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This article reports on the preparation and partial characterisation of silicone-based coatings filled with low levels of
either synthetic multiwall carbon nanotubes (MWCNTSs) or natural sepiolite (NS). The antifouling and fouling-
release properties of these coatings were explored through laboratory assays involving representative soft-fouling
(Ulva) and hard-fouling (Balanus) organisms. The bulk mechanical properties of the coatings appeared unchanged
by the addition of low amounts of filler, in contrast to the surface properties, which were modified on exposure to
water. The release of Ulva sporelings (young plants) was improved by the addition of low amounts of both NS and
MWCNTs. The most profound effect recorded was the significant reduction of adhesion strength of adult barnacles
growing on a silicone elastomer containing a small amount (0.05%) of MWCNTs. All the data indicate that
independent of the bulk properties, the surface properties affect settlement, and more particularly, the fouling-release

behaviour, of the filled materials.
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Introduction

Biofouling presents important technical, scientific and
economic challenges to marine industries. Fouling on
ships’ hulls decreases speed and manocuvrability and
also increases propulsive fuel consumption (Townsin
2003). Slime films can lead to significant increases in
resistance and powering, and heavy, hard (calcareous)
fouling can result in powering penalties up to 86% at
cruising speed (Schultz 2007). Until recently, fouling
was primarily controlled by paints containing tribu-
tyltin (eg Jelic-Mrcelic et al. 2006) and while biocidal
antifouling (AF) paints still dominate the AF market,
there is pressure on the marine industry to promote the
development of non-biocidal alternatives.

Several environmentally benign strategies to con-
trol fouling have been proposed including natural
compounds (Clare 1996; Fusetani 2004), enzymes
(Olsen et al. 2007) and a variety of physical and/or
topographical surface designs that deter the settlement
of the colonising cells or larvae and/or reduce adhesion
(Genzer and Effimenko 2006; Schumacher et al.
2007a,b). A number of systems based on a large range
of polymeric materials including polyurethanes,

fluoropolyurethanes or other perfluoropolymers have
shown adhesion resistance (Bultman and Griffith 1994;
Schmidt et al. 2004). However, the most promising
coatings are based on silicone elastomers. These
‘fouling-release’ (FR) coatings promote the release of
the accumulated fouling as a result of the hydro-
dynamic forces generated by movement through the
water (Swain 1999; Schultz et al. 2003; Kavanagh et al.
2005). The basis of low adhesion is attributed to a
number of factors including low surface energy (Brady
and Singer 2000) and low glass transition temperature
(Patwardhan et al. 20006), the latter resulting in high
local chain mobility. Other parameters also contribute
to the release of attached ‘hard’-fouling organisms
such as barnacles and tubeworms, including the bulk
modulus (Brady and Singer 2000; Singer et al. 2000;
Berglin et al. 2003; Stein et al. 2003; Kim et al. 2007)
and the thickness of the coating (Brady and Singer
2000; Wendt et al. 2006). These parameters are also
important for the release of ‘soft’-fouling organisms
such as algae (Chaudhury et al. 2005).

Although coatings based on silicone elastomers
have inherently good FR properties, they also suffer
from the disadvantage of being mechanically weak and
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therefore easily damaged, which limits their practical
use. One strategy to overcome this drawback is to
insert fillers into the polymeric matrix to create a
composite material, the challenge being to incorporate
mechanical reinforcement without detriment to the FR
properties. In the last few years polymer-based
nanocomposites incorporating nano-sized fillers have
been extensively investigated (Alexandre and Dubois
2000, Schmidt et al. 2002). The merits of this approach
are that the nano-sized particles provide a larger
interface for interactions with the polymer matrix
leading to potentially improved properties. Such
materials have been extensively investigated for their
electrical (Chatterjee et al. 2006), flame-retardant
(Beyer 2002) and optical (de Paiva et al. 2007)
properties and show promise for application in
relevant industries, but as yet there has been little
published effort on this approach for marine coatings.
Controlling or designing surfaces at the nano-level
makes it possible to develop new types of coatings with
targeted properties. As a simple example it is well
known that the nanostructuring of a surface can alter
the wetting properties (“Lotus effect”) leading to self-
cleaning or superhydrophobic coatings (see Genzer
and Efimenko 2006; Marmur 2006). In the case of
PDMS materials, various methods have been devel-
oped such as COj-pulsed lasers (Khorazani et al.
2005), laser etching (Jin et al. 2005) or nanocasting
(Sun et al. 2005), but as far as is known, the use of
nanofillers has not been investigated systematically.
With this in mind, this article reports on the prepara-
tion and partial characterisation of novel silicone-
based coatings filled with a low level of either synthetic
multiwall carbon nanotubes (MWCNTs) or natural
sepiolite (NS). The wettability of the nanofilled
silicone-based coatings, before and after immersion,
their cross-linking density (ie swelling behaviour) and
their elastic modulus are reported and discussed. The
AF and FR properties of these coatings were explored
through laboratory assays involving representative
soft-fouling (Ulva) and hard-fouling (Balanus)
organisms.

