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Abstract

This review explores the latest developments in the study of friction, wear, and degradation
mechanisms in the case of biocomposites, including either natural fibers or bio-based
matrices or both, intended for marine applications. Biocomposites are increasingly favored,
especially for their environmental benefits and sustainability potential. However, they often
exhibit inferior mechanical properties compared to traditional composites, especially under
demanding conditions. In marine environments, their performance is further challenged by
factors such as high humidity, saltwater exposure, fluctuating temperatures, and biofouling.
All of the above significantly impact their durability and functionality. This paper examines
the performance and degradation characteristics of biocomposites subjected to seawater
exposure, especially considering aspects such as friction, wear, and degradation. Addition-
ally, it discusses the recent advancements in surface treatments and material formulations
aimed at enhancing the resistance of biocomposites under marine conditions. The review
also highlights the critical role of testing methodologies in simulating real-life conditions to
better predict the material behavior. By providing a detailed analysis of current research
and emerging trends, this paper aims to guide future studies and technological innovations
in the field of marine biocomposites.

Keywords: marine biocomposites; natural fibers; bio-based matrices; friction; wear;
degradation; seawater; moisture

1. Introduction

When proposing the use of biocomposites—which are here intended as materials
containing biomass in some form, therefore prone to interaction with biological organisms—
the characteristics of the environment where the service takes place need to be elucidated
and described to the maximum possible extent [1]. This is particularly true in the case of
marine applications, where the combined presence of water, salt content (variable over
different regions and climates), and a large variety of biological life considerably accelerates
and diversifies the modes of material degradation [2]. In the specific case of polymer
composites, concern can normally be expressed on the wearing out of the material surface,
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which generates the need for protection treatments, e.g., on fiberglass for pipelines [3]. A
long duration of service, as for structural composites, increases the moisture effect, which
eventually causes the water to penetrate the matrix and its interface with the fibers; this
can be prevented with the insertion of barrier materials, such as nanoclay [4].

A broader point of view would consider that the use of lignocellulosic fibers in the
marine environment, particularly some specific ones, such as flax canvases from waxed
threads in sails [5] and hemp in ropes [6], has a very long history. However, though the
suitability for use was of course ensured, until the introduction of biocomposites, the
investigation of the aging process was only scantily pursued [7]. The recent availability of
large amounts of biomass, in some cases as a by-product, if not waste, of other processes,
considerably increased the production of lignocellulosic fiber composites, which can in a
wider sense be referred to as “biomass composites” [8].

“Marine degradation” for ship hulls involves different and superposing issues, namely
fouling from biological interaction [9] and wear due to loss of material and degradation of
properties, which might in turn be enhanced by the biofouling progress [10]. A factor for
the acceleration of wear is the presence of friction phenomena arising from the contact with
harder surfaces above or below the water surface, especially in the harbor context [11].

The works selected for reference in this review are all those that can explain the poten-
tial and difficulties of the introduction of lignocellulosic fibers, or generically “biomass”,
into materials aimed for application in marine composites. This might of course also
concern the effect of treatment and hybridization with other fillers, e.g., ceramics, on their
performance and durability, always bearing in mind the seawater environment.

The core of the review is structured into four parts: Section 2 explores the effect
of the marine environment on composites, including the multiple degradation phenom-
ena induced by seawater exposure, such as moisture absorption, ion penetration, ther-
mal and hygrothermal effects, and biofouling. Section 3 will concentrate on the grow-
ing role of biocomposites in marine environments, with particular reference to how
their structure, composition, and degradation mechanisms influence friction and wear
performance. Section 4 outlines the current strategies for enhancing the durability and
wear resistance of biocomposites in marine conditions, highlighting integrated design
approaches, protective coatings, and anti-biofouling solutions. The positive or negative
effects of the combination of material, environment, and protection procedures will be
finally discussed in Section 5, where also the limits of investigations and knowledge on the
subject so far will be presented.

2. Effect of Marine Environment on Composites
2.1. The Marine Environment: Relevance and Engineering Challenges

Around 71% of the Earth’s surface is covered by the seas, which are crucial and
essential regions for human production and biodiversity. The efficient and sustainable
use of marine resources is fundamental for the survival of humanity and the progress of
society [12]. Industrial sectors involving operations in the oceanic context include, among
others, navigation, fishing, resource exploitation, and offshore wind operations [13]. The
marine environment poses greater challenges for materials than those normally experi-
enced, including higher exposure to physical, chemical, and biological strain [14]. Under
marine conditions, all materials are prone to corrosion and degradation caused by splash-
ing, flooding, and the pressured infiltration of seawater solutions [15]. In particular, the
high salinity and humidity in the maritime environment increase this process, reducing
the longevity and safety of marine structures [16]. Studies on fiberglass elucidated that
initially a Fickian behavior is observed, so that the diffusion coefficient decreases with an
increase in salinity, and the highest salt concentration offers a lower water uptake, yet with
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matrix degradation, the situation reverses [17]. These concerns can only be addressed by
developing advanced functional materials capable of resisting the drastic conditions of the
maritime environment. In this scenario, the interaction between biocomposites, including
lignocellulosic fibers, and the marine environment introduces specific tribological issues,
such as friction, wear, and corrosion, which are often exacerbated by the presence of salt-
water and suspended particles [18]. Understanding how materials behave at sea under
combined mechanical and environmental stresses due to their respective contacts is the
object of marine tribology.

2.2. Background on Marine Tribology

Friction and wear are not intrinsic properties but depend on experimental parame-
ters and the conditions of use [19]. Water transport, an easily feasible way to move or
trade heavy goods and bulk products, involves the use of naval machinery and different
equipment; hence, the study of friction and wear under seawater conditions appears as
an essential requirement to ensure prolonged service [20]. In particular, pumps, open
hydraulic drive systems, and ships’ blades are exposed to seawater during the running
of the machine [21]. In this case, the effect of liquid lubricants over wearing protection is
limited due to oil leakage and the highly corrosive nature of seawater. As a consequence,
the mechanical parts are required to have great tribological and excellent corrosion-resistant
properties in seawater, which is corrosive and highly reactive, to extend the service life
while reducing maintenance costs [22]. Recent developments in this area involve the use
of new materials with anti-corrosive and anti-wear properties under seawater conditions,
among which some polymers have outstanding positions. For example, Yuan et al. [23]
explored the tribological behavior of polyphenylene sulfide (PPS)-based composites under
cyclic seawater loading, emphasizing their enhanced wear stability. Obviously, other so-
lutions do exist: the application of titanium-based ceramics by pressure vapor deposition
resulted in lower friction coefficients in artificial seawater than in other media [24]. In
particular, Liang et al. [25] demonstrated that bioinspired surface textures can significantly
reduce friction and improve the wear resistance of tribological pairs in seawater. With
this perspective, with the continuous increase in market demand, biocomposites could
represent valid candidates for specific design in marine applications when promoting the
use of sustainable and available materials.

Understanding the origins and principles of tribology assists in defining and delim-
iting the current efforts to optimize biocomposites for marine applications. Additionally,
Chamley et al. [26] highlighted the challenges posed by deep-sea environments, where
the (bio)degradation of biopolymers, more specifically poly(butyl succinate) (PBS) and
poly(hydroxy butirate-co-valerate) (PHBV), and biocomposites becomes particularly criti-
cal. This represents a challenge, because many studies have been carried out in a coastal or
harbor context; however, they are not very representative for their use in real navigation.

Tribology, as a field of engineering, could be deemed to have started with the pre-
historic materials, which happened to be fretted against a harder tool [27]. Beyond the
intentional contact between the two surfaces for working purposes, other relations exist
during service, such as in the braking effect, which equally leads to energy consumption
and dispersion of particles, sometimes with pollution consequences [28]. The use of com-
posites, which is normally recommended due to their higher strength-over-weight ratio
with respect to metals, does indeed present some challenges in practical use, in particular
their sometimes-limited resistance to the application of localized forces and contact, re-
sulting in wear by attrition with harder surfaces, which has been recently assessed on a
variety of materials [29]. In the case of friction, which involves relative motion with loss
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of material, lubrication is normally used to reduce metals” wear, yet this is normally not
applicable to composites, where other types of surface treatments may be involved [30].

Aiming for the application of more sustainable composites, such as biomass-including
materials, or the treatments to improve their tribological behavior are important aspects
nowadays. In [31], concern has been expressed over the fact that more sustainable mate-
rials may have a reduced friction resistance, which has pointed out the need to carry out
specific investigations, hence developing a research field defined as “green tribology” [32].
This is one of the reasons why, for example, the use of natural fiber composites in brake
pads has reduced, which proved effective up to a given fiber/matrix ratio for a number
of fibers, among the hardest ones, such as kenaf, coir, oil palm jute, etc. [33]. Beyond
enabling the use of some by-products of large economical systems, such as bagasse from
sugarcane, this approach helps to avoid problems linked to the harmful effects of asbestos
and copper disposal, which, through powder dispersion on road surfaces, would end up
in the aquatic environment [34]. Some properties need to be considered so as to evaluate
whether the substitution with bio-based materials does work in practice: The first set of
properties is based on the realization and mechanical soundness of the composites, such as
interfacial adhesion and bonding strength between fiber and matrix [35]. Following this,
other characteristics are related to the operation of the material under friction conditions:
these are the coefficient of friction (COF) and the measurement of wear by weight loss,
volume loss, or linear dimension change [36]. Furthermore, in general, these tribological
characteristics in biomass composites are influenced by the applied load, sliding distance,
sliding velocity, and fiber orientation [37]. One of the most complex studies on tribological
performance has been conducted on the jute, flax, and hemp composites with epoxy resin
and their binary and ternary hybrids [38]. The highest performance has been obtained on
jute/hemp hybrids, with the lowest wear rate plateauing down at a load of 30 N and for a
sliding velocity of 1, 3, and 5 m/s. The beneficial effect of jute suggested that it is appli-
cable also to a seawater situation, depending on the composite layup. However, a minor
wear rate would not correspond to a lower flexural strength and modulus decrease after
30 days of seawater aging, as demonstrated in a study on glass/bamboo/jute laminates [39].
Despite these promising advances, the application of jute, perceived as a “less developed”
fiber, is still limited, among other sectors, including the nautical one, though some examples
of its use exist [40,41].

