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Current and forthcoming UK and European
legislation requires environmental risk assess-
ment of antifouling paints. For assessments to be
carried out successfully, the leaching rate of
biocides from antifouling paints should be
determined. Current methods for the measure-
ment of biocide leach rate have been shown to be
very susceptible to changes in parameters such
as pH, salinity and temperature. Using appara-
tus designed to simulate environmental condi-
tions the effect of short-term changes in salinity,
pH, temperature, suspended particulate matter
and simulated vessel speed on cuprous oxide and
tributyltin (TBT) leaching from self-polishing
antifouling paint was investigated. No effect on
copper leaching was observed over a wide range
of environmentally relevant conditions, whilst
vessel speed was the only parameter found to
influence TBT release rates significantly. It is
suggested that the decrease observed may be due
to the formation of a boundary layer which slows
down the release of TBT from the paint surface.
The environmental authenticity of this obser-
vation and its possible implications for the
environmental risk assessment of TBT are
discussed. Copyright© 1999 Crown Copyright.
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INTRODUCTION

Antifouling coatings are used to prevent marine life
from colonizing the bottoms of boats. These
coatings release biocides which obstruct any
fouling organisms and are required since the effect
of ‘fouling’ on a ship’s hull is the formation of a
rough surface that can cause turbulent flow and
drag. Such factors are important in the running
costs of a ship as they result in increased fuel
consumption and reduce speeds.

Cuprous oxide has been used as a biocide since
the early 19th century and continues to be one of the
most common components of modern antifouling
productst Organotins were first used as booster
biocides in the early 196FsAn awareness in the
1980s of the harmful effects of tributyltin (TBT)
compounds originating from antifouling paints in
the aquatic environment prompted a great deal of
research on their fate and effects. Adverse toxic
effects such as balling in Pacific oystérsnposex
in female dogwelks and high environmental
concentratiorsresulted in 1987 in a UK ban on
the use of TBT on small boats. Cuprous oxide is at
present used in paint formulations suitable for all
vessels, whereas in the UK the use of TBT is
permitted only in formulations for vessels longer
than 25 m.

Antifouling paints can be divided into three
types: insoluble matrix, soluble matrix and self-
polishing. Insoluble matrix paints contain biocides
loose in the paint that are released by contact
leaching and are characterized by a high initial
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contain biocides mixed in the paint matrix;
however, the biocide is released as thin microlayers
of paint peel off. Again these parts are characterized
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by a high initial leach rate followed by an  The International Standards Organisation (ISO)
exponential leaching. In self-polishing copolymer have also adopted an adaptation of this method and
paints the biocide (TBT) is chemically bonded to a have been evaluating the robustness of a laboratory-
polymer backbone (e.g. TBT methacrylate copoly-based leach rate method for cuprous oxide. The
mer) which has an unstable release layer thamethod has been tested in a variety of laboratories
gradually erodes due to hydrolysis. Self-polishingthroughout the world and is soon to be published as
paints are characterized by an initial short highan ISO method (ISO/DIS 15181-1,2).
leaching rate period followed by constant but If [aboratory-based leach rate measurements are
prolonged release of biocide for up to five years. to be used in environmental risk assessments then
Current and forthcoming legislation (The UK they need to be representative of actual environ-
Control of Pesticides Regulations, 1986 and ECmental conditions. A number of researchers have
Biocidal Products Directive 98/8/EC) requires contested that the above laboratory methods
environmental risk assessment of antifoulingprovide results that are significantly higher than
paints. For assessments to be carried out, théhose that occur in the environmerft.The aim of
leaching rate of biocides from antifouling paints this study was to derive environmentally represen-
should be determined. The United States Environtative TBT and cuprous oxide leach rates for a
mental Protection Agency (EPA) has adopted theTBT-based, copper-containing, self-polishing paint
American Society of Testing Materials (ASTM) and also to investigate the effects of short-term
method (D5108-80) for assessing leach rates underhanges in environmental parameters on leaching
standard conditions. The test system consists of aate.
polycarbonate cylinder painted with the candidate
paint. The cylinder is rotated at 60 rpm in a baffled
beaker containing synthetic seawater and concen-
trations of biocide are measured periodically toMETHODS
calculate the release in terms of micrograms of
active ingredient released per square centimetre pefwo test systems were used for leach rate testing; a
day (ugcm 2 day ). The method is designed to flume tank in which a painted panel was held under
allow close control of pH, temperature and salinity conditions of constant near-laminar flow, and a
and provide a comparable laboratory measurementustom-designed rotary device by which the
A recent stud§ investigated the effect of devia- painted panel was moved through the water at
tions, within the ASTM limits, on pH, salinity and constant velocity. Both tanks have temperature-
temperature. When tested using insoluble matrixcontrolled filtered seawater flowing through them.
soluble matrix and self-polishing paints containing
copper and/or tin, it was shown that slight change - . .
in conditions have a significant effect on the Ieachs':Iume tank dimensions and design
rates observed; pH was found to have the greatesthe flume was 150 cm long, 47.5cm wide and
effect with a 2—3-fold change in leach rate per 0.564 cm deep and when full contained 450 litres of
pH unit change, whilst salinity and temperature water (Fig. 1). The panel (30 cx 5 cm; Perspex)
changes also had measurable effects. was located 65 cm from one end of the tank and

