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It is  well  known  that  during  the first minutes  of  the  immersion  of  any  substrate  in marine  environments
microbial  colonization  takes  place.  This  event  will  condition  the attachment  of  other  more  complex
organisms  and  the  substrate  biodeterioration  with  concomitant  loss  of its  functionality.  The  aim  of  this
work  was to  assess  antifouling  coatings  performance  at early  stages  of  immersion,  in natural  and  artificial
sea water,  observing  the  surface  condition,  by scanning  electron  microscope  (SEM),  in order  to predict
possible  results  in  long  time  immersion  tests.  The  use  of  short time  tests  to predict  future  behavior  is
canning electron microscope
oatings
iocide
annin

useful  to  adjust  formulations,  reduce  testing  time  and  economics  cost.
In  this  research  antifouling  (AF)  coatings  formulated  with  two “quebracho”  tannin  derivatives  were

chosen  to be  evaluated  by  short  and long  time  tests.  One  of  this  coatings  possessed  in a  longer  service
life,  until  10  months  of  exposure,  and  at the same  time,  this  resulted  correlated  with  surface  analysis  at
early  stages  of  immersion  by  SEM.
. Introduction

Coatings deterioration is concerned with physicochemical grad-
al changes, in coatings properties during their service life which
an cause the coating to lose its functionality. The performance
f conventional AF coatings (soluble matrix type) rests upon the
issolution of the matrix and the biocide leaching which, in turn,
ontribute to coating deterioration; as consequence these factors
ust be balanced to reach an adequate antifouling efficiency. It has

een postulated that the activity of AF coating depend of the ero-
ion process, the surface hardness and the leaching of biocides [1,2].
or a more complete picture an AF coating performance, hydra-
ion, water diffusion within the film, the hydrolytic degradation
f the matrix and the diffusion of biocides should also be taken
nto account. In addition to these processes, the colonization of the
ubstrate by different organisms present in the marine environ-
ent starts immediately after immersion and contribute to coating

eterioration.

The biofouling can be defined as the undesirable accumulation of

icro and macroorganisms on hard substrates [3] and must be dis-
inguished from other accumulations as corrosion products, salts,
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particulate matter, debris, etc. The colonization of the immersed
surface starts with the formation of a conditioning film constituted
by polysaccharides, glycoproteins, lipids, nucleic acids, amino acids,
monosaccharides, ions, etc., which allows the attachment of bacte-
ria to the so conditioned surface [4–6]. Most forms of microbial
adhesion implies the permanent attachment of the organism to the
surface by extracellular polymeric substances (EPS) [4]. The main
components of EPS are polysaccharides; but it may also contain
proteins, glycoproteins and extracellular DNA [7]. Bacterial adhe-
sion and growth, both contribute to biofilm formation; from early
times, it was  observed that the settlement of invertebrate larvae
was influenced by the marine bacterial biofilm [4,8]. After bacterial
growth, colonization by unicellular eukaryotic organisms is fol-
lowed by multicellular eukaryotes [9–11]. There is evidence about
the existence of diffusible signal molecules produced by bacterial
biofilm which affect the settlement of Enteromorpha zoospore [12].

The biofilm can alter the leaching rate of biocide due to the mod-
ification of the coated surface or as a result of the barrier established
between the painted surface and the sea water environment [13].
The matrix dissolution is influenced not only by the formation of
the biofilm but also by the mechanical erosion caused by sea water
and by the diffusion of soluble components of the coatings [13].
Recent studies have also reported changes in the paints leaching

rate by the growth of the biofilm which caused the pH of the film to
decrease by the microorganisms metabolism and/or the retention
of the biocide by macromolecules of EPS [13,14]. The biofilm devel-
opment has been studied on some substrates by SEM [15–17]. This
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Table 1
Composition of coatings.

Components “Quebracho” Chalk WW rosin Oleic acid
N. Bellotti et al. / Progress in Or

echnique allowed to know different aspects concerning the biofilm
uch as its formation during the first weeks of immersion, the role
f EPS for firm adhesion to substrate and the changes in biofilm’
omposition on different substrates.

