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a b s t r a c t

We prepared a coating by mixing a polyfunctional axiridine cross-linking agent and a self-polishing resin
pre-synthesized via the polymerization of methyl methacrylate (MMA), acrylic acid (AA) and tributylsilyl
methacrylate (TBSM). The coating can be easily applied on a surface to form a cross-linked polymer film
by conventional brushing or spraying method. After immersing it into seawater, the film self-generates
a thin soft and dynamic layer of hydrogel at the water-contacting surface because of the hydrolysis of
TBSM. Such a hydrogel-formation process continues after gradual corrosion and detachment of each top
hydrophilic layer. This hydrogel-formation and self-peeling property makes it ideal in various antifouling
applications. In the current study, besides the synthesis and preparation of this novel kind of coatings, we
focused on the correlation between the TBSM content and the antifouling property by using contact
angle, water-absorption, and antifouling measurements. The results of immersing different coatings in
shallow submergence for two months reveal that the addition of more TBSM leads to a more hydrophilic
surface and a better antifouling property.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

The marine biofouling normally refers to some harmful and
wasteful accumulation and rapid growth of marine living matters,
especially in summer time, on material surfaces immersed under
seawater. Such a biofouling process generally involves three stages
as follows. 1) An initial accumulation of some organics adsorbed on
the surface; 2) the surface is gradually colonized by some living
matters, such as bacteria, single-cell diatoms, protozoa and rotifer,
to form a thin film of biological species; and 3) finally macro-
foulers, such as barnacles, tubeworms and macro-algae, settle
and grow on the surface [1e3]. Biofouling can result in some
devastating effects for various applications. For example, it can
cause high frictional resistance leading to higher fuel consumption,
up to 40% [4]. To remove them, a ship has to be more frequently
dry-docked [5]. In a nuclear power plant, the biofouling of its
cooling water discharge pipe can greatly reduce its efficiency. In
addition, the biofouling can also lead to bio-corrosion and invasion
of alien aquatic species [3].
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In order to solve biofouling problems, different antifouling paints
have been proposed, developed and applied. Among them, self-
polishing antifouling coatings (SPC) are widely used nowadays.
They normally contain a self-polishing resin, antifouling agents and
other additives. Here, the self-polishing means that after immersed
in seawater, soluble additives in the top layerof the coatinggradually
dissolve into seawater, allowing seawater tofill in and reactwith the
hydrolyzable groups inside the resin under the slightly alkaline
conditions so that the resin gradually transforms from hydrophobic
to hydrophilic. As the transformation continues, individual polymer
chains in the top layer become sufficiently hydrophilic and finally
soluble into seawater and are washed away by the flow. In this way,
the coating is gradually peeled away layer by layer in seawater.With
a properly adjusted self-polishing property, such a coating can
steadily release antifouling agents at a constant rate. Moreover, the
self-polishing process also results in a smoother surface [3]. Previ-
ously, the tributyltin acrylate ester was themost useful and popular
self-polishing resin. However, it has some high adverse effects on
our marine environment so that it was gradually banned in
manufacturing antifouling paints since 2003 [3]. Subsequently,
copper, zinc and silyl acrylates are chosen as substitutes. However,
some studies showed cuprous oxide used as biocide also potentially
threat to our marine environment even if it is not as bad as tin [6,7].
In order to find a better replacement, many environmentally benign
approaches were proposed and investigated, which include, but not

mailto:xiely@mail.ustc.edu.cn
www.sciencedirect.com/science/journal/00323861
http://www.elsevier.com/locate/polymer
http://dx.doi.org/10.1016/j.polymer.2011.06.033
http://dx.doi.org/10.1016/j.polymer.2011.06.033
http://dx.doi.org/10.1016/j.polymer.2011.06.033


L. Xie et al. / Polymer 52 (2011) 3738e3744 3739
limited to, the usage of elastomers with low surface energy [8e14],
the creation of different surface topographies [15e19] and the furry
surfaces [20,21], theutilization of various surface chemistry [22e29]
and enzymes [30,31], the application of a pulse electrical field [32],
and the inclusion of antifoulants made of natural products [33e36].

