) to aquatic ecosystems [6-8].
Reports on detrimental effects on marine neogastropods [2,9,10] played
a major role in establishing the link between their sterilization due to mas-
culinization, population decline and TBT contamination. Additional studies
about the contamination of marine [11] and freshwater [12-14] environments
contributed significantly to the adoption of regulatory standards for TBT in
antifouling paints, their restrictions and banning in small boats. Triphenyltin
(TPT) has been employed formerly as a co-toxicant in antifouling paints and
found in freshwater [14] and marine environments [15-17], however, it is
mainly used in agriculture as a fungicide in crop protection.

Originally, studies on organotins were devoted to the toxicity assessment
in aquatic organisms and mammals including the search for modes of action.
When environmental effects were observed in the 1980s, studies focused on
the development of analytical techniques to determine trace levels of organo-
tins in ecosystems. Surveys in aquatic ecosystems and effect studies revealed
in combination with fate studies a clearer picture about the environmen-
tal behavior, hazards and risks of organotins. The use of TBT-containing
antifouling paints has been controlled or banned in developed countries, re-
sulting in a decrease of TBT contamination of coastal and harbor waters.
France banned the use in 1982 on boats of < 25 m in length, and the UK fol-
lowed in 1987. In addition, an environmental quality standard of 20 ngL~!
for freshwater, and 2 ng ™! for seawater had been set [3]. Many other coun-
tries regulated TBT-containing antifouling paints for large ships, and prohib-
ited the use on vessels < 25 m in length (European Community in 1990), or
implemented a sales ban (e.g. 1990 in Switzerland and Germany). Today, re-
strictions for small boats are implemented in developed countries and the
contamination declined [18, 19]. However, TBT-containing antifouling paints
remain an important source. In developed countries, organotin levels are still
often higher than effect concentrations for most susceptible organisms. An
important move forward was made by the International Maritime Organiza-
tion (IMO) by a convention adopted in 2001 prohibiting the use of harmful
organotins in antifouling paints used on ships and establishing a mechan-
ism to prevent the potential future use of other harmful substances therein
(IMO, www.imo.org). By January 2003, all ships should not apply or reap-
ply organotin-containing antifouling paints, and by January 1, 2008, all ships
shall not bear such compound on their hulls. However, despite the European
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Commission’s moves, the IMO Convention has not been ratified by member
countries to date, and therefore has not yet entered into force as of 2005.

In this review, recent data on the environmental contamination and eco-
toxicology of organotins is given, focusing on the advancement in the last
decade. Earlier insights given in a broader sense on many different aspects of
organotins in the environment [4] are supported by recent data. In the last
decade, studies mainly focused on monitoring of larger geographical areas
using sediment and biological samples, particularly in Asian countries. An-
other focus lied in the monitoring and understanding of the mechanisms
behind the masculinization of marine gastropods (imposex). Progress in the
last decade has mainly been made in the global assessment of the organotin
pollution using both chemical analysis and biomonitoring using imposex as
a biomarker.

One of the most important conclusions lies in the recognition that the
organotin contamination is global, reaching developing countries, which
seems to be linked to economic growth. However, despite regulations,
organotin contamination of harbors and marine environments persists.

2
Bioavailability

The aqueous chemical speciation of organotins is important for their environ-
mental behavior, and consequently for bioavailability and toxicity. Organo-
tins undergo pH-dependent hydrolysis in water and their speciation is
also dependent on dissolved ions. Trisubstituted organotins form positively
charged diaquo complexes R3Sn(H,0),* at pH < pK,, and these monovalent
organometallic cations behave as weak acids. Acidity constants (pK,) of 6.25
and 5.20 were determined for TBT and TPT, respectively [20]. The domin-
ant TBT and TPT species at pH < pK, is the cation, whereas at pH > pKj, the
neutral hydroxide species TBTOH and TPTOH, respectively, dominates. In
the presence of chloride ions (seawater), R3SnCl species occur. Hence, at en-
vironmental pH conditions, mono-, di-, and trisubstituted organotins exist
predominantly as neutral hydroxides in aqueous solution.

The speciation of organotins is pH-dependent and has consequences for
their bioavailability, a fundamental parameter in ecotoxicology. Significant
partitioning into biota occurs via uptake through membranes by hydropho-
bic mechanisms via uncharged species (both TBTOH and TBTCI). Several
octanol-water partition coefficients (log Koy) for organotins were given [4],
including 4.10 for TBTOH and 3.53 for TPTOH [21]. TBTOH and TPTOH
are relevant for uptake, bioaccumulation [22, 23] and toxicity toward aquatic
organisms [22, 24, 25], including fish cells [26], where a positive correlation
between the in vitro cytotoxicity and log Koy was found. The influence of
the pH and dissolved organic matter (DOM) was demonstrated in our studies
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with frogs [24], Daphnia magna, yolk sac larvae of fish Thymallus thymal-
lus [22], and the midge Chironomus riparius [25]. Trisubstituted organotin
cations are less toxic than the neutral hydroxides, and this goes along with
their pH-related Koy Significantly higher bioconcentration occurred at pH 8
than pH 5 or 6, which is related to the fact that these compounds mainly, but
not exclusively, accumulate as hydroxides [22]. Toxicity was also significantly
increased at pH 8, where TBT occurs predominantly as TBTOH (95%) [21].
This is correlated with higher K, at pH 8 [22].

Figure 1 shows that bioconcentration of TBT in C. riparius larvae is sig-
nificantly higher at pH8 than pHS5 due to the prevalence of bioavailable
TBTOH. TPT bioconcentration was significantly higher due to the lack of
significant metabolism, occurring with TBT [25]. These pH dependent differ-
ences are mainly based on the aqueous phase speciation. This was also shown
in yeast [27], where uptake and toxicity of TPT was reduced considerably at
pH 3.5. TPT* uptake was restricted to cell wall sorption, while TPTOH caused
an increase in the order in the cell phospholipid bilayer and diffuses into
the cell. The neutral TBTCl and TPTCI were more toxic than the hydroxides.
Similar to our studies [26], toxicity in yeast was correlated with lipophilicity.

The distribution of TBT and TPT between water and DOM is pH-
dependent and highest distribution ratios with maxima occur close to the
acidity constant [21]. Sorption is governed by complexation of the cation
(TBT™, TPT*) by negatively charged ligands of DOM mainly at low pH, but
also on hydrophobic partitioning of hydroxid species to nonpolar groups (hy-
drophobic interactions) at ambient pH. Figure 2 shows that DOM leads to
a concentration-related reduction in the TBT bioaccumulation in Chirono-
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Fig.1 Bioaccumulation of TBT and TPT in Chrionomus riparius at different pH. At pH S8,
TBT occurs predominantly as TBTOH (98%), whereas at pH 5, TBT is present primarily
as positively charged TBT" (fraction of 95%). After [23]
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Influence of pH and dissolved organic carbon
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Fig.2 Bioaccumulation of TBT and TPT in Chrionomus riparius at different pH and DOM
concentrations. DOM (23 mg CL™!) significantly reduced the bioaccumulation of TBT and
TPT. The reduction was related to speciation depending on the pH (see Fig. 1). The frac-
tion of TPTOH is more than 99% at pH 8, whereas TPT* and TPTOH are present in more
similar fractions at pH 5 (61% and 39%, respectively). Undissociated TBTOH and TPTOH
can penetrate biomembranes much more easily. After [25]

mus, but also in Daphnia, fish larvae Thymallus thymallus [22, 23]. The freely
dissolved bioavailable fraction was reduced by complexation and hydropho-
bic interactions to DOM. This results in complexes that are too large or too
polar to penetrate across biological membranes. In natural waters the portion
of TBT and TPT sorbed to humic and fulvic material is unavailable for uptake
via epithelial surfaces.

3
Environmental Distribution

Organotins leaching from antifouling paints from ship hulls are diluted into
their surroundings. Biodegradation, adsorption to suspended particulates
and subsequent scavenging to sediments are important removal processes.
Bioaccumulation is also important. In mussels, organotin levels are of sev-
eral orders of magnitude higher than in water [14,28]. Because TBT and
TPT associate with natural sorbents and because they are persistent under
anoxic conditions [14,19,29], they accumulate in marine and freshwater
sediments. TBT occurs in harbor waters to 95 to 99% in the dissolved
phase. Particle-water ratios K, range between 10°-10* (Lkg™) [4]. Particle-
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water partitioning of butyltins in the environment is controlled by the
suspended solids concentration [30], pH, salinity and presence of natural
DOM [31, 32], and therefore on sediment characteristics. Organic material
in sorbents plays a pivotal role for sorption at ambient pH [21]. In muni
cipal wastewater, organotins are predominantly associated with particulates,
because of the much higher suspended solids concentrations [30] compared
to surface water. TBT and TPT are very persistent in sediments and stored
for years up to a decade, or longer [14, 33,34]. Sediments act as important
reservoirs, but ready desorption of organotins occurs [21, 31]. Resuspension
by tide, storms or dredging will lead to increased organotin levels in the water
column.

3.1
Degradation in Water and Persistence in Sediments

As abiotic transformation (photolysis and hydrolysis) is of minor importance,
environmental degradation of TBT and TPT is principally biologically medi-
ated [4, 35]. Decomposition occurs via microbial and algal degradation, and
by a range of aquatic organisms including Chironmids [25]. TBT and TPT
are degraded in water with half-lives in the order of 7-30 days found at high,
but two months or longer at cold water temperatures [17]. Biodegradation
is variable and dependent on environmental conditions and composition of
micro-organisms [34, 36, 37]. Only a limited number of microbes are known
to be able to degrade TBT [38]. Assuming zero-order kinetics, rapid half-
lives from 3-19 days for the disappearance of TBT were recorded in warm
water [37], where microalgae are important [39]. Complete mineralization
proceeded only slowly with half-lives of 50-75 days. In deep sea and cold
waters half-lives are in the order of several years [17]. Generally, low degra-
dation rates of TBT and TPT were reported [33,34,40-42] with estimated
half-lives in the order of several years, in particular under anaerobic condi-
tions (0.9-5.2 years) [4]. The half-life in northern sediments was estimated
to be more than 80 years [33]. However, fast degradation was reported in
the marine sediments of San Diego Bay [43], and after a major organotin
spill into a freshwater system [44], which must be regarded as exceptions.
TBT degradation proceeds via successive dealkylation from TBT to DBT and
MBT via hydroxylated metabolites, eventually leading to Sn**. Furthermore,
methylation of organotins occurs in sediments, leading to remobilization to
the atmosphere [45,46]. Some bacteria develop resistance to high levels of
organotins in sediments by an adaptation process. They express genes for
a multidrug efflux pump and excrete toxic organotins [47].

Degradation is much more rapid in the water than in sediments, where
TBT and TPT were persistent over long periods of time [14, 19, 48, 49]. High-
est TBT and TPT levels occur at the top of sediment cores as shown in Fig. 3.
High TBT concentrations reflect recent inputs, and the decrease below the



78 K. Fent
BUTYLTINS PHENYLTINS
Concentration (pg/kg) Concentration (pg/kg)

0 50 100 150 200

o

10 20 30 40 50

TPT

O©oONOOPAWN—=-O
| I P

. \ MPT

DPT

Depth (cm)
Depth (cm)

N = b b b
COWONOUIAWN—=O
PP P P Y P

NN N NN
s WN =
Loladalal

a b

Fig.3 a Butyltin and b phenyltin profiles in the sediment core of a pleasure boat harbor.
Relatively high concentrations of TBT were found in the upper 6 cm. The decrease be-
low mainly reflects the historical use of organotin-containing antifouling paints and input
into the sediment. Degradation products DBT and MBT occur as well. Phenyltins occur
only below the upper 3 cm demonstrating the recent lack of input. After [49]

historic build-up due to the increased use of TBT-containing paints in the
late 1970s. Decreases with depth were paralleled by respective transformation
products. Phenyltin sediment profiles indicate also slow degradation of TPT.
The TPT input ceased as reflected by its lacking at the top of the core. Hence,
sediment profiles likely reflect the historical use of the organotin antifouling
paints rather than degradation alone. These profiles show that TBT is stored
over periods of years or even decades in anoxic sediments, which to a lesser
extent also holds for TPT [14]. Degradation of TBT is also slow in sewage
sludge treatment [30, 50].

4
Contamination of Aquatic Environments

Only after the discovery of detrimental effects of TBT on oysters have efforts
been directed to monitoring its environmental occurrence and assessing its
effects. Widespread and significant pollution of marine [11,41,51-77], and
freshwater ecosystems [4, 18, 34, 78-80] has subsequently been reported. TBT
and degradation products DBT and MBT have generally been found in wa-
ter, sediment and biota in developed countries, and recently in developing
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countries as well, indicating global occurrence in marinas and harbors, and
waters with high shipping activities. Furthermore, TPT and its degradation
products DPT and MTP have been detected, originating from older antifoul-
ing paints [14]. Phenyltins have still been detected in the last few years in
sediments [54] (Figs. 3 and 4), biota [15, 81, 82] and in the deep-sea [16, 17].

Numerous monitoring studies indicate that TBT pollution originating
from antifouling paints is global and has spread into developing coun-
tries [83-91], and even to the Arctic [92] and Antarctic [93]. Recent moni-
toring data using biota demonstrate global pollution of coastal areas. Studies
mainly from Asian developing countries indicate a similar contamination pat-
tern of harbors and estuaries as in developed countries. Moreover, monitor-
ing data 7-10 years after regulations of TBT-antifouling paints demonstrate
that the decrease is not substantial, as contamination remains at similar lev-
els [94]. Only a few reports indicate a decrease in marine systems [95].

Besides leaching from antifouling paints, TBT reaches the aquatic system
via wastewater due to its biocidal and fungicidal use. Leaching from PVC
products leads to inputs of butyl- and methyltins into the aquatic environ-
ment via wastewater [30]. Municipal wastewater and sewage sludge are con-
taminated with organotins at low ngL ™' and 0.1-2.2 mgkg™' (dry wt) [50],
respectively. Moreover dialkylated organotins and even TBT are also released
from containers into foodstuff and beverages [96] and ultimately to aquatic
systems.

4.1
Seawater and Sediments

TBT contamination of marine and freshwater environments is well docu-
mented. In this review, emphasis will be placed on recent data after the re-
gulation of TBT-containing antifouling paints in recreational boats, whereas
data prior to antifouling paint regulations are compiled in [3,4, 11, 34]. Re-
cent reports document the global occurrence of organotins [74, 75, 87, 90].
Any decrease was slow or absent after legislation limiting TBT usage on plea-
sure boats. In France, the decline was found to level off after 10 years and
relatively high TBT levels were detected even outside harbors [17]. In the
UK 10-78 ng L™! were detected in marinas and harbors in 1998, 8 years after
legislation [97]. Similarly, coastal levels remained at 2-160ngL™! in 1999
in Japan [94]. The historic development of contamination using biota [98]
documented no noticeable decrease. Elevated TBT levels in marine systems
were, and still are, associated with increased pleasure and commercial boat
activities, or vessel repair facilities and dry docks, but also with the use of an-
tifouling paints on fish nets and cages in aquaculture [94]. Elevated levels of
organotins were reported in estuaries including the Japanese coast with TBT
levels up to 160 ng L™! [94] or in ferry ports with 200 ng L™! [99], but also in
open waters [74], and areas with high shipping activities [83], and the deep
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sea [16]. Studies on the global occurrence of organotins in the last few years
using biota and sediments as pollution markers demonstrate that the decrease
is only marginal in many places [98], but occurred in others [60, 82, 100]. TBT
water concentrations persist for years at levels considered as chronically toxic
to most susceptible organisms [55, 97, 98].

Highest TBT levels were and are still found in and near marinas and
ports due to the use of antifouling paints and painting and depainting op-
erations in docks. Levels in harbor and port waters were in the range of
100-500 ng L™! in the mid 1980s. They were significantly higher than in open
surface waters, bays and estuaries where commonly values of up to 50 ng L™!
were observed. Recent surveys reported similar levels in developing coun-
tries, for instance 32 ng L™! in South Korea [101], but also 7 ng L™! in Japanese
coastal waters [94]. In general TBT concentrations in seawater are variable.
Much higher levels occur in the surface microlayer [102]. Contamination de-
creased slowly in countries, where TBT containing antifouling paints have
been regulated [54, 63], but the decrease is not significant [97, 103], or even
absent [94,99]. Where no regulations have been implemented, levels are in-
creasing to the same range as in other countries prior to legislation, as shown
in Asia [70, 75, 84, 86, 87, 104], Oceanian countries, and South America [105].
It is a fact that TBT contamination occurs globally including Asian countries,
Eastern Europe [57], South America or Bahrain, where extremely high lev-
els of 14.7 pgL™! were reported [64]. Larger vessels lead to contamination
of commercial ports and shipping straits [72], or even the Arctic [92] and
Antarctic [93]. Even after regulation of pleasure boats, large ships, icebrak-
ers and dry-docks may be sources. In 1992, TBT ranged up to 17ngL™! in
estuaries, but in harbors and dry-dock areas the concentrations are often
high, exceeding 100 ng L™!. Recent surveys indicate that seawater concentra-
tions exceed the UK environmental quality standard value of 2 ngL™! [106].
TBT at levels of 2-7 ng L™! was also found in 15% of the offshore water sam-
ples in the North Sea, English Channel, Mediterranean, and off the coast of
Japan.

The TBT decrease is not, or to a lesser extent, observable in sediments and
biota. Temporal trends in a port indicate the decrease of TBT in water, sedi-
ment and biota, particularly for TPT, between 1989-1996 [63]. On the other
hand, data on harbor and estuarine sediments in pleasure boat harbors indi-
cate that TBT residues remain high (Fig. 4). Sediment levels are high in ports
and boat harbors, depending on the boat frequencies, but lower in coastal re-
gions and in some developing Asian countries (Fig. 5). However, this is not
a general rule. Larger Bays, estuarine and harbor areas may be contaminated
in the range of 0.1-2.71 ugg™! TBT (dry wt) [42]. Recent TBT levels are also
variable and range up to several pgg™! (dry wt) in boat harbors, although
considerable variation occurs between different sites (Fig. 5). Most contam-
inated areas are harbors with high vessel activity. A mean of 54 ngg™' TBT
was found in 35 sediment samples in a US coastal survey [76]. The contam-
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Tributyltin in sediment of North and Baltic sea harbors
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Fig.4 TBT concentrations in sediments of boat harbors in the North Sea and Baltic Sea.
Data after [54]
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Fig.5 Maximal TBT concentration in marine sediments, according to recent data (refer-
ences see text)

ination of estuaries and offshore regions is still of concern including deeper
areas offshore from Vancouver harbor (5.3 ng g™ TBT) [41]. Sediments in Ar-
cachon Bay, France, collected in 1990 are contaminated by organotins 8 years
after regulation of antifouling paints, with levels of up to 1.48 pg g~!, as in the
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years before regulation [107]. This and other studies show that considerable
amounts of TBT were stored and conserved in sediments long after legis-
lation [40, 54]. Furthermore, highly contaminated sediments occur in some
developing countries (Fig. 5).

4.2
Freshwater

The contamination of freshwater harbors and lakes shows a similar pat-
tern [4]. Prior to legislation, TBT has been detected in lake water up to levels
of several jug L™! and degradation products DBT and MBT were in the range
of hundreds of ngL™! [19]. Phenyltins were also present in harbor waters.
After regulation of TBT-containing antifouling paints, levels in water and
sediment decreased but are still present at ng L' levels [19]. The decrease
of TBT pollution in water and sediment after legislation has also been doc-
umented in many freshwater systems. Figure 6 shows the effect in a pleasure
boat harbor. Even though TBT levels declined markedly, they persist in har-
bors and its surroundings, but also in river waters at ng L' levels [18, 19]. In
1998-1999, TPT and DBT were found in some rivers at levels of up to 2.65 and
1.6 ng L™! in water and up to 221 and 389 ng g~! in fish in the USA [108].

In general, TBT and low proportions of DBT and MBT are still recorded
in water, sediments and biota. Maximal TBT levels in harbor sediments were
regularly in the range of 200-1000 ng g!, but very variable. TPT occurred at
concentrations of up to several hundreds ngg™'. In sediment cores taken in

TBT decresase after regulation

TBT (ng/L)

1988 1989 1990 1991 1992

Year

Fig.6 Decrease of TBT contamination following organotin-containing antifouling paint
regulation in a pleasure boat harbor in Switzerland. Data after [19]
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boat harbors, high TBT and TPT concentrations were restricted to the top and
decreased significantly below (Fig. 3). In 1994, TBT surface concentrations
were up to 290 ng g~!, which is about 5-10 times lower than in 1989 demon-
strating the effect of regulation. The decrease continues with time. Similar
TBT levels of 500-2500 ugkg™! (dry weight) were found in harbor sediments
of other lakes, and river systems. The data lead to the conclusion that legis-
lation resulted in a marked reduction in boat harbor waters and sedimentary
input, but trace levels persist in surface waters, probably also due to inputs via
wastewater [19, 50].

43
Biota

Contamination of marine and freshwaters with butyltins has spread all over
the world as evidenced by their detection in a wide range of oceans, environ-
mental media and particularly biota [4,73-75, 87,109]. Organisms serve as
important tools for assessing pollution. Biota tend to give a better indication
of contamination then water samples, because they integrate the pollution
situation over a longer period of time. Considerable butyltin and phenyltin,
but also methyltin compounds were found in marine and freshwater organ-
isms on a global scale. This holds true in particular for TBT and TPT showing
bioaccumulation in biota including mussels [63, 82, 110, 111], fish [14, 15] and
marine mammals [57, 90]. Because of the filter-feeding behavior and the gen-
erally high potential for bioaccumulation, bivalves have been widely used
as sentinel organisms for monitoring [76, 87]. Common molluscs including
Littorina littorea and Mya arenaria, Mytilus edulis [111], but also oysters
may serve as bioindicators of TBT pollution in marine ecosystems, due to
the limited ability for metabolism and elimination. In a study, sampling 13
species of squids at 77 stations in the world oceans, highest TBT and TPT lev-
els of 279 and 519 ng g™}, respectively, were found in squid livers in coastal
areas. They were lower than in the open oceans. TBT concentrations were
higher in the northern hemisphere than in the southern, where TPT was not
detected [77]. Often, imposex in marine gastropods have been assessed in
conjunction with residues analysis, demonstrating a correlation between TBT
and TPT exposure and severity of imposex, for instance in the Lagoon of
Venice, Italy [112].

Whereas previous data were obtained from Canada, USA and Europe,
currently more data are reported from Japan and developing Asian coun-
tries. Although concentrations are generally low in mussels from coastal areas
of developing countries, higher levels were found at locations with inten-
sive maritime activities or aquaculture. Decreased levels of butyltins were
found in fish [85] and marine mammals [90] collected from coastal waters
in developing Asian rather than in industrialized countries such as Japan,
Europe and the USA. Contamination was always related to intensive maritime
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activities (harbors and their vicinity, major shipping traffic), but also aqua-
culture areas. However, a survey of butyltin levels along the Japanese coastline
from 1997-1999 shows that no decrease was recorded since the regulation of
antifouling paints in 1990 [94]. Butyltins were detected in all samples of am-
phipods Caprella varying from 2.3-464ngg™' (wet wt). It can be expected
that in developing countries contamination may increase with economic
growth due to increase in boating, shipping and aquaculture activities [89].

Residues in fresh and seawater organisms are very variable. In marine
biota, tissue TBT concentrations ranged from 0.2 pg g~ in seaweed Fucus, to
36.8 ugg™! (dry wt) in the clam Mya arenaria [113]. Typical organotin levels
in low polluted areas in mussels are in the range of 50-200 and 20-100 ng g~!
(dry wt). In Pacific oysters, residues in digestive gland and gills of up to 7.0
and 17.4 ugg!, respectively, were recorded. Most oysters and mussels from
US coasts were contaminated with TBT between < 0.005 to 1.56 ugg™' (as
Sn) [114]. Oysters used as monitors of TBT contamination of estuaries in Eng-
land showed bioconcentration factors (BCFs) of around 10000 [115]. Mean
levels of TBT were higher in seed than adult oysters in the south of Eng-
land, and reached 3.1 pgg™!. Tissue concentrations in bay mussels (Mytilus
edulis) of the US Pacific coast were in the range of 0.005-1.08 ugg™ (wet
wt), and were lower in spring than summer [110]. TBT was found in all oys-
ters C. virginica in the Chesapeake Bay, USA, in concentrations from < 10
to 5600 pgkg™! on the Atlantic Coast of Virginia after restrictions in the use
of TBT-containing antifouling paints [60]. Butyltin concentrations in horse-
shoe crabs were high in the hepatopancreas, with TBT concentrations ranging
from 0.12-2.2 ug g~! (wet wt) in Japan [116]. Although the use of triphenyltin
was restricted in Japan in 1989, high TPT levels were found in horseshoe crab
hepatopancreas (1.1-12.0 ug g!) and crab eggs [81].

Recent monitoring data obtained from mussel watch programmes still in-
dicate widespread organotin pollution in Canada [18], the USA [76], and
recently in Asian countries [84, 87, 111] in coastal environments. Global pol-
lution monitoring for open seas was performed using skipjack tuna [75],
squids [77] and mammals [74]. These data are particularly important not
only for assessing time trends [98], but also for direct comparison. Butyltins
were found in tuna, demonstrating contamination in offshore waters and
open seas on a rather global scale [75]. High concentrations were found in
tuna liver offshore Japan (up to 400 ngg™' wet wt), and comparable, but
lower concentrations, around Asian developing countries (up to 270 ngg™).
In green mussels, higher levels were found in Asian developed and industri-
alized areas than in developing countries. Table 1 summarizes selected recent
data for different biota and locations.

Significant butyltin levels have also been found in different marine mam-
mals including cetaceans and pinnipeds (dolphins, harbor porpoises, sea
otters, whales) in Asia [67,69,90], the Mediterranean and US coastal wa-
ters [68], along the Polish coast of the Baltic Sea [57], and other locations.
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All animals contained butyltins with varying degrees in different tissues with
butyltins ranging from 0.02 up to 10.2 mgkg™' (wet wt). As with other biota,
a decreasing contamination from coastal waters to the open seas was ob-
served. Butyltins in the liver of Steller sea lion from Alaska were much lower
(19ng g‘l) than those from Japan (150-220 ng g‘l) [117]. Even in deep-sea
fish [16], TBT levels of up to 175ngg™! (wet wt) were comparable to coastal
fish. Moreover, phenyltins, particularly TPT, occurring up to 1430 ng/g, are
much higher in shallow-water organisms. This confirms the long-range trans-
port of TBT and TPT to the deep-sea.

Using archived biological samples, time trends of the pollution in the
1980s and 1990s were assessed. Decreasing levels of butyltins were found in
water and mussels in Japan after regulation in 1990 [63]. This trend has,
however, not been observed in open waters in tuna [75]. In Germany, concen-
tration of TBT in North Sea and Baltic Sea organisms remained relatively con-
stant during the period of 1985-1999, whereas levels of TPT decreased [98].
TBT concentrations remained at 17 ngg™! for mussels, reflecting that TBT is
still used despite the ban in 1990 for small boats in Germany. TBT levels in
bivalve molluscs from the east and west coasts of the USA have been found to
decrease systematically at some sites and remain static or fluctuating at others
in the 1988-1990 national status and trends mussel watch project [118].

In freshwaters, zebra mussels (Dreissena polymorpha) show high bioac-
cumulation with little toxicity. We found that in lake harbors all organisms
contained butyl- and phenyltins to variable levels, D. polymorpha showed
highest values, which were related to water contamination [14,28]. After
regulation of TBT-antifouling paints a significant decrease was noted [19].
Transformation products of TBT occurred in only low proportions, which
also holds for TPT indicating slow transformation. The ubiquitous presence
of butyl- and phenyltins was also demonstrated in various biota of other
lakes [80]. The concentrations of TBT and TPT ranged from 0.0015-28.2 and
0.081-7.28 g g~' (dry wt), respectively.

The occurrence of TBT and TPT is also widespread in marine seafood [91]
and human exposure may take place via this route [91,119]. In Japan, TBT
and TPT levels were 0.02-1.3 and 0.03-1.3 pg g~!, respectively [120]. Typical
TBT and phenyltin residues in fish were in the range of 0.05-0.3 pgg™' [81].
Edible mussels, clams and squids contained TBT in the range of 10-100 pgg™!
Fish reared in nets treated with antifouling paints contained very high TBT
concentrations of 1.5 ug g~! [121]. TBT and TPT concentrations in fish mus-
cle ranged between < 0.12-6.10 and 0.13-7.91 pgg™! (dry wt), respectively. In
freshwater fish 0.2 ug g™ TBT in muscle tissue [14], and up to 0.49 pgg™! in
whole fish occurred. In Canada marine fish fillets contained low levels of TBT
(< 1-2ngg™) and molluscs between < 1-156ngg!. Increased TBT levels
were found in fish from aquaculture such as salmon (4-3.1ugg™"). Salmon
from American public fish markets contained TBT of 0.08-0.2 ngg™ [122].
The levels are, however, not considered to be harmful to humans, as they
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remained below the acceptable daily intake (ADI) value of 3.2, or 1.6 ng g™’
(Japan).

In summary, the contamination of marine waters is still widespread, al-
though decreasing slowly in countries that implemented regulations. How-
ever, no significant decreases were noted in sediments and biota collected
over a long period of time. Organotins are also widespread in marine sys-
tems in developing countries. Of particular importance is the contamination
of biota, of which molluscs have the highest burdens, and sediments which
may act as reservoirs.

44
Bioaccumulation

TBT is rapidly taken up from low ambient levels and accumulated to rela-
tively high concentrations in organisms. BCFs range from 200 in some fish
up to 50000 in marine invertebrates, but in general, BCFs range from 1000-
20000 [4]. Molluscs show highest accumulation; the BCFs of TBT and TPT
were in the range of 1.2-6.6 x 10*. Bioaccumulation is dependent on ambient
pH and DOM (Fig. 2). In Chironomus larvae, BCFs varied at pH 5 and pH 8 be-
tween 140 and 900 for TBT, and 2200 and 2680 for TPT [25, 123], confirming
our previous results with Daphnia [22, 23].

TBT distributes differently into tissues, generally lipid-rich tissue are char-
acterized by highest burdens. In fish highest TBT residues occur in the liver
and peritoneal fat [4]. BCFs are in the range of 200-9400 in whole fish or mus-
cle tissue, but higher in viscera (1000-10000) [4, 124]. The bioaccumulation
of TPT is in a similar range with BCF of 2000-3000 in liver, and 100-250 in
muscle. The very high levels of butyltins in the range from 44-7700 ng g™
(Sn) found in marine mammals in the Baltic Sea [57], Asia and the Pa-
cific [74], USA [68], and the Mediterranean [109] indicate a high bioaccumu-
lation.

Several studies focused on the question, whether or not biomagnification
of TBT or TPT takes place in food webs. All data indicate that TBT shows
no relevant biomagnification in aquatic ecosystems [4, 63, 75]. This holds true
for TPT to a lesser extent, as some minor biomagnification was indicated in
a freshwater lake foodweb [80]. If biomagnification takes place at all, it is only
minor. However, it must be stated that organotin bioaccumulation in food
webs is not well understood [74].

5
Ecotoxicological Effects

Organic derivatives of tin are by far more toxic than inorganic tin, and
the toxicity of organotins increases with progressive introduction of organic
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groups at the tin atom, with maximum toxicity for trisubstituted compounds
and decreasing toxicity with increased length of the organic moiety [3]. Of
particular importance is the high toxicity of TBT, TPT and tricyclohexyltin
derivatives, which have high fungicidal, bactericidal, algicidal, and acarici-
dal properties. Trisubstituted organotins are extremely toxic to aquatic life
for a large variety of organisms as shown in vivo and in vitro [4]. The most
sensitive species known so far are oysters and neogastropods, affected at
ngL~! levels of TBT. In both cases the impact of TBT has economical (oys-
ters) and ecological consequences on the population level. Ecological effects
on many snail species are found globally in contaminated coastal regions
with shipping activity. Many ecotoxicological studies on organisms of differ-
ent evolutionary level have been reported [1,24, 125-130], and show rather
large species sensitivity differences. Lowest effect concentrations are in the
range of 1-10ng L' [1,2,10,130], which are among the lowest yet found
for chemicals. Invertebrates and fish are affected as well, although at higher
concentrations of 100-10000 ng L™!. The acute toxicity data basis is rather
large [4,131]. However, long-term or chronic effects on individual organisms
are sparse and effects on the structure and function of aquatic ecosystems still
unclear.

5.1
Modes of Action

TBT and TPT exert a number of important cellular, biochemical and mo-
lecular effects acting via different modes of action at uM concentrations. The
inhibition of oxidative phosphorylation and ATP synthesis in mitochondria is
a key process having been described decades ago [132-134]. Triethyltin acts
at concentrations as low as 0.1 uM. Moreover, inhibition of photophosphory-
lation in chloroplasts, perturbation of calcium homeostasis [135], inhibition
of ion transport through the cellular membrane by inhibition of ATPase [136],
and inhibition of enzymes such as ATPases and cytochrome P450 monooxy-
genases (CYP) are among the biochemical processes affected by organo-
tins [137]. Organotins act as ionophores, able to catalyze the ion exchange
resulting in uncoupling of oxidative phosphorylation. Moreover, organotins
have been known to act as potent inhibitors of the F;Fo-ATP synthase. These
enzymes in the mitochondrial membrane play a fundamental role in cellu-
lar energy metabolism and are constituents of nearly every living cell from
bacteria to humans. The ATP synthases are rotary enzymes composed of
two motors that are connected by a common shaft to exchange energy. TBT
inhibits ATP hydrolysis by the Na*-translocating or H*-translocating ATP
synthase in bacteria [138]. The subunit a ion channel is the specific target site
for ATPase inhibition by organotins [138].

Triorganotins also interact with various intracellular enzymes that may
result in toxicity, namely with the cytochrome P450 dependent monooxye-
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nases (CYP) [139], and glutathion S-transferases [140]. TBT was shown to
have a strong inhibitory effect in vitro [141, 142] and in vivo on hepatic mi-
crosomal CYP in fish [139, 143] and molluscs [144]. Similar effects have been
shown for TPT [139]. Organotins act by binding to amino acids in the cata-
lytic site of the CYP enzyme. The interaction with microsomal monooxyge-
nase systems results in the loss of biotransformation capabilities. In addition,
this may lead to inhibition of CYP19 (aromatase) and the formation of impo-
sex in marine gastropods.

Perturbation of calcium homeostasis is involved in the cytotoxic action of
organotins. Calcium ions play a critical role in chemical-induced toxic cell
killing and programmed cell death (apoptosis). Elevated calcium concentra-
tions appear to be responsible for cell death and stimulation of apoptosis by
1-10 uM TBT, in particular in thymocytes [145], resulting in immunotoxic-
ity, or neurotoxicity in the case of trimethyltin. Organotins induce apoptosis
by increase of intracellular Ca?*, followed by generation of reactive oxygen
species in mitochondria which causes oxidative stress, activation of caspases
and finally results in DNA fragmentation and apoptosis [146].

Organotins act also as potent cell membrane toxicants leading to pertur-
bations of plasma membranes and membrane proteins. Therefore, cells as
a whole are affected by toxic organotins [147-149] and are found to be corre-
lated with in vivo acute fish toxicity [26, 149], and the octanol-water partition
coefficient [148]. In mussels induction of stress proteins (heat shock pro-
teins) has also been shown [150]. Recently, a cDNA microarray technique was
applied for the analysis of global gene expression profiles in TBT exposed
ascidians [151]. More than 200 genes showed strong differential expression
after 24 h exposure to 100 nM TBT. These genes encode proteins involved
in stress response, detoxification, oxidoreduction reaction, biosynthesis and
catabolism. This is a clear indication of pronounced molecular effects of TBT
at the gene expression level.

5.2
Effects on Aquatic Life

TBT and TPT induce a number of physiological, morphological and toxi-
cological effects in aquatic organisms. Numerous studies have shown that
triorganotins are acutely and chronically toxic at low environmental levels.
Aquatic life in highly polluted areas is significantly affected. The two most
pronounced cases are the shell thickening and growth anomalies in oys-
ters [1], and the occurrence of imposex in neogastropods, both occurring at
low ng L™! [130]. The discovery of shell deformations in oysters resulted in
regulation of TBT-containing antifouling paints. TBT act by inhibition of cal-
cification in oysters at concentrations as low as 2 ng L~! TBT [152]. Anomalies
in larvae and inhibition of reproduction was also observed [153]. Growth of
oysters and molluscs was severely reduced by 240 ng L™! [154].
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TBT and TPT are very toxic to aquatic life as demonstrated by numer-
ous acute toxicity studies in a variety of marine and freshwater organisms.
Data are reviewed in [3,7,131], and recent data support the high toxici-
ties. For instance, growth was impaired in a polychaete exposed to TBT
at concentrations often found in sediments (190 ngg™' sediment) [155, 156]
indicating that benthic organisms are affected similarly. Chronic toxicity
has been observed in marine molluscs at low levels, but in general only
a few species were analyzed. Other sensitive marine species including algae
and zooplankton show acute and chronic effects at concentrations of a few
100 ng L~! or less [4]. Acute effects are reported at levels above 420 ng L™}, and
chronic values for four invertebrate species ranged from 14-131 ngL™! [95].
Chronic values for freshwater species (cladoceran and fish) ranged from
137-253 ng L~!. Table 2 compiles some selected toxicity data.

