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Abstract

The aim of this work is to study the application of papain as environmentally-friendly
antifouling pigment. For this reason, an antifouling coating has been formulated using rosin
(natural resin) as matrix and papain adsorbed in activated carbon as pigment. The adsorption
step is necessary due the high instability and solubility of papain in water. FTIR and XPS
analyses confirm the presence of papain adsorbed inside the activated carbon pore and the
release of papain in water. Immersion tests in an open channel of Tramandai River (Brazil) and
Mediterranean Sea (Barcelona) have been carried out for 4 and 7 months, respectively, to
evaluate the antifouling efficiency of formulated coating. These field assays clearly indicate the
excellent behaviour of papain-based antifouling coating in both environments, results being
similar to those achieved using a commercial coating. The use of biodegradable papain as
nature-friendly antifouling agent can eliminate the negative environmental impact caused by

metals and chemical biocides typically used in current commercial formulations.
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1. Introduction

Biofouling has significant impact on naval industry due the attached biofilms on
immerses structures.? These films are formed by micro- and macro-organisms, the dominant
species depending on the geographical localization."** The presence of fouling increases the
rough and weight of hull contributing to rise the costs of maintenance and fuel consumption of
ships.® Stationary structures and hydroelectric plants are also negatively impacted by biofouling
due to the corrosion and obstruction of turbines propeller and ducts.

Although many solutions have been proposed to avoid the fouling attachment,
application of antifouling paints is the most used method due to both economic aspects and its
high efficiency.” In the past, self-polishing paints with tributyltin (TBT) biocide were used as
efficient antifouling paints.”® However, serious environmental problems were associated with
the TBT, leading the International Marine Organization to ban such biocide.*** ” Currently, the
majority of antifouling paints have cuprous oxide as antifouling agent inside of a soluble or
self-polishing matrix.* Several others biocides as zinc pyrithione, Diuron® and Irgarol® 1051
are also used together with copper pigment, even though its behaviour can be harmful to marine
environment.'? Diuron® and Irgarol® 1051 are toxic for phytoplankton organisms, impacting
the food chain."® The use of Diuron® was forbidden in the United Kingdom and the Irgarol®
1051 was limited to watercrafts of length lower than 25 meters.*

The mechanisms of mussels and barnacles adhesion are very well described in the
Wiegemann review.™ Proteins are the compounds responsible for adhesion of mussels and
barnacles in the substrate surface.™ In the blue mussel (Mytilus edulis) adhesive, five types of
proteins, abbreviated as Mefps, contain different amount of 3,4-dihydroxyphenylalanine
(DOPA) in their primary sequence.’®® The Mef-3 and Mef-5 are responsible for the contact
between mussel adhesive and substrate, showing high amount of DOPA.***¥% Thus, the

concentration of DOPA plays a crucial role in the quality of the mussel adhesion.®® The



adhesive of barnacles is composed for more than 90% of proteins, being lipids, ash and
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carbohydrate the minor constituents. According to Cheung et al.” the adhesive of
barnacles has fast curing times, becoming a rigid and extremely resistant material called
cement.”> Some algal spores, diatoms and bacteria also used proteins to attach on many
substrates.”**®

The use of enzymes as antifouling agent can cleavage the proteins of fouling adhesives,
avoiding attachments of marine organisms on substrates.?**’ According to Dobretsov et al.?,
the fouling settlement of Bugula neritina can be inhibited by using right concentrations of some
enzymes, such as amylase, galactosidase, papain and trypsin. An interesting feature about
enzymes is its easy decomposition microorganisms in marine environment to CO; and H,O by
the action of microorganisms.?® Some works reported the use of enzymes as antifouling agent
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in coatings, even though the great variability of matrix paints, water conditions and enzyme

stability make difficult the practical application of these formulations to real situations.?

