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Abstract

Biofouling is one of the major worldwide problems associated with the vessel due to its accumulation with the surface of the ship
hull. The biofouling is the main origin of the coating’s deterioration that ultimately leads to bio-corrosion, roughness and drag,
resulting in an enormous increase in the fuel consumption. Although Tributyltin (TBT) has been used as a pioneer class of
antifoulant to overcome this problem, however, after the legal restriction on TBT, some biocides have been used as its alterna-
tives. These biocides are potentially harmful to the environment due to the higher release rate in the aquatic environment. This
review paper focuses on the progress made in eco-friendly antifouling coating techniques, using control biocide release principal
for marine application. The three main strategies, hydrophilic, hydrophobic, and biodegradable antifouling coating, are reviewed.
Biodegradable antifouling coating is a new promising route based on the combination of eco-friendly biocide with dynamic
surfaces by utilizing degradable polyurethane, polyester acrylate, and modified polyester based polymers. They are used as a
carrier of antifoulant, which control the release rate and also show excellent antifouling activity in the marine coatings due to
tunability, sustainability, and mechanical performance, therefore, they have a longer shelf period. Moreover, this review focuses
on the challenges associated with vessel surface coating and their possible solutions.
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Introduction

The word fouling has been coined on any substrate of unde-
sirable formation (bacteria, algae, and mussel) [1]. The accu-
mulation of marine organisms (both micro and macro-
organisms) on ship hull surfaces have adverse surface effects
such as liquid frictional resistance, corrosion rate, surface
roughness, fuel consumption surge, and so on [2, 3]. Marine
animals may also be transported by ship transport into non-
native ecosystems. Marine biofouling is a global problem,
costing billions of dollars annually in transport [4].
Antifouling (AF) coating is very crucial for marine biofouling
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inhibition, due to the release of toxic material that impedes the
growth of accumulated organisms, enables maintaining the
surface [5—13]. Several toxic materials like arsenic, mercury
and copper used in the paint for ship coating in the last decade.
Similarly, tributyltin (TBT) was also incorporated into the
self-polishing copolymer that exhibited an efficient perfor-
mance against biofouling, that resulted in an increase of the
dry-docking interval [14, 15]. The concentration of TBT in the
seawater has been increased since 1970 due to the higher use
of TBT-based antifouling coating, which induced adverse ef-
fects on the non-target species, as a result, it was banned
worldwide in 2008. Despite the biocide based on metal or
non-metal, antifouling agents have been used as an alternative
to TBT based antifouling paint. Such biocides are very useful
for marine biofouling but are potentially toxic to non-target
species in seawater because of their higher release rate
[16-19].

Because of this global problem, recent research focuses on
environmentally friendly alternatives to ecological toxicolog-
ical problems related to the use of toxic AF coatings, such as
hydrophilic and hydrophobic antifouling coating [4].
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Hydrophilic antifouling coatings which prohibit or delay the
adherence of marine biological species from adhering to ship
hulls. Hydrophobic coatings, including fluoropolymers and
silicone compounds, provide an environmentally friendly
alternative that can be used for extended periods [20].
Fouling release (FR) coating technology functions by
prohibiting fouling of settlements and producing ultra-
smooth self-cleaning surfaces. Coating strategies with
noble metal NPs and metal oxides may be efficient
ways for preventing fouling due to their durability
against microbial attacks [21-23]. Between these com-
ponents, Cu,O and ZnO are conveniently produced from
low-cost, supposedly secure natural sources and there-
fore are appropriate for long term comprehensive studies
[24]. Designated NPs will boost different properties in
coating compositions, including antifouling (AF), me-
chanical and optical properties, permeability and wetta-
bility [25-27]. Therefore, scientists have recently
followed the incorporation of nanocomposite biocide in
hydrophilic and hydrophobic materials in micro and
macrofouling in field test and assay, indicating that this is an
excellent strategy for regulating the release rate and showing
excellent antifouling activity [28-31].

Additionally, scientists have also introduced biocide into
biodegradable polymers that are used as a carrier, resulting
in relatively show release in marine water due to their hydro-
lyzable ester groups. As a result, it allowed the coating to
slowly peel and showed improved antifouling behavior
[32-39]. The Biodegradable polymer process occurs through-
out the seawater immersion due to hydrolytic and enzymatic
degradation. On the other hand, biodegradable polymers may
undergo hydrolytic and enzymatic cleavage of the backbone,
resulting in small molecules that ultimately develop into water
and carbon dioxide after a certain period. The contaminated
particles of the degradable polymer are much smaller; there-
fore they have no negative impact on the environment
[40-42].