Whereas most sensitive algae and invertebrates are affected at a few
100 ng L', the acute toxicity of TBT in fish lies in the range of a few ugL™.
The chronic toxicity is lower, however. Effects on the immune system and his-
tological alterations in many tissues are found below 1 ugL™! [157]. TPT has

Table 2 Toxicity of TBT to selected sensitive aquatic biota
Organism Toxicity TBT (ugL™!)  Refs.

Acute toxicity

Algae Diatoms ECs0, 72h 0.3-0.4 [199]
N. oculata ECs0, 24 h 0.258 [101]
Zooplankton Arcartia tonsa LCsg, 6d 0.4 [200]
Amphipod Gammarus LCs0, 96 h 1.3 [157]
Molluscs Oyster C. virginica LCsg, 48 h 1.3 [201]
Clam M. mercenaria LCs0, 48 h 1.1 [201]
Crustaceae Mysid shrimp LCsg, 96 h 0.3 [202]
Fish Minnows P. phoxinus LCig0, 8d 3.5 [127]
Trout O. mykiss fry LCyoo 10-12d 5 [203]
Chronic toxicity
Algae Diatoms growth 0.1 [204]
Zooplankton Arcartia tonsa death, 144 h 0.3 [200]
Amphipod Gammarus 24d 0.53 [157]
Molluscs Oyster C. gigas LCigo0, 12d 0.18 [153]
spat growth 0.01 [205]
Mytilus edulis larvae LCsg, 15d 0.04 [206]
Gastropods Nucella lapillus imposex 0.002 [9]
Fish Minnows P. phoxinus histology 0.7 [127]

Guppy P. reticulata immune system 0.4 [207]
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a similar toxicity [158]. Effects to freshwater organisms are in the same range,
but extremely susceptible species have not been identified. Data on the toxic-
ity of TBT and TPT to fish are compiled [4]. Fish are more susceptible in their
early life stages [127, 159], which also holds for tadpoles of frogs [24]. Target
organs are the immune system (thymic atrophy, immunotoxicity), skin and
eye (irritation), the CNS (neurotoxicity), and the developing skeletal, renal
and neuronal tissues, in particular the eye [127]. Mesocosm and microcosm
studies with TBT indicate that TBT levels less than 50 ng L™! did not impact
the structural and functional parameters of communities. Taken together, the
experimental data indicate that chronic effects are probable at highly polluted
sites such as harbors, areas with high shipping activity and their surround-
ings even presently.

5.3
Imposex and Masculinization

The occurrence of genital deformations occurring in the common dogwhelk
(Nucella lapillus), a species of thick-shelled snails found on rocky shores on
both sides of the North Atlantic, was very important with respect to the dis-
covery of environmental effects induced by TBT from antifouling paints [2,
10]. These deformations are referred to as imposex, which is the development
of male characteristics, notably a penis and vas deferens by females, is caused
by extremely low TBT and TPT concentrations. The manifestation gradually
becomes more severe at higher concentrations and prevents the release of egg
capsules, rendering the female sterile. The occurrence of imposex correlated
significantly with TBT levels in dogwhelks, and laboratory studies have con-
firmed that exposure to trace levels of 1-2 ng L™! induce imposex [10]. After
the discovery in the UK, imposex was found in Europe, North America and
subsequently, in many species of neogastropods and mesogastropods around
the world due to exposure to TBT originating from antifouling paints [65,
129,160-171]. Imposex is known in more than 120 species belonging to more
than 60 genera [172], and often associated with body burdens of organo-
tins [112]. This masculinization may induce reproductive failure at severely
affected stages, resulting in population declines. Throughout the widespread
geographic range of N. lapillus imposex has been documented [10]. Imposex
has been recognized as a very important biomarker of organotin contam-
ination used for monitoring on a global scale [130, 172,173]. TBT-induced
imposex has also been shown in developing countries [56, 105, 164, 165, 174-
177]. Although some studies showed a decrease of imposex due to antifouling
paint regulations [65], others demonstrate its ongoing occurrence a decade
later [178]. The presence of imposex is also related to TBT in the common
whelk (Buccinum undatum) and the red whelk (Neptunea antiqua) in the
open North Sea and Skagerrak [170]. Imposex was also described in a fresh-
water prosobranch snail after TBT and TPT exposure [179].
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What are the modes of actions leading to imposex? First hypotheses were
formulated by [166, 180]. Involvement of aromatase inhibition was proposed
by [167] due to an increase in testosterone levels responsible for the mas-
culinization of female marine gastropods by TBT and TPT. Among several
hypotheses, inhibition of aromatase and associated disturbance of steroid
metabolism with increase in testosterone and associated formation of male
sex organs in female seems most evident [181,182]. A strong reduction
of estradiol levels was found in imposex-affected gastropods Bolinus bran-
daris [162]. CYP aromatase activity was higher in normal females than
in imposex animals, evidently depressed aromatase activity was associated
with imposex in affected females [183]. Evidence of masculinization with
increasing testosterone and decreasing estradiol titers were also found in
clams [184]. Testosterone metabolism was altered in the estuarine mysid
Neomysis integer to which TBT was highly toxic (LCsy of 164 ngL™!), and
metabolic androgenization was induced even at 10 ng L ™! [185].

Recently, additional mechanisms have been proposed and various lines of
evidence provided. Androgen-dependent transcription in mammalian cells
and cell proliferation in human prostate cancer cells were shown, an indi-
cation of the androgenic action of TBT and TPT [186]. Recently, TBT and
TPT were demonstrated to bind to the human retinoid X receptors (hRXR)
with high affinity [187]. They act as high affinity ligands for RXR similar to
the natural ligand 9-cis retinoic acid. When this ligand was injected into fe-
males of the rock shell Thais clavigera, they developed imposex. This suggests
that RXR plays an important role in the induction of imposex. TBT and TPT
were also found being activators of peroxisome proliferator-activated recep-
tor gamma besides binding to RXR [188]. Whether the activation of RXR is
the key process for imposex development has yet to be shown. Besides, an-
other hypothesis assumes that TBT acts as a neurotoxin to abnormally release
the peptide hormone APGWamide, leading to imposex [189]. As of today,
the exact mechanisms behind imposex formation are unclear, although most
evidence points to the inhibition of aromatase as causative effect.

Inhibition of CYP by TBT and TPT has also been demonstrated in fish
in vivo [143] and in vitro [139, 141]. The conjugation of testosterone was
also significantly inhibited in fish [190]. Recently, inhibition of aromatase
has been demonstrated in other species of molluscs [144], fish [191] and
in mammals. This points to a possible androgenic activity of TBT result-
ing in additional masculinizing effects besides imposex in gastropods. TBT-
induced masculinization has been seen in genetically female Japanese floun-
der with concomitant suppression of the aromatase gene expression [191].
Zebrafish early life stages are extremely sensitive to TBT. Nominal levels of
0.1, 1 ngL™! and higher were able to significantly bias the sex ratio towards
males [192]. Moreover, TBT-induced dose dependent sperm abnormalities
were seen. Fertilization success was reduced and sexual behavior altered in
male medaka, exposed to TBT [193]. Recently, it was shown that concen-
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trations of 100 ngL™! TBT and TPT caused significant spermatogenesis in
ovaries of exposed abalone Haliotis gigantean, which resembles gastropod
imposex [194]. On the other hand, testosterone accumulation was suggested
to be a reaction to the inhibition of androgen excretion due to a decrease in
sulfur conjugation of androgens [195]. A two-generation reproductive study
of TBT showed that the male reproductive system of rats is also affected.
Testis weights, spermatid and sperm count were reduced at 125 mgkg!
TBT [196]. The data in fish and mammals indicates that TBT has androgenic
activity to different biota in addition to inducing imposex in gastropods.

6
Conclusions

The ongoing use of TBT-containing antifouling paints on large vessels leads
to contamination of harbors, ports and marine environments with high ship-
ping activities even today. Regulations for recreational boats resulted in a de-
crease of TBT levels in marinas, but it had a slow or marginal effect in coastal
waters. Both decreases in TBT-containing antifouling paints and the lack of
decreases have been reported in the literature. Organotins persist particularly
in sediments and biota. Along coasts, levels had not significantly decreased
even 10 years after regulations came into force. The widespread contamina-
tion found also in coastal regions of developing countries, in the open oceans
and deep seas (particularly in sediments and biota) demonstrates the global
occurrence of butyltins. The high toxicity, persistence and bioaccumulation
of TBT are of particular environmental concern. Recently androgenic activ-
ity of TBT in molluscs, fish and mammals was reported, indicating important
endocrine activity. The global occurrence of imposex in a large number of
gastropod species and associated population declines in coastal areas empha-
sizes the hazards and risks associated with these antifouling paints. The use
of TBT by commercial watercraft continues to contribute to the TBT load in
aquatic systems. The problem can only be solved by a global regulation and
ban of organotin-containing antifouling paints on ships and in aquaculture.
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Abstract Triggered by the debates around entry of force of the antifouling convention of
the International Maritime Organization and the upcoming ban of TBT, much progress
has been made during the last ten years in the field of the environmental risk assessment
of new and existing antifouling agents. In this chapter an overview is given of existing
exposure assessment models and two important areas of uncertainties, such as the hydro-
dynamic exchange and emission estimation in estuarine and coastal harbors. Apart from
tidal mixing, current and flow-induced horizontal mixing as well as density difference-
driven exchange processes and sedimentation have a major impact on the environmental
fate of antifouling compounds in coastal harbors. Existing generic screening models are
not capable of accounting for the complex hydrodynamics and interaction with chem-
ical fate processes. Considerable uncertainties are involved in the estimation of emissions,
based on the biocide leaching rate extrapolated from laboratory studies and affected by
temperature, salinity and pH, and shipping activity related parameters, i.e. number and
dimensions of ships, speed, underwater surface area, and the time spent in- port. Two re-
cent exposure assessment models for antifoulants in estuarine and marine environments,
REMA and Mam-Pec are discussed. The environmental emission scenarios linked to these
models were evaluated by a joint OECD-EU working group and formed the basis of the
current emission scenario document (ESD-PT21) adopted for application in the frame-
works of the Biocide Directive in Europe. The available models for antifoulants have been
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validated only for a limited number of compounds and no full quantitative sensitivity
analysis studies have been performed. As it is expected that in the near future a large
number of products needs to be evaluated, further refinement and validation of these
models in realistic field studies is recommended.

Keywords Environmental fate - Models - Hydrodynamics - Leaching - Emissions
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2D, 3D
DOC
EXAMS
HSE
DELWAQ
REMA
Mam-Pec
ESD-PT21
TBT
ASTM
CEPE
IMO
EUSES
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QWASI
TOXFATE
DELFT3D
MIKE-3
ECOS
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SILTHAR
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exposure analysis modelling system, generic model developed by the Environ-
mental Protection Agency, USA

Health and Safety Executive, London

generic water quality model of WL|Delft Hydraulics, Delft

regulatory environmental modelling of antifoulants, exposure model de-
veloped by Water Research Centre, Swindon, UK
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predicted environmental concentration
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1
Introduction

As described in other chapters in this book the chemical fate of antifoulants
is determined by many complex and interacting physical, chemical, and bio-
logical processes. Some of the major transport and transformation processes,
which are commonly considered in environmental fate models, have been sum-
marized in Fig. 1. Therelative importance of each of the processes and pathways
is highly compound- and habitat specific and may have a considerable spa-
tial and temporal variation. For compounds with a high affinity to particulate
matter or sediment, sediment transport phenomena will be of dominant im-
portance. Stable dissolved compounds are likely to be affected most by river
discharges or tidal currents. Biodegradation processes are highly temperature
dependent and may be the dominant removal process in tropical water, while
in temperate or polar zones this may be less. Photolysis may have a prominent
role in the open sea even at greater depths in warm and transparent waters,
while in turbid estuarine environments in temperate zones this may only be
of importance in the upper water layers. Proper and realistic handling of pho-
tolysis in chemical fate models is complicated, as it varies with depth. This can
only be done in adequate 3D models with proper relationships of effective rate
constants with light penetration (transmittance or turbidity), temperature, and
binding to particulate matter and DOC.

There is a broad distinction between organic and inorganic compounds
both in the mechanisms and relative importance of different processes. For

Environmental Fate of a Marine Antifoulant

Deposition
Volatilization
Aerosol

it

UV Degradation

\ Leaching
& Biological .
®< Hydrolysis ®s®  Degradation ::gg;‘;i{t”am'c
DX Speciation go;pttion t(:t - tide, currents
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Fig.1 Chemical fate processes of antifouling products in the marine environment.
Source: [5]. Reproduced with permission
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instance for copper, processes such as sorption, speciation, and redox reac-
tions have a prominent role in the fraction of freely bioavailable and poten-
tially toxic copper ions [1].

Among the trace element mechanisms, partitioning and rate constants are
highly element specific, and may depend strongly on the physico-chemical
speciation. The speciation is highly dependent on environmental factors,
such as salinity, pH, pE, particulate matter, presence and nature of ligand-
substrates. In contrast to the category of neutral hydrophobic compounds
there are no simple and generic relationships with which partitioning and
rate constants can be estimated. Only a few of the available generic chemical
fate models, such as EXAMS [2] and DELWAQ [3] allow for the evaluation
of speciation in the chemical fate of trace metals. In environments with low
exchange rates or pseudo stagnant conditions the chemical and biological
processes are likely to become more important. Especially in energy rich
marine environments, such as the coastal areas where most of the main har-
bors are situated, the hydrodynamic transport and mixing processes of water
masses and sedimentation tend to have a major impact on the environmental
fate of chemicals. In this chapter some of the basic principles of hydrody-
namic exchange processes in estuarine harbors have been described. As this
phenomenon is not properly addressed in most regulatory screening-type
models (Sect. 4), special models such as REMA [4] and Mam-Pec [5] have
been developed for the prediction of the chemical fate of antifoulants. The
environmental conditions and emission estimation procedures (Sect.2) in
these models have recently been evaluated by a joint EU and OECD working
group [6], and were the basis of the recommended default emission and expo-
sure scenarios recommended for regulatory admission procedures in OECD
countries.

2
Emission Estimation

Emissions of antifouling products in harbors originate mainly from leaching
of the underwater paints and to a lesser extent from maintenance operations.
For large commercial harbors the emissions due to leaching dominate and
are usually estimated as the product of a leaching rate (LR in mg/cm?/day)
and the total antifouled underwater area (A in m?). In various modelling
studies [5] and the recently adopted emission scenario document (ESD) for
antifouling products by a joint EU-OECD working group [6] the total emis-
sions (Eg in gd‘l) in a harbor are estimated according to Eq. 1 or similar
formulas.

Eot= Y (AN F*LRp) + Y (A{*Ni"Fi*LRy) (gd™") (1)

i=1-n i=1-n
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In which, A; (m?) represents the average underwater area of shipping category
i, for example n length categories, N;,, and Nj; represent the number of mov-
ing ships and ships moored at berth in the harbor at any time of the day, F; is
the application factor expressed as the fraction of ships in category i treated
with a specific antifouling product, and LR, and LR,, are the compound and
paint specific leaching rates (g, m? day™!) of ships at berth or moving. As will
be described in the next section, large uncertainties may be involved in the
proper estimation of each of the parameters in Eq. 1.

2.1
Leaching Rate

The leaching depends highly on the type of compound, characteristics and
age of the paint matrix, the velocity of the ship, and environmental factors
such as temperature and salinity [7]. Some typical leaching rates reported in
the literature are indicated in Table 1.

Manufacturers usually conduct experimental determinations of leaching
rates during the development of testing phases of new products with plates
or rotating drums coated with the product and exposed to natural or semi-
natural conditions. The results from these experimental studies cannot easily
be translated to real-life leaching rates from ships to which the product is
applied. Available ASTM (D5108-80) and ISO/DIS (15181-1,2) protocols have
been criticized by various authors [8,9]. For many of the new products es-
tablished and certified analytical methods are hardly available [10]. Except
for the study of Steen et al. [11], hardly any field studies on actual leaching
rates from freshly painted ships have been published in the open literature.
An interesting theoretical mass-balance approach was followed in a study by
Boxall et al. [12], in which worst case leaching rates were estimated based on
lifetime of the paint and national paint usage data. Their overall estimates
were in line with the ranges reported in Table 1. In various reviews good de-
scriptions can be found of the different classes of biocidal antifouling paints
and the dependency of the biocide leaching rate on the physical and chem-
ical processes at the paint-(sea)water interface [7, 13, 14]. The following main
types of coatings were identified: soluble matrix; insoluble matrix, TBT self
polishing copolymer, and TBT-free self polishing paints, each with their spe-
cific leaching patterns and changes of the leaching rate with the age of the
paint matrix. For the soluble paint matrix, with typical in-service periods of
12-18 months, the biocide-release rate may decrease exponentially during the
lifetime of the coating. The self-polishing copolymers and paints, which both
may contain copper, have a different biocide release pattern with a rapid de-
crease in the first months to year, followed by a constant release rate during
the remaining in-service period of up to 5 years.

As demonstrated in experimental and modelling studies [7] commonly
occurring changes in speed (0-20 knots), temperature (10-30 °C), salinity
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Table1 Summary of leaching rate estimates reported from various experimental and
modelling studies

Compound Leaching rate Type of study Refs.
ig/cm? /day

TBT 0.5-2.1 flume and rotary test system [9]
1.5-4 ASTM test system [15]
2.5 model Marina [16]
0.1-5 model Harbor [17]
1.3-3.0 model ships >25m [18]
4 model [19]

Cu 18-21 flume and rotary test system [9]
25-40 ASTM test system [16]
4-6* modified ASTM test [8]
1-20 not specified [20]
8-25 model ships > 12m [18]
37-101 model ships >25m [18]

Irgarol 2.6 flume test system [21]
5.0 ISO test system
2-16 model marina [22]
5 model marina [23]

Sea-Nine 211 3.0 flume test system [21]
2.9 ISO test system
1 (0.1-5) model harbor [17]
2.5 field and model study [11]

Zinc pyrythione 3.3 ISO test system [21]

Diuron 0.8 flume test system [21]
3.3 ISO test system

Dichlofluanid 0.6 flume test system [21]
1.7 ISO test system

TCMS pyridine 0.6 flume test system [21]
3.8 ISO test system

* After 21 days. During the first 21 days leaching rates ranged between 7-61 pug/cm? /day

(15-35%o0), and pH (7.5-8.5) have a significant impact on the actual leaching
rate of Cu and TBT, with an increased leaching rate at higher speed, tempera-
ture, and salinity and at lower pH. In experimental studies conducted earlier
by Thomas et al. [9] with the flume and rotary ISO test systems no such ef-
fects were found for Cu, and a lowering of TBT leaching at higher speeds. Due
to the slow response of the leaching behavior to changes in these parame-
ters [7,9], actual leaching rates in coastal environments are probably highly
variable and also dependent on previous time spent at sea or in port. Despite
the large impact on the uncertainty of emission estimation, a surprisingly low
number of experimental studies have been published in the open scientific
literature. Much of the in-company information on experimental leaching
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rate studies used in regulatory procedures is confidential and unfortunately
is not available for peer-review. Summarizing the available information from
Table 1 it becomes evident, that for each of the compounds a broad range of
leaching rate estimates has been observed. Copper leaching rates usually are
higher than for other compounds. Leaching rates reported for TBT usually
are below regulatory implied values of 4 ug/cm?/day in some countries (USA,
Sweden). For the development of the Mam-Pec model [5] a set of default
leaching rates was proposed based on expertise available within the CEPE An-
tifouling Working Group: 50 j1g/cm?/day for copper, 4 ug/cm?/day for TBT
(moving ships), and 2.5 ug/cm?/day for generic organic antifouling agents.

2.2
Underwater Surface Area

A second parameter in the emission estimation, the total antifouled underwa-
ter area of ships in a certain harbor area, depends on multiple factors, such as
shipping intensities, dimensions and shape of the various categories of ships,
cargo load, residence time in the harbor, and various other factors. Some
paint suppliers [24] have published rule of thumb formulas for estimation
of the underwater surface (A) and required amount of paint for recreational
ships, from simple dimensions such as length (L) or length at the waterline
(Lwr) width (W) or depth (D), as indicated in Table 2.

For commercial ships related formulas have been used to derive the esti-
mated surface area, which surprisingly show limited differences in average
estimated surface area. In the formula proposed by Willingham and Ja-
cobson [17] and used in the emission estimation module in the Mam-Pec
model [5] further simplifications were obtained by applying average ratios
between L and W (W as 14-15% of L) and L and D (D as 5% of L). In the
final ESD of the joint EU-OECD working group various approaches were com-

Table 2 Simple formulas for first estimation of average underwater area

Type of ship Formula Refs.

Recreational ships

motor-launch (low draught) A=Lwr.(W+D) [24]
sailing-yacht (intermediate draught) A=0.75Lwr(W + D) [24]
sailing yacht (deep keel) A=0.5Lw.(W+D) [24]
generic motor-boat A=0.85Lwi (W + D) [45]
Commercial ships

New York Harbor A=ILW1.3 [17]
Port of Rotterdam A=L(W+ D)+ WD [5]

Finnish harbors A=0.95L(0.8(D+ W)+ W) [45]
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pared and a more elaborate formula (Eq. 2) was selected, which was derived
from Finnish shipping data [25] and usually is referred to as the “Holtrop
equation”. The latter approach yielded slightly (8-16%) higher estimates of
the surface area for corresponding length classes compared to the Mam-Pec
model

A=L2D + W)[Cp(0.53 + 0.63Cy - 0.36 (C,, - 0.5) - 0.0013(L/D)]*°  (2)

In which: A = submersed ship area, L = length of ship, D = depth, W = width,
Cm = empirical factor (ranging from 0.95-0.98, taken in the ESD taken as
0.975) on how full-bodied the main arch of the ship is, and Cg = empirical
factor (ranging from 0.75-0.85, taken in the ESD as 0.8) on how full-bodied
the underwater volume of the ship is. The factors Cy and Cp are calculated
according to the formulas:

Cm = Am/(BD) (3)
Cg = V4/(LBD) (4)

In which: Ay is the area of the main arc of the ship, i.e. the area of the biggest
cross-section of the ship, which is in general in the middle of the ship, and V4
is the underwater volume of the ship (displacement).

On the basis of a statistical survey of paint-usage data in relation to ship
dimensions (DWT) from a large supplier for 300 ships and covering 9 of the
25 main Lloyds shipping categories, Van Hattum et al. [5] concluded that
predicting submersed surfaces with simple generic regression formulas may
result in deviations up to several 100% below or above actual measured sur-
face areas. As it is evident that the submersed surface estimation introduces
a large uncertainty in the emission estimation, it is recommended that in fu-
ture studies a more refined approach, based on statistical surveys is followed.

23
Shipping Intensity

Information on the shipping density, a third parameter in Eq. 1, can be ob-
tained from various sources, such as on-line port statistics from local port
authorities or branch organizations such as the International Association of
Ports and Harbours (IAPH), commercial suppliers (Lloyds Register Ltd), or
trade oriented studies [26]. Although traffic intensities and port arrivals are
monitored on a large scale in European waters, there still is no structured and
aggregated reporting system and especially estimations of traffic intensities
in open and coastal water may still have large uncertainties. Another prob-
lem is caused by the differences among harbors in reported dimensions and
shipping types, such as length, depth, dead-weight tonnage (DWT), gross ton-
nage (GRT/GT), net tonnage (NRT/NT), compensated tonnage (CGT), cargo
landed, number of containers, or economic parameters, such as revenue tons.
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The average number of port arrivals in some main European ports [26] varied
in 1996 between approximately 4400 ships per year for Helsinki (Finland) to
more than 25000 per year for Piraeus (Greece) and Rotterdam (Netherlands).
In the first version of the Mam-Pec model [5] the shipping intensities and
ship dimensions in the port of Rotterdam and the North Sea shipping lanes
along the Dutch coast were used as a basis for the default emission scenarios
for commercial sea going vessels. In the recent emission scenario document
for the Biocide Directive [6] a similar approach was followed with different
settings for the number of ships and submersed surface areas based on the
Holtrop equation (Eq. 2). The recommended default values are summarized
in Table 3.

Little information is available on the application factor of a product (F;),
which constitutes the fourth parameter in Eq. 1. In general, market share in-
formation of specific products is confidential, but it is clear that this type
of information is crucial for a proper estimation of the emissions. Especially
after implementation of the IMO treaty on antifoulants this will become more
important, as TBT will be diminished or banned, and the market share of
other biocide-based antifouling paints or biocide-free systems on sea going
vessels will become more important. With currently existing differences in
admission policies and regulation between countries, this may even vary on
a local scale. Especially for the categories of smaller ships (< 25 m), where
application of TBT is not allowed, a reliable estimation of the actual usage
is not possible. In the EU-OECD emission scenario document (a worst case
approach with values of 0.9-0.95 for F; is recommended.

Table 3 Recommended default emission scenarios for antifoulants in Europe (Biocide Di-
rective) and other OECD countries. Indicated are average underwater surface area and
number of ships moving (N,) or at berth (N, ) for the different length classes

Length class Surface Shipping Estuarine harbor Marina
(m) area (m?) lane
Nm Ny Nm Ny
<50 31 500
50-100 1,163 3.9 11 1.8
100-150 3,231 1.7 5 0.4
150-200 6,333 1.6 5 0.4
200-250 10,469 0.4 1 0.1
250-300 15,640 0.5 2 0.1
300-350 21,844 0.1
Estimated emission* 773 2303 191 345
(gd™)

* Of compound with a leaching rate 2.5 pg/cm?/day and 100% application of product.
Adapted from: [5, 6]
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3
Water Exchange Mechanisms in Coastal Environments

In estuaries many physical and chemical processes take place that have an
impact on the concentration of a contaminant in the environment. The hydro-
logical conditions in the estuary are, however, the major determining factor.
Having a good grasp of the order of magnitude of the hydrological exchange of
for example a harbor in an estuary with it’s surroundings is essential in order to
predict the concentration. In general, the exchange of water between a harbor
basin and an estuary is caused by three phenomena [27, 28], that is by:
e filling and emptying by the tide;
e the horizontal eddy generated in the harbor entrance by the passing main
flow;
e vertical circulation currents in the harbor generated by density differences
between the water inside and outside the basin.

In some cases the above picture is complicated by the extra effects of a wa-
ter discharge through the harbor basin to the estuary or sea. On the one hand
such a discharge has a positive effect by flushing the basin, but on the other
hand it has a negative effect by introducing or enhancing water exchange by
density currents (as in e.g. some Dutch harbors, such as Delfzijl, [Jmuiden,
Harlingen, and Terneuzen). It even may introduce a serious sediment influx
contributing to shoaling in the harbor basin. This mechanism is addressed
as flushing with withdrawal of water (e.g. cooling water intake) defined as
a negative flushing discharge rate.

Most quick assessment models only incorporate an empirical exchange
(REMA, EUSES, Simplebox) or use only the tidal exchange. The Mam-Pec
model is an exception as it incorporates all phenomena and allows for em-
pirical exchange volumes as well. Most current true 3D models, such as
Delft3D [29, 30], Mike-3 [31], or Telemac [32], incorporate all processes but
require very experienced users with a high level of hydrological knowledge to
use the models.

3.1
Tidal Exchange

The exchange by the first mechanism over a tidal period m, i.e. the tidal prism
can easily be determined as:

Vi = 2nAyp (5)

where: Vi = tidal prism of the harbor basin, 1 = tidal amplitude (Fig. 2), Ay, =
(storage) area of the basin.

The total water exchange volume is the sum of the tidal prism and the
exchange volumes due to the horizontal eddy in the harbor entrance (V4,),
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Table 4 Water exchange and siltation data of some harbors

Harbor Region Country Vi+ Vy V4 Ve
(10° m?/tide) (10° m%/tide) (10° m3/tide)

Braakman North Sea Netherlands 5.5 11.0 16.5
Paulina North Sea Netherlands 13.0 16.1 29.1
Um-Qasr P. Gulf Iraq 6.7 7.6 14.3
Port Gardner Puget Sound USA (WA)

- present 1.1 6.1 7.2
- future 2.4 19.0 21.4
design

Source: Eysink (1995)

due to density currents (Vg), and the extra water exchange due to flushing
(Veg):

Ve=Vi+ Vp+ Vg+ Ve (6)

Some examples are given in Table 4. The quantities Vy,, Vy and V¢ are less
obvious than V; and are dealt with in more detail in the next sections.

3.2
Water Exchange by a Horizontal Eddy

A current passing the entrance of a basin generates an eddy in this entrance
(see Fig. 2). There, steep velocity gradients generate an exchange of water by
turbulence. Through this mechanism silt laden water from outside penetrates
the eddy and from there further into the harbor and to the center of the eddy.
The rate of water exchange by this mechanism depends on the flow velocity
in front of the harbor basin, the size of the entrance and the tidal prism.
It will be obvious that the rate of exchange decreases with increasing tidal
prism. The rate of “horizontal water exchange” can be approximated [33] by

HW
n Yo
M.S.Lx tidal prism

longitudinal section top view

Fig.2 Definition of tidal prism and horizontal exchange mechanism (HW = high water
level, LW = low water level, MSL = mean sea level, u, = flow velocity river, b = width at
mouth of harbor)
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the formula:

Qn = fihbuo - f2Q @)

where: Q;, = rate of horizontal water exchange (m?/s), fi, f» = empirical coef-
ficients depending on the geometry of the basin, & = depth of entrance (m),
b = width of entrance (m), u, = main flow velocity in front of the entrance
(m/s), Q; = filling discharge due to rising tide (= hbuy) (m?¥/s), u; = tidal in-
and outflow velocities in the entrance (m/s).

This formula is valid for rivers (Q; = 0) and in tidal areas during flood; Q,
almost is negligible during ebb [33]. Hence, substitution of h = h, - 1 cos wt
and o = Uo,max Sin wt (1 tidal amplitude, w tidal period) and integration over
the flood period (¢t =0 to T/2) yield the total volume per tide by horizontal
exchange:

Uo,max
Vi = fihob - T-ALV; (8)

where: V}, = total volume of water exchange per tidal cycle by horizontal ex-
change flow (m?), hy = depth in the entrance relative to MSL (m), T = tidal
period (s), Vi = tidal prism of harbor basin (m3).

The coefficients f; and f, generally are within the ranges 0.01-0.03 and
0.1-0.25 respectively and can be estimated based on existing knowledge from
comparable situations. In some cases it may appear useful to determine more
accurate values via hydraulic model investigations. Delft Hydraulics has de-
termined these for several large harbors (Rotterdam, Antwerp). In case the
equation yields a negative value for V}, it means that the horizontal exchange
does not contribute to the total water exchange, in which case V3, = 0.

3.3
Water Exchange due to Density Currents

Water exchange is also caused by density differences between the water inside
and outside the harbor basin (Fig. 3). This mechanism is very effective and,
besides, it affects the entire basin while the two others are restricted to the
area near the entrance. The tidal filling or emptying of the harbor basin re-
duces the water exchange due to the density currents. Bearing in mind that
2uh/2 represents the filling or emptying discharge rate, Fig. 3 shows that the
density-induced water exchange under all circumstances is reduced in the
same way.

Hence the rate of exchange by density currents (no influence of horizontal
exchange assumed) can be described by:

Qq = (1o - u)hb/2 ©)
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Fig.3 Schematized flow profiles indicating reduction of density-induced exchange flow by
tidal filling or emptying of basin. Source: [28]. Reproduced with permission

with
Ap \V2
Udo =f3( 0 gh)

where: Qg = exchange rate due to density currents, u4, = exchange velocity
without influence of tidal in- and outflow, p = density of water, Ap = char-
acteristic density difference, (..)1/2 = characteristic parameter of density cur-
rents, f; = coefficient, g = gravitational constant (9.8 m/s?).

Figure 4 demonstrates the mutual relationships of a number of relevant
parameters, such as the water level variation at the harbor entrance (h), the
related river flow in front of it (u,), the mean density variations outside (og)
and inside the harbor (pop,) and their difference, as also the tidal in- and out-
flow currents (u¢) and the undisturbed and effective density currents (14, and
u; respectively) in case of harmonic relations. The lower figure distinctly in-
dicates the reduction of the water by density currents due to the tidal flow
velocities through the harbor entrance and the relevance of the phase lag ¢
and the ratio 74, /% in this respect.

Assuming linear harmonic relationships, the density induced exchange
flow rate can be integrated over a tidal cycle, which yields:

(10)

A Pmax 1/2
V4 =f4h0b( ) gho) T-f5Vi (11)
with for practical reasons:
A Pmax = 0.5 (po,rnax - po,rnin) (12)
and
A 1/2
Vao = f4,maxhob( p;‘“gho) T (13)
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Fig.4 Effect of phase lag between tidal and density currents through the harbor entrance
on the density-induced exchange flow. Source: [28]. Reproduced with permission

where: V4 = exchange volume per tide due to density currents, fs = coefficient
depending on Vg4,/Vh, with Vy, being the volume of the basin below MSL,
f5 = coefficient depending on Vy,/V; and phase lag ¢ between ug4, and u;.

It is obvious that in a large harbor (low values of V4,/V1,) the average wa-
ter density will hardly follow the density fluctuation of the water in front of
the harbor. In the case of a small harbor basin and/or strong density currents
(higher values of V4,/Vha), however, the density of the water inside the har-
bor may follow the density fluctuations outside. This results in a reduction of
the characteristic density difference inducing the density currents. This effect
has been included in the coefficient f4, which consequently reduces with in-
creasing Vgo/ Vha. This effect has been estimated theoretically on the basis of
linear harmonic theory assuming a constant water level and neglecting tidal
flow (total water exchange V. = V).

Under specific conditions of low tide, low flow, and low density differences
other exchange processes become more important in the exchange [34]:
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e Non-tidal water level changes. In the absence of tide, water level differ-
ences still occur based on large-scale water movement or wind-related
water setup.

e Wind induced exchange. When wind blows over a water surface, interac-
tion of wind and water consists of shear stress at the surface and some-
times a normal pressure component on a wavy surface. Internal friction
exists both in the airflow as in the water flow, as well as friction be-
tween water and bed-layer and walls. These interactions cause vertical
wind and water velocity profiles, which could be relevant phenomena for
the marina-sea exchange.

4
Environmental Fate Models

Table 5 summarizes a number of currently available environmental fate
models, ranging from simple generic screening-type models to complex and
detailed 3-dimensional location-specific models. The frequently used generic
risk-assessment models, such as EUSES, Simplebox and the Mackay-type
EQC models [35-37], usually include only a limited number of emission,
transport, and chemical fate pathways required for a reliable assessment of
the fate of antifouling products. Only the more sophisticated chemical equi-
librium models, with both steady state or dynamic calculation options, such
as EXAMS, ECOS, DELWAQ, QWASI, TOXFATE (2, 3,38-40] are capable of
a more comprehensive treatment of the subtle physico-chemical and biologi-
cal processes and interactions. Only the complex 3D models Delft3D, Mike-3,
Telemac-3D [29-32] and a few of the generic models (EXAMS, ECOS, DEL-
WAQ [2, 3,38]) can handle complex hydrodynamics and provide a 2D or 3D
spatial resolution of the final results, which is of importance for estuarine
and coastal environments with strong gradients. From the generic 2D models,
both ECOS [38] and DELWAQ [3] can easily be adapted to complex estuarine
hydraulic processes. For the EXAMS [2] model this can only be achieved after
linking with tailor-made and location specific calculation modules, such as in
the study on the chemical fate of TBT and Seanine in New York harbor [17].
Several models, such as REMA [4] and Mam-Pec [5] were specially designed
for chemical fate prediction of antifoulants in estuarine and coastal environ-
ments and provide the combination of a realistic treatment of hydrodynamic
and chemical fate processes and user-friendly entry and handling of model
parameters and model runs.