Kristensen et al.?®

used glucoamylase and hexose to produce an antifouling coating with good
efficiency until 97 days of immersion in the North Sea. Kim et al. used pronase and a-
chymotrypsin together with poly(dimethylsiloxane), reporting a reduction on protein
adsorption.®

Papain is a proteolytic enzyme extracted from the latex of papaya fruit (Carica papaya
L.).® The Brazil is among the largest producers of papaya in the world, with a production of
1,650,000 ton/year.*®* The papain is used for different applications including cosmetics,® meat
tenderization® and wound care.*® On the other hand, different authors have proposed
immobilization processes to improve the stability and use of enzymes in different media.*"*

The immobilization process ensures the reuse of the enzymes, which is important for industrial

applications.*! Silva et al.®” immobilized papain and pancreatin in activated carbon and alumina



to prepare low cost dietary supplements. Afaq and Igbal®

immobilized papain on a chelating
sepharose, obtaining good regeneration of this enzyme.

The aim of this work is to prepare an antifouling coating using papain adsorbed in
activated carbon as antifouling pigment. It should be noted that the step of adsorption has been
proposed because of the high solubility of papain in water. Furthermore, adsorption is also
expected to improve the papain stability in different environments. Results indicate that the

coating fabricated using papain adsorbed in activated carbon allied to a rosin matrix shows

excellent antifouling properties.

2. Experimental procedure

2.1. Materials

Activated carbon powder (Delaware, Brazil), papain enzyme powder 6000 USP
(Delaware, Brazil), Na,HPO, (Synth, Brazil), NaH,PO, (Synth, Brazil) were used in the
preparation of antifouling pigment. Coatings were prepared using methyl ethyl ketone (MBN
chemicals, Brazil) as the solvent and WW rosin (RB Sul, Brazil) as matrix. The commercial
antifouling coating Micron® Premium (Akzo Nobel, USA) was used as a reference to control
the antifouling activity and the two-component epoxy primer Intergard 269 (Akzo Nobel, USA)

was used as an anticorrosive primer and blank.

2.2. Antifouling pigment preparation

The papain antifouling pigment was prepared as described Silva et al.*"** even though
the procedure was modified according to our conditions. Firstly, 1000 mL of a phosphate buffer
solution was prepared by dissolving 11.525 g of Na,HPO, and 2.257 g of NaH,PO, into

deionized water. Then, 8 g of papain was dissolved into the buffer solution prepared before.



After complete dissolution of papain, 40 g of activated carbon was added in the buffer solution
and the mixture was stirring for 1 hour. After, the activated carbon was filtered in a Biichner
funnel and dried for 48 hours at room temperature.

In order to characterize the pigment adsorption, Fourier transform infrared spectra were
recorded using a FTIR 4100 Jasco spectrophotometer coupled with an attenuated total
reflection accessory (Specac model MKII Golden Gate Heated Single Reflection Diamond
ATR). The spectra were obtained after 32 scans at a resolution of 4 cm™, in a spectral range of

600—4000 cm 2, in transmittance mode.

2.3. Coating preparation

The dispersion of all coating components was carried out by a Dispermat N1 (VMA-
Getzmann GMBH of Reichshof, Germany) disperser with a Cowles disk and jacketed reactor.
Before dispersion process, 48 g of rosin was previously dissolved in 50 mL of methyl ethyl
ketone (MEK). As first step, the dissolved rosin was added in the jacketed reactor. In order to
reach homogenization, rosin was dispersed for 20 minutes before papain/activated carbon
addition. Then, 24 g of antifouling pigment was added together with 50 mL of MEK and the
coating was dispersed at 3000 rpm for 1 hour. The whole dispersed product was put on a
Dispermat SL-12 ball mill (VMA- Getzmann GMBH of Reichshof, Germany) to mill the
pigments. More MEK was also added to set the coating viscosity, according to the system
demand. The mill process stop when the pigments reached a size between 25-15 um (6 and 7
Hegman). The pigment volume concentration (PVC) of formulated antifouling coating was 45

1.*® and Gitlitz and Leiner,** the typical PVC values in coatings

vol.%. According to Kill et a
formulated with soluble matrices should be comprised between 30 and 45% to improve the

antifouling efficiency .