The colonization of different metallic structures submerged in
atural waters produces large economic losses particularly by cor-
osion and in the case of ships an important increase, up to 40%,
n frictional drag [18]. Therefore, antifouling paints are a key fac-
or to prevent the settlement of micro and macroorganisms which
romote substrates deterioration. New AF paint formulation are
equired to be efficient and, at the same time, not harmful to the
nvironment. In this sense, recently published research points out
he advantage of employing naturals active compounds as bio-
ides in the formulation of soluble matrix AF coatings [19]. The
im of this research was to assess the deterioration of AF coatings
ormulated with a “quebracho” tannin derivative, a natural bio-
ide, when submerged in artificial and natural sea water (ASW and
SW, respectively) employing SEM and environmental scanning
icroscopy (ESEM). SEM was employed to assess coatings dete-

ioration in ASW in controled conditions without biofouling. In
hange, ESEM was chosen to assess microfouling settlement after
hort immersion time (48 h) in the NSW environment. ESEM offers
n additional advantage in the sense that specimens can preserve
heir original morphology and moisture condition due to the use
f low vacuum and without depositing a conductive coating on it.
esults obtained in both environments were correlated in view to
evelop a quick procedure to assess coatings AF efficiency. It must
e taken into account that traditional NSW immersion tests are pro-

onged in time (generally more than 6 months) and more expensive
han those carried out in laboratory [20]. The procedure described
n this paper was intended to be useful to make a quick selection of
andidate coatings to more extended test in natural environment.

. Materials and methods

.1. Preparation of “quebracho” tannin derivatives and their
haracterization

Two “quebracho” tannin derivatives were obtained follow-
ng the procedure reported previously [19]. The derivatives were
btained at two different temperatures, 20 and 60 ◦C, and named as
Zn20 and TZn60, respectively. The composition of the TZn20 and
Zn60 were obtained by a gravimetric procedure. Zinc was  deter-
ined as zinc oxide by heating the solids at 900 ◦C. The amount

f water was determined by indirect gravimetric, heating the solid
t 105 ± 5 ◦C. The amount of tannin was calculated as the differ-
nce between the mass of the dried “tannate” and the zinc oxide
ontent. The density of the pigment, needed for coating formula-
ion, was obtained according to a standardized procedure [21]. The
TIR spectra of both derivatives were obtained using the potas-
ium bromide disc technique and a Perkin-Elmer Spectrum One
TIR Spectrometer.

The solubility of the both derivatives in ASW was  determined
s described in a previously published paper [19,22]. The ASW was
repared according to ASTM D1141-98 [23]. The concentration of
annin in the saturated solution expressed as total polyphenols (TP)
as obtained spectrophotometrically at 750 nm using FDr and was

xpressed as mg/l of TP [24–26]. In every case tests were run in
uplicate.

.2. Bioassay
The concentration of “quebracho” tannin derivatives which kills
0% of the Artemia nauplii population within 24 h (LC50) was deter-
ined using a short term toxicity test [27]. Toxicity tests with
derivative

% of solids by volume 27.0 18.1 45.1 9.8

Artemia nauplii are quick to carry out, low cost and have good
predictive potential. They constitute an interesting alternative to
other test with crustacean species as barnacles (Balanus amphitrite)
[28,29].

Saturated solutions of TZn20 and TZn60 were diluted adequately
with ASW to prepare different solutions containing 10, 50, 100, 120,
300 ppm and 5, 10, 15, 30, 60 ppm of TP, respectively. Ten nauplii
were placed in a vessel with 10 ml  of the respective diluted TZn
solution to the control ASW. Copper sulphate was  used as posi-
tive control being the concentrations of the testing solutions 1.0,
10.0, 50.0, 100 and 200 ppm, respectively. Three replicates were
set up for each concentration, including the controls. After an incu-
bation period of 24 h, dead larvae were counted and LC50 values
were calculated by Probit analysis [30].

2.3. Formulation and preparation of coatings

The coatings 1–3, Table 1, were elaborated with WW rosin as
film forming material and oleic acid as plasticizer according to the
previously cited investigation [19]. Coating 2 was  elaborated with
the same formulation but with 2% by weight of zinc oxide, respect
to the total coating formulation. It is known that the alkaline oxide
decreases the acidity imparted by rosin and reduces its dissolution
rate. The control coating was  elaborated with the same formula but
the “quebracho” tannin derivative was replaced, by volume, by the
extender pigment. As a general rule, three coated panels per coating
were assessed in the different proposed assays.