Legislation and laws are becoming complicated with the
use of antifouling material that can impact on the marine en-
vironment. Under these difficulties, developing sustainable
and wide-ranging advance antifouling materials is currently
a global challenge. This review paper focuses on the recent
development of strategies applicable to control the release of
biocides and their antifouling activity. The aim of this study is
to provide a critical understanding of an important area of
sustainability-driven chemical research in which biocide has
been used to improve green technology. We have discussed
various approaches, including the incorporation of nanocom-
posite biocide in hydrophilic and hydrophobic antifouling
coating, its release and antifouling activity. We have also
highlighted the promising qualities of biodegradable polymers
as an antifoulant carrier along with their release control, and
antifouling activity.
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Marine biofouling

Marine biofouling is composed of approximately four thou-
sand different kinds of worldwide species [43]. The process of
biofouling may be classified into two groups (1) micro-
fouling and (2) macro-fouling. The microfouling is mainly
caused by a microorganism such as bacteria and diatoms,
while macro-fouling is caused by macroorganisms such as
barnacles, algae, bryozoans, mussels, and seaweed, as shown
in Fig. 1A [44]. It is well known that microorganisms accu-
mulated on the biotic and abiotic surface, initially colonized
on a surface and formed a biofilm [45]. The colonization of
the biofilm formation process possesses in the initial and irre-
versible manner. The initial phase is a fundamentally direct
attraction of microorganisms on the surface. The Initial attach-
ment is controlled by a physical adhesion between the micro-
organism and the substrate [46, 47]. In the irreversible pro-
cess, bacteria attach directly to the surface due to the low
quantity of carbon level in the seawaters. Bacterial cells form
biofilms on the surface and then disperse when they are ma-
ture or immature [48, 49]. Microorganisms colonies made up
of larvae of certain species of barnacles, ascidian larvae, mol-
lusks, and polychaete form biofilm components and possess a
very strong settlement on the surface [50]. While microorgan-
ism secretes Extracellular Polymeric Substance (EPS),
which consist of protein and polysaccharide, Moreover,
the concentration of dissolved oxygen in seawater also
increased the concentration of EPS, thus increasing the
adhesion of biofilm adhesion by polysaccharide and dis-
solved oxygen [51].

Effect of biofouling

The marine organisms accumulated on the surface of a ship
hull, have a bad economic and environmental effect on mari-
time industries, as shown in Fig. 1B [52]. Therefore, the ship-
ping industry consumes billions of dollars every year due to
biofouling [53]. When an organism attaches to the vessel hull,
so the surface becomes smoothen, which increased drag; con-
sequently, the speed of the ship is reduced, and the hydrody-
namic weight increases. Therefore the world fleet fuel con-
sumption is increased by biofouling organisms [54]. As a
result, the huge amount, i.e., 1050 million tons of carbon di-
oxide, 25 million tons of nitric oxide, and 15 million tons of
sulfur oxides emissions are recorded annually. Furthermore, it
causes soil damage and acidic rain, atmospheric pollution, and
shows serious environmental problems [55-57]. The in-
creased consumption of fuel the expenses of cruise ships in-
creased up to 77% due to the biofouling, not only in price
increased but also shortened the dry docking time. The treat-
ment of wastewater which is contaminated by the release of
antifouling (AF) additives in water, that costs approximately €
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3.5 billion which is consumed by international maritime trans-
port for this purpose. The global shipping crises increased in
2012 and 2013 because of German national merchant
reduced to 200 ships due to increasing fuel expenses
[57], and due to the elastomeric coating applied on the
largest vessel, which cost was very high for dry-docking
[58]. Moreover, the non-indigenous species accumulate on the
various hull locations and reach on the dry docking and ballast
water. Hence, they attack the native organism and spread var-
ious diseases [59].

Development of antifouling technology

In 1908, for first-time spirit based varnish paint was applied at
the bottom of the vessels. Meanwhile, mercury oxide based
paint developed in different polymers, where mercury oxide

dispersed in turpentine and alcohol, which was found to be
durable for 9 months [58].

In the twentieth century, the US Navy introduced rosin,
which had additive properties and used as shellac. Therefore
copper or mercury-based blended with rosin increased the
antifouling activity, but they were toxic [61].

In the middle of the twentieth century, the organotin com-
posite TBT showed an excellent antifouling property, which
was reported by Van Der Kerk’s team. TBT biocidal compos-
ite eroded and hydrolysis by releasing toxic material in the
marine environment. Initially, TBT based compound used
with advanced copper antifouling composite coating and then
pure TBT based compound utilized in the whole AF system
[62]. TBT self- polishing coatings (TBT-SPC) was developed
in 1958, which composed TBT acrylate ester used as an anti-
fouling coating. In 1964 TBT methyl methacrylate and TBT
acrylate were patented by James [63].

Ship hull surface

7 Increase frictional resistance
~» Costeffective

> Biofouling

T Increase fuel consumption

Fig. 1 a Schematic illustration of the marine micro and macro-fouling steps in the natural seawater [60]. b The biofouling accumulated on the surface of

the ship [61]
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TBT SPC based antifouling has different benefits
such as decreased fuel consumption, broad release over
time, and keeps hydrodynamic profile smooth during
sailing [64, 65]. In 1990 TBT SPC was successfully
painted more than 70% world fleet ship hull.
However, TBT SPC was affected by non-targeted organ-
isms because they disrupt enzymatic function and essen-
tial metabolite; as a result, organisms died [66].
Antifouling based on TBT SPC has various advantages
such as lower fuel consumption, large release over time,
and keeps the hydrodynamic profile smooth during sail-
ing [52, 53]. These compounds showed serious sub-
lethal due to releasing of low concentration, and they
disrupt the endocrine leading to a sexual disorder of
oyster [15]. These compound attached on mammal and
weakened the immunological defense in fishes was re-
ported by IMO and globally banned the application of
TBT SPC on all vessels on 1 January 2003, as shown
in Fig. 2 [67, 68].