2.3. Importance of Friction and Wear in Marine Applications

The use of composites in an environment exposed to saltwater does present some
severe challenges, not only connected to the presence of high stresses and impact forces
due to wind, waves, and tidal energy but also to specific issues, such as salt corrosion and
biofouling [42]. This is not exclusively intended for their application in ship components
but also in specific structures, such as turbine blades [43]. In the most frequent cases,
fiberglass for marine structures has been produced using thermoset matrices, though the
situation is gradually changing due to the environmental impact and the complex and
ineffective end-of-life of these materials [44]. The potential entry of natural fiber composites
in the marine sector has been driven by their lower weight connected to a higher presence
of bio-based content. On the other hand, it introduces much more critical variability in the
final properties and makes material processing considerably more difficult, often further
limited by poor fiber-matrix compatibility [45]. Once again, it is essential to consider that
the amount of fiber in the composites is of paramount importance for the assessment of
their behavior with regard to the friction properties, even though it is the matrix that is
physically exposed to the contact [46]. It also needs to be considered that seawater does
provide an alternative way of lubrication, which was extensively investigated too [47].
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2.4. Salinity and Ionic Interactions with Polymer Matrices

The marine environment is characterized by high salinity and a rich ionic composition

(Na*, Cl1—, Mg?*, SO42~, etc.), which deeply influences the chemical and physical behav-
ior of polymer matrices in biocomposites. These ionic interactions can alter interfacial

adhesion, mechanical stability, and water permeability and even trigger cross-linking or

degradation processes.

Among the main mechanisms, it is possible to recognize the following:

Ion exchange and release of functional components: in polymer systems containing
quaternary salts or antifouling materials, salinity accelerates the ion exchange be-
tween the matrix and seawater, facilitating the release of components such as biocides
or functional additives. In this sense, a low salinity can be considered a safety re-
quirement against the development of biofouling [48]. This phenomenon has been
observed in PMMA matrices containing saline polymers, where the release of active
cations significantly increased in saline solutions (up to 2 M NaCl) [49].
Ion-activated cross-linking: Some composites are designed to trigger ionic cross-
linking in the presence of salt water. In an innovative system with inorganic fillers,
ion diffusion activated bonds with matrix functional groups, improving structural
strength and paving the way for self-healing materials in saline environments [50].
Effects of single ions on enzymatic degradation: Different cations and anions influence
the enzymatic degradation of anti-biofouling matrices. Chaotropic ions (e.g., I7)
reduce the enzymatic activity by “salting-in”, while cosmotropic ones (e.g., SO42~)
increase it by “salting-out”, thus modulating the stability and longevity of polymeric
materials in the sea [51].

2.5. Moisture Absorption, Swelling, and Fiber-Matrix Debonding

Moisture absorption is one of the main damage mechanisms in marine biocomposites,

with significant impacts on both the mechanical properties and tribological behavior (wear,

friction, surface fatigue). It occurs through three intertwined mechanisms:

1.

Moisture absorption and diffusion: moisture enters the polymer matrix mainly
through diffusion according to Fick’s law, driven by the polarity of the material
and the ambient temperature. Natural fibers, being hygroscopic, accelerate absorp-
tion, leading to matrix plasticization, reduction of Ty (glass transition temperature)
and maximum service temperature, and loss of structural stiffness [52].

Swelling and microfractures: once absorbed, moisture causes uneven swelling of the
fibers, exerting pressure on the matrix that can trigger internal cracks, interlaminar
stresses, and cyclic hydrolysis fatigue. Some longtime aging studies exist that confirm
this evidence; for example, in flax/poly(lactic acid) (PLA) biocomposites exposed to
marine immersion for 2 years, a mechanical decline directly proportional to water
absorption (~12%) and a progressive loss of cohesion between fibers and matrix are
observed [53]. The selection of PLA in the specific investigation is justified by the
widespread use of this polymer as the matrix for biocomposites in different sectors [54].
This suggested a potential penetration also into the marine field, which has remained
more limited than previously expected, despite the considerable interest in additively
manufactured parts made with PLA [55].

Fiber-matrix debonding by tribological effects, due to the combined effect of swelling
of the fibers and hydration of the matrix, impedes the interfacial adhesion. This
phenomenon has been largely documented: in composites reinforced with glass
microspheres, the water absorption increases with volume fraction, inducing a
9-13% drop in tensile strength and over 20% in flexural strength [56]; in z-direction
stitched glass—epoxy laminates, a 55% loss in fracture toughness was observed af-
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ter 35 days in seawater, with debonding visible under SEM microscopy [57]. In
three-dimensional woven (3D6D) materials, interstitial swelling and water transport
along the microchannels led to up to a 47% decrease in compressive strength, con-
firming that moisture delamination is the main driver of mechanical degradation [58].
Even though all cases are related to the synthetic composites, there is no reason
to assume that the phenomenon would be absent in biocomposites, where wetta-
bility issues are inherently severe and need specific studies every time a less-used
lignocellulosic fiber is introduced in the composites [59].

Due to its general relevance, a large number of papers investigated the effect of
moisture absorption on biocomposites, especially in the case of natural fiber composites
(NFCs). For example, the negative effect of water absorption on the mechanical properties
of hemp-reinforced composites was analyzed by Dhakal et al. [60], showing that exposure
to high temperatures significantly accelerates the overall degradation introduced by water
absorption. In a study of injection-molded thermoplastics containing short sisal fibers [61],
moisture uptake enhanced impact resistance, possibly due to the limited dimensions of
interfacial contact, at the expense of tensile modulus and strength, due to the modification
of the fiber-to-matrix interface. Finally, Le Duigou et al. [62] evaluated, following from
their previous study in [53], the hygrothermal degradation of flax—poly(lactic acid) (PLA)
composites in seawater, finding reduced strength and stiffness after exposure at 40 °C.

2.6. Thermal Cycling and Hygrothermal Aging

In marine biocomposites, hygrothermal aging and thermal cycling are among the
most insidious long-term degradation mechanisms. They combine the action of humidity
(typically seawater) with temperature variations—for example, those that occur during
day/night alternation, seasons, or variable sea depths. These processes influence not only
mechanical resistance but also tribological behavior.

Among the main mechanisms, it is possible to identify the following:

1.  Hygrothermal absorption and microstructural damage: A study on ultrahigh molecu-
lar weight poly(ethylene) (UHMWPE) biocomposites loaded with different weight
fractions of mollusk shell powder shows that hygrothermal aging accelerated by
exposure at 80 °C in a Ringer’s physiological solution reduces wear resistance and
modifies tribological behavior. This results in the generation of microcracks and
localized swelling that favor delamination [63]. On biocomposites, an issue that is of
significant importance is the need to have adequate fire-resistant behavior through the
addition of adapted additives, such as 9,10-dihydro-9-oxa-10-phosphaphenanthrene-
10-oxide (DOPO) or aluminum diethyl phosphinate (AlPi). An analysis carried out
in [64] on flax/epoxy composites demonstrated that though DOPO approximately
doubled the amount of water absorbed, the fire-retardant effect was maintained,
except for the highest level of humidity at 70 °C temperature.

2. Plasticization and loss of mechanical properties: In glass fiber (GF)-thermoplastic
composites immersed at 35 °C and 70 °C, mechanical loss reaches up to 50%, especially
for flexural and compressive properties. Matrix cracking and fiber-matrix debonding
are observed as the main failure mechanisms [65]. Early studies involving bio resins,
such as poly (butyl succinate) (PBS), with silk and henequen fibers at 60 °C and 85%
relative humidity (RH) indicated a decrease in storage modulus in the region of 20
and 505, respectively [66].

3. Changes in glass transition (Tg): Contrary to expectations, some studies on fiberglass
show that hygrothermal aging can also increase Tg due to secondary cross-linking
reactions, affecting stiffness and tribological response under repeated loading, which
extends the temperature range of glassy polymer [67]. However, the presence of
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lignocellulosic fibers, such as in the case of hemp, indicates a reduction in Tg, both
using a partially bio-based epoxy and a poly(methyl methacrylate) (PMMA) matrix,
though slightly more severe for immersion at 60 °C than is the case at 21 °C [68].

Despite the only partially and qualitatively elucidated character of the above phenom-
ena, predictive damage modeling could eventually come into the picture. A recent model
shows how moisture absorption and temperature increase directly influence Young’s and
shear modulus, with losses growing exponentially near the T of the material due to the
progressive propensity to extension of the polymer chains [69]. Even if developed for epoxy
reinforced by high-strength carbon fibers (T700), its general outcomes can be presumably
extended to biocomposites.

2.7. Biofouling and Microbiological Impacts on Material Surfaces

In marine environments, biofouling—the colonization of surfaces by microorganisms,
algae, and higher marine organisms—is one of the main causes of surface degradation and
deterioration of tribological performance in biocomposites. Different levels of biofouling
at the microscopic level (microfouling) are qualitatively reported in Figure 1. Biofouling
proceeds through different steps, starting from the accumulation of microorganisms on the
material surface—like microalgae, bacteria, and diatoms—leading to the formation of a
biofilm having a low thickness: this can be referred to as microfouling or soft fouling. The
accumulation of biological material can be even more pronounced with time, especially
when larger organisms and plants like weeds, diatoms, mussels, and barnacles adhere
to the surface of ship hulls; as a result, a thicker calcareous layer of biological material is
formed, usually referred to as macrofouling or hard fouling [70,71]. Preventing biofouling is
very important, since it can increase the ship’s drag, inducing up to 18% of penalty in shaft
power, with negative consequences for both the economic and the environmental aspects
of the shipping industry as a result of larger fuel consumption and larger greenhouse gas
emissions [72]. A specific study was also carried out to study the application of flax into
PLA or PBAT composites to obtain artificial reefs: the formation of biofilm as the first stage
of fouling was assessed using specific marine microorganisms, such as Pseudoalteromonas
sp. 3J6 and Cylindrotheca closterium [73]. This allowed establishing the presence of flax
fiber leachates and plastic monomers, which did not find large differences between the
two matrices.