The REMA model [4] is a special model developed for British estuaries for
the regulatory evaluation of antifoulants by the Health and Safety Executive in
the UK. It is based on the QWASI model [39] and contains three sections of an
estuary with three adjacent marinas. Hydrodynamic exchange rates between
marinas and estuarine sections need to be entered manually. The model does
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not allow an estimation of the hydrodynamic exchange processes. The treat-
ment of the chemical fate processes is in many respects similar to the first
version of the Mam-Pec model. Several default combinations of emissions and
estuary types are included in the model: a small estuary that dries out, well-
mixed estuaries with narrow and wide mouth, and a large complex estuary.
The model has been validated successfully for these estuaries. The treatment
of emissions is not flexible, fixed surface areas are included in the model for
pleasure crafts and medium-sized ships and changing emission settings can
only be done indirectly. The REMA model is limited to mainly emissions from
pleasure crafts in typical estuaries in the UK and cannot be adapted to ma-
rine exposure scenarios for large commercial harbors or open sea shipping
lanes. Model software and documentation can be obtained via the website
of the HSE (www.hse.gov.uk) and the Environmental Chemical Bureau (ECB;
www.ecb.jrc.it/biocides) of the European Commission.

The Mam-Pec model [5] is an integrated 2D (10 x 10 grid) hydrodynam-
ical and chemical fate model based on DELWAQ and SILTHAR of Delft Hy-
draulics. The DELWAQ model has previously been linked to hydraulic models
for the North Sea [41]. The SILTHAR model [28] has been used for the
description of hydrodynamic exchange and sedimentation in several large
international harbors (Port of Rotterdam, Hong Kong). Models runs are ex-
ecuted after entry or editing of input data in three different panels for (1)
environment and hydrology, (2) compound properties, and (3) emission sce-
narios. The environmental and hydrodynamical parameters included in the
model are: currents, tides, salinity, DOC, suspended matter load, sedimen-
tation, port dimensions. The model allows estimation of hydrodynamical
mixing in five generalized “typical” marine environments (open sea, shipping
lane, estuary, commercial harbor, yachting marina). The default environ-
ments can easily be adapted to local situations. Several of the recently adopted
environmental emission scenarios for the Biocide Directive [6] were based
on slightly modified Mam-Pec scenarios (commercial harbors, shipping lane,
marina) and the estimation and calculation routines in the model. Compound
properties/process included in model are: Koy, Kgq, Koc, H, volatilization,
speciation, hydrolysis, photolysis, and biodegradation. The emission estima-
tion is based on leaching rates, shipping intensities, residence times, ship
hull underwater surface areas according to the principles described in Sect. 2
(Eq. 1). The model contains default emission settings for the matching envi-
ronments. The EU-OECD environmental emission scenarios [6] are included
in an updated version of the model, which will be available end of 2005. The
model allows easy comparison of predicted environmental concentrations of
PECs of different compounds. The model has been validated based on the re-
sults of a few recent monitoring studies. Model-predicted concentrations of
TBT, Irgarol, Diuron, Seanine and other compounds matched within order
of magnitude with measured concentrations [11,42-44]. A full quantitative
sensitivity analysis has not yet been conducted. On the basis of preliminary
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results, the following processes were identified as major determinants of the
uncertainty: leaching rate, underwater surface area, shipping characteristics,
hydrodynamic exchange, partitioning, sedimentation, and (bio)degradation.
The first version of Mam-Pec (v1.0) was released in 1999. Since then up-
dates have been released in 2002 (v1.4) and early 2005 (v1.6) compatible with
common operating systems (Win9x-NT-2000-XP). The development of the
model was sponsored by the Antifouling Working Group of the European
Paint Makers Association (CEPE/CEFIC), with contributions of the European
Commission—DG XI (1997-1999). Regulatory agencies in Finland, Suisse,
Netherlands, USA, and other countries in biocide admission procedures have
applied Mam-Pec recently. The model and documentation and are freely
available via websites of CEPE (www.cepe.org) and other organizations of
paint producers (www.antifoulingpaint.com).

5
Conclusions and Outlook

Most of the currently available screening models used in environmental risk
assessment are not equipped to handle the complex hydrodynamic exchange
and sedimentation processes in estuarine and coastal environments. As the
largest emissions of biocides in antifouling paints occur in the marine and
estuarine commercial harbors special models are required for a realistic risk
assessment of antifoulants. Various user-friendly models are currently avail-
able, which allow a more or less realistic prediction of environmental concen-
trations in the marine environment. Some of these models and underlying
emission scenarios have been incorporated in recent environmental emission
scenario documents (ESD-PT21) for the Biocide Directive the European Com-
munity and other OECD countries. Large uncertainties are involved in the
estimation of emissions based on leaching rates extrapolated from labora-
tory experiments and estimated underwater surface areas. Available models
have been validated for a limited number of compounds in a few field studies.
No full quantitative sensitivity analysis data are available. With the expected
implementation of the antifouling treaty of the International Maritime Orga-
nization (IMO) in the coming years and the ban on TBT a large number of
new products need to be evaluated. Against this background significant ef-
forts are required to reduce the inherent uncertainty of model predictions, as
well as realistic field studies for a proper validation of existing models.
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Abstract This chapter outlines the stages involved in chemical analysis of antifoul-
ing booster biocides, reviews the sample preparation strategies and the analytical
methods for the determination of these compounds in marine water and sediment sam-
ples. Antifouling booster biocides which are reviewed in this chapter include: Irgarol
1051, Diuron, Sea-nine 211, TCMTB (2-thiocyanomethylthiobenzothiazole), Dichloflu-
anid and Chlorothalonil. Gas chromatography-mass spectrometry (GC-MS), liquid
chromatography-mass spectrometry (LC-MS) as well as future prospects related to cur-
rent mass spectrometric techniques are outlined.

Keywords Antifouling booster biocides - GC-MS - LC-MS - Sample preparation -
Seawater - Sediments
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Abbreviations

AFID alkali flame ionization

APCI atmospheric pressure chemical ionization
CI chemical ionization

CID collision-induced dissociation

CPDU [1-(3-chlorophenyl)-3,1-dimethylurea]
CW-DVB  carbowax-divinylbenzene

DAD diode-array detection

DCA [3,4-dichloroaniline]

DCM dichloromethane

DCPMU [1-(3,4-dichlorophenyl)-3-dimethylurea]
DCPU [1-(3,4-dichlorophenyl) urea]

DMSA (N’-dimethyl-N-phenyl-sulphamide)
ECD electron capture detector

EI electron impact ionization

FTD flame thermionic detector

GC-MS gas chromatography-mass spectrometry
HLB hydrophilic-lypophilic balance
HS-SPME  headspace solid-phase microextraction
IT-MS ion trap-mass spectrometry

LC-MS liquid chromatography-mass spectrometry
LC-MS/MS liquid chromatography-tandem mass spectrometry
LLE liquid-liquid extraction

LOD limit of detection

MAE microwave assisted extraction

MRM multiple reaction monitoring

MS/MS tandem mass spectrometry

NCI negative chemical ionization

PA polyacrylate

PCI positive chemical ionization

PDMS polydimethylsiloxane

PDMS-DVB polydimethylsiloxane-divinylbenzene
PTV programmable temperature vaporizing
Q-MS quadrupole mass spectrometry

QqQ triple quadrupole

RPLC reversed-phase liquid chromatography
SFE supercritical fluid extraction

SIM selected ion monitoring

SME solvent microextraction

SPE solid-phase extraction

SPME solid-phase microextraction

SRM selected reaction monitoring

TBT tributyltin

TCMTB 2-thiocyanomethylthiobenzothiazole
TFA trifluoroacetic acid
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1
Introduction

Extensive survey data for antifouling compounds have been reported for ma-
rine coastal, docks and harbour waters [1-4]. In addition, the environmental
impact on the aquatic environment and fate of organotin compounds, in
particular tributyltin (TBT) and copper is well documented [3-7]. As an al-
ternative to organotin compounds, the use of which is now regulated and
limited to vessels greater than 25 m in length, organic booster biocides were
introduced. However, the potential of booster biocides to cause pollution
has also been of concern for several research studies carried out during the
last few years [8-11]. Maximum concentration levels found up to approx.
1700 ng L~! have been reported in areas of high boating activity or enclosed
marinas [9, 12-14], while in marinas with higher water exchange rates, lower
concentration levels have been encountered (low ng L) [15-17]. However,
those concentrations can be sufficiently relevant to pose a risk to aquatic life.

Because of the potentially dangerous consequences of the presence of
booster biocides in the environment, several analytical methodologies
have been described in the literature. Most of the methods involve a pre-
concentration step, a clean-up of the extracts and a chromatographic separa-
tion by gas and liquid chromatography.

In general, because of their low concentration levels, trace-level aqueous
samples have to be extracted and enriched prior to their analytical determin-
ation. Several methods have been developed to extract aqueous samples con-
taining antifouling compounds. Liquid-liquid extraction (LLE) [10, 18] and
solid-phase extraction (SPE) [10, 11, 19,20] were the dominant approaches
for sample preparation. Among these, the LLE method has well-known op-
erating disadvantages (e.g. time-consuming and requires large amounts of
organic solvents). In the past few years, the application of new techniques
reflects the current analytical trends (reduction of organic solvents, automa-
tion of the sample preparation step). In addition to the common use of
SPE, examples of current techniques applied are solid-phase microextrac-
tion (SPME), which is a simple procedure, inexpensive, efficient and no
solvent for sample preparation is necessary, [21,22] as well as solvent mi-
croextraction (SME) [23] and headspace solid-phase microextraction (HS-
SPME) [24] for the analysis of booster biocides. Similar goals have led to
the application of new extraction techniques for sediment samples, includ-
ing microwave-assisted extraction (MAE) [25], supercritical fluid extraction
(SFE), or SPME [26], as an alternative to traditional extraction methods such
as ultrasonication.

Although FTD or ECD selective detection systems have been included
in the development of analytical methods [21,23], the reported methodol-
ogy in the literature for booster biocides have been to a great extent based
on the application of gas chromatography-mass spectrometry (GC-MS) sys-
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tems, and currently also liquid chromatography-mass spectrometry (LC-MS).
Among developed GC-MS methods, the modes of ionization such as chem-
ical ionization (CI) or electron-impact ionization (EI) [27] as well as modes
of operation, such as selected ion monitoring (SIM) or tandem MS-MS, have
been applied to determine booster biocides in environmental water and sedi-
ment samples [27-29]. For thermolabile compounds, LC has been applied
with diode-array-detection (DAD) systems [30] and with MS, which has
been increasingly used because of its selectivity and sensitivity. The atmo-
spheric pressure chemical ionization (APCI) technique has been a widely
used interface for coupling LC-MS [19-31]. LC-MS/MS methods have also
experienced progress in terms of application in the analysis of booster bio-
cides, which is especially suitable for environmental sample analysis for rou-
tine confirmation of identity as well as structural elucidation or ultra trace
analysis [32].

This chapter reviews the sample preparation and analytical strategies ap-
plied in the analysis of booster biocides in marine water and sediment
samples. The review of booster biocides includes Irgarol 1051, Diuron,
Sea-nine 211, TCMTB (2-thiocyanomethylthiobenzothiazole), Dichlofluanid

H
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C(CH3)3 Cl
Irgarol 1051 Chlorothalonil Dichlofluanid
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Fig.1 Chemical structures of antifouling booster biocides: Irgarol 1051, Chlorothalonil,
Dichlofluanid, Diuron, TCMTB and Sea-nine 211



Evaluation of Antifouling Booster Biocides in Marine Water and Sediments 125

and Chlorothalonil (Fig. 1 shows the chemical structures). Current extrac-
tion and mass spectrometric techniques as well as future prospects are
outlined.

2
Sample Preparation

2.1
Marine Waters

Given that antifouling booster biocides are usually detected at trace levels in
marine water samples, pre-concentration techniques have been applied previ-
ously to the analytical determination. Extraction of biocide residues has been
carried out with different techniques. Tables 1 and 2 show the recovery results
obtained with different extraction methods. LLE is a traditional technique
that, in spite of its known disadvantages, is still applied [2, 10, 13, 14, 16, 33].
As an example, this technique has been used for the extraction of Irgarol 1051,
Chlorothalonil and Dichlofluanid [2, 14, 16]. Organic solvents with apolar to
medium polarity such as n-hexane, dichloromethane (DCM), acetone and
methylene chloride have been used, obtaining recoveries higher than 75% in
particular for Irgarol 1051. Information concerning recoveries for the other
two compounds has not been reported.

SPE has become a common and effective technique to extract and en-
rich the analytes from environmental samples. SPE has been applied in the
majority of reported studies [9, 19, 20, 27, 28, 37,47, 51]. Characteristics that
make suitable its use, are the low quantities of solvent needed, or that the
procedures can be readily automated. Automatic off-line SPE is generally
performed by passing a water sample volume of 0.1-1L through cartridges
or disks [27,28]. C18-bonded silicas [9, 30,31, 37, 42, 44,48, 51], polymeric
material [19, 20,27, 28, 32, 34,47, 51] and graphitized carbon black [47] have
been selected as sorbents. Another approach is on-line SPE for the auto-
mated preparation of samples prior to the analysis [20]. Advantages of on-line
systems include minimized adsorptive losses that can occur with off-line
sample transfers and sample-handling procedures. The contamination pro-
cess from external sources can be more difficult than in off-line SPE pro-
cedures. Limitations can be related to the reduced sample through-put and
stability problems for the sample caused by extended storage times in the
auto-sampler. The efficiency with which biocides are extracted from ma-
rine water by SPE procedures is satisfactory. Recoveries higher than 80%
are generally obtained in the experiments performed to extract Irgarol 1051,
TCMTB and Diuron [19,30-32,44,47,51]. Good efficiency in the extrac-
tion method was also observed for Chlorothalonil (approx. 78%) [19, 27, 28].
Lower recoveries have been reported for the results obtained for Dichloflu-
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anid [19, 20,27, 28,34,47,51] or Sea-nine 211 [27,28,36] (from 45 to 53%)
using polymeric material (divinylbenzene-N-vinylpyrrolidone copolymer,
hydrophilic-lypophilic balance, HLB) as the sorbent. However, improvement
in recoveries (66-72%) are obtained when C18-bonded silica or polymeric
material (styrenedivinylbenzene copolymer) have been selected for both
compounds.

The goal of reducing the time needed and the quantities of organic solvents
has led also to the application of current extraction approaches including
SPME, HS-SPME or SME. Up to now and to our knowledge, few analyti-
cal methods have been reported using these techniques [21-24]. SPME is
carried out by direct dipping of the fibre into the aqueous sample [21,22]
but also by exposing the fibre in the headspace of the sample contained in
a vial maintained at high temperature [23]. Compared with other sample
preparation techniques, the advantages of SPME can be the disposal costs
and the potential to improve detection limits. On the other hand, the ap-
plication of SPME-GC is limited to analytes and volatiles that are thermally
stable at the injection temperature. The coated fibres typically assayed are
polyacrylate (PA), polydimethylsiloxane (PDMS), carbowax-divinylbenzene
(CW-DVB) or polydimethylsiloxane-divinylbenzene (PDMS-DVB). The op-
timum extraction efficiency has been the aim of studies [21,23] evaluating
various parameters: sample pH, addition of salt (NaCl) to the sample, tem-
perature in the absorption process and time in both the absorption and
desorption process. Extraction is usually enhanced with increasing salt con-
centration and increased polarity of the compound (the salting-out effect).
However, decreases in the extraction can be observed for high or even mod-
erate salt concentrations, which can lead to a reduction of the diffusion rate
of the analytes. Sample pH or time and temperature of absorption depend
on the compound studied, and in general, compromise solutions are consid-
ered for simultaneous extraction of various compounds [21, 23]. The relative
recoveries (instead of absolute recovery as used in exhaustive extraction pro-
cedures) of Irgarol 1051 [21, 22, 24] and Sea-nine 211 [21, 24] in seawater with
PDMS-DVB, is higher than 90%, indicating the effectiveness of extraction of
this technique.

SME is also an environmentally safe extraction technique (it generates lit-
tle waste and requires 1-2 pL of organic solvents). Advantages offered by
this technique are simplicity, speed and potential for easy automation. In
addition, it does not suffer from carryout (exposure time of fibre in the
GC injector to completely desorb the compounds from the stationary phase)
between extractions that are observed in SPME procedures. SME has been
found to be effective for biocides such as Dichlofluanid, Chlorothalonil or
Sea-nine 211 [23] with high recoveries values in seawater (88-949%). In terms
of recovery, limits of detection and precision, SME also exhibits a favourable
performance and it is comparable to the SPME technique for the extraction of
biocides.
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2.2
Sediments

Until now, most analytical methods have been developed for water samples
and less attention has been paid to sediments. In this sense, less survey data
is available concerning the occurrence of biocides in sediments. Reported con-
centrations of biocides that have been found in sediments are at the low ng g™
level [14, 35, 37, 38]. Extraction from sediments has been developed with con-
ventional and current techniques. Recovery results for different extraction
methods are shown in Tables 1 and 2. LLE is usually preformed by shaking
or sonication [14,34-36]. DCM, acetone or a mixture of both is commonly
selected as the organic solvent. For the cleanup step, deactivated Florisil is typ-
ically used as the adsorbent. With this procedure, the recoveries are satisfactory
(> 82%) for compounds such as Irgarol 1051 [14], Chlorothalonil [14, 35], and
Dichlofluanid [14, 34, 35]. Similar recoveries (> 80%) have been also obtained
for Diuron from sediments, for which most extraction methods have only been
based on LLE and sonication [50, 52, 53]. Soxhlet extraction is also applied but
only with volatile organic solvents (acetone). The extraction efficiency of this
technique was lower for Irgarol 1051 [37] with recoveries of 61%.

SFE has been evaluated as an approach to minimize solvent usage and
compared to conventional extraction techniques for its validation [38]. Pa-
rameters such as pressure and temperature have moderate effects on extrac-
tion efficiency, while the modifier content in CO; is significant. SFE of Irgarol
1051 is feasible with CO, modified with 20% methanol in the presence of TFA
(0.65 M in MeOH). The reported recoveries of Irgarol 1051 are similar to those
obtained with conventional extraction techniques (87%) [38].

In general, satisfactory recovery values have been reported when cur-
rent extraction techniques have been applied. With SPME for sediments,
the efficiency of extraction is comparable to the results in water samples.
So, for example, Irgarol showed a 90% recovery using a coated fibre of
PDMS-DVB [26]. In this study, the use of extraction solvents with differ-
ent polarity (water, methanol, acetone and acetonitrile) was also evaluated.
The best results were obtained with acetone while with water, the recoveries
decreased to 66%. This effect was observed for the extraction of Chloro-
tahlonil, Dichlofluanid and Sea-nine 211 decreasing to the range 30-37%,
using water [26].

As an alternative to conventional extraction methods, MAE has been as-
sessed for the extraction of Irgarol 1051 and its main degradation product
M1. This technique is based on the adsorption of microwave energy by ex-
traction solvents, which results in an increase of temperature and pressure.
In this way, diffusion of the compounds from the sediments to the solvent
can be achieved. The presence of water in the sediments can be a benefit in
the MAE technique, given that it helps non-polar organic solvents to absorb
the microwave energy. In addition, the use of water was found to be a satis-
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factory solvent for the extraction of these compounds. A solvent evaporation
step is not required, so the aqueous extract obtained can be pre-concentrated
by a SPE procedure. Mean recoveries obtained with this procedure are higher
than 80% and precision, lower than 40%, indicating the suitability of its use
for the extraction of Irgarol 1051 and M1 [25].

3
Gas Chromatography-Mass Spectrometry

3.1
General Remarks

Gas chromatography is a commonly used technique in the analysis of booster
biocides such as Irgarol 1051, Chlorothalonil, Dichlofluanid, Sea-nine 211
or TCMTB (Table 1). In general, the separation of most of these com-
pounds is performed using non-polar GC-capillary stationary phases such as
methyl polysiloxane or phenyl-methylpolysiloxane (DB-1, HP-1, DB-5, HP-5,
ZB-5, DB-225, BPX-5, SE-54), and gradient temperatures from (60-80 °C to
280-320 °C). The splitless injection mode is generally preferred because of
its robustness but on-column [20] and PTV [29] have also been used. On
the other hand, the use of splitless injection has the limitation of low sample
capacity (up to 2 pL). However, non-volatile co-injected compounds can be
retained in the liner altering the sensitivity and usually an adsorbent is placed
on the liner (i.e. carbon). To avoid this limitation of the splitless mode, on-
column or PTV injectors can be an alternative because they allow a sample
volume of up to 5 pL.

Typically, common detection systems such as ECD or FTD have been used
for coupling to GC. In particular, ECD has been applied for the detection
of halogenated compounds (i.e. Chlorothalonil, Dichlofluanid) in environ-
mental samples offering high sensitivity and good reproducibility. However,
interference can be frequently observed as well as low identification capabil-
ity. MS detectors provide unambiguous component identification and also the
use of library spectra. In this sense, the use and acceptance of MS systems
has increased over the last years. The number of applications using GC-MS
is the result of the efficiency of GC separation as well as the good qualitative
information and high sensitivity of MS systems (Table 1). GC-MS methods
have been developed for the simultaneous determination of all GC amenable
booster biocides in seawater and sediment samples; also, some publications
include the simultaneous determination by GC-MS of degradation prod-
ucts, M1 (2-methylthio-4-tert-butylamino-6-amino-s-triazine) which is a sta-
ble transformation product of Irgarol 1051 [15] or DMSA (N-dimethyl-N-
phenyl-sulphamide), a degradation product of Dichlofluanid [34]. Applica-
tions of GC-MS using ionization techniques based on EI, negative chemical



Evaluation of Antifouling Booster Biocides in Marine Water and Sediments 137

ionization (NCI) and positive chemical ionization (PCI) are discussed in the
following sections for the booster biocides, which have been the focus of
attention in several publications as a consequence of their frequency of detec-
tion in the marine environment.

3.2
Irgarol 1051

Analysis of Irgarol 1051 in marine waters and sediments has normally been
focused on survey studies for determining in particular the presence of this
compound and its main degradation product (M1) or the simultaneous pres-
ence of other booster biocides or organotins. The presence of Irgarol 1051 has
been well documented reflecting its wide distribution in coastal and estuarine
waters, harbours and marinas [3] from the Cote d’Azur (France) [9], western
Mediterranean [38], UK coastal [14], western Japan [15] to Biscayne Bay in
Florida [16]. In addition, to measure environmental residue concentrations,
analytical skills have also been used to investigate the degradation, environ-
mental transport and fate of Irgarol 1051. Irgarol 1051 is a triazine herbicide
and is amenable to analysis by GC and similarly, the degradation products of
triazines, such as M1, are generally also amenable to separation by GC. How-
ever, LC separation and APCI ionization are also favoured as an analytical
approach, in particular for M1, compared to its GC analysis [44].

The typical EI GC-MS spectrum of Irgarol 1051 has a base peak M* ion and
abundant fragment ions that correspond to the [M — NC(CH3)3]" (m/z, 182)
and the [M — CH3]" (m/z, 238) ions (Table 3). Most of the triazines that have
methyl, ethyl or larger alkylamino groups as ring substituents, have either
base peaks or major ions caused by the loss of a small alkyl radical from the
M™ ion by the alpha-cleavage reaction [39]. The three GC-MS ions have a rela-
tive abundance of 98% at m/z 182, 75% at m/z 238 and a base peak at m/z
253. The spectrum operating in PCI mode, exhibits the characteristic M* ion
as a base peak and a fragment ion that corresponds to [MH — NC4H7]* (m/z,
198). In addition, adduct ions that correspond to [M + C,Hs]* (m/z, 282) and
[M+C3Hs]" (m/z, 294) were observed with low abundance (10-27%). With
the NCI GC-MS spectrum, however, the [M —H]™ ion is the base peak (m/z,
252) and only one low-abundance molecular ion [M]~ (m/z, 253) is also ob-
served. In this sense, considering the identification power that is offered by
the EI spectrum on the basis of the number of fragment ions and relative
abundance, EI has been used by most authors. The lack of mass spectrum li-
braries for CI conditions is also a limitation, especially for the identification
of degradation products.

From the point of view of sensitivity, pre-concentration of the samples is
a decisive step to achieve lower limits of detection (sub-to-low ppt). A com-
mon pre-concentration procedure included in the development of analytical
methods using different detection systems (ECD, FTD, AFID, MS) that has
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been reported is the SPE method (Table 1). In the group of detection tech-
niques such as ECD, FTD and AFID applied to marine water samples, the
detection limits are at the low ng L7! level (2-20 ppt) [21,37]. For sediments,
the available documentation which is related to AFID, show detection limits
at the ng g~! level (50 ppb) [37].

Concerning Q-MS techniques for water analysis, the sensitivity can be con-
sidered similar to selective detectors (ECD). The detection limits obtained in
EI ionization and SIM mode are at the ppt level (0.5-10 ppt) [9, 20, 28]. Sub-
to-low ng L~! levels (0.1-1 ppt) are also the reported detection limits using
IT-MS in MS/MS mode [29]. To obtain optimal sensitivity in the analysis of
antifouling compounds, most of the developed analytical methods have used
the EI ionization technique. Alternatives such as CI in both positive and nega-
tive modes have been evaluated to give an idea of the sensitivity obtained
with ionization techniques [27, 28]. NCI is not a suitable ionization technique
for Irgarol 1051, the sensitivity decreases by four orders of magnitude with
respect to EI In addition, analysis in the PCI mode does not significantly in-
crease the sensitivity, and PCI has a detection limit at the ng L™! level (50 ppt).
SIM procedures have also been preferred with the objective of achieving very
low residue determinations because remarkable differences have been ob-
served between sensitivities obtained by full scan and SIM modes. The SIM
mode provides response factors from 10 to 150 times higher than full scan
mode (see Fig. 2, where sensitivity obtained with EI and NCI techniques was
evaluated).

When extraction methods such as SPME, HS-SPME or LLE have been
used, comparable sensitivity has been obtained in GC-MS water analyses (30;
50; 0.5-2 ppt respectively) [2, 16,22,24,33]. On the other hand, sensitivity
in sediment sample analysis with extraction methods and GC-MS analysis

Spiked seawater
(25 ppt)

6000

El - SIM

5500
%% 1 NCI - SIM (CH,)
4500

4000

3500

3000

2500
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CN

B
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Cl
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|
CeHir

Sea-nine 211

N

Chlorothalonil
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5.00 6.00 7.00 800 9.00 10.00 11.00 12,00 13.00 14.00 15.00

1500

Irgarol 1051
v

Fig.2 GC-EI-MS and GC-NCI-MS chromatograms corresponding to a spiked seawater
sample at a concentration of 25 ng L™!
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(SPME, MAE, SFE, soxhlet or LLE previous sonication) is typically at the
ng L' level (0.5-8 ppb) [25, 26, 35, 38].

3.3
Chlorothalonil

The detector most frequently used for chlorinated compound analysis has
been the ECD [23], but MS has become common because of its high sensi-
tivity, versatility and selectivity [14, 26-28, 35]. Thus, selective detectors have
been progressively replaced by GC-MS mainly using EI and CI ionization
techniques. EI has been widely used as the ionization method and most of the
analytical methods published for the determination of Chlorothalonil as an
antifouling compound in water and sediment samples, have been developed
using this ionization technique [14, 26, 28, 35]. However, NCI techniques are
also suitable for the analysis of organochlorine compounds because they offer
higher sensitivity, with methane as the reagent gas, similar to ECD [27]. An
improvement in sensitivity has also been observed when NCI and PCI have
been compared. The enhancement of the signal-to-noise (S/N) ratio has been
estimated at 10-20 times, with respect to PCI or EI [27]. This is well-known
behaviour for chlorinated compounds.

Moreover, the use of IT-MS has allowed for improvements in the selectivity
and the best sensitivity conditions in NCI have been obtained in the MS/MS
mode. Limits of detection down to sub-low ngL™! (0.05 ppt) have been ob-
tained in MS/MS mode [27] and lower sensitivity operating in the SIM mode
(approx. 10 times lower than for the MS/MS mode with DL of 0.5 ppt) [28]
(Table 1).

Using methane as the reagent gas, the predominant peak in the mass spec-
trum under NCI conditions was m/z 266 for [M + 2]~, one of the ions from
the cluster generated by the chlorine isotopes (Table 3). This ion is selected
as the precursor ion to be fragmented in product ions, which are indica-
tive of the structure of the analyte. A product ion with m/z 229 was formed,
together with a fragment ion at m/z 231, also present in the NCI-MS/MS
spectrum. These ions have a relative abundance of approximately 100 and
90%, respectively, and correspond to [M—Cl]” and [M —2-Cl]. The par-
ent ion is also present in the MS/MS spectrum with a relative abundance
between 20-30%. MS-MS conditions are usually adjusted to provide unequiv-
ocal identification criteria based on the presence of product and precursor
ions in the spectra. The EI-MS spectrum also offers suitable information for
the identification of Chlorothalonil. However, in environmental samples, such
as sediment samples, a high background level can make difficult the confir-
mation of a compound by EI-MS detection, this is usually eliminated when
MS/MS conditions are applied. In the EI-MS spectrum, the base peak is also
the ion m/z 266 [M + 2], and ions corresponding to m/z 264 and 268, which
have a relative abundance of 76 and 49%, respectively. In addition a fragment
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ion corresponding to the loss of a Cl atom is present at m/z 229 with low
abundance.

34
Dichlofluanid

The analysis of Dichlofluanid is also amenable to GC and selective detectors
such as ECD or CI ionization techniques that are suitable for achieving an im-
provement in the sensitivity of the analytical method. In spite of this, the EI
ionization technique has been applied for the determination of Dichlofluanid
in water or sediments in several publications [14, 20, 22, 26, 34, 35] (Table 1).
In fact, although increased sensitivity is expected for NCI techniques, the re-
ported limit of detection obtained by EI and NCI techniques are comparable,
both are at the low ngL™! level (usually between 1.5 to 5ngL™!) in water
samples, taking into account the SPE pre-concentration step applied [27, 28].
For sediment samples, the sensitivity is lower, with detection limits of ug L™
(1-11 ppb) using other extraction methods such as SPME or LLE with soni-
cation [26, 35]. Under EI conditions, the spectrum does not have a molecular
ion at m/z 332 as a peak base but Dichlofluanid shows an abundant fragment
ion (100%) at m/z 123 that is assigned to the [PhNS]* ion. Two fragment
ions at m/z 224 and 167 characterize the EI spectra together with a low abun-
dance of the molecular ion [M]~ (m/z, 332). A fragment ion at m/z 224 that
has an abundance of 60% originates from the loss of the (CH3),NSO;" radical
(Table 3).

On the basis of the degradation of Dichlofluanid to the degradation prod-
uct DMSA (N-dimethyl-N-phenyl-sulphonamide), analytical methods have
been developed for their simultaneous determination. The hydrolytic degra-
dation rate of Dichlofluanid is very high, with a half-life in seawater of several
hours and no accumulation of Dichlofluanid in sediments is expected. How-
ever, scarce documentation is available about the methodology for the analy-
sis of DMSA [34]. Hamwijk et al. (2005) developed an analytical method for
DMSA and Dichlofluanid for sediments using GC-MS under EI conditions.
Three ions characterize the EI spectrum of DMSA. Among these, the ion at
m/z 200 is used for quantification and the ions at m/z 92 and 108 are used for
confirmation of DMSA.

NCI-MS/MS analysis has also been developed for the analysis of Dichloflu-
anid [27], where the base peak is an abundant fragment ion at m/z 199
using methane as the reagent gas. The fragmentation of this ion, which
is selected as the precursor ion provides an NCI-MS/MS spectra with
suitable information for confirmation purposes. The fragment ions ob-
tained are at m/z 91 and 155, which correspond to the [M — SCCL,F]~ and
[MH - SCCI,FSO;N(CH3); ]~ ions, respectively. The relative abundance of the
precursor and product ions in the MS/MS spectra is also a useful criteria for
the confirmation.
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3.5
Sea-nine 211

Sea-nine 211 is an antifouling agent whose active ingredient is a halogenated
compound with two Cl atoms in its structure (4,5-dichloro-2-n-octyl-4-
isothiazolin-3-one). Similarly to Dichlofluanid and Chlorothalonil, the analy-
sis with ECD or NCI is expected to have an improved sensitivity with respect
to the EI technique. However, analytical methods developed with NCI and
EI techniques in the SIM mode do not show significant differences, with
detection limits at the same order of magnitude (1.5-2.5ngL™!) and using
a pre-concentration step (SPE) [28]. With ECD, the sensitivity is equivalent
to NCI and offers detection limits at the low-ng L™! level (2 ppt) or sub-low-
ngL~! level (0.2 ppt) depending on the extraction method (SPME and SME,
respectively) [21, 23] in water samples. For sediment samples the developed
analytical methods applying SPME or LLE with shaking procedures have
a detection limit at ppb [26, 36], so the lower sensitivity can be related to the
extraction method (Table 1).

The EI mass spectra shows three ions (between 80 to 100% of relative
abundance) at m/z 169 as the base peak that corresponds to the [M — CgH;7]~
ion; the other two ions are at m/z 246 and 182. These fragment ions can be
attributed to the loss of a Cl atom given the [M — Cl]~ ion and the loss of the
alkyl chain obtaining the [M — C;H4]~ ion, respectively. The M~ ion with m/z
283 has a lower abundance (approx. 11%). A total of four ions characterize
the EI spectrum, which offers capabilities for quantification and confirma-
tion purposes. In addition, the PCI technique using methane, gives enough
spectral information to confirm the detection of this compound, providing
[M + H]* at m/z 284 and adduct ions at m/z 310 and 322 [28]. In addition,
the sensitivity using PCI, in the MS/MS mode, is similar to that obtained with
NCI or EI in the SIM mode [28, 36]. However, when NCI-MS/MS is applied,
the sensitivity is improved with respect to NCI-MS in SIM mode obtaining
detection limits of 0.05 ng L™! and 1.5ng L™}, respectively. In MS/MS experi-
ments, the fragmentation of the precursor ion at m/z 245 gives two main
fragment ions at m/z 160 and 162, which correspond to the cluster [M — CIH]~
ions (Table 3).

3.6
TCMTB

The analysis of TCMTB (2-thiocyanomethylthiobenzothiazole) has been
mainly focused on its determination in marine waters using MS detectors.
In spite of this compound being suitable for separation by LC, analytical
methods using GC separation have been developed with good sensitivity for
detection in environmental samples [27,28]. The ionization techniques, NCI
and EI that have been applied have comparable sensitivity, when the SIM
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mode was used. Low ng L ™! levels are obtained as detection limits (1.5-3 ppt)
considering the pre-concentration step of the marine water samples (Table 1).
The EI spectrum does not provide as the base peak the M~ ion, which has
an abundance of 25%. Most of the fragment ions obtained under these con-
ditions, have a low abundance, between 20-30% for the m/z. The base peak
is at m/z 180, which is the [M — SCN]~ ion. The m/z 136 can be attributed to
[M — SHCH,SHCN]~. When MS/MS conditions have been applied, improve-
ment in the selectivity and sensitivity are obtained achieving detection limits
of 0.05 ppt, also after SPE treatment. However, with NCI-MS/MS conditions
and using methane, low fragmentation is observed from the precursor ion at
m/z 166 [M — CH,SCN]", giving only one fragment ion at m/z 134 that is the
[M — SCH,SCN]~ ion [27, 28] (Table 3).

4
Liquid Chromatography-Mass Spectrometry

4.1
General Remarks

As has been previously noted, GC is common technique, but the amenability
of some booster biocides to be sperated by LC, has also led to the application
of LC analysis, as alternative of GC with a derivatization process. To avoid the
need for derivatization, several applications utilizing LC analysis have been
reported [19,51] (Table 2). Reversed-phase LC (RPLC) with an octadecylsi-
lane stationary phase (C18) has been used for the separation of these com-
pounds in most of the studies in the literature [19, 30, 42, 45, 47, 48]. The mo-
bile phase generally consists of acetonitrile or methanol together with water.
However, modification of the mobile phase has been performed to improve
the sensitivity of MS detection. Acid acetic or ammonium acetate is added to
enhance the ionization, in particular of Irgarol 1051 and Diuron [32, 44, 51].
Gradient elution is performed starting from a low percentage of organic sol-
vent, generally 20-30% and increasing linearly to 100%. With this gradient,
a time of 10-25 min is suitable to separate mixtures of compounds and degra-
dation products. The column and pre-column are maintained at 30-50 °C
with a block heater. To improve the detectability of the target analytes, the
volume of injection is typically increased from 20 to 50 pL.

The coupling of LC to DAD and mainly MS detectors is frequently used for
the analysis of phenylureas or triazines [1, 19, 45]. The identification by LC-
DAD is accomplished on the basis of the retention time, through comparison
of the UV spectrum of the target compounds in a standard solution with the
UV spectrum of the detected peak in the sample. Therefore, a limited identifi-
cation capability can be achieved by UV detectors. The working wavelengths
are 224-230 nm that correspond to the maximum absorbance of Irgarol 1051
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and it is usually selected for its main degradation product M1 [42, 44, 45,
48, 53]. For diuron, the DAD is set at 244 nm [44, 45,53]. In the simultan-
eous determination of various biocide compounds (Diuron, TCMTB, Irgarol
1051 and Chlorothalonil), quantification is carried out with UV detection at
220 nm [19].