2.4. Determination of leached polyphenols in ASW

Coatings were applied on 8 cm × 8 cm sandblasted acrylic pan-
els. Three or four coats were applied and allowed to dry 24 h
between each application. The total dry film thickness was
120 ± 5 �m.  Not more than 48 h elapsed for the painted panels
to be submerged in plastic container containing 150 ml of ASW.
The leached “tannate” was determined on a 2 ml aliquot using the
FDr. The original level of the liquid in the containers was  restored
periodically with distilled water and the pH was  adjusted to 8.2.

2.5. Superficial analysis of coatings by SEM and ESEM

The surface morphology of experimental coatings was ana-
lyzed by SEM after exposing them in ASW and NSW. Acrylic
panels (2 cm × 2 cm)  were coated with experimental AF paints up to
120 �m thickness. A set of panels was left in laboratory atmosphere
(20 ± 2 ◦C, RH 70%), another group was immersed in normally aer-
ated ASW and the remaining set was  submerged in Mar del Plata
harbor (38◦08′17′′–57◦31′18′′ W)  to monitor the biofilm growth.

Panels immersed in ASW were taken off the containers after 2
and 30 days, respectively, rinsed with distilled water and dried in
an oven at 45 ± 5◦ C for 48 h to be finally observed by SEM employ-
ing a Phillips 505 SEM coupled with EDX microprobe PRIME OX
10 to obtain the surface concentration of the elements. The instru-
ment calibration was performed with a Zn (30%)–Cu (70%) alloy
with respect to the gain and position of the peaks in the spectrum.

Panels without exposition in sea water were also observed by SEM
and served as control. The assessment of the surface condition in
this short term test was  intended to serve as a tool for predict the
behavior in NSW exposure test.
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every time interval, from coating 1 was sensible higher than for
coatings 2 and 3, particularly during the first fortnight of immer-
sion. At the end of the test period the leaching rate of the coating
1 was  ∼6 �g cm−2 day−1 while coating 2 and 3 approached to

Table 2
Composition of “quebracho” derivatives.

Components Composition (% p/p)
Fig. 1. IR spectrum of “quebracho” tan

In order to preserve biological structures, panels exposed to the
nvironment NSW were extracted after 2 days of exposure and
tored in a 2.5% glutaraldehyde solution in sea water until their
bservation by ESEM [31,32]. The samples exposed to NSW were
xamined by ESEM employing a Philips, model FEI Quanta 200 to
ssess microfouling settlement.

.6. Evaluation of coatings AF efficiency in NSW

Sandblasted acrylic panels (12 cm × 8 cm)  were painted as
escribed previously to a total dry film thickness of 180 ± 5 �m.  No
ore than 48 h elapsed before the painted panels were immersed

0–60 cm deep at Mar  del Plata harbor [33].
Fouling resistance (FR) was evaluated according to ASTM

3623-78a and ASTM D6990-05 [34,35], employing a scale from
 to 100. The FR of a coating free of adherent biofouling was
ecorded as 100. The percentage of the area covered by macro-
ouling was deducted from 100. A coating free of macrofouling
ettlement, but with adherent slime (microorganisms such as
acteria, fungi, diatoms and protozoa), must be recorded with a
R = 99. Therefore, fouling rating directly reflects non-fouled area.
istance smaller than 1 cm from the edge of the panels were not
onsidered. Uncoated panels were used as control and immersed
n the same conditions as the painted ones. Organisms such as bar-
acles, serpulids, ascidians, bryozoans, algae and polychaetes are

requent in Mar  del Plata harbor and were found attached onto the
anels [33,36]. This assay was conducted in triplicate. The standard
eviation of the results was calculated and found to be equal to 4.67.
ased on this standard deviation, the acceptability of results was

udged at the 95% confidence level [34].

. Results and discussion

.1. “Quebracho” derivatives characterization

The chemical composition and the density of both derivatives,
Zn20 and TZn60, are shown in Table 2. The concentration of TP
n the saturated solution of TZn20 and TZn60 in ASW, obtained
pectrophotometrically with the FDr, was found to be equal to 3332
nd 373 ppm, respectively.
The FTIR spectrum of QT, TZn20 and TZn60 exhibited an intense
road band around 3000–3700 cm−1 which corresponds to the
tretching of the OH group (Fig. 1). Band broadening observed in
very case was attributed to a larger number of hydrogen bonds
T) and its derivatives (TZn20/TZn60).

