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Chapter

Utilizing Photocatalysts in
Reducing Moisture Absorption
in Composites of Natural Fibers

Mohammed Mohammed and Rozyanty Rahman

Abstract

Due to growing environmental consciousness and the depletion of oil supplies,
numerous efforts have been made to replace synthetic fibers in fiber-reinforced
composites with natural fibers (NFr). The low cost and abundance of NFr and its
biodegradability and low density have encouraged researchers worldwide to study
their potential applications in several industrial sectors. However, NFr has several
disadvantages: excessive moisture absorption and subsequent swelling and degrada-
tion, low chemical and fire resistance, and insufficient interfacial interactions with
polymers. Consequently, there is great interest in modifying the surface of NFr using
a variety of methods. This chapter presents an overview of the NFr, its characteriza-
tion, the problems associated with adding NFr to polymer composites. This literature
survey suggests an in-depth review of photocatalysis by utilizing photocatalysts
nanoparticle (PHNPs) aimed at increasing the hydrophobicity and interfacial bond-
ing between the NFr and the matrix Using a photo-induced oxidation mechanism
to disassemble water molecules, pollutants, and bacteria in a wet environment.
Additionally, we reviewed the effects of these PHNPs on the moisture absorption,
mechanical characteristics, and dimensional stability of NFr composites. As a result,
this review article may make a valuable contribution to researchers interested in coat-
ing and treating NFr to further enhance their surface characteristics.

Keywords: Photocatalysts, natural fiber, surface treatment, moisture absorption

1. Introduction

Environmental concerns and escalating social demand for the adoption of less
hazardous composites materials have prompted a paradigm shift toward employing
NFr as a replacement for synthetic and non-renewable reinforcements. This has led
to the development of what are usually known as “Green Composites,” or composites
made from biodegradable or renewable raw materials with lower environmental
effect [1]. The application of NFr in polymer composites is expanding in many sectors
such as automotive, furniture, packaging and construction. The utilization of NFr
is based on its advantages including decreased tool wear, inexpensive, light weight,
high toughness, good specific strength characteristics, ease of separation, improved
energy recovery, carbon dioxide sequestration, and biodegradability, as well as
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their sustainable renewable characteristics, and having competitive mechanical
performance are just some of the significant properties that make them suitable for
us. NFr are available in a broad multitude of types and are often used as fillers and
reinforcement [2].

However, NFr reinforced composites have a number of disadvantages, including
limited wettability, poor fiber/polymer matrix performance, and the ability to absorb
more water and moisture [3]. For the majority of NFr users, the influence of moisture
absorption properties on NFr-reinforced composites became a warning signal. In
reality, this absorption destroys the adhesion force between the fiber and matrix
in an enormous manner. Subsequently, it diminishes the composite’s strength in a
manner proportional to the absorption duration or nature. In addition, it results in
inadequate stress transfer and ultimately specimen fracture over time. The moisture
absorption involves the following mechanisms: at first, the water molecule penetrates
the micro gaps that are present within the chains, then the penetrated water diffuses
deep within the chain via the capillary transport mechanism, and finally, the fibers
swell due to the micro gaps [4]. The hydrophilic nature of NFr and the presence of
components such as wax and pectin preclude an efficient reaction with the thermoset
or thermoplastic polymer, therefore preventing the reinforcement and matrix from
bonding better. Improved bonding between NFr and resin is critical for stress trans-
mission from the matrix to the reinforcement. As a result, a weak interface reduces
the physical and mechanical characteristics of composites [5].

To resolve this concern, chemical treatments of NFr are utilized to enhance the
physical, mechanical, and thermal characteristics of the composites. According
to Edeerozey et al. and Baiardo et al., chemical treatments can increase interfacial
interaction between NFr and polymer matrix by diminishing the hydrophilicity
of NFr, cleaning the surface of NFr, augmenting fiber roughness, and lowering
moisture content of NFr [6, 7]. The numerous chemical processes were conducted
for NFr, such as alkaline, silane, and stearic acid. Further studies have shown that
the chemically treated NFr composite materials have superior tensile, bending,
impact, and interlaminar shear strengths and hardness levels compared to untreated
composites.

