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Abstract

Biofouling in the marine environment is a complex biological process that leads to serious economic and
ecological effects for the marine industry and ecosystems. It begins with the adhesion of microorganisms and the
formation of a biofilm, which facilitates the attachment of larger organisms and leads to an increase in the weight
and hydrodynamic resistance of the vessels. These changes cause significant costs related to fuel, maintenance
and operation of marine facilities. In addition, biofouling increases environmental risks, including contamination
from biocides and carrying invasive species, which poses a threat to local ecosystems. This article examines the
mechanisms of biofouling, economic and ecological impact, as well as global technologies to combat it, including
innovations in biocidal and non-biocidal coatings. Achieving efficient and environmentally sound solutions
remains a key challenge for the future of the maritime industry.
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INTRODUCTION

Biofouling in the marine environment is a
complex process that affects multiple
aspects of the maritime industry and
ecosystems. It involves the attachment and
growth of Dbacteria, algae, mussels,
crustaceans, and other marine organisms on
various surfaces submerged in saline water
bodies. From an economic perspective, this
process leads to significant costs related to
the maintenance of vessels and marine
infrastructure. The present article examines
the mechanisms of biofouling in the marine
environment, its impact on the environment
and the maritime industry, and modern
approaches to combat the negative effects
resulting from this natural biological
process.

EXPOSITION

Mechanisms of Biofouling in the
Marine Environment

The  biofouling  process  begins
immediately after a structure is submerged
in seawater, influenced by various factors in
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the aquatic environment such as
temperature, salinity, pH, availability of
nutrients, and more. Biofouling gradually
develops from microfouling to macrofouling
and progresses through four main stages,
with the first two stages of the process
considered reversible [1-9].

e A conditioning biofilm, formed as a
result of the physical and chemical
attachment of organic and inorganic
materials.

e A bacterial biofilm of bacteria, yeast,
and diatoms, which serves as a feeding and
attachment medium for  subsequent
colonization by larger fouling organisms.

e A "slime layer" biofilm made up of
microorganisms, such as spores of
macroalgae, fungi, protozoa, etc.

e Surface colonization by the larvae of
macrofouling organisms.

It is considered that the first two stages of
the process are reversible.

Impact of Biofouling on the Maritime
Industry
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Biofouling leads to decreased vessel
efficiency, increased  weight, and
hydrodynamic resistance. This results in
higher fuel consumption, increased
operational costs, maintenance and cleaning
expenses for the hull, additional docking
fees, labor costs, and losses stemming from
reduced overall economic efficiency due to
the vessel being out of service for prolonged
periods. Furthermore, biofouling can lead to
accelerated wear and tear of engine systems
and other mechanical components of vessels
[9-12].

Impact of Biofouling on the
Environment
In environmental terms, the

consequences of biofouling are significant.
Increased fuel consumption leads to
atmospheric pollution through the emission
of harmful substances such as carbon
dioxide (CO2), which contributes to global
warming, sulfur oxides (SOx), which cause
acid rain in coastal areas, nitrogen oxides
(NOx), and other greenhouse gases, as well
as fine particulate matter [6, 13, 14].

Moreover, fouling of the hull can result in
the transport of invasive species, which can
harm fisheries, aquaculture, marine and port
infrastructure, and pose a potential threat to
local ecosystems and human health [3].

Finally, the pollution caused by
antifouling agents and coatings should also
be noted. The release of biocides from the
ship's hull can be harmful to most marine
organisms at concentrations higher than
physiological levels.

Due to its significant environmental
footprint, biofouling is increasingly subject
to strict international and national legal
regulations and control. Efforts to limit it are
intensifying in light of the growing
environmental, economic, and health risks it
poses [5, 6, 15].

Historical Accounts of Biofouling
Prevention

The prevention of biofouling in the field
of seafaring has its roots in antiquity when
sailors began seeking solutions to combat

the accumulation of organisms on ship hulls.
As early as ancient Egypt, Greece, and
Mesopotamia, natural materials such as wax
and animal fat were used to reduce
biofouling. In the 18th century, metallic
coatings, such as copper plates, began to be
used, proving effective against marine
organisms due to the antimicrobial
properties of the metal. More recently, in the
20th century, various metal alloys with high
corrosion resistance and strong antifouling
properties, primarily based on copper,
nickel, tantalum, niobium, cobalt,
chromium, titanium, and others, have been
widely used [2, 8, 16].

Copper and copper alloys, due to their
biocidal qualities, have been widely applied
in the construction of various marine
structures, with bronzes and copper-nickel
alloys being the most commonly used
materials in marine environments [17 - 19].
The antimicrobial, antibacterial, and
antioxidant properties of silver have been
known and utilized for thousands of years
[20 - 22]. The antimicrobial properties of
copper and silver are determined by the
biological activity of their ions (Cu+ and
Agt)[9, 23, 24].