Natural sepiolite (NS) is a microcrystalline-hy-
drated magnesium silicate with Si;»MggO30(OH)4
(H»,0)4.8H,O as the unit cell formula. It exhibits a
microfibrous morphology with a particle thickness and
width of ca. 10-30 nm and length typically from 2 to
S pm. Structurally, NS is formed by an alternation of
blocks and tunnels, which grow up in the fibre
direction. Generally, NS needles are assembled in
bundles of aggregated fibres. As a consequence of its
structural morphology, NS has received considerable
attention regarding its use as a reinforcement nanofiller
within polymeric matrices (Bokobza 2004; Chen et al.
2007; Ma et al. 2007).

Carbon nanotubes (CNTs) have been studied inten-
sively since their discovery in 1991 (Iijima 1991). Their
structure is built up of carbon atoms arranged in
hexagons and pentagons, forming cylinders with diam-
eters from 2 to 30 nm and length that can be in the
micron range. Usually, CNTs consist of single-walled or
multi-walled nanotubes where several nanotubes of
decreasing diameter are interlocked. Because of their
excellent physical, mechanical properties and high aspect
ratios (Tai et al. 2004; Yaobang et al. 2004; Bokobza and
Kolodziej 2006) they also appear as candidates of choice
for the reinforcement of polymeric materials.

Ulva (syn. Enteromorpha) is the most common
macroalga that fouls ships and other submerged
structures. Dispersal is mainly through motile, quad-
riflagellate zoospores (approximately 7-8 wum in
length), which are released in large numbers and
form the starting point of the assay (Callow et al.
1997). The swimming spores settle and adhere through
discharge of a glycoprotein adhesive (Callow and
Callow 2006) then rapidly germinate into sporelings
(young plants), which adhere weakly to silicone FR
coatings (Chaudhury et al. 2005; Cassé et al. 2007a,b).
The barnacle, Balanus amphitrite (Clare and Hoeg
2008) is cosmopolitan in its distribution and an
economically important fouling species. The adults,
which are hermaphrodite, liberate nauplii that develop
through six planktonic stages to the highly specialised
settlement stage, the cypris larva (Clare and
Matsumura 2000). The cyprid explores surfaces using
a reversible adhesion mechanism. Once a suitable site
for settlement has been located, permanent cement is
discharged that anchors the larva in place during
metamorphosis and early juvenile development (Phang
et al. 2000). Subsequently, adult cement is produced
periodically as the barnacle grows. Both the cyprid and
adult adhere weakly to fouling-release coatings, but
only the latter has been studied with regard to factors
that contribute to casy release.

Materials and methods
Materials

Polydimethylsiloxane (PDMS, Sylgard 184, Dow
Corning) was used as the silicone elastomer. The
formulation consists of two parts, A and B, which are
mixed together in a ratio of 10:1 in order to obtain a
cross-linked PDMS via hydrosilylation. The natural
sepiolite (NS) was purchased from Tolza (Spain). The
multiwall carbon nanotubes (MWCNTSs) were kindly
provided by Nanocyl S.A. Belgium (commercial grade
7000). The properties of both nanofillers, supplied by
manufacturers, are summarised in Table 1 and
representative images obtained by transmission elec-
tronic microscopy are shown in Figures 1 and 2.
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Table 1. Properties of natural sepiolite (NS) and multi-wall
carbon nanotubes (MWCNTSs), as supplied by the manufac-
turers.

Property (unit) NS MWCNTs
Average diameter (nm) 10-30 10
Length (um) 2-5 0.1-10
Carbon purity (%) - 90

Figure 1. TEM image of natural sepiolite (NS). Scale
bar = 2 um.