Painted Perspex panel
Water drawn out

= P T
Water forced in
e ] /

Marine plywood dividing plate Polyethylene tank

<@ Djrection of water flow

Figure 1 Schematic of flume test system.
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Figure 2 Schematic and rotary test system.

held in place by a stainless steel pin and arTable 1. Summary of the design specifications of
adjustable stainless steel panel-holding device. Ththe flume and rotary systems

position of the panel in the tank and the shear angle
of the panel could be adjusted. The painted surface Flume Rotary

of the panel covered 50 GmA pumping system Test conditions Range Stability Range Stability
allowed water to be drawn in at the front of the tank
and forced out under a wooden dividing plate, Témperature  15-30  +0.1  2-35 £0.5
creating a flow around the tank as shown in Fig. 1. )

The flow, and hence the velocity across the face Ogglinity C%o) 8:2(')5 ig'i 8:365 ig'%
the panel, were controlled by a series of valves oy rate 0-45 201 0-10 401
Velocities of up to 5 knots (2.6 m3) were (knots)

achieved using this apparatus. Suspended 0-1000 — Not possible

matter mg/*

Rotary tank dimensions and design

The rotary system was housed in a 500-litre

polyethylene tank and contained 400 litres of seaextraction with 1,1,2-trichlorofluroethane (Freon)
water (Fig. 2). Rotary movement of the panel wasand determined by ICP—M%The detection limit
achieved using an aluminium/stainless steel balfor copper using this method is 0.9F |2, with an
ance wheel (68.5cm in diameter). The panelextraction efficiency of 95%RsD= 3% (h=8).

(30 cmx 5 cm; Perspex) was attached on the outer

rim of the wheel and held in place by a stainless

steel rod. The shear angle of the panel wa -

adjustable. The painted surface of the panel coveresc!-BT analysis

50 cnf. The wheel was attached by way of a TBT concentration was determined as the hydride,
polyurethane belt to a pneumatic motor. The motorfollowing reduction by sodium borohydride, by gas
speed was controlled by a needle valve. The speedhromatography flame photometric detection.
of the panel was accurately determined using é&Samples ¢a 25ml) were collected in PTFE
digital tachometer. Speeds of between 1 and l@entrifuge tubes (100 ml) with an internal standard
knots (0.5-5.1m ') were obtained using this (tripropyltin chloride, together with dichloro-
rotary design. A large baffle set diagonally in the methane (DCM; 5ml) and sodium borohydride
tank prevented water movement and a genera{250 mg) added. The tube was then shaken

stirring effect in the tank. vigorously for 15 min and the DCMcgé 1 ml) was
The design specifications of both systems aredrawn off. GC analysis was carried out using an
summarized in Table 1. HP-5 (25 mx 0.32 mm i.d.; 0.52um film thick-

ness; Hewlett Packard) and a flame photometric
. detector. The limit of detection using this modifica-
Copper analysis tion was determined to be Oufy I"* with an
Copper concentration was measured in seawater bgxtraction efficiency of 88%Rsb=15% (= 8).

© Crown Copyright 1999. Reproduced with permission of the
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Environmental parameter analysis Table 2. Set points for environmental parameters
Salinity, pH and temperature were measured angarameter Set points for test runs

logged hourly using Wissenchaftlich-Technische

Werskstiten GmbH (WTW) Multiline P4 meters PH 82 65 7 85
connected to a SenTix 41 pH electrode and Tetrg>alinity (o) Linear decrease with time

Con 325 conductivity cell. Calibration was carried ;| €mperatureC) 25 1 5 30

Vessel speed (knots) 3 7 10 1
Suspended particulate 0 50 500 1000
matter (mg/™?)

out following the manufacturers’ recommenda-
tions. Data were downloaded to a PC using WTW
Multi’/ACHAT |l software. The accuracy of the
instrument was pH: 0.01, salinity+ 1% of value,
and temperaturg:- 0.01°C (WTW, 1997).