For further identification purposes by LC-MS analysis, different ionization
techniques—electrospray source ionization (ESI) and atmospheric pressure
chemical ionization (APCI)—ionization modes (negative ion NI and positive
ion PI) and monitoring modes, SIM and selected reaction monitoring (SRM),
have been employed. LC-MS techniques have been instrumental in detecting
mixtures of biocides and degradation products [46, 47]. One of the limitations
of LC-MS/MS is the susceptibility of interfaces to co-extract matrix compo-
nents from complex samples that can result in the suppression or less frequently
in the enhancement of the analyte signal. However, it is also demonstrated that
these effects can be minimized by good sample preparation, good chromato-
graphic separation and optimized MS/MS operating conditions. Analytical
methods using MS techniques are outlined for each compound in the following
sections. Special attention is paid to the compounds Irgarol 1051 and Diuron,
which have been of concern in several reports.

4.2
Irgarol 1051

For the determination of triazines, better sensitivity is often achieved using
APCI in PI mode. A higher response is observed as a result of the easy
protonation of the amine nitrogen atom. In this sense, most of the LC-MS
methods have been reported using the APCI interface for the determination
of Irgarol 1051 as well as its main degradation product M1 [19, 46-48, 51]
(Table 2). This degradation product has been observed in different degrada-
tion experiments such as photodegradation under controlled conditions or
biodegradation experiments by Phanerochaete chrysosporium [40, 41].
Although APCI techniques are soft-ionization modes, ions can be some-
times fragmented to produce structural information about a particular
molecule. Fragmentation can be performed with a single quadrupole by in-
creasing fragmentor or cone voltage. This voltage affects the transmission
and fragmentation of molecules, which are related. Thus, with a high frag-
mentor voltage, more fragmentation occurs; in the case where a compound
is not fragmented, better ion transmission can often succeed. The applica-
tion of a low fragmentor value (70-75 V) commonly provides a simple mass
spectrum characterized by the presence of the protonated molecule [M + H]*
(Table 4). So this fragmentor value does not provide useful structural infor-
mation. At a high fragmentor voltage (120-125 V), mass spectra provide good
structural information and also enough sensitivity. Under these fragmenta-
tion conditions, in addition to the [M + H]" ion, the spectra shows a fragment
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ion corresponding to [MH — C4Hs]* at m/z 198 [48, 51] with a relative abun-
dance of approx. 70%. However, it is often the case that at the high voltages
that result in more structural information, there is a simultaneous decrease
in sensitivity.

For the determination of the degradation product of Irgarol, M1, a similar
behaviour has also been observed in the optimization of the best conditions
of fragmentation. So with a fragmentor voltage of 120 V, the mass spectra is
characterized by two ions, a base peak that is the [M + H]* at m/z 214 and
a less abundant ion at m/z 158 (30% relative abundance). This ion is the loss
of the tert-butyl group, which is a typical fragment of triazine compounds.
With this information, the presence of M1 or Irgarol 1051 in marine water and
sediment samples is often confirmed by an identical match of retention time
and the spectrum of a standard [48, 51].

Other current mass spectrometry approaches have been reported [32] to
confirm the presence of Irgarol 1051 in complex environmental matrices. In
spite of the structural information obtained with a single quadrupole by in-
creasing fragmentor voltage, it is more selective to perform fragmentation
with tandem MS to achieve the CID of a specified precursor ion. MS-MS an-
alysis performed in analyzers such as triple quadruple (QqQ-MS) show an
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Fig.3 LC-ESI-MS/MS analysis MRM chromatograms corresponding to the detection of
Irgarol 1051 and Diuron in marine water samples. MRM transitions monitored for Irgarol
1051 (254 — 198) and Diuron (233 — 72 and 233 — 46)
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increased selectivity. This is based on its two stages of mass analysis—one to
pre-select an ion and the second to analyze fragments induced. The setting
of the MRM transitions channel for the monitoring of target analytes is gen-
erally selected considering the signal intensities and structure-specificities of
the product ions. Figure 3 shows a chromatogram corresponding to the mon-
itored MRM transitions for Irgarol 1051. In the analysis of Irgarol 1051 by
LC-QqQ-MS two main ions characterize the mass spectrum and one tran-
sition, which corresponds to the [M + H]* — [MH - C4Hg]* ions, can be
monitored [32] (Table 4). Although the confirmation criteria of Irgarol 1051
can be based on the monitoring of one MRM transition and the retention time
(in environmental analysis), two transitions provide greater capacity for con-
firmation of target analytes. Typically, the first is used for quantification and
the second for confirmation.

Regarding the sensitivity achieved with enrichment through the SPE step,
ESI-MRM analysis was found to afford detection limits for Irgarol 1051 one
order of magnitude higher than those achieved with APCI-MS in the SIM
mode. In the ESI-MRM mode the limits of detection are at the sub-low ng L ™!
level (0.5 ppt), while in APCI and SIM mode, the limits of detection are at the
low ng L~! level (4-5 ppt) [32,47, 51].

43
Diuron

Diuron is a phenyl-substituted urea herbicide whose analysis has been de-
scribed in several publications using LC-DAD or LC-MS. However, it is known
that some urea herbicides generally do not have extremely strong UV or
visible light absorption that would allow selective and high-sensitivity de-
tection. The application of GC to phenyl-ureas is difficult because these
compounds are thermally unstable and rapidly degrade to isocyanates and
amines. Derivatization to compounds more thermally stable will make
them amenable to GC analysis. For confirmatory and quantitative trace
analysis of Diuron, the use of LC-MS is appropriate and several applica-
tions have been reported. Phenylurea derivatives can be determined eas-
ily by LC as well as the degradation products that are usually more po-
lar than its parent compound. LC-MS has been developed for the main
degradation products of Diuron resulting from transformation processes
in sediments and water: DCPMU [1-(3,4-dichlorophenyl)-3-dimethylurea],
DCPU [1-(3,4-dichlorophenyl) urea], DCA [3,4-dichloroaniline], CPDU
[1-(3-chlorophenyl)-3,1-dimethylurea] [45, 46, 53]. Other degradation prod-
ucts, such as demethyldiuron, 1-(3,4-dichlorophenyl)urea, have also been
determined in sediments [47, 52].

Structural information is obtained by LC-MS with APCI and ESI inter-
faces that allow the soft ionization of the analytes in both positive (PI) or
negative (NI) modes (Table 4). Using single quadrupole MS detection, APCI
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has become the interface more generally applied in the analysis of Diuron,
providing sensitive, robust and accurate methods [31, 46, 47, 52] while few
works have reported on the use of ESI [32]. The degree of confidence in
identification can be enhanced by using a single quadrupole combined with
collision-induced dissociation (CID). CID is obtained depending on the LC-
MS system by applying an octapole or an orifice voltage that fragments the
molecules. Under such conditions, the full-scan mode provides structural in-
formation which is generated in the mass spectra from protonated molecules
and fragment ions. To evaluate the best mass spectral data, generally, flow in-
jection analysis is performed at different fragmentor voltages (usually from
20 to 100 V) to find the maximum response under the optimum ESI or APCI
conditions. The base peak observed for Diuron when it is analyzed by APCI
in PI mode, in most of the reports, corresponds, as was previously men-
tioned to the protonated molecule [M + H]" at m/z 233 [31, 47, 52]. With the
NI mode, the deprotonated [M —H]™ molecule is the predominant peak in
the spectra, at m/z 231 [46]. Under these conditions, typically low rate frag-
mentation is obtained. For example, the ion at m/z 235 and fragment ion
at m/z 186 are obtained in both PI and NI modes, respectively [31,46]. The
fragment ion in NI mode can be assigned to [M — H—HN(CH3)2]". On this
basis, diuron is identified using the retention time and the monitoring of
ions (SIM mode). These criteria have also been applied for the identification
of its degradation products (i.e.. DCPMU m/z, 221; DCPU m/z, 205 + 207;
CPMU m/z, 199) [50].

For trace determinations, SPE is the sample preparation method of choice
for enrichment of pollutants from water samples [19, 30-32, 47, 50-52]. Com-
parable sensitivity has been reported with the SPE-LC-MS (SIM mode) or
SPE-LC-MS/MS (MRM mode) methods that have a limit of detection at the
ng L7! level (0.1-10 ppt) [32,52] (Table 3).

In spite of the identification power of LC-MS systems, this technique has
its limitations due to the low rate of ion fragmentation, and in this sense, MS-
MS detection is of great interest. This is particularly true for the identification
of trace amounts of compounds in environmental samples or in the deter-
mination of the structure of degradation products. In LC-ESI-MS analysis,
the predominant ion that corresponds to the protonated molecule [M + H]*
is used as the precursor ion in the MRM mode. In the fragmentation of Di-
uron, the major product ions observed are at m/z 72 and 46. Therefore, in
the analysis of Diuron, two MRM transitions 233 — 72 and 233 — 46 can
be monitored as confirmatory criteria for identification purposes as well as
the retention time [32]. Figure 3 shows a chromatogram corresponding to
the monitored MRM transitions for Diuron. The first MRM transition was
selected for quantification and the second one for confirmation.
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44
Chlorothalonil

Few applications using LC-MS have been reported in the literature. To the best
of our knowledge this technique has scarcely been applied for the determin-
ation of Chlorothalonil in marine waters and sediments. Limited information
is also available for the determination of the biocide boosters, that are re-
viewed in this chapter, by LC-MS analysis (Table 3).

For structural information of Chlorothalonil, as is usual in optimization
procedures, the operational parameters of interfaces and fragmentor volt-
age are optimized. APCI has been reported as the selected interface for the
analysis of Chlorothalonil. Typically, the capillary voltage and the corona cur-
rent are the most relevant operational parameters of APCI that are observed
in both PI and NI modes. Comparing both operation modes, Chlorothalonil
has been shown to exhibit a higher sensitivity under PI mode than under
NI mode. Contrary to compounds such as Diuron or Irgarol 1051, that show
a low fragmentation rate at low fragmentor voltage (70-75 V), the mass spec-
tra of Chlorothalonil is characterized by the presence of two predominant
ions. One of them is the molecular ion [M]7; in addition the spectra show
a fragment ion at m/z 246. This ion, which has a high abundance, corres-
ponds to [M + OH — HCl]™ (Table 4). An interpretation of this pattern of frag-
mentation is that Chlorothalonil is known to degrade under high temperature
conditions leading to the substitution of a Cl atom by the hydroxyl group in
the aromatic ring [19,47]. Under SIM conditions and SPE pre-concentration,
it is feasible that the analytical method can detect Chlorothalonil at the ng L™
level (1-2 ppt) in seawater samples [19, 47].

4.5
Dichlofluanid

Data concerning the determination of Dichlofluanid by LC-MS using the
APCI interface have been published [19,47,51,52]. On-line SPE methods
have been developed for trace detection in seawater samples and sediments
with limits of detection of 4-5ngL™! and 1.6ngg™, respectively [19,51]
(Table 3).

The optimum conditions of sensitivity were working with APCI in nega-
tive mode. To study the structural information for the determination of
Dichlofluanid, different fragmentor voltages have been applied, in the range
of 25-200 V. When fragmentor voltage values were applied in the range
70-110V, Dichlofluanid suffers an appreciable fragmentation. The pattern
of fragmentation shows a main ion at m/z 199, which has been assigned
to [M —SCCLF]™ (Table 4). This result is in agreement with most of the
reports where fragmentation experiments for Dichlofluanid have been car-
ried out [19,47,52]. An additional fragment ion at m/z 155 with a low
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relative abundance (10%) is also reported to be present in the mass spec-
tra, with a fragmentor voltage of 75V [51]. A higher contribution (34%) is
shown by this ion, when the fragmentor voltage value is 120 V. Under these
fragmentation conditions, useful structural information is obtained without
loss of sensitivity. A predominant ion at m/z 91, which corresponds to the
[M — SCCI;FSO,N(CH3), ]~ ion together with another two ions at m/z 199 and
155, are shown in the spectra. For the m/z 155, the ion [M — SCCI,FNCH3]~
has been assigned [51].

4.6
Sea-nine 211

For optimal conditions to determine Sea-nine 211 by LC-MS using APCI, the
PI mode is often chosen. This compound easily accepts a proton in the chem-
ical structure, so that, it exhibits a higher sensitivity under PI mode [46,
47, 52] (Table 4). However, under different fragmentation conditions (70, 110
and 120 V), no fragmentation is often observed for Sea nine 211 and only
the molecular ion [M + H]* is present in the mass spectra at m/z 282. In
spite of the poor structural information provided by the mass spectra, this
compound has been generally identified and quantified in seawater sam-
ples by monitoring of the protonated molecular ion [M + H]* [46,47,52].
With this methodology, levels of ngL™! can be detected (with a detection
limit of 1 ppt) in seawater. For sediments, the sensitivity is at the ng g! level
(Table 3).

4.7
TCMTB

For the selection of the mode of ionization using the APCI interface—the
usual procedure—PI and NI modes have been studied for TCMTB [31]
(Table 3). The NI mode is much more sensitive than the PI mode that pro-
duces a protonated molecule at m/z 239. However, the NI mode does not
yield a deprotonated molecule [M — H]™. Under the application of different
fragmentor voltage values (70-110 V), TCMTB has a similar behaviour show-
ing total fragmentation that can yield an intense characteristic ion at m/z
166. It is suggested that this fragment is formed due to the loss of the thio-
cyanomethylthio substituent [31] that corresponds to the [M — CH,SCN]~ ion
(Table 4). Higher fragmentor voltages have also been applied (120 V), but no
further structural information is obtained. Similar to compounds with a low
fragmentation rate, such as Sea-nine 211, the SIM mode for m/z 166 and the
retention time, are the identification criteria used for their determination in
environmental samples. Comparable sensitivity is also obtained with the de-
veloped analytical method for the determination of TCMTB, usually at the
ng L level (1-20 ppt) [19, 31,47].
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5
Conclusions and Future Trends

The application of mass spectrometry techniques has paid special attention to
the analytical skills related to the achievement of good sensitivity for control,
quantification of these contaminants as well as their identification includ-
ing the main degradation products. Pre-concentration of antifouling booster
biocide residues is a decisive step for the determination of trace levels. The ex-
traction efficiency of LLE, SPE and current techniques involving SPME, SME,
MAE or SFE makes these a feasible approach for booster biocide analysis. LC-
MS methods have experienced progress in terms of application in the analysis
of booster biocides, and are especially suitable for environmental sample an-
alysis for routine confirmation of identity as well as structural elucidation or
ultra trace analysis. However, up to now, the development of methods with
current instrumentation such as MS/MS for antifouling compounds, which
are amenable to separation by GC or LC, has not profusely applied. However,
we can expect an increase in the use of these LC-MS tandem techniques as
well as LC-TOF-MS as methods to improve identification and quantification
performance.
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Abstract Following the ban on the use of tributyltin (TBT) in antifouling, several organic
booster biocides have been used in conjunction with copper in antifouling paints as alter-
native treatments. With the further restrictions on the use of TBT in commercial shipping,
it is expected that these biocides will be used to a greater extent in the future. Limited data
are available on the environmental occurrence, fate, toxicity and persistence of these bio-
cides. Relatively little monitoring has been carried out, possibly owing to the comparatively
recent introduction, limited usage and perceived lower toxicity of these biocides in compar-
ison with TBT. The fate of these compounds in the aquatic environment is closely linked to
their partitioning between aqueous media and particulate matter and sediment. Partition-
ing depends on physicochemical parameters dictated by water chemistry and geographical
considerations. Sorption is responsible for reducing booster biocides’ concentration and
toxicity in the water column and is also the principal pathway for accumulation in sedi-
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ments. Available data on the occurrence and partitioning of these biocides are reviewed and
implications to policies are assessed in the light of presented findings.

Keywords Antifoulants - Fate - Organotins - Sorption - Tributyltin

Abbreviations

Kow Octanol/water coefficient

ppb Parts per billion

TBT Tributyltin
TCMS(2,3,5,6-Tetrachloro-4-methylsulphonyl)
TCMTB2-(Thiocyanomethylthio)benzothiazole

1
Introduction

Antifouling products play an important role in the shipping industry and
are of significant economic importance. It is estimated that, on average, fuel
consumption increases 6% for every 100-um increase in the average hull
roughness caused by fouling organisms [1,2]. After 6 months of fouling,
a ship expends 40% extra fuel to maintain a normal speed; other costs include
cleaning, repainting and the loss of revenue due to the time taken for these ac-
tions [3]. Many antifouling systems have been used over the centuries, from
copper and lead sheathing, to the development of paints in the twentieth cen-
tury, containing compounds of copper, lead, arsenic and mercury. Organotins
were first used in the mid-1960s, owing to their acute toxicity to target organ-
isms, with tributyltin (TBT) the most popular compound. Concern over the
effects of organotins used in antifouling paints first arose in France, where
severe problems were encountered in commercial oyster fisheries in areas
where there was intense boating activity and poor tidal exchange [4-6]. Since
then, the distribution, fate and effects of organotins on the marine [7-11]
and freshwater environments [12-16] have been studied extensively. Research
evidence of the damaging effect of triorganotins on the reproduction and
growth of various marine life forms has prompted action by many countries
to regulate or ban their use in antifouling products [17-19]. Following these
legislative controls, TBT contamination of boat harbour water and freshwa-
ters has decreased [20,21], however a number of studies indicate that even
though regulations were effective in reducing TBT levels, contamination of
sediments by organotin compounds is still widespread and has ecotoxicolog-
ical consequences [22, 23].

TBT products have been superseded by products based on copper, con-
taining organic booster biocides to improve the efficacy of the formulation.
In the absence of the antifouling potency of TBT, a copper compound such
as cuprous oxide (Cuy0), copper thiocyanate (CuSCN) or metallic cop-
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per is utilised as the principal biocide. Copper exhibits antifouling activity
against organisms such as barnacles, tube worms and the majority of al-
gal fouling species. However, several algal species (e.g. Enteromorpha spp.,
Ectocarpus spp., Achnanthes spp.) show marked physiological tolerance to cop-
per. In order to achieve protection against these tolerant species, a number
of booster biocides are used in conjunction with copper to control copper-
resistant fouling organisms [24]. Organic booster biocides that have recently
been used in the UK include chlorothalonil, dichlofluanid, diuron and Ir-
garol 1051 (Irgarol), and, less frequently, Kathon 5287, maneb, TCMS pyridine,
2-(thiocyanomethylthio)benzothiazole (TCMTB), thiram, zineb, ziram and
zinc pyrithione.

Irgarol is highly effective against freshwater and marine algae. It be-
longs to the s-triazine group of compounds which act as photosystem-II
inhibitors, with the inhibition of photosynthetic electron capture and trans-
port in chloroplasts as their biochemical mode of action [25, 26]. Diuron, one
of the major urea herbicides in use since the 1950s, also inhibits photosyn-
thesis. It is predominantly used on land for general weed control on noncrop
areas. Chlorothalonil and dichlofluanid are protective fungicides widely used
in agriculture, with a wide range of action against a number of organisms.
Chlorothalonil is highly toxic to fish and aquatic invertebrates, but is not
phytotoxic [27, 28]. Dichlofluanid is one of the most widely used antifouling
biocides in the country [29]. However, it has been detected in saline coastal
waters at concentrations higher than in freshwaters, suggesting that its use
in antifouling products may be of significance [30]. Kathon 5287 is a highly
effective, broad-spectrum biocide. It is an isothiazolone compound which is
licensed for use as an active component in antifouling products in the UK and
elsewhere. It was the first organic booster biocide to be registered for use by
the USA EPA. A number of other booster biocides are also used in antifouling

Table 1 Physiochemical data for selected antifouling biocides

Mol Wt  Vapour Aqueous logK,y  Melting Refs.

pressure solubility point

(Pa) (gm™) 0
Irgarol 253.37 0.00001488 7 2.38 130 [26]
Diuron 233.10 0.00041 36.4 2.85 159 [36]
Chlorothalonil 265.92 0.0013 0.6 2.64 250.5 [27]
Dichlofluanid 333.2 0.000133 0.006 3.7 106 [37]
Sea-Nine 211/ 213.3 0.0004 0.0065 2.85 0.01 [38]
Kathon
TCMTB (Busan)  238.4 1 0.00033 3.3 <-10  [39]
Zinc pyrithione 317.68 0.000133 77.96 2.13 262 [38]

Zineb 275.8 < 0.00001 10 <13 157 [40]
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Table2 Other applications of booster biocides. (From Ref. [24])

Compound Other applications

Chlorothalonil Agriculture (fungicide), paints, adhesives

Dichlofluanid Agriculture (fungicide)

Diuron Agriculture (herbicide)

Irgarol 1051 Agriculture (herbicide)

Kathon 5287 No other applications

(Sea-Nine 211)

Maneb Agriculture (fungicide in fruits and vegetable crops)

TCMS pyridine No other applications

TCMTB (Busan) Agriculture (fungicide), wood preservative, leather industry

Thiram Agriculture (fungicide, leaf and seed treatment)

Zinc pyrithione Agriculture (bactericide, fungicide), shampoos (at concentrations
of around 1%)

Zineb Agriculture (fungicide, fruits and vegetable crops)

Ziram Agriculture (fungicide, fruits and vegetable crops)

applications: TCMTB, TCMS pyridine, zinc pyrithione and the dithiocarba-
mates thiram, ziram, zineb and maneb. These are protective fungicides with
a wide range of action against a number of organisms.

For booster biocides available data on their occurrence, fate and tox-
icity, with regards to antifouling applications, have been reviewed [24, 31-33].
Table 1 shows some chemical properties of these biocides. As a result, recently
Irgarol and diuron were banned in the UK [34] and chlorothalonil has been
banned from amateur use [35].

In addition, agricultural and industrial uses of these biocides represent
significant inputs to the marine environment. Chlorothalonil is a fungicide
used widely and in large quantities in agriculture, often to control the fungal
disease Septaria, which is encouraged by the misty, moist conditions found
around estuaries such as the Blackwater region of Essex [41]. As it is applied
in spring, runoff is likely to occur up to a month later (depending on rainfall)
when there is a pulse of input into the aquatic environment [42]. Monitoring
data support this, indicating that agricultural runoff is an important source
of chlorothalonil to the marine environment [41]. Table 2 summarises other
applications of booster biocides.

2
Occurrence and Fate in Waters

Booster biocides were introduced into antifouling paint formulations only
after the restrictions imposed on the use of organotins. Limited monitoring



Antifouling Paint Booster Biocides 159

data are available for Irgarol [43-46], while of the other booster biocides, di-
uron, chlorothalonil, dichlofluanid and Kathon/Sea-Nine have received the
most attention. Since almost all of these compounds have agricultural uses
their presence in the aquatic and estuarine environments cannot be attributed
solely to the use of antifoulants [47].

There are many factors that influence the degradation and persistence of
these biocides in the marine environment. These include their chemical and
physical properties as well as ecosystem-specific parameters such as the na-
ture and concentration of microbial populations, dissolved and suspended
material and temperature. For example, in a study investigating biodegrad-
ability in seawater, the breakdown of four biocides (diuron, Irgarol, Kathon
and chlorothalonil) was monitored over 8 weeks by bioassay using Amphora
coffeaeformis (a ship-fouling diatom). The results demonstrated that abiotic
pathways were unlikely to be a major route for degradation of these sub-
stances in the sea, although photolysis may be significant in the upper layers
of water [48].

2.1
Irgarol

A number of studies on the occurrence of Irgarol in coastal waters [41, 43,
45, 46,49-59] and freshwaters [44, 51, 60] indicate its widespread occurrence
in aquatic environments. Irgarol is the most frequently detected antifouling
biocide worldwide [31].

Water samples collected from marinas, estuaries and coastal waters along
the UK south coast and sediment samples from the Hamble estuary in the UK
showed that Irgarol residues were present in most marine and estuarine sam-
ples, although not in freshwaters [45]. The highest concentrations were found
in areas of high boating activity, particularly marinas and the Hamble estu-
ary, indicating a correlation with its use in antifouling paints. Monitoring of
water samples taken from Plymouth Sound (UK) showed Irgarol at all sam-
pling sites. The highest levels were found in close proximity to areas of high
boat density, especially where water flow was restricted within marinas; the
highest detected value was 127 ng L™ [46]. Monitoring of subsurface waters
from the French Mediterranean (Cote d’Azur) coastline showed substantial
levels of Irgarol in all marinas, with concentrations reaching 640 ng L™! [61].
Assessment of the contamination of different compartments of Lake Geneva
(water, sediments, zebra mussels, macrophytes and algae) over a period of
9 months found concentrations comparable to those observed in marine stud-
ies [44].

The highest concentrations of Irgarol have been associated with marinas,
while ports tend to have lower concentrations. Irgarol was also detected at
high concentrations in fishery harbours in one study in Japan [51]. The re-
strictions on the use of Irgarol on small boats may change this distribution.
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Concentrations of Irgarol vary with season; higher concentrations recorded
in marinas and boatyards outside the boating season are attributed to mainte-
nance of vessels—scrubbing and repainting activities—and at the beginning
of the season elevated concentrations coincide with the introduction of newly
antifouled boats to the water [52].

No correlations have been found between dissolved Irgarol 1051 concen-
trations and pH, temperature or salinity [52].

2.2
Diuron

Diuron has also been detected in saline coastal waters at concentrations
higher than in freshwaters, suggesting that its use in antifouling products may
be of significance [30, 62-64]. It has been detected in the UK, Sweden, Spain,
the Netherlands, Portugal and Japan [31]. As with Irgarol, concentrations of
diuron in water vary depending on the boating season [62].

The impact of the agricultural uses of diuron has been demonstrated in the
detection of herbicide residues in water samples from draining streams and
pumping stations of the agricultural area of Thessaloniki, Greece. Consider-
able amounts of diuron were found to be released from the agricultural fields
and transferred through rivers, draining streams and pumping stations to the
coast [65]. In the UK, Environment Agency data demonstrate that one of the
pesticides which most frequently exceeds the environmental quality standard
of 1 mgL~! in controlled waters is diuron, predominantly owing to its use as
a herbicide in agriculture [30].

2.3
Chlorothalonil

Occurrence of chlorothalonil does not follow the same pattern as that of
many other biocides [31]. It can be present in high concentrations in early
spring—before the boating season—and this may be attributed to agricul-
tural use of the compound on adjacent land [41]. Other studies have shown
the absence of chlorothalonil in some marinas [49, 63], which may be due
to its rapid degradation in water: biodegradation is apparent after 4 weeks
and proceeds faster in seawater supplemented by cultured marine bac-
teria [48].

24
Dichlofluanid

Dichlofluanid has been detected in Greece [66] and Spain [67]. In the UK it
has not been detected in water [41], and it has been reported as being absent
from Mediterranean marinas [49].
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2.5
Sea-Nine 211/Kathon

Sea-Nine 211 has been detected in Japan [68]. It has been detected in mari-
nas in Spain, Denmark and Greece in high concentrations but for only short
periods of time [67, 69, 70]. This may be due to its rapid degradation [31]; its
half-life in sea water has been reported as between 24 h [70] and 8.5 days [48].
In another study on the fate of Kathon in the aquatic environment, it was
found that its half-life was less than 1 h in both an aerobic and an anaerobic
microcosm consisting of marine sediment and seawater [71].

Kathon concentrations in five UK marinas were recorded as being below
detection limits, and this was attributed to the fact that sampling took place
outside the main boating season, although the extent to which Kathon is used
in the UK was also questioned [69]. Indeed it is no longer permitted for ama-
teur use in the UK [35].

2.6
TCMTB (Busan) and TCMS Pyridine (Densil 100)

The presence of both TCMTB and TCMS pyridine is also reported as being
below detection limits [69]; as with Kathon, TCMTB is not permitted for am-
ateur use in the UK [35].

2.7
Zinc Pyrithione

Zinc pyrithione concentrations have been below detection limits in the
UK [69, 72], possibly because it biodegrades rapidly or accumulates in sedi-
ments [31]. However, in conditions where light is limited zinc pyrithione does
not biodegrade rapidly, and may therefore persist [73].

2.8
Zineb

Data on the occurrence of zineb in the marine environment are limited, per-
haps because the methodology for its monitoring is less clearly defined than
for other booster biocides [74]. Despite the paucity of information it is one of
the remaining organic booster biocides that is permitted for both professional
and amateur use [35].
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3
Partitioning and Fate in Sediments

The fate of alternative biocides in the aquatic environment is closely linked
to their partitioning between aqueous media and particulate matter and
sediment. The partitioning depends upon physicochemical parameters dic-
tated by water chemistry and geographical considerations. Factors include
sediment characteristics, presence of suspended sediment and the chemical
characteristics of the water column [75] and the specific characteristics of the
area sampled, for example the volume of the harbour [50].

Organic pollutants can either be sorbed onto particulate matter or exist in
solution. Adsorption onto particulate matter and flocculation—in which the
species are trapped by newly formed particulate matter—are often termed
as “sorption” [21]. Sorption is responsible for reducing both the concentra-
tion and the toxicity of biocides in the water column, and is also the principal
pathway for accumulation in sediments.

Influences on the transfer of Irgarol, chlorothalonil, dichlofluanid and di-
uron from the soluble to the particulate phase in estuarine environments
have been investigated [76]. For these four biocides the removal from wa-
ter increases with the concentration of particulate matter. The sorption of
chlorothalonil and dichlofluanid is enhanced at high pH (8.0) and increased
suspended matter, whilst for Irgarol and diuron the influence of pH is not
obvious. Salinity does not seem to play a significant role in the partition-
ing behaviour of the biocides. Comparisons of different sediment types show
that silty-clay sediments exhibit a larger capacity for biocide adsorption than
silty-sandy sediments. There are clearly different patterns of sorption for each
biocide as controlled by the physicochemical environment.

Sediment disturbances may release biocides back into the water column.
Where the initial sediment concentrations of the biocides are low, the con-
centrations in water, resulting from desorption, are below detection lim-
its. Dichlofluanid is among the most strongly bound to sediments, with
a release of less than 1% (0.6-0.9%) from contaminated sediments. Irgarol
and chlorothalonil demonstrate a higher degree of desorption (1.9-2.4 and
1.2-1.7%, respectively) [76].

3.1
Irgarol

Irgarol has been shown to have strong adsorption characteristics [77]. It
has been detected in marine sediments in Greece [78] Germany [50], the
UK [52], Spain [79] and Sweden [80] and in freshwater sediments in Lake
Geneva [44].

Irgarol levels in sediment after the boating season are significantly higher
than those before and after the boating season and levels of Irgarol in
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marinas and mooring areas are significantly higher than those in coastal
sites, indicating that the major source of Irgarol is antifouling paints on
boats [76]. Concentrations in estuarine sediments vary little vertically, in-
dicating a homogenous, reworked sediment probably due to bioturbation
or disturbance by activities such as dredging, tide energy or waves. Cer-
tain sites, for example boatyards, are dredged at least once a year and the
sediment is likely to have been disturbed [41]. Sediment contamination
with Irgarol was found to be related to high concentrations in the water
column [45].

Concentrations of Irgarol reported in the Blackwater estuary (ranging
from 0.15-0.68 ppb in water and 3.3-222 ppb in sediment) are similar to
values previously reported for water but are significantly higher for sedi-
ments [41]. Because water is the primary medium for the exposure of most
aquatic organisms to these types of biocides, almost all studies have been
carried out to determine concentrations of Irgarol in waters and not in sedi-
ments. In addition, because few data exist on the partitioning of Irgarol in
the aquatic environment, it is difficult to determine if the observed lower
concentrations in waters in comparison with sediments are associated with
Irgarol’s preference towards sorptive partitioning. For example, this could
be attributed to the tidal exchange with uncontaminated waters. It has been
suggested, however, that partitioning onto settled or suspended particulate
matter may prove to be a critical process in determining the compound’s
fate [45].

Information regarding the persistence of Irgarol in the aquatic environ-
ment is limited. Generally, degradation of Irgarol seems to be slow but is
more likely to occur in water than in sediment as a consequence of pho-
todegradation. Irgarol is not biodegradable in seawater; it has been recorded
that no degradation occurs in 8 weeks [48]. Solar irradiation degrades more
than 80% of Irgarol in water after 15 weeks [81]. In sediments, it has been
shown that degradation is slow even under aerobic conditions, with half-
lives of 100 and 200 days for marine and freshwater sediment, respectively,
and is considerably slower for anaerobic conditions [44]. Given the toxic-
ity of Irgarol there may be cause for concern that leaching of Irgarol from
boats in marinas may have effects on receiving water communities. Con-
centrations recorded after the boating season in waters (0.15-0.68 ppb) may
inhibit the growth rate and photosynthetic activity of several species. For ex-
ample the growth of Enteromorpha intestinalis, a species known to carpet
the surface of the mudflats in the Blackwater estuary [82], would probably
be inhibited under the concentrations of Irgarol observed in the Blackwa-
ter study [41]. The no-effect concentration for this species has been reported
at 0.022 ppb, with a 72-h ECsq of 2.5 ppb [46]. The concentrations of Irgarol
found are not high enough to have acute toxic effects directly on higher
species, but its chronic effects at lower concentrations are unknown and dif-
ficult to determine.
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3.2
Diuron

Diuron has been detected in low concentrations in sediments in the UK [29,
63,83], Spain [79] and the Netherlands [83] both during and after the
boating season. Diuron shows the least preference to sorption of Irgarol,
chlorothalonil and dichlofluanid at just 20-32% [76], and this is supported by
the data on relative concentrations in water and sediments.

3.3
Chlorothalonil

Chlorothalonil has been detected in marine sediments in Greece, including in
areas where agricultural inputs are minimal, implying that antifouling paints
represent a significant input of the compound [78].

In the UK, chlorothalonil has been detected in an area where agricul-
tural inputs are significant, with high concentrations observed in June, seem-
ingly related to agricultural runoff. All sediment samples collected during
that period showed contamination with the biocide. Contamination of both
water and sediment was considerably less in October than in June, prob-
ably owing to the decline in the amount of runoff of the pesticide into
the aquatic environment after the initial pulse subsequent to agricultural
application [41].

The low concentrations in water may also be due to the lack of persis-
tence of the compound in the water column [48]. Chlorothalonil has been
found to degrade after 4 weeks in natural seawater and even faster in water
supplemented by cultured marine bacteria, indicating that biodegradation of
the compound can be considerable. Degradation still occurs when the bio-
cide is present in low concentrations [84]. Even faster degradation has been
witnessed in freshwater where chlorothalonil exhibits a half-life of only a few
hours. A number of studies have shown that the biocide is known to exhibit
greater persistence in soils, with a half-life of 1-2 months [27, 84, 85]. Max-
imum concentrations of chlorothalonil reported in waters and sediments in
the Blackwater estuary (1.38 and 34.3 ppb, respectively) were below values
noted as acutely toxic to a number of species [41]. For example, tests on the
in vivo toxicity of chlorothalonil to Ictalurus punctatus (channel catfish) have
shown the chemical to be toxic with a 96-h LCsq value of 52 ppb [86]. An in-
terim water quality guideline for the protection of marine life has been set
at 0.36 ppb of chlorothalonil [27]. For all of the samples where chlorothalonil
was detected in the Blackwater study, the concentrations exhibited were above
this value.
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34
Dichlofluanid

Dichlofluanid has been detected in marine sediments in Greece [66, 78], the
UK [41] and Spain [79]. Levels in sediment have been reported as significantly
higher after the boating season than before, and after the boating season
dichlofluanid levels are significantly higher in marinas and mooring areas
than in coastal sites, indicating that antifouling paints on boats could be a ma-
jor source of this compound [76].

Dichlofluanid tends not to be found in waters; however, considerable con-
centrations of the biocide have been observed in sediments [41]. It is un-
stable in water [87], which may explain the absence of contamination of
water samples. However, it has been reported to have relatively high con-
centrations in sediments after the boating season, which may be due to
its very low solubility in water and the high octanol/water partition coef-
ficient. Dichlofluanid has a strong affinity for particulate material [88] and
exhibits the greatest tendency towards solid-phase partitioning when com-
pared with Irgarol, chlorothalonil and diuron, accounting for between 90 and
99% of dichlofluanid available [76]. However, it is susceptible to anaerobic
degradation and this may play an important role in its removal from the
environment [88].

3.5
Sea-Nine 211/Kathon

Sea-Nine binds strongly to sediment, and once bound is essentially immo-
bile [89]. It has been detected in sediments in southeastern Spain [79], but its
detection has not been reported in other studies [66, 78]. This may be because
it degrades rapidly; it has a half-life in seawater of less than 1 hour [89].

3.6
TCMTB (Busan) and TCMS Pyridine (Densil 100)

Limited data are available on the sorption characteristics of TCMTB and it has
proved impractical to theorise on its behaviour [87]. Data on its presence in
marine sediments are also limited.