Copper-based tin-free antifouling paint has subjected
to environmental restriction due to a higher release rate;
therefore, copper-based paint has been under scrutiny in
several countries. Copper-based coating showed high
toxicity to target organisms but common algae attached
to the copper surface. Therefore booster biocide (diuron,
irgarol 1051) was added in copper antifouling, showing
highly biocidal coating and overcoming these problems
[69], whereas copper-based paint is under the legislation
of different countries to regulate the implementation of
application due to lower toxicity [70, 71]. Therefore
studies have been developed to control the release of
the biocidal compound for a sustainable environment.

Bacteria

Shipping

TBT Biocide based coating

Bacteria death

Controlled biocide-release antifouling
coatings

The main idea of controlled-biocide-release based methodol-
ogies for AF coatings is to provide desired functionality at the
surface. The three main strategies followed within this ap-
proach are hydrophilic, hydrophobic, and biodegradable
based antifouling coating. In the upcoming section, we de-
scribe the most recent reported works for these principals
and the strategies behind it. Biocides add to the original for-
mulation, which is an effective antifouling strategy with far
reduced aquatic contamination due to the slow release rate.

Hydrophilic antifouling coating

It is a big challenge for the antifouling technology because sea
organisms adhered to the surfaces with different mechanisms
due to the secretion of adhesive and forms conditioning film
on the surface, as described in the below section. For this
purpose, it is necessary to develop marine antifouling coating,
which is applicable for the whole adhesive organism so that it
may be possible for preventing adhesion of protein and bio-
film [72]. Hydrophilic compounds with biocide have widely
used for this purpose in marine applications.

For instance, Abiraman et al. [73], synthesized chitosan
capped copper oxide nano leaves (CCCO NLs) by ultrasound
sonication which was used as antifoulant and further it was
mixed with commercial polyurethane paint. The surface of the
antifoulant was smooth and homogenous in comparison to the
uncoated panel, as shown in Fig. 3A. When chitosan content
increased in the composite, it enhanced the hydrophilicity of

Dolphin
Oyster

Dolphin death

Fig. 2 killing mechanism of TBT based antifouling coating through their toxic effect [60]
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antifoulant because chitosan is hydrophilic. The hydrophilic-
ity of antifoulant increased on the surface, so it decreased the
algae growth on the surface for 30 days in artificial seawater
(ASW), as shown in Fig. 3B. Moreover, the adhesion strength
of the antifoulant containing topcoat to the substrate was high
because the base coat increased the binding efficiency be-
tween the panel surface and antifoulant. Therefore, it
prevented the leaching of CCCO NLs from the surface of
the panel.

In a related study, it was also decorated chitosan on the
surface of the copper nanoparticles (NPs) [74]. The size of
Cu NPs was 2 nm which was confirmed by a Field emission
scanning electron microscope (FESEM), while chitosan dec-
orated copper nanoparticles (CDC NPs) coated panel surfaces
were homogeneous and very smooth, confirmed by atomic
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Fig. 3 a Schematic illustration of chitosan capped copper oxide nano
leaves coated and the uncoated panel. b After algal treatment of CCCO
nanopaint (a,c,e) coated and (b,d,f) uncoated panels [73]. ¢ Concentration
of Cu*? ion in water [74]. d Diatom observation of (a) control, (b)

force microscopy (AFM). CDC NPs used as antifoulant;
therefore, it was mix with commercial polyurethane paint
and showed good antifouling activity without releasing for
30 days, as shown in Fig. 3C.

Recently, Al Naamani et al. [75], synthesized chitosan/ZnO
hybrid coating, which showed antifouling activity in
mesocosm study under tank consisting seawater and con-
trolled laboratory for four weeks. Their result showed that
chitosan/ZnO as antibacterial activity (Pseudoalteromonas
nigrifaciens), and anti-diatom (Navicula sp) in comparison
to chitosan demonstrated by flow cytometry as shown in
Fig. 3D. The incorporation of ZnO with chitosan demonstrat-
ed for coating application was a promising strategy for
preventing the growth of marine microorganisms on the wet-
ted surface. Similarly, it found that chitosan adorned ZnO

0.01

Zinc ions concentration (mg/L)

0.00 -

Week0 Week1 Week2 Week4d

chitosan coating, and (c) chitosan/ZnO nanocomposite coating after
incuabation under fluorescence microscope for 7 days. e The releasing
rate of Zn ion from Chitosan/ZnO composite [76]
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showed excellent antifouling efficiency against algae due to
hydrophilicity in both fresh and seawater for 30 days without
toxic effect on the environment, as shown in Fig. 3E [76].

Recently, Vadana et al. [77], found biofilm formation on
the surface of polyurethane during the observation, and made
further improvement in this area by modifying PU with 1 to
2% Polyaniline-ZnO (PANI-ZnO) nanocomposite Thus 2%
ZnO used as filler influenced the increased order of PANI
and also increased crystallinity. Therefore, the high crystallin-
ity and hydrogen bonding had increased the higher tensile
strength with good mechanical young’s modulus as compared
to PU film, as shown in Fig. 4A. The incorporation of PANI-
ZnO (PNZ) nanocomposites filler in the PU improved hydro-
philicity and wetting processes, resulting in a significant re-
duction in biofilm on the surface compared with PU, as shown
in Fig. 4B.