Figure 2. TEM image of multiwalled carbon nanotubes
(MWCNTs), grade 7000, Nanocyl. Scale bar = 100 nm.
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PDMS (part A) and MWCNTs or/and NS were
mechanically mixed (1200 rpm for 2.5h for
MWCNTs; 1000 rpm for 0.5h for NS). When both
fillers were added, the MWCNTs were firstly mixed
(1200 rpm for 2.5 h) followed by NS (1000 rpm for
1 h). Then part B was added and the mixture stirred at
500 rpm for 1 min. Glass slides, pre-treated with a
silane coupling agent (Primer OS1200; Dow Corning),
were fixed to a mould and the mixture was applied.
Addition of fillers in the silicone contributes to an
increase the viscosity in such a way that transferring
the silicone mixture into the mould required the use of
a foam paint brush to obtain a surface as flat as
possible. After 30 min at room temperature and 8 h at
105°C, coatings with a thickness of 200-300 um were
obtained. Within a specific experiment, coatings of
uniform thickness were used (see later).

Dynamic mechanical analyses

The dynamic mechanical properties of the samples were
analysed at room temperature with a dynamic mechan-
ical analyser DMA (TA Instrument 2980) operating in
tensile strain-sweep mode. A frequency of 1 Hz, a
preload of 0.1 N and amplitude from 0.5 to 27 um were
used. The tensile moduli are the results of an average of
at least four measurements. The standard deviations
(SDs) are shown as the error bars (Figure 3).

Tensile tests

The tensile tests were carried out using a Lloyd LR
10 K tensile tester (ASTM 638 type V norm) at room
temperature. The gauge length was set as 25.4 mm and
the deformation speed at 20 mm/min. The values
reported here represent an average of the results for

m via Tensile test
® via DMA

tensile modulus (MPa)

Unfilled 0.05wt% 0.2wt% 3.5wt% Swt%NS 10wt% 0.05wt% 0.05wt%
PDMS MWCNTs  MWCNTs NS NS MWCNTs MWCNTs
35wt% 10wt%

NS NS

Figure 3. Tensile moduli of MWCNT and NS-filled PDMS
as determined by tensile tests and DMA. Bars = SD.
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tests run on at least six specimens. The SDs are shown
as error bars (Figures 3 and 4).

Swelling measurements

For the swelling tests, rectangular pieces of elastomer
(Iecm x 1 cm x 0.5 cm) were immersed in 100 ml of
heptane for 24 h. The solution was renewed every 3 h
during the first 10 h. The samples were dried overnight
at 70°C under vacuum. Each point recorded is the
mean of three samples and the reported values (100%
of polymer) take account of the mass fraction of filler.
The swelling degree S was calculated in grams of
solution per gram of dry polymer at a time ¢, as:

S([) _ Wy — Wy

X 100%. (1)

where w; was the weight of the sample at 7 and wy
the weight of the dried sample. S was determined at
25°C.

Contact angle measurements

Static contact angle measurements were performed on
nanofilled silicone-coated microscopic slides using a
Kruss DSA 10 apparatus and the sessile drop
technique. The hydrophobic/hydrophilic character of
the PDMS layer was evaluated by measuring the
contact angle between the surface of the coating and
drops of demineralised water (50 ul). The results are
the mean of a minimum of five determinations.

Biological assays

Coated slides were immersed in racks placed in 30 |
tanks of deionised water that were continuously
circulated through a carbon filter for 7 days. Samples
were equilibrated in artificial seawater (ASW) for 1 h
before the start of the assays.

W Strain at break
100 ~#- Stress at break

il

Unfilled 0.05wt% 0.2wt% 3.5wt% 5wt%NS 10wt% 0.05wt% 0.05wt%
PDMS MWCNTs MWCNTs NS NS MWCNTs+ MWCNTs+
35wt% 10wt %

NS NS

w oA u o

Strain at break (%)
"]
o

N
Stress at break (MPa)

-

o

Figure 4. Stress and strain at break of MWCNT and NS-
filled PDMS as determined by tensile tests. Bars = SD.