SLIME WEEDS/BARNACLES

Figure 1. Qualitative levels of micro biofouling (original image by the authors).

In addition to the increase in hydrodynamic resistance and surface mass, biological
growth accelerates micro-degradation, delamination, and surface aging, especially in
natural or bio-derived materials.

The main mechanisms are the following;:
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Microbial colonization and release of degrading metabolites: Immersed composite
surfaces are attacked by bacterial communities that produce organic acids, biosurfac-
tants, and hydrolytic enzymes. These compounds degrade polymer bonds, promoting
interlaminar detachment and surface embrittlement. Studies on graphite/epoxy com-
posites have shown that biofouling accelerates the decline in tensile strength and
induces microfracture signals detectable by acoustic emission [74]. Other long-term
studies based on jute and sawdust epoxy composites exposed to drain water showed
a significant loss due to the microbial damage, in particular a reduction in the tensile
strength of 57% for the jute composite and of 40% for the sawdust composite, after
their exposure to drain water for 1 year. Regarding the flexural strength, a decrease in
the flexural strength of 43% and 34% for the jute and the sawdust composite, respec-
tively, during the same period was observed. In this case, the biological action of some
microorganisms producing enzymes like lipases and proteases led to the deterioration
of the composite matrix, worsening the structural and mechanical properties of the
composite material [75].

Biofilm—matrix interaction and tribology: Biofilm acts as a viscoelastic intermediate
layer between the material and the surrounding medium, altering friction, adhesion,
and wear rate. In biodegradable polyurethane composites modified with clay and
the biocide dichloro octylisothiazolinone (DCOIT), colonization by bacteria and di-
atoms was significantly reduced, confirming the role of chemical design in biofouling
management [76]. As a whole, it can be suggested that biocides commonly used in
biocomposites, such as tannic acid, might have an effect in considerably delaying the
formation of biofilm [77]. In a more general way, tannins form a multifunctional cate-
gory of chemicals widely used in the development of bioplastics and biocomposites,
according to a recent review [78].

Role of plasticizers in the formation of fouling biofilms: The chemical formulation
of the matrix influences the selection and density of microbial communities. It is no
surprise that the use of bioplasticizers for the formulation of plastics might promote
biological action in them [79]. This will likely lead to a larger and faster formation
of biofilms, since also on conventional plastics, such as poly(vinyl chloride) (PVC),
bioplasticizers are well known to promote some biodegradation [80]. Conversely, in
polystyrene (PS), microplastics from plastics and resins produced using bisphenol A
(BPA) or diethylhexyl phthalate (DEHP) showed greater biofilm-induced biodegrada-
tion than those in the absence of plasticizers. This occurred in a specific context that
aimed at reproducing the Australian coral reef environment [81].

Accelerated degradation in the presence of natural fillers: In polyhydroxybutyrate
co-valerate (PHBV)-based biocomposites with olive pomace flours, microbiological
degradation is more marked, with crack formation and erosion visible already after
6 months at 40 °C in seawater, confirming that the biocompatibility of the matrix
accelerates environmental decomposition [82]. Natural fillers—like rice husk, peanut
and groundnut shell powder, and wood sawdust—are, in fact, hydrophilic species
and consequently favor water absorption in the composite matrix [83]. In marine
environments, water absorption in the polymeric matrix favors its biodegradabil-
ity and the colonization of microorganisms with consequent biofouling. A review
by Brebu [84] reports the effect of natural fillers blending on different polymeric
matrices: Polyethylene (PE) and polypropylene (PP) composites do not show great
biodegradability, while polyhydroxyalkanoate (PHA)-based composites showed bet-
ter biodegradability performances; wood plastic composites (WPC) were shown to be
subjected to attack by fungi in case of warm temperature and high moisture environ-
ments, thus not making them useful for outdoor applications; poly lactic acid (PLA),
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a hydrophobic polymer obtained from natural sources, can be modified to be more
hydrophilic if blended with chitosan, favoring microbial colonization. This, together
with an increase in the crystallinity of the polymer in the composite material, leads to
an enhancement of the biodegradability of the material. The biodegradability of poly
butylene succinate (PBS) was also reported to increase when used with hemp fillers
up to 70%.

5. Correlations with surface energy and hardness: Polymers with high surface energy
(e.g., GFRP) are more susceptible to biofouling than flexible ones (e.g., silicone), since
they provide an easier gripping surface. The surface free energy is defined as the
energy needed to create a new surface from a bulk solid. The relationship between
surface energy and bacterial adhesion, due to critical surface tension depending
on contact angle, can be described by the Baier curve (Figure 2), which reaches its
minimum around 22-24 mN/m. This experimental data allows the design for fouling
release and anti-fouling materials and coatings [85]. Hydrophobic materials having
low surface energy avoid initial fouling and facilitate the detachment of already
present organisms on the ship hulls [86]. Furthermore, tribological properties worsen
in proportion to biological accumulation, with a loss of mechanical resistance up to
7.5% in poly(ethylene terephthalate) (PET) and polyurethane (PU) [87].

AF | FRZ = Fouling release zone
AF = Antifouling effect

Relative biofouling adhesion

T T T T T

0 10 20 30 40 50 60 70 80
Critical surface tension (mN/m)

Figure 2. Example of a typical Baier curve (original figure by the authors).

3. Biocomposites in Marine Applications
3.1. Natural Fibers: Types, Properties, and Marine Performance

Natural fibers, sourced from renewable plant or animal materials, are increasingly
being considered in the development of biocomposites due to attributes such as low cost,
low density, and environmental sustainability. In marine applications, however, their
performance is affected by environmental factors, including water absorption, swelling,
biodegradation, and reduced mechanical strength. Among plant-based options, bast (e.g.,
flax, hemp, jute), leaves (e.g., sisal, abaca, pineapple), fruit hair (e.g., coir), and seed
hair (e.g., cotton) fibers are the most commonly utilized, though other derivations also
exist, such as from bark or grass. In Figure 3, a (non-exhaustive) number of categories
and subcategories of fibers are reported, each of which is supported by evidence from
existing studies and applications; it is also worth noticing that for some specific categories,
comprehensive reviews have recently been provided [88].



J. Compos. Sci. 2025, 9, 331 10 of 36
[ 1 ]
(i) Basalt -
(ii) Mineral wool (l) Viscose
(iii) Asbestos (ii) Rayon
(iii) Acetate
Organic Inorganic (iv) Milk protein
Animal (i) Polyethylene (i) Carbon
S (ii) Polyester (PET) (ii) Glass
(') Silk (iii) Polypropylene (iii) Nanocarbon
(") Wov_al (iv) Acrylic (graphene, etc.)
(iii) Hair (v) Polyurethane
(vi) Amidic (Nylon)
(vii) Aramidic (Kevlar)
Bast Leaf Straw Fruit hair Grass Algae Seedhair Wood Bark
(i) Abaca (i) Sisal (i) Rice i) Coi " . . " i 3
(ii) Flax | |{ii) Curaua (i wheat | | {inpaims | @ Bamboo (0 Brown || () Kapok || i) Softwood | JCMTCR0Re
(iii) Jute (iii) Banana (iii) Corn (i) N‘I‘Y“c " (ii) Green | _(ii) Cotton || (ii) Hardwood kiii) ceibas
(iv) Hemp (iv) Henequen (iv) Barley (!‘I:)Allf;cant us (iii) Red (iii) Metaplexis
(v) Kenaf (v) Agave(s) (v) Oat :\:))Posidonia
(vi) Ramie | |(vi) Pineapple (vi) Rye
(vii) Rattan

Figure 3. Fiber classification by categories (origin) and subcategories (species/group of species)
(original image by the authors).

Concentrating on lignocellulosic (not wood) fibers—as defined in the scope of this
review, containing more than 50% cellulose and hemicellulose, some amount of lignin,
and in some cases pectin and waxes—some of these have attracted significant interest for
enhancing the composite strength over the last decades, which hints at their prospective
possible application in the marine sector. Among these are some bast fibers that have
become classical for their diffusion and mechanical strength and moisture resistance, and
are widely investigated for their use in composites, such as flax [89], hemp [90], and
jute [91]. In other cases, such as for coir, the higher lignin content guarantees a more
effective protection against microbial attack—a characteristic exploited and improved by
their use in geotextiles; however, they are not comparable with the previously mentioned
ones as far as stiffness is concerned [92].

Despite their many advantages—which support their application in composites as
the replacement for fibers such as glass ones [93]—lignocellulosic fibers have a serious
drawback when used in moisture-filled or seawater environments. These issues are com-
pounded by their low resistance to abrasion, which calls for cautious approaches, such as
using hybrid composites (e.g., bamboo/jute/glass), including some inorganic fibers [94].
The biodegradable character of these fibers presents the advantage of preventing their
accumulation in the water drainage system, unlike what happens with polymers [95].

On the other hand, addressing biodegradation represents a challenge, which is even
greater for marine applications, as the materials are constantly in contact with salt water,
high humidity, temperature changes, and UV radiation. In this environment, natural fiber
composites absorb water through capillarity and suffer mechanical embrittlement [96].
During immersion, absorbed moisture will migrate through the polymer matrix and into
the fiber, where swelling will produce microcracks and result in debonding at the fiber—
matrix interface, leading to the ineffective transfer of the load [97]. Some indications of the
incorrect working of the composites in that case are reported in Figure 4. In a saline envi-
ronment, this phenomenon is accelerated by osmotic effects and possibly microorganism
colonization, which will gradually pave the way for biofouling, protection from which will
be specifically dealt with in Section 4.4. For this reason, plant fibers have generally poor
durability in marine exposure, more often hindering their direct application in long-lasting
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structural marine components, since their hierarchical cellular structure unduly favors
water penetration [98].