(30cmx 5cm) was painted with a copper- and

Background copper and TBT tin-containing self-polishing paint and allowed to
concentrations dry for seven days before any experiment.

Natural seawater was obtained from the systerrb .
installed at the CEFAS Burnham Laboratory andCopper and TBT leach rate testing

passed through a jim filter (Gelman Polypure, The following method was used to determine the
UK); it had background copper concentrationsinitial copper biocide leach rate in the flume tank
of around 1%ug I”. The copper concentration pefore any changes were made to environmental
entering the leach rate testing tanks was revygriables.
duced to<2pg I by passing incoming seawater  Each tank was filled with 450 litres of filtered
through a thermostatically controlled holding tank seawater. The concentration of copper was reduced
containing an_ion-exchange-impregnated mattingo <2 g I~* and that of TBT to below the limit of
(Polyfilter™). Concentrations of TBT entering detection using a Polyfiltdr. Flume conditions
the system were below the limit of detection for were: temperature Z&; pH 8.2; salinity 3%o;
the method described above. flow rate 1 knot (0.5 msY). The panel was placed
in the flume/rotary system at a shear angle ¢fté5
the flow and the copper and TBT concentrations in
the tank were allowed to rise t050 and~5pg |~*
respectively. Samples were then taken from the
The leaching of a biocide from an antifouling paint tank at various time intervals and the copper and
is characteristic of the paint type. Self-polishing TBT concentrations were determined for each
paints, of the type used in this study, display asample. The concentrations of copper and TBT in
leaching profile as shown in Fig. 3. The experi- each sample were then plotted against time and
ments described herein have been carried out at thinear regression was used to obtain a fitted line.
time when the leach rates are most constant (Fig. 3). The effect of separate parameters on copper and
A 50cn? section of a Perspex panel TBT leach rates was determined by allowing the
concentration of copper and TBT to rise4&0 and
5ug I~* through operation of the system and then
_— R maintaining these concentrations by controlling the
flow through the system. Individual parameters of
salinity, temperature, velocity, pH and suspended
solids were then changed as summarized in Table 2,
and the effect on copper and TBT leach rates was
| monitored.
Test region

Self-polishing copolymer
antifouling paint

Release rate (pg/cm?%day)

RESULTS AND DISCUSSION

Time
. . . __ Initial leach rates
Figure 3 Leach rate profile of a self-polishing antifouling

coating. There was no significant difference between the
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leach rates obtained from the two systems. Using oH Change in pH with time
the flume tank method described above, copper and
TBT leach rates were calculated as 18.6.5 and \
1.6pg cm 2 day * respectively, whilst the rotary A

system produced leach rates of 21.6 and

1.7pg cm 2 day * respectively. These values are

lower than those obtained by the laboratory
standard ASTM method for the same paint 525— -

40uqcm*2 day* for copper and 1.5-4gcm

—

Time

day - for TBT) and confirm previous findings that Cu: increasing leach rate with
leach rates obtained by the ASTM method over- Jeareasing pH ghves (1)ve
. . . eviation from the theoretical
estimate what may be observed in the field. curve
B /
Effects of short-term changes in Leaching rate
environmental parameters uglemeiday) ——

Any change in leach rate would result in a
significant change in copper and TBT concentra-
tions within the test system. For example, if leach
rates in the flume reflect changes demonstrated gt gecreasing leach rate with Time
using the ASTM method, a decrease in pH of 0.5  increasing pH gives (-Jve deviation from
unit will result in a 2-3-fold increase in copper ~ "eMereteAce
leach rate. This would cause-® pg I"Yincreasein  Figure 4 Theoretical change in TBT and copper leach rate
copper concentration in one day, i.e. a significantwith a change in pH. Graph A shows the change in pH with time
increase within the test system (Fig. 4). whilst graph B shows the change in TBT and copper leach rates
No significant change in either copper or TBT that would be expected following t_he pH c_hange described in A.
concentration was observed with pH ChangeSBased uporé measurements obtained using the ASTM method
Generally, the data showed a high degree o D5108-80):
variability, with a general trend of copper concen-
tration slowly decreasing. This is as would be
expected if there was no pH-related effect. It(Fig. 5). As the vessel speed is increased the TBT
appears that under environmentally simulatedconcentration decreases, with concentrations re-
conditions a significant short-term change in pHcovering only after a drop in speed from 10 to 1
does not result in a detectable change in copper anknot (5.1 to 0.5 ms). To confirm this observation
TBT biocide leach rate. the experiment was repeated and essentially the
Short-term changes in temperature, once agairgame result was obtained (Fig. 6). Comparison of
had very little effect on copper and TBT concen- the leach rates in terms of percentage change for
tration. Little or no change was also observed inboth experiments shows a significant increase in
copper and TBT concentrations as salinity changed] BT leach rate £120%) as speed is reduced from
whilst the effect of increased suspended particulatdlO to 1 knot (Table 3). Previous research on the
material on TBT concentration was insubstantial,effect of speed on leaching rates has generally
although when suspended particulate material wasuggested that release rates are greater at higher
initially introduced into the system there was aspeeds. This is based upon experiments which have
visible inexplicable decrease in total copper con-shown greater erosion of the paint surface at higher
centration. Total copper concentration for thespeeds, often resulting from increased friction at the
whole experiment is very variable, yet it is similar water—paint interface and turbulence in the bound-
whether suspended particulate matter is present aary layer. Observations from the experiments
not, suggesting no relationship between the twocarried out within this study suggest that, under
This is supported by previous studies which showthe conditions described, TBT release is impaired at
that particulate material has little effect at speedshigher speeds. The weight of evidence suggests that
below 10 knots (5.1 ms). ’ Copper concentra- this test system may not be precisely representative,
tions also remain relatively constant as the vesseyet the repeatability of the experiment suggests that
speed is changed (Fig. 5). The effect of short-ternthe observed effect is real. The results provide
changes in speed on TBT concentration is distincevidence for a previously unreported effect on an