Zoospore settlement and strength of attachment

Zoospores of the green macroalga Ulva linza were
released from reproductive thalli into artificial sea-
water (ASW) at pH 8.0 and 32 %o (‘Tropic Marin’,
Aquarientechnik GmbH). A suspension containing
1.5 x 10° zoospores/ml was used for settlement assays
following the principles outlined in Callow et al.
(1997). In brief, each surface was placed in a separate
compartment of a Quadriperm dish (Greiner Bio-one
Ltd) to which 10 ml of zoospore suspension were
added. Zoospores were allowed to settle for 45 min in
the dark, before the residual suspension was aspirated
and the slides washed to remove unsettled (swimming)
spores. Three replicates of each coating were used to
obtain a spore count prior to exposure to flow and
three replicates were exposed for S min to hydrody-
namic forces generated in a flow channel that produced
a wall shear stress of 52 Pa. The flow channel produced
fully developed turbulent flow similar to that experi-
enced around the hull of a ship travelling at 15 knots
(Schultz et al. 2000). Slides were fixed in 2.5% (v/v)
glutaraldehyde, washed and air-dried as described in
Callow et al. (1997). The density of settled (adhered)
spores was determined using a Zeiss Kontron 3000
image analysis system attached to a Zeiss epifluores-
cence microscope and video camera as described in
Callow et al. (2002). Thirty fields of view, each
0.17 mm?, were counted at 1 mm intervals along the
length of each of three replicates slides. Zoospore
removal data are expressed as a percentage of the
initial settlement density. Percentage data were arcsine
transformed prior to statistical analysis.

Growth and strength of attachment of Ulva sporelings

Experiments were also conducted on sporelings, ie
young plants that develop from attached spores.
Zoospores were allowed to settle for 90 min using a
suspension containing 1 x 10° spores/ml. After wash-
ing, the slides were replaced in Quadriperm dishes to
which 10 ml of growth medium were added. Sporelings
were grown for 7 days at 18°C with a 16 h:8 h
light:dark cycle, prior to the determination of biomass.
The medium was refreshed every 2 days. Because
samples containing MWCNTs were dark in colour, all
dishes were placed on a black background in order to
eliminate any effects on growth caused by differential
absorption/reflection of light (see Finlay et al. 2008).
Sporeling biomass was measured in situ on slides by
the autofluorescence of chlorophyll (430 nm/630 nm
excitation/emission respectively) using an adapted
multi-well plate reader (Tecan Genios Plus). The
intensity of emitted light had previously been shown
to scale linearly with ug chlorophyll ¢ ml~' as
determined by DMSO extraction (Jeffrey and
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Humphrey 1975). Fluorescence was recorded as
Relative Fluorescence Units (RFU) from direct read-
ings. The slides (6 replicates) were read from the top,
216 readings per slide, taken in blocks of 30 x 9.

To assess the strength of adhesion of the sporelings,
the slides were exposed to a wall shear stress of 52 Pa
in a flow channel as described earlier. Percentage
removal of sporeling biomass was determined from the
RFU values recorded before and after exposure to flow
using 216 paired (before and after) readings per
replicate slide. Removal was calculated for each of
these individual points in the sporeling biofilm.
Percentage removal data were arcsine transformed
and the normality assessed using the Anderson-
Darling test for conformity. Differences between
surfaces were tested using a 1-way ANOVA followed
by Tukey’s test for pairwise comparisons.

Barnacle cyprid settlement assay

Cypris larvae were cultured according to Hellio et al.
(2004) from larvae released from adult broodstock.
Assays of settlement inhibition followed standard
methodology (eg Hellio et al. 2005), but modified for
glass slides contained within the wells of Quadriperm
dishes (Greiner Bio-one Ltd). Briefly, this entailed
adding 20 x 3-day-old cyprids to each slide contained
within 1 ml ASW. The slides were incubated at 28°C for
24 h in the Quadriperm dishes with the lids replaced.
Slides were then inspected under a dissecting micro-
scope and settled (permanently attached or metamor-
phosed) and non-settled individuals were enumerated.
Results are expressed as mean percentage settlement.

Adhesion strength of adult barnacles

Approximately 50 x 3-day-old cyprids were intro-
duced to each slide in 1.5 ml ASW. The slides were
incubated at 28°C for 48 h in Quadriperm dishes;
0.5 ml dilute ASW was added after 24 h. After this
period, algae (75% Tetraselmis suecica: 25% Skeleto-
nema costatum) were added, ad libitum, as a food
source for the newly settled barnacles. Juveniles
continued to be fed the same algal diet every other
day for the first 5-7 weeks and when deemed large
enough were moved to the larger grow-on tanks and
the feed changed to freshly-hatched nauplii of Artemia
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sp. (Artemia International LLC). The juvenile barna-
cles were grown on for a period of approximately 3
months, or until the diameter of the majority of their
bases measured at least 5 mm. The critical removal
stress was measured using a purpose-built barnacle
push-off machine (Advanced Analysis and Integration
Ltd., Manchester, UK) and adopting the recommen-
dation of ASTM D5618 with respect to the rate of
force development. Details of the instrumentation will
be reported elsewhere (Conlan et al. personal commu-
nication). Briefly, this machine automates measure-
ments of the force required to remove the barnacle
from the coating and the basal area. The instrument’s
software then computes the critical removal stress,
which is the force normalised to the barnacles’ calcified
bases (Wendt et al. 2006). Data for barnacles that had
> 10% of their bases remaining attached to the surface
after testing were removed from the analysis.

