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Mathematical modeling has been used to characterize and validate the working
mechanisms of tin-free, chemically-active antifouling (AF) paints. The model-based
analysis of performance data from lab-scale rotary experiments has shown significant
differences between antifouling technologies as regards the biocide leaching and the
surface polishing processes. Hence, the modeling framework developed in this work is
built so as to describe any generic, chemically-active AF paint through model parameters,
the values of which can be obtained or adjusted from relatively fast measurements. The
detailed quantitative information on reacting AF paint systems obtained can be used for
accelerated product optimization purposes, thus facilitating the transition to cleaner
antifouling technologies using, for example, fast-degrading natural or synthetic bioactive
components.© 2006 American Institute of Chemical Engineers AIChE J, 52: 1926-1940, 2006
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Introduction

The problems associated with the fouling of artificial sur-
faces by marine organisms have been acknowledged since
ancient times.'* The organisms, which take part in the process
of marine biofouling, are primarily the attached (or sessile)
forms that occur naturally in the shallower water along the
coast.! The latter reference reported that nearly 2,000 species
had been identified on fouled structures; another source has
increased the number to more than 4,000 species.> During the
1990s, the use of effective antifouling (AF) protection, allow-
ing extended dry-docking intervals on ocean-going ships, ren-
dered estimated savings as high as $5.7 billion annually world-
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wide® and fuel savings on the order of 7 million tons per year.”
Until now, such an effective and long-lasting protection has
only been achieved by means of chemically active antifouling
paints. Among them, the tributyltin self-polishing copolymer
(TBT-SPC) technology was the first one to yield outstanding
performances attributed to the so-called “self-polishing” be-
havior, which has traditionally been characterized by+*:

e Sufficiently thin and stable leached layers, resulting in
efficient and relatively constant biocide release rates over time;

e A polishing mechanism that allows satisfactory AF per-
formance during stationary periods and permits long active
lifetimes even at high sailing speeds;

® Smooth, practically fouling-free paint surfaces during sail-
ing.89

Regarding the last point, potential variations in the micro-
roughness among different self-polishing (SP) coatings were
found not to involve a significant increase in the drag resistance
of the vessel compared to large scale surface irregularities that
result from, for example, shipbuilding, dry-docking activities,
or macrofouling.'?
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The transition to tin-free coatings

The first legal measures against the TBT-SPC technology,
which was used at that time by as much as 70% of the world
fleet of ocean-going ships,!’-!> shook the AF paint industry.
The tin-containing moieties were found not to degrade suffi-
ciently fast in seawater, causing a series of sublethal effects on
a number of non-target marine organisms.*!3!4 Marine paint
companies were forced to develop products providing the same
AF efficiency, but based on substances with a better environ-
mental profile. Just to give an idea of how difficult that chal-
lenge was, several authors claimed in the late 1990s (that is,
after more than a decade of intense tin-free research) that
organotins should be used until really effective alternatives
were found.”'>"17 The latter statement was mainly based upon
the significant environmental benefits resulting from the lower
fuel consumptions associated with clean ship hulls.

During the tin-free era, a large amount of research has also
been focused towards the development of non-toxic technolo-
gies based on different antifouling mechanisms, such as the
non-stick and, more importantly, the fouling release approach-
es.!'+18 The advances in the race to liberate the oceans from the
extensive use of biocides are notorious, and several silicon-
based commercial products are already available for high-
activity high-speed vessels and propellers.*'®$ Nevertheless,
there are still many important hurdles that should be overcome
for a widespread use by all the fleet of ocean-going vessels.*

A second group of alternatives is based on the deterrent
properties of some extracts obtained from marine organisms.
Even for those natural compounds based on a toxic mode of
action (see other reported mechanisms*!°), their natural origin
might assure an effective biodegradation and satisfactory en-
vironmental profile.#20-2! Unfortunately, the commercial large-
scale implementation of this technology seems far away in
time, as it requires not only the identification of the proper
active compound(s), but also:

® A successful incorporation into paint systems (i.e., stabil-
ity);

e A controlled release of these substances (i.e., active con-
centrations at the paint surface®?) so that a long lasting fouling
protection is attained,;

e Long and costly registration process of the active compo-
nent'?;

e Large scale production at competitive prices.

Despite the increasing interest in these promising emerging
technologies, the best wide-spectrum AF protection in the
post-tin era is still associated with chemically-active AF paints
based on the release of Cu”* and synthetic co-biocides (algae-
cides).

Current Design and Optimization Procedures. The emi-
nently empirical approach (such as long-term rotary experi-
ments and raft testing) used by the paint companies involved a
slow transition to efficient controlled-release tin-free products.
As an example, the time-consuming optimization process of
one of the main current tin-free acrylic-based SP technologies
(based on a copper acrylate resin), which led to different
European patents in the period from 1986 to 2001, is described
elsewhere.# In 1997, that is, 11 years after the first European
patent, such a technology was only available for coastal vessels
with up to 3 years of drydocking interval.>*> The lower effi-
ciency of the tin-free products compared to the TBT-SPCs
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meant that the major antifouling paint companies (that is,
International Marine Coatings, Hempel A/S, Jotun, Ameron
International, Chugoku Marine Paints) decided to remove tin-
based coatings from their product assortment only a few
months before the suggested date for the ban on the application
of these products (1 January, 2003).

Future Changes in AF Coatings. Recent reviews?+2> claim
that most of the currently used co-biocides do accumulate in
the environment in sufficient concentrations to cause sublethal
effects on non-target organisms. Voulvoulis et al.?¢ and, more
recently, Katranitsas et al.?” also expressed their doubts about
the environmental effects of too large copper loads into the
marine environment, the release rates of which will probably
be restricted in the near future.!® In the light of potential future
regulations, novel and improved paint development procedures
are necessary to assure that the transition to as efficient but, at
the same time, more environmentally friendly coatings does
not require another 15 years.

Paint Modeling. 1t is believed that the optimization of
chemically-active AF products, or the design of new and im-
proved ones, would be strongly eased if detailed kinetic studies
on the different processes determining the paint activity were
performed and combined.?>28-3! The main difficulty in devel-
oping efficient AF products is that the coupling of the main
paint processes is so marked that typically only very few
formulations among a large number of possibilities result in
adequate paint polishing and biocide leaching simultaneously.
The substitution of one major paint component may cause a
dramatic misbalance in the performance, which often takes
years of research and development to solve.

The idea behind the modeling approach is to identify and
characterize the main processes taking part in the AF paint
performance. When such processes are quantified, the infor-
mation acquired can subsequently be used as input to a math-
ematical model, which will eventually simulate the entire life-
time of any paint composition (at least combinations of the
main ingredients) at any seawater condition in just a few
minutes time. If the resulting performance is not satisfactory,
such a tool would be very helpful in isolating and diagnosing
the weak points of a technology and, subsequently, in driving
the screening process for a successful replacement. Addition-
ally, paint models are useful “learning tools,” which can help
antifouling paint producers in a more scientific approach to
paint design and formulation.