© Crown Copyright 1999. Reproduced with permission of the
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Figure 5 Effect of short-term changes in vessel speed on TBT and copper release at pH% 2n8b25°C for a 17-day
experiment.
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Figure 6 Confirmation the effect of short-term changes in vessel speed on TBT and copper release at pP.8aRd3B6°C
(replicate of the experiment in Fig. 5, over 17 days).

antifouling-coated surface: a decrease in TBTcopper release from the paint surface. Whilst TBT
release as water flow across the area of paintelease in a self-polishing paint is dependent on
application increases. reaction-controlled dissolution (i.e. hydrolysis of
The absence of any effect from short-termthe TBT—copolymer bond), copper release is
changes in pH, salinity, temperature and suspendedependent on diffusion-controlled dissolutithnlt
particulate material may be due to the mode ofappears that short-term changes in environmental

© Crown Copyright 1999. Reproduced with permission of the
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Table 3. The effects of changes in speed on TBT leach rate (decrease from 10 to 1 knot in bold)

Experiment 1 Experiment 2

Sample TBT concn Speed Leach rate  Leach rate TBT concn Speed Leachrate  Leach rate
No. (mg 1™  (knots) (ngcm?day ) (% change) (ngl™) (knots) (ugcm ?day ) (% change)

1 6.7 3 1.7 — 5.1 3 1.7 —

2 7.3 3 1.9 9 4.4 3 1.5 -13.6

3 6.8 3 1.7 —6.8 4.9 3 1.6 12.1

4 7.2 3 1.8 5.6 6.3 3 2.1 27.5

5 7.2 7 1.8 0 3.3 7 1.1 —-46.9

6 7.2 7 1.8 0 1.6 7 0.5 —50.8

7 6.6 7 1.7 -8.1 25 7 0.8 53.4

8 5.2 7 1.3 -21.2 2.8 7 1 13.1

9 24 10 0.6 —54 2.9 7 1 2.2
10 2.2 10 0.6 -6 2.6 10 0.9 -9.8
11 2.1 10 0.5 -8.1 1.3 10 0.4 —-50.5
12 24 10 0.6 17.8 0.8 10 0.3 —41.2
13 5.4 1 1.4 122.5 1 10 0.3 37.1
14 6.8 1 1.7 24.8 2.3 1 0.8 119.3
15 7.2 1 1.8 6 3.1 1 1 34.2
16 55 1 14 —235 3.4 1 11 10.3
17 8.1 3 2.1 48.2 3.6 1 1.2 6

parameters have very little effect on the rate-was reduced with increasing water velocity, and
determining factors governing diffusion-controlled vice versa. We speculate that this is due to a
dissolution. Due to the specific nature of theboundary layer effect. Regardless of the mechan-
mechanism described, these assumptions can onigm, it appears that vessel speed plays an important
be applied to self-polishing paints. role in TBT leach rate from self-polishing antifoul-

In general, it appears that antifouling coatings areing paints and the consequences for environmental
stable to short-term changes in their surroundingisk assessment are significant. These results give
environment. This does not rule out the effect ofrise to the speculatation that a vessel slowing down
longer-term exposures (months rather than days) tto enter a harbour may deliver an increased dose of
varying environmental parameters on antifouling TBT.
paint biocide leach rates. This will be the subject of
further investigation. Acknowledgements The authors acknowledge John Thain for
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