2.4. Panel preparation

Before the application of antifouling coatings, the surfaces of steel panels (AISI 1010)
with size of 25 cm x 20 cm x 1 mm were prepared using the following four-step procedure: (i)
degreasing with acetone; (ii) polishing with sandpaper (grain size #150); (iii) rinsing with
deionized water; and (iv) degreasing again. After surface preparation, the two sides of each
panel were painted with anticorrosive primer. The commercial (COM) and papain-based
antifouling coating (PAP) were applied on one side of the panel and edges. All panels were
painted with a brush and dried at room temperature for 48 hours before immersion. The film
thickness was measured with a Byko-7500 test unit (BYK Gardner, Germany). Measurements
were repeated twelve times in different areas of the sample and the mean and standard
deviation were calculated. The average thickness of the primer (also used as the blank), COM

and PAP coatings are given in Table 1.

Table 1: Dry film thickness of coatings used in immersion tests at the Mediterranean Sea and

the Tramandai River channel.

Coating Primer Thickness (um) £ SD  Coating Thickness (um) £ SD

Blank 44 +2 -
Mediterranean Sea COM 43 +2 190+ 12
PAP 42 +2 265 + 27

) Blank 48 £ 4 -

Tramandai River
COM 41+ 4 220 + 23
Channel

PAP 52+5 292 + 24

2.5. Measurements
To characterize the coatings before and after immersion tests, scanning electron

microscopy (SEM) analyses were carried out using a focused ion beam Zeiss Neon 40



microscope operating at 5 kV. Coatings were fixed on a sample holder with a double-sided
adhesive carbon disk and sputter-coated with a thin layer of carbon graphite to prevent sample
charging problems. Optical microscopy images were obtained by a Dino-lite model XXX USB
digital microscopy.

The coatings before and after immersion testes were also characterized by X-ray
photoelectron spectroscopy (XPS) were performed in a SPECS system equipped with a high-
intensity twin-anode X-ray source XR50 of Mg/Al (1253 eV and 1487 eV, respectively)
operating at 150 W, placed perpendicular to the analyzer axis, and using a Phoibos 150 MCD-9
XP detector. The X-ray spot size was 650 um. The pass energy was set to 25 and 0.1 eV for the
survey and the narrow scans, respectively. For the flood gun, the energy and the emission
current were 0 eV and 0.1 mA, respectively. Spectra were recorded with a pass energy of 25 eV
in 0.1 eV steps at a pressure below 6x10° mbar. The Cls peak was used as an internal
reference with a binding energy of 284.8 eV. High-resolution XPS spectra were acquired by
Gaussian/Lorentzian curve fitting after S-shape background subtraction.

Water contact angles were measured using an optical equipment model OCA 15E
(Dataphysics Instruments), equipped with a 500 pL precision syringe (DS 500GTand the SCA
20 software for data processing. The contact angle was measured in six different areas of the

sample, the average value being used to determine the surface wettability.

2.6. Assays in natural marine environments

The PAP antifouling coating was tested in two distinct marine environments: Tramandai
River and Mediterranean Sea. Tested samples (Blank, COM and PAP) were immersed in an
open channel of the Tramandai River (29°58°35.37°’5S, 50°07°25.51°’W) in Brazil. This
channel flows directly to the Atlantic Ocean and the local of the immersion test is distant about

400 m of the Ocean. More samples were immersed in the Mediterranean Sea at Badalona



Nautic Port (41°26'08.4"N, 2°14'33.0"E) in Spain. The samples immersed in Tramandai River
were analysed between September of 2013 and January of 2014 and the samples immersed in
Badalona Port, between April and November of 2013. The immersion tests were carried out
during the warm months in Brazil and Spain, which coincides with high activity of Balanus
amphitrite, bacterial and diatoms biofilms.*>*