More recently, soft and wet materials, such as hydrogels, have
attracted more attention as some potentially useful and environ-
mentally benign antifouling approaches [37e46]. Jiang et al. [41,42]
demonstrated the hydrophilic materials, especially hydrolyzable
zwitterionic materials and their derivatives have good non-fouling
properties. Ekblad et al. [37] showed that poly(ethylene glycol)-
containing hydrogel is very effective in slowing down the settle-
ment and promoting the antifouling. Katsuyama et al. [38] found
that acidic hydrogels of PAMPS and PAA, especially PAA, inhibit
germination to the zoospores originating from Laminaria angus-
tata. Murosaki et al. [39] demonstrated that a set of synthetic
hydrogels and PDMS elastomer can lead to less or no cyprids
settlement than a polystyrene control. These are just some proofs of
the concept. In reality, after the absorption of water, soft hydrogels
are easily damaged by an external force and not strongly adhesive
to a surface. Therefore, it is difficult, if not impossible, to apply them
on a ship surface, which restrains their field tests and real
applications.

In this study, we propose to synthesize a set of resins, i.e.,
copolymers made of different ratios of methyl methacrylate
(MMA), acrylic acid (AA) and tributylsilyl methacrylate (TBSM).
Each resin is then mixed with polyfunctional axiridine crosslinker
(XAMA 7) in an equal stoichiometric ratio before coating it on
a surface. The cross-linking reaction inside the coating gradually
results in a hard and hydrophobic film. Note that the tributylisilyl
ester group in the copolymer is hydrolyzable. Its hydrolysis in
seawater can gradually lead to the formation of a layer of hydrogel
on the top of the coating. As the hydrolysis continues, some poly-
mer chains are broken and washed away so that the under layer is
further exposed to seawater. Such a process progresses from
surface to inside until the coating is completely removed. There-
fore, this hydrogel-generating and self-peeling approach makes the
surface layer of the coating antifouling, while the hydrophobic resin
inside provides adhesion force and mechanical property, as sche-
matically shown in Fig. 1. More important, such a coating can be
easily applied to a ship surface by brushing or spraying. In this
paper, we mainly prove our concept and correlate the antifouling
ability of such prepared resins with their water adsorption contents
and surface energies.
Fig. 1. Schematic of self-polishing and hydrogel-generating-and-self-peeling of novel
coatings immersed in seawater.
2. Materials and methods

2.1. Reagents

Xylene, n-butyl acetate, methyl methacrylate (MMA), acrylic
acid (AA), azobisis- butyronitrile (AIBN) were purchased from Alfa
Co. Tributylsilyl methacrylate (TBSM) and polyfunctional axiridine
cross-linking agent (XAMA 7) were kindly provided by Yuki Gosei
Kogyo Co., and Bayer Co., respectively. AIBN was recrystallization
three times from acetone. Artificial seawater (ASW) was prepared
according to D1141-98 [47]. Other reagents were used as received
without further purification.

2.2. Synthesis of copolymer resin

Considering their real applications, copolymer resins were
prepared in solution that can be directly mixed with the cross-
linking agent and applied on a surface. The copolymers were
synthesized by free radical polymerization as follows. The solvent,
xylene or a mixture of xylene and n-butyl acetate, was first placed
in a 5-necked flask equipped with an agitator, a reflux condenser,
a thermometer and a dropping funnel. The solvent was heated to
90 �C under nitrogen and then a mixture of nitrogen-purged
monomers and initiator was added dropwise into the flask at
a constant speed over a period of 4 h. The polymerization continued
for another 4 h at 90 �C. The molar masses of resultant copolymers
are in the range 1.4e3.0 � 104 g/mol Table 1 summarizes chemical
compositions of different reactive mixtures used in this study.