Experimental Performance of Antifouling Model Paints. In
order to validate the model to be presented in the following
section and to estimate certain model parameters, a set of
ablative, rosin-based antifouling model formulations were pre-
pared and subjected to rotary testing in artificial seawater at
controlled shear stress conditions®? (see Table 1). The rotary rig
consists of a 0.5 m? artificial seawater tank in which a rotating
cylinder, with the paints attached to its outer surface, is im-
mersed. Such a cylinder is surrounded by a wall placed at a few
centimeters distance, aiming at approaching Couette flow (con-
stant shear stress) for the water in the narrow channel. The
experimental AF model paint performance results, together
with an exhaustive description of the experimental rig and the
experimental methods used, are available in %2832, The paints
tested cover a wide range of formulation parameters, such as
seawater soluble (such as Cu,O, ZnO) and insoluble (such as,
Fe,05, TiO,) pigment type, pigment volume concentration
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Table 1. Model AF Paint Formulations Containing Cu,O
and Insoluble Pigment Particles Modeled in This Work*

Paint
Ti-1 Ti-2 Ti-3 Ti-4 Ti-5 Fe-1
ZnR 733 73.3 73.3 73.3 50.5 733
Hydrophobic 1 8.3 8.3 8.3 8.3 — 8.3
Hydrophobic 2 — — — — — —
Hydrophobic 3 — — — — 40.3 0.0
Plasticizer 1 18.3 18.3 18.3 18.3 9.2 18.3
Plasticizer 2 — — — — — —
Total 100.0  100.0  100.0 100.0  100.0  100.0
Cu,0 15.0 20.0 25.0 20 20.0 15.0
TiO, 15.0 20.0 20.0 10 20.0 —
Fe,04 — — — — — 15.0
Fibers 5.0 5.0 5.0 5.0 0.0 5.0
PVC 35.0 45.0 50.0 35.0 40.0 35.0

*The binder compositions are given in solids volume percent of binder (note
that the ratio ZnR/plasticizer remains constant but in Ti-5). The pigment PVC
is given in solids volume percent. The paint names are the same as in Yebra
et al.32

(PVC) and particle size distribution (PSD), and various binder
compositions and ratios.

The Mathematical Model

The model presented in this work is based on that developed
by Kiil et al.?® for tin-based paints, but extended here so as to
describe any generic chemically-active AF paint through ad-
justable parameters. The reason for this was that some of the a
priori mechanistic assumptions underlying the TBT-SPC
model were found not to apply to other modern AF technolo-
gies. The latter was most evident when modeling simple AF
formulations incorporating large amounts of a rosin-based
binder of wide commercial interest (to be presented in this
article). Most of the currently commercialized tin-free acrylate-
based resins need to use rosin or rosin-derivatives in order to
adjust the intrinsic hydrophobicity and erosion resistance of the
coating to the levels yielding the desired polishing rate.* A
second group of paints uses rosin-derivatives as the main
reactive binder, while co-binders and reinforcing mineral mi-
crofibers can be used to provide the required resistance to water
penetration and appropriate mechanical properties.*

The main seawater reactive resin in the binder considered in
this work is a synthetic substitute of natural rosin (subject to
hydrogenation and distillation) that has been claimed to be
more consistent and less sensitive to oxidation (lower number
of double bonds), while retaining a suitable seawater solubili-
ty.#3 This rosin derivative is further reacted to form zinc
carboxylate (which is sometimes called zinc resinate), which
gives rise to the controlled-polishing properties through an
alkaline hydrolysis reaction. The zinc derivative entails an
increased hardness and faster drying times compared to the
hydrogenated rosin. The most likely overall reaction mecha-
nism was presented in Yebra et al.> and can be summarized by
the following expression:

RCOO — Zn — OOCR(s) + 2Na*

ZnR (insoluble)
= 2RCOO Na*(aq) + Zn*"  (Reaction 1)
Soluble residues
1928 DOI 10.1002/aic Published on behalf of the AIChE

The natural origin of the resin and its relative hydrophilicity
might involve a better compatibility with future antifoulants of
natural origin than strongly hydrophobic synthetic polymeric
binders.*'° In this sense, it is very important that the active
compound is distributed homogeneously in the dry binder
without any significant chemical degradation, which might
endanger its AF activity. Finally, the low price, wide availabil-
ity, and extensive experience accumulated on rosin-based prod-
uct development are some of the reasons why this binder has
been chosen for this study. The co-binders used in this inves-
tigation are similar to those used in short specification time,
ablative AF formulations.

Problem description

A thorough description of the physical and chemical system
to be modeled is provided next (see Figure 1). Seawater ions
are transported to the paint surface by diffusion through a
laminar boundary layer developed at the paint surface. There,
ClI™- and H™-ions react with the Cu,O surface exposed, leading
to the formation of chloro-copper complexes (CuCl,” and
CuCl4?"). These complexes are oxidized to Cu®*-species dur-
ing the transport of these complexes away from the pigment
surface and potentially accumulated in the slimes formed on
the paint surface*35 where the oxidation process is probably
completed. The resulting concentration level of biocidal spe-
cies at the paint surface is responsible for a toxic effect on
animal fouling species mainly. The Cu,O dissolution reactions
can be written as follows?3-36:

12 Cu,0(s) + H" 4+ 2C1™ = CuCl;, + 2 H,0(1)
(Reaction 2)

CuCl;, + Cl” < CuCl3~ (Reaction 3)
Reaction 2 is reversible and influenced by kinetics, whereas
Reaction 3 is reversible and instantaneous and can be consid-
ered in equilibrium at all times. The oxidation reaction leading
to Cu®" is presented under the model development section.

When the uppermost pigment layer has been dissolved,
water molecules permeate through the binder membrane sep-
arating two Cu,O particles and start dissolving the underlying
pigment layer. Consequently, a highly concentrated copper
solution builds up under the membrane, resulting in an osmotic
disequilibrium that leads to membrane breakage, thus exposing
the unreacted pigment particle.?” There is no detailed informa-
tion in the literature about the characteristics of the leached
structure left after the removal of the interparticle binder mem-
brane and its dependence on, e.g., the mechanical properties of
the binder. However, we hypothesize that the differences in the
mechanical properties between the TBT-SPC polymers and the
tin-free model binder are responsible for major differences in
the pore morphology and, hence, on the AF paint behavior (see
discussion later on).

The continuous removal of copper from the solid pigment
phase creates voids in the uppermost paint layer, so seawater
ions must penetrate into these voids to reach the dissolving
pigment surface. The distance from this dissolving front to the
paint surface is termed the “leached layer,” which can be
described as a porous, soluble pigment-depleted, binder matrix
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Figure 1. Paint surface pore created by dissolution of Cu,O pigments.

Some modeling concepts are also included. [Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]

(see Figure 1). The fact that some binder components are
susceptible to seawater reaction (see, for example, Reaction 1)
means that the pore walls are also exposed to chemical attack.
At a certain point in time, the binder close to the paint surface
will show a high degree of conversion, as it has been exposed
for a relatively long period of time. On the contrary, at the
pigment front, the binder matrix surrounding the pigments is
being slowly uncovered by the dissolution of the pigment
particle, thus having virtually the same chemical composition
as the unreacted binder. As a result of the chemical degradation
of the binder, its resistance to erosion diminishes.

Summarizing, the activity of chemically-active AF paints
can be properly inferred from the modeling of these core
processes:

® The dissolution of the seawater pigments (such as Cu,O,
7Zn0O38) in seawater;

® The reaction of the active binder components with seawa-
ter,

e Surface polishing;

e Effective diffusion of chemical species in the leached
layer;

® Chemical speciation calculations.