3.7
Zinc Pyrithione and Zineb

Along with dichlofluanid, zinc pyrithione and zineb are among the few re-
maining antifouling products that are permitted for amateur use in the
UK [35]. Despite this, few data exist on their occurrence in sediments, and
their partitioning behaviour has not been studied.
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4
Discussion

It has been demonstrated that the use of organic booster biocides in an-
tifouling paints on boats can lead to a significant presence in the coastal
environment, in both waters and sediments. Sources of booster biocides have
been identified as antifouling paints and agricultural and industrial inputs,
and their occurrence has been recorded at levels that may have significant im-
pacts on coastal and estuarial environments. Concentrations appear higher in
sediments, where anoxic conditions can lead to their persistence.

The complete ban on the use of TBT in antifouling paints on all ships could
result in an increase in the occurrence of booster biocides in the marine envi-
ronment, despite the subsequent restrictions on the use of a number of them.
A greater understanding of the long-term fate of these compounds in the en-
vironment is necessary to facilitate a more informed decision-making process
when regulating antifoulant use.

While the use of organotin-based antifouling formulations is to end, care
must be taken to avoid the substitution by other biocides which may be just
as damaging to the marine environment. This could be the case with a num-
ber of the replacement biocides, and, as has been demonstrated, levels of these
biocidesinboth waters and sediments could be high enough to warrant concern.

Although new antifoulants must be as effective against the fouling or-
ganisms as the organotins, they need to perform better in other areas, the
foremost of which is persistence. While toxicity to target organisms is re-
quired, persistence and sorptive behaviour must be minimised. The severity
of the problem of TBT lay in the combination of high toxicity and high per-
sistence in sediments, and some of the alternative biocides could demonstrate
environmental characteristics similar to those of TBT [90]. Booster biocides
must be licensed not to combine high toxicity with high persistence and in-
vestigating partitioning behaviour is instrumental in making this choice.

One of the lessons learned from the TBT experience is that policies should
be developed to regulate biocides on the basis of testing prior to licensing
rather than after the biocide has been used, and monitoring studies have sug-
gested that regulation is necessary. The results presented here show that several
booster biocides partition strongly to sediments. While this reduces the con-
centrations in the water and therefore the risk to aquatic organisms, it leads
to greater persistence of the compounds in the environment; hence, the risk
to sediment-dwelling organisms is increased. Monitoring should take place in
order to confirm the results of testing that takes place prior to licensing, rather
than as a substitute for this testing. It should be possible to predict in advance
whether a particular biocide will accumulate to a hazardous level in sediments
and to use this information when regulating its use. Although there is now evi-
dence on the levels of these biocides in waters, the lack of information on their
fate and behaviour makes accurate risk assessment difficult.



Antifouling Paint Booster Biocides 167

With policies worldwide almost eliminating the use of TBT, the use of
booster biocides in antifouling products has increased; hence, environmen-
tal occurrence in the future may be more significant. Restrictions on the use
of diuron, Irgarol, chlorothalonil, TCMTB and Kathon in the UK may lead to
an associated fall in concentrations in water, but the partitioning behaviour
of some of these compounds is such that their occurrence in sediments could
remain high. The strong binding to sediments and the low desorption rates of
some of these substances could lead to increased persistence and subsequent
ecotoxicological consequences.

Policy decisions in the future will need to be based on detailed testing
of antifouling agents, including measures not only of toxicity but also of
persistence and sorptive behaviour. They must also take into account the un-
certainty that is inherent in applying information from laboratory-scale tests
to whole ecosystems.

5
Conclusions

The use of antifouling paints has been identified as an important source of
booster biocides in the marine environment, along with agricultural and in-
dustrial inputs. For most of the biocides, evidence of their levels in waters
now exists; however, the lack of information on their fate, behaviour and
toxicity makes accurate risk assessment difficult. Concentrations appear sig-
nificantly higher in sediments, where anoxic conditions can lead to their
persistence.

With the elimination of the use of TBT, it is expected that booster biocides
will be used in increasing amounts in antifouling products and thus envi-
ronmental occurrence in the future may be even more significant. Policies
must be based on scientific evidence on the overall performance of these com-
pounds, especially persistence and partitioning, if antifoulants are to be used
sustainably and responsibly in the future.
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Abstract Considering the relevance and importance of photochemical processes in the
environmental fate and behavior of organic micropollutants, the present review describes
the state-of-the-art knowledge regarding the photodegradation of antifouling biocides in
the aquatic environment. It includes data on photodegradation rates, primary and end
photoproducts, and the pathways and mechanisms for most of the organic booster bio-
cides (i.e., irgarol 1051, Sea-Nine 211, dichlofluanid, diuron, chlorothalonil, TCMTB, zinc
and copper pyrithione, maneb, zineb, ziram, thiram, and triphenylboron-pyridine) used
in antifouling paints.

Light-induced degradation took place both with direct or indirect (photosensitized)
mechanisms via first-order kinetics. Direct photolysis in most cases seemed to be a mi-
nor event compared to photosensitized processes that usually enhanced the degradation.
The composition of the water matrix is a key factor for the photofate of biocides in var-
ious natural waters. Half-lives ranged from a few minutes (zinc/copper pyrithiones) to
several days (diuron and irgarol 1051) depending on the irradiation conditions as well as



172 V.A. Sakkas et al.
the constitution of the irradiated media. In most cases identified photoproducts were less
toxic and innocuous than the parent compounds, however, the formation of more toxic
compounds at the first degradation steps or synergistic effects among the transformation

products should be taken into consideration.

Keywords Biocides - Direct/photosensitized degradation - Pathways - Photoproducts
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1
Introduction

As a result of the restriction imposed by the European Union, regulations
on antifouling paints containing organotin biocides have been proposed due
to their negative impact on marine environment [1,2]. New alternative for-
mulations have been developed based mainly on the metal copper or its
oxide. However, these formulations are less efficient at inhibiting fouling
by algae. To remedy this deficiency, booster biocides [3] (chlorothalonil,
dichlofluanid, diuron, irgarol 1051, Sea-Nine 211, TCMS pyridine, TCMTB,
zinc pyrithione, and zineb) have been added to some products in order to
prevent the growth of bacteria, macroalgae, mussels, and other invertebrates.
Due to their widespread use considerable coastal concentrations of these
biocides have been found in areas of high yachting activity, particularly in
marinas and sportive harbors [4-7].

In order to understand and predict their fate in the natural environ-
ment and to assess their risk, it is necessary to improve our knowledge of
their chemical reactions and degradation rates under environmental con-
ditions. Photochemical transformation is one of the main abiotic degrada-
tion pathways occurring in natural waters and has received increasing in-
terest in recent years [8]. The photochemical fate of the above-mentioned
booster biocides is reviewed herein. Phototransformation of antifouling bio-
cides under natural conditions may be a complex process. In order to un-
derstand the mechanisms involved it is necessary to investigate both dir-
ect photolysis and indirect (photosensitized) transformations under relevant
experimental conditions. Direct photolysis occurs when a given pollutant
absorbs UV-visible light energy and undergoes transformation. Indirect or
sensitized photolysis occurs either by direct energy transfer from the ex-
cited species [9] to the pollutant or by leading to the formation of reactive
species such as singlet oxygen or hydroxy radical, which enter into a series
of reactions [10-12]. Since the steady-state concentrations of the above-
mentioned reactants are predominantly a reflection of the concentrations of
nitrate, cDOM, and bicarbonate levels, the rate of photodecomposition and
fate of an organic pollutant could vary as a function of the composition of
water.

Photodegradation is also affected by factors controlling the spectral dis-
tribution, intensity, and duration of sunlight. Such factors include latitude,
cloud cover, date etc. and UV-B radiation absorption by atmospheric ozone.
Moreover the penetration of near UV radiation in natural waters is influenced
by factors such as depth of mixing, turbidity, presence of dissolved material
absorbing in near UV, etc. In moderately turbid coastal waters, incident light
with wavelengths of 380 nm or less is almost completely attenuated at depths
of 1-2 m but, in very clear parts of the ocean, 20 m may be required to remove
90% of the radiation entering the surface.
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2
Photochemical Transformation Processes
of Pollutants in Aqueous Environment

The appearance of trace amounts of micropollutants that occur in sur-
face water and groundwater has caused an increasing public and scientific
concern. Their fate in the aqueous environment is often unknown, how-
ever, direct and indirect photochemical processes may contribute to the
phototransformation/photodecomposition of these compounds in natural
waters. Mostly these reactions can occur simultaneously in natural waters,
therefore it is essential to consider both processes when examining the pho-
tochemical behavior of micropollutants. Besides the degradation kinetics,
literature reports on the photodegradation products of micropollutants is
relatively abundant [12]. However, little information is available on the re-
action mechanisms involved in the photolysis under typical environmen-
tal conditions. For environmental considerations it is important that they
can eventually be converted to innocuous, and preferably mineral, photo-
products.

2.1
Direct Photolysis

Most biocides absorb light at relatively short UV wavelengths. Since sunlight
reaching the Earth’s surface (mainly UV-A, with varying amounts of UV-B)
contains only a very small amount of short wavelength UV radiation [13, 14],
the direct photodegradation of biocides by sunlight is expected to be, in most

direct A + B Homolysis
A
r N\
At + B
AB — M o agy L » Heterolysis
A + B*
(AB)* + e, Photoionization

NOS — Y » (NOS)* + AB
N J
Y
indirect

Fig.1 Direct and photosensitized transformation processes of micropollutants in the
aqueous environment
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cases, of only limited extent. Direct photolysis can occur if the considered pol-
lutant absorbs light. However, the ability to undergo chemical changes after
the absorption of photons is an intrinsic property of the molecule and can
vary drastically among compounds. Direct irradiation will lead to the promo-
tion of the molecules to their excited singlet states, which may then through
intersystem crossing produce triplet states. Such excited states can then un-
dergo, among other processes: (i) homolysis, (ii) heterolysis, and (iii) pho-
toionization (Fig. 1). The reactions occurring as a consequence of direct light
absorption by the pollutant could be fragmentation, isomerization, hydro-
gen atom abstraction, intramolecular rearrangement, dimerization-addition
reactions, cyclization, and electron transfer reactions.

2.2
Sensitized /Indirect Photolysis

Photosensitized photodegradation is based on the absorption of light by
a chemical substance other than the pollutant, usually naturally occurring
substances (NOS) of the aquatic environment. This may then transfer en-
ergy from its excited state to the micropollutants, which can undergo different
degradation processes as shown in Fig. 1. Photosensitized or indirect pho-
tolytic reactions are thought to proceed due to the presence of chemical
transients such as hydroxyl (OH), alkyl peroxy (ROO), hydroperoxyl (HO;)
and carbonate (CO3;~) radicals, superoxide ion (O;7), singlet oxygen (10y),
hydrogen peroxide (H,0;), aquated electrons (e;q), and colored dissolved or-
ganic matter (cDOM) in its excited triplet state. Waters containing sufficiently
high metal ion concentration (through ligand-to-metal charge transfer re-
action and photo-Fenton chemistry) and semiconductor particles (through
electron-hole pair formation) have been also shown to sensitize the photo-
transformation of organic contaminants in aqueous solutions [15-17].
Previous research has shown that the hydroxyl radical (produced through
the photolysis of nitrate, nitrite, and cDOM) plays a significant role in the
transformation of organic contaminants in natural waters due to its reactiv-
ity and non-selectiveness [18-20]. In addition carbonate radicals, generated
from the reaction of OH with either carbonate or bicarbonate ions, react
rapidly with electron-rich compounds and have been shown to play a sig-
nificant role in limiting the persistence of pesticides [21, 22]. Moreover, alkyl
peroxy radicals, produced through the reaction of groundstate oxygen with
excited cDOM chromophores, and singlet oxygen formed upon the absorp-
tion of sunlight by cDOM and subsequent energy transfer to ground-state
oxygen (°0;) [23,24] may also promote the photodegradation of the mi-
cropollutant. Short-lived triplet states of cDOM (*cDOM*) may contribute
significantly to the decomposition of micropollutants through electron ab-
straction, hydrogen transfer, or both. Also, aquated electron e;,, a highly
reactive and strongly reducing species, has previously been reported to be
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produced upon the photolysis of cDOM in sunlit natural waters and scav-
enged by nitrate [25]. All these reactive transients are considered to play
a significant role in limiting the persistence of many chemical pollutants.
The ability of each reactive agent to contribute toward the phototransforma-
tion of the contaminant under natural solar light is likely to be affected by
the composition of natural water, particularly on the concentrations of ni-
trate, cDOM, and bicarbonate/carbonate ions. Humic and fulvic substances
in natural waters were found to be present at concentrations ranging from
0.3 to 30 mgL~!, while nitrate and bicarbonate (also considered principal
components of surface water) are present with concentrations ranging from
3 to 323 uM and 0.4 to 4.4 mM, respectively. An important advantage of
photosensitized photodegradation is the possibility of using light of wave-
lengths longer than those corresponding to the absorption characteristics of
the pollutants.

On the other hand, a decrease in a contaminant photodegradation rate in
natural waters could be observed. DOM present in natural waters absorbs
most of the available photons emitted (since it is one of the most import-
ant sunlight-absorbing components of the aquatic environment [26]) thereby
slowing down direct photochemical reaction (optical filter effect). Another
reason for the observed filter effect may be the binding of micropollutants
to DOM by hydrophobic partitioning or weak van der Waal forces, thus af-
fecting photodegradation. The retarded photodegradation rate, especially in
seawater, is also consistent with *OH scavenging by chloride ions [27].

As a result, phototransformation of pollutants under natural conditions
may be a complex process. In order to evaluate the persistence of pollutants
such as antifouling biocides, both direct and photosensitized transformation
experiments under relevant laboratory and field conditions should be per-
formed using natural waters of different composition.

More detailed information of the photoreactivity of each biocide under
natural and/or simulated solar irradiation is given in the following sections.

3
Kinetics, Photoproducts, and Reaction Pathways
of Antifouling Booster Biocides

3.1
Chlorothalonil

Chlorothalonil (2,4,5,6-tetrachloroisophtalonitrile) has been found to de-
grade after 4 weeks in natural sea water and even faster in water supple-
mented by cultured marine bacteria. Research by Davies [28] found degrada-
tion still occurred when the biocide was present in low concentrations. Even
faster degradation has been witnessed in freshwater where chlorothalonil ex-
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hibited a half-life of only a few hours (¢;,, = 4-150h). Walker et al. [29]
reported degradation half-lives of between 1.8 and 8 days in natural estuarine
water and sediment-water test systems. In general biodegradation is lower
than photolytic processes [29].

Chlorothalonil can undergo photodegradation in the water column
demonstrating a half-life of few hours [30, 31], while faster degradation has
been witnessed in ground water under simulated solar irradiation with a half-
life less than an hour [32]. Millet et al. [33] calculated the half-lives in the
aquatic environment of chlorothalonil photodegradation using the program
GC-Solar as 22-206 days (from summer to winter). Chlorothalonil photode-
composition was carried out in different natural waters [31,34] and it was
observed that the degradation rate was significantly enhanced compared to
distilled water, with the exception of seawater in both natural and simulated
solar irradiation. More than 99% of chlorothalonil degrades within 60 h in
lake and river water while 33% and 28% still remain in distilled and seawa-
ter, respectively, under natural solar irradiation. Simulated solar irradiation
for 10h resulted in 63% and 59% decline of chlorothalonil concentration
in distilled water and seawater, respectively, while more than 99% was con-
sumed in both river and lake waters. The degradation rates have shown
that the presence of DOM in natural waters enhances the photodegradation
rate of chlorothalonil. The enhanced photodegradation in both outdoor and
laboratory experiments is attributed to the presence of naturally occurring
photosensitizers in natural waters such as dissolved organic matter, nitrates,
and carbonate-bicarbonate ions.

As far as the formation of photoproducts is concerned, six compounds
could be detected as possible degradation intermediates, however, only five
have been identified including one pair of isomers. The main degrada-
tion products were benzamide (1), chloro-1,3-dicyanobenzene (2), dichloro-
1,3-dicyanobenzene (3), trichloro-1,3-dicyanobenzene (4) [32]. A tentative
degradation pathway is proposed for chlorothalonil photodegradation in nat-
ural waters (Fig. 2).

Chromatographic data indicate the presence of one additional product,
compound 5. This compound involves a benzyl and methyl group in the
molecule, while the absence of isotopic pattern of chlorine atoms supports
the homolytic cleavage of the C—Cl bond. No nitrogen atoms seem to be
present in the molecule, demonstrating the lack of nitrile groups that could
be photohydrolyzed to the corresponding benzoic acids through benzamide
intermediates. However, the data were insufficient to propose a structure.

Compounds 1 (benzamide) and 5 (unidentified) have been detected only
during the photodegradation of chlorothalonil in natural and humic wa-
ters [31, 34]. It was the first time that benzamide had been observed during
chlorothalonil photodegradation in natural waters indicating that dissolved
organic matter afforded both an increase in photosensitization and in *OH
processes.



178 V.A. Sakkas et al.

CN CN

Cl Cl

/\
cl CN - CN
4
cl
/'I chlorothalonil
’,
I
C——NH, CN CN
e~ = | = |
/\ /\
Cl CN Cly CN
1 2 3

Fig.2 Photolytic degradation pathways and main phototransformation products of
chlorothalonil in aqueous environment [31, 34]

The distribution pattern and the total number of degradation products dif-
fered between the various water samples and were dependent on the constitu-
tion of the irradiated media. In general the number of degradation products
was greater in natural and humic water than in distilled water. However, the
presence of common transformation products (compounds 2, 3, and 4) in dis-
tilled and in natural waters indicate that chlorothalonil is susceptible to both
direct and indirect photolytic reactions in natural waters.

3.2
Dichlofluanid

The photodegradation half-life in natural seawater was 53 h [35] and a half-
life of 18 h was reported using a bioassay method [36].

The photodegradation rate of dichlofluanid (N-dichlorofluoromethylthio-
N’,N-dimethyl-N-phenylsulfamide) was lower in natural waters than in
distilled water following the order: lake water <river water <sea water
< distilled water, showing a strong dependence on the constitution of the
irradiated media and especially on the concentration of dissolved organic
matter [35]. As the TOC concentration increases in natural waters the rate of
photolysis decreases.
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Photolysis was faster under simulated irradiation (Xe lamp, 1.1 KW) than
under natural sunlight, producing first-order rate constants of 0.0817 and
0.0163 h™! for distilled water, 0.0518 and 0.0132 h™! for sea water, 0.0394 and
0.0117h™! for river water, and 0.0335 and 0.0084 h™! for lake water. This
observation seems normal when considering that sunlight intensity varies
depending on the time of day and on cloud cover, while the suntest appara-
tus keeps the intensity constant. Experiments conducted by Sakkas et al. [35]
under the presence of various concentrations of DOM (HA and FA), also
produced first-order degradation curves, allowing for the calculation of the
dichlofluanid photolysis rate constants. In all cases the presence of DOM
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Fig.3 Photolytic degradation pathways and main phototransformation products of
dichlofluanid in aqueous environment [34, 35]
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slowed the rate of photolysis. For example, experiments performed with con-
centrations 4, 8, 16, and 24 mg L' of HA produced rate constants of 0.0392,
0.0360, 0.0324, and 0.0281h™!, respectively. The same tendency has been
observed for FA. The rate constants decreased as the concentration of FA in-
creased: 0.0277, 0.0233, 0.0195, and 0.0171 h™! at concentration of 4, 8, 16, and
24 mgL~!, respectively. The decrease in the rate of photodegradation could
be due to either DOM competing with dichlofluanid for the available pho-
tons or to binding between DOM and dichlofluanid. The very low solubility of
the compound in water (2 mgL™!) and its high octanol/water partition coef-
ficient (Kow = 3.7), indicate that this biocide has a tendency to associate with
particulate matter.

The main degradation products occurred from photodegradation, hydro-
lysis, and anaerobic degradation were N,N-dimethyl-N"-phenyl-sulfamide
(DMSA), N-dichlorofluoromethylthio-aniline, and aniline [34, 35, 37]. Their
structures are shown in Fig. 3.

DMSA is the major degradation product of dichlofluanid in biotic and
abiotic processes, arising from the N—S bond cleavage and the rearrange-
ment of the N,N dimethyl sulfonyl group in the para position. In addition,
another minor peak was identified and associated to dichlorofluoromethane,
which arises from the N — S bond cleavage of dichlofluanid. Loss of the N,N
dimethylsulfonamyl SO,N(CH3), group from dichlofluanid results in the for-
mation of N-dichlorofluoromethylthio-aniline.

3.3
Irgarol 1051

Irgarol 1051(2-methylthio-4-tert-butylamino-6-cyclopropylamino-s-triazine)
is considered to be non-biodegradable [38] and its degradation in sea-
water and freshwater is slow, with a half-life of about 100 and 200 days,
respectively [39]. However, the detection of irgarol degradation product (2-
methylthio-4-tert-butylamino-6-amino-s-triazine, known also as GS26575)
demonstrates that it could undergo environmental transformation in aquatic
ecosystems. Solar photodegradation of irgarol 1051 has been proposed as
the most possible environmental process while studies have shown that
this biocide undergoes direct or indirect photodegradation with the for-
mation of the N-dealkylated derivative (GS26575) as the major degrada-
tion product [40-43]. Irgarol 1051 and GS26575 are shown to demonstrate
a similar seawater half-life [44], suggesting that GS26575 has a greater en-
vironmental persistence than irgarol 1051 [45]. However, these data con-
flict with other studies which have shown that GS26575 was at gener-
ally lower concentrations than the parent compound [46], which suggests
that the environmental transformation rate of irgarol 1051 is relatively
slow and that the rate of GS26575 degradation is greater than that of its
formation.
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Irgarol photodegradation has been studied in a variety of natural waters
under both natural and simulated solar irradiation [34, 47]. The data demon-
strate that photolysis of irgarol 1051 was lower in environmental waters
compared to distilled water, showing a strong dependence on the constitu-
tion of the irradiated media. After 66 calendar days of daylight exposure
66%, 60%, 57%, and 65% of irgarol 1051 was degraded in distilled, sea, river,
and lake water, respectively, while more than 66%, 57%, 55%, and 53% de-
graded within 48 h under simulated solar irradiation. The presence of DOM
in natural waters inhibits the degradation rate of irgarol 1051. The retarded
photodegradation indicate that organic matter absorbed most of the photons
emitted thereby slowing down direct photochemical reaction of irgarol 1051
(optical filter effect). Photoreaction of the colored dissolved organic matter
(cDOM) in sunlight caused a decrease mostly in the UV-B (280-315 nm) re-
gion. This is very important in the case of irgarol 1051 because it does not
absorb strongly above 320 nm. Another reason may be that irgarol 1051 was
partially bound to dissolved organic matter (log Koc = 3.0, log Kow = 3.9) by
hydrophobic partitioning or weak van der Waal forces, and so this fraction
was never available for photolysis action.

A recent study of Okamura and Sugiyama [48] investigated irgarol 1051
photolysis in the presence of some photosensitizers. Aqueous solutions con-
taining irgarol or its metabolite GS26575, with or without photosensitizers,
were irradiated using a light source from a UV-A fluorescent lamp for 48 h.
GS26575 was more stable than irgarol when irradiated in the presence of pho-
tosensitizers such as acetone, benzophenone, tryptophan, and rose bengal.
Four types of fulvic acids (FA) and two types of humic acids (HA) puri-
fied from natural soils and river waters were used as photosensitizers at
a concentration of 10 mgL™!. Degradation of irgarol 1051 and simultaneous
production of GS26575 were observed in the presence of each of the natu-
ral humic substances tested. The half-lives of irgarol ranged from 6.8 to 39 h
while the maximum concentration of GS26575 (0.35 mg L™!) was observed in
the presence of HA-I. This shows that the photochemical reaction assisted
by natural humic substances (NHS) may lead to accumulation of GS26575
in natural aquatic environments in agreement with Sakkas et al. [47], who
reported that GS26575 was a major photoproduct among five intermedi-
ates identified in HA/FA solutions under simulated solar light. NHS also
accelerated the photodegradation of irgarol. However, GS26575 was more per-
sistent than the parent compound, which was completely degraded. In the
same study [48] after 48 h of irradiation, irgarol 1051 in river water was de-
graded with simultaneous production of GS26575. On the other hand, when
irgarol 1051 was irradiated in pure water no significant degradation was
observed and GS26575 was not formed, which is in agreement with the ob-
servations of previous studies [42,47]. Therefore, indirect photosensitized
reactions in natural waters may result in the accumulation of GS26575 in
aquatic environments.
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Two routes of degradation pathways are observed during the photodegrada-
tion ofirgarol 1051 according to the proposed reaction scheme (Fig. 4). The first
route involves the oxidation of irgarol’s sulfur atom leading to the formation
of sulfone (compound 5). The cleavage of the sulfur group of the triazine ring
results in the formation of 2-hydroxy-4-tert-butylamino-6-cyclopropylamino-
s-triazine (compound 2). This observation is in agreement with other studies
describing the direct photolysis of s-triazines where photoreaction must not
involve the alkyl group but the methylthio or the chlorine group, support-
ing the idea that hydroxy derivative formation is a major pathway in direct
photolysis [49, 50]. The same observation has been also reported during the
photocatalytic degradation of irgarol 1051 [51]. Thus, the formation of the
mono-dealkylated derivative, i.e., 2-methylthio-4-fert-butylamino-6-amino-s-
triazine (GS26575), was greatly favored over the hydroxylated and the sulfonyl
derivative since it occurred for more than 90% of photoreactions (according
to relative abundance of the compounds) and was attributed to indirect pro-
cesses. Okamura et al. [42] have also reported the presence of this byproduct as
the main one during irgarol 1051 photolysis in distilled water, while Torrents
et al. [52] have observed the formation of chlorodealkylated derivatives in the
case of atrazine during direct photolysis. Irradiation of aqueous irgarol 1051
solutions containing dissolved organic matter during simulated solar irradi-
ation, resulted in the formation of diaminohydroxy-s-triazine (compound 1),
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indicating both an increase in photosensitization and in *OH processes. Sing-
let oxygen formed during the photolysis reacts with dissolved organic matter
to form peroxide. It is possible that the peroxide formed may generate the hy-
droxyl radicals from the humic solution, which in turn causes dealkylation [52].
2-Methylthio-4-tert-butylamino-6-ethylamino-s-triazine (compound 4) was
also formed during these series of experiments, apart from the derivatives men-
tioned in distilled water (compounds 2, 3 and 5), showing that in the presence
of DOM both direct and indirect reactions can occur.

The product profile of irgarol photodegradation in natural waters was
very similar to that of the HA/FA system, which strongly suggests that DOM
present in natural waters sensitize the photolysis of irgarol 1051, as indicated
by the formation of the dealkylated derivative, diaminohydroxy-s-triazine.
However, in this case too, 2-methylthio-4-fert-butylamino-6-amino-s-triazine
was the main byproduct formed, proving its occurrence in surface waters.

Hall et al. [44] showed the presence of the irgarol 1051 metabolite
(GS26575), increasing from 0.4% at the start of the experiment to 3.6% of the
total concentration after 42 days. This good mass balance supports previous
reports that GS26575 is the major degradation product of irgarol 1051 [45].
An experiment to determine the rate of GS26575 removal showed only 74% of
the compound to be present after 42 days. Once again, if a first-order degrada-
tion reaction is applied then a seawater half-life of 82 days can be calculated.
This suggests that the rate of GS26575 degradation is much greater than
that of irgarol 1051 and that under the experimental conditions employed,
GS26575 is not as environmentally persistent as irgarol 1051. On the other
hand, Okamura [43] demonstrated that irgarol was rapidly photodegraded,
in contrast to its major metabolite under the same irradiation conditions.
The results indicated that 78-93% of GS26575 was degraded after exposure
to solar irradiation for 10 months, and thus that it is more persistent than the
parent compound.

In the study of Lam et al. [53] during the HgCl,-catalyzed hydrolysis of
irgarol-1051, a new degradation product was identified. The EI-MS of this
unknown product, hereby designated as M2, is similar to that obtained by
Ogawa et al. [54]. With careful chromatographic separation and purifica-
tion, M2 was successfully isolated and identified as 3-[4-tert-butylamino-6-
methylthiol-s-triazin-2-ylamino]-propionaldehyde - the N-propionaldehyde
derivative of M1. The presence of this compound was also detected in the
coastal waters of Hong Kong, indicating that the environmental degradation
of irgarol 1051 is more complicated than expected.

34
Sea-Nine 211

Sea-Nine 211 (4,5-dichloro-2-n-octyl-4-isothiazolin-3-one), degrades rapidly
both biologically and chemically in natural seawater [55]. Isothiazolone has



184 V.A. Sakkas et al.

a half-life of 8.4 days according to Callow and Willingham [38] and has a res-
idence time of 5 days according to Ranke [56]. The hydrolytic half-life was
>720h for a pH7 buffered solution while degradation in natural seawater
containing microorganisms showed a half-life of less than 24 h. Anaerobic
half life of < 0.5 days was calculated by Thomas et al. [37], increasing when
the compound was introduced to sediments associated with paint particles.
A summary of Sea-Nine 211 half-lives in various environmental matrices was
reported by Willingham and Jacobson [57]. Biological degradation is consid-
ered to be over 200 times faster than hydrolysis and photolysis [57], which
contributes to a lesser extent to its degradation in the environment. Pho-
tolysis half-life experiments, conducted at pH7, gave values of t;,, =322h
and t1/, = 315 h, respectively [34, 58]. The rapid degradation reduces the con-
centration to significantly below toxic levels. Its metabolites are ring-opened
structures and their toxicity is reduced by 4-5 orders of magnitude [59, 60].

Phototransformation of Sea-Nine 211 in natural waters under natural
sunlight [34, 60] was significantly enhanced following the order: lake water
>river water >sea water > distilled water showing a strong dependence on
the composition of the irradiated media. Simulated solar irradiation for 30 h
resulted in a 77%, 87%, 92%, and 97% decline of Sea-Nine 211 concentration
in distilled, sea, river, and lake water, respectively. Experiments with concen-
trations of 4, 8, 16, and 24 mg L' of HA produced rate constants of 0.0690,
0.0776, 0.0835, and 0.1008 h™1, respectively, resulting in 89%, 91%, 93%, and
96% decline in Sea-Nine 211 concentration. The same tendency has been
observed for FA. The rate constants increased as the concentration of FA in-
creased: 0.0624, 0.0664, 0.0726, and 0.0771h™! at concentrations of 4, 8, 16,
and 24 mg L7}, respectively. As the DOM and nitrate concentration in natural
waters increases, a faster degradation rate is observed. This rapid photo-
transformation in all experiments is attributed to the presence of naturally
occurring photosensitizers in natural waters. Energy, electron, and hydrogen
atom transfer reactions as well as reactions with photochemically generated
free radicals may be very significant in the environmental phototransforma-
tion of Sea-Nine 211, which does not absorb strongly above 290 nm.

Two main transformation pathways are observed during the phototrans-
formation of Sea-Nine 211 according to the proposed reaction scheme
(Fig. 5). The first pathway (a) involves cleavage of the isothiazolone ring
and subsequent oxidation of the resulting alkyl metabolites [61] thus, N-n-
octyl acetamide is formed. The cleavage of the weakest bond of the molecule
(N —-S) of Sea-Nine 211 and subsequent dechlorination and hydroxylation
results in N-n-octyl hydroxypropionamide. Further oxidation yields the for-
mation of N-n-octyl malonamic acid, which is then decarboxylated to give
the corresponding N-n-octyl acetamide. The presence N-n-octyl hydrox-
ypropionamide and N-n-octyl malonamic acid was not identified in either
sample [34, 60]. The above transformation pathway was also observed during
analysis of the dark control samples in an outdoor experiment, indicating that



Photochemical Fate of Organic Booster Biocides in the Aquatic Environment 185

5

o CsHyz

o Cl Cl
H, H, | u N/
HO—C —C —C—N—CgHy,y (@) / (b) /
) ) N—CgHy; ):0
N-n-octyl hydroxypropionamid Cl L}LL\ Cl S

s
\ Sea-Nine 211 5

\\\ \
N o
(o]
HO\ n | H M\A
€ —CN—Cy . cn
(o)

N-n-octyl malonamic acid

0
| m
H;C—C—N—C3H;
3

| |

N
HOOC—H—CgHy, HZNWCH
> 3
N-n-octyl carbamic acid 2

0
H
HOOC—C—N—CgH;; ———
4

Fig.5 Photolytic degradation pathways and main phototransformation products of Sea-
Nine 211 in aqueous environment [34, 60]

this route also accounts for other processes such as hydrolysis and biodegra-
dation [39, 61]. In the case of distilled water, degradation owing to hydrolysis
(dark experiment) accounted for 30% of the decline in Sea-Nine 211 concen-
tration. In lake water, dark controls analyses (hydrolysis and biodegradation)
have shown a 65% contribution to the transformation of the biocide, indicat-
ing that biodegradation is considerable [55]. Further oxidation of N-n-octyl
acetamide leads to the formation of N-n-octyl oxamic acid, which could be
then phototransformed to the corresponding N-n-octyl carbamic acid as in-
dicated by Thomas [39] in the metabolic pathway of Sea-Nine 211 under
aerobic conditions. The presence of n-octyl isocyanate identified by Sakkas
et al. [60] may support the formation of N-n-octyl carbamic acid since it
reacts rapidly with water in a nucleophilic addition step generating the cor-
responding N-n-octyl carbamic acid. Although unstable in water its presence
may be attributed to the loss of water of N-n-octyl carbamic acid, probably
due to a thermal process prior to ionization in the GC-MS chamber. N-#n-
Octyl carbamic acid decarboxylates yielding n-octyl amine.

The second pathway (b) consists on the phototransposition of Sea-
Nine 211. Photochemical interconversion of 1,2 into 1,3 isomers has been
reported for dihetero compounds, e.g., isoxazole to oxazole, imidazole to
pyrazole, as well as isothiazolone to thiazolones [62-64]. Photoexcitation of
isothiazolones is suggested to result in cleavage of the N—S bond, result-
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ing in the formation of a species that can be viewed as diradicals, which
can then lead to the formation of thiazolones. In the case of Sea-Nine 211
the photoisomeration of the parent molecule yields 4,5-dichloro-3-n-octyl-
thiazolin-2-one. The mass spectra of 4,5-dichloro-3-n-octyl-thiazolin-2-one
was similar to Sea-Nine 211 and the fact that it appears at lower retention time
than Sea-Nine 211 supports the proposed structure, being less polar than
the starting molecule. N — C alkyl bond cleavage of 4,5-dichloro-3-n-octyl-
thiazolin-2-one and the oxidation of the alkyl group results in n-octanal.

Chromatographic data [34, 60] indicated the presence of three more com-
pounds that could not be identified but which were regarded as possible
transformation products because they were detected in all experiments and
their concentration increased and decreased as a function of the reaction
time. The evolution of chloride ions that reach only 63% of the stoichiometric
value after 30 h of simulated solar irradiation in distilled water clearly demon-
strates that chlorinated transient organics are present in the solution after
that time.

3.5
Diuron

Diuron (3-(3,4-dichlorophenyl)-1,1-dimethylurea) is reported to be relatively
persistent in seawater [38], and considerably stable to hydrolysis. As far as the
degradation of diuron is concerned under UV irradiation conditions in nat-
ural seawater, photolysis appeared to be a very minor process [43]. A quite
long half-life of diuron has been reported, ranging from one month to one
year [43,65]. Mazellier et al. [66] studied the photochemical behavior of di-
uron in the presence of different iron(III) species. The half-lives of diuron
when submitted to such process in the environment was estimated to be
1-2h or a few days, depending on the concentration of iron(III). Faure and
Boule [67] calculated the quantum yields at a concentration of 10~ mol L™,
and reported @ (354 nm) = 0.02 and P (256 nm) = 0.01.

Diuron photohydrolysis [68] occurs in the meta or para position with
respect to urea group, their proportion depending on the irradiation wave-
length [69]. According to Faure [70] and Jirkovsky et al. [69], who irradiated
solutions with the same lamps, the meta-hydroxylated product (1) is ap-
proximately nine times more concentrated than the para isomer (2). On the
contrary, when diuron was irradiated at the visible region using a light source
at 365 nm [67] the para-hydroxylated derivative was found to be the major
degradation product.

Diuron could be hydrolyzed in water leading to the formation of 3,4-
dichloroaniline. Although the latter has not been reported to be formed
during diuron photolysis, it is thought to be one of the most important bi-
otic and abiotic transformation products of the parent compound. For this
reason the photochemical fate of 3,4-dichloroaniline is also discussed in this
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context. Aqueous photolysis of 3,4-dichloroaniline occurs through sunlight ir-
radiation [71]. In general, for halogenated anilines this transformation rate
is highly dependent on the position of the halogen on the ring. For 3,4-DCA,
the faster rate of photodegradation is consistent with its high absorption band
(>300nm) and the relatively high quantum yield (®(313 nm) = 0.052) [72].
In winter the transformation rate was shown to be completed in 20 days,
ten times slower than that in summer. The half-life for direct phototransfor-
mation in water was determined at 0.4 h, while natural sunlight resulted in
half-lives of 6 +3.6 h at the water surface [73]. Dichloroanilines are reported
to be transformed first into phenolic compounds and then into aminophe-
noxazones but no toxicological data exist for these substances.