2.3. Coating preparation and biofouling test

Coatings 1 and 2 were made from the solutions of Copolymers 1
and 2, respectively, without adding any cross-linking agent. Coat-
ings 3e6 were prepared by mixing the solutions of Copolymers
3e6, respectively, with XAMA 7 in an equal stoichiometric ratio at
the room temperature for about 30 min. Scheme 1 shows the resin
synthesis and the coating formation. In the weight-loss, contact
angle, ATR-FTIR, SEM, and water-adsorption measurements, each
coating was applied on a glass slide with a film applicator and the
film thickness was w300 mm. Coatings 3e6 were dried at 25 �C for
2 days and then at 80 �C for one more day. Coating 1 and 2 were
dried at 25 �C for oneweek to ensure a complete removal of solvent,
where the high temperaturewas avoided because of possible cross-
linking reaction even without any added cross-linking agent.

The antifouling test in shallow submergence follows GB 5370-
2007 procedure. Each PMMA panel (300 � 200 � 3 mm3) was
rubbed with a sandpaper. The coating was applied on each panel
with a paintbrush to form a thin film of w600 mm in thickness.
Finally, the coatings were dried at 25 �C for 2 days and then at 80 �C
for one more day. For each coating, three identical panels were
prepared and attached to a frame so that they were submerged in
a different depths in the range 0.2e2.0 m from a stationary
experimental raft that was positioned in a sheltered bay with weak
water currents (less than 2 m s�1) at Xiamen, China (24�450N,
Table 1
Compositions of copolymerization for preparation of different resins, where amount
of initiator (AIBN) was kept at 0.8 g and reaction temperature was 90.0 �C.

Copolymer 1 2 3 4 5 6

Xylene/g 100.0 100.0 90.0 90.0 90.0 90.0
n-butyl acetate/g 10.0 10.0 10.0 10.0
MMA/g 51.8 59.8 50.0 54.0 58.0 62.0
TBSM/g 48.2 40.2 48.2 44.2 40.2 36.2
AA/g 1.8 1.8 1.8 1.8



Scheme 1. Schematic illustration of resin synthesis and coating preparation.
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118�070E), on August 13, 2009. During each observation, the testing
panels were taken out of the sea, gently washed with seawater and
photographed. We used the number of barnacles settled on each
panel to quantify the biofouling extent because barnacles are main
macro-foulers on our panels.

2.4. Contact angle, ATR-FTIR and SEM measurements

Samples were immersed in ASW for different time periods, then
taken out and immersed in distilled water for 5 min. The contact
angle and ATR-FTIR measurements were conducted after the
coatings were dried at room temperature for 2 days, using a Pow-
ereach JC2000C Optical Contact Angle Meter with Milli-Q water
Fig. 2. SEM images of cross-section and surface of co
and Nicolet 8700 FTIR Spectrometer, respectively. For SEM, coatings
were measured after freeze-dried for 12 h using Hitachi S-3400
Scanning Electron Microscope. The contact-angle measurement is
as follows. One little drop of water is formed on the tip of
a micropipettor by controlling a manual liquid dispenser. After the
glass slide on a raising platform contacts the drop, it is lowered to
detach the drop from the micropipettor. After the contact angle
keeps steady state, the image is recorded to determine the contact
angle. Five different points were measured for each sample.
2.5. Weight-loss and water-adsorption measurement

Each dry coated glass slide was weighted (W0) before dipping
into a tank of artificial seawater (ASW) that was changed every two
days. After different time periods, the glass slides were taken out of
ASW, immersed in distilled water for 5 min and then gently dried
with tissue before their weights (Wt,wet) were recorded. In parallel,
some of these glass slides were dried at 25 �C for one day and then
at 100 �C for 6 h before their weights (Wt,dry) were recorded. The
weight difference between Wt,wet and W0 reflects the water
adsorption of each coating. On the other hand, the weight differ-
ence betweenW0 andWt,dry shows the weight-loss of each coating,
which can be converted to the thickness change (Dthickness) for
a given density and coating size. For each resin, three coated glass
slides were prepared and tested.
3. Results and discussion

