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Review

Alternative Antifouling Biocides
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In response to increasing scientific evidence on
the toxicity and occurrence of organotin residues
from antifouling paints in the aquatic environ-
ment, the use of triorganotin antifouling pro-
ducts was banned on boats of less than 25m
length in many countries during 1987. The use of
tributyltin (TBT) products on small boats was
superseded by products based on copper, con-
taining organic booster biocides to improve the
efficacy of the formulation. Available informa-
tion and evidence on the occurrence, fate and
toxicity of these biocides is reviewed. It is
concluded that increased copper concentrations
in the aquatic environment, due to the increased
use of copper-based antifoulants, do not have
significant effects on marine ecosystems. How-
ever, lack of validated analytical methods,
limited monitoring data, and very little informa-
tion about the fate and toxicity of the booster
biocides in the aquatic environment, make
accurate risk assessments in relation to these
compounds difficult. Copyright © 1999 John
Wiley & Sons, Ltd.
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INTRODUCTION

consumption increases 6% for every 1080
increase in the average hull roughness caused by
fouling organisms:> For example, tributyltin
(TBT) saves the US Navy an estimated $US150
million annually? Many antifouling systems have
been used over the centuries, from copper and lead
sheathing to paints containing compounds of
copper, lead, arsenic and mercury in the 20th
century. Organotins were first used in the mid-
1960s, due to their acute toxicity to target
organisms. 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
exchangé® Since then, the distribution, fate and
effects of organotins on the marin®and fresh-
water environments'® have been studied exten-
sively. 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:**Following these legislative
controls, TBT contamination of boat harbour water
and fresh waters has decreadéd® however,
studies have indicated that even though regulations
were effective in reducing TBT levels, contamina-
tion of sediments by organotin compounds is still
widespread and has ecotoxicological conse-
quences'® As a consequence of these restric-
tions, the use of these products on small boats was
superseded by the use of products based mainly on
copper oxides with organic booster biocides to
improve the efficacy of the formulation by inhibit-

Antifouling products play an important role in the ing the primary growth of copper-resistant fouling
shipping industry and are of significant economicorganisms such as algal slimes.
importance. It is estimated that, on average, fuel The available information on the occurrence, fate
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and toxicity of the copper-based alternatives to
TBT-based antifoulants is reviewed, and evidence