Loss and oxidation of the alkyl chains are the dominant processes dur-
ing the phototransformation of ureas [74], as depicted at Fig.6. On the
other hand, substitution of a halogen atom by a hydroxyl-group, and hy-
droxylation of the aromatic ring are considered to be the secondary pro-
cesses. It was observed that diuron photodegradation consisted of two phases
of different but almost constant rates. The degradation started at a high
rate and when approximately 50% of the original substance degraded the
rate of degradation fell to a twentieth of the first phase. The complete
process of the degradation could be best described by a cubic function
(y =-10"%x% + 0.030x? - 3.0255x + 100; R? = 0.952) [74].

Absorption of light may indeed induce a phototransformation of diuron
with a possible formation of more toxic intermediate photoproducts. In en-
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vironmental conditions photolysis is usually slow and photoproducts do not
accumulate appreciably. Microtox was used for the evaluation of the toxic-
ity of the irradiated solutions of diuron [68]. The observed toxicity is due
to minor photoproducts, however, it does not disappear so rapidly. Hence
the decrease of herbicide concentration is not necessarily associated with
a lower toxicity of the solution. The toxicity also increased with irradiation
time, but it remained almost stable between 50% and 98% conversion. It
was not possible to evaluate the ECsy of pure diuron since it is higher than
its solubility in water [68]. Bonnemoy et al. [68] deduced that at least one
of the photochemical intermediates is more toxic than diuron, while syner-
gistic effects among degradation products cannot be excluded. It has been
reported [68] that when diuron is irradiated in aqueous solution photohy-
drolysis products in meta and in para positions are the main photoproducts
(compounds 1 and 2). However, the small amounts of 3-(3,4-dichlorophenyl)-
1-formyl-1-methylurea (3) and 3-(3,4-dichlorophenyl)-1-methylurea (4), re-
sulting from the oxidation or elimination of a methyl group, may be present
since such products are formed by irradiation in the absence of water [68].
It was reported by Tixier et al. [75] that products (1) and (2) have al-
most the same toxicity to Vibrio fischeri as diuron, but that compounds (3)
and (4) are significantly more toxic. Consequently, the observed increase in
toxicity may be mainly due to minor photoproducts. It is most likely that
during diuron photolysis the toxic products formed will be photoconverted
in a further reaction step, but this conversion is less rapid and the com-
plete disappearance of the herbicide is not associated with a decrease of
toxicity.

3.6
Zinc and Copper Pyrithiones

Zinc pyrithione (bis(2-pyridylthio)zinc 1,1-dioxide ) (ZnPT) has a short half-
life in natural seawater (1, < 4h; [76]) and low aqueous solubility. Zinc
pyrithione photolysis and biodegradation are both very rapid procedures
with photodegradation being the most effective process whilst hydrolysis
half-lives range from 96 to 120 days. Zinc pyrithione is known to undergo
trans-chelation, with copper and possibly manganese replacing the zinc ion,
depending on their relative concentrations in the water or sediment. It has
been suggested that in waters where UV degradation of zinc pyrithione is
poor, it may accumulate in sediments as these complexes, prior to biodegra-
dation and/or hydrolysis [39, 77].

Photolytic half-lives ranging between 2-18 min have been reported in
a variety of irradiation conditions [76,78] (filtered Xe arc lamp and natu-
ral sunlight), while less toxic photoproducts are formed [79]. Degradation
of pyrithione is mainly caused by the UV component of the sunlight spec-
trum, and Neihof et al. [78] reports that wavelengths of 320-355nm are
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the most effective in producing photodegradation. An aqueous photolysis
study [80] based on US EPA guidelines under simulated natural sunlight
showed that photolysis of zinc pyrithione in pH9 buffer or artificial sea-
water at pH8.2 occurred very rapidly (first-order half-life from the first
hour of incubation was ~ 13-18 min). In contrast, similarly slow degra-
dation rates to those in the hydrolysis study were found in samples incu-
bated in the dark (half-lives extrapolated from 30 days of incubation were
83-91 days).

ZnPT and CuPT hydrolysis and photolysis [81] were also studied in ster-
ile synthetic seawater and fresh water. Whereas the half life for hydrolysis of
pyrithiones in dark sterile waters ranged from 7 to more than 90 days, the
photolysis half life ranged from 15 to 30 min. Photodegradation of ZnPT is
much faster than CuPT [82]. Under natural solar irradiation (E = 880 W m?),
the half-lives of ZnPT and CuPT were estimated as approximately 2 and
20 min, respectively [82]. The degradation half-life of ZnPT and CuPT was
estimated to be between 7 and 9 min [79]. The degradation times for ZnPT
and CuPT ranged from 7 to 9 min and did not differ significantly from one
another (ANOVA, p = 0.897). Environmental photolysis rates for compounds
with high quantum yields (e.g., the pyrithiones) depend upon various factors
including angle and intensity of incident surface solar radiation, water depth
and clarity, presence of photosensitizers and particulate matter, and wave ac-
tion. Photolysis rates are strongly influenced by the photon flux density and
spectral distribution of the light sources [83]. This may explain the differ-
ences in half-lives in the different experiments mentioned above. The amount
of ZnPT and CuPT that will photodegrade is, therefore, dependent on the wa-
ter depth to which the 320-355 nm wavelengths can penetrate in the water
column, together with the photon flux density. It is clear, however, that radia-
tion in the 300-355 nm range, which causes photodegradation of pyrithione,
can penetrate to significant depths under favorable conditions. Therefore, it
is likely that photochemical processes play an important role in the environ-
mental degradation of pyrithiones. They can therefore be marketed as being
environmentally neutral, non-persistent antifouling compounds based on the
fact that they easily photolyze [76], and thus rapidly degrade into less toxic
compounds [79, 80, 84, 85].

Several degradation products were formed during ZnPT photodegrada-
tion (Fig. 7). Turley et al. [76] have reported that pyridine-2-sulfonic-acid
(1), is the major photolysis product of the parent compound. Other degrada-
tion products formed included pyridine sulfinic acid (2), pyrithione disulfide
(3), pyridine disulfide (4), and the pyridine/pyrithione mixed disulfide (5)
(Fig. 7). Some byproducts formed with light exposure, but not in the dark.
An earlier work [80] also reported rapid degradation of related pyrithione
biocides (pyrithione, sodium pyrithione, pyrithione disulfide, and a tertiary-
butylamine pyrithione derivative, generally tested at 100 ppm) in seawater
exposed to sunlight, at a range of pHs.
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Fig.7 Principal photodegradation products of zinc pyrithione in aqueous environ-
ment [76, 82, 84]

Maraldo and Dabhllof [79] reported that ZnPT and CuPT and their
eventual breakdown products lost their toxicity rapidly when exposed to
light.

3.7
Dithiocarbamates

Dithiocarbamates (DTCs) can be divided into two groups: the dimethyldithio-
carbamates (DMDCs), including ferbam, ziram, and thiram and the ethy-
lene (bis)dithiocarbamates (EBDCs), such as maneb, zineb, and mancozeb.
Ethylenethiourea (ETU) is one of the principal metabolites of EBDCs and
is thought to be the source of most of the toxicity associated with EBDCs.
ETU is also the major identifiable product of UV irradiation, according to
Gruiskshan and Jarrow [86], who studied its photolysis and hydrolysis. There
are only limited photodegradation studies of DTCs in aqueous media perhaps
because of the lack of selective analytical methodology.

3.7.1
Thiram and Ziram

Reported photodegradation half-life of thiram (bis(dimethylthiocarbamoyl)
disulfide) in water at pH5 and 25°C is reported to be 8.8 h while hydro-
lysis half-lives range between <1 (pH9) and 77 days (pH5) depending on
the pH [87]. As far as ziram abiotic fate is concerned, the hydrolysis and
photolysis half-lives are 0.74 and 0.36 days, respectively. Upon hydrolysis and
soil photolysis, ziram (zinc bis(dimethyldithiocarbamate)) quickly degrades
to thiram. In the environment, the major volatile transformation byproducts
of thiram and ziram are CO, and CS, [88].
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3.7.2
Maneb and Zineb

Ethyleneurea (EU), ethylenethiourea (ETU), ethylene (bis)isothiocyanatesul-
fide (EBIS), and glycine were formed in irradiated solutions of EBDCs as well
as in the dark. Their structures are shown in Fig. 8. EU is the main decompos-
ition product of photolysis. The time when approximately half of the starting
material is degraded is 10.5h for the irradiated sample and 23.5h for the
non-irradiated sample [89].

Since EBDCs are transformed rapidly to ETU in the aqueous environment
there is a need for information regarding the photolytic fate of ETU. In wa-
ter, ETU is relatively stable to hydrolysis and photolysis in aqueous media.
Gruiskshan and Jarrow [86] showed that aqueous solutions of ETU exposed
to UV light (above 285 nm) undergo very slow photolysis. Irradiation at an
intensity of 1900 WW cm™ for 24 h have an insignificant loss (< 5%). Irradi-
ation at 3300 WW cm™2 for 15 days resulted in 33% loss of ETU [90]. However,
photosensitized oxidation is considered a major degradation pathway for
ETU [90] in the presence of photosensitizers occurring in natural waters (i.e.,
riboflavin, chlorophyll). For example, the photosensitized oxidation of ETU
using riboflavin leads to concentration less than 5% of that in the dark con-
trol within 4 days [91]. Generally, the photolysis half-life of ETU in natural
water is reported as 1-4 days [90]. ETU is probably oxidized to EU by pho-
tochemically produced hydroxyl radicals. The identified degradates (Fig. 9)
were glycine, 3-(2-imidazolin-2-yl)-2-imidazolidinethione (Jaffe’s base), EU,
and hydantoin (2,4-imidazolidinedione) [90].

N
\\ S
\ Maneb /COOH

—_—
S Zineb HC

NH,
(Gly)
(EBIS)
) / \
N N
N N
(EV)

(ETU)

Fig.8 Principal photodegradation products of maneb and zineb in aqueous environ-
ment [89]
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Fig.9 Sensitized photoxidation products of ethylenethiourea (ETU) in solar light [90, 91]

3.8
TCMTB

TCMTB [(2-(thiocyanomethylthio)benzothiazole] is rapidly degraded in wa-
ter by direct photolysis in sunlight with reported half-lives ranging between
1.5 and 3.9h [92], producing 2-mercaptobenzothiazole (MBT, pKa = 6.94+
0.05) as the dominant product (about 50% yield) and traces of benzothia-
zole (BT) [93]. However, photolysis rate in a laboratory or a field situation
may differ significantly. It is very plausible that photolysis plays an especially
important role in the toxicity studies, and that MBT is at least partly respon-
sible for the observed toxic effects [92]. The sunlight photolysis of MBT in
water systems was also investigated by Brownlee and coworkers [93], who
found BT (30-45%) and 2-hydroxybenzothiazole (OHBT, 4-5%) as degrada-
tion byproducts. Since both BT and OHBT absorb sunlight only very weakly
at wavelengths > 290 nm [94], direct photolysis of such compounds will be
a minor fate [95]. On the basis of previous studies [93, 96], a partial photolytic
pathway was formulated for TCMTB and MBT in aquatic systems and is de-
picted in Fig. 10. Photolysis of TCMTB leads to MBT through a hydrolytic
pathway, which may either photolyze to BT and OHBT. In natural waters,
MBT can also undergo biomethylation to MTBT. Thus its photodegradation
is also important to be considered.

Laboratory studies [97, 98] have been reported on the photolysis of MBT
in organic solvents (acetonitrile, ethanol, or benzene) using UV lamps and
Pyrex vessels. Abdou et al. [98] found that the irradiation (lexc =313 nm)
of MBT in the previously mentioned solvents produced 5.6% benzothia-
zole (BT), 9.7% elemental sulfur, 20.8% 2(3)benzothiazolethione (the thione
form of MBT), 32% bis(benzothiazolyl)-disulfide (MBTS), and 20.5% 2(3H)-
benzothiazolone (OBT), the keto form of OHBT. A pathway that describes the
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Fig.10 Photolytic degradation pathways of TCMTB and MTB in aqueous environment,
based on reported identified phototransformation products [93, 96]

formation of the obtained photoproducts according to Brownlee et al. [93] is
depicted in Fig. 11.

Thus, upon sunlight irradiation, MBT cleaves at the sulfur-hydrogen bond.
Subsequent recombination of the thiyl radicals formed leads to the disulfide
MBTS (a) [99]. These intermediates have been proposed not only by Ab-
dou et al. [98] but also by Pdrkdnyi and Abdelhamid [97]. Irradiation of the
MBTS, besides the retro S-S cleavage into to two thiyl radicals (b) [99], an-
other homolysis can be discussed leading to disulfan radical (c) as well as
to 2-benzothizolyl radical (d). This type of competitive carbon-sulfur cleav-
age has been investigated earlier [100] for the photoreactions of disulfide.
Radical (d) leads to benzothiazole BT (e) through a hydrogen abstraction
mechanism, while 2(3H)-benzothiazolone (OBT) (h) is formed by oxygen

—~——= C@ﬁﬁ\\j@
BT / (thione form)

C0= =+ [T (0
& N A
o~ Q- 0

omsT) O (BT) (MBT)

Fig. 11 Photolytic degradation pathways and main transformation products of MTB in
aqueous environment (after Brownlee et al. [93])
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attack [101]. On the other hand, the disulfane radical (c) can break down
to elemental sulfur and MBT after H-transfer. In experiments performed
by Kirouani-Harani [96], the irradiation of MBT in water at pH7 also led
to BT and OHBT. This result correlates with those obtained by Brownlee
et al. [93], and is also consistent with the previous mechanism (Fig. 11). MBTS
also might act as quencher for singlet oxygen as reported by Foote [102]
and Foote and Peters [103]. By these means, reaction of MBT with singlet
oxygen cannot be excluded since there are many C = S, C = O exchange reac-
tions reported for thiones after treatment with singlet oxygen [96, 104, 105].
In such cases the transformation of MBT to OHBT can also occur as a dir-
ect photochemically induced reaction with singlet oxygen. Another similar
photoconversion mechanism of MBT in concentrated organic solutions of
benzene, toluene, alcohols, or acetonitrile is reported elsewhere [106]. MBT
was found to be phototransformed not only to MBTS dimer but also to
BTSO; — O,STB dimer, as well as to BT and OHBT. The direct photolysis of
MBT in water is also reported to take place through either the singlet ex-
cited state and the resulting primary intermediates of solvated electrons and
benzothiazolyl radicals, as well the triplet excited state. However, the desul-
furization steps need further clarification. Episulfide or episulfoxide might be
involved as intermediates.

Solar photodegradation of MBT was performed in Milli-Q purified water
at pH 8.0 and in a natural water sampled from a lake [106]. Desulfurization
into benzothiazole was clearly favored in the latter case and the disappearance
of MBT was reported to be fourfold faster in the natural than in the Milli-
Q water. The results of this study showed that sensitized reactions mediated
by the chromophoric components of natural waters significantly contribute to
the transformation of MBT in the aquatic environment.

Finally, the estimated quantum yield (@) for MBT using 320 nm radia-
tion was evaluated to be in the range 0.023-0.112 in pure water [96]. Malouki
et al. [106] also investigated the direct photolysis of MBT using 313 nm radi-
ation. The anionic form was found to be photoconverted into BT and OHBT
whenirradiated in aerated medium with similar quantum efficiency (@ = 0.02).

Solutions of BT and OHBT were further irradiated, but no degradation of
these compounds was observed in aqueous solution. All bands exhibited no
absorption changes over several hours, indicating the stability of these com-
pounds [96]. The environmentally important conclusion to be drawn from
these findings is that BT and OHBT are the anticipated stable products of
MBT and TCMTB photolysis in aquatic environments.

3.9
Triphenylboron-pyridine

Hydrolysis, thermolysis, and photolysis are competing abiotic decomposition
pathways of triphenylboron-pyridine (TPBP). TPBP is unstable in artificial
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Fig.12 Photolytic degradation pathways of TPBP in aqueous environment, based on re-
ported identified phototransformation products [108]

seawater and dissipates quickly. Half-lives of TPBP at concentrations of 5, 50,
and 500 pg L', were 1, 6, and 34 days, respectively. [107].

The photodegradation of TPBP was studied by Amey and Waldron [108]
in aerated artificial seawater using UV irradiation (low pressure Hg lamp,
5.5 W, A =254nm). The photodecomposition of TPBP as well as pri-
mary intermediate photoproducts of mono- and diphenylboron acids was
quite rapid with a photolytic lifetime of less than 1 h. Finally, pyridine,
phenol, and benzene were observed as the secondary products (Fig. 12).
Pyridines also decay rapidly due to their photolytic decomposition and re-
sult in ring-opening products (including primary amines and glutaconic
aldehyde) or their derivatives [108]. Finally, natural sunlight photolysis ex-
periments using sterile artificial seawater resulted in 75-80% of degradation
after 3-6h of light exposure [108]. The photolytic transformation of TPBP
into non-persistent photoproducts is of particular interest for the aquatic
environment.

All the data regarding the persistence of antifouling paint booster biocides
in seawater as well as their photochemical half-lives mentioned in the text are
summarized in Table 1.

4
Concluding Remarks

For micropollutant photodegradation studies concerned with environmental
considerations it is important to focus on two main objectives: (i) the degra-
dation kinetics (i.e., the rate at which the parent compound degrades in the
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aqueous environment and the pathways of transformation) and (ii) toxicity
assessment.

Analytical results confirmed the occurrence of both direct and photosensi-
tized mechanisms for the photodegradation of organic booster biocides in the
aquatic environment. Kinetics for both mechanisms followed a pseudo-first-
order law. All the compounds considered in the present review underwent
direct photolysis in solar light. However, in most cases the reactions were
slow because either the pollutants absorbed light poorly or they were poorly
photoreactive. The only exceptions were zinc and copper pyrithiones, which
were susceptible to direct photolysis and degraded in a few minutes. Re-
garding indirect processes, the rates of phototransformation for most of the
biocides were higher in natural water samples than in pure water, indicating
that photosensitized processes took place in natural water samples, thereby
limiting the long-persistence of these chemicals in the aqueous environment.
In contrast (e.g., for dichlofluanid), the photodegradation in natural waters
was partially hampered by the presence of DOM. Thus, DOM could have
both a photosensitizing or an optical filter effect. The identified photoprod-
ucts were of diverse structural nature, showing that phototransformation of
antifouling biocides under natural conditions may be a complex process.

Finally, in most cases reduced toxicity was found after the photoinduced
transformations, a fact very important for the risk assessment of biocides.
The only exception was diuron, which was quite persistent under the ir-
radiated conditions studied (both under natural and simulated solar light)
demonstrating quite long half-lives; on the other hand more toxic byproducts
appeared, possibly showing synergistic effects.
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Abstract An international conference held by the International Maritime Organization in
October 2001 adopted an “International convention on the control of harmful anti-fouling
systems on ships.” This treaty includes bans on the use of harmful organotin compounds,
which act as biocides in paint products. The Japanese government ratified the treaty in
July 2003. The Japan Paint Manufacturers’ Association (JPMA) has commenced a pro-
gram of self-control of antifouling systems in Japan and has issued on their website a list
of registered paint products with and without certain biocides. The purpose of this review
is to assess the status of the antifouling systems that are being used in Japan, based on
the JPMA list. A total of 380 paint products from ten paint companies were registered by
June 2005. Sixteen biocides are registered in 359 products, and the remaining 21 products
contain no biocides. Single biocides are used in 60 products, as two-mixtures in 200 prod-
ucts, as three-mixtures in 80 products, and as four-mixtures in 19 products. Five biocides,
such as cuprous oxide, triphenylborane-pyridine, Sea-Nine 211, copper thiocyanate, and
chlorothalonil, are used as a single product. Combinations such as cuprous oxide and
copper pyrithione, zinc pyrithione and triphenylborane-pyridine, cuprous oxide and Di-
uron, and cuprous oxide and zinc pyrithione are mainly used in two-biocide mixtures to
produce synergistic antifouling effects.

Keywords Biocide - Combination - Mixture - Organotin-free - Paint

Abbreviations

CuPT  Copper pyrithione

DCF  Dichlofluanid

Densil Densil S-100

IMO International Maritime Organization
Irgarol Irgarol 1051

JPMA Japan Paint Manufacturers’ Association
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NACS Naphthenic acids, copper salts
SN211 Sea-Nine 211

TBT Tributyltin

TCPM  N-(2,4,6-Trichlorophenyl)maleimide
Thiram Tetramethylthiuram disulfide

TPBP  Triphenylborane-pyridine

TPN  Chlorothalonil

ZnPT  Zinc pyrithione

1
Introduction

Not enough information on the new antifouling agents as tributyltin (TBT)
substitutes has been released to public in Japan since a strict regulation
on organotin compounds began in the late 1980s. The manufacture of TBT
oxide has been prohibited since it was defined in 1989 as a “class 1 specified
chemical substance” by the law concerning Examination and Regulation of
Manufactures of Chemical Substances. Thirteen TBT compounds and seven
triphenyltin compounds were defined in 1990 as “class 2 specified chem-
ical substances,” requiring a report on the manufacturing/importing of these
substances, and they have not been legally used in Japan since 1996. There-
fore, ship antifouling paints that have been manufactured in Japan since 1996
are considered not to contain organotins.

Limited information on the efficiency of TBT substitutes has been available
worldwide since the late 1990s [1-3]. Until early 2004, there was only limited
information on the TBT substitutes regularly used in Japan [4, 5]. Therefore,
environmental scientists have analyzed residue levels of suspected antifoul-
ing agents to investigate their potential use in Japan. Detection of Irgarol 1051
(Irgarol), its metabolite, and Diuron in water samples collected from coastal
marinas, fishery harbors, and ports has provided information on their pos-
sible use in antifouling paints on ships and boats in Japan [6-9]. Meanwhile,
the “International convention on the control of harmful anti-fouling systems
on ships, 2001 (IMO Convention)” was adopted at the International Mar-
itime Organization (IMO) diplomatic conference held in October 2001. The
Japanese government ratified the IMO Convention in July 2003. The conven-
tion requires publicly accessible data to be provided on TBT substitutes that
have been or will be introduced into the Japanese market as antifouling paint
products. The antifouling systems used in Japan are regulated by the Japan
Paint Manufacturers’ Association (JPMA), and “the JPMA list of registered
organotin-free anti-fouling paints (the List)” was first publicly available in
early 2004 [10]. It is clearly defined on their website that the aim of the JPMA
self-regulatory management program is to provide IMO Convention com-
pliance information and related information to ship owners, ship operators,
government regulatory authorities and other related bodies, by examining
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the paints manufactured/distributed by JPMA regular members, supporting
members or nonmember companies. This is the first source of official and
historical information on TBT substitutes commercially used in Japan. Con-
sumers are able to learn what biocides are in different types of commercial
paints. The List has been revised several times since it was first compiled
in 2004. In this work, the present status of the antifouling systems used in
Japan, in terms of the biocides they contain and their combinations in paint
products, was investigated using the latest version of the List.

2
TBT Substitutes in Japan

2.1
Biocides in Antifouling Paint Products

The List comprises information on the name, color and type of the antifouling
system, its CAS number, its chemical name, and whether it is manufactured
in Japan or by other manufacturers, but it excludes data on the amount
produced, utilization rates and disposal methods, etc. According to the List,
a total of 380 paint products made by ten companies are registered. Figure 1
shows the percentage of each company based on the number of products.
Four companies (A, B, C, D) produce about 75% of the total in terms of the
number of products.

Every commercial product is classified into one of the types of antifoul-
ing systems on the List. The antifouling systems have been classified into 12
types (Table 1), according to whether or not they contain a biocide and which

C

Fig.1 Number of commercial products per company
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Table 1 Number of paint products per antifouling system

Antifouling system Number of products
Organotin-free self-polishing type 155
Organotin-free self-polishing hydrolysis type 85
Organotin-free ablative type 60
Organotin-free self-polishing hydration type 30
Organotin-free conventional type 24
Biocide-free silicon type 16
TBT-free self-polishing copolymer 4
Foul release coating 2
Conventional antifouling 1
Hybrid TBT-free self-polishing 1
TBT-free controlled depletion polymer 1
TBT-free soluble matrix 1
Total 380
TBT tributyltin

type. Sixteen products (4.2%) are of a “biocide-free silicone” type, and the
other 364 products (95.8%) contain biocides free of organotin compounds.
The most popular type is the “organotin-free self-polishing type” with 155
products, followed by the “organotin-free self-polishing hydrolysis type” with
85 products, and the “organotin-free ablative type” with 60 products. These
three types comprise 82% of the biocidal paint products. The sum of the self-
polishing-type products was 275 (76%).

The 96% of paint products in the List that contain biocides are listed
in Table 2 and are shown in Fig. 2. The 16 biocides are numbered accord-
ing to their frequencies in the products on the List. Cu;O is used most
frequently, and tetramethylthiuram disulfide (thiram) is used in only two
products. Most of the biocides are organic or organometallic biocides. Among
the 16 biocides, triphenylborane-pyridine (TPBP) (4), CuSCN (10), N-(2,4,6-
trichlorophenyl)maleimide (13), and naphthenic acids, copper salts (15) are
not listed as TBT substitutes in other countries [1-3]. The antifouling bio-
cides 2-(thiocyanomethylthio)benzothiazole (TCMTB) and manganese ethy-
lene bis(dithiocarbamate) (maneb) used in other countries [1,2] are not
included in the JPMA List.

2.2
Combinations of Biocide Mixtures

Marine antifouling paints are well blended as a combination of biocide, resin,
and solvent to achieve antifouling performance, color development, and re-
pellent or biocidal effect. The biocide combinations in the 380 paint products
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Fig.2 Chemical structure of tributyltin substitutes in the registration list

are shown for each biocide in Table 3, and the ratio of the combinations is

illustrated in Fig. 3.

Cu,0 is combined in 279 products, followed by copper pyrithione (CuPT)
in 127 products, zinc pyrithione (ZnPT) in 87 products, TPBP in 63 products,
Diuron in 63 products, Sea-Nine 211 (SN211) in 39 products, and Irgarol in
32 products. Two-biocide mixtures with 200 products comprise the majority

four-biocides g piocide

three-biocides

Fig.3 Combinations of biocide mixtures

one-biocide

two-biocides
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Table 3 Combinations of biocides in antifouling paint products

Numbers of products
Biocide No biocide One biocide Two-biocide Three-biocide Four-biocide Total
combination combination combination

1. Cu0 0 52 153 66 8 279
2. CuPT 0 0 100 24 3 127
3. ZnPT 0 0 60 18 9 87
4. TPBP 0 5 40 8 10 63
5. Diuron 0 0 23 33 7 63
6. SN211 0 1 1 30 7 39
7. Irgarol 0 0 11 10 11 32
8. TPN 0 1 1 19 2 23
9. DCF 0 0 4 13 3 20
10. CuSCN 0 1 3 5 4 13
11. Ziram 0 0 0 3 7 10
12. Zineb 0 0 4 1 2 7
13. TCPM 0 0 0 2 3 5
14. Densil 0 0 0 4 0 4
15. NACS 0 0 0 2 0 2
16. Thiram 0 0 0 2 0 2
Number of 21 60 400/2 =200 240/3 =80 76/4=19 380
products

of combinations, and three-biocide mixtures occur in 80 products. The trends
are clearly shown in Fig. 4.

In the 60 products containing one biocide, Cu, O is used in 52 products, fol-
lowed by TPBP in five products, and SN211, chlorothalonil (TPN) and CuSCN
in one product each (Table 3).

In two-biocide mixtures, Cu,O is used in 153 products, followed by CuPT
in 100 products, ZnPT in 60 products, TPBP in 40 products, and Diuron in 23
products. Two-biocide mixtures consisted of 13 combinations with 200 prod-
ucts (Table 4). The major combinations are Cu,O and CuPT with 99 products,
ZnPT and TPBP with 36 products, Cu,O and ZnPT with 23 products, and
Cu, 0 and Diuron with 22 products.

In three-biocide mixtures, Cu,0 is used in 66 products, followed by Diuron
in 33 products, and SN211 in 30 products. Three-biocide mixtures consisted
of 24 combinations with 80 products (Table 5). The major combinations are
Cu, 0, Diuron, and SN211 with 13 products, Cu;O, CuPT, and dichlofluanid
(DCF) with 13 products, and Cu,0, Diuron, and TPN with 11 products.

Four-biocide mixtures consisted of 19 products, with Irgarol used in 11
products, followed by TPBP in ten products, ZnPT in nine products, and
Cuz0 in eight products. Four-biocide mixtures consisted of seven combina-
tions, and the major one is ZnPT, TPBP, Irgarol and ziram (Table 6).
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Fig.4 Combinations of biocides in antifouling paint products

Table 4 Combinations of two-biocides with the number of products for each type

Cuy0 + CuPT: 99 ZnPT + TPBP: 36 Cuy0 + ZnPT: 23 Cu,0 + Diuron: 22
TPBP + DCF: 4 TPBP + Irgarol: 4 Cu,0 + zineb: 4 Cu,0 + Irgarol: 3
TPN + Diuron: 1 Cu0 + CuSCN: 1 CuyO + SN211: 1 CuPT + CuSCN: 1
ZnPT + CuSCN: 1

The biocides numbered 1-8 are frequently combined in antifouling paint
products (Table 3). The four most frequently combined biocides, Cu,0, CuPT,
ZnPT, and TPBP, are used alone or in two-biocide mixtures, with a fre-
quency greater than 50%. Conversely, the other 12 biocides listed in Table 3
are mainly combined in three- or four-biocide mixtures. From these combi-
nations, it can be assumed that the role of the remaining 12 is as a cobiocide
to enhance the antifouling effects of the first four biocides. Cu, O is used with
13 cobiocides in 73% of the total products, but it is never used with TPBP, zi-
ram, or thiram. CuPT is always used with Cu,0, and is not used alone. CuPT
or ZnPT is used in two-biocide mixtures in most cases. ZnPT and CuPT have
a similar chemical structure with a different central metal in the mother moi-
ety. It has been reported that ZnPT is converted to CuPT when it is combined
with Cu,O [5]. There is only one product containing a combination of Cu,O0,
CuPT, and ZnPT in the List. TPBP is most frequently used in two-biocide mix-
tures with 40 products. It is reported that TPBP cannot be used with Cu,0,
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Table 6 Combinations of four-biocides with the number of products for each type

ZnPT + TPBP Diuron + TPBP Cuy0 + Diuron

+ Irgarol + ziram: 6 + SN211 + CuSCN: 3 + Irgarol + DCF: 3
Cuy0 + CuPT Cuy0 + ZnPT ZnPT + TPBP

+ SN211 + TCPM: 3 + Irgarol + zineb: 2 + ziram + TPN: 1

Diuron + SN211
+ CuSCN + TPN: 1

because boron in the mother moiety of TPBP reacts with copper [5]. As proof
of this, there is no combination of TPBP with Cu,0 in the List. Diuron is
most frequently used in three-biocide mixtures with 33 products. Diuron is
used with Cu;0 in most products at a frequency of 84% (53/63 products).
SN211 is used in three-biocide mixtures at a frequency of 75%, and in four-
biocide mixtures at a frequency of 17%. Irgarol is not used alone, but is used
in two- to four-biocide mixtures. TPN is used in three-biocide mixtures at
a frequency of 83%. The biocides numbered 9-16 in Table 3 are rarely used
alone, but are mainly used in combination with the biocides numbered 1-8.

The List contains the type of antifouling system that was applied by
a company. All products with biocides are classified as an organotin-free
self-polishing hydrolysis type or hydration type, an ablative type, or a con-
ventional type, according to the leaching mechanisms of the biocides from
the paint surface. Table 7 shows the top eight antifouling systems with bio-
cides. The most popular is the self-polishing hydrolysis type containing Cu, O
and CuPT with 65 products. Cu,O alone is classified as a conventional type
(21 products) and an ablative type (20 products). The mixtures with CuO
are classified into five types, depending on the cobiocide. For example, the
combination CuyO and CuPT is classified as a self-polishing hydrolysis type
(65 products), a self-polishing type (21 products), and a self-polishing hydra-
tion type (12 products).

Table 7 Top eight organotin-free antifouling systems

Biocide mixtures Type of antifouling system Products
Self-polishing hydrolysis type Cu;0 + CuPT 65
Self-polishing type ZnPT + TPBP 25
Conventional type Cu;0 21
Self-polishing type Cu;0 + CuPT 21
Ablative type Cu,0 20
Self-polishing type Cu;0 + ZnPT 16
Ablative type Cu,0 + Diuron 15

Self-polishing hydration type Cu;0 + CuPT 12



Present Status of Antifouling Systems in Japan 211

There are 70 products for copper-free paints, and they comprise 26% of the
380 products. In copper-free products, three biocides, TPBP, SN211, and TPN,
are a major component of one-biocide combinations, and the combination of
ZnPT and TPBP occurs in 50 products (71%) as a two-or-more-biocide mixture.

The List includes color information on the products. Most of the red prod-
ucts always contained Cu,0, and the products with a nonred color contained
TPBP, ZnPT, and SN211 as major biocides.

23
Effectiveness of Antifouling Paints

Interaction effects between biocides are not well known to date. Synergistic
and antagonistic effects of some biocides have been evaluated using nontar-
get test organisms [11]. One combination, consisting of the three biocides
Irgarol, Diuron, and DCF, comprising 30% of the total products containing
Irgarol, was found to enhance toxicity. This combination had synergistic ef-
fects on test species. On the other hand, one product containing Irgarol and
SN211 was registered on the List, although it is reported that this combina-
tion had antagonistic or additive effects [11]. Antifouling paint products are
carefully designed to provide the synergistic effects of biocides at lower con-
centrations. The combination TPBP and Cu,O is not included in products,
probably because of its antagonistic effect [5]. It may be assumed that the bio-
cide combinations in the List have been selected because of their synergistic
effects between biocides.

The data analyzed in this paper are based on the information (380 prod-
ucts from ten companies) released by the JPMA in June 2005. The List has
been periodically revised since it was first compiled in 2004; therefore, fu-
ture changes in antifouling systems in Japan can be continually assessed as
the List is revised. Information on the level of production and use of the bio-
cides, along with data on the species and biocide combinations, is expected to
be publicly available in the near future.

3
Conclusions

The data registered by the JPMA that were released in June 2005 were ana-
lyzed to assess the present status of antifouling systems used in Japan. The
following conclusions are drawn from this assessment.

1. The antifouling paint products registered in the Japanese market comprise
380 types manufactured by ten companies.

2. There were 21 nonbiocidal products (5%), and 16 biocides were included
in 95% of the total items.
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3. Among the 380 paint products, two biocides were included in 200 types,
three biocides in 80 types, only one biocide in 60 types, and four biocides
in 19 types.

4. The biocides used alone were limited to CuyO, TPBP, SN211, CuSCN, and
TPN.

5. The combinations containing two biocides comprised 89% of the total in
the four combinations Cu,O and CuPT, Cu,O and ZnPT, Cu,O and Di-
uron, and ZnPT and TPBP.

6. The combinations including three and four biocides are based on the four
combinations mentioned in conclusion 5, with the addition of one to two
other biocides, which corresponded to 80 and 79% of the total items.

7. Synergistic effects of certain biocide combinations should result in effect-
ive antifouling action at lower concentrations.
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Abstract Published literature has been reviewed regarding the toxicity of representative
alternative antifouling biocides (Chlorothalonil, Dichlofluanid, Diuron, Irgarol 1051, Sea
Nine 211, TCMTB, Zineb, ZnPT, CuPT and PK) in aquatic environments, and their haz-
ardous impact on aquatic environments has been evaluated using the information obtained
during the process of review. The following statements represent the conclusions. Acute tox-
icities of the alternative antifouling biocides are in a range of 10~ to 10! mg L. Irgarol
1051 exhibits especially high toxicity to phytoplankton and seaweed. On the basis of these
toxicity values the biocides are classified as “toxic to very toxic” by the OECD classification
guidelines. The acute toxicity value of M1, which is a degradation product of Irgarol 1051,
ranges between 1072 and 10! mgL~!. M1 is also classified as “toxic” to “very toxic” by the
OECD classification guidelines. The toxicity levels of these alternative antifouling biocides
are almost the same as TBT. The reported concentrations of Irgarol 1051, M1, and Sea Nine
211 exceed the respective PNEC values especially in marinas and fishery harbors imply-
ing that Irgarol 1051, M1, and Sea Nine 211 are already causing a hazardous impact on the
aquatic ecosystem in some marinas and fishery harbors. In order to assess the ecotoxico-
logical risk of these biocides in detail, further research to clarify the toxicity and to develop
the methods of estimating concentrations in natural waters are needed.