Model assumptions

The assumptions made in the model presented in Kiil et al.?®
are basically kept for the tin-free rosin-based paint model, with
the following additions/modifications:

i. Binder Reaction. The dissolution of the ZnR takes place
throughout the leached layer, yielding the sodium salt of the
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hydrogenated rosin (HR) as the only stable dissolved product
(see kinetics33).

ii. Binder Composition. From the total amount of ZnR
added to the paint, 4%, is assumed to be converted to Cu*"-
resinate as a result of ion exchange during paint dispersion.??
The binder components are assumed to be homogeneously
distributed throughout the paint film.

iii. Cu,O Dissolution Mechanism. The TBT-SPC copoly-
mer was assumed to be so hydrophobic that no water could
diffuse through the binder beyond the pigment front. Thus,
only the small uppermost portion of the pigment particles was
exposed to seawater, and the chemical reaction (see Reaction
2) was the rate limiting process determining the release of
aqueous Cu(I) species. Such an assumption led to concentra-
tions of chloro-copper complexes at the pigment front far away
from the equilibrium values. However, such an assumption was
not regarded as valid for the modeling of the copper leaching
from insoluble matrix paints37-3°40 and saturation at the pig-
ment front was assumed instead. For the paints studied here,
the assumption of Cu(I) saturation at the pigment front is
supported by the relatively significant water penetration char-
acteristic of rosin-based products,*!#? potentially leading to
long contact times between Cu,O particles and seawater prior
to exposure at the pigment front. Furthermore, and in good
agreement with the latter discussion, the use of relatively
hydrophilic plasticizers (such as Plasticizer 233) has been
shown to boost the copper leaching process.*?

iv. Cu(l) Oxidation. The Cu(l) species (neglecting Cu™,
CuCl, and CuCl,>” mentioned by Sharma and Millero*) are

DOI 10.1002/aic 1929



PAINT SURFACE

Figure 2. SEM picture of an AF paint formulated with
ZnR and exposed to the rotary setup for three
months at 25°C and pH 8.2.

Relatively open pores can be appreciated in the leached layer.

oxidized in the leached layer according to the kinetic expres-
sion presented in that same source.** The influence of the
concentration of HCO; ™, Mg2+, and Cl~ on the reaction rate is
considered (see Supplementary Material). The stoichiometry of
this redox reaction is proposed as follows*>4¢:

4Cu* + O, + 4H" — 4Cu®* + 2H,0 (Reaction 4)

v. Leached Layer Porosity. Unlike in the TBT-SPC model,
the walls of the polymer matrix are not stable over time as the
result of the volume loss associated with the ZnR dissolution.
The latter involves an increase of the pore size and a subse-
quent variation of the pore wall surface area over time.

vi. Leached Layer Tortuosity Factor. This parameter ac-
counts for the ratio between the length of the actual tortuous
pore path and the leached layer thickness. In the TBT-SPC
model,>® the value of the tortuosity factor was estimated
through the simple empirical equation from Wakao and
Smith*7:

B 1
(1) = ) ey

In the present study, in which insoluble pigments are also
used, the value of the tortuosity factor is determined through
the modeling of the experimental leaching process (see the
Results and Discussion section). The values of the tortuosity
factor that are used in the description of the leaching process in
the tin-free model paints studied in this work are sensibly lower
than those that would result from 4, which means that “bottle
neck” structures (see schematic drawings*®) are not formed
extensively as a result of the Cu,O dissolution process (Figure
2). In the tin-free model, the tortuosity factor of the pores is
also assumed to develop (diminish) with time as a consequence
of the pore broadening process resulting from the reaction at
the walls.

vii. Leached Layer Surface Area. In order to model the
change in the binder surface exposed during immersion, the
pores are assumed to develop a conical geometry after a suf-
ficient exposure time from an initial somewhat cylindrical

1930 DOI 10.1002/aic
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shape.*® This assumption involves that the loss of active binder
takes place homogeneously at the pore walls, neglecting the
presence of insoluble ingredients.

In the TBT-SPC model,?® the pores developed in the leached
layer were assumed to have a surface area equal to the external
surface area of the Cu,O pigments (see Yebra*® for a better
understanding of the assumption). It is believed that the pore
structure resulting from the use of weaker binder systems will
be broader. Even though the use of reinforcing microfibers has
been demonstrated to markedly improve the macroscopic me-
chanical properties of the paint film,* it seems evident that it
cannot affect the binder properties at the microscale. Thus, we
hypothesize that the fiber-free binder membrane separating the
pigment particles exerts less resistance to the osmotic stresses
associated with the pigment dissolution process,?’ resulting in
relatively open pores of low tortuosity. The latter is further
supported by the risk of development of brittle unplasticized
binder areas upon exposure resulting from the leaching of
hydrophilic plasticizers (such as Plasticizer 23348). Thus, an
assumption of cylindrical pores is preferred, although a factor
correcting for non-smooth pore wall surface, resulting from the
irregular pigment particle shape, needs to be introduced. Also,
the leaching of the soluble plasticizer should increase the ZnR
exposed surface area.

viii. Pore Wall Composition. The assumption of stable
pore walls led to a TBT-hydrolysis rate equation diminishing
linearly with increasing values of polymer conversion.?® In the
rosin-based case, the molecules reacted are assumed to diffuse
out into the bulk seawater, leaving a fresh binder layer behind.

New equations in the AF paint mathematical model

Leached Layer Porosity. The evolution of the leached
layer porosity value with time can be described through:

g,(t) = go + XZnR(t)|1 Vi fanr 2

This dynamic process reaches a pseudo steady-state provided
that a constant conversion at the paint surface for a given set of
exposure conditions is assumed after an initial lag-time (X,
concept?).

Leached Layer Tortuosity Factor. The change in the value
of the tortuosity factor as a result of the binder reaction is
calculated as if Eq. 1 had been used to calculate the initial
tortuosity factor:

€o .
(1) = 79" P o with 7, * g
1

# 1 (i.e. equation (1) is not used initially) (3)

Just like in the TBT-SPC model,2® the effective diffusion
coefficient is calculated through:

&
De,i = Dwater,i : ; (4)

The effective diffusion coefficients are also modified in
order to account for the change in the void volume of the
leached layer:
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The use of low values for the tortuosity factor is in good
agreement with the pore morphology assumption to be pre-
sented in the next paragraph.