Results
Properties of nanocomposites

The composites filled with various amounts of
MWCNTs and NS were characterised by DMA and
tensile tests. The tensile moduli of the samples were
taken as the slope of the best-fit line to the plots of stress
versus strain and the results are shown in Figure 3.
Good agreement was found between both methods.

From the results, it appears that tensile modulus is
not affected by the incorporation of a small amount of
MWCNTs (up to 0.2 wt%) with an average value
remaining at 2.6 + 0.2 MPa. In other words, the
stiffness of silicone-based materials remains constant.
Swelling measurements were also carried out (Table 2).
Such experiments are generally used to estimate cross-
linking density, average molecular weight of the
polymer between cross-links (Mc) or interaction
parameter between polymer and solvent (Zhang et al.
1989; Erva et al. 1998). Percent swelling for the
MWCNT-filled PDMS was 90% + 2% with no
significant difference between each loading, attesting
to a constant degree of cross-linking.

The decrease of the swelling degree of PDMS in
heptane with NS loading is reported in Table 2.
Regarding the mechanical properties, the data for the
NS-filled PDMS show a progressive increase in the
tensile modulus with increased loading (Figure 3).

Table 2. Swelling degrees of the nanofilled silicone-based coatings.

Unfilled 0.05 wt% 0.2 wt% 3.5 wt% 10 wt% 0.05 wt% MWCNTs +
Formulation PDMS MWCNTs MWCNTs NS NS 10 wt% NS
Swelling degree (%) 92 + 3 88 + 1.4 88.5 + 3.5 873 + 2 76.2 + 0.7 82.4 + 0.1
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The value of 2.6 MPa for the unloaded formulation
increased to 6 MPa at 10 wt% loading. The increase in
the modulus observed at the higher content of NS
(10 wt%) could be due to the presence of aggregates.
The addition of both nanofillers does not show any
synergistic effect since the value of modulus appears
very close to that obtained for the sepiolite-based
composite.

Regarding the ultimate properties (Figure 4), no
significant modification of the strain at break was
detected for the filled PDMS in comparison to the
control. In all cases, the elongation at break remained
close to 65-75%. For MWCNT-based materials and
within the limited content of nanotubes investigated in
this study, the stress at break increased from 2.5 to
3.5 MPa (for the higher content in MWCNTSs). The
effect of NS on stress at break is more pronounced
reaching an average value of 5 MPa, but independent of
filler content, at least for loading higher than 3.5 wt%.

The surface properties of the coatings were
characterised by static contact angle measurements
before and after immersion in demineralised water for
7 days (Figure 5a and b). Before immersion, the

105
100
95

90

CA (°)

85

80

75 4
Before immersion After immersion After drying

(a)

105 4
i Filled coatings

100 4 - Unfilled coating

95 4

90

CA (°)

85 4

80

75 A

70 -

0.05 wt % 0.2 wt % 3.5 wt% NS 10 wt % NS 0.05 wt %
MWCNTs MWCNTs MWCNTs + 10wt
% NS

(b)

Figure 5. (a) Static contact angle of the unfilled PDMS
coating (before immersion, after immersion and after drying).
Bars = SD. (b) Static contact angle of the nanofilled silicone-
based coatings after immersion. Bars = SD.

unfilled PDMS coating had a water drop contact angle
of 101° and so exhibited a hydrophobic behaviour. In
the presence of nanofillers and before immersion, the
wettability of the coatings was not affected with an
average value for the contact angle equal to 102° + 2°.
After immersion of the unfilled coating, the contact
angle dropped from 101 to 89° indicating a decrease of
surface hydrophobicity. After drying, the contact angle
reached a value close to that obtained before immer-
sion (Figure 5a). Thus, this surface modification
appears to be reversible. In the case of the nanofilled
materials, after immersion the static contact angles
increased from 89° + 2° (unfilled PDMS) to 95° + 3°
(average value for the filled PDMS) meaning that the
surface became slightly more hydrophobic (Figure 5b).