Keywords Alternative biocide - Aquatic organisms - Risk assessment -
TBT free antifouling paints - Toxicity

Abbreviations
ECs median effect concentration
CuPT bis-(1-hydroxy-2(1H)-pyridinethionate-O,S) copper



214 H. Yamada

DDT dichloro diphenyl trichloroethane

LCsq median lethal concentration

LOEC lowest observed effect concentration

M1 2-methylthio-4-t-butylamino-6-amino-s-triazine

IMO-MEPC the Marine Environment Protection Committee of the International Mar-
itime Organization

NOEC no observed effect concentration

OECD Organization for Economic Cooperation and Development
PCP pentachloro phenol

PK pyridine triphenyl boron

PNEC predicted no effect concentration

TBT tributyltin compounds

TCMTB 2-(thiocyanomethylthio)benzothiazole

TPT triphenyltin compounds

ZnPT bis-(1-hydroxy-2(1H)-pyridinethionate-O,S) zinc
1

Introduction

Preventing organisms from attaching to the hulls of ships is a crucial aspect
of ship maintenance and the effective operation of marine vessels. There has
been many developments in and wide usage of numerous antifouling paints.
The discovery that organotin compounds [especially tributyltin compounds
(TBT) and triphenyltin compounds (TPT)] effectively control the biofouling
of a wide variety of organisms led to the replacement of the cuprous-oxide-
based paints that had been used until around 1965 with these antifouling
compounds. However, it has subsequently become apparent that organotin
compounds are poorly biodegradable, and remain in the aquatic environment
for a long time. They are eventually bioaccumulated in aquatic organisms.
Moreover, they are also found to be highly toxic to aquatic organisms. These
findings clearly indicate that organotin compounds are hazardous to the
aquatic environment.

InJapan: (1) the law concerning the regulation of the examination and man-
ufacture, etc., of chemical substances prohibits the manufacture, import, and
sale of organotin compounds; and (2) notifications and other forms of ad-
ministrative guidance together with the controls on use that are voluntarily
imposed by the various organizations have served to regulate the use of these
compounds in antifouling paints. Meanwhile, (3) the Marine Environment Pro-
tection Committee of the International Maritime Organization (IMO-MEPC)
has been exploring a world-wide prohibition of the application of organotins
asantifouling biocides. In October 2001 IMO-MEPC adopted the “International
Convention on the Control of Harmful Antifouling Systems on Ships, 2001”.

This convention resulted in a ban on the application of organotin-
based antifouling paints from 2003. Since then a number of antifouling
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paints, that are free of organotin compounds, have been developed. In
addition to cuprous oxide, several organic chemical substances, such as
2-mercaptopyridine N-oxide zinc salt, are used as biocides in organotin-free
antifouling paints. However, few studies have been undertaken on either the
fate in the aquatic environment or the harmful effects on aquatic organ-
isms of these alternative antifouling biocides (referred to as “new biocides”

hereafter).
Cl CN N
\ —
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/ 1,
Cl cl S
2-(thiocyanomethylthio)benzothiazole
Cl CN

: : e (TCMTB)
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Fig.1 The structure of representative antifouling biocides
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Thomas [1] listed eight of these new biocides as shown in Fig. 1,
namely 2,4,5,6-tetrachloro-isophthalonitrile (Chlorothalonil), N’-dimethyl-
N-phenylsulphamide (Dichlofluanid), 1-(3,4-dichlorophenyl)-3,3-dimethylu-
rea (Diuron), 2-methylthio-4-t-butylamino-6-cyclopropylamino-s-triazine
(Irgarol 1051), 4,5-dichloro-2-(n-octyl)-4-isothiazoline (Sea Nine 211),
2-(thiocyanomethylthio)benzothiazole (TCMTB), bis-(1-hydroxy-2(1H)-
pyridinethionate-0O,S) zinc, (Zinc pyrithion, ZnPT), and zinc ethylene bis-
(dithiocarbamate) (Zineb). Pyridinetriphenylboron (PK) and bis-(1-hydroxy-
2(1H)-pyridinethionate-O,S) copper (Copper pyrithion, CuPT) are used in
Japan as new biocides [2].

Concentrations of Chlorothalonil [3,4], Dichlofluanid [5], Diuron [6,
7], Irgarol 1051, [8-16] and Sea Nine 211 [5,7,17] were determined in
coastal waters including marinas and fishery harbors. The concentrations
of Chlorothalonil were very low. However, Dichlofluanid, Diuron, Irgarol
1051, and Sea Nine 211 were detected in seawater, and the concentrations
were higher in marinas and fishery harbors than in the coastal zones such
as the beach. Liu et al. [18] demonstrated that Irgarol 1051 is degraded
by the biological activities of white rot fungus, Phanerachaete crysospo-
rium, to 2-methylthio-4-t-butylamino-6-amino-s-triazine (M1). Irgarol 1051
is also transferred to M1 by photolysis [19]. M1 is not degraded further by
P. crysosporium, and appeared to be accumulated as an end degradation prod-
uct in the aquatic environment. The concentration of M1 in seawater was
determined by Okamura et al. [14] and Liu et al. [15] in the Seto Inland Sea.
They reported that the M1 concentration tends to be higher than that of Ir-
garol 1051. These results suggest that M1 remains in the aquatic environment
much longer than Irgarol 1051.

Therefore, this paper summarizes details on ecotoxicity available in pub-
lished literature in order to estimate the harmful effects of the new biocides
and their degradation products on aquatic organisms. Furthermore, the risks
to the aquatic environment posed by these new biocides are also discussed.

2
Harmful Effects of the New Biocides on Aquatic Organisms

2.1
Chlorothalonil

Acute toxicity to Daphnia magna, Onchorhynchus mykiss, and Gasterosteus
aculeatus are summarized in Table 1. The 48 h ECsq to Daphnia magna is in
the range of 0.097 to 0.129 mg L™}, and the 96 h LCs to fish species is in the
range of 0.069 to 0.076 mg L™!. Acute toxicities to crustacean and fish species
are significant, and are classified as “very toxic” by the OECD ecotoxicity clas-
sification guidelines [25].
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2.2
Sea Nine 211

Sea Nine 211 exhibits acute toxicity to phytoplankton at concentrations
of 0.0139-0.032 mg L‘l, to crustacean species at concentrations of 0.0047-
1.312mg L™, to bivalves at a concentration of 0.85 mg L™}, and to fish species
at concentrations of 0.0027-0.0205 mg L~! (Table 1). From these data, it can be
concluded that this compound exhibits weaker acute toxicity to bivalves than
to other aquatic organisms such as phytoplankton and fish etc. On the basis of
these acute toxicity values, it is classified as “very toxic-toxic” according to the
OECD guidelines.

Data on the chronic toxicities of Sea Nine 211 to Daphnia magna and
sheepshead minnow are reported to be 0.0012 mgL™! and 0.006 mgL™! [26],
respectively (Table 2). The 28-day LCsy to rainbow trout larva is 0.014
mgL~! [26], leading to fears that the chronic toxicity of Sea Nine 211 is
equivalent to that of other antifouling compounds.

23
ZnPT and CuPT

As summarized in Table 1, the published literature contains very little data
on the acute toxicity of ZnPT and CuPT to aquatic organisms. The re-
spective toxicity values are reported to be 0.028 mgL~! for phytoplank-
ton, 0.029-0.034mgL™! for Daphnia magna, and 0.0026-0.4mgL™! for
fish species. On the other hand, CuPT exhibits acute toxicity to phyto-
plankton growth, immobilization of Daphnia magna, and the survival of
fish species at concentrations of 0.0028-0.035mg LY, 0.022 mg L!, and
0.0043-0.011 mg L™!, respectively. Although the obtained toxicity data are
limited, CuPT tends to exhibit greater acute toxicity to fish species than ZnPT.
Evaluated on the basis of the OECD classification guidelines, the toxicological
data on ZnPT and CuPT correspond to the “very toxic” definition, suggesting
that both compounds are highly toxic to aquatic organisms.

ZnPT has significant effects on the embryogenesis of fish species, and an
early life-stage toxicological study in which fertilized eggs were exposed to
ZnPT, has confirmed deformities in the spinal curvature of fish larva after
hatching [27]. Meanwhile, Okamura et al. [26] obtained 28-day LCsq values of
0.0046 mg L~! and 0.0013 mgL~! for ZnPT and CuPT, respectively, in a study
using rainbow trout larva (Table 2). These toxicity values concern that both
compounds may exhibit high chronic toxicity to fish species.

ZnPT and CuPT are degraded to pyridine sulfonic acid in the aquatic envi-
ronments [28]. Asshownin Table 1,the 120 h LCsq to freshwater algae, 48 h ECsg
to Daphnia magna and 96 h LCs to fish species was 28.9 mg L™}, > 122 mg L~}
and 57.1 -> 127 mg L7}, respectively. Acute toxicities of pyridine sulfonic acid
were weaker than the parent compounds, ZnPT and CuPT. These results suggest
that toxicities of ZnPT and CuPT decrease in the process of degradation.
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Table2 Chronic toxicity of alternative antifouling biocides to aquatic organisms

Aquatic Endpoint Chronic toxicity Refs.
organisms ZnPT*  CuPT® PK® Sea Nine 211¢
(mgL™) (mgL™) (mgL™) (mgL™)

Crustacean
Daphnia 21 day 0.0012 [23]
magna chronic ECs,
Fish
Cyprinodon  early life NOEC 0.006 [23]
variegatus
Oncorhynchus 7 day LCsg 0.0084 0.0076  0.140 0.014 [26]
tshawytcha 14 day LCsg 0.0056  0.003 0.084 0.014

21 day LCsp 0.0049 0.0017 0.061 0.014

28 day LCsg 0.0046  0.0013  0.042 0.014

2 bis-(1-Hydroxy-2(1H)-pyridinethionate-O,S)zine

b bis-(1-Hydroxy-2(1H)-pyridinethionate-0,S)copper

¢ Pyridinetriphenylboron

d 4,5-Dichloro-2-n-octyl-3-isothiazolone (Sea Nine 211)

24
PK

PK is a new chemical substance that has been developed in recent years for
use as a biocide in antifouling paints. Consequently, there are almost no re-
ports on the harmful effects of this compound on aquatic organisms. As
shown in Table 1, the only data that has been reported concerns its acute
toxicity to phytoplankton, prawns, and red sea bream. The 72 h EC5 to Skele-
tonema costatum, the 96 h LCsg to prawns, and the 96 h LCs to red sea bream,
are reported to be 0.00215mgL~!, 0.149 mgL~!, and 0.242 mgL~!, respec-
tively. Although the acute toxicity of PK is weaker than that of ZnPT and
CuPT, it is classified as “very toxic” according to the OECD toxicity guidelines.

The 28-day LCsy of PK was found to be 0.042mgL~' based on a 28-
day rearing experiment using rainbow trout larvae carried out by Okamura
et al. [26]. This value is equivalent to that of ZnPT and CuPT. These results
cause great concern regarding the harmful effect of this compound on aquatic
organisms.

2.5
Irgarol 1051

The acute toxicity of Irgarol 1051 and its degradation product 2-methylthio-
4-t-butylamino-6-amino-s-triazine (M1) to various aquatic organisms are
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summarized in Table 3. Irgarol 1051 does not affect bacterial growth even at
a concentration of 50 mg L' [14]. The 24 h LC5 of Irgarol 1051 to crustacean
species is reported to be in the range of 5.7 to 12 mg L ™! [14]. It is found to in-
hibit mobilization (48 h ECsp) at a concentration of 8.1 mgL~! [29]. The 48 h
LCs to oyster larvae is reported to be 3.2 mg L™!, whilst the 96 h LCsy to fish
species is reported to be in a range from 0.79 mgL™! for rainbow trout to
4 mg L~! for zebra fish [31].

On the basis of the OECD ecotoxicity classification guidelines [25], these
acute toxicity values correspond to the definition of “toxic”. Furthermore, the
ECso determined by the inhibition of phytoplankton growth is reported to
be in the range of 0.0001 to 0.0023 mg L~!. Irgarol 1051 is very toxic to sea-
weed, the germination and development of spores is inhibited in the range
from 0.0006 to 0.0059 mgL~!' [30]. The chemical structure of Irgarol 1051
resembles that of triazine herbicide; therefore, it seems reasonable that Ir-
garol 1051 is remarkably more toxic to phytoplankton and seaweed, so-called
aquatic vegetation, compared to marine animals such as crustaceans and fish
species.

On the basis of the OECD ecotoxicity classification guidelines [25], the
acute toxicity values to phytoplankton and aquatic animals (crustacean and
fish) correspond to the definition of “very toxic” and “toxic”, respectively.

As shown in Table 3, the 72 h ECsy of M1 to phytoplankton growth is re-
ported to range between 0.0019 and 0.046 mg L~!. The 96 h ECs of M1 to the
germination and development of the spores of seaweed is reported to be in the
range of 0.0017 to 0.13 mg ™!, whilst it exhibits acute toxicity to crustacean
(Daphnia pulex) species at concentrations from 5.7 to 16 mgL~!. The acute
toxicity values of M1 are 10 times greater than those of the parent compound
and it is obvious that the toxicity of Irgarol 1051 decreases as the compound
is degraded. However, according to the OECD ecotoxicity classifications, the
acute toxicity of M1 is classified as “toxic”.

The chronic toxicity of Irgarol 1051 was evaluated by an early life-stage
toxicity test using rainbow trout (embryo to larval stage) (Table 4), and the
“no observed effect concentration” (NOEC) determined by the inhibition of
larval growth during the 60 days after hatching was 0.00402 mg L~! [31]. The
chronic toxicity and acute toxicity values reveal that the acute/chronic toxic-
ity ratio of Irgarol 1051 to rainbow trout is in the range of 3-102. This ratio is
similar to that of numerous other chemical substances such as Lindane, PCP,
DDT, and Dieldrin etc.

Despite the paucity of data on the toxicity of the new biocides to aquatic or-
ganisms, it is suggested from the available published data that Irgarol 1051 is
toxic to phytoplankton and seaweed and that CuPT and ZnPT are highly toxic
to marine animals. The acute toxicity of these new biocides was found to be
in the order of pg L. In other words, it is equivalent to that of the TBT com-
pounds [32-34]. There is much evidence that they are highly toxic to aquatic
organisms.



221

Toxicity and Preliminary Risk Assessment

N

QUIZELI}-S-OUWE-9-OUTWR[AING-1-F-OINAYIPN-T o ‘durzera)-s-ourwrejfdordopLo-g-outure[£ng-1-5-ONPAYIN-T

9C

8¢°T

6L°0

4

g'¢

e

¥ < <
¥0°0

'8

61 4!

LT LS

IT €8

L1 91
€00 < 6500°0
L10°0 9000°0
€10 1700°0
S9 S
¥000°0

1000°0

200°0

100°0

¥100°0

9%0°0 €200°0
610°0 9100°0
0S < 0¢ <

qIN 21501 [01eS81]
({1 8w) 43103 93NV

05T 4 96
05T 496
0SDT 496
05T 4 96
0SDT 496
0SDT Y 8%
0SDT Y¥C
05T 4 96
0SDF Y g%
0SDT Y¥C
05T Y¥C
05T Y8
0SDT Y¥z
059 496
059 496
0SDF 496
05T 4 96
omUm
omOm
omOm
omUm
0SDg 42
0SDg 42
SDI YL
0spF uTWr O

Xapur A3I01X0],

Areqiap
Aregal
Aregar
Areqiap
Aregar
Aregial
Areqiap
Areqiap

Areqiap
Areqiap

Aregay
yImois a3dydajewred
mo13 axodsoyouod

uonjeuru1dg srodsoyouod
[earains axodsoyouod

ajer yymoid
sseworq
25U3ISIUTWN]OIq

jurodpug

SNAIY2049DUL S1U0daT
vuijdiaq vipruap
ssoyduw snyoudyioouQ
o131 o1uvpAyovivg
snjegarrea uopourid4n
SeATR[ 19)S40

DUIIYS DIUILLY

viypq sisdopisAiy
vuSvw viuydvq
snindip]d snivydasouwvy]
xaind viuydvq

vuSvw viuydvq
s14o1q viuasig

sisua0zad vidydioq
WNIVIS0I DULIUOII]IYS
vivnatjad vinIIAN
avnbv-soyf vuavqvuy
viwndvagns siaropiydoy
*ds snusapauag
Wngnu40914dvI Wniispua|ag
WNINUL09114DI WNAISPUI]IS

Haysy o14qiA

samadg

Ut

[ossny

ueadeisni)

paameas

aede oIdIN
eLId)ORY

sse[)

swistuedio oryenby

swistuedio oryenbe 03 (1) syonpoid uoneperdapoiq syt pue 16071 [01e31] Jo A3101X0) AINOY € 3|qe]



H. Yamada

222

9]
1€]
1€]
1€]
1€]

1€]
1€]

s}y

880°0

=(67°0 :DHOT) 97°0
«(F1600°0 : DHOT) 20¥00°0
¥81°0

¥81°0

2(67°0 :DH0T) 970

(92°0 :DHOT ) 1T°0

(;-18w)
£3101X0) DTUOIYD

Aep g7
Aep g¢
pjey 193Je Aep 09
IRy J9)e Aep 09

Lep g7
£ep gz

porrad
amnsodxg

0syT
uononpoidax

yimoid
[BAIAIDS
Aiqeyorey
[BAIAIDS
ymord

jutodpuyg

UOTJBIUSIUOD JD3JJd PIATISO IS3MO] :DFOT

vYy23MmpYys] snyoudyi0ouQ

ss1yAw snyoudy10ouQ
duwrys
viyvq sisdopisAN

saradg

ystd

ueadeisni)

sse[D
swstuedio onjenby

ysy pue durys 03 1601 [o1eSi] Jo £30Ix0) doruoIyD ¢ ajqel



Toxicity and Preliminary Risk Assessment 223

No literature has been found concerning toxicities of Dichlofluanid, Di-
uron, TCMTB, and Zineb. Furthermore, very little is known about the chronic
toxicities of these new biocides. In order to estimate the exact PNEC value,
ecotoxicological information such as acute chronic ratios should be eluci-
dated by performing detailed experiments on the ecotoxicity of these new
biocides.

3
Preliminary Risk Assessment

The predicted “no effect concentration” (PNEC) was tentatively estimated
from the lowest acute toxicity value by the OECD method. According to
OECD, the uncertainty factor of 100 was used to calculate PNEC. The values
of PNEC for several alternative biocides are shown in Table 5. The highest
seawater concentrations determined by individual survey are also shown in
Table 5.

As shown in Table 5, the PNEC of Irgarol 1051, M1, Sea Nine 211, ZnPT,
CuPT, and PK was 690ngL™!, 16ngL™!, 190ngL™!, 27ngL!, 26 ngL},
22ngL7!, and 22 ng L7}, respectively. The PNEC of Chlorothalonil was two
orders of magnitude higher than the highest concentration found in natu-
ral waters. Although the available data on the Chlorothalonil concentration
in natural waters is very limited, these results suggest that its hazardous im-
pact on the aquatic environment is considered small. The PNECs of Irgarol
1051, M1, and Sea Nine 211 were one order magnitude lower than the con-
centrations of these biocides in the seawater of marinas. We are concerned
with these findings which suggest that Irgarol 1051, M1, and Sea Nine 211
are hazardous to the aquatic ecosystem especially in marinas and fishery har-
bors. The concentrations of Irgarol 1051, M1, and Sea Nine 211 in seawater
collected in coastal areas such as beaches were significantly lower when com-
pared to the PNEC values. The hazardous impact of these new biocides seems
to be restricted to particular areas such as marinas and fishery harbors where
many pleasure boats and/or fishing boats are moored.

Harino et al. [7] did not detect pyrithion compounds (ZnPT and CuPT)
in the seawater of the port of Osaka, Japan. Because of the results from the
port of Osaka it is assumed that any hazardous impacts from the pyrithion
compounds can be ignored at present. The toxicity of pyridine sulfonic acid,
which is a degradation product of ZnPT and CuPT was lower than that of the
parent compounds. These results suggest that the toxicity of ZnPT and CuPT
decreases during the degradation process.

Published data on the concentrations of PK have not been found. There-
fore, any potential hazardous impacts on the marine ecosystem from PK
cannot be evaluated at present and further studies are needed.
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4
Conclusions

(1) The toxicities of the new biocides are classified as “toxic” or “very toxic”
by the OECD classification guidelines, and show almost the same toxicity as
TBT. However, these new biocides are not stable in comparison with the pre-
viously used antifouling biocides [tributyltin compounds (TBT)]. It can be
concluded from these results that the new biocides do not persist for a long
time in aquatic environments, and that the environmental impact of these
biocides is smaller than that of TBT.

(2) Chlorothalonil, Dichlofluanid, Diuron, Irgarol 1051, M1, and Sea Nine
211 have been detected in natural waters, the concentrations were higher in
marinas and small fishery harbors than in the coastal waters. The only re-
search carried out in Japan has been on the occurrence of ZnPT and CuPT in
seawater and was by Harino et al.; however, pyrithion compounds were not
detected. A detailed survey is needed to clarify the present situation regarding
contamination by the new antifouling biocides.

(3) The reported concentrations of Irgarol 1051, M1, and Sea Nine 211 in
natural waters exceed the PNEC values of these new biocides especially in
marinas and fishery harbors. Irgarol 1051, M1, and Sea Nine 211 are causing
a hazardous impact on the aquatic ecosystem in marinas and fishery harbors.
In order to assess the ecotoxicological risk of the new biocides in detail, fur-
ther research is needed to clarify the toxicity and to develop the methods of
estimating concentrations in natural waters.
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Abstract Many marine lives prevent the surface of their bodies with antifouling sub-
stances without causing serious environmental problems. Some terrestrial plants also
have the same kinds of substances. Therefore, these substances may be expected to be
utilized as new environmentally friendly antifouling agents, especially those having high
anesthetic, repellent, settlement deterrent, settlement inhibitory properties, etc., with-
out having biocidal properties. These natural products are classified into five kinds of
compounds, i.e., terpenes, nitrogen-containing compounds, phenols, steroids and others.
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Many compounds such as sesquiterpenes, diterpenes, trigonelline, primidines, macro-
carpals and higher fatty acids, showed the same level of antifouling properties as that of
CuS0y4, and some compounds such as gramines, cycloviolacin 02, shogaols, alkylphenols,
kaempferols and bufalin, showed the similar high antifouling properties as those of the
organotin antifoulants. The mixtures of these compounds are expected to be much bet-
ter antifoulants than the organotin compounds since some of them showed synergistic
properties.

Keywords Antifouling - Marine environment - Natural products - Settlement inhibition -
Terpenes

Abbreviations

A Ala Alanine

C Cys Cysteine

D Asp Aspartic acid

E Glu Glutamic acid

F Phe Phenylalanine

G Gly Glycine

H His Histidine

ITle Isoleucine

K Lys Lysine

L Leu Leucine

M Met Methionine

MIC  Minimum inhibitory concentration
N Asn Aspergine

PSA  6-Pentadecylsalicylic acid
Q Gly Glutamine

R Arg Arginine

S Ser  Serine

T Thr Threonine

TBG  5,6-tribromo-1-methylgramine
TBT  Tributyltin compounds
TBTCl Tributyltin chloride
TBTF Tributyltin fluoride
TBTO Tributyltin oxide

TPT  Triphenyltin compounds
V Val Valine

W Trp Tryptophan

Y Tyr Tyrosine

1
Introduction

The use of organotin antifouling paints for small vessels was banned in many
countries in the late of 1980s because the deformity of oysters was found in
1970s. Since then, especially, in mid 1990s, many articles reported the de-
crease of concentration of organotin antifoulants, on the other hand, the high
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concentrations of Irgarol 1051 as an alternative antifoulant were reported in
the harbors or marinas in the world. Therefore, the many users of ship bot-
tom paints expect to have new antifouling paints which are environmentally
friendly and also have the similar level of both high antifouling properties
and long life of usage to those of the organotin antifoulants.

Recent new researches regarding environmentally friendly alternative
methods of antifouling treated natural products, fouling-release coating and
electrical antifouling systems [1]. One promising approach to find such an-
tifouling method is to explore natural products occurring in the marine
environment, especially those produced by sessile fouling-free marine organ-
isms. This article reports natural product antifoulants.

2
Natural Products Antifoulants

Natural products include both inorganic compounds such as asbestos, mica,
graphite, etc., and organic compounds. However, generally, the natural prod-
ucts mean the natural organic compounds formed in living organisms. For
example, formic acid is formed in the body of ants. There are natural dyes
such as arotenoids, quinones, flavonoids, chlorophylls, hemoglobins, and an-
thocyanins; and biopolymers such as starch, cellulose, proteins, DNA and
RNA. There are terpenes having isoprene units in plants, alkaloids, steroids,
vitamins, hormones, insect pheromones, arachidonic acid, prostaglandins,
penicillins and streptomycins as antibiotics. Further, there are fats, oils, wax,
lipids, saccharides, pyrimidine bases and purine bases. In these natural prod-
ucts, some of them may be expected to be as environmentally friendly an-
tifoulants.

Among aquatic fouling organisms in seawater, 1746 kinds of protists, ani-
mals, and plants are shown in Table 1 [2]. These prominent marine organisms
are barnacles, algae, ascidians, shellfishes, seamosses and hydrozoa. Marine
lives such as corals, sponges, marine plants, and dolphins, etc., prevent the
surface of their bodies with antifouling substances without causing serious
environmental problems. Therefore, these substances may be expected to be
used, as new environmentally friendly antifouling agents, especially those
having highly anesthetic, repellent, and settlement inhibitory properties, etc.,
without showing biocidal properties, are desirable. Many of the antifouling
substances are found from these marine animals, marine plants and microor-
ganisms. Moreover, many of the antifoulants are also found in terrestrial
plants such as a green tea, a wasabi and an oak tree leaf.

The fouling of manmade structure involves molecular bonds and bio-
logical adhesions with abiotic or biotic substances. These biotic foulings
are formed by microfouling, e.g., those of bacteria and diatoms, and by
macrofoulings, e.g., algae and vertebrates. These natural antifoulants include
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Table 1 Marine organisms to settle on the structures immersed in seawater [2]

Organism Number
Bacteria 37
Fungi 14
Diatom 111
Algae 452
Protozoa 99
Porifera 33
Coelenterata 286
Annelida 108
Tentaculata 139
Arthropoda 292
Echinodermata 19
Chordata 127
Other invertebrates 29
Total 1746

not only toxins but also anesthetics, growth inhibitors, metamorphosis in-
hibitors, settlement inhibitors, settlement deterrent agents, attachment in-
hibitors, repellants, anti-mussel agents, anti-barnacle agents, general antibac-
terial agents, various antifungal agents and stimulants [3].

It is well known that many marine invertebrates such as sponges and
corals remain remarkably free from settlement by fouling organisms, sug-
gesting that they have biologically active compounds preventing the larvae of
other marine organisms from settlement and growth on their body. So far,
several compounds with such activities have been found among marine in-
vertebrates. These compounds are considered to play an important role in the
antifouling mechanism of marine organisms [4].

Natural products antifoulants consist mainly of five kinds of compounds
such as terpenes, nitrogen-containing compounds, phenols, steroids and
others. These are produced from sponges, corals, starfishes, mussels, algae,
terrestrial plants, etc.

3
Terpenes

3.1
Introduction

Terpenes were the most widespread compounds in nature, mainly in plants
such as pine trees and citrus fruits, as constituents of essential oils. But, some
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larger and more complex terpenes (e.g. aqualene and lanosterol) occur in an-
imals. Terpenes typically have very strong odors in low concentrations. Many
terpenes are hydrocarbons, but oxygen-containing compounds such as al-
cohols, aldehydes, ketones, acids, esters and epoxides (terpeneoids) are also
found. Their building block is a hydrocarbon, i.e., isoprene. Terpene hydro-
carbons therefore are expressed by a molecular formula: (CsHg),, and they
are classified according to the number of isoprene units: monoterpenes (num-
ber of isoprene units is two: n = 2), sesquiterpenes (n = 3), diterpenes (n = 4),
sesterterpenes (n =5), triterpenes (n =6) and tetraterpenes (n = 8). Some
steroids are also classified into triterpenes. Terpenes are considered to be
biodegrable. Many of these terpenes are biologically active substances such
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as antibacterials, plant growth inhibitors, biocides, insect antifeedants and
antitumor agents.
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Table2 Terpenes and Their Derivatives

Compound

3.2 Monoterpenes and Their Derivatives
(3R, 4S, 75)-trans,trans-3,7-Dimethyl-1,8,8-
tribromo-3,4,7-trichloro-1,5-octadiene 321

1-Dibromo-2,6-dichloro-3,7-
dimethyl-7-octene 322

3.3 Susquiterpenes and Their Derivatives
Deschloroelatol 331

Elatol 332

Isocyanosesquiterpene alcohol

(18*,4S*, 7R*105¥)-
10-isocyano-5-cadinen-4-ol 333
2-Hydroxy-9,11-dimethyl-10-methylene-

3-oxatricyclo[7.3.1.02,6]tridec-5-en-4-one 334

3-Isocyanotheonellin 335
10-Isocyano-4-cadinene 336
Neocurdione 3315
9-Oxo-neoprocurcumenol 3316
Isoprocurcumenol 3317
Manoalide 3318

10-Formamido-4-cardinene 3319

3.4 Diterpenes and Their Derivatives
epi-Agelasine C 341

Eleganolone 342

Renillafoulins 3411-3413

Kalihinenes (Kalihinol A) 3414
10-Formamidokalihinene 3415
ent-Pimara-8(14),15-dien-19-oic acid 3416

2-Furyl-n-pentyl ketone 3417

Living thing Refs.
Species
temperate red alga [5-7]

Plocamium costatum
Plocamium cartilagineum
temperate red alga [5]

Plocamium costatum

marine red alga [8]
Laurencia rigida
nudibranch [9]
Phyllidia pustulosa

Palauan marine sponge [10]

Dysidea herbacea

nudibranchs [11]
(family Phyllidiidae)
rhizomes of Curcuma [12]
Curcuma aromatica

rhizomes of Curcuma [12]
Curcuma aromatica

rhizomes of Curcuma [12]
Curcuma zedoaria

marine sponge [13]
Smenospongia sp.

marine sponge [14]

Acanthella cavernosa

marine sponge [15]
Agelas mauritiana

common brown alga [16]
Bifurcaria bifurcata

Atlantic sea pansy [17]
Renilla reniformis

marine sponge [18-20]
Acanthella cavernosa

marine sponge [18-20]

Acanthella cavernosa

annual herb Gnaphalium [21]
gaudichaudianum

octacorals [22]
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Table 2 (continued)

Compound Living thing Refs.
Species
(Analogues diterpene marine product Renilla reniformis

antifoulants to pukalide and renillafoulin)

Leptogorgia virgulata
3.5 Sesterterpenes and Their Derivatives
22-Acetoxy-16p-hydroxy-24-methyl- palauan marine sponge  [23]
24-oxoscalarano-25, 128-lactone 351
24-Methyl-12,24,25-trioxoscalar- Lendenfeldia chondrodes
16-en-22-oic acid 352

Terpenes, terpeneoids and their derivatives such as glucosides are inves-
tigated for using them as antifouling agents. These agents are shown in
Table 2 [5-23], and Schemes 1 and 2.

3.2
Monoterpenes and Their Derivatives

Halogenated monoterpene, 1,10,10-tribromo-3,4,7-trichloro-3,7-dimethyl-
1,5-octadiene 321, is obtained from sea hare, Aplysia californica [6,7]. It
showed an activity to deter the settlement of barnacle larvae, suggesting a po-
tential ecological role of its terpene [5].

33
Susquiterpenes and Their Derivatives

Susquiterpenes, deschloroelatol (331) and elatol (332) extracted from a tem-
perate marine red alga, Laurencia rigida, exhibited a wide spectrum of activ-
ity against fungi, bacteria and algae such as Ustilago violace, Bacillus mega-
terium and Chlorella fusca [8].

New isocyanosesquiterpene alcohol (333) was obtained from a nudibranch
Phyllidia pustulosa, possessing an almost the same potent antifouling activ-
ity (0.17 pgmL~') as CuSOy4 (0.15 pgmL™!) against the larvae of a barnacle
Balanus amphitrite with very weak lethality [9].

Furanosesquiterpene (334) which is 2-hydroxy-9,11-dimethyl-10-methy-
1ene-3-oxatricyclo[7.3.1.02’6]tridec-S-en-4-0ne, isolated from a Palauan ma-
rine sponge, Dysidea herbacea, showed a weak repellent activity against a blue
mussel, Mytilus edulis galloprovincialis. A 100% antifouling activity was ob-
served at a concentration of 100 ppm. However, the tested mussels showed no
reactivity at a concentration less than 10 ppm [10].
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Fusetani et al. [11] isolated three new sesquiterpene isocyanates from
a nudibranchs of Phyllidiidae family along with a new sesquiterpene peroxide
and six known sesquiterpenes (335-3314). These compounds showed potent
antifouling activities against the larvae of a barnacle Balanus amphitrite as
shown in Table 3 [11] and Scheme 3 [11]. Especially, 3-isocyanotheonellin 335
and 10-isocyano-4-cadinene 336 showed the potent antifouling activities with
ICs’s of 0.13 and 0.14 pg mL~}, respectively, while no toxicity was found at
these concentrations [24]. Their activity was comparable with that of CuSO4
(ICsp 0.15 pgmL71).

Neocurdione 3315, isoprocurcumenol 3316 and a new sesquiterpene,
9-oxo-neoprocurcumenol 3317, were isolated from the fresh rhizomes of Cur-
cuma aromatica and Curcuma zedoaria (Zingiberaceae). These compounds
showed an attachment-inhibiting activity that was two times stronger than
that of standard CuSOj4 against the blue mussel [12].

3-isocyanotheonellin 10-isocyano-4-cadinene  10-epi-axisonitrile-3 Axisonitrile-3

335 336 337 338

- -

o .\\\
\\\\ . _\\\\
NCS
H 2 SCN .
PN 4-thiocyanatoneopupukeanane S
) ) 2-thiocyanatoneopupukeanane
(-)-10-isothiocyano-4-amorphene 10-isocyano-4-amorphene
339 3310 3311 3312

(3
/_\

2-isoxyanotrachyopsane 17-epidioxy-5-cadinene

3313 3314

Scheme 3
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Manoalide 3318 together with a steroid, isolated from a marine sponge
Smenospongia sp., showed an antifouling activity but no toxicity against
the cypris larvae of a barnacle Balanus amphitrite, with an ECsy value of
0.24 pg mL™! (CuSO4: 0.15 pug mL~1) [13].

10-Formamido-4-cadinene 3319 obtained from a sponge, Acanthella caver-
nosa, also inhibited a larval settlement at a concentration of 0.5 pug mL~! [14].

The sixteen secondary metabolites of a green alga Caulerpa prolifera were
isolated. They are shown as compounds C3320-C3335. The antifouling activ-
ity of the algal extracts in laboratory assays against two of the major groups
of fouling organisms. The extracts exhibited moderate to significant activi-
ties against two Gram-positive and one Gram-negative marine bacteria. The
measured inhibition zone varied from 17 to 83% of that observed with the
biocide TBTO. On the other hand, the growth inhibitory effect of the Caulerpa
prolifera extract was evaluated against a marine microalga Phaedactylum tri-

3320 OY OY

(@] [¢]
\4\()' wl A
Y Y
R = CH3-(CH,),-(CH=CH-CH,),-(CH,),CO- 3321 3322
R = CHy~(CH,),4CO- 3323 3324
R = CH;-CH,~(CH=CH-CH,);~(CH,),CO- 3325 3326
R = CH;-CH,~(CH=CH-CH,);~(CH,)4CO- 3327
R = CH3-CH,~(CH=CH-CH,);-(CHy),CO- 3328
R = CH;-(CHy),4CO- 3329
R = CH;~(CHy);-(CH=CH)-(CH,)yCO- 3330

R = CH;~(CH,)4(CH=CH-CH,),-(CH,),CO- 3331

R = CH;-CH,~(CH=CH-CH,),-(CH,);CO- 3332

R = CH;-(CH,),,CO- 3333
R = CH;-(CH,)s-(CH=CH)~(CH,),CO- 3334
R = CH;-(CH,),-(CH=CH)-(CH,),CO- 3335

Scheme 4
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Table 3 Sesquiterpenes from nudibranchs of the family phyllidiidae and their antifouling

activity [11]

Compound Antifouling activity ICso (ugmL™)
3-Isocyanotheonellin 335 0.13
10-Isocyano-4-cadinene 336 0.14
10-epi-Axisonitrile-3 337 10
Axisonitrile-3 338 3.2
(-)-10-Isothiocyano-4-amorphene 339 7.2
2-Thiocyanatoneopupukeanane 3310 4.6
4-Thiocyanatoneopupukeanane 3311 2.3
10-Isocyano-4-amorphene 3312 0.7
2-Isoxyanotrachyopsane 3313 0.33
17-Epidioxy-5-cadinene 3314 > 50
CquO4 0.15
180 =
1 | ——Coutra
140 _- —A-c prolifera extract
&£ 120 -:
=
';é 100 -:
ES —
5 ] /-
3 i
= 60 —
O J
40~ A_..___A.\
20 ‘\A
0 J ® \.
) M | § T T T T T 1
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Days

Fig.1 Inhibition effect on the growth of Phaedactylum tricornutum (as presented by

chlorophyll concentration) [26]

cornutum which is a representative of primary surface colonizers [25]. The
extract proved to be as effective as TBTO against the development of the foul-

ing microalga as shown in Fig. 1 [26].