Leached Layer Surface Area. Just as in the TBT-SPC
model,?? the fraction of the paint surface initially occupied by
the soluble pigments, assuming a perfect distribution, is equal
to their Pigment Volume Concentration (PVC). Thus, the num-
ber of pores per unit of paint surface would be

_ f Cu0 S Cu0 6 fc Cuz0

Noore = Scuo T 23 (deuo/ 2)° s Ao ©
where
Sevo= 5 oo @
and
N
Tewo = E & * rewo, ®

i=1

In Eq. 8, the mean particle diameter ( r¢,,0) is obtained from
Laser Diffraction Particles Size Distribution (PSD) measure-
ments.?%32 The exposed binder surface at the pore walls, as-
suming a completely leached paint film and tortuous pores, is
calculated under the assumption of cylindrical pores:

1/2
Spores = Npores : (Lp : 7) : (2 e (5) ) 7‘Cuz0> (9)

The value of the total exposed pore surface per unit paint
volume can be calculated by:

2 1/2
S()cyl = Npores T <2 e (g) : 7‘CuzO) (10)

On the other hand, the surface area corresponding to the
“spherical” pore shape assumption is described through?s:

N

SOsphc = 6 . VCuzO : E d

(an

The actual pore wall surface area will be an intermediate
value between those two:

So=a*Sp, + (1 —a): S, (12)

where a goes from zero (perfectly cylindrical pores) to 1 (pore
morphology in Kiil et al.?8).
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As a means of accounting for the possible overlapping of the
pores resulting from the binder loss from the pore walls, the
random pore model is used.*® Although this early model was
based on the reaction of pure solids with perfectly cylindrical
pores and pure kinetic control, it is still believed that it can
provide a useful description of the dependency of the reaction
surface with the solid conversion. The expression used is:

| | 1 —¢
_lpnl_go’

4-a- L, (1 — &)
R R

S(Xzur) _ 1 — e(Xz,r)
SO 1 — &

(13)

where i is a parameter that depends on the initial porous
structure (completely leached paint). To estimate the initial
total pore length per unit volume of our system, the number of
pores per surface unit is again assumed to be equal to the
number of soluble pigment particles per surface unit (non-
interconnected pores). There is no experimental evidence to
question the use of ¢ values determined from purely structural
considerations.>® The value obtained for s in this work is close
to zero, which involves a continuous decrease of the exposed
surface per total volume with increasing binder conversions.5!
The total change in active (that is, ZnR) pore surface area with
time can subsequently be described through:

S(XZnR)

Sy, = So'( S, )’ *frr(D)]; (14)
1

where f,  accounts for the varying fraction of pore walls
being the resinate (see Eqs. 15 and 16 below).

Pore Wall Composition. The possibility of unreacted ZnR
becoming exposed after the dissolution of their neighbor ZnR
molecule is accounted for through:

Vi fonr® (1 - XZnR(t)‘l)
- VCuzO) =V S inR(t)|1

onR(XZnR)|1 = (1 (15)

The value of Eq. 15 at time t = O assumes that the insoluble
particles can also be exposed at the pore walls.

If a soluble plasticizer is used, it is assumed that it leaches
the paint together with the resin in the same ratio as they were
added to prepare the paint (rough approximation33). Thus, in
this case, Eq. 16 simplifies to:

- Vi frar® (1 - XZnR(t)‘l)
FoarXzar)ls = (1 = Vewo) = Vi Xz,

(16)

While these simplistic expressions are expected to properly
describe the variation in the pore wall composition during the
somewhat early stages of exposure, it is most likely that they
fail when the binder conversion reaches relatively high values,
such as those reported in Yebra et al.3? In those cases, it is
possible that the probability of exposing a fresh ZnR molecule
after the binder dissolution is incorrectly described by Egs. 15
and 16 as a result of the high amounts of insoluble binder
components that may protect isolated ZnR groups.
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Moving pigment front (1;)

The equations governing the dynamics of the Cu,O dis-
solving front remain the same as in the TBT-SPC model.
However, the concentration of the species involved in

the reaction may vary from the TBT-SPC case due to,
e.g., Cu” oxidation and reactions involving pH changes,
such as the formation of Zn(OH),*> ~ * species (see equations
later on and Supplementary Material).

v A d[CuCl; ] dcuct ] d[Cu?*] ‘
dl:l Cux0 e,CuCl;(t) di e,CuCl%’(t) dl e,Cu“(t) dl - (17)
dt 2+(1 = &) Voo pemo* (1 = V)

with the initial condition
ly(t=0)=0 (18)

In the balances performed to the leached layer (see Supple-
mentary Material), a symmetric (no penetration) boundary con-
dition is placed at the dissolving pigment front.

d*[CuCl; ] d’[CuCl3]
eCuCl, — g + D, cuct T 4dE
dZ[Cu2+])

De,Cu2‘ T = O (19)

1

The boundary condition at 1 ,:
(1) If water penetration beyond the pigment front is a
possibility:

([CuCl; ]+ [CuC37])

g — fsal : [Cu(l)]sat (20)

The parameter f ,, depends on the degree of protection of the
pigment particles by the binder. If the resin is so hydrophilic
that a large Cu,O particle surface is exposed to seawater, the
f,o factor approaches unity (see discussion later on).

(2) Otherwise, if the kinetic expression determined by
Ferry and Carritt applies?3-3¢:

d[CuCl, ] d[CuCl37]
eCuCl; a4 + D, cuc " T a
' 1

sl

=2- (_”Cuzo)|1\| fewo (2D

for the calculation of the reverse reaction constant2s:

Kw ca,
ki =2k Yar- * Yu+ (22)

Yeucr,

K cucl; * Lewon

Moving paint surface (1, or polishing front)

In the TBT-SPC model, no paint polishing was assumed to
occur until the X, conversion value was attained at the paint
surface. The reason was that the binder can be assumed suffi-
ciently strong to withstand the shear forces exerted by the
moving seawater for low values of binder conversion (<X_,,)-
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The X, value varied with the sailing speed of the vessel, thus
stressing the combined role of chemistry and erosion on the
polishing of TBT-SPC. In paints with high rosin content, the
role of erosion in the polishing process is even more marked
than in the TBT-SPC case. Hence, in contrast to an on/off
approach to the erosion process, it seems more realistic to
assume that the surface polishing commences as soon as the
vessel starts moving, without any significant paint degradation.
At short exposure times, the erosion rate (g binder-cm~*day ")
of virtually unreacted paint binders is markedly slower than the
binder degradation rate (g ZnR-cm ™ *day '), so that the chem-
ical conversion at the surface increases with time. However,
and as a result of the latter weakening process at the paint
surface, the erosion rate increases progressively until a constant
value is reached. At that point of binder conversion (i.e., X,,,.x)s
the amount of binder that reaches X,,,, per unit time is equal to
the erosion rate so that a pseudo steady-state is attained. Such
a value is calculated in a similar way as in the TBT-SPC model.
Thus, in the current model, the following mathematical expres-
sion was initially used to model the polishing process:

)

dlsz dlsz XZnR 2 f 0 23
= . < <
dt Xzor| 1,0 dt Xmax Xm""‘ orr= 0= ( )

where t,. is the value of time corresponding to the surface
conversion, Xz gy ,, being equal to X, (could be estimated
by monitoring the surface conversion as a function of exposure
time32).

Once the binder conversion at the paint surface has reached
the X« value, the paint attains a stable polishing rate, which
can be represented by?:

(aXZnR>
dly, o Jlioi,

- fort> 1y, 24)

L)

1=15

with
1,(t=0)=0 (25)

as the initial condition.
Equation 24 summarizes the strong point of the X, ., theory:
one can a priori model erosion rates by looking at the dynamics
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of the binder conversion. In other words, if a complete quan-
titative description of the binder reaction rate is available,
knowledge of the pseudo-steady state binder conversion profile
along the leached layer can be used to calculate the rate at
which the paint surface is being removed by seawater friction
forces. Actually, the latter holds even if the reaction we model
is not directly involved in the polishing process.