[37]. The decreases of such band, in the case of TZn60, would be
indicating a lower amount of OH groups due to the interaction of
these groups with zinc cations. The observed bands at 1620 and
at 1290 cm−1 correspond to the stretching of the C O bond linked
to the aromatic units. The two bands at 1520 and 1450 cm−1 were
attributed to the stretching of C C bond of the aromatic ring. The
band at 1230 cm−1 corresponds to the C O bond of phenols and
that at ∼1120 cm−1 the vibration of the C O bond [38,39]. There-
fore, an increase in the synthesis temperature of tannin derivatives
resulted in an increased reactivity of polyphenols with zinc and a
lower solubility.

3.2. Bioassays

After an incubation period of 24 h, LC50 were found to be
117 ± 24 and 17 ± 3 ppm for TZn20 and TZn60, respectively. The
positive control (copper sulphate) was 7 ± 2.0 mg/l. These results
showed that both derivatives were active against Artemia persimili
larvae being the derivative obtained at 60 ◦C about 7 times more
active than that obtained at 20 ◦C.

3.3. Determination of leached polyphenols as a function of time

Results of the leaching experiments are shown in Figs. 2–5. The
cumulative amount of TP leached from coating 1 formulated with
TZn20, was  higher than that from coatings 3; these result corre-
lated with the major solubility of TZn20. The addition of 2% of ZnO
to coating 2 decreases the amount of leached TP. The formation
of less soluble resinates between rosin and zinc ions reduced the
dissolution rate of the binder (Fig. 2). The leaching rate (Fig. 3), at
QZn20 QZn60

Tannin 86.70 77.47
Humidity 12.77 13.31
Zinc  0.53 9.22
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Fig. 4. Amount of zinc ions leached from the coating 3.

ing 1, but was found to be 1.23 and 1.79% for coatings 2 and 3,
respectively (Fig. 6b, 0 day).
Fig. 2. Amount of tannin leached from the coating films.

2 �g cm−2 day−1 Fig. 3. The reproducibility of the test was accept-
ble and the variation coefficient was found to be ∼6%.

The concentration of Zn2+ leached from coatings 1 and 2 was
ess than 0.1 ppm, the detection limit of the atomic absorption (AA)
echnique. On the other hand, Zn2+ leached from coating 3 was
etectable by AA. Zn2+ lixiviation increased sharply during the first
wo days of immersion and then showed a slight increase as time
lapsed (Fig. 4). Plotting the leaching rate of Zn2+ in a given interval
f time, it could be seen that this approached a fairly constant value,
1 �g cm−2 day−1, after the first five days of testing (Fig. 5).
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Fig. 3. Rate of tannin leaching from the coating films.
3.4. Superficial analysis of coatings by SEM and ESEM

The appearance of the coatings before (0 day) and after (2 and
30 days) immersion in ASW may be seen in Fig. 6a and b which
contained the corresponding EDX spectrum.

Unexposed film (Fig. 6a, 0 day) presented a similar morphology
with white particles formed by calcium carbonate and magnesium
carbonate from the extender pigment. The surface concentration of
zinc previous to immersion was  undetectable in the case of coat-
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Fig. 5. Rate of zinc ions leaching from the coating 3.
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Fig. 6. (a) SEM micrograph: panels with 0, 2, and 30 days of the exposition in ASW (observed cracks respond to high vacuum conditions). (b) Microanalysis of the coatings
by  EDX: panels with 0, 2, and 30 days of the exposition in ASW.
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Fig. 7. ESEM micrograph: controls and coatings 1–3 with 2 days of the exposition in NSW.
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After 30 days of exposure in ASW, coating 1 showed large pores
nd an incipient surface wear. This fact correlated with the high
eaching rate recorded for this coating (Fig. 3). The increase in the
ignal corresponding to Na and Cl was attributed to an intense cir-
ulation of ASW through the pores of the paint film which would
ertainly affect its efficiency, facilitating the dissolution of the
inder and the release of biocide to the environment. The irregular
urface observed for coating 1 would indicate a greater vulnerabil-
ty to bacterial settlement and growth.