Fig. 1 schematically shows the difference between the self-
polishing (SP) and hydrogel-generating-and-self-peeling (HGSP)
atings 1 and 3 after different immersion-times.
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coatings after they are immersed in seawater. Without any cross-
liking (Coatings 1 and 2), the copolymer chains in the coating
gradually swell in seawater so that they are slowly hydrolyzed from
the top to bottom layer and become soluble. With the cross-linking
(Coatings 3e6), the top layer swells to form a thin layer of soft and
dynamic hydrogel. Only after a sufficient number of cross-linking
bonds are hydrolyzed and broken, fragments of the gel network
can start to bewashed away, i.e., the self-peeling starts at this point.
The difference can be visualized by SEM images (Fig. 2). For Coating
3, the self-generating and thickening of the top hydrogel layer is
visible in the cross-section SEM images but such a hydrogel layer
does not exist in Coating 1. In addition, the washing-away of frag-
ments of the gel network leaves lots of holes on the surface of
Coating 3. As the washing-away proceeds, the self-peeling is
gradually achieved.

Fig. 3 shows that for Coating 1, besides an initial drop, the
decrease of the coating thickness due to the self-polishing reaches
a stable rate after 2 days. For Coatings 3e6, a thin layer of soft
hydrogel was formed when they were immersed in seawater
because of the cross-linking. After removing the top hydrogel layer,
we found that the under layer of the coating was still very hard and
hydrophobic.

Fig. 4 shows the immersion-time dependent relative weight-
loss of Coatings 1, 3 and 5 in ASW. There is an initial fast weight-
loss for all the coatings tested, presumably caused by a quick
release of some low molar mass components, such residual
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Fig. 4. Immersion-time dependence of relative weight-loss of different coatings in
seawater; the coatings were prepared on glass slides (25.4 � 76.2 mm2)
solvents and un-reacted monomers [48]. After two days, the
weight-loss rate of Coating 1 becomes stable. As expected, the
initial weight-loss of both Coatings 3 and 5 was smaller because the
cross-linking and the higher heating temperature (80 �C) in the
coating preparation. After two days, the overall weight-loss rate of
Coatings 3 and 5 is slower than that of Coating 1 as the initial
hydrolysis only swells the top layer of the coating to form
a hydrogel, not leading to much of its dissolution in seawater,
because of the cross-linking. Fig. 4 also shows that after a long-time
immersion in seawater, Coating 3 with a higher hydrolyzable TBSM
content loses more weight than Coating 5 as the hydrogel network
is gradually broken into soluble copolymer chains or fragments.

Fig. 5 shows that the wet-weight of Coating 1 (Wt,wet) increases
in the first 12 days after it is immersed in seawater and then starts
to decrease at a stable rate. Note that there is a competition
between the absorption of water and the leaching-out of hydro-
lyzed copolymer chains for coatings without any cross-linking.
Initially, the adsorption is dominant so that Wt,wet increases.
Finally, the adsorption is saturated and the leaching-out takes over,
which explains why Wt,wet starts to decrease after a while. For
Coatings 3e6 with the cross-linking, Wt,wet gradually increases
with the immersion-time, presumably because further hydrolysis
of tribuylisily ester bond increases the thickness and water
absorption of the hydrogel layer. As expected, Wt,wet increases with
the TBSM content for a given immersion-time period.
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Fig. 6 shows that the coatings are hydrophobic with a contact
angle higher than 90� before immersed into seawater. The higher
the tributylisilyl ester content, the higher the contact angle is. After
immersed in seawater for four days, the contact angle of each
coating reaches a stable value. As expected, more tributylisilyl ester
groups result in more anionic carboxylate groups after the hydro-
lysis so that the top thin hydrogel layer becomes more hydrophilic
Fig. 8. Typical photographs of field-tested coatings submer
and swells more with a lower contact angle and higher water
content. Those sufficiently hydrolyzed chains in Coatings 1 and 2
with no cross-linking become soluble in seawater and leach out,
which explains why there is no difference between them in terms
of the contact angle. The lower contact angle of Coatings 3e5
reveals that the thin hydrogel layer formed on the top of each
coating is more hydrophilic than the hair-like layer (made of
dangling chains) on Coatings 1 and 2. In comparison with coatings
without any cross-linking, polymer chains inside the hydrogel
network can be more hydrolyzed without being leaching-out due
to the cross-linking. It has been known that the more hydrophilic
the chain, the lower the contact angle is.