Local conversion

The local conversion of the ZnR in the leached layer is given
by a mass balance:

IX7mr _ S()(XZnR)|1 - (_anR)|1 s MR (26)
at | (1= &) (Vy frur(t = 0)) * pzar
with the initial condition
Xzr(1,1=0)=0 27

Chemical speciation

During immersion, the activity of the AF paint results in the
release of Zn?* and Cu™ species. Thus, in addition to the
seawater species (i.e., Na*, CI, H", OH, CO,(aq), HCO; ",
CO,>", Mg?*, SO,>", 0,), the distribution within the active
paint zone of the following species must be determined: NaR,
Zn**, Zn(OH)*, Zn(OH),(aq), Zn(OH); , ZnCl ", ZnCl,(aq),
ZnCl;~, ZnCl427, CuCl, ", CuCl327, Cu**. The equations used
in the chemical equilibrium calculations can be obtained in the
Supplementary Material to this article or in Yebra.*®

Model parameters

In addition to the parameters listed by Kiil et al.,® the new
processes accounted for in the tin-free model require extra
physical and chemical constants. All such parameters can be
consulted in the Supplementary Material and in Yebra.*s

Numerical solution technique

The model is first rendered dimensionless by introduction of
suitable dimensionless variables.*®* The moving paint and pig-
ment fronts were tracked by means of an appropriate coordi-
nate transformation.?® Immobilizing and normalizing the
boundaries of the thin active region (i.e., the leached layer)
allows the implementation of an orthogonal collocation numer-
ical solution procedures? in which four interior collocation
points are sufficient to attain convergence, despite the steep
concentration gradients developed.

Results and Discussion
Uncertain model parameters

In the mathematical AF paint description presented above,
four parameters deserve a more thorough discussion prior to
analyzing the model performance. These are the tortuosity
factor (7), the exposed pore surface area (Sy), f,,., and X,,,,. For
TBT-SPC model paints, Kiil et al.?® estimated the tortuosity
factor of the leached layer from the PVC and PSD of Cu,O
particles, according to an expression derived for pellets of

compressed catalyst particles (i.e., different pore origin*’). Al-
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though such an assumption was fairly successful when applied
to TBT-SPC model paints, it leads to simulations that largely
underestimate the leaching rates observed experimentally in
rosin-based model paints.3? Presumably, the latter is due to the
different mechanical properties of the paint systems (see model
assumptions above). In this work, for paints in which leached
layers were clearly visible, the tortuosity factor value is esti-
mated by independently modeling the experimental leaching
rates after assuming saturation of Cu(I) species at the pigment
front (unless large amounts of hydrophobic co-binders are
added; see discussion below). In order to do that, the polishing
rate was first fixed externally so as to follow the experimental
trend, and the tortuosity factor was subsequently adjusted to
match the experimental behavior. The fact that all the other
leaching parameters (e.g., diffusion coefficients) are well char-
acterized means that a representative value for the tortuosity
factor can be attained.

Once the tortuosity factor is determined, the next step is to
determine the pore wall surface area (S,) that properly de-
scribes the polishing data acquired through the rotary tests. In
good agreement with the low tortuosity values (in the range
from 1.3 to 2.5) determined from the leaching modeling, the
pore structure developed in tin-free paints is hypothesized to be
significantly broader than in TBT-SPC paints, somewhere in
between the tortuous cylindrical pore morphology detailed in
the model development section (see Eq. 10) and that assumed
in the TBT-SPC model (see Eq. 11). The actual pore surface, in
relation to such idealistic geometries, is given by the parameter
o (see Eq. 12).

The use of a rosin derivative plasticized by a hydrophilic
resin is expected to allow water penetration beyond the pig-
ment front. Thus, Cu,O particles away from that position will
also be subjected to chemical attack and will generate soluble
chloro-complexes. Unlike the complexes generated at the pig-
ment front, the dissolved Cu(I) species formed beyond the
pigment front will encounter a very difficult diffusion path until
they reach the open pores of the leached layer. Consequently,
high concentrations (that is, saturation) of these complexes are
expected to develop up to the leaching front. Accordingly, the
shorter the distance that water can penetrate into the unreacted
paint film, the lower the concentration level of Cu-complexes
at the leaching front. Hence, when large amounts of hydropho-
bic resins are used (that is, Ti-5), an extra parameter, termed
f accounting for the ratio between the concentration of
Cu-complexes at 1, and that of saturation at the local pH and
Cl™ concentration is introduced in order to match the experi-
mental results. Another potential interpretation of f,,, is related
to the Marson’s osmotic breakdown process. While in the
TBT-SPC model?® that process was found not to influence the
copper leaching kinetics, it is possible that when lower
amounts of soluble pigments are used together with very hy-
drophobic resins and insoluble pigment particles (that is, longer
distance between particles), there exists a time delay related to
the water permeation process through the binder membrane,
which slows down the leaching process.

Finally, an estimation of the X, ,, parameter was provided
through SEM-EDX measurements in Yebra et al.3? using the
method proposed in the TBT-SPC model.?® Despite the uncer-
tainties discussed in Yebra et al.,32 it seems that binder con-
version values of around 0.5-0.7 are attained at the paint
surface after just a few weeks of immersion.
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Performance of paints containing Cu,O and insoluble
pigment particles

Insoluble pigment particles are used in antifouling paint
products not only because of their evident aesthetic function
(these pigments remain in the leached layer and determine the
paint color in service), but also because they can be used to
tailor-make the paint performance (such as they influence the
mechanical resistance and the morphology of the leached
layer). Therefore, a mathematical description that accounts for
the effects of these ingredients on the paint activity would
constitute a very interesting step forward towards the under-
standing of AF paint systems (it was not included in the
TBT-SPC model). Additionally, the fact that leached layers are
easily formed when these pigments are used (that is, X, can
be estimated32) will allow us to test whether the mathematical
model presented above has indeed captured the main paint
activity mechanisms properly.

Details about the modeling of paints containing high loads of
seawater soluble Cu,O pigments and no insoluble particles can
be found in Yebra.*® The absence of leached layers in most of
these paints makes the model-based analysis rather speculative,
though in agreement with those to be presented below.

If the polishing behavior of the paints described in Table 1
is modeled based on the same principles as the TBT-SPC
model?® (with the amendments presented in this article), a very
good match between experimental performance data and model
predictions is attained for most TiO,/Fe,05-containing paints*3
if cylindrical pores are assumed (that is, & = 0, see Eq. 12) with
low tortuosity factor values and the X, binder conversion
values measured.?

Nevertheless, for paints Ti-1 and Fe-1, the model predicts
that the X, conversion values3? are reached at the paint
surface after almost two months of immersion. Experimental
evidence pointing at a fast attainment of the X, surface
conversion values have been presented.?> This mismatch is
even more obvious in paints Ti-2 and Ti-3. In those paints,
which contain larger Cu,O and TiO, amounts, the X, values
that match the experimental data are about 30% higher than
those measured by SEM-EDX.3? Furthermore, these surface
conversion values are only reached after more than three
months of immersion, contradicting the evidence presented in
Yebra et al.??