In change, coatings 2 and 3 showed a more homogeneous
nd compact film without pores. The surface morphology did not
hange substantially between 2-30 days of immersion. It is inter-
sting to point out that the addition of 2% of zinc oxide led to a
ignificant improvement in the surface properties of the coating
Fig. 6a, coating 2, 30 days).

Surface elemental analysis of coatings 1–2 revealed an increase
n the Mg  and Ca contents (Fig. 6b). This seemed to indicate that the
oating surface accumulated products coming from the reaction of
annin and rosin with seawater cations. It was also reasonable that
he C content decreases due to solubilization of the binder and the
eaching of tannin from the coating.

ESEM micrographs of the controls (panels without coating
nd with control coatings) and the experimental coatings 1–3
fter 2 days of immersion in NSW are shown in Fig. 7. A
reater degree of colonization was observed on the control panels
nd control coating (without any type of biocide) which exhib-
ted the formation of a layer of abundant biofilm with some
iatoms.

The thin biofilm grown on coatings presented less diversity and

as mainly constituted by rod-shaped bacteria. This would result

n a delay in the second stage of the substrate colonization by other
rganisms like diatoms or protozoa. Actively grown bacteria around
ores of coating 1 can be seen in Fig. 7. The bacterial colonization on
coating 1 contributed to the high deterioration observed in immer-
sion tests in the natural environment as it will be shown below. In
the case of coatings 2 and 3 no was  observed biofilm formation after
2 days of exposure. These observations correlated with results in
NSW immersion and resulted in an extended useful life for coatings
2 and 3.

3.5. Essays in NSW

Once immersed in NSW, coated panels were observed period-
ically to determine the AF efficiency of tested coatings according
to the selected scale, ASTM D6990-05 [35] (Fig. 8a and b). After
the fourth month of immersion control panels exhibited a great
amount of attached organisms (mostly ascidians, bryozoans, ser-
pulids and algae) resulting the FR = 0. In the case of the control
coating, without biocide, FR was found to be 39, higher than the
control panels, but much lower than coatings 1–3 (Fig. 8). The
amount of settled organisms increase over time, being the FR = 0
at the ninth month of immersion for the control panels (Fig. 8a).
Coatings 1–3 exhibited a high AF efficiency (FR = 99) but, for the
sixth month, coating 1 showed a high wear and panels were taken
off the exposition site (Fig. 8b). Coating 2 presented a good behavior
(FR = 80) after sixth months of testing but showed incipient wear
which became worse as time elapsed, causing the test to be finished
at the seventh month of exposure. Coating 3 was  the most efficient
one (FR = 90) after ninth month, keeping a complete film integrity.
However, 1 month later increased attachment of macrofouling,

such as serpulids and acidians, was  observed although film integrity
maintained over the entire panel, both the antifouling protection
and film integrity was  favored with the pigment obtained at 60 ◦C
(Fig. 8b).
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ig. 8. (a) Photograph panels immersed in sea water environment: control panel a
–3.

. Conclusion

The used of analytical techniques like SEM and ESEM along
ith others which can be performed in the laboratory, in a short
eriod of time, proved to be extremely useful to assess coatings
eterioration exposed to natural environments. An insight of film
iodeterioration could be obtained by short term exposure test in
SW and subsequent evaluation of bacteria attachment. Coating

 had the shortest service life and failed in laboratory immer-
ion test and developed a bacterial film after 48 h in NSW. At the
ame time, the controls (without biocide) presented a more impor-
ant biofilm which showed a greater diversity with the appearance
f diatoms. Coatings 2 and 3 showed a more homogeneous and
ompact film without pores after immersion in ASW in SEM micro-
raph. Therefore, the absence of biofilm in NSW after 48 h and
n extended life in NSW showed a correlation between results
btained with short time tests and long exposure test in natural

nvironment.

The best results obtained with the coating that contained the
annin derivative obtained with the synthesis temperature up to
0 ◦C. This procedure allowed the increasing the zinc content, a
trol coating. (b) Photograph panels immersed in sea water environment: coatings

solubility decrease and a higher bioactivity as compared with the
“tannate” obtained at 20 ◦C.
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