Moreover, Adelung et al. [78], synthesized nano and mi-
croscale 0.1 to 5% tetrapod Zinc oxide (t-ZnO) by the flame
transport synthesis (FTS), and particles incorporated as filler
in the polythiourethane (PTU) coating. The composite con-
taining 5%wt ZnO showed an increase in adhesive strength
between the composite and substrate through moulding mech-
anism. It also showed higher hydrophilicity as compared to
PTU. Therefore, 5% t-ZnO composite showed excellent anti-
fouling activity than PTU and 1% t-ZnO-PTU in the seawater,
as shown in Fig. 4C. Although hydrogels are made up of
hydrophilic polymer because they contain 80% water, they
are also highly elastic and resistant to non-toxic proteins.
Polyethylene glycol (PEG) is strongly hydrophilic, charged
neutrally and non-toxic, whereas PEG with transition metal
has shown stronger antifouling [79, 80]. For this reason, ZnO
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modified PEG methyl ethyl methacrylate and exhibited excel-
lent AF properties with negligible cytotoxicity. Such
hydrogels showed excellent protein resistance, bacterial at-
tachment, and cell cohesion, thus showing high antifouling
activity [81, 82]. The sol-gel process can be utilized to develop
an environmentally friendly antifouling system based on bio-
cide hybrid because it is a mature platform for the develop-
ment of marine coating for hydrodynamic properties of ships
and prevention of biofouling. Krupa and Vimala et al. synthe-
sized ZnO particle using endosperm of coconut oil then fur-
ther modified tetracthoxysilane (TEOS) sol-gel by doping,
which showed antifouling and potentially evaluated at labora-
tory scale experiment, and the different volumes of liquid sol-
gel coated and cured under various conditions. While ZnO Np
doped with TEOS sol-gel exhibited the highest biofilm inhi-
bition of 89.2% in comparison to undoped sol-gel [83].

Hydrophobic antifouling coating

The surface energy is described in the thermodynamically
homogeneous interior of a material or coating as the excess
energy of the molecules on the surface. The surface energy
can be measured by calculating the contact angle using differ-
ent liquids. Although a lower surface energy usually means
less ability to interact with other compounds and materials
spontaneously [84].

Hydrophobic coating is composed of fluorine and silicone,
while both have higher contact angle and lowest surface en-
ergy. Therefore, they release or remove the attached
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Fig. 4 a The percentage of the covered area by biofouling from the different samples after immersion in seawater, b The schematic illustration of the
Polyaniline-Zinc oxide (PANI-ZnO) nanocomposites [77]. ¢ Coating surface of the PTU-t ZnO after immersion in seawater for 30 weeks [78]
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biofouling on the surface through direct cleaning and ship
speed through the water. The development of advanced mate-
rials, particularly the useful hybrid nanocomposite, has be-
come an essential need to ensure improved and frequently
physical characteristics at a decreased cost. Mixture
inorganic-organic nanocomposite gives the chance to com-
bine the properties of two materials and create innovative
materials. The dispersion of biocide nanoparticle in polymer
enhances the self-cleaning performance, anticorrosive, and
AF performance. Furthermore, the silicone-based FR coating
reduces the interaction of fouling attachment on the surface
and also remove the attached fouling back to the sea without
releasing biocide.

For this purpose, metal oxide NPs Cu,O exhibited distinct
bactericidal activities caused by their chemical properties.
Selim et al. [85], investigated that silicon filled (different con-
tent 0.1 to 5% Cu) nanocomposite showed eco-friendly anti-
fouling coating, while Polydimethylsiloxane(PDMS/0.1% Cu
nanocomposite showed excellent efficiency due to complete
deagglomeration and dispersion, which improved wettability,
hydrophobicity and surface roughness. Therefore,
PDMS/0.1% Cu enhanced the fouling release effect.
Therefore, PDMS 0.1% Cu showed good antifouling ability
(yeast, Gram-positive and Gram-negative bacteria) for
30 days in water and controlled release of biocide.

In another study of Jiang at al. [86], reported that Copper
nanowire (CuNW) exhibited antibacterial and antifouling
properties; therefore, CUNW was used as biocide in polymer
for fouling release coating. For this purpose, CuNW was em-
bedded in the elastomeric PDMS with different content from
12.5 to 250 pg/cm. While the PDMS containing 25 or 12.5
pg/cm CuNW in comparison to control PDMS, which indi-
cates the amount of CuNW had excellent antifouling perfor-
mances against cyprid and had lower toxicity for nauplii than
cypird after 50 days. While these organisms did not signifi-
cantly effect on PDMS film after 50 days because the embed-
ded CuNW in the PDMS maintained their morphology, which
was confirmed by TEM. CuNW interconnected with PDMS
allowed the copper ions to continuously diffuse out from ma-
trix in seawater. But Film controlled the release of copper ions
and showed an excellent effect on marine biofouling for a long
period. Arukram et al. [87] prepared a perfluorodecyl
trichlorosilarne (FDTS)-based PDMS-ZnO exhibited low ad-
hesive strength, antifouling, and anticorrosion properties on
steel Q235. The FDTS modified PDMS-ZnO showed an ex-
cellent corrosion resistance compared to unmodified PDMS-
ZnO on steel Q235 in 3.5% NaCl, which was demonstrated by
EIS. However, the presence of FDTS improved the alteration
barrier behavior of the hydrophobic coating. Marceaux et al.
[88], developed polyorganosilazane(PSZ)film, which showed
flexibility, hydrophobicity, and adhesion property.
Furthermore, they prepared different coating with Cu,O. The
PSZ containing Cu,O exhibited excellent fouling after