Discussion on the Polishing Assumptions. The experimen-
tal AF model paint performance presented elsewhere?? for TiO,
containing paints cannot be modeled through the traditionally
assumed polishing mechanism under the assumptions made in
this work. According to the model if, for example, paint Ti-3
reacts fast enough so as to reach the X, binder conversion
within 2-3 weeks of exposure,3? the surface conversion should
continue increasing given the low polishing rate observed
experimentally. In other words, the amount of binder removed
by erosion per unit of time is less than that predicted to react
over the X, .. value. It thus seems that the binder reaction is
markedly slowed down at a conversion value of about 0.5-0.7
(see Figure 3). The latter would also explain the flat binder
conversion profile measured along the leached layer of paint
Ti-3.32

Let us assume that a pre-leached (that is, Cu,O-depleted)
paint is exposed to seawater. Will the binder conversion value
ever reach unity? Is some binder “sheltered” by insoluble paint
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Figure 3. Zn profiles along the leached layer corre-
sponding to several samples of paints Ti-1,
Ti-2, Ti-3, and Ti-5 exposed to seawater for
different times in the rotary setup.32

Triangles correspond to Ti signals and circles to Cu signals.
The lines correspond to trend lines (moving-average) showing
the Zn profile. An indication of the size of the leached layer
thickness corresponding to the different paints can be ob-
tained by looking at the Cu profiles. [Color figure can be
viewed in the online issue, which is available at www.
interscience.wiley.com.]

components so that it is unavailable for reaction with seawater?
Is the pore wall surface blocked somehow, hindering the reac-
tion of the underlying ZnR molecules? An interesting result is
that obtained for paint Ti-5 in Yebra et al.>? This paint showed
no significant polishing, which means that the paint surface
was exposed to seawater for the entire testing time (that is, 14
weeks). The EDX profile of this paint shows a surface conver-
sion value of about 0.65, that is, a similar value to that mea-
sured for paint Ti-2, which incorporates the same pigment load.
The low copper leaching rate observed in this paint seems to
discard a significant role of copper (that is, formation of copper
resinates3?) on the blocking process. Also, samples exposed to
0.025 M sodium glycinate buffer (NH,-CH,-COONa; 32 g/1
NaCl,; fast leaching of both soluble binder and Cu,O) seemed
to confirm the hypothesis of a maximum binder conversion
value.3?

Preliminary Simulations with a Maximum Binder Conver-
sion Value. The hypothesis of a maximum binder conversion
was further tested by means of the model. The experimental
polishing rate measured for paint Ti-3 was imposed to the
model. At the same time, and independently, the pore walls
were allowed to react assuming different pore geometries.
Whenever a binder conversion value equal to the X, ones
measured in Yebra et al.3> was reached anywhere within the
leached layer, the binder was not allowed to react any further.
The results of the simulations are shown in Figures 4 and 5.
Some conclusions can be extracted from those plots:

® The use of relatively low surface area pores, that is, «
values about 0.5, seems to reproduce the EDX profiles best
(Figure 4), although the experimental results might be too
uncertain to confirm this. It must be stressed that the results in

May 2006 Vol. 52, No. 5 AIChE Journal



1.50

Relative signal

i ,': — — Cylindrical pores a=0

025 - Jé ~—— Cylindrical/Spherical pores «=0.5

| 8
g
0 50 100 150 200

Distance from surface, pixels

- = = Spherical pores g=1
5 per. Mov. Avg. (Zn corrected)

T 1

0.00

Figure 4. Predicted ZnR conversion profile along the
leached layer for paint Ti-3 after three weeks
of immersion.

Three different pore geometries were used in the first plot:
cylindrical pores, “spherical” pores,”® and an intermediate
surface area between those two.

Figure 4 were attained by assuming the surface renewal rate
given in Eq. 16. In agreement with the maximum conversion
hypothesis, we might expect that the binder reaction becomes
progressively slower as a result of the increasing proportion of
insoluble binder ingredients. If that is the case, larger pore wall
surface area values will be needed to match the experimental
data.

® A constant polishing rate from time t = 0 seems to
properly describe the polishing behavior of paint Ti-3. Actu-
ally, going back to Yebra et al.,3? we can realize that a constant
polishing rate would fit all the experimental results fairly well
(Figure 5). Such an assumption implies that the loss of, e.g.,
60% of the initial ZnR (that is, about 50% of the binder phase
volume) does not lead to any significant difference in the
erosion resistance of the paint surface. The latter does not seem
very realistic, so it is most likely that the assumption of
increasing polishing rates with higher binder conversion values
still holds (see Eq. 23), although the time to reach a stable
surface conversion value is significantly shorter than that pre-
dicted by the full model (higher o values and, subsequently,
binder reaction rates apply).

® The tortuosity factor values used in the full model, to-
gether with the assumption of Cu(I) saturation at the pigment
surface, are still the only way of matching the experimental
leaching results under the model assumptions listed at the
beginning of the article (see Figure 5).

Proposed Working Mechanisms for Rosin-Based Antifouling
Paints. Based on the evidence discussed above, a first pro-
posal for the working mechanisms of the relevant rosin-based
paints can be performed. Cu,O leaches fairly fast due to a
relatively easy water penetration through the paint film. If the
paint surface contains significant amounts of insoluble pig-
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ments or resins, the initial erosion rate will be slower than the
leaching rate (slower the higher the insoluble pigment/resin
content*®) so a leached layer will be formed. The pores of such
a leached layer are characterized by a fairly open structure of
low tortuosity. The latter is attributed to the fact that the walls
delimiting the pores are relatively thin and brittle. Hence, they
are believed to collapse easily as a result of the osmotic stresses
built up due to the presence of soluble components in the paint
film. The higher the amount of soluble pigment particles (that
is, the shorter the interparticle distance and the thinner the
leached layer walls), the more likely it is that the walls collapse
partially, leading to more open pores (that is, less tortuosity).
When comparing paints Ti-1, Ti-2, and Ti-3, the PVC of Cu,O
(that is, soluble pigments) seems to influence the pore tortuos-
ity much more than that of TiO, (that is, insoluble pigments).

The rough walls and the very fast leaching of soluble plas-
ticizer resins should lead to a fairly high ZnR exposed surface
area and a subsequently fast depletion of the controlled release
resin. However, after just a few weeks of immersion, the ZnR
reaction is markedly slowed down and it is the erosion of the
insoluble paint components and about 35% of the initial ZnR
that determine the polishing rate of the paint. According to the
rotary data, the fact that the surface of paint Ti-3 is more
porous that that of paint Ti-2 (i.e., larger Cu,O content) poses
no visible effects on the polishing rate, probably because Ti-3
appears to have slightly higher residual ZnR amounts at the
surface than paint Ti-2.32

In the light of Figure 4, it seems unlikely that paint Cu-3
develops pores that are well described by the cylindrical pore
assumption, unless a significant pore collapse takes place as a
result of the large Cu,O amounts. Analogously to the TiO,-
containing paints, it seems reasonable to speculate that these
paints also reach a conversion value in which the insoluble
paint components virtually stop the ZnR dissolution process.
Nevertheless, this conversion value will probably be higher
than in the TiO,-containing paints due to the larger binder
surface area exposed.