Hygroscopic fiber swelling
(W 1 g

( Loose hydrophilic

materials leaking Y

Figure 4. Ineffective working of fiber-matrix interface in case of water penetration (original image
from the authors).

To overcome these issues, a great deal of studies are available on chemical and physical
treatments for increasing the marine performance of natural fibers by regularizing their
surface [99]. Alkali treatment, most frequently performed using sodium hydroxide (NaOH)
with different concentrations, times, and temperatures, is frequently employed to remove
surface impurities and for hemicellulose cleaning [100]. This treatment has a proven
effectiveness in increasing surface roughness, which is beneficial for matrix adhesion;
extensive studies have been carried out, e.g., on bamboo fibers [101]. Other well-known
surface modifications that have been indicated to reduce the moisture uptake and are
therefore specifically of interest for marine applications include the coating of fibers through
silane coupling agents [102]. Another treatment that has earned particular interest is
acetylation, derived from the tradition of cellulose modification [103]. Acetylation can also,
not differently from silanization, follow alkali treatment on fibers, providing substantial
mechanical improvements, as reported on banana unidirectional mats in [104]. When
applying polyolefin thermoplastic matrices, maleic anhydride grafting is normally used to
enhance the lignocellulosic fiber-matrix relationship by reacting with the hydroxyl groups
present in the former, which also results in an improved water resistance [105].

Among the many plant-based fibers that have been proposed for marine applications,
attention has been given recently to the fibers derived from the plants growing in marine
environments. One of those promising organisms is Posidonia oceanica, a Mediterranean
endemic marine plant. These fibers are in direct contact with seawater during their life
cycle and have a marine resistance that does not exist in terrestrial fibers. Recent studies
have shown that Posidonia oceanica fibers display lower water absorption and greater
dimensional stability when immersed in seawater [106]. Using epoxy as the matrix, which is
an inherent limitation, yet on the other hand allows an easier comparison of the performance
of natural fibers among them, Posidonia oceanica fibers exhibit enhanced mechanical
properties, preserving and reducing interfacial deterioration, and may contribute to an
increase in the service life of the composites in marine environments [107]. Other studies
with more ambitious objectives suggested the use of polyhydroxyalkanoates (PHB) with
bacterial origin as the matrix for Posidonia fibers in composites explicitly aimed at the
marine environment [108].

So far, in the marine industry, natural fiber composites are being used to a quite
limited extent as non-structural or semi-structural elements, such as boat interiors, pan-
eling, insulation, and some small deck elements [109]. Their use is also being investi-
gated for biodegradable fishing gear, aquaculture apparatus, and underwater ecological
facilities [110]. In such use, a partial loss of mechanical strength might still be acceptable or
even environmentally desirable. When it comes to real structural use, natural fibers have
some limitations, such as an inevitable inherent variability in properties, as they are also in-
fluenced by the pre-production characteristics, which involve, among other factors, growth
conditions, harvesting, and processing/extraction methods [111]. In order to enhance
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performance and maintain sustainability, the formulation of marine class standards and
durability test protocols will be necessary to ensure their use [112]. In conclusion, despite
the environmental and economic advantages, successful utilization of natural fibers in
marine applications requires a sensible selection of materials, treatment of fibers, and com-
posites. Indications of the potential offered by different fiber treatments are qualitatively
summarized in Figure 5.

Alkali (NaOH, KOH) Effective but aggressive
Bleaching (NaClO) (need optimization)
Sodium sulphate Reduces fibrillation (fibril splitting)

Sizing and coating treatment,
Silane improves strength
(a similar effect is shown by shellac)

Acetylation .
(acetic anhydride) Better moisture control
Benzoylation Improves thermal properties
Sodium bicarbonate For nautical applications

Matrix specific (polypropylene, polyethylene).
Maleic anhydride —— Opens interesting technological possibilities
(compression molding, commingling)

Figure 5. Some types of fiber treatments and their qualitative importance (original image by
the authors).

A large amount of literature exists in terms of the influence of chemical treatments—
non-exhaustively reported in Figure 5—on water absorption resulting in the geometrical
modification of the fibers. As suggested above, most of the studies concern mercerization,
the traditional alkali treatment performed using sodium hydroxide and, more rarely,
potassium hydroxide, especially on less standardized fibers [113]. Therefore, it is possible
to consider the aforementioned treatment as the “standard” mode for modifying the surface
of lignocellulosic fibers and removing loose material so as to make their section closer to a
quasi-circular shape. In terms of water absorption, a number of reviews are available on the
effects of alkali treatment on lignocellulosic fibers. In particular, Chandrasekar et al. (2017)
reported an increase in tensile strength for the treated fibers, ascribed especially to the
change in failure mode and more limited proneness to fibrillation and, hence, pull-out in the
composite. This was reported with reference to jute fibers immersed in 5% NaOH solution
for a minimum of 4 h [114]. The benefits of using alkali-treated fibers—in mechanical and
tribological terms—for the production of biocomposites have also been recognized in [115].
However, more concentrated solutions (of up to 15%) for much longer immersion times
(up to 72 h) have been experimented with, providing different levels of efficacy on the
improvement of tensile strength and stiffness, yet tending to separate fibers, such as abaca.
This also poses the question of how drying should be performed, naturally or accelerated at
higher temperatures [116]. Another possibility arises from the mixing of sodium hydroxide
solution with other agents, such as hydrogen peroxide, acetic acid, and carbamide, on
luffa sponge fibers, with sodium hydroxide primarily contributing to the reduction in
moisture regain [117].

A similar treatment, bleaching with sodium hypochlorite, proved effective on Yucca
fibers, resulting in an increase in the thermal degradation temperature (in that case of up to
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40 °C), and can be intended as a thorough oxidative washing [118]. Other washings did
not give comparable results, such as sodium lauryl sulfate (SLS) on ramie fibers, where
crystallinity and thermal resistance were only slightly improved [119].

Less popular treatments have also been proposed with some degree of success. Sodium
sulphate has been used, based on the experience with cellulosic fiber processing in textile
industries to produce viscose, making fibrillation less likely and, therefore, obtaining a
sounder interface and making water penetration more difficult; this has been applied,
e.g., on alfa fibers [120]. Together with sodium carbonate, the action of sodium sulfate
solutions on cellulose fibers results in a controlled swelling, which is less destructive for
fibers, though it is of lesser interest for those that present a higher lignin content [121].
However, one important limitation is the relative scarcity of comparative studies among
different treatments on the same fiber: an example is the one performed on Bauhinia
variegata, comparing the effects of benzoylation, alkalization, and bleaching [122]. Sodium
bicarbonate treatment has been demonstrated to be specifically effective in the case of
water absorption (immersion time has been optimized in the case of Washingtonia filifera
palm waste, based on a 3% treatment concentration) [123]. Specific studies were carried
out using this treatment on flax [124] and sisal fibers [125], both intended for use in
epoxy composites.

The integration of marine-adapted fibers, such as Posidonia oceanica, together with
the progress in hybrid composites and bio-based resin systems, appears as an interesting
path for more resistant and sustainable marine materials, which would ideally replace the
characteristic fiber structures for GFRPs. These can take different forms, such as woven and
unidirectional, and are normally arranged in the composite to be completely filled with
resin, to the extent that the term “matrix layers” is sometimes used in this case [126]. The
basic applications of the most well-known lignocellulosic fibers in the marine environment
are listed in Table 1.

Table 1. Principal applications in marine environments of some natural fibers (original table by
the authors).

Natural Fiber Sea-Related Properties Some Applications
Coir [127] High resistance to saltwater and Ropes, mats, and fenders
microbial attack
Moderate resistance to water; Non-structural components, paneling,
Jute [128] S . L
non-Fickian behavior and linings
Flax [129] Low water absorption when treated Composites for boat hulls, decks, and
other structural components
Hemp [130] Resistant to UV light, durable, and strong; Ropes and sails, composites for
p Fickian behavior boat hulls

Sisal [131]
Bamboo [133]

Kenaf [135]

Pineapple leaf (PALF) [136]

Banana fronds
(flower pistils) [137]

Resistant to salt water yet not to microbial
degradation (risk of fungal growth) [132]
High strength-to-weight ratio, high
anisotropy owing to variable
porosity structure [134]

High tensile strength, light yet Interior panels and in structural
stiff, biodegradable applications after treatment
Abundant waste, good torque properties for
thinner filaments
Quasi-constant flexural properties at all
orientations, not very resistant to saltwater

Ropes and twines

Materials for flooring, decking, and
structural components in boat hulls

Ropes (as the competitor with sisal)

Ship components above water
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3.2. Matrix Systems: Bio-Based vs. Synthetic Resins

In marine biocomposites, as in composites in general, the matrix system is crucial
to transfer loads, protect the fibers, and ensure mechanical and environmental stability.
Matrices are mainly divided into synthetic resins (e.g., epoxy, polyester, vinyl ester) and
bio-based resins derived from renewable sources (such as PLA, PHA, and bio-epoxides).
Synthetic resins are usually appreciated for their high mechanical strength (tensile strength
up to 80-100 MPa); thermal stability (>100 °C), though this might be affected by trespassing
the glass transition temperature (see below); and excellent resistance to moisture and chem-
icals, characteristics that make them ideal for naval structures. However, they are derived
from non-renewable resources and are not biodegradable as such, although end-of-life
strategies based on enzymes are currently being developed, aimed at their mineralization
for disposal. Apart from the well-known case of polystyrene, which is consumed by black
(Tenebrio obscurus) and white mealworms (Tenebrio molitor) [138], other strategies are grad-
ually being developed for the recycling of epoxy [139]. This obviously will displace the
problem of eventual biodegradation, provided the adapted environment for enzymatic
action will be set when preparing for material disposal.