tbn the booster biocides is presented to determine

whether their substitution is likely to yield any
environmental benefits.
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ALTERNATIVE BIOCIDES most bioavailable, and thus the most toxic form of
ionic, unbound copper, is the free hydrated ion,
In the absence of the antifouling potency of TBT, aCu(H,0)s>". Copper speciation is governed by pH,
copper compound such as cuprous oxide @y  salinity and the presence of dissolved organic
copper thyocyanate (CuSCN) or metallic copper ismatter?
utilized as the principal biocide. Copper exhibits Copper toxicity to algae depends upon the
antifouling activity against organisms such asindividual species, their physiological and environ-
barnacles, tube worms and the majority of algalmental conditions, and the chemical forms of metal
fouling species. However, several algal speciesn the medium. For examplé]ydrilla verticillata
(e.g. Enteromorphaspp., Ectocarpusspp., Ach-  (an aquatic macrophyte) exhibited indications of
nanthesspp.) show marked physiological tolerance toxic stress in the presence of copper at low pH
to copper. In order to achieve protection against(4.5), while at high pH (9.5) toxicity was consider-
these tolerant species, various booster biocides arably reduced’ Biological indicators differ widely
used in conjunction with copper to control copper-with respect to copper sensitivity and a general
resistant fouling organisms. Twelve booster bio-decreasing order of sensitivity would be: micro-
cides have been used as active ingredients imrganisms> invertebrates> fish > bivalves >
approved amateur and professional comer-base@acrophyteéz The presence of water-soluble
antifouling products marketed in the .In  ligands that bind copper reduces toxicity, probably
addition, in most cases when TBT is still usedby decreasing the concentration of free ionic
(boats>25 m), TBT copolymer compositions nor- copper”® Binding of the cationic species with
mally include copper compounds and an organicorganic ligands results in the formation of anionic,
booster as a co-biocide in order to provide effectivehydrophilic and kinetically inert copper chelatés.
performance against the whole spectrum of foulingSpeciation studies carried out in coastal waters
organisms’ indicate that more than 99% of the total copper is
strongly bound or chelated withégrganic ligands,
. . . leaving the concentration of free Cuat levels that
Copper in the aquatic environment are non-toxic to most organisms. In addition there is
Some concern about the occurrence of copper in thevidence that strong copper chelators are synthe-
aguatic environment has arisen out of the assumpsized and excreted by micro-organisms in response
tion that further regulatory action on triorganotin- to gradual and potentially toxic increases in copper
based antifouling products is likely to increase theconcentrations in the water colurfin.
use of copper-based products. However, the effects of some organic com-
In the UK, the current Environmental Quality pounds (including booster biocides such as dithio-
Standard (EQS) for copper in seawater isgd~* ~ carbamates) and copper are additive, as lipophilic
(expressed as an annual average). This is designe@mplexes are formed and synergistic effects have
to protect all marine life and associated non-aquatideen observetf Short-term uptake experiments
organisms (i.e. direct and indirect effects have beewith the fungicides ziram and maneb using a
taken into account). However, the EQS refers tocoastal diatom demonstrated that these Zn and Mn
dissolved and not total copper, because coppecomplexes can subsequently form lipophilic or-
forms insoluble complexes in seawater whichganic copper complexes in the environment that
effectively bind the copper and reduce its bioavail-diffuse across the plasma membrane and into the
ability. The UK EQS for copper is similar to those cytosol of the cell. Intracellularly, copper is thought
used in the USA and Denmark (2.9 1%, acute to dissociate from the transport ligand and complex
criterion), but less stringent than the Ecotoxicolo-intracellular ligands. On the basis of these results, it
gical Assessment Criterion recommended by théhas been suggested that the presence of dithiocar-
Oslo and Paris Commission (0.1-L@ 1™ %), which  bamate fungicides in surface water may inadver-
is used as a guide to identify areas for furthertently enhance the passive uptake of a variety of
monitoring’ toxic heavy metals from the water into bidta.
Copper is an essential element, required for the A number of studies have tried to link changes in
normal growth of all plants and animals, and occursthe environmental concentrations of copper with its
commonly in the environmenf*®However, high use in antifouling paints. Monitoring of oysters in
concentrations can be deleterious to algae and othércachon bay (on the Atlantic coast of France) over
aquatic biote® Copper is not lipophilic and shows the period 1979-1991 demonstrated an increase in
only a slight tendency for bioaccumulation. The the copper content of oysterSrassostrea giggsn
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ALTERNATIVE ANTIFOULING BIOCIDES 137