Effect of Strongly Hydrophobic Resins on the Cu-Leaching
Rate. The effects of the co-binder resin properties on the
leaching rate are further investigated in Figure 6, where two
different formulations incorporating dissimilar binder systems
but the same pigment load are compared. As already men-
tioned, the leaching rate observed for paints containing the base
case binder3? is very high. Cu(I) saturation at the pigment front
and a low resistance to diffusion through the leached layers
must be assumed in order to match the experimental trends. If,
e.g., paint Ti-2 was assumed not to polish, leached layers of up
to 80 wm would develop in just a few weeks of seawater
immersion (see Figure 6). On the other hand, the addition of
large amounts of a hydrophobic resin leads to a very low
leaching rate (Figure 6). There are two potential mechanisms
through which this co-binder can slow down the leaching
process:

e By diminishing the soluble pigment area exposed. The
latter might lead to lower Cu(l) accumulation at the pigment
front or, if only the uppermost pigment surface is exposed, to
mixed kinetic/diffusive control of the dissolution rate.?®

e By limiting the water permeation through the interparticle
binder membrane. In hydrophobic binders, the step from one
pigment particle to another, neglected in the model up to now,
might need to be considered.
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Figure 5. Experimental (symbols) and predicted (lines) position of the polishing and leaching front for different

Ti-containing paints.

The polishing rate was imposed to a constant value. The surface conversion was allowed to reach a maximum value (see Yebra et al.3? for

Xinax and paint compositions).

max

The assessment of the first possibility leads to relatively low
but somewhat steady leaching rates (Figure 6) and, subse-
quently, increasing leached layer thicknesses. In such a figure,
a stabilization of the leached layer thickness measured can be
observed despite the absence of paint polishing. Thus, the
second assumption seems more appropriate. It is also likely
that, in that case, the presence of TiO, particles leads to the
formation of “dead-ends” in the pore network, that is, the
insoluble pigments and the hydrophobic binder prevent the
water molecules from reaching the next Cu,O particle. If the
paint does not polish (such as Ti-5), the number of such
“dead-ends” would increase with immersion time, eventually
blocking the leaching completely. Accordingly, the copper
leaching process would commence fairly fast, rapidly slowing
down to a fairly low leaching rate.

Something similar applies to strongly hydrophobic inert
acrylic paints formulated with 40%,, Cu,O and tested in the
rotary set-up. Only 5-10 wm of leached layer (that is, the first
one or two Cu,O layers) were observed after the first inspection
and, from that point on, the paint remained unaltered all
through the testing period (results not shown). Only the block-
ing of the permeation/osmotic breakdown process described by
Marson3? can explain such behavior.
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As no mathematical expression accounting for the latter
process is incorporated into the paint model, only a very low
relative Cu(l) saturation at the pigment front must be used if a
tortuosity factor value in the same range as the other paints
tested is to be used (Figure 6). A different combination of f,,
and tortuosity factor would have led to very similar results, so
the true leaching mechanisms of paint Ti-5 are still unresolved.

We hypothesize that the control of the water permeation
beyond the pigment front by the use of a proper load of
insoluble pigments and hydrophobic resins (which, at the same
time, does not impede a suitable polishing rate) is the key to the
success of a Cu,O-based AF formulation.

Improved knowledge of this model paint system

The analysis performed above demonstrates the advantages
of this new analysis tool for the design and optimization of AF
paints. While only leaching and polishing rates would have
been obtained from a simplistic evaluation of the rotary tests,
indications about, e.g., the pore morphology and the detailed
leaching and polishing mechanisms can be attained by use of
the model (see Table 2). Even if only few definite conclusions
about how these paints work are presented in this article, the
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Figure 6. Experimental (symbols) and simulated (lines)

position of the leaching front for paints con-
taining 20%,, Cu,O pigments and 20%sv TiO,
(25°C, pH 8.2%%).
To describe the leaching of paint Ti-5 (symbols), a different
leaching mechanism compared to paint Ti-2 (red line; no
polishing assumed) must be considered. Modeling-wise,
lower Cu(I) concentrations at the pigment front and higher
tortuosity values have to be used (solid line). The use of
similar copper leaching assumptions as in the TBT-SPC paint
model also yields satisfactory results (dashed line). We con-
clude that the high hydrophobicity of Hydrophobic resin 3
effectively limits the penetration of water beyond the dissolv-
ing Cu,O front. [Color figure can be viewed in the online
issue, which is available at www.interscience.wiley.com.]

intention is to show how a detailed analysis of the paint
behavior raises some fundamental questions about the paint
activity mechanisms, the answers to which might provide cru-
cial hints for the identification of a successful and clean AF
technology.

The mathematical model presented in this article allows the
estimation of the pH within the leached layer as a function of
the leaching rate (which consumes H ions), carbonate buffer
concentration (that is, seawater composition), and so on. The
latter is important to understand the behavior of controlled
release binders within paint systems, especially for pH sensi-
tive binders, such as the rosin derivative used in this study.??
Also, “hidden” variables such as the Cu?>* concentration within
the leached layer can be investigated. In Figure 7, a picture of
paint Ti-3 after 14 weeks of exposure is shown. When looking
closely at the leached layer in the proximities of the leaching
front, it is indeed possible to appreciate a greenish color, which
is traditionally associated with inorganic basic copper carbon-
ates (BCCs).

The formation of chloro-copper complexes in seawater is
thought to stabilize the Cu®>" ions in solution and “protect”
them from reacting with OH™~ and CO5>" anions forming
insoluble compounds.' If the value suggested for the BCC
solubility in seawater in WHOI' is used, Figure 7 shows that
no precipitation is predicted within the leached layer. Con-
trarily, when the S-L equilibrium Cu(OH), is considered,
Cu®* concentration values close to saturation are predicted.
If even more insoluble salts, such as malachite
(Cu,(OH),CO3), azurite (Cu;(OH),(CO5);), or, generically,
Cu,(OH),(CO;),Cly, _  _ ,,,'9%* are taken into account,
then the formation of inorganic Cu®" precipitates is found to
be thermodynamically stable in the proximity of the pigment
front. A thorough analysis of the effect of copper leaching
rates, leached layer thickness, leached layer tortuosity fac-
tor, and seawater conditions (that is, pH, temperature, sa-
linity, dissolved O,) on the possibility of BCC precipitation
can be easily performed with the model.

Once a complete description of the leaching process is
attained (that is, dissolution rate and leached layer morphology
as a function of paint parameters), it is straightforward to
obtain copper leaching rate predictions during, for example, the
first month of immersion, if the polishing rate can be neglected

Table 2. Model Key Parameters and Their Significance

Key
Parameters Description Value Conclusions
Seat Ratio of the concentration of  Fitted through the independent modeling In rosin-based model, saturation of copper-complexes
chloro-copper complexes at of the leaching process (imposing the at the pigment front seems to apply. Copper leaching
the pigment front relative to polishing rate). It is equal to 1 for paints s thus purely diffusion-controlled. f,,, can be used to
the saturation value with a large rosin content and low account for different degrees of hydrophobicity
hydrophobic co-binder content. resulting from the use of larger amounts of inert co-
binders or improved ones.
T Tortuosity factor Fitted through the independent modeling Adjustable parameter used to characterize the
of the leaching process (imposing the tortuosity of the leached layer pores. It seems that in
polishing rate). Low values, ranging paints with a large rosin content, the pore structure is
from 1.3 to 2.5, were used in this study. more open compared to TBT-SPCs, probably due to
poorer mechanical properties and a larger content of
leaching binder components.
o Pore morphology parameter Fitted through the independent modeling Adjustable parameter used to characterize the pore

of the binder reaction. The polishing
rate is imposed and the Cu,O leaching
is modeled after fitting f,,, and 7. A

surface area of the leached layer. It seems that in
paints with a large rosin content, the pore structure is
more open compared to TBT-SPCs.

value of 0.5 seems realistic.