About reducing the resource depletion during polymer production, the question is
different: bio-based resins, such as PLA, PHA, and bio-epoxides, where bisphenols are
synthesized from a raw material partially derived from vegetable oils, offer a reduced
environmental footprint. However, they tend to present lower water resistance, mechanical
brittleness, and limited thermal stability (e.g., PLA: glass transition ~60 °C). In a recent
study, epoxy resins with 28% bio-based content combined with flax or hemp fibers showed
water absorption up to 9.8% and a drop in mechanical properties (tension/flexure) between
26% and 74% after immersion in seawater [140]). In a direct comparison, partial bio-based
epoxy resins (with biomass content) showed good performance when combined with
synthetic fibers (glass, carbon), suggesting an effective trade-off between sustainability
and strength [141]. The limited, though present, water absorption by bio-epoxy resins (in
the order of 1-1.5%) did not limit, so far, their applications in other challenging systems,
such as aerospace [142] and automotive [143]. However, the commercial availability of
such resins is still limited. To improve the performance of bio-based resins in marine
environments, approaches such as chemical modification of resins, the use of nanofillers
(e.g., graphene, nanocellulose), and hybrid systems (bio resin + synthetic additives) are
being explored [144]). The cost of bio resins also remains higher than the conventional ones,
even if rapidly decreasing, thanks to new production technologies (e.g., biotechnologies
from sugars or agricultural residues). Furthermore, the low density of biofiber allows for
the possibility of using higher fiber content in composites, which can also further reduce
the non-renewable petroleum-based polymer content in products. This weight reduction
can help in reducing the fuel consumption and lead to lower carbon emissions, which is
a crucial point for the naval sector, even for high-technology applications, such as racing
boats [145]. Concerning life cycle assessment (LCA) and energy consumption, it was
reported that the LCA of biobased composites (from biobased epoxy resin and natural
fibers) was more advantageous than traditional petro-based composites (from epoxy and
glass fibers) in terms of energy use and environmental impact, as observed from the LCA
comparison of fiberglass and flax fiber composites in ships” hulls [146]. These are some
of the main reasons that make biofiber-based biocomposites an attractive alternative to
synthetic fiber-based composites for many industrial sectors, including naval constructions.

Recently, particular attention has been paid to the development of furan-based bio
resins derived from renewable sources, such as furfural and 2,5-furandicarboxylic acid
(FDCA). These resins, including poly(methylene furanoate) (PMF) and furan epoxides,
offer an attractive combination of good chemical resistance, thermal stability (Tg up to
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120 °C), and low water absorption, making them promising for marine applications [147].
Furan-based bio resins improve the thermal resistance and marine durability compared
to traditional PLA or PHA. In particular, FDCA-based bio resins stand out for their high
stiffness and resistance to saline environments—thanks to the furan aromatic backbone,
which confers greater protection against hydrolysis compared to traditional polyester bio
resins—and potential self-healing at low loads [148]. Furan-epoxy can also offer potential
for composites starting from biomass, such as it is the case for eugenol from cloves [149].
Some outcomes are reported in Table 2.

Table 2. A rapid overview of synthetic vs. bio-based resins concerning marine applications (original
table by the authors) (some indicative data from literature are offered).

Property Synthetic Resins Bio-Based Resins
Origin Petrochemical Renewable sources (biomass, vegetable oils)
Typical Examples Epoxy, Unsaturated polyesters, Vinyl esters PLA, PHA, Bio-epoxies, Furano—epoxies
Normally around 80-100 MPa 50-70 MPa for PLA (up to 58 MPa was
Tensile Strength Over 60 MPa for epoxy [150]; measured in [153] for different raster angles);
63 MPa for vinyl esters cured at 40 °C [151]; 70-90 MPa for furans (over 65 MPa was
A value of 114 MPa was measured in [152]. measured in [154])
Young’s Modulus Over 3 GPa for epoxy [150], less for 1-2.5 GPa, yet often much lower for PHA
other resins (even limited to 300-400 MPa) [155]
Very low and rapidly desorbed (may High-moderate (depending on the type of
Water Absorption produce critical effects only at temperatures & P & yP

Chemical Resistance

such as 90 °C) [156]
Very good (problems with acids, improving
with polyamine concentration in epoxy) [157]

bio resin)

Good, but lower in saline environments for
PLA/PHA

Thermal Stability

Glass Transition Temperature (Tg)

UV Resistance

Biodegradability
Durability in Marine
Environments

Environmental Compatibility

Commercial Availability

Raw Material Cost

. o Limited (~60-80 °C for PLA; >100 °C for
High (>100 °C) ( furan-based resins)
90-130 °C (~100 °C for
unsaturated polyester) [158]
Variable (may require additives, such as UV
stabilizers) (organic polymer coatings) [159]

None in non-prepared environment

60-120 °C (depending on the bio resin type)

Generally low, requires surface treatments

High (especially for PLA, PHA)
Variable, can be improved with surface
treatments
Higher (possible compostability)
Limited but growing
Variable (currently higher than
synthetic resins)

Excellent (with protective coatings)

Low (end-of-life issues)
Wide

Medium (relatively inexpensive)

Other studies on the use of different biocomposites for marine applications have been
carried out by various authors. For example, pineapple leaf fiber (PALF) holds potential for
industrial use, particularly in reinforcing materials. A study carried out by Rahman and
Ariffin [160] focused on utilizing PALF as reinforcement with epoxy for marine applications.
Their research explores the impact of layering, orientation, and material volume on flexural
strength and water absorption. The samples, composed of three layers with 70% epoxy
and 30% PALF, underwent a 3-point bending flexural test, evaluating maximum force,
stroke, stress, strain, and Young’s modulus; however, the results appeared incoherent and
hardly applicable.

A study on bamboo—epoxy composites for structural applications was conducted by
Biswas [161], in which physical and mechanical properties were studied. Composites were
fabricated using short bamboo fibers at four different fiber loadings (0, 15, 30, and 45 wt.%);
it was observed that the void fraction increases significantly with respect to fiber loading,
and, in particular, this property increased from 1.71% to 5.69%. In order to reduce the
void fraction and to improve the hardness and other mechanical properties, silicon carbide
(SiC) filler was added to bamboo fiber-reinforced epoxy composites at four different weight
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percentages (0, 5, 10, and 15 wt.%) at the highest fiber content (45 wt.%). The significant
improvement in Vickers hardness (from 46 to 57 HV) at 15 wt.% SiC, tensile strength (from
10.48 to 13.44 MPa) at 10 wt.% SiC, flexural strength (from 19.93 to 29.53 MPa) at 5 wt.%
SiC, and reduction of void fraction (from 5.69 to 3.91%) at 5 wt.% SiC were observed. The
results of this study indicate that using particulate-filled bamboo fiber-reinforced epoxy
composites could successfully allow developing a composite material offering high strength
and rigidity for lightweight applications.

Fitriadi et al. [162] investigated the physical characteristics and thermal conductivity
of composite materials from a mixture of cocopeat and polyurethane for the fishermen’s
fish box insulation, which, though being a simple structure, is deemed to be in continuous
contact with saline atmosphere, if not with saltwater at all. The obtained results show that
cocopeat can be used in a cocopeat—polyurethane mixture for this application, although the
heat conductivity results are still lower than those obtained with the 100% polyurethane
material (0.026 m.K). However, the test results are still within the recommended insulation
material limits of 0.023-0.04 W/m.K. The material composition chosen for the fish box
insulation on fishing boats is a 1-to-1 composition; in this regard, there is a conductivity
value of 0.037 W/m.K with a yield stress of 0.05 MPa and a maximum stress of 0.7 MPa;
therefore, this material can save polyurethane usage by 50%.

Dhanenderan et al. [163] formulated sustainable material by utilizing banana flower
pistil waste, a byproduct of banana flower consumption, as a reinforcement agent. A
composite with 25 wt.% banana flower pistils demonstrated the highest mechanical perfor-
mance, achieving 64 MPa in tensile strength, 185 MPa in flexural strength, 7.64 kjm 2 in
impact strength, and 89 Shore D hardness. However, the composite with 30 wt.% banana
flower pistil also showed the utmost water absorption, much higher than usual values, of
21% over 10 days. These findings indicate that the 25 wt.% composite optimally balances
mechanical strength and water resistance. The resulting composite could be used in the
shipbuilding industry, especially where moderate load-bearing capacity and sustainability
are prioritized.

Another important cellulose fiber is kenaf, and its application in marine environments
remains relatively scarce. However, cellulose fibers are extensively used in marine-related
fields, including boat construction, marine sports equipment, coastal engineering, offshore
engineering, and environmental protection. The application of kenaf fiber-based composites
in marine environments remains in the primary stage, with relatively few cases reported,
according to the very recent review by Huang et al. [164]. However, interesting studies on
kenaf-based composites are also the ones based on the incorporation of nanoparticles. Taj
et al. successfully reduced the porosity and seawater absorption of kenaf/epoxy composites
by optimizing the ratio of alumina to graphene nanoparticles [165]. Raj et al. incorporated
0, 2,4, 6, and 8% graphene nanofiller in kenaf/epoxy and discovered that the composite
with the maximum graphene content demonstrated the lowest water content (5.1%), which
represents a 51.4% decrease relative to the graphene-free composite [166]. A similar result
was observed by Palmiyanto et al., who added 4%, 8%, and 12% microcrystalline cellulose
(MCC) nanoparticles to glass and kenaf fiber-reinforced phenolic resin composites and
found that 12% MCC nanoparticles exhibited the lowest seawater absorption [167]. It
can be concluded that integrating nanoparticles to a certain proportion in fiber-reinforced
composites can significantly decrease water uptake, though it involves increased costs and
might not always be sustainable if the nanoparticles have to be synthesized.