According to Njuguna et al., PHNPs are a promising filler material for improv-
ing the mechanical and physical characteristics of NFr polymer composites while
lowering moisture absorption [8]. Since nanoscale fillers are often defect-free, their
applications in polymer composite area setup can overcome the limitations of the
traditional/conventional micrometer scale. Owing to the uniform and homogenous
dispersion of PHNPs, a large matrix-PHNPs interfacial area is formed, which influ-
ences relaxation behavior and ensues the mechanical, molecular mobility, and
thermal characteristics [9, 10]. PHNPs are often found in the minor zone., whereas
just a few microparticles contribute to the deformation of the plastic area. This
enables PHNPs to enhance the fracture and mechanical characteristics of fragile
matrixes. PHNPs with a higher surface area are of particular interest because they
provide superior reinforcement for the production of nanocomposites [9]. PHNPs are
typically included as a percentage of the total weight of the composite for nanocom-
posite advancement [11]. The particular surface area of PHNPs has a significant effect
on the composite characteristics, which is continuous. The basic principle behind
nanocomposites is to make a high interface between the PHNPs and the matrix. The
homogenous dispersion of PHNPs is frequently problematic [12]. Nanocomposites are
a type of high-performance material that has exceptional characteristics, combina-
tions, and design options [13].
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Polymer/ Result of integration of Nano particles into NFr Reference
NFr-nanocomposites
Epoxy/banana fiber/ nano (a) The nanoclay-infused banana fiber composites enhanced [15]
clay compressive yield stress, modulus, and strength by 17%, 2
times, and 43%, respectively (b) Microscopy Examination
demonstrated that nanoclay infusion in fiber enhanced fiber-
matrix interfacial and load transfer characteristics, resulting
in a higher level of property enhancement.
unsaturated polyester resin/ The produced composite displayed appreciable mechanical [16]
sisal fiber/ Multi-walled and acoustical characteristics
carbon nanotubes
Epoxy/Flax fiber/ nano composite material projected best flexural strength, impact [17]
titanium dioxide strength and the hardness value with an increase of 25.05%,
24.29% and 16.01% respectively.
Polypropylene/wheat straw (a)Composite exhibited excellent UV-shielding properties in [18]
fiber/nano titanium dioxide the range of 100-200 nm(b) exhibited the highest flexural
(29.27 MPa), tensile (14.38 MPa), and impact (4.55 kJ/m?)
strengths.
Epoxy/Coccinia Indica (a) The experimental evidence shows that the increase in [19]

fiber/nano clay

weight percentage of nanoclay enhances the tensile, flexural,

impact, compression properties of the treated Coccinia Indica
fiber reinforced epoxy composites (b) the presence of 3 wt.%
nanoclay provides better interfacial adhesion between fibers
and matrix

Table 1.
The implications of integration of PHNPs into NFr.

Despite the fact that review papers and even books have been published on the
totality impact of surface treatment on NFr in terms of moisture absorption, mechan-
ical performance, and morphology [2, 14], the researchers believe that a precise book
or review papers on the overall surface treatment with PHNPs is an essential first
step in providing immunity to NFr polymer composites against quick and unneces-
sary degradation, resulting in the production of NFr polymer composites with high
water repellency and strength properties, has not yet been published; nevertheless,
it is anticipated that such a book will be of considerable importance to the composite
scientific community. In the published literature, we found no review or book has
been written to evaluate the impact of surface treatment with inorganic PHNPs on
the hydrophobicity of NFr and relate that with improving the mechanical, physical,
and chemical attributes of its composite. In order to achieve this goal, we tabulated
in Table 1, the effects of the incorporation of PHNPs into NFr on moisture absorp-
tion and mechanical properties. The findings will serve as a scientific benchmark for
developing high-performance polymer composites incorporating NFr as reinforce-
ment, particularly for use in building applications such as floor decking, door and
window frames.

2. Compositions and natural Fibers properties

To acquire a thorough grasp of the degrading issues, it is vital to first fathom the
nature and compositions of NFr. NFr are categorized according to whether they
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Figure 1.
Schematic representation of structure of natural fiber.

originated from plants, animals, or minerals. The major component of NFr generated
from plants is cellulose fibrils embedded in lignin matrix. Figure 1 demonstrates the
structure of a biofiber. Three secondary cell walls and a primary cell wall make up the
complicated layered structure of each fiber. The thick middle layer of secondary cell
walls governs the mechanical characteristics of fiber. It is composed of a series of heli-
cal microfibrils generated from long-chain cellulose molecules. Each cell wall consists
of three primary elements: cellulose, hemicelluloses, and lignin. Lignin-hemicelluloses
serve as the matrix, whereas microfibrils (composed of cellulose molecules) serve as
the fibers [20, 21]. Other constituents consist of pectins, oil, and waxes [21, 22]. The
most important structural element of many NFr is cellulose, a natural polymer with
three hydroxyl groups per repeating unit. Cellulose is resistant to hydrlolysis, strong
alkali and oxidizing agents. However, when exposed to chemical and solution treat-
ments, cellulose degrades to some extent. Hemicelluloses are polysaccharides with a
reduced molecular weight that act as a cementing matrix between cellulose microfibrils
and are the fundamental structural component of the fiber cell. Because it is hydro-
philic, weak acids and bases can quickly hydrolyze it. Lignin is a complex hydrocarbon
polymer that provides plants their stiffness and aids in water transport. It is hydropho-
bic, resistant to acid hydrolysis and the assaults of most microbes, soluble in hot alkali,
rapidly oxidized, and readily condensable with phenol [23].

3. Challenges for natural fiber as a reinforcement in polymer composites
3.1 Moisture absorption

Humidity aging is well acknowledged as a significant contributor to the long-
term degradation of an organic matrix subjected to the environment or in contact
with an aqueous medium. Moreover, humidity aging has a detrimental influence
on the mechanical characteristics and dimensional stability of composites [24].
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Schematic representation of impact of moisture on Fiber-Matrix Interface.