Tested samples were drilled and fixed with nylon straps on a support built with
poly(vinyl chloride) tubes. Before fixation, the tubes were covered with polyurethane foam to
protect the samples. The support was tied with a nautical rope in distinct points and immersed
approximately 60 cm deep according to previous instructions.*”*® Samples were inspected
every month to verify the degree of fouling attachment and distances less than 1.3 cm from the
edges were not considerate in the calculation of biofouling coverage area.”” The coverage area

was calculated according to biofouling degree, where 100% means complete coverage of the

panel by biofouling and 0% means total absence.*

3. Results and Discussion

3.1. Mechanism for the action of the antifouling coating

The mechanism of action proposed for PAP antifouling coating is describe in Figure 1.
In this work, we assumed that papain can react with proteins of fouling adhesives and thus,
avoid its attachments on substrates.”?’ Figure 1 shows a hypothetic scheme of temporal
evolution of PAP in two stages. The first stage (Figure 1a) represents the initial immersion time
in marine environment when the fouling organisms approach to the coating encountering a
surface rich in papain. The second stage, which is represented in Figure 1b, corresponds to the
launching of the first PAP layer to the marine environment and the apparition of a new PAP

layer. The use of rosin as matrix in the formulation of PAP makes the coating soluble in marine



environment due the formation of soluble resinates with some metallic ions in water (K and
Na).>

Figure 1c represents the activated carbon with papain adsorbed inside of its pores while
Figure 1d illustrates the mechanism of fouling detaching through the reaction of papain and
fouling adhesive. Thus, Figures 1a and 1d indicate that water penetrates inside the activated

carbon pore, releasing papain protease that react with fouling protein (adhesive).

Activated carbon

New layer of antifouling coating
Antifouling coating

Papain

Polished coating
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L%\ / Fouling

Area of the reaction between fouling protein and papain

Anticorrosive primer
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Residual external layer of antifouling coating
with water inside of activated carbon pores

Papain released by pore
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Figure 1: Hypothetical schematic mechanism for the action of papain-based antifouling
coating in marine environment. (a) Initial immersion time; (b) representation of soluble coating
action; (c) activated carbon with papain adsorbed inside of its pores; (d) mechanism of fouling
detaching through the reaction of papain and fouling adhesive. AUMENTAR TAMARNO DE

LAS LETRAS EN EL ESQUEMA.

3.2. Pigment and surface characterization



3.2.1. Fourier transform infrared spectroscopy (FTIR)
The adsorption of papain inside the activated carbon was verified by FTIR. Figure 2

shows the spectra of papain and activated carbon after the adsorption process.

Papain

2924
3300

Activated carbon + papain

(b)

Transmittance (%)

3300

4000 3500 3000 2500 2000 1500 1000
Wavenumber (cm™)
Figure 2: FTIR spectra of (a) papain powder and (b) activated carbon after the papain

adsorption process. FALTA PONER UNA BARRA VERTICAL CON UN VALOR DE LA

ESCALA DE TRANSMITANCIA.

The papain spectrum (Figure 2 a) shows a broad absorption band centered at 3300 cm™,
whichcorresponds to the N—H stretching of secondary amide.>* The bands at 1637 and 1551
cm™ are associated to —CONH amides 1°® and 11,>® respectively. The band at 2924 cm™ is
typically associated to the —CH,— asymmetric stretching® while peaks 1150 cm™, 1076 cm™
and 852 cm™ have been attributed to sulphide and disulphide —CS stretching.>*

The spectrum of activated carbon after the adsorption process of papain (Figure 2b) is
very similar to that of papain (Figure 1a), as is evidenced by the presence of the amide I, amide

Il, sulphides and disulphides absorption bands. This similarity is fully consistent with the
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results of Silva et a corroborating the successful adsorption of papain into the pores of

activated carbon.