Concerning the bamboo-based composites, there is currently a great deal of interest
in developing a new generation of these composites for use in fishing vessels; indeed,
bamboo is suitable as a material for construction because it is sufficiently hard, strong, and
dimensionally stable. Manik et al. [168] investigated laminated bamboo composites (LBCs)
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and fiberglass mats to obtain certain mechanical characteristics. The LBC with 45° /—45°
cross-fiber directions combined with chopped strand mat fiberglass was developed under
different layers and mass fractions with the same composite thickness. The influence of
different numbers of laminated bamboo layers (3-7 layers) on several mechanical properties
was investigated. The result showed that an improvement in the strength properties of
LBCs could be achieved by using a thinner bamboo lamina with a higher number of
bamboo layers. It was found that bamboo composites with seven layers, hence with a
higher epoxy mass matrix, had superior mechanical properties to those with three and five
layers at the same thickness. Another finding revealed that adding fiberglass mat to current
LBCs improved the mechanical properties compared to previous research; specifically,
the bending strength increased between 4 and 7.5% and the tensile strength between 12.4
and 17.7%.

Corradi et al. [169] analyzed the overall mechanical characteristics of bamboo fiber-
reinforced composites and sandwiches for general marine applications. For this study,
bamboo laminates were made from bamboo strips milled out from bamboo wall cores. An
accurate analysis of the processing possibilities and chemical-physical characterization
was conducted, evaluating the relationship between composites’ performances, processing
characteristics, and environmental aging. As applications, a hull panel and a spinnaker
pole were used and tested for impact and for axial compression load, respectively; sub-
sequently, a complete 6 m boat hull was realized in order to analyze critical lamination
points and the effectiveness of vacuum bagging. The tests of accelerated aging and water
absorption highlighted the resistance of the adopted material to the aggressiveness of the
marine atmosphere; in the realization of the real prototypes, however, the utilization of
waterproofing treatments on the exposed parts is expected to improve the mechanical
properties of the composite. Adhesion tests offered an optimal interlaminar shear strength
(ILSS) value, over 3.5 MPa, for the utilization of such material in sandwich skins, even
without any application of fiber treatment.

3.3. Filler and Coupling Agents: Role in Durability and Wear

In the context of marine biocomposites, the integration of fillers and coupling agents
represents a key strategy to improve durability, wear resistance, and mechanical perfor-
mance over time. Fillers, which can be natural (e.g., fruit shells, seaweed) or minerals (e.g.,
hydroxyapatite, alumina), help increase stiffness, reduce thermal shrinkage, and modulate
environmental degradation properties. However, the addition of fillers can introduce
discontinuities at the interface with the matrix, generating weak points unless a compatible
coupling agent is used. Coupling agents—such as grafted maleic anhydride (e.g., PE-g-
MA, SEBS-g-MA) or titanates—chemically bond the polymer matrix to the filler surface,
improving interfacial adhesion and reducing delamination and water absorption. A study
on HDPE biocomposites reinforced with green algae showed that the use of PE-g-MA
reduced water absorption by up to 0.94% and increased stiffness to 1.63 GPa [170]. In the
applications exposed to marine humidity, the use of marine bio-fillers, such as brown algae
or mollusk shells, has been shown to improve moisture resistance and mechanical stability.
In addition to traditional natural and mineral fillers, seashell-derived powders have been
investigated as sustainable reinforcements capable of enhancing mechanical stability and
moisture resistance in saline environments [171]. In epoxy, a combination of marine shell
powder with jute fabric composites proved particularly effective [172]. In thermoplastic
polyolefin matrices, the final result does not only depend on the filler loading and grain
size but also on the presence of the coupling agent, i.e., normally maleic anhydride (MA).
In the absence of the latter, fillers can generate internal voids and lead to increased wear by
friction or mechanical fatigue over time [173]. Studies with argan shell fillers in polymer
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matrix have highlighted that the use of SEBS-g-MA significantly improves tensile strength
and reduces water absorption, promoting better distribution and dispersion of the filler in
the matrix [174].

3.4. Fabrication Techniques and Effects on Tribological Behavior

The manufacturing technique strongly influences their behavior with respect to friction,
wear, and mechanical contact resistance of biocomposites [175]. This is critical in marine
contexts, where materials are simultaneously exposed to cyclic loading, particle abrasion,
biofouling, and saline environments; more details are offered in Table 3. The most common
techniques in this context include

e  Compression Molding: This generates compact and homogeneous structures with
low porosity, contributing to better wear resistance. However, it is less suitable for
complex geometries.

e Injection Molding: This allows high productivity and complex shapes but can
introduce internal defects such as microvoids, which increase susceptibility to
fatigue wear.

e  Resin Transfer Molding (RTM): This is used for structural components; it offers a good
compromise between dimensional control and quality of the fiber-matrix interface.

e  Electrospinning and 3D Printing: This allows customizable microstructures and poten-
tial friction reduction, thanks to controlled surface geometries, but is still limited by
industrial scalability [176].

Although no specific study seems to directly correlate the manufacturing techniques
of marine biocomposites with their tribological properties in saline environments, parallels
can be drawn from the following:

e Studies on food biocomposites for aquaculture show that technique and formu-
lation influence stability in water, a parameter useful as an indirect indicator of
tribological resistance [177].

e FEM analyses on marine biocomposite panels reveal that manufacturing defects influ-
ence flexural behavior and delamination resistance, aspects that can be correlated to
contact wear [178].

e  Work on metallic nanoporous structures highlights how microstructural modifica-
tions in manufacturing influence friction and surface adhesive strength, principles
applicable to composite matrices [179].

Table 3. Overview of marine biocomposite fabrication techniques (original table by the authors).

Technique Advantages Disadvantages Marine Suitability
. High fiber content, low Limited shape Excellent for panels and structural
Compression (or . d lexity 1 ith .
vacuum) molding porosity, goo complexity, longer parts with water resistance.
mechanical strength cycle times Applied for flax—epoxy in [180].

Injection molding

Resin Transfer
Molding (RTM)

Moderate; careful design needed to

. Possible void formation, = minimize water ingress. Potential
Suitable for complex

- : lower mechanical offered as far as tensile
geometries, high . o I .

. integrity in performance is involved is explored
production rate . . .

moist environments in [181], as opposed to vacuum
infusion (Figure 6).
Good control over fiber Higher cost, complex High; ideal for load-bearing marine
orientation, uniform tooling, limited to components. Flax—cork sandwich
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Table 3. Cont.
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Figure 6. Conditions for infusibility of sustainable marine composites, in view of the application of
lignocellulosic fibers as their reinforcement [181].

Overall, there is a need for dedicated research that combines tribological parameters
(e.g., friction coefficient, wear mass loss) with the choice of manufacturing processes in
the marine environment, also considering the role of biofillers, surface hydrophilicity, and
biofouling. Some examples are given in Table 3; it is noticeable that the practical examples
of attempted applications are mainly based on the use of flax fibers so far.

4. Advances in Seawater Protection of Biocomposites
4.1. Interfacial Engineering for Moisture and Wear Resistance

There are several techniques that can be used to improve the adhesion between fiber
and matrix and reduce the delamination and friction phenomena in humid or brackish
conditions. Among these, the use of chemical coupling agents, such as silanes or copolymers
grafted with maleic anhydride (e.g., PE-g-MA, SEBS-g-MA), represents a consolidated
approach to promote the chemical interaction between natural fibers and thermoplastic
or thermosetting matrices [186]. Another promising strategy is surface activation through
plasma or corona discharge treatments, which increase the surface energy of the plant
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fibers, improving wettability and interface—fiber cohesion [187]. More advanced techniques
include the molecular functionalization of fibrillar surfaces with amino, epoxy, or catechol
groups (inspired by marine biology), which allow for increased adhesion even in the
presence of water. For example, copolymers containing cationic-aromatic sequences have
demonstrated strong adhesive properties in seawater, thanks to the cation— interaction
that counteracts the shielding effect of salt ions and preserves electrostatic adhesion [188].
Finally, mechanical approaches, such as z-stitching or interlaminar nano-reinforcement,
can also prospectively offer protection against progressive delamination under load cycles
in humid environments, increasing the overall integrity of the composite [189].

4.2. Surface Treatments and Barrier Coatings

To improve wear resistance in marine environments, bio-based surface treatments and
barrier coatings represent an effective and sustainable approach. These solutions aim to
prevent the ingress of moisture and salt ions, preventing delamination and chemical degra-
dation of the matrix in biocomposites. Recent research has demonstrated the effectiveness
of bio-based coatings with high barrier properties, such as those made with PLA and PHBV
copolymers combined with functionalized talc, which offer excellent resistance to corrosion
and water absorption even after prolonged immersion in saline solutions [190]. Another
innovative approach involves the use of bio-inspired interfaces and self-healing capsules
loaded with vegetable oils (e.g., tung oil) in epoxy matrices, capable of regenerating the
integrity of the coating after damage and maintaining adhesion in highly aggressive marine
environments [191]. Finally, the integration of graphene or nanofillers in coatings demon-
strated a synergistic effect in reducing water absorption by 50% and friction coefficient by
19% in composites exposed to salt water for over six months [192].

4.3. Functional Fillers for Enhanced Tribological Stability

The use of fillers and nanofillers, natural and otherwise, is frequently reported for
their ability to increase surface hardness, reduce friction, and improve erosion resistance.
For instance, Hudda et al., 2022 [193] demonstrated that nanofillers have shown the ability
to “seal” the micro-porosities of the matrix, improving the resistance to the entry of ions
and limiting delamination or accelerated degradation phenomena in saltwater. Parallel
studies have shown that nanofillers, such as nanoclay, graphene, or titanium dioxide, can
reduce the friction coefficient by up to 19% in long-term saline environments, as well
as significantly reduce the water absorption and improve the internal cohesion of the
matrix [194]. In the case of bio-based matrix biocomposites, the use of natural fillers,
such as lignocellulosic flours or functionalized biochars, also allows for maintaining the
biodegradability of the system while offering similar tribological benefits, thanks to a
greater controlled roughness and load distribution on the surface; an example is groundnut
biochar in sisal fiber composites [195]. Finally, some recent formulations have adopted
hybrid systems, where mineral fillers (e.g., talc or expanded glass) are combined with
nanoparticles, obtaining a synergistic resistance against abrasion, humidity, and contact
stress, ideal for prolonged marine applications [196].