17 months in seawater as compared with bare and reference
coating, but this composite exhibited antifouling/anticorrosion
potential without the release of Cu,O. Several nanocompos-
ites possessed superhydrophobic characteristics with metal
oxide, i.e., CA of more than 150°, which increased the perfor-
mance of coatings of ship hulls. Sanker et al. [89], reported
that CuO- Cetyltrimethyl ammonium
bromide(CTAB)incorporated in PDMS showed good anti-
fouling activity against most bacterial and diatom due to the
nanofiller dispersion, surface roughness, and hydrophobicity.
Therefore, the performance of the antifouling was significant-
ly excellent as compared to bare stainless steel and unmodi-
fied PDMS. While fewer shells found on the surface for
45 days in seawater; thus, the incorporation of ZnO in the
matrix improved the antifouling behavior, and so it reduced
the barnacles fouled on the surface. Selim et al. [90], reported
that (0.5% to 5%) filler zinc oxide nanorod (ZnO NR) in
silicon enhanced non-wettability and foul release coat.
Because the distribution of ZnO 0.5% was excellent in silicon
material because of roughness, indicated by FESEM. In addi-
tion to 0.5%, nanofiller reflected super-hydrophobicity due to
the rough topographical structure of nanocomposite.
Therefore, Silicon/0.5% ZnO NR showed elasticity, self-
cleaning, and durability. Silicon/0.5% ZnO NR composite al-
so showed higher prevention of various bacteria and fungi as
compared with bare and silicon rod for 6 months in natural
seawater due to super-hydrophobicity and homogenous
roughness, as shown in Fig. 5. This finding was related to
the high mobility on the slippery interfaces and the low sur-
face energy of the interfused liquid. Zhang et al. [91], prepared
ZnO /PDMS composite showed oil fouling resistance. The
composite showed super-hydrophobicity with super
oleophilic properties, while nanostructure of morphology
was confirmed by SEM. ZnO/PDMS showed the 160° water
contact angle; as a result, ZnO/PDMS exhibited excellent an-
tifouling behavior with oil-absorbing on the substrate due to
swelling, because composite was swelling due to PDMS. In
this study, ZnO containing pure boron carbon-nitrogen sheet
dispersed in PDMS, so it formed a durable coating on alumi-
num alloy with high hydrophobicity; therefore, it showed self-
cleaning and oil fouling resistant [92]. In addition, there are
many more examples of FRC modification summarized in the
number of published reviews [60, 93, 94].

These results indicated that a microencapsulated biocide
adds to the first formulation to be released slowly and prom-
ises effective antifouling with significantly reduced ocean pol-
lution. Before the implementation of the above invention the
incorporation of biocides into PDMSE networks was not fea-
sible, because a single low volume of biocides could be used
in a silicone coating to preserve surface smoothness due to a
significant degree of immiscibility with the composition of the
matrix, and the biocides could be released rapidly from the
silicone matrix (due to high water solubility).
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Fig. 5 The incorporation of ZnO
nanorod with PDMS prevents
fouling adhesion [90]
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Biodegradable antifouling coating

Biodegradation is mainly concerned with biodegradable poly-
mers while the metabolic action of microorganism involved in
the primary degradation. The dynamic surface refers to a
changing surface that continually renews itself in seawater
and therefore decreases biofouling adhesion [95, 96].
The researcher developed dynamic surface coating based
on this strategy by polyester-polyurethane, modified
based degradable polyester and polyester—acrylate-based
biodegradable polymer in marine antifouling coating.
Such biodegradable polymers used as binders that con-
trolled the release rate of eco-friendly antifoulants, and
showed excellent antifouling behavior with tunable re-
newability [38, 97].

Mechanism

The main mechanism for the release of antifoulant is biodeg-
radation and erosion. A loss of molecular weight characterizes
deterioration and induces polymer erosion. Polymer degrada-
tion accompanied by a change in properties like tensile
strength, color, shape, etc. Because polymer under the influ-
ence of one or more environmental factors such as heat, light
or chemicals [35, 98]. The polymer surface can reduce the
time of contact between the organism and the substrate, mak-
ing their interaction similar to a non-adhesive impact, thus
reducing the interaction strength with fouling organism, as
shown in Fig. 6. The processes of physical erosion can be
represented as heterogeneous or homogeneous. The polymer
erodes only on the surface in heterogeneous erosion, also
called surface erosion, and retains its physical integrity as it
degrades. Most polymers undergo homogeneous erosion,
meaning that hydrolysis occurs uniformly throughout the
polymer matrix. Such polymers appear to be more hydropho-
bic in general [99, 100].

@ Springer

Superhydrophobic surface

There are many mechanisms for degradation, such as
mechanism I, II, and III. Cross-linked water-soluble macro-
molecules are prospective to form a three-dimensional net-
work in mechanism I. In mechanism II, water-insoluble mac-
romolecules with side groups converted into water-soluble
polymers are dissolved as a result of ionization, protonation,
and hydrolysis of the macromolecules. These polymers are
soluble by carboxylic group ionization. The insoluble poly-
mers with labile bonds follow Mechanism III.
Hydrolysis of labile bonds results in splitting of the
polymer backbone, forming water-soluble molecules of
low molecular weight [101].