The spectra of rosin, PAP before and after 7 months of immersion tests in the
Mediterranean Sea are shown in Figure 3. The rosin spectrum displays the characteristic peak
at 3400 cm™ associated to the hydroxyl absorption band.>® The band at 2927 cm™ corresponds
to the asymmetric —CH,— stretching while the shoulder at 2865 cm™ has been attributed to the
symmetric —CHj stretching of the methyl group.® The sharp peak at 1692 cm™ corresponds to
the carbonyl group of diterpernic resins.® The absorptions at 1384 and 1447 cm™ are
associated to —CHj bending vibration.”® The peak at 1180 cm™ has been attributed to saturated
C-C or —CH in aromatic rings, whereas those at 1240 and 965 cm™ are associated to carboxylic

groups. Finally, the absorptions at 890, 826 and 700 cm™ have been related to the vibrations of

aromatic groups.”’
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Figure 3: FTIR spectra of (a) rosin, (b) PAP coating before immersion and (c) PAP coating
after 7 months of immersion in the Mediterranean Sea. FALTA PONER UNA BARRA

VERTICAL CON UN VALOR DE LA ESCALA DE TRANSMITANCIA.



The spectrum of PAP the before immersion test (Figure 3b) shows not only the rosin
peaks but alsovery weak absorption bands associated to the amide 11 (1552 cm™) and the —-CS
stretching from sulphides and disulphides (1150 cm™). These bands are almost imperceptible
due to the entrapment of pigment (i.e. papain adsorbed in activated carbon) inside the rosin
matrix. When the immersion time increase until 7 months (Figure 3c), part of rosin was
solubilized in water and the bands related to amide and sulphur groups become more defined.

.8 the peak at ~1023 cm™ (Figures 3b-c) is related to the oxidation

According to El-Sayed et a
of disulphide bonds, which gives place to the formation —SSO3; groups (Bunté salt) . This
oxidation process could be originated in the sample preparation process because of prolonged

exposure of non-adsorbed papain to the air (i.e. papain is unstable to high temperatures).

3.2.2. X-ray photoelectron spectroscopy (XPS)

XPS analyses were carried out to monitor chemical changes on the surface of
antifouling coating layer after contact with seawater and to corroborate the release of papain.
As can be seen in Figure 4, the rosin-based antifouling film does not present significant
contribution of nitrogen atoms and zero percentage of sulphur element at initial time (before
immersion), which is consistent with the assumption that the active soluble pigment was
located inside the coating. This result was also supported by FTIR spectroscopy, which allowed
detection of very weak signals for sulphur- and nitrogen-containing groups (Figure 3b). After 7
months of field test, both nitrogen and sulphur are clearly detected in the leached layer. These
results indicate that papain enzyme has been leached gradually with time (AUN NO SE HA
MOSTRADOQOY!). The atomic percentage found for samples before immersion were C (80.2%),
O (19.3%) and N (0.45%); whereas samples extracted after 7 months showed C (75.5%), O

(21.7%), N (2.4%) and S (0.4%) composition.
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Figure 4: Comparison of the XPS survey spectra for the PAP antifouling coating before and

after 7 months of immersion in Mediterranean Sea.

To further investigate the chemical linkages of the antifouling coatings, high resolution
spectra of Cls, Ols, N1s and S2p were registered (Figure 5). In both cases, C1s signal was
deconvoluted in three peaks corresponding to C-C/C-H at 284.6 eV, C=0 at 286.3 eV and C-N
at 288.3 eV (Figures 5a-b). The C—N bond was attributed to backbone peptide bonds of papain,
which also appeared in the FTIR spectra (Figure 3b-c). The detection of C—N before immersion
suggests the presence of a very small amount of papain at the surface of PAP coating, which
can be originated from an exposed activated carbon pore or solubilized papain in the rosin

matrix. It should be remarked that this small content of papain at the surface is not enough to



allow the detection of disulfide bonds by XPS since, although this proteins relatively large with
345 amino acid residues, it only involves three disulfide bonds.