4.4. Anti-Biofouling Strategies and Their Impact on Friction

Biofouling is one of the main threats to the durability of biocomposites in marine
environments, as it promotes the formation of microbial biofilms and encrusting organisms
(algae, diatoms, molluscs), which modify the surface roughness, increase friction resistance,
and accelerate surface degradation phenomena.

Anti-biofouling strategies can be divided into passive and active approaches. Among
passive approaches, eco-friendly low surface energy copolymers, such as oleamide com-
bined with PDMS (polydimethylsiloxane), have demonstrated efficacy in inhibiting biolog-
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ical adhesion, thanks to their smooth and hydrophobic surface. Such materials also show
the ability to reduce hydrodynamic drag and friction coefficient in salt water [197].

On the active functional coatings front, recent developments include hybrid materi-
als capable of generating friction energy (triboelectrification) that disturbs the adhesion
of microorganisms and reduces biofilm formation. These coatings protect the surface
mechanically and chemically, offering a biological coverage of less than 10% even after
prolonged immersion [198].

Other, more sustainability-oriented strategies include the use of bioactive copolymers,
natural additives (e.g., essential oils, DCOIT), or self-healing materials inspired by natural
systems, such as the adhesive secretion of mussels [199]. Such approaches not only reduce
the environmental impact but also limit the onset of critical tribological phenomena, such
as localized abrasion and cyclic bioadhesion fatigue degradation.

Finally, it has been observed that an effective anti-biofouling strategy can reduce
friction up to 20% compared to untreated surfaces, prolonging the composite lifetime and
improving efficiency in dynamic and offshore applications [200].

4.5. Integrated Material Designs for Marine Tribological Durability

The integration of multiple functionalities within a single biocomposite represents an
advanced strategy to address the complex tribological conditions in the marine environ-
ment. These systems combine mechanical stability, moisture resistance, and anti-biofouling
barriers in a synergistic way, improving the long-term durability of the material even under
dynamic and multi-agent conditions (salt water, pressure, friction, biological colonization).
For example, bio-inorganic hybrid composites—combining bio-based polymers with ce-
ramic or mineral fillers, such as zirconium dioxide (ZrO,) or marine shell powders—have
demonstrated increased wear resistance and a significant reduction in the friction coefficient
in sliding tests, thanks to the formation of protective surface layers [201]. Furthermore,
recent review studies highlight how the rational combination of biofibers, compatibilized
matrices, and nanofillers can ensure high performance even in offshore applications, re-
ducing the wear rate and extending the useful life of the material [202]. Other works
have proposed design models where tribological functionality, controlled ecotoxicity, and
hygrothermal stability are integrated, highlighting that the best performances are obtained
through a hierarchical customization of the material properties (from the microstructure to
the surface) [203].

5. Discussion
5.1. Summary of the Main Degradation Mechanisms

The literature analysis confirmed that the main degradation mechanisms of biocompos-
ites in marine environments derive from the synergic interaction of mechanical, chemical,
and biological factors. Santulli & Fiore [204] provided an extensive overview of these
degradation processes, emphasizing the complex interplay between mechanical loading
and seawater exposure. In a more general sense, in the case of biocomposites, a complex
relation exists between the aging history of the material—which can be narrated and dealt
with through a series of tests, including thermo-oxidative aging, accelerated or natural
weathering, fatigue, and creep—and water/moisture absorption. Among these, the latter
is possibly the most critical phenomenon because of its unpredictability in biocomposites:
water penetrates the polymer matrix and natural fibers, causing matrix plasticization, fiber
swelling, and debonding at the fiber-matrix interface. These effects result in a progressive
loss of mechanical strength, reduction of the elastic modulus, and increased susceptibility to
fatigue, which is correlated to the progressively decreasing contact angle counterbalancing
the reinforcement effect of lignocellulosic fiber addition [205].
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The more the cellulose content in a composite, the larger are the effects of salinity added
to these phenomena. The ionic interaction accelerates the chemical degradation, modifying
interlaminar cohesion and promoting the processes of hydrolysis and localized corrosion.
In particular, the presence of CI~ and Mg?* ions can catalyze degradation reactions in both
synthetic and bio-based matrices, although with different intensity depending on the resin
chemistry. On the other hand, investigations on biocomposites do allow the tailoring of
material degradation under seawater action, which has found applications in developing
nets for aquaculture that are soluble over time [206].

A further critical element is represented by biofouling, i.e., the accumulation of mi-
croorganisms and higher organisms on the surface of the material. In addition to increasing
the surface roughness and, therefore, the resistance to hydrodynamic friction, the microbial
biofilm can produce degradative metabolites—such as organic acids and biosurfactants—
that favor the breaking of chemical bonds in the polymer matrix and accelerate the
aging process [207].

Finally, the combination of thermo-hygrometric cycles (temperature and humidity
variations) contributes significantly to the onset of microcracks, internal delaminations,
and lowering of the glass transition temperature (Tg), drastically reducing the useful life of
the material. This effect is particularly pronounced in PLA-based biocomposites, while it is
partially mitigated in systems based on furan or bio-epoxy resins [208].

Overall, marine exposure induces a progressive and multifactorial deterioration in
biocomposites, where the coupling of chemical, mechanical, and biological degradation
makes it difficult to isolate a single dominant parameter, underlining the need for integrated
design and testing approaches.

5.2. Effects of Structure and Materials on Tribological Phenomena

The internal structure and the choice of materials are crucial in modulating the tribo-
logical behavior of biocomposites in marine environments. In particular, the type of fiber
used significantly influences the friction and wear properties. Natural fibers with a high
lignin content, such as coconut or kenaf, tend to offer greater resistance to water absorption
and, consequently, greater dimensional and mechanical stability than more cellulosic fibers,
such as hemp or flax. An outstanding performance of coir with respect to other fillers has
been reported, e.g., in [209]. However, ligneous fibers can introduce local inhomogeneities
that facilitate the nucleation of microcracks under cyclic stress.

The polymer matrix plays a crucial role in protecting the fibers and distributing tri-
bological loads. Synthetic matrices, such as epoxy resins, generally guarantee superior
mechanical properties and lower moisture absorption, but at the expense of environmen-
tal sustainability. In contrast, bio-based matrices—such as PLA or PHA—show higher
ecological compatibility but also a higher vulnerability to plasticization, hydrolysis, and
enzymatic-biological degradation processes. A particularly significant influence of surface
roughness on the formation of biofilms during the environmental exposure of PHA has
been demonstrated in [210]. The adoption of furan or bio-epoxy resins with high aro-
matic content represents a promising solution, offering a compromise between durability
and sustainability.

Fillers and coupling agents employed in the formulation of biocomposites are es-
sential to modulate tribological responses. The integration of natural fillers (e.g., shell
powders) [211] or mineralogical fillers (e.g., nanoclay) [212] combined with the use of
compatibilizing agents (e.g., PE-g-MA) improves interfacial adhesion, reduces microcrack
propagation, and lowers the friction coefficient during dynamic contact in salt water.

Finally, the microstructure obtained from the manufacturing process directly influ-
ences the behavior under friction. Techniques such as compression molding generate denser
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and more wear-resistant structures, while injection molding can introduce microvoids and
anisotropies that facilitate the initiation of surface damage. Homogeneity of fiber distribu-
tion, low porosity, and effective adhesion at the interface are therefore key parameters to
optimize tribological resistance.

Overall, the tribological properties of marine biocomposites result from a delicate
balance between chemical composition, microstructure, and interfacial quality, which must
be carefully designed according to the specific operating conditions. On the other hand,
some fiber-matrix combinations are definitely closer to potential application in a marine
context with a wear-resistant structure. This is the case for flax/epoxy composite, on which
a specific study on wear rate was carried out in [213] by comparing different configurations,
which demonstrated that the best results were obtained for 45 wt.% of silane-treated
continuous fibers with an applied load of 10 N, a sliding velocity of 1 m/s, and a sliding
distance of 600 m. Silane treatment did not, unlike alkali or alkali-silane ones, improve the
crystallinity, yet it was able to protect the fibers more effectively against wear. However,
other wear studies on flax—epoxy with short fibers involve either the manufacturing of a 1:1
flax-ramie hybrid (best results at 40 wt.% total fibers) [214] or the substantial addition of
metal (alumina or iron filing) fillers with only 6 wt.% flax fibers [215]. Another limitation
for the characterization of biocomposites to wear is the absence of tribological standards,
which would be suitable for use in the specific and extreme environmental conditions
represented by seawater and possible biological contamination. Tests such as the pin/ball
on disk (ASTM G99) or block-on-ring (ASTM G77) imply that the sample has a relatively
smooth surface and has not been subjected to water absorption/desorption.

5.3. Comparison of Mitigation Strategies: Benefits and Limitations

Mitigation strategies aimed at improving the tribological durability of marine bio-
composites can be grouped into four main categories: fiber-matrix interface modification,
surface treatments and barrier coatings, use of functionalized fillers, and anti-biofouling
strategies. Each of these has distinct advantages but also intrinsic limitations that need to
be considered in the design phase.

Interface modification, through coupling agents, such as silanes, or grafting of func-
tional groups (e.g., PE-g-MA), has proven to be very effective in improving fiber-matrix
adhesion, reducing the risk of delamination in humid environments. However, resis-
tance to ionic or biological degradation strongly depends on the chemical stability of
the introduced bonds, which can be compromised after prolonged exposure to salt or
biofouling metabolites.