The polymer mechanism has been further proved by ob-
serving the settlement of model microfoulers on the surfaces
of degradable polymers [102, 103]. The effect of the degrada-
tion rate on the near-surface motion of bacteria strains
Pseudomonas sp and Escherichia coli (E. coli) was observed.

Model surfaces are developed using a DEM isomer of
PCL, as a part of copolymerization to change the rate of
PCL degradation. QCM-D tests showed that with DEM

Fig. 6 The schematic illustration of antibiofouling by biodegradable
polymer
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content, the enzymatic level of degradation increased distinct-
ly. In addition, the copolymers shape surfaces of similar
roughness and wettability, thereby reducing their effects as
well. The effect of the degradation rate on bacterial adherence
can be extracted. The coverage of each bacterial strain on a
poly surface decreased by the rate of degradation increases
[104, 105]. Polymer degradation created a changing dynamic
surface that prevented permanent bacterial adhesion due to
reduced adhesion strength. Such results clearly showed that
the complex surface alters bacteria’s movement in a manner
that facilitated their detachment and surface escape. The bio-
degradable polymer process occurs throughout the seawater
immersion because there is always hydrolytic and enzymatic
degradation [97].

On the other hand, biodegradable polymers may undergo
enzymatic and hydrolytic backbone cleavage, resulting in
oligomers or small molecules that ultimately become carbon
dioxide and water after a certain period. Even for polymers
containing degradable and non-degradable parts, the degraded
material is much smaller particles and therefore has no nega-
tive environmental impact.

Poly-urethane based biodegradable
antifouling coating

Polyurethane was fabricated by the condensation between
polyisocyanate and polyol of the polymerization reaction
[38]. While ester group of the polyester showed degra-
dation and enzymatic degradation by the main chain led
to a renewable surface and showed good antifouling
coating, but traditional polyester polylactic acid (PLA),
polycaprolactone (PCL) and polybutylene succinate
(PBS) had high crystallinity and weak adhesion strength
to the substrate and quite slow-releasing rate [106, 107].
Although, they can be improved by blending or modify
with a polymer to control the release rate of the
antifoulant for marine antifouling coating.

It has been reported that Poly(ethylene-adipate) (PEA), or
poly(1,4-butylene adipate) (PBA) or poly(1,6-hexamethylene
adipate) (PHA) with the polyurethane were degraded in the
presence of ester density and showed an excellent adhesion
[108]. The mass loss of PHA-PU, PBA-PU, and PEA-PU
were about 0.40, 0.75, and 0.80 mg/cm for 2 months immer-
sion in ASW, respectively. But the mass loss of polymer in-
creased with ester density, because there was the available
number of main chain cleavage. The degradable polyurethane
had excellent adhesion to the substrate over 4 MPa due to
strong interaction with the polymer, so it formed a hydrogen
bond, which was efficient for long time antifouling applica-
tions in seawater, as shown in Fig. 7A. Furthermore, the re-
searchers had been prepared different degradable polyure-
thane with diol polyesters such as propylene glycol-CL-LA

and star-shaped [39, 109]. Ma et al. [110], synthesized CL-PU
in which PCL acted as a soft segment with polyurethane as a
hard segment, whereas the presence of PCL in the PU show
higher crystallinity and lower hydrolytic degradation.
Therefore, CL-PU was modified with glycolide (GA) as a soft
segment by ring open polymerization. The CL/GA-PU
showed a lower crystallinity than CL-PU confirmed by
DSC, because GA was reduced the crystallinity and destroyed
the polymer chain regularity and increased the amorphous
region. Therefore, the water molecule attacked the ester bond
in the polymer due to the presence of an amorphous region.
The hydrolytic and enzymatic degradation performance of
CL/GA-PU increased with an increased in GA contents from
0 to 10%, as shown in Fig. 7B. The CL/GA-PU exhibited
good antifouling activity in the seawater for 150 days.
However, the small amount of fouling appeared on the lower
surface of CL/GA-PU after 150 days, as shown in Fig. 7C.
The hydrolysis group in the polyurethane had improved the
biodegradability. The PCL-PU grafted with TIPSA to yield a
degradable main chain and hydrolyzable side chain. The poly
triisopropylsilyl acrylate (PTIPSA) content influenced the
mass-loss rate in the ASW. The TIPSA content increased in
the polymer, so it also increased the mass loss of composite
from 0.1 to 3.5 wt% day. The mass loss slightly changed on
the surface morphology due to side-chain hydrolysis and main
chain degradation. Owing to the surface roughness was slight-
ly varied with time, while 40 wt% PTIPSA content polymer
composite showed higher enzymatic degradation and antifoul-
ing performance for 3 months in seawater [111]. The
degradable polyurethane grafted with hydrolyzable
PTIPSA, so the density of the ester group and mass
loss depend on the consistent of the PTIPSA because
the higher mass loss due to the higher molar mass of
the PTIPSA. Hence, the long side chain of PTIPSA
increased the ester group density for hydrolysis. It had
also reported the grafting of the side group N-(2,4,6-
trichlorophenyl) maleimide (TCPM) moieties acted as
antifoulant with PCL-PU [112]. The TCPM decreased
the spherulite size of PCL as a soft segment. Hence,
the content of TCPM was above 30%, so the phenyl
group of TCPM prevented the increasing of spherulite
and polymer had become amorphous. The TCPM had
also increased the enzymatic degradation rate in ASW
due to the amorphous parts and increased the fouling
resistance activity of PCL-PU to marine biofouling.
The polymer exhibited excellent antifouling activity
and surface renewal, as shown in Fig. 7D. But in the
marine field, the biodegradable polymer had been used
as a carrier of antifoulant and also controlled the release
rate of antifoulant [33, 113, 114].