Before immersion, the O1s showed one peak at 532.5 eV, which has been attributed to
the C-O bond from rosin resin (Figure 5c). After 7 months of immersion, an increase in the
amount of oxygen adsorbed is observed, and thus other bonds contributions can be
deconvoluted (Figure 5d). The three obtained peaks are: at 528.6 eV (S-SO3 ), 532.2 eV (N-C—
0O) and 533.4 eV (C=0) Therefore, changes in the spectra are evidenced by the oxidation of the
disulphide bonds between cystine residues during the course of the leaching reaction or sample
preparation process. These XPS results are in excellent agreement with the FTIR observations,
confirm the formation of —-S-SOj3" in the surface of PAP coating.

High-resolution spectra of S2p (Figures 5g-h) corroborate the observations obtained for
O1ls. Solubility and leaching of papain molecules from paint cause the opening of the
disulphide bonds.®® Accordingly, papain reacts and oxidation of the disulfide bonds is reflected
by the high contribution of S-O linkages at 169.5 and 170.7 eV from sulfonated groups.
Moreover, no contribution from S2p signal at ca. 164 eV, corresponding to the normal disulfide

bond in cysteine,“"™

was observed in the XPS spectra.

Nitrogen was essentially attributed to secondary amine (C—N-H linkages at ca. 400 eV)
in paint films after the dissolution of the papain (Figure 5f). However, N1s was also detected in
a low concentration in the control sample (before immersion) because the possible presence of
a very small concentration of papain solubilized in the rosin matrix (Figure 5e). XPS results
support that the enzyme is present at the surface of PAP coating even after 7 months of

immersion. The presence of papain after long exposition times suggests that this enzyme is a

potential environmentally friendly antifouling agent when used in rosin-based coatings.
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Figure 5: High resolution XPS spectra of PAP coating before and after 7 months of immersion

in Mediterranean Sea: (a-b) C1s; (c-d) O1s; (e-f) N1s and (g-h) S2p.



3.3. Immersion tests

The antifouling behaviour of PAP coating was evaluated in two distinct marine
environments: Mediterranean Sea and an open channel in the Tramandai River. The place
where the samples were immersed in Tramandai River has the highest density of organisms in
spring and summer,* which was the tested period. The Tramandai channel has variable salinity
due the entry of seawater.”® On the other hand, The Mediterranean Sea has high salinity
(between 37.5 and 39.5 psu) and temperatures in the west basin between 12.8 °C and 13.5 °C.%°
Therefore, the dissimilar characteristics of the Mediterranean Sea and Tramandai River become
an interesting approach to verify the antifouling efficiency of PAP coating in different

environments.

3.3.1. Tramandai River open channel

Photographs of blank, PAP and COM samples before and after immersion in Tramandai
River are given in Figure 6. As can be seen in Figure 6b, after the second month of immersion
the surface of the blank sample is almost entirely covered by fouling organisms while no signal
of fouling is on the surfaces of the PAP (Figure 6e) and COM (Figure 6h) samples. Figure 6e
shows a small failure (area with exposed primer) at the lower left corner of the PAP coating,
which has been attributed to an uncontrolled impact with an unknown surface. After 4 months
of immersion, the blank sample (Figure 6c) is completely covered by fouling (barnacles as
majority) while the PAP one (Figure 6f) only exhibits fouling in the area with exposed primer.
The latter is a clear evidence of the antifouling potential of the PAP coating. The COM sample
(Figure 6i) has no fouling attached over its surface after 4 months of immersion, except failures
in the coating edges. The immersion tests also confirm an intense fouling activity at Tramandai

River channel. Other important fact that should be highlighted is the presence of an intense



fouling layer on the back of all samples (not shown), which was not painted with antifouling

coating .

Figure 6: Photographs of samples before immersion (left column), after two months of immersion
(middle column) and after four months of inmersion (right column) in Tramandai River for: blank
(a,b,c), PAP (d,e,f) and COM (g,h,i) samples. The dimension of each sample is25cm x 20 cm x 1

mm.