Settlement of Ulva zoospores and strength
of attachment

The addition of NS to the base polymer caused an
increase in the number of spores that settled, approxi-
mately twice the number being associated with the
coating containing 10% NS compared to the unfilled
control (Figure 6). The density of settled spores on the
coating with 10% NS was significantly different to that
on all other coatings (p < 0.01).

Between 45 and 65% of the settled spores were
removed from all coatings by exposure to a wall shear
stress of 52 Pa (Figure 7). Percentage removal from the
coatings containing 10% NS and 0.2% MWCNTs was
significantly greater (p < 0.05) to that from the other
coatings including the unfilled control.

300 -
250+
200+

1501

spores (mm?)

100

1 ﬂlﬁ

Sylgard 3.5% NS 10% NS 0.05% 0.2% 0.05%
184 MWCNT MWCNT MWCNT
& 10%

NS

Figure 6. Density of Ulva zoospores attached to the unfilled
(Sylgard 184) and filled silicones. Each point is the mean of
90 counts, 30 from each of 3 replicates. Bars = 2 x SEM.
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Growth and strength of attachment of Ulva sporelings

Sporelings (young plants) grew well and a green lawn
covered all surfaces after 7 days. The percentage
removal of the resulting biomass (Figure 8) was
significantly higher from all of the nanofilled silicones
compared to the unfilled control (p < 0.05).

80 -

70 %

” ue
2 T
=40
(o]
£
© 30 -
20
10
0 . s

Sylgard 3.5% NS 10% NS 0.05% 0.2% 0.05%
184 MWCNT MWCNT MWCNT
& 10%
NS

al (%

Figure 7. Percentage removal of Ulva zoospores from
unfilled (Sylgard 184) and nanofilled silicones following
exposure to a wall shear stress of 52 Pa. Each point is the
mean of 90 wvalues. Bars =2 x SEM from arcsine-
transformed data.
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S 30
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=
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0 :
Sylgard 35%NS 10% NS 005%  0.2%  0.05%
184 MWCNT MWCNT MWCNT
& 10%
NS

Figure 8. Percentage removal of sporelings from unfilled
(Sylgard) and nanofilled silicones following exposure to a
wall shear stress of 52 Pa. Each point represents the mean of
5 or 6 replicates, calculated from 216 paired readings (before
and after exposure to flow) per replicate. Bars show
2 x SEM calculated from arcsine-transformed data.
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Barnacle cyprid settlement assay

There was no significant difference in the settle-
ment rate (Figure 9) on any of the filled PDMS
coatings and the unfilled control (Kruskall Wallis
p = 0.35).

Adhesion strength of adult barnacles

An ANOVA revealed that there were significant
differences in the critical removal stress of barnacles
with respect to coating type (p = 0.001). Figure 10
presents the results of a post hoc comparison (Dunn’s
test) of the treatment means. Adding NS to the
PDMS increased the critical removal stress for
barnacles significantly (p < 0.05). The addition of
MWCNTs to PDMS, on the other hand, significantly
(p < 0.05) improved the release characteristics of the
elastomer. The 0.05% concentration did not, how-
ever, significantly outperform the higher, 0.2%,
concentration (p > 0.05). Adding 0.05% MWCNTs
to the 10% NS coating approximately halved the
critical removal stress to the point where it was
statistically indistinguishable from that of the unfilled
PDMS control.

Discussion

It is well known that the fine dispersion of nanofillers
in a polymer matrix and/or the strong interactions
between nanoparticles and polymer chains can be
responsible for mechanical reinforcement (Alexandre
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Figure 9. Percentage settlement of B. amphitrite cyprids on
unfilled (Sylgard 184) and nanofilled PDMS after a 24-h
exposure. Each bar is the mean of 12 replicates; bars show
2 x SEM.
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Figure 10. Critical removal stress (MPa) of ~ 0.5-cm
diameter barnacles from unfilled (Sylgard 184) and
nanofilled PDMS determined wusing an automated
instrument. Each bar is the mean (sample size above); bars
show 2 x SEM. The number above each bar is the number
of barnacles that were used in the analysis for each
formulation. The number of barnacles rejected for each
surface due to >10% basal plate failure was: unfilled
PDMS =2; 35% NS=9; 10% NS=063 0.05%
MWCNT = 0; 0.2% MWCNT = 12; 0.05% MWCT and
10% NS = 15.