The release of antifoulant 4,5-dichloro-2-octyl-
isothiazolinone (DCOIT) from PHA/PEA/PBA based poly-
urethane and its extraction settle down, while the cumulative

@ Springer



85 Page100f17

J Polym Res (2020) 27: 85

a

voas

|

3§
Y

Degradation
| Poyurethane  ———

Cc

® ®) © @
Fig.7 a The schematic release of antifoulant from degradable polyurethane [108] (b) The time dependence on the mass loss CL/GA-PU and, (¢) Coating
surface on the CL/GA-PU after immersion [110]. d Coating surface on the degradable polyurethane after immersion for two months [112]

release of DCOIT increases linearly to correlate with
coefficient > 0.99, which was demonstrated by UV spec-
trophotometer. Therefore, the coating showed excellent
antifouling activity for 6 months in the seawater, and it
also showed a self-renewal surface. In another degrad-
able and hydrolyzable.

polyurethane polymer, the release rate of the DCOIT be-
came stable with time. When increased mass loss of polymer
also increased the release rate, while the degradation polymer
controlled the release rate of antifoulant [108]. In another
study of star-shaped polyurethane, the release rate of the cop-
per ion observed was steady in 31 days and showed excellent
antifouling coating performance in seawater immersion for
50 days [109].

As we know that biodegradable polymer gradually erodes
and decomposed in the seawater while degradable polymer
itself leads to a self-renewal surface. As a result, the higher
degradation rate led to a short period. This information is
applicable in the marine antifouling coating, which is given
above so, we can suggest that antifoulant can be used in the
durable antifouling coating. While antifoulant has quick-
release rate in the initial stage in water but the release rate
gradually decreases with the period. The degradable polyure-
thane is a suitable binder for carrying antifoulant because its
surface becomes renewal in water and release the antifoulant
with stable condition.
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Modified polyester based biodegradable
antifouling coating

The biodegradability of polyester could be improved by the
modification of polyester because the crystallinity of polyester
becomes reduced and degradation increases lead to suitable
antifouling, self-renewal, and carrier for antifoulant.

It had been reported that in the fabrication of PCL/Clay
composite, the clay decreased the spherulite size of the PCL
confirmed by polarizing optical microscope (POM) [115]. But
crystallinity of clay was close to PCL demonstrated by differ-
ential scanning calorimetry (DSC). The clay reduced the
spherulite size as increased the amorphous region and im-
proved the penetration of water with composite. Therefore,
the PCL/clay showed faster hydrolytic and enzymatic degra-
dation. Whereas the DCOIT as antifoulant incorporated into
the PCL/clay-composite, so it carried the DCOIT and gradu-
ally released into the seawater, as shown in Fig. 8A. The
composite exhibited antifouling activity for 10 months in sea-
water. However, clay did not reduce the large spherulite size
after a long period, so it was affected on the composite and
reduced the mechanical property and resulted in raising some
cracks on the surface. The blending of polyester was also
found to be significant for antifouling activity. Poly(e-
caprolactone) (PCL) and Poly(butylene succinate) (PBS)
was prepared by the blending of the PCL and PBS [116].
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The composite showed lower crystallinity because PBS was
decreased the spherulite size of the PCL and increased the
amorphous interfacial area in the composite. The 70/30
PCL/PBS containing composite exhibited higher mass loss
for 120 days in ASW, as shown in Fig. 8B. The composite
was also used as a carrier of DCOIT, while DCOIT distributed
uniformly in the composite due to the constant release rate
observed in ASW. Contrary, the constant release rate of
DCOIT was linear time to correlate coefficient < 99. The com-
posite with DCOIT had excellent anti-biofouling activity, so
the growth of biofouling was restricted on the composite for
120 days, as shown in Fig. 8C. Polyester was also chemically
modified for anti-biofouling purposes.

Fay etal. [117], synthesized polyester block with anhydride
by a melt condensation reaction, in which polymer composite
used as a carrier of antifoulant (Diuron). The copolymer en-
abled to inhibition of adhesion of microalgae and bacteria in
the marine field, as shown in Fig. 8D. However, the polymer

coating completely degraded due to the presence of anhydride
block for 10 months in the seawater. Fay et al. [118],
copolymerized CL with L-lactide (LA) and valerolactone
(VL). The crystallinity of composites was lower than each
polymer; therefore, they showed good degradability while
composite used as a binder for carrying antifoulant in the
paint. The binder showed good hydrolytic degradation, but
antifouling activity is not reported in seawater. It was further
prepared CL with LA and VL, which showed good hydrolytic
degradation and antifouling activity for 3 months in seawater,
which was demonstrated by SEM [119]. It had also investi-
gated that copolymerization of CL and VL could be used as a
binder for carrying antifoulant (Copper thiocyanate, Zinc
pyritione) in the paint. The binder resulted in good hydration,
erosion, degradation, and biocide release. The binder contain-
ing paint showed excellent anti-macrofouling activity for
more than one year as compared to commercial paint [120].
Azmar et al. [121], synthesized the triblock polymer, which
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Fig. 8 a The schematic release of antifoulant from PCL-Clay [115]. b The
time shift Time dependence of mass loss of PCL/PBS, and (¢) Coating
surface on the PCL/PBS after immersion in seawater for 120 days [116].
(d) Colonization observation of (A) poly(methylmethacrylate-co-