3.3.2. Mediterranean Sea

The antifouling properties of PAP coating were also tested in the Mediterranean Sea.
Figure 7 shows de photographs of samples before and after immersion tests. According to the
Figure 7b, the blank panel shows several white points (fouling) over entire surface after two
months of immersion in the sea. In contrast, no signal of fouling is detected in panels coated with
PAP (Figure 7f) and COM (Figure 7j) after the same time of immersion. After 4 months of
immersion, the fouling over the blank sample (Figure 7c) is more pronounced while PAP (Figure
79) and COM (Figure 7k) samples remain without any sign of fouling. The surface of the blank
sample (Figure 7d) is severely attacked by the after 7 months of immersion at Mediterranean Sea.
This fact reflects the intense fouling activity at Badalona port (Mediterranean Sea).

The COM (Figure 71) sample does not present any heavy fouling after 7 months of
immersion. Indeed, only coating failures were found. Similarly, the sample coated with PAP
(Figure 7h) does not exhibir heavy fouling over the surface after 7 months of immersion, even
though light fouling (small limbs or branches attributed to some algae species) are detected in
some points of the surface. These observations corroborate the antifouling property of PAP
coating. As occurred in samples immersed in the Tramandai River, the presence of fouling on the

back of all samples (part that was not painted with antifouling coating) was very high.



Figure 7: Photographs of samples before immersion (left column), after two months of immersion
(middle-left column), after four months of inmersion (middle-right column) and after seven
months of inmersion (right column) in Mediterranean Sean for: blank (a,b,c,d), PAP (e,f,g,h) and

COM (i,j,k,I) samples. The dimension of each sample is 25 cm x 20 cm x 1 mm.

3.3.2. SEM and optical images
The surfaces of PAP and blank samples after 7 months of immersion in Mediterranean

Sea were analysed by SEM and optical microscopy. Figures 8a and 8c, which shows the



surface of the blank sample after immersion, clearly reflect the presence of a heavy fouling in
the surface of the sample. The presence of a polychaete tubeworm is detected as major fouling
type (Figures 8a and 8c). Barnacles and mussel were also found in some places of the panel but
in minor amount. The thickness of fouling layer is very irregular, reaching values close to 4
mm in the blank panel, as can be seen in the Figure 8e.

Figure 8b shows the area of PAP coating without fouling attachment while Figure 8d
shows the area with the presence of an algae species. Areas without PAP coating are propitious
for fouling attachement (Figure 8f), as also observed in the immersion tests carried out in
Tramandai River.

Figure 9 shows the SEM micrographs of PAP coating after 7 months of immersion in the
Mediterranean Sea. Exposition of activated carbon at the surface of PAP coating suggests that
rosin matrix was solubilized in the water environment. This mechanism facilitated the release of

tpapain to water enabling its antifouling activity.



Figure 8: Optical Micrographs of blank (a, ¢c and e) and PAP (b, d and f) samples after 7 months

of immersion in the Mediterranean Sea.



Figure 9: SEM micrographs of PAP sample after 7 months of immersion in the Mediterranean

Sea.

4. Conclusion

The performance of papain-based antifouling coating was tested in two different natural
marine environments. The pigment used as antifouling agent was the papain adsorbed inside the
activated carbon pore. XPS analyses evidenced the release of papain in marine environment and
confirmed the presence of papain inside the activated carbon pores, the latter being also

corroborated by FTIR spectroscopy. Immersion tests in the Tramandai River channel during 4



months and in the Mediterraneam Sea during 7 months showed the excellent antifouling action of
the papain-based antifouling coating in both environments. Optical microscopy images reflected
the presence of polychaete tubeworm as major fouling organism in the Mediterranean Sea, even
though barnacles and mussels were also identified. In the Tramandai River channel, the major
fouling organism found was the barnacle.

In summary, immersion tests and microscopy images indicate that the antifouling
efficiency of the papain-based coating is similar to that of the commercial one. However, the great
novelty of PAP is the replacement in the coating formulation of metals and other toxic biocides,
which are present in COM, by a natural and biodegradable? (papain) antifouling agent. Therefore,
the negative environmental impact caused by metals and many chemical biocides can be
eliminated by using papain as a nature-friendly antifouling agent that is easily biodegraded in the

marine environment.
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