the vicinity of marinas and mooring areas. This wasbooster biocide to be registered for use by the USA-
attributed to the growing use of copper-basedEPA.
paints?® In another study, monitoring and analysis  Various other booster biocides are also used in
were conducted in inshore Chesapeake Bayantifouling applications: chlorothalonil, dichloflua-
including three boating marinas where leaching ofnid, TCMTB, TCMS pyridine, zinc pyrithione and
copper from antifouling paints was found to be the dithiocarbamates thiram, ziram, zineb and
significant. It was demonstrated that all the stationgnaneb (Table 1). These are protective fungicides
yielded highest mean dissolved copper concentrawith a wide range of action against a number of
tions during August and September. Increasingorganisms.
copper concentrations were observed between the
inner harbour and the exit channel on falling tides,
followed by a decrease as the channel broadene
out into open water&’ In general, copper concen- Booster biocides were introduced into antifouling
trations above the EQS in water are expected to beaint formulations only after restrictions were
causing a range of deleterious sublethal effects inmposed on the use of organotins. Little or no
several invertebrate phyla, and even lethal effects imonitoring of these biocides has been carried out,
early life stages’ Of particular concern is the possibly as these compounds were not perceived to
production of the readily absorbed lipid-soluble be an environmental problem. Their relatively
organic complexes with other compounds used irrecent introduction, limited usage and perceived
antifoulants (e.g. dithiocarbamate§)However, in  lower toxicity in comparison with TBT may have
the UK the Advisory Committee on Pesticides been some of the factors reducing their priority as
(ACP) has suggested that the contribution fromcompounds of environmental concern. Lack of
antifouling products to the environmental loading established analytical methodology may also have
of copper is not a cause for concern. Subsequently ibeen a contributory factdf. Limited monitoring
has recommended that monitoring of copper indata are available for Irgarb 38 whereas, among
water and appropriate biota should continue andhe other booster biocides, diuron, chlorothalonil,
also be conducted in and around UK harbours andlichlofluanid and some of the dithiocarbamates
marinas to assess the risk to sediment-dwellinchave been studied in the marine environment, but
organisms* not in the context of their use as antifouling
products. Almost all of these compounds have
agricultural uses (pesticides, fungicides, herbicides
Organic booster biocides etc.). Therefore their presence in the aquatic and
estuarine environments cannot be attributed solely
Organic booster biocides that have been used a® the use of antifoulants (Table %.
active ingredients in approved amateur and profes- Water samples collected from marinas, estuaries
sional antifouling products marketed in the UK are and coastal waters along the Southern UK coast and
shown in Table 1. Irgarol 1051 (Irgarol) is highly sediment samples from the Hamble estuary in the
effective against freshwater and marine algae. UK were analysed by Gougtet al3’ Irgarol
belongs to the-triazine group of compounds which residues were present in most marine and estuarine
act as photosystem-Il (PSIl) inhibitors, with the samples, but were not detected in fresh waters. The
inhibition of photosynthetic electron capture trans-highest concentrations were found in areas of high
port in chloroplasts as their biochemical mode ofboating activity, particularly marinas and the
action®? Diuron, one of the major urea herbicides Hamble estuary, indicating a correlation with its
in use since the 1950s, also inhibits photosynthesisuse in antifouling paints. Sediment contamination
Although utilized in antifoulants, it is predomi- with Irgarol was found to be related to high
nantly used on land for general weed control onconcentrations in the water column. In another
non-crop areas. However, it has been detected isurvey, selected antifouling agents were monitored
saline coastal waters at concentrations higher thaim subsurface waters from the Mediterranean (Cote
in fresh waters, suggesting that its use in antifoulingd’Azur) coastline, and substantial levels of Irgarol
products may be of significané&Kathon 5287 isa were detected in all marinas, with concentrations
highly effective, broad-spectrum biocide. It is an reaching 640 ng1*.® Toth et al,*® assessing the
isothiazolone compound which is licensed for usecontamination of different compartments of Lake
as an active component in antifouling products inGeneva (water, sediments, zebra mussels, macro-
the UK and elsewhere. It was the first organicphytes and algae) over a period of nine months,

ccurrence
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Table 1. Nomenclature and structures of booster biocides currently used in antifouling paints

Biocide Structure
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Table 1. Continued.

Biocide Structure

cl 0
Cl: :S/N\Can
N
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S—CH2-S—CN
CH3

|
0=8=0

Kathon 5287 (4,5-dichloro-B-octyl-4-isothiazolin-3-one)

TCMTB [2-(thiocyanomethylthio)benzothiazole]

TCMS pyridine [2,3,5,6-tetrachloro-4-(methylsulphonyl)pyridine]

Cl 74 Cl

U
Cl N Cl

found concentrations comparable with those ob-Greece. Considerable amounts of diuron were
served by Tolos&t al3® and Goughet al®’. Ina  found to be released from the agricultural fields
more recent study, water samples taken fromand transferred through rivers, draining streams and
Plymouth Sound (UK) were analysed for Irgarol, pumping stations to the coast. In the UK,
which was detected at all sampling sites. TheEnvironment Agency (EA) data show that one of
highest levels were found in close proximity to the pesticides which most frequently exceeds the
areas of high boat density, especially where wateEQS of 1 mgT* in Controlled Waters is diuron,
flow was restricted within marinas. The highest predominantly due to its use as a herbicide in
detected value was 127 ng'l at Sutton Harbour agriculture, although some inputs are related to its
Marina>® use as an antifouling agent in pairts:®

Of the other biocides, the impact of the
agricultural uses of diuron was demonstrated by . -
survey detecting herbicide residues in WateraDegradatlon and toxicity
samples from draining streams and pumpingThere are many factors that influence the degrada-
stations of the agricultural area of Thessaloniki,tion and persistence of these biocides in the marine

Table 2. Other applications of booster biocides

Compound

Other applications

Chlorothalonil

Agriculture (fungicide), paints, adhesives

Dichlofluanid Agriculture (fungicide)

Diuron Agriculture (herbicide)

Irgarol 1051 Agriculture (herbicide)

Kathon 5287 No other applications

Maneb Agriculture (fungicide in fruits and vegetable crops)
TCMS pyridine No other applications

TCMTB 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)