Modern Trends in the Development of
Antifouling Coatings

Protective coatings that form a relatively
thin film and serve as a barrier between the
aggressive external environment and the
reactive base material of the structure are
considered the most effective and cost-
efficient method for preventing biofouling
on marine facilities [19]. However, the main
challenge lies in developing coatings that not
only withstand harsh external conditions but
also provide effective and long-lasting
protection while remaining environmentally
friendly [5, 6, 15].

Modern antifouling coatings, according
to their mode of action on fouling organisms,
can be classified into two main categories:
biocidal and non-biocidal.

The antifouling action principle of
biocidal coatings involves the release of
biocides into the marine environment from a
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water-soluble matrix, with the aim of
inhibiting the growth or destroying fouling
organisms or preventing their attachment.
The most commonly used biocides in
antifouling paints are Tributyltin (TBT),
Chlorothalonil, Dichlofluanid, Sea-Nine
211, Diuron, Irgarol 1051, and Zinc
Pyrithione. Following the ban on tributyltin
(TBT), copper and copper compounds with
one or more “booster biocides,” typically
heavy metals, became the main component
of  biocidal antifouling coatings.
Unfortunately, the use of biocides in the
aquatic environment has proven harmful, as
they have toxic effects on non-target marine
organisms [2, 5 — 8, 15, 25 - 27].

Currently, the primary technologies for
biocidal antifouling include polymeric
coatings with controlled depletion of
biocides (CDP) and  self-polishing
copolymers (SPC). In CDP, biocides such as
copper and zinc are gradually leached into
the water through the slow dissolution of a
rosin agent, while in SPC, biocides are
released through hydrolysis, creating a
polishing effect [1, 28, 29].

Non-biocidal ~ coatings,  considered
environmentally safe due to the absence of
toxic biocides, are based on surface
modification to deter the attachment of
organisms or to aid in the release of fouling
[5, 8,9, 30, 31]. They also involve the use of
biologically derived components such as
natural antifouling products (NPA),
biomimetic strategies, and microbial
corrosion inhibitors (MIC) [2, 5, 25, 32, 33].

Modern technologies offer innovative
materials and surface structures to combat
biofouling:

* Hydrophobic Coatings — Special
polymer or composite coatings with
hydrophobic properties that repel water from
the surface and can reduce the adhesion of
microorganisms and other biofouling
species.

* Micro- and Nano-structured Low-

friction Surfaces — These have smooth
surfaces enriched with nanoparticles or

nanostructures that reduce friction with
water, improve the hydrodynamic properties
of the surface, and prevent the fouling of
algae and other biological organisms.

» Slippery Coatings — The SLIPS
technology  uses  nano/microstructured
substrates to retain a lubricating liquid,
creating a stable and inert “slippery liquid
film” on the material’s surface [6].

* Anti-corrosion Coatings — These protect
surfaces from corrosion, which can disrupt
hydrodynamic properties and lead to the
accumulation of fouling species.

* Conductive Coatings — Biofouling is
affected by integrating conductive agents
into the coatings [6].

* Photocatalytic Coatings — The primary
principle of photocatalytic disinfection
involves the absorption of photons and
electron  excitation in the  metal
semiconductor oxide under UV light. The
electron-hole pairs participate in a series of
oxidation chemical reactions with adsorbed
species like water and oxygen, generating
highly reactive oxygen species (ROS) [34,
35].

* Thin-film Metal Coatings with
Nanocomposites — The trend is towards
creating nanomaterials based on the use of
naturally occurring, non-toxic,
biodegradable, and biocompatible materials.
Due to their small size, comparable to the
diameter of viruses and most biological
macromolecules, and their high surface-
area-to-volume ratio, nanoparticles possess
greater bactericidal efficiency at low
concentrations [20, 23, 24, 36].

Silver nanoparticles integrated into a
metal matrix attract the most interest due to
their high disinfection capacity and
significantly lower cost compared to other
noble metals [34, 36].

The use of thin-film metal coatings with
micro- or nanoparticles of semiconductor
metal oxides, possessing strong
photocatalytic properties such as titanium
dioxide (TiO2) or zinc oxide (ZnO), is also
gaining attention [34, 37, 38].
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CONCLUSION

Biofouling in the marine environment
represents a significant challenge that affects
not only the economic aspects of the
maritime industry but also the ecological
sustainability of marine ecosystems. The
development of biofouling, starting from the
initial adhesion of microorganisms, leads to
serious  economic  losses, increased
operational costs, and even environmental
consequences, such as atmospheric pollution
and the spread of invasive species.

Historically, the "battle" against this
problem has led to the development of
various technologies, including biocidal and
non-biocidal coatings aimed at minimizing
the negative effects of biofouling.

Modern innovations in  protective
coatings, such as hydrophobic and
photocatalytic solutions, offer promising
approaches to addressing this complex
biological process. Despite the
advancements, finding effective and
environmentally safe solutions that provide
long-term protection for marine structures
remains a challenge.
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