d
F—— Sum

butylmethacrylate) PMMA-PBMA paint; (B) TBT paint; (C) paint
without antifouling activity; (D) polyester block with anhydride paint
after immersion of 3 weeks in seawater [117]
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showed hydrophobicity and degradability. The copolymer
was mixed with antifoulants (Dichlofluanide, zinc
pyrithione, and copper thiocyanate) to prepare the coat-
ing. Triblock copolymer used as a binder in the coating,
which was not only decreased the crystallinity, and also
improved the degradation due to the presence of PDMS.
While the adhesion strength of modified polyester was
normally poor than polyester-based polyurethane due to
lack of adhesive moieties and high crystallinity, because
it was obtained from copolymerization, or physically
blending. Therefore there were often cracks raised on
the coating surface.

Polyester acrylate-based biodegradable
antifouling coating

Traditional SPC binder improved the surface erosion and
showed the antifouling application statically; therefore, de-
gradable SPC developed with a biodegradable polymer. For
this purpose. Zhou et al. [122], prepared polyester by copoly-
merization of 2-methylene-1,3-dioxepane (MDO),
trimethylsilyl methacrylate (TBSM) and
methylmethacrylate (MMA) by PROP, as shown in
Fig. 9A. The degradable main chain improved the ero-
sion of TBSM and avoided swelling; therefore, a copol-
ymer containing 23% polyester showed 13% mass loss
and 30% water absorption in ASW. While TBSM with
polymer showed 5% mass loss and 77% water absorp-
tion, which was efficient for low speed, as the copoly-
mer was used as a carrier of antifoulant so that the
release rate has remained stable. The coating showed
good antifouling activity during static conditions while
the copolymer which did not have MDO swelled and
showed weak antifouling activity, as shown in Fig. 10A.

Similarly, Bressy et al. [123], copolymerized MDO with
triisopropylsilyl methacrylate (TIPSM) and bis (trimethylsilyl
methacrylate (MATM2) as shown in Fig. 9B. When the hy-
drolysis ester increased, its steric hindrance decreased. MDO-
MATM2 and MDO-TIPSM showed lower mass loss by 90%
and 86% at room temperature in ASW for 7 weeks due to the
main chain, while mass loss increased at 60 °C. MDO
and TIPSM did not show a significant effect with a
molar mass of the polymer on room temperature and
60 °C. While silyl ester rapidly hydrolysis hence car-
boxyl group generate and gave highly water absorption,
so these factors influence the degradation. While silyl
acrylate was a good one as the binder for zinc and
copper because zinc/Cu based SPC widely used for the
antifouling activity. Recently, Dai et al. [124], prepared
copolymer with MDO and MMA by PROP, as shown in
Fig. 9C. The MMA moieties had good adhesive rate;
therefore, copolymer showed excellent adhesion to the

substrate and amorphous region. The copolymer showed
rapidly decreased molar mass in alkaline solution due to
MDO, but it did not affect the MDO as shown in
Fig. 10B. The hydrolytic and enzymatic degradation rate
of copolymer increased due to the main chain ester. The co-
polymer also showed good carrier antifoulant (DECOIT) and
controlled the release rate. When the copolymer containing
higher content above 31% polyester, so it showed excellent
antifouling ability for 3 months in the seawater as shown in
Fig. 10C.

Conclusion and future prospects

In order to design high performance antifouling system, the
presence of biocide nanocomposite plays a pivotal role on the
influence of hydrophobicity/hydrophilicity. The biocide nano-
composite had a wide range of applications in marine indus-
tries and eco-friendly coating as an alternate to toxic antifoul-
ing coating, because of nanocomposite biocide release at a
lower amount and show excellent antifouling performance
through a hydrophilic and hydrophobic antifouling coating.
Additionally, the different biodegradable antifouling coating
has an efficient and auspicious strategy, because degradable
polymer showed excellent mechanical properties, antifouling
performance, and surface renewability with the degradable
self-polishing copolymer. Besides, the framework of the bio-
degradable polymer in a mix with eco-friendly antifoulant has
demonstrated durable antifouling activity and also controlled
the release of antifoulant due to constant renewability of
surface.

Complexities of biofouling organisms and marine condi-
tions is a remarkable challenge to antifouling. Materials de-
pendency on an antifouling mechanism barely fulfils the need
for issues of various occasions. In future research, the design
of antifouling materials should consolidate with various
mechanisms. Wide range drag-decrease or fouling resistant
moieties can be combined into degradable polymers to create
multifunctional dynamic surfaces. Condition of versatile,
unique surfaces with reaction to fouling weight, temperature,
saltiness, and ship speed are another significant direction for
changing service conditions. Besides, the biodegradable poly-
mer can be prolonged with different materials for example, the
fabrication of a significant polymer by the introduction of
hydrolyzable bond of degradable polymer with silicone-
based FRC surfaces, so the advantages of the two kinds of
materials are attained simultaneously. The fabrication of green
eco-friendly biocide can control the release rate based on the
FRC- degradable polymer with excellent adhesion and longer
shelf life with durable antifouling activity.
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