Copyright© 1999 John Wiley & Sons, Ltd.
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environment. These include their chemical andtion was 22ngT. In a recent study, it was
physical properties as well as ecosystem-specifiéndicated thaPhanerochaete chrysosporiymhite
parameters such as the nature and concentration obt fungus) is capable of biotransforming Irgarol. It
microbial populations, dissolved and suspendedppeared that the metabolism of Irgarol by the
material, temperature, etc. In a study investigatingfungus proceeds mainly via partidtdealkylation,
biodegradability in seawater, the breakdown ofand metabolic dealkylation occurred at the cyclo-
diuron, Irgarol, Kathon and chlorothalonil was propylamino group resulting in a metabolite (stable
monitored over eight weeks by bioassay usingand/or terminal product) which has been tentatively
Amphora coffeaeformiga ship-fouling diatom). identified as 2-methylthio-4-butylamino-6-amino-
The results demonstrated that abiotic pathways-triazine. No evidence of the heterocyclic ring
were unlikely to be a major route for degradation of cleavage of Irgarol was observed, thus implying a
these substances in the sea, although photolysigossibility that its degradation products may
may be significant in the upper layers of water.accumulate in the environmehtn investigations
Irgarol and diuron were not readily biodegraded,into the environmental fate of Irgarol, the Mackay
while chlorothalonil biodegradation became appar-fugacity models and the ECOSAR toxicity model
ent after four weeks and proceeded faster inwere applied to assess its potential fate in the
seawater supplemented by cultured marine bacenvironment and effects on organisms in receiving
teria. Kathon was the most readily biodegradablewaters. A Mackay modelling comparison with
compound studied, having a half-life of 8.5 days in atrazine suggested that, like atrazine, Irgarol resides
natural coastal seawat&rln another study on the principally in the aqueous phase but that Irgarol
fate of Kathon in the aquatic environment, it was would partition to sediments to a greater extent than
found that its half-life was less than 1 h in both anatrazine. The Level 1 fugacity model predicted that
aerobic and an anaerobic microcosm consisting 095% of Irgarol residues would be present in the
marine sediment and seawafér. dissolved phase of marine waters, with 4.4%
The toxicity of diuron has been studied in 30- partitioning to sediment. Negligible volatilization
day-old Pimephales promelagfathead minnow) was predicted. Literature data and ECOSAR
and the 24, 48, 96 and 168 h tLvalues were predictions indicated that Irgarol is more toxic to
found to be 23.3, 19.9, 14.2 and 7.7mg| algae than other trophic levels. Concentrations of
respectively. Diuron exposures of concentrationdrgarol reported to inhibit algal growth were 10—
less than 7ggl~* did not significantly affect 100ug |, depending on the test specf@s.
hatchability of fathead minnow eggs or fish growth  Various workers have studied the toxicity of
(up to 60 days post-hatch). However, at higherdithiocarbamates in different environmental
exposure £78ug|™%) fish survival decreased and matrices?®4°~>3In an investigation into the syner-
numbers of dead and deformed fry increased. Thejistic toxic effects of dithiocarbamates and copper,
maximum acceptable toxicant concentration wasusingColpidium campyluna ciliate), it was found
determined to lie between 33 and Z81~*. Diuron  that ziram was toxic above concentrations of
did not bioaccumulate to any great extent and itsl0 mg I". However, in the presence of €y ziram
residues in fathead minnow tissue were quiteconcentrations an order of magnitude lower
rapidly lost (the bioconcentration factor was lesscaused observable effects. For thiram the syner-
than 2.0)** Molander et al?* investigated the gistic effect was more marked, with toxic concen-
combined effects of tributyltin and diuron on trations being reduced from 1mg% in the
marine periphyton in indoor aquaria over a four- absence of copper, to 0.01 mg) with free C§"
week period. A reduction in diatom species richnessons present® In further studies, Van Leeuweet
accompanied by increased pollution-induced com-al. investigated the toxicity of ethylenebisdithio-
munity tolerance was observed. carbamates, dialkyldithiocarbamates and a number
The highest detected concentration of Irgarolof degradation products t8almo gairdneriRain-
(over 120 ngT?Y) in the study carried out in the bow Trout)>>*>°All compounds were found to be
Plymouth Sound localifi? significantly inhibited teratogenic, inducing severe skeletal abnormalities
the growth ofEnteromorpha intestinaliga green at concentrations below 0.1 mg'
seaweed) spores under laboratory conditions. The toxicity of chlorothalonil has been studied
Photosynthetic efficiency in the adult frond Bf by a number of workers. Erngt al>® presented
intestinalis from Sutton Harbour marina was data on the acute toxicity of chlorothalonil to a
inhibited by Irgarol in the laboratory with an number of aquatic organisms. Exposur@afphnia
ECso (72 h) of 2.5:g 7. The no-effect concentra- to concentrations as low as 38 |~ significantly
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increased the time to production of the first young,Ongoing improvements in new biocide coatifys
but there were no delayed effects on the number ofmay narrow the performance gap that is perceived
young produced or on growth at concentrations upgo exist between TBT-based coatings and their
to 180ug 1™t Mussels initially accumulated the replacement® and decrease the resistance of the
fungicide 10-fold, but the body concentration shipping industry to further restrictions on the use
returned to the exposure concentration withinof TBT.
96 h. Spraying of ponds with chlorothalonil killed  In a regime of waning popularity of organotin-
Sigara alternata (caged water boatmen) and based antifouling formulations, care must be taken
Gasterosteus aculeatughree-spined stickleback) to avoid their substitution with other biocides which
but caused no significant mortality of other speciesmay demonstrate no overall environmental benefit.
of aquatic insects and fish tested. Other tests on thalthough the toxic effects of the replacement
in vivo toxicity of chlorothalonil to Ictalurus booster biocides to aquatic ecosystems have not
punctatus(channel catfish) showed the chemical yet been studied extensively, these substances have
to be hi%hly toxic, with a 96 h L& value of the potential to cause environmental damage, as
52ug1~t>7 they need to be toxic to a range of marine species to
function as antifouling agents.