The result of the contact angle measurement can be supported
by ATR-FTIR spectra. Asymmetrical stretching vibration of carbox-
ylic anion shows the peak at approximately 1560 cm�1. From Fig. 7,
we can see the generation and increase of carboxylic anions at the
surface of Coating 3 after immersion in the artificial seawater. The
initial increase is fast in the first day of immersion, and then
becomes slow. Comparing spectrum G with H, we can find that
there are more carboxylic anions in the surface of the cross-linking
coatings.

Figs. 8 and 9 show that for a giving coating, barnacles growmore
when the panel is immersed deeper between 1.30 and 1.65 m. The
number of barnacles grown on the panel dramatically decreases
when the copolymer chains in the resin are cross-linked. For
Coatings 3e6 with the cross-linking, the antifouling ability clearly
increases with the TBSM content. Meanwhile for Coating 3e6, the
more TBSM content, the “cleaner” the surface is. In order to explain
such a trend in Fig. 9, we will try to discuss and relate the anti-
fouling ability of a coating to its surface property and water
absorption as follows.
ged in a depth interval 1.30e1.65 m after two months.
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It has been proposed that hydrophilic non-fouling surfaces
prevent the protein adsorption and biofouling by creating a strong
surface hydration layer [44,46,49e52]. It was claimed that there is
a connection between biofouling and retention/release bound
water molecules from a surface. Murosaki et al. [39] showed that
the hydrophilic surfaces were not a favourable location for the
settlement of cyprid larvae of barnacles. In comparison, there were
less or even no cyprids settle, “methamorphose” on a set of
hydrogels than a polystyrene plate (control) in their laboratory
tests. The real marine environment is more complicated because
organics can gradually accumulate on the surface, and living
matters, such as bacteria, single-cell diatoms, protozoa and rotifer,
gradually colonize on a surface to form a thin film of biological
species which would change the character of surface. For our
samples, the coating with a higher TBSM content hydrolyzes more.
Without any cross-linking, individual chains with sufficient
hydrolyzation leach out. In contrast, the cross-linking prevents the
leaching-out of highly hydrolyzed chains so that the surface is more
negatively charged with more tightly bound water molecules,
making the adsorption of proteins on it more difficult. Moreover,
the self-peeling property can continuously self-generate a new
layer of hydrogel andmaintain non-fouling character of the surface.
This correlates well with its higher anti-biofouling ability.
4. Conclusion

A new kind of antifouling coatings made of cross-linked poly(-
methyl methyacrylate-co-tributylsilyl methacrylate-co-acrylic
acid) terpolymer chains have been successfully developed by
a combination of the hydrogel-generating and self-peeling prop-
erties. After immersed into seawater, the tribuylisily ester bonds in
the top layer of each coating gradually hydrolyze into anionic and
hydrophilic carboxylic groups to form a thin layer of hydrogel.
Meanwhile, the under-layer cross-linked chains still remain
hydrophobic and can provide a sufficient adhesive force and
mechanical strength. Our field tests showed that most of the
coatings are intact after it is submerged in seawater for 2 months.
Our results have clearly demonstrated that the gradual formation
and peeling-off of a thin layer of highly swollen hydrogel on the
coating surface can affectively slow down the biofouling. In general,
increasing the hydrolyzable TBSM content inside a coating
increases its antifouling ability, which is well correlated to its more
hydrophilic surface with more water molecules bound on the
surface, directly reflected in its lower contact angle and higher
water adsorption. In contrast, the coatings made of identical
polymer resin without any cross-linking, i.e., only with the self-
polishing property, is relatively less effective in anti-biofouling,
presumably because the chains are leaching-out when the hydro-
lysis reaches a certain degree. Therefore, the self-hydrogel-
generating-and-self-peeling idea has been conceptually proven
by the current study. These newly developed anti-biofouling paints
are readily coated on a surface, such as metal, plastic or wood, by
a conventional method, brushing or spraying or dipping.
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