and Dubois 2000). A fine dispersion of the fillers within
the polymer matrix is essential since aggregation of
nanoparticles induces defects and causes a deteriora-
tion of the properties of the composite. The structure,
the surface characteristics of the nanofillers and the
nature of the interactions between both components
are fundamental for the improvement of the mechan-
ical properties. This is particularly true in the case of
elastomers as demonstrated by Bokobza (2004), who
reports an improvement in the mechanical properties
of the PDMS matrix with the addition of natural
sepiolite. Polymer—nanoparticle interactions have been
shown by infrared spectroscopy, which allowed the
identification of hydrogen bonds between the silanol
groups on the NS surface and the siloxane backbone of
the polymer (Bokobza 2004). Furthermore, a decrease
of degree of equilibrium swelling in heptane was
reported at higher NS loadings. This behaviour is
frequently ascribed to good adhesion existing between
(nano)particles and polymer chains. In the case of the
MWCNT-based composites, no interference of the
filler with the PDMS network was shown based on
the swelling measurements and mechanical data, at
least within the low filler range investigated in this
study. Indeed, it is believed that the low content of
MWCNTs is not sufficient to affect the mechanical

properties of the composites. Thus, the bulk properties
of the silicone materials proved independent of the
addition of MWCNTs.

PDMS comprises a long and very flexible inorganic
chain due to the long silicon—oxygen bonds and rather
flat bond angles of the backbone. The rotation of
methyl groups around the backbone is thus possible;
the polymer chains present the methyl groups to the air
interface and, adopting this molecular conformation,
minimises the surface energy (Khorazani et al. 2005).
The restructuring of a PDMS surface in water was
demonstrated by Chen et al. (2004) using sum
frequency generation (SFG) vibrational spectroscopy.
The authors showed that when PDMS contacts water,
methyl groups on the surface tilt more towards the
surface. Recently, Beigbeder et al. (2008) have in-
vestigated the affinity between MWCNTSs and silicone
resin. This work demonstrates that reinforcing silicone
with a very small amount of MWCNTS is one of the
most efficient approaches to impart novel properties
into the silicone matrix due to extremely favourable
CH-pi electronic interactions involving methyl groups
of the PDMS and aromatic rings of the MWCNTs.
The hypothesis is that when an unfilled silicone-based
coating is immersed in water, some reversible mole-
cular reorganisation occurs which decreases unfavour-
able water/PDMS methyl group interactions to the
benefit of water/siloxane ones. However, due to the
good affinity between PDMS chains and nanofillers
(MWCNTs or NS) the polymer chains become less
mobile and the top surface reorganisation is no longer
observed (or at least it is very reduced) when
nanofillers are dispersed in silicone-based coatings.
The global surface is more hydrophobic as evidenced
by contact angle measurements. The surface reorgani-
sation of (nanofilled) silicone-based coating when
immersed in water is beyond the scope of this paper
and will be discussed in more detail in a forthcoming
publication.

Considering the data on the consequences for
biological performance of incorporating different
nanofillers into the coating, a range of effects was
observed, some of which can be explained by current
knowledge of the influence of interfacial and bulk
properties on settlement and adhesion. The settlement
of Ulva zoospores is influenced by a range of surface
properties including hydrophobicity and topography
(eg Callow et al. 2000, Carman et al. 2006, Schumacher
et al. 2007a,b). Since reduced wettability generally
stimulates settlement, the increased settlement of
spores on the NS-filled coating may be a consequence
of the increased hydrophobicity that results from the
inclusion of this nanofiller. On the other hand, similar
changes in hydrophobicity observed for MWCNT-
filled coatings had a much smaller effect on spore
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settlement, suggesting that other factors are involved.
At this stage topographic effects cannot be excluded
without further work.

The settlement of barnacle cyprids is also affected
by surface hydrophobicity, but the effects are species-
dependent (Rittschof and Costlow 1989; O’Connor and
Richardson 1994, Dahlstrom et al. 2004). Likewise,
cyprids generally have a predilection for rough over
smooth surfaces (Crisp 1974), though certain micro-
textures have been shown to be inhibitory (eg Crisp and
Barnes 1954, Lemire and Bourget 1996, Berntsson et al.
2000, 2004, Schumacher et al. 2007b). Nevertheless,
differences in surface properties of the coatings tested
here did not affect settlement of B. amphitrite cyprids
significantly. B. amphitrite settlement should tend to
decrease with increasing hydrophobicity of the filled
surfaces, while increased topography generally has the
opposite effect, though nanotopography has not pre-
viously been investigated. Evidently, the surfaces were
either not sufficiently different or the effects of these
stimuli cancelled each other out.