34
Diterpenes and Their Derivatives

Linear diterpenes (342-348) isolated from Bifurcaria bifurcata, a common
brown alga of the Atlantic shores of Europe, and their derivatives (349, 3410)
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were tested in laboratory assays against the representative species of major
groups of fouling organisms, viz. bacteria, fungi, diatoms, the spores and zy-
gotes of macroalgae and the blue mussels Mytilus edulis. Several components
showed promising levels of the activity. Especially, two diketonyl diterpenes
(345, 3410) showed almost the same bioassays of antibacterial and antifun-
gal activities as those of TBTO and also showed almost the same minimum
inhibitory concentration of 8 ig mL™! for marine bacteria and marine fungi
with those of TBTO, and elegandiol (344) showed high bioassay activities
for the inhibition of microalgal growth, and the development of macroalgal
spores and zygotes [16].

Three renillafoulins 3411-3413 from the Atlantic sea pansy Renilla reni-
formis, inhibited barnacle settlement with ECsy values ranging from 0.02
to 0.2 pgmL™! [17,27]. Renillafoulins and pukalide 3418 isolated from oc-

7 7 7 A0t
o) 342
7 7 A0t
I 343
NN 7 A
OH 344
(0]
7 7 A
0
o 345
7 7 Al
(0]
346
7 7 7 A1
on 347
ONNF 7 A0
o 348
/ / = OAc
(0]
0 349
/ / / OAc
(6]
3410

Fig.2 Chemical formulae of diterpenes isolated from Bifurcaria bifurcata [16]
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Table 4 Diterpenes from marine sponge Acanthella carvernosa and their antifouling ac-
tivity [18-20]

Compound Antifouling activity ICso (ugmL™')
Kalihinene X 3419 0.49
Kalihinene Y 3420 0.45
Kalihinene Z 3421 1.1
Kalihipyrans A 3422 1.3
Kalihipyrans B 3423 0.85
Kalihinol A 3414 0.087
10-Formamidokalihinene 3415 0.095
15-Formamidokalihinene 3424 0.14
Bifora-4,9,15-triene 3425 4.6
10-Formamido-5-isocyanatokalihinol-A 3426 ca. 0.05
10-Formamido-5-isothiocyanatokalihinol-A 3427 ca. 0.05
CuySOy4 0.15

tacorals Renilla reniformis and Leptogorgia virgulata, are potent inhibitors
of barnacle settlement, however, these are comparatively complex and
thus are not amenable to commercial exploitation. Clare et al. [22] ex-
amined about 20 analogues, bases on the functional groups of lactone
and furan rings in the parent molecules, such as 2-furyl-n-pentyl ketone,
khellin and y-decanolactone for anti-settlement activity and toxicity. Es-
pecially, 2-furyl-n-pentyl ketone 3417 (ECget5o 0.002 uM) was more active
than copper (CuSOy4 - 5H;0) in preventing the settlement of diatom, Nitzschia
spp. [22].

Fusetani et al. [18] isolated two new diterpene formamides along with
seven known ditepenes from a marine sponge Acanthella cavernosa at
Yakushima Island in Japan. These nine diterpenes showed potent antifoul-
ing activities against larvae of the barnacle Balanus amphitrite as shown in
Table 4 [19, 20]. The new kalihipyrans A (3422) and B (3423) inhibited the lar-
val settlement and metamorphosis of the barnacle Balanus amphitrite with
ICsp of 1.3 and 0.85 ug mL™!, respectively. These activities are comparable to
those of kaihinene X-Z (ICso: 3419 = 0.49, 3420 = 0.45, 3421 = 1.1 pgmL™!),
whereas the corresponding isocyano compounds are more active (ICsq: 3414
= 0.087, 3415 = 0.095, 3424 = 0.14 ng mL™!) [18]. Further, 108-formamido-5-
isocyanatokalihinol-A 3426 and 108-formamido-5-isothiocyanatokalihinol-
A 3427 were highly antifouling with the ICsq of only ca. 0.05 pgmL™~! [20]. It
should be noted that these 108-formamido-5-kalihinens 3426 and 3427 were
more active than CuSO4 (ICso: 0.15 g mL™!), and their toxicities were quite
low [24].
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3.5
Sesterterpenes

Three sesterterpenes 351-353 together with epidioxy sterols isolated from
a Palauan marine sponge, Lendenfeldia chondrodes, showed a repellent ac-
tivity against a blue mussel Mytilus edulis galloprovincialis. In three sestert-
erpenes, 22-acetoxy-16p-hydroxy-24-methyl-24-oxoscalarano-25,128-lactone

K
Kalihinene
1B-H, 14-0-C1 3419 Kalihipyrans A
lo-H, 14-0—C1 3420
1B-H, 14-B—Cl1 3421 3422 Kalihipyrans B

3423

NHCHO

Kalihinol A 10-Formamidokalihinene 15-Formamidokalihinene  Bifora-4,9,15-triene

3414 3415 3424 3425

10 -Formamido-5-isocyanatokalihinol-A 10 -Formamido-5-isothiocyanatokalihinol-A

3426 3427

Scheme 5
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351 and 24-methyl-12,24,25-trioxoscalar-16-en-22-oic acid 352 showed potent
antifouling activities. The antifouling activities of lactone 351 and aldehyde
352 show 90% and 95% at the concentration in 1 ppm. The value of the other
aldehyde 353 is 10% [23].

4
Nitrogen-containing Compounds

4.1
Introduction

One of representative natural products is an alkaloid which has a pharmaco-
logical effect. They are found in nature, usually in plants. They are nitroge-
nous organic molecules. The name derives from the word alkaline; origi-
nally, the term was used to describe any nitrogen-containing base (an amine
in modern terms). Some kinds of these alkaloids and the other nitrogen-
containing compounds also showed antifouling activities. They are hetero-
cyclic compounds (e.g., gramines, pyrrols, and pyrazoles), amides, carba-
mates, primary amines, peptides, etc. as shown in Table 5 [4, 28-47].

4.2
Hetrocyclic Compounds

4.2.1
Gramines

Many kinds of heterocyclic compounds such as gramines, pyrrols, and pyra-
zoles, show antifouling activities. Especially, 2,5,6-Tribromo-1-methylgramine
421 isolated from a marine bryozoan, Zoobotryon pellucidum, showed an-
tifouling activities against a barnacle Balanus amphitrite and a blue mussel
Mytilus edulis. The antifouling activities of 2,5,6-tribromo-1-methylgramine
and CuSOy against the blue mussels Mytilus edulis are shown in Table 6 [4],
and minimum inhibitory concentration for larval settlement and ICs values
of 2,5,6-tribromo-1-methylgramine and TBTO for reared cyprids are shown
in Table 7 [4]. The antifouling activity of 2,5,6-tribromo-1-methylgramine is
higher than that of CuSO4 and its inhibitory activity was 6 times as strong as
that of TBTO, while its toxicity to the cyprid larvae was one-tenth of that of
TBTO. This substance also inhibited the settlement of the blue mussel Mytilus
edulis [4].

Recently, Kawamata et al. [28] synthesized approximately one hundred
kinds of gramine compounds. Of these compounds, 5,6-dichlorogramine 422
showed much higher antifouling activity than that of TBTO as shown in
Table 8 [28].
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Table 5 Nitrogen-containing Compounds

Compound

4.2 Heterocyclic Compounds
4.2.1 Gramines
2,5,6-Tribromo-1-methylgramine 421

5,6-Dichlorogramine 422
4.2.2 Pyrrols
Pseudoceratidine 424

1,7-Diaminoheptane derivative 425
Mauritiamine 426

4.2.3 Pyrazoles

5-Bromoverongamine 427
5-0x0-5,6,7,8-tetrahydroimidazo[1,5-c]
pyrimidine 428

4.2.4 Others
3,4,5,6-Tetrahydro-6-hydroxymethyl-
3,6-dimethyl-4-pyrimidine-

carboxylic acid 429

Zooanemonin 4210

Polymeric 3-alkylpridium salt 4211

Phenazine-1-carboxylic acid 4212
2-n-Heptylquinol-4-one 4213

4.3 Amides

Ceratinamide A 431

Haliclonamides
Waiakeamides
Trigonelline 432

Nicotinamide 433
Cyanoformamide 434

N-Docosanoyl-D-erythro-(2S, 3R)-
16-methyl-heptadecasphing-
4(E)-enine 435 (C22 Ceramide)
Cyclotides

Cycloviolacin 02

4.4 Other Nitrogen-containing Compounds

Moloka’iamine 441

Ethyl N-(2-phenylethyl)carbamate 442

Ethyl N-[2-(4-nitrophenyl)ethyl]carbamate 443

Living thing species

marine bryozoan
Zoobotryon pellucidum

marine sponge
Pseudoceratina purpurea

marine sponge
Agelas mauritiana

marine sponge
Pseudoceratina sp.

Palauan sponge
Protophlitaspongia aga

Mediterranean sponge
Reniera sarai

marine epibiotic bacteria,
Pseudomonas sp.

marine sponge
Pseudoceratina purpurea
marine sponge
Haliclona sp.

octacoral
Dendronephthya sp.
mallotus

Mallotus japonicus Mueller-Arg.

marine sponge
Pseudoceratina purpurea
marine sponge

Haliclona koremella
terrestrial plant
Viola odorata

marine sponge
Pseudoceratina purpurea
marine bacteria
Cytophaga sp.

I. Omae

Refs.

(4]
(28]

[29-31]

(32]

(33]

(48]

(34]

(35]

(36]
(37]
(38]
(39]
(40]
(41]

[42]

[43,44]

(45, 46]

(47]
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Table 6 Antifouling activity of 2,5,6-tribrom-1-methylgramine (TBG) and CuSO4 against
the blue mussels Mytilus edulis [4]
Substance

Sample amount (ng cm™2)
80

Unit ®
30 16 8 1.6
TBG ++ ++ ++ ++~+ +~ =+ 680-1360
CuSOy4 ++ + 100
a se CuSO4(minimum dose for ++ activity, wmol cm=2)
Unit = 100 x Sample (minimum dose for ++ activity, umol cm™2)
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Table7 Minimum inhibitory concentration (MIC) for larval settlement and 30% lethal
concentration (LCzg) values of 2,5,6-tribrom-1-methylgramine (TBG) and TBTO (ppm)
for reared cyprids [4]

Substance MIC LCsg
TBG 0.03 0.60
TBTO 0.20 0.06

Table 8 Antifouling activity of gramine compounds [28]

Antifouling activity

Compound (ppm)
CH,NMe,
Br
N—r 0.063
Br N
\
CH, 421
CH,NMe,
Cl
D 0.008
N
c \ 422
H
CH,NMe,
Cl
D 0.063
a N 423
CH;
TBTO 0.127
Cu,O 1.25

4.2.2
Pyrrols

Pseudoceratidine 424 having 4,5-dibromopyrrole-2-carbamyl units, isolated
from a marine sponge Pseudoceratina purpurea, inhibited the larval settle-
ment and metamorphosis of a barnacle Balanus amphitrite with an EDsg
value of 8.0 ugmL~! [29]. Further, in order to explore structure-activity re-
lationships responsible for antifouling and antimicrobial activity, Ponasik
et al. [30,31] synthesized its several analogs. Of these compounds, 1,7-
diaminoheptane diamide (425) showed a much higher antifouling activity
with EDs5g value of 0.1 pg mL~,

Another pyrrole compound, mauritiamine 426 isolated from a marine
sponge Agelas mauritiana, also showed moderate antifouling activity, and it
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inhibited larval metamorphorsis of a barnacle Balanus amphitrite with EDsg
values of 15 ug mL™! [32].

4.2.3
Pyrazoles

5-Bromoverongamine 427, a novel antifouling tyrosine alkaloid has been
isolated together with 5-oxo-5,6,7,8-tetrahydroimidazo[1,5-c]pyrimidine 428
from the Caribbian Sea specimen of a marine sponge Pseudoceratina
sp. [33]. 5-Bromoverongamine 427 inhibited the settlement of barnacle lar-
vae at 10 ugL™! (ECso = 1.03 ugL‘l) and was not toxic at this concen-
tration [33].

424
Others

Pyrimidine derivative, 3,4,5,6-tetrahydro-6-hydroxymethyl-3,6-dimethyl-4-
pyrimidinecarboxylic acid 429 and azooanemonin 4210 were isolated from
a marine sponge Protophitaspongia aga. Their antifouling activity against the
barnacle is shown in Table 9 [48]. The activities of these compounds were
comparable to that of CuSO4. These compounds proved to be lethal to the
cyprids at 50 ppm [48].

Table9 ICsy Values (ppm) of primidine derivative 429, zooanemonin 4210, and CuSO4
against barnacle [48]

Compound 24 hours 48 hours
Primidine derivative 429 5.0 6.7
Zooanemonin 4210 7.5 7.8
CquO4 4.0 5.2

Polymeric 3-alkylpridium salt 4211 from a Mediterranean sponge, Re-
niera sarai, was less effective for inhibiting the cyprid larvae settlement
as compared with the organic booster biocides, copper pyrithione or zinc
pyrithione, and their effects were non toxic and reversible, as measured by
very low toxicity bioassays [34].

Other heterocyclic compounds such as phenazine 4212 and alkylquinol
4213, isolated from marine epibiotic bacteria, Pseudomonas sp., showed the
inhibition of settlement of barnacle larvae, Balanus amphitrite and lagal
spores of Ulva lactuca, and the growth of Ulva lactuca [35].
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4.3
Amides

Ceratinamide A 431 of bromotyrosine derivative, isolated from a marine
sponge Pseudocertina purpurea, inhibited the larval settlement and metamor-
phosis of a barnacle Balanus amphitrite with EDsq value of 0.10 jug mL™! [45,
48].

Sera et al. [37,38] isolated cyclic peptides, haliclonamides and waiake-
amides, from a marine sponge, Haliclona sp. They showed a weak repellent
activity against a blue mussel, Mytilus edulis galloprovincialis.

Trigonelline 432 occurs widely in mammalian urine, leguminous plants
and marine invertebrates. It is isolated from an octacoral Dendronephthya
sp. It showed the same level of settling-inhibitory activity against the bar-
nacle larvae with that of CuSO4 (minimum inhibitory concentrations for the
larval settling were 2-10 ppm for trigonelline and 5 ppm for CuSO,4). The
conventional antifoulants such as TBTO and CuSO4 have strong toxicities (the
values of LCsy are 0.3 and 10, respectively). On the other hand, trigonelline
is considered to be safer because the substance is very commonly found in
leguminous plants, marine invertebrates, macroalgae and microalgae and are
often eaten as foods [39]. Very simple compound, nicotinamide 433 (313,
CuSO4 = 100), also shows a high repelling activity against the blue mussel,
Mytilus edulis [40].

Cyanoformamid, ceratinamine 434, from a marine sponge, Pseudoceratina
purpurea, shows antifouling activity against the cyprids of a barnacle Balanus
amphitrite with ECsg value of 5.0 pg mL™! and cytotoxic against P388 murine
leukemia cells with ICsy value of 3.4 pg mL™! [41].

Ceraminde N-docosanoyl-D-erythro-(2S, 3R)-16-methyl-heptadecasphing-
4(E)-enine (C22 ceramide) 435 as another amide, isolated from a marine
sponge Hliclona koremella, also showed an antifouling activity against the
macrolagae [42].

Cycloviolacin 02, a plant peptide of a cyclotide family, isolated from
the terrestrial plant, Viola odorate. The sequence was determined to be
cyclo-(VWIPCISSAIGCSCKSKVCYRNGIPCGESC) [43,44]. It showed inhibi-
tion against fouling barnacles to be well within the same range as that for
TBTO; its inhibition was complete at a concentration of 0.25 wM. This degree
of inhibition might be compared to an ECsq value of 0.15 uM (0.09 pg mL™)
for TBTO in the same assay. The ECs( value for TBTO represents the concen-
tration at which 50% of the cyprids are killed, whereas the effect of it in this
assay was nontoxic and reversible, giving it a distinct advantage over TBTO
and other commercially used marine antifouling agents [43].
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44
Other Nitrogen-containing Compounds

Primary amine moloka’iamine 441, isolated from a marine sponge, Pseudeo-
ceratina purpurea, is a potential antifoulant against a zebra mussel, Dreissena
polymorpha, (ECsp = 10.4 uM). The moloka’iamine 441 showed the absence
of phytotoxic activity toward Lemna pausicostata and significant selectivity
against macrofouling organisms such as the zebra mussels and was suggested
to have the potential utility as a lead compound of naturally derived an-
tifoulants [45, 46].

Ethyl N-(2-phenylethyl)carbamate 442 isolated from marine bacteria, Cy-
tophaga sp. inhibited a biofilm formation. Furthermore, dithiocarbamate
derivatives of 2-(4-nitrophenyl)ethylamine 443, significantly inhibited the
growth of marine attaching bacteria (bioassay ICsq 0.5 jug cm™2) [47].

5
Phenols

5.1
Monophenol Derivatives

Phenol compounds consist of monophenols having one hydroxy group and
polyphenols having two or more hydroxy groups on one phenyl group. They
generally show biocidal properties. Thererfore, many of these compounds are
used for pharmaceutical and agrochemical ingredients. These natural prod-
ucts are shown in Table 10 [49-57].

Trans-6-, 8-, and 10-shogaols (513) were obtained from a hexane extract
of the roots of ginger, Zingiber officinale. Roscocoe showed highly potent
attachment-inhibitors (three times more active than that of standard CuSO,
in the blue mussel assay) from them. Trans-8-shogaol (513, n = 8) showed
the highest antifouling activity comparable with that of tributyltin fluoride
(TBTF) which is recognized as one of the most effective antifouling agents in
a conventional submerged assay as shown in Table 11 [52].

Takasawa et al. [58] reported on many alkyl phenols with attaching re-
pellent activities in the blue mussels assay and with antifouling activities in
the conventional submerged assay as shown in Table 12 [58, 59]. Especially
p-branched alkylphenols 516, 517 show high repellent activities against the
blue mussels, Mytilus edulis and the same antifouling activity as the organotin
compounds [58, 59].
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Table 10 Phenols and Their Derivatives

Compound

5.1 Phenol Derivatives (Stilben glucosides)
Polydatin coumarate 511

Capsaicin 512
Shogaols 513

Zingerols 514

Zingerone 515

5.2 Polyphenols (Tannins, Phloroglucinols,
Kaempherol glucopyranosides)

(+) Catechin 521

(-)-Epicatechin 522

Kaempferol coumaroylglucopyranoside 523
(Kaempferol)

Polydatin 6”-O-(E)-p-coumarate 524
Raponticin 6”-0-(E)-p-coumarate 525
Macrocarpal K 526
Isopentylphloglucinol-B-eudesmol adduct
Epigallocatechingallate 527 (Tannins)
3,5-Diformyl phloroglucinols 528
Sideroxylonal A
2,4-Dihydrooxy-3,5,6-trimethylbenzoate 529
Mortivinacin A 5210

Living thing
Species

eucalyptus
Eucalyptus rubida
pepper

ginger

Zingiber officinale Roscoe

moutain cherry
Prunus jamasakura
leaves of oak tree

Quercus dentata
mallee

Eucalyptus rubida
leaves of mallee
Eucalyptus globulus
green tea

mallee

Eucalyptus p.
fungus

Mortierella vinacea
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Table 11 Antifouling activities of Shogaols, Zingerone, Zingerols and TBTF in the Con-

ventional Submerged Assay [52]

Compound Days
292

6-Shogaol (513) n =4 ob
8-Shogaol (513) n=6 o
10-Shogaol (513) n=8 ¢ o
Zingerone (515) o
6-Zingerol (514) n =4 o
8-Zingerol (514) n=6 o
TBTF o

2 from 28 June 2001
b

0 0 x x O 0o

101

O X X X X © X

Each zone (5 cm in diameter) was coated with 300 mg of a sample

¢ 45days ¢ 140 mg/5 cm in diameter

125

O X X X X © X

o activity was apparent; x the degree of fouling was the same as that in the blank zone.
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Table 12 Repellent activity against the blue mussel, Mytilus edulis and the antifouling
activity [58, 59]

Compound Repellent Antifouling activity
activity * (50 umol cm™2)
(Unit®) 15 30 60 90 days

Alkyl phenols:
HO - CsHs — (R)(~p)

R = (CH;)sCH3 4 + + + +
R= C(CH3)2(CH2)C(CH3)3 516 30 + + + +
R = CoHjg(0- and p-(1:9)) 517 40 + + + +
Isothiocyanate

6-Methylthiohexyl 10 + + + +
Nicotinic acid derivative

Nicotinamide 313 - - - -
Naphthoquinone derivative

1,4-Naphthoquinone 100 + + + -
Antifouling agents

TBTO 200 + + + +
TPT acetate 150 + + + +
CuS04¢ 100

2 Repellent activity is shown by unit, but compounds having no activity with 4 unit are

shown by +, £, or - R

b . minimum dose of CuSO4 for ++ activity (umolcm™)

Unit: 100 x minimum dose of the sample for ++ activity (jumol cm™2)

¢ +, no fouling organisms in the sample zone; =, slightly active; -, the degree of fouling

was the same as that in the blank zone
4 Standard sample for repellent activity in the blue mussel assay

Table 13 Repellent activity against the blue mussel, Mytilus edulis [48]

Compound Repellent activity
(Unit ?)
(+) Catechin 521 6
(-)-Epicatechin 522 14
Kaempferol coumaroylglucopyranoside 523 (Kaempferol) 227
Polydatin 6”-O-(E)-p-coumarate 524 185
Raponticin 6”-0-(E)-p-coumarate 525 179
TBTO 200
TPT acetate 150
CuS04° 100

a i minimum dose of CuSO4 for ++ activity (umol cm™2)
Unit: 100 x minimum dose of the sample for ++ activity (umol cm™2)

b Standard sample for repellent activity in the blue mussel assay: 100
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5.2
Polyphenol Derivatives

Polyphenol derivatives of (+)-catechin 521 and (-)-epicatechin 522 extracted
from a mountain cherry, Prunus jamasakura, kaempferol coumaroylglucopy-
ranoside 523 extracted from the leaves of an oak, Quercus dentata, polydatin
6"-0-(E)-p-coumarate 524, raponticin 6”-O-(E)-p-coumarate 525 extracted
from mallee, Eucalyptus rubida, showed repellent activities against the blue
mussel, Mytilus edulis as shown in Table 13 [48].

A macrocarpal named macrocarpal K 526, an isopentylphloglucinol- 8-
eudesinol adduct, was isolated from the leaves of mallee, Eucalyptus globulus,
and also six macrocarpals A, B, E, am-1, H and K showed attachment-
inhibiting activities against the blue mussel Mytilus edulis galloprovincialis.
These five macrocarpals A, B, E, H and K showed potent attachment-
inhibiting activities against the blue mussel, which was 3 times higher than
that of the standard antifoulant CuSO4 [53]. Further, four kinds of polyphenol
compounds, 3,5-diformyl phloroglucinols (528) also showed the same high
repellent activity to that of the standard antifoulant CuSO4 [56] against the
blue mussel.
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Trimethylresorcinol dervatives 2,4-dihydroxy-3,5,6-trimethylbenzoate 529,
e.g. mortivinacin A 5210 and nicotinic acid (CsH4N —COOH) were ex-
tracted from fungus Mortierella vinacea of a solid-substrate fermentation
culture. The resorcinol derivatives 529 and 5210 produces ca. 30-mm zones
of inhibition in 48-h disk assays against Fusarium verticillioides by using
a 250 pg disk~!. Nicotinic acid caused a similar-sized zone of reduced growth
at the above level. The resorcinol derivatives 529 and 5210 also showed
antibacterial activities (10- to 15-mm zones of inhibition) in the standard
disk assays against Bacillus subtilis and Staphylococcus aureus by using
a 100 pg disk™! [57].

6
Steroids

Steroids are compounds that contain a cyclopenta[«]-phenathrene ring skele-
ton which when fully hydrogenated, is called gonan or steran 611 [60]. The

Table 14 Steroids

Compound Living thing Refs.
Species

6.1 Epidioxy sterol
5-a,8ct-Epidioxycholest-6-en-3-ol 612 Palauan marine sponge [23]
Lendenfeldia chondrodes
6.2 Seco-steroids and Tetraene Steroids
12a-Actoxy-13,17-seco-chlolesta- Octocoral [61]
1,4-diene-3-ones 621
Dendronephthya sp.
3-Methoxy-19-norpregna-1.3,5(10), octocoral [62]
20-tetraene 622
Alcyonium gracillimum
6.3 Steroid Lycosides
A°D 38 6-Diydroxysteroidal Starfish [63]
aglycon 631
Henricia downeyae
6.4 Muricins

Muricins-1 Pacific gorgonians [64]
Aglycone pregana-5, 20-dien-38-ol 641 Muricea californica

Muricea fruticosa
6.5 Steroidal Sulfated Glycosides
Steroidal sulfated glycosides Starfish [65]
(Asterosaponins)

Goniopectenosides A 651 Goniopecten demonstrans
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great variety of natural and synthetic steroidal compounds results from the
presence of double bonds and various substituents on the ring skeleton and
the side-chain. Trivial names are permitted for some steroids, mostly in nat-
ural steroids with high biological activities. Miiller [54] reported that these

So-Gonan or So.-steran

611

o

5-0,,80-Epidioxycholest-6-en-3B-ol 3-Methoxy-19-norpregna-
1.3,5(10),20-tetraecne

612 120-Actoxy-13,17-seco-chlolesta-1,4-diene-3-ones
621

622

OAc Muricins-1

"Na’O0C 0. =
H%% 641

(0}

A’1D3B 60-Diydroxysteroidal aglycon

631 i
)
OH
/’/,, 7
HO OH
MeO o v\
Na'0,S0 Y
OH O OH

HO o _°
% Asterosaponins

651

Scheme 10
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steroids are classified into six types. They are (i) sterols isolated from the
unsaponifiable parts of animal and plant oils and fats, e.g. cholesterol and re-
lated compounds, vitamin D, methyl sterols, (ii) bile acids of the oldest known
steroid compounds, (iii) steroid hormones such as sex hormones, adrenal
steroids, calcium-regulating sterols and insect skin-shedding hormones, (iv)
sapogenins of plant glycosides that form a soapy foam in water, (v) steroid
alkaloids occurs in both plants and animals and (vi) steroid lactones in-
cluding the cardenolides, bufadienolides, holothurigenins, withanolides, and
antheridiols.

HO
HO
2, H' W
o
0 H
“Na0OoC_ 0 0 H
Hq_{o OH
Bufalin
Cinobufagin
661
662
(6]
(0]
OH N

Cinobufatalin Digoxigenin

663

Digoxin

665
Scheme 11
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Table 15 Antibarnacle activity of bufodienolids and tributyltin chloride [66,67]

Antifoulants Naupliar toxicity Cyprid antisettlement
LDso ngL™'  Relative ECso ngL™!  Relative
potency potency

Bufalin ? 661 27 100.0 10 100.000
Cinobufagin ® 662 37 73.0 162 6.000
Cinobufatalin € 663 837 32.0 2600 0.380
TBT Cl (n-BusSnCl) 3400 0.8 66000 0.001
Digoxigenin ¢ 664 4720 0.6 > 50000 0.002
Digoxin ¢ 665 5450 0.5 6300 0.150

2 Bufalin = 3,4-Dihydroxybufa-20,22 dienolide

b Cinobufagin = 16-(Acetyloxy)-14,15-epoxy-3 hydroxybufa-20,22-enolide

¢ Cinobufatalin = 16-(Acetyloxy)-14,15-epoxy-3,5-dihydroxybufa-20,22-enolide

4 Digoxigerin = 3,12,14-Trihydroxycard-20(22)-enolide

¢ 3-[(0-2,6-dideoxy-B-D-ribo-Hexopyranosyl((1— 4)-0-2,6-dideoxy-f-D-ribo-hexo-
pyranosyl-(1— 4)-2,6-dideoxy-8-D-ribo-hexopyranosyl)oxy)]-12,14-dihydroxycard-
20(22)-enolide

In these steroids, sterols and their derivatives such as epidioxy sterols,
secosteroids, tetraene steroids, steroid lycoside, muricins, and sulfated
steroidal aglycones, etc. were applied for antifoulants as shown in Table 14 [23,
61-65], Schemes 10, 11.

5-a,8a-Epidioxycholest-6-en-38-ol 612, isolated from a Palauan marine
sponge, Lendenfeldia chondrodes, showed a weak repellent activity against
the blue mussel Mytilus edulis galloprovincialis [23].

Secosteroids, isogosterone A 621, isolated from a Japanese octocoral Den-
dronephthya sp., inhibited the larval settlement of the barnacle Balanus am-
phitrite with an ECso value of 2.2 ugmL™l. A cyprids continued to swim
without attaching to substrates for 7 days. These steroids were not lethal
to the barnacle larvae even at 100 ugmL~!, which was much less toxic
than CuSO4 (ECsp 0.15 pg mL™!) [61]. On the other hand, 3-methoxy-19-
norpregna-1.3,5(10),20-tetraene 622 isolated from another octocoral, Alcyo-
nium gracillimum, showed no antifouling activity against the barnacle (Bal-
anus amphitrite) larvae, but lethality to the barnacle larvae at a concentration
of 100 pg mL™! (LD1q0) [62].

Steroid glycosides, e.g., 631 isolated from a starfish, Henricia downeyae,
caused growth inhibition in bacteria and fungi, potent antifouling activity
against the barnacle and bryozoan larvae [63].

Muricins-1  (38-pregna-5,20-dienyl-2"-acetamido-2’-deoxy-3',4',6'-tri-O-
acetyl--D-galactopyranosidel) 641, isolated from Pacific gorgonians, Muricea
california and Muricea fruticasa, showed the inhibition of growth of the marine
diatoms, Phaeodactylum tricornutum. The muricins did not, however, possess
the ichthyotoxic, cytotoxic, or antimicrobial effects [64].
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Table 16 Others

Compound Living thing Refs.
Species

7.1 Higher fatty acids

Arachidonic acid 711 marine sponge [68]

Palmitoleic acid 712 Phyllospongia papyracea

7.2 Polyacetylenes

Callytiol C 721 marine sponge [69]
Callyspongia truncata

7.3 Polycyclic compounds

Solenoide marine sponge [47]

Bis(deacetyl)solenoide D 731 Psammaplysilla purpurea

7.4 Isothiocyanates

Alkyl isothiocyanates wasabi [49]

Phenylethylisothiocyate 741 Wasabi japonicas Matsum

7.5 Acylglucoglycerol derivatives

Digalactosyldiacylglycerol 751 wakame(sea weed) [49]

257

Undaria pinnatifida
7.6 Quinones
p-Benzoquinones fruits [70]
Maesanin 761
Maesanol 762

Steroidal sulfate pentaglycosides (asterosaponins), goniopectenosides A,
isolated from the polar extract of the starfish Goniopecten demonstrans,
showed the significant inhibition of settlement of the biofouling marine
brown macroalga, Hincksia irregularis [65].

Antifouling activities against the barnacles, the most troublesome fouling
marine organisms, are shown in Table 15 [66,67]. The most potent natural
product tested, bufalin 661 was over 100 times more toxic than TBT and over
6000-fold more potent with respect to an antisettlement activity [66, 67]. The
bufalin is a steroid of toad poison, and it is one of component in the secretory
substance of Bufo vulgaris.

7
Others

Other compounds from the natural products are higher fatty acids, poly-
acetylenes, polycyclic compounds, isothiocyanates, acetylglucoglycerol de-
rivatives, quinones, etc. These compounds are shown in Table 16 [47-49, 68—
70] and Scheme 12.
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Table 17 Antifouling activities of authentic fatty acids against the blue mussel Mytilus
edulis and fatty acid composition of active fractions [72]

Fatty acids Composition Sample amount (mgcm™2) Unit ©
(%) 2 4.0 1.2 0.6 0.3

Cis 13.8 + + - - <5

Ciss 3.0 ++ ++ ++ + 50

Cao:5 0.6 ++ ++ ++ + 53

CuSOy4 100

2 Determined from each peak area
b . CuSO4 (minimum dose for ++ activity (umol cm™2))
Unit: 100 x - o >
Sample (minimum dose for ++ activity (umol cm™))

Table 18 Activity of maesanin 761 and maesanol 762 against marine crustaceans Artemia
salina larvae [70]

Test concentration (mgL™")

50 25 10 5 2.5 1 0.5
Maesanin 761 3 3 3 2 2 1 1
Maesanol 762 3 2 2 1 1 1 1
PSA? 3 2 2 1 1 1 1
TBTO 3 3 3 3 3 2 1

Evaluation criteria: 3: > 90% kill; 2: 10-90% kill; 1: < 10% kill; TBTO was used as refer-
ence compound
2 PSA = 6-pentadecylsalicylic acid

Higher fatty acids showed the inhibition of settlement of the blue mus-
sels, Mytilus edulis. Especially, arachidonic acid 711 and palmitoleic acid
712 isolated from a marine sponge, Phyllospongia papyracea, showed a high
settlement inhibition to the mussels [68]. Goto et al. [71] pointed out the
synergistic effect of higher fatty acids.

Unsaturated higher fatty acids, isolated from octocoral Dendronephtyya
sp., showed high antifouling properties against the blue mussel Mytilus edulis
as shown in Table 17 [72]. The above arachidonic acid 711 and palmitoleic
acid 712 are also unsaturated higher fatty acids. A comparison of the antifoul-
ing activities of various fatty acids suggested that unsaturated fatty acids were
thought to be responsible for the activity [72].

Polyacetylene derivatives, e.g. callytetraynetriol 721, isolated from a ma-
rine sponge, Callyspongia truncata, showed a potent metamorphosis-indu-
cing activity in the ascidian Halocynthia roretzi larvae, with ED;q9 values of
0.13 pgmL™! and show an antifouling activity against the barnacle Balanus
amphitrite larvae with ED5( values of 0.24 pug mL™! [69].
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A polycyclic compound, bis(deacetyl)solenolide D 731 was obtained from
the marine sponge Psammaplysilla purpurea. It inhibited the biofilm forma-
tion [47].

Isothiocyanates isolated from a Japanese horse-radish, Wasabi japonicas,
showed the moderate inhibition of settlement of the blue mussels Mytilus
edulis, especially, PhCH, CH,;NCS 741 showed the highest value in the isoth-
iocyanates. The mixture of PhCH, CH,;NCS 741 and CH3S(CH;)sNCS showed
much higher synergistic antifouling activities [49].

Recently, a screening of antifouling activity from plant extracts led to the
selection and further study of Myrsinaceae (Maesa lanceolata Forssk). Two
p-benzoquinone compounds (maesanin 761, maesanol 762) were isolated
from its fruits. They were found to be active against a representative marine
crustaceans Artemia salina as shown in Table 18 [70]. Maesanin 761 and mae-
sanol 762 showed the highest activity against Artemia salina among all the
extracts, and were more active than 6-pentadecylsalicylic acid (PSA) isolated
from Ozoroa insignis, but were less potent than TBTO. Hence, they are ac-
tive against marine fouling organisms. The chemical modifications of these
compounds were undertaken in order to obtain more active derivatives [70].

8
Conclusions

Five kinds of compounds, i.e., terpenes, nitrogen-containing compounds,
phenols, steroids and others, were isolated as natural products antifouling
substances. Of these substances, many compounds showed the same level
of antifouling properties as CuSO4, and some compounds also showed the
same level of activities with the organotin antifoulants. However, these natu-
ral products showed generally no or very low toxicity, and are biodegradable
in marine environment. Many simple natural products such as trigonelline,
nicotinamide and ethyl N-(2-phenylethylcarbamate) and their synthetic
derivatives had also high antifouling properties. Many of them showed syner-
gistic properties. We expect to utilize some natural products, their synthetic
derivatives or their mixtures as environmentally friendly antifouling agents in
near future.
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