DISCUSSION
CONCLUSIONS

Over the period 1988 to 1993 the use of the
alternative, TBT-free, antifouling biocides rose The contribution from antifouling products to the
from 2% to 16% of global market sha™®, environmental loading of copper needs further
predominantly in the pleasure and coastal crafinvestigation. Increases in copper concentrations
sectors as a result of the legislative controls onin the water column due to the use of copper-based
organotin-based products. The possibility of furtherantifoulants are observed, but complexation by
regulatory action on these products and also thelissolved and suspended organic materials may
sensitivity of the coastal areas, in which these craftignificantly reduce its bioavailability. However, it
are used, make the need for reviewing thesevould be unwise to conclude that copper is not
alternative biocides of significant importance. causing a significant environmental impact until

Although there is now enough scientific evidencefurther work on the bioavailability of copper
on the toxicity and continued occurrence of indicates otherwise.
organotin residu€s™ to suggest the need for a  Alternatives to organotin-based products are of
total ban on the use of organotin-based productspotential concern to the environment, predomi-
the main issue to be addressed is the availabilitynantly because of the organic booster biocides they
and appropriateness of the alternative biocides. Theontain. Lack of validated analytical methods,
substitution of organotins by other biocides maylimited monitoring data, and little information
damage the marine environment and create othesbout the fate and toxicity of these booster biocides
environmental penalties if all the parameters relatedn the marine environment, make accurate risk
to the performance of the antifouling coatings areassessments of these substances difficult.
not taken into account. Economic and environ- Before any changes in policies are considered, it
mental performances are closely related. Newis recommended that environmental monitoring for
antifoulants will be required to be as effective organic booster biocides used as alternatives to
against the fouling organisms as the organotinorganotin products should be considered as a
compounds, otherwise economic penalties in termgriority, and toxicity testing should be undertaken
of fuel, maintenance, inspection and corrosion costén light of observed environmental concentrations.
as well as environmental penalties such as greatefhe UK Department of the Environment, Transport
fuel consumption resulting in increased Sé@nd  and the Regions (DETR) has already embarked on
CO, emissions, will be incurred. Ideally the such a programme, but it will be some time before
alternative antifoulants will also be less toxic to environmental concentrations of these biocides are
non-target marine organisms, in comparison withwell established. It is important that validated risk
organotins, otherwise there may be no net environassessments of alternative products should be
mental benefit to offset penalties incurred throughcarried out, while it is expected that the forth-
increases in operating costs and fuel emissionscoming EC Biocides Directive will assist in that

Copyright© 1999 John Wiley & Sons, Ltd. Appl. Organometal. Chem.3, 135-143 (1999)
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direction®® Monitoring programmes on organotins 24. J. R. Donat, K. A. Lao and K. W. Brulandnal. Chim. Acta
and copper should also continue to assess respec- 284 547 (1994).

tively the recovery of the areas from TBT 25. K. W. Bruland, in: Workshop on Research Needs for
contamination and the bioavailability of copper to

marine organisms.

28.
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