Considering now the influence of nanofillers on the
adhesion strength of attached organisms, barnacle
adhesion strength has been modelled using solid
cylinders (so-called ‘pseudobarnacles’) and is propor-
tional to (yE)”* where 7 is the surface energy and E
the modulus (Brady and Singer 2000, Kim et al. 2007).
Barnacles, however, bear little resemblance to a solid
cylinder and in the few studies that have examined the
adhesion strength of live animals grown in situ,
departures from pseudobarnacle adhesion mechanics
have been noted (Singer et al. 2000; Sun et al. 2004;
Wendt et al. 2006). Important considerations in this
regard include differences in flexural rigidity of
calcified barnacle bases and pseudobarnacles (Ramsay
et al. 2008), and differences in the moduli of
commercial and natural adhesives (Sun et al. 2004).
If the addition of nanofillers to an elastomeric coating
were to affect modulus, current knowledge is, there-
fore, insufficient for live barnacles to predict how this
factor would affect adhesion strength. For more
compliant, soft-fouling organisms like Ulva, modulus
is relatively unimportant (at least within the range of
modulus values encountered in practical coatings) and
surface energy properties are more likely to predomi-
nate (Chaudhury et al. 2005). Because the effect of
MWCNTs on coating modulus reported in this article
appear to be minor, it is therefore unlikely that the
improved fouling-release properties of siloxanes in-
corporating this nanofiller can be ascribed to effects on
modulus.

The most dramatic results of this study were the
reductions in critical removal stress of adult barnacles
obtained by adding small amounts of MWCNTs to the
unfilled PDMS and the 10% NS coating. The addition
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of only 0.05% MWCNTs to unfilled PDMS more than
halved the critical removal stress; a higher concentra-
tion of 0.2% was less effective, possibly due to poorer
dispersion of the MWCNTs. Likewise, the addition of
0.05% MWCNTSs to 10% NS coating led to an ~50%
reduction in removal stress. It should be noted that the
results of some of these comparisons would differ
substantially if the barnacles with failed bases were
included in the analyses (numbers omitted are shown
in the legend to Figure 10), as such failure likely
accords with higher adhesion strength. Thus the
coating filled with 0.05% MWCNTs performed even
better than depicted in Figure 10, since all barnacles
were removed cleanly from this surface. In contrast,
the mean critical removal stress for the 10% NS-filled
coating would have been higher, as 70% of the
barnacles were removed from the analysis. Improve-
ments in release characteristics did not reflect differ-
ences in tensile modulus or wettability and therefore
other effects that the nanofillers may have that are
relevant to barnacle release must be looked for. At this
stage it is only possible to speculate what these may be.
In the case of MWCNTs, earlier in this discussion
reference was made to the influence that the strong
affinity between the nanofillers and the PDMS chains
may have on surface reorganisation of the coating
underwater. It is well known for a variety of cell types
that substratum roughness at the nanoscale influences
cell adhesion (eg Curtis et al. 2001). One hypothesis,
therefore, is that changes in surface rugosity could
influence barnacle adhesion through changes in the
secretion of barnacle cement or the bonding between
the cement and the coating. Zhao and Deng (2005)
reported that CNTs reduced the frictional coefficient of
Ni-P coatings deposited by electroless plating. Because
surface lubricity has also been implicated in fouling-
release performance (Newby and Chaudhury 1997),
another possibility is that the MWCNTs in PDMS
may improve surface lubricity, thus favouring
release. This and other hypotheses will be explored in
future work.

Conclusions

It was shown that the presence of a small amount
(0.05%) of MWCNTs within a silicone elastomer
results in a significant enhancement of the FR proper-
ties. At the same time, the bulk mechanical properties
of the coatings appear unchanged, in contrast to the
surface properties. After water exposure, surface
wettability was modified when fillers were present.
Thus all the data indicate that independently of the
bulk properties, the surface properties affect settle-
ment, and more particularly, the FR behaviour of the
filled MWCNT-based materials. In the case of NS, the
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higher loading (up to 10 wt%) appears to be
responsible for a substantial increase in the coating
stiffness as well as some tuning of the surface energy
properties as shown by contact angle measurements. A
future publication will report the effect of the proces-
sing/blending tool and the extent of nanofiller disper-
sion within the silicone matrix. A further increase in
the AF performance and an improvement in the FR
properties are being investigated in relation to the
quality of filler dispersion throughout the polymer
matrix.
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