Value of surface conversion
of the active binder when
the paint reaches a stable
polishing rate

max

Measured through SEM-EDAX. 0.5—
0.75. See Yebra et al.?2 for details.

In paints with a large rosin content, a maximum
binder conversion is attained fast all through the
leached layer, and it is the surface erosion of such
chemically-weakened surface that determines the
polishing rate.
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Figure 7. Picture of paint Ti-3 in which a greenish col-
oration can be seen close to the pigment front
(top); such a scenario can be predicted by us-
ing thermodynamic data of inorganic copper
compounds.

In the bottom plot, the relative saturation values predicted by
the model along the leached layer of paint Ti-3 are shown.
Two different approaches are used for the BCC saturation
point. [Color figure can be viewed in the online issue, which
is available at www.interscience.wiley.com.]

(for example, commercial paints at mild shear stress con-
ditions, such as those employed in the ASTM D6442-99
method>s) or estimated (Figure 8). Optimally, such information
could be acquired for a large number of paints through simple,
accelerated, laboratory experiments. Thus, within a few days,
many formulations could be pre-tested with the model as
regards the copper leaching rate (for example, one day of
experiment plus one minute of simulation replacing several
weeks of test). The model also allows a detailed comparison of
the leaching mechanisms depending on the formulation by, for
example, externally equalizing the polishing rates of two dif-
ferent paints (for example, Ti-2 and Ti-5) to subsequently
compare their respective leaching behavior directly (see Figure
8). That could also have been done to compare the leaching
mechanism of the TBT-SPC model paints tested in Kiil et al.?8
and a similar rosin-based paint tested in this work. Thus, the
model can yield detailed knowledge about the differences in
the activity mechanisms of markedly different AF paint sys-
tems.
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Conclusion

Statistical experimental design is certainly the best way of
identifying the optimal combination of a given set of raw
materials as regards the AF paint performance. However, such
an empirical approach leaves too many unanswered questions,
which become serious obstacles in the search for new raw
materials or ideas improving the AF paint performance. The
latter is also true for those technologies that try to incorporate
more environmentally benign compounds while keeping the
excellent performance associated with technologies based on
the release of slowly-degrading biocides into the marine envi-
ronment. We believe that a thorough knowledge of the under-
lying activity mechanisms of AF paint will help in providing
detailed information on the paint behavior, which will lead to
innocuous and effective AF products.

In this context, a generic mathematical model for chemical-
ly-active antifouling paints has been developed and tested for
rosin-based Cu,O-containing model paints. This model re-
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Figure 8. Predicted copper leaching rate predicted for
paint Ti-3 (top).

The good match between the model output and the experi-
mental data implies that a very accurate representation of the
evolution of the leaching rate with immersion time has been
attained for that paint. In the bottom plot, the experimental
ASTM D6442-99 data obtained by Haslbeck and Holm>> are
plotted against the model predictions. A polishing rate of 5
pm/month is assumed, with 20%,, Cu,O as the only soluble
pigment. The simulated seawater conditions and the rotor
dimensions and speed are those specified in the standard.
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quires quantitative knowledge of the seawater reaction rate of
the controlled-release resin and of the pore morphology
(mainly dependent on the pigment load and binder character-
istics), an understanding of the polishing mechanism, and a
description of the dissolution rate of the soluble pigments. The
new model also contains a more detailed modeling of the
seawater speciation by use of the Extended UNIQUAC ion
activity coefficient model.>® Also, the Cu(I) oxidation process
is also included for the first time. Compared to AF products
based on tin-containing acrylic polymers, paints with a large
content of rosin derivatives have shown a faster biocide leach-
ing rate as a result of enhanced water ingress into the paint film
and a relatively open leached layer structure. The polishing rate
is shown to depend on the erosion of the paint surface, which
has been weakened by seawater reaction of the rosin-based
binder components.

The capabilities of mathematical modeling for the study of
chemically active antifouling paints have already been detailed
elsewhere.?>28-31 However, and compared to the TBT-SPC
modeling work, this study has demonstrated that:

® It is not possible to predict the seawater behavior of any
chemically active antifouling systems based on a priori mech-
anistic assumptions (such as the Cu,O dissolution kinetics
successfully used by Kiil et al. may not be valid elsewhere due
to different binder hydrophilicity).

e Related to that, mathematical modeling, helped by a num-
ber of experimental tests,3>33 is a unique tool to elucidate the
working mechanisms of chemically-active antifouling paints.

® The analysis of the results suggests simple tests for the
screening of new paint ingredients at the same time that they
set quantitative specifications for the optimizing ingredients.
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Notation

a; = activity of species i, mol/m?

i

dcy,0, = Cu,0 particle diameter corresponding to the volume fraction
- i»
dcy,0 = mean diameter of the Cu,O particles, m

D,; = effective diffusivity of component i in the leached layer, m*s
fsur = initial binder volume fraction being ZnR, m*ZnR/m? binder
[ = ratio of the concentration of chloro-copper complexes at the
pigment front relative to the saturation value
Jeu,o = surface fraction occupied by Cu,O particles, mf;uZO/mf,aim
[i] = concentration of species 7, mol/m>
k, = kinetic constant for the seawater reaction of ZnR, [(mol
Zn>")/(m? film) -« s] + (m*/mol)*
k_, = kinetic constant for the reverse seawater reaction of ZnR,
[(mol Zn**)/(m? film) - s] * (m*/mol)® "¢
K; = chemical equilibrium constant for reaction i, different units
[ = position in the paint film, m
L, = initial dry film thickness, m
L; = solubility constant, diverse units
M; = molar mass of species i, g/mol

bores = number of pores formed from the dissolution of Cu,O parti-

cles

Tcuo, = CuyO particle radius corresponding to the volume fraction ¢,
m

7Cu20 = mean radius of the Cu,O particles, m

r; = rate of reaction for the system i, different units
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S, = initial specific surface area of exposed binder in the leached
layer, m*/m>
= mean exposed area of a spherical Cu,O particle, m*
= total pore surface area per unit paint surface assuming a
completely leached paint, mp,,./mp i
t = time, s
tmax = time to reach the X,
surface, s
= volume fraction of species i
X = conversion degree
X ax = value of surface conversion of the active binder when the
paint reaches a stable polishing rate

pores

binder conversion value at the paint

max

Greek letters

pore morphology parameter

= activity coefficient

porosity

= volume fraction of particle size i

viscosity, cp

= density

tortuosity factor

= pore structure parameter of the Random Pore Model*®

cav3Fae

Subindexes

0 = initial (i.e., at t = 0)
b = binder system
B = value in the bulk seawater
i = component or species i
I = impurities
[ = position with respect to that of the initial paint surface before
immersion
cyl = relative to “cylindrical” pore shape
sat = saturation concentration
sl = pigment front
s2 = film surface
sphe = relative to “spherical” pore shape?8
sv = solids volume (i.e., calculated over the dry paint film)
w = water

Abbreviations

AF = antifouling
PSD = particle size distribution
PVC = particle volume concentration, %, (% solids volume)
TBT = tributyltin

TBT-SPC = tributyltin self-polishing copolymer

ZnR = zinc resinate.
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