Surface treatments and protective barriers, such as plasma treatment or coatings
based on functionalized biopolymers (e.g., PLA/PHBV with talc), show a significant
reduction in moisture absorption and an increased resistance to ionic corrosion. The main
limitation of these approaches lies in the mechanical fragility of coatings under dynamic
conditions: cracks or scratches can quickly compromise the protection, making self-healing
or multifunctional solutions necessary.

The use of functional fillers, both natural (e.g., biochar) and inorganic (e.g., nan-
oclay, graphene), offers the dual advantage of increasing surface hardness and limiting
water diffusion into the matrix. However, high filler loadings (>20-30%) can cause dis-
persion problems, introducing microstructural defects that favor crack nucleation under
hydrothermal stress.

Anti-biofouling strategies, based on low surface energy materials or controlled release
of bioactive agents, represent a promising approach to preserve tribological properties in the
long term. Marine-inspired systems (e.g., cationic-aromatic copolymers) offer remarkable
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results in terms of preventing biological adhesion. However, the protection duration and
ecotoxicological balance remain critical areas that require further full-scale validation.

In summary, although each strategy leads to specific improvements, no single solu-
tion is sufficient to ensure the total protection of marine biocomposites. The best results
emerge from the integration of different technologies—for example, combining interfacial
modifications, barrier coatings, and functional fillers—within a holistic and hierarchical
design approach.

5.4. Gaps in the Literature and Research Perspectives

Despite the large number of experimental studies and reviews on biocomposites in
marine environments, several knowledge gaps emerge that limit the full understanding of
tribological degradation phenomena and the optimal design of more resistant materials.

One of the main limitations lies in the poor integration between tribological tests and
realistic environmental simulations. Most of the works analyze properties such as friction
coefficient or mass loss in controlled laboratory conditions but without simultaneously
reproducing complex marine variables, such as salinity, cyclic loading, active biofouling,
and thermal variations. This makes it difficult to predict the long-term behavior of materials
in real offshore or underwater applications.

A second gap concerns the limited duration of accelerated aging tests. While many
investigations focus on exposures of a few weeks or months, marine operating conditions
would require multi-year scale evaluations to correctly simulate cumulative degrada-
tion mechanisms, such as progressive delamination and tribological alterations due to
environmental fatigue.

From a materials perspective, there is little systematic exploration of new advanced
bio resins (e.g., furan- or FDCA-based) and their synergistic effects in combination with
natural fibers or hybrid fillers. Similarly, the most innovative manufacturing processes—
such as electrospinning or industrial-scale 3D printing—are still understudied for marine
applications, despite their potential for microstructural customization.

Finally, the ecotoxicological impact of bioactive- or nanoparticle-based anti-biofouling
strategies has not yet been adequately characterized in complex marine environments. The
long-term sustainability of biocomposites should take into account not only biodegradabil-
ity but also the ecological neutrality of the materials under controlled release or degradation
conditions. To overcome these limitations, future research lines should focus on

e  The development of multi-agent testing protocols (combining mechanical, chemical,
and biological stress).

e  Full-scale validation through exposure to controlled or natural marine environments.

e  Multiscale optimization of materials, integrating molecular modifications, microstruc-
tural reinforcements, and surface functionalizations.

e  Eco-friendly design, considering the complete life cycle of the material and its interac-
tion with marine ecosystems.

5.5. Practical Implications for the Design of Marine Biocomposites

The results emerging from the literature indicate that the design of biocomposites
intended for marine applications requires a multifactorial approach that integrates accurate
choices at the level of materials, microstructure, and surface treatments.

First, the combined selection of natural fibers with low hydrophilicity (such as ligneous
or marine fibers) and bio-based matrices with high hydrolytic resistance (such as furan or
bio-epoxy) appears essential to reduce the risk of early degradation by moisture absorption
or ion exchange. The most satisfactory performance is obtained where it is possible to
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ensure a robust interface between fiber and matrix, mediated by appropriate coupling
agents or chemical-physical treatments.

Secondly, microstructural design should aim to minimize internal porosity and manu-
facturing defects, adopting consolidated processes such as compression molding or resin
transfer molding (RTM), possibly combined with interlaminar reinforcement techniques
(e.g., z-stitching, nanoparticles) to increase the tolerance to thermo-hygrometric cycles and
reduce susceptibility to delamination.

On the surface protection front, the integration of multifunctional bio-based coat-
ings represents a promising strategy to combine moisture barrier, wear resistance, and
anti-biofouling capacity. However, these coatings must be designed to resist localized
mechanical damage, possibly integrating self-healing properties or controlled release of
protective agents.

Finally, the design should always consider the specific operating conditions (e.g.,
depth, temperature, presence of biofouling) and adopt accelerated qualification tests that
include combined exposure to salinity, cyclic stress, and hydrodynamic loads to realistically
predict the useful life of the material. Some real exposure tests for 1000 h have been
performed trying to elucidate the effect of biofouling on the flexural performance of carbon
fiber/vinyl ester composites, showing that UV rays impact the composite strength more
than saltwater [216]. Limitations of this knowledge, even on traditional petrochemical
polymers used offshore, are recognized, although it is generally suggested that the wear
degradation rate would substantially decrease with increasing water depth [217]. This
does create a particular concern regarding the use of biopolymers in small boats that
operate close to the water surface. Also, the influence of variation in temperature appears
limited, provided, as is usually the case, the polymer is used at temperatures sufficiently
distant from its glass transition temperature (Tg). It also needs to be considered that the
previously discussed addition of fillers would also result in a further increase in Tg and, as
a consequence, also the potential service temperature.

Ideally, for biocomposites, the enlargement of the service temperature interval would
need to be combined with the progressive decrease in mechanical properties with increasing
temperature and biological contaminations. However, such complex and multidisciplinary
studies, though strongly needed, are not available so far. Only through a systemic and
eco-friendly approach, which combines innovation of materials with a careful evaluation
of environmental sustainability, will it be possible to develop biocomposites truly suitable
for the marine sector, both in the structural and functional fields.

5.6. Final Considerations

This review has shown that biocomposites, although representing a valid sustainable
alternative for marine applications, are subject to complex degradation phenomena in saline
environments. In particular, moisture absorption by natural fibers and the consequent
delamination of the fiber matrix are the main deterioration mechanisms, accompanied by
tribological effects, such as increased friction and accelerated surface wear. The presence of
salinity and biofouling further aggravates these phenomena, reducing the useful life of the
materials; therefore, suitable protection is needed more often than not, which also results in
an environmental benefit [218].

The identified improvement strategies include the use of natural and mineral fillers
(e.g., seashell powders, functionalized biochar, nanoclay) to increase the resistance to
water absorption and improve mechanical stability. Chemical (silanization, grafting of
functional groups such as PE-g-MA) and physical (plasma, corona discharge) surface
treatments have proven effective in increasing the fiber—matrix interface adhesion and
reducing vulnerability to moisture. Furthermore, bio-based barrier coatings (such as
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PLA/PHBYV with functionalized talc) and plant-based self-healing systems have shown
good prospects in protecting surfaces from ion ingress and biological colonization.

Promising results, although premature, also come from the use of specific marine
fibers, such as Posidonia oceanica, and bio-fillers from marine biomass, capable of im-
proving the environmental integration of composites without significantly compromising
mechanical resistance. However, the effectiveness of such solutions strongly depends on the
quality of the interfacial bond and on the control of the microstructures introduced during
the manufacturing processes (compression molding, RTM, injection molding). Setting the
parameters of the manufacturing process is of paramount importance; however, sometimes
this encounters problems. For example, compression molding does not normally allow
the introduction of a sufficient amount of fiber to control the interface, hence optimizing
stress together with controlling wear. In [219], optimal parameters for the wear resis-
tance of flax/hemp hybrid epoxy composites were recorded as only 20% of reinforcement,
150 °C molding temperature, 1 MPa molding pressure, and 20 min of curing time.

Finally, it should be noted that most of the analyzed studies focus on single degra-
dation parameters (e.g., mass loss or friction coefficient variation), while investigations
that systematically correlate manufacturing technologies, tribological parameters, and real
marine operating conditions are still limited. This represents a substantial hindrance to the
use of biocomposites for structural nautical applications: the characterization studies are
limited, and the existing ones are seldom based on statistical/optimization approaches that
could improve targeting multidisciplinary matters. It is also fair to say, though, that some
biocomposites are closer (or less far away) to this target, such as flax/epoxy or hemp /epoxy.

In this sense, it is hoped that future research will adopt integrated approaches of
multi-scale design and accelerated testing in simulated environments to guide the industri-
alization of truly performing and durable biocomposites in the marine sector. This could
also exploit the economic benefits of using materials that are in themselves economically
valuable, such as the by-products of other sectors (e.g., textile, construction) [220] or sec-
ondary raw matter from agri-food production [221], and hence deserve upcycling to an
important sector, such as the nautical industry. Moreover, they will improve the end-of-life
scenarios of specific niche sectors, such as yachting, at least increasing the amount of
renewable matter used in it.
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Abbreviations

AlPi Aluminum diethyl phosphinate
BPA Bisphenol A

COF Coefficient of friction

DCOIT Dichloro octylisothiazolinone

DEHP Diethylhexyl phthalate
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DOPO 9,10-dihydro-9-oxa-10-phosphaphenanthrene-10-oxide
FDCA 2,5-furandicarboxylic acid

GF Glass fibers

LBCs Laminated bamboo composites

MA Maleic anhydride

PALF Pineapple leaf fibers

PBS Poly(butyl succinate)

PE-g-MA Maleic anhydride-grafted-polyethylene
PHA Poly(hydroxyalkanoate)

PHBV Poly(hydroxybutirate-co-valerate)

PLA Poly(lactic acid)

PMMA Poly(methyl methacrylate)

PPS Polyphenylene sulfide

PU Polyurethane

pPVC Polyvinylchloride

RTM Resin transfer molding

SEBS-g-MA  Styrene-ethylene-butylene—styrene block copolymer maleic anhydride grafted
UHMWPE  Ultra-high molecular weight poly(ethylene)
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