Consequently,, it is critical to research the moisture absorption behavior of NFr
composites to determine the possible impacts of the absorbed water and the durabil-
ity of the NFr composites utilized in the humidity environment [25, 26]. The majority
of studies believe that moisture penetrates composite materials through three distinct
mechanisms. The primary process is due to water molecules diffusing into the micro-
gaps between polymer chains. The second mechanism includes capillary transporta-
tion through the holes and defects caused by insufficient wettability at the interfaces
between the fiber and matrix. The third mechanism is the transfer through micro-
cracks formed in the matrix during the combining process with fiber or due to fiber
swelling [26, 27]. Moisture quickly hydrolyzes matrixes such as polyester, resulting

in a reduce in molecular weight of polymer [24, 28]. Temperature and humidity have
an impact on the rate of decomposition of NFr [28]. In a humid climate, this would
significantly lose mechanical characteristics for NFr [29]. The loading of NFr has a
significant impact on the moisture absorption characteristics. IAS et al. [30] evalu-
ated the impact of fiber loading (10-40 wt%) on the moisture absorption capacity of
a kenaf/polyester composite at ambient temperature. Moisture absorption increased
with increasing fiber volume in composites, it was reported. The water uptake process
of a NFr is shown in Figure 2.

4. Impact of surface treatment of natural fiber on moisture absorption

Numerous drawbacks of NFr include decreased strength, decreased interfa-
cial adhesion, poor moisture absorption resistance, and reduced durability and
dimensional stability. To overcome these constraints, different methods for NFr
modification have been proposed [31]. Four different approaches are used for treating
NFr, physical processes, chemical methods, biological methods, and nano enhance
photocatalysis treatment. These revised techniques have varying degrees of efficacy
in enhancing the mechanical properties of fibers, adhesion between matrix and fiber,

5



Photocatalysts - New Perspectives

and improving various characteristics of the end products [32]. However, moisture
absorption leads to debonding between NFr and the matrix, because of the high
susceptibility of NFr to moisture, leading to a significant decrease in the mechanical
characteristics of the NFr composite [27]. This is because NFr in nature is polar and
hydrophilic due to the existence of non-cellulosic components (i.e., pectin, lignin,
and hemicelluloses), because it makes moisture absorption possible through the
availability of functional groups such as hydroxyl (OH) and carboxylic acid [33].
Low fiber bonding with a polymer matrix generates empty areas surrounding organic
composite fibers, resulting in increased moisture absorption. Fiber modification
through alkalization will minimize moisture content. Potassium hydroxide or sodium
hydroxide is frequently employed to remove open groups of hydroxyls that bind to
water molecules [22]. Additionally, it removes hemicelluloses and reduces the capac-
ity of fiber to absorb moisture. This combination results in the formation of chemical
and hydrogen bonds, which retards the degradation of the NFr-matrix interface
caused by humidity [34].

There are certain limitations to utilizing the physical, chemical, and biological
treatments, such as obtaining optimal chemical concentrations to avoid additional
delignification of the NFr because greater concentrations might weaken and deterio-
rate the NFr, as reported by Alnaid et al. [35] and Dahham et al. [36]. The chemical
compounds that are employed in treating NFr will continue to damage the fibers after
exposure to weathering if they are not thoroughly cleaned after-treatment process,
eventually leading to severe fiber swelling and disintegration. Furthermore, the NFr
composites treated with these techniques have a low UV resistance, resulting in UV
deterioration of composite components, such condition contributes to more inter-
laminar delamination and more brittleness of the composites when placed under high

loads [23].

5. Mechanism of repellence moisture via photocatalysts nanoparticle

Photocatalysis is a viable environmental protection process because it can
oxidize small quantities of organic contaminants into benign compounds [37, 38].
Photocatalysis employs PHNPs to perform a photo-induced oxidation rection in
order to degrade organic pollutants, inactivate microorganisms, and break down
water molecules [39, 40]. Figure 3 depicts the photocatalysis process. When photons
with energies higher than the band gap energy of PHNPs are absorbed, the valence
band (VB) electrons in PHNPs are excited to the conduction band, which opens up a
variety of potential photoreactions. With sufficient photo energy, the photocatalytic
surface produces a positive hole (h+) in the valence band and an electron (e) in the
conduction band (CB). The positive hole may either directly oxidize organic contami-
nants or generate highly reactive hydroxyl radicals (OHe). The major oxidants in the
photocatalytic system [41] are the hydroxyl radicals (OHe), which oxidize organics.
The electron in the conduction band decreases the amount of oxygen adsorbed by
PHNPs. TiO,, ZnO, and Fe,0; are only a few of the semiconductors that could be used
as PHNPs. The band gap energy plays a crucial role in the photocatalytic process.
The bandgap is defined as the void area that extends from the uppermost portion of
the filled valence band to the lowest part of the unoccupied conduction band and is
determined to be around 3.3 eV for ZnO nanoparticles in its crystalline state [42].
Thus, the light of a specific wavelength (i.e., ultraviolet radiation (UV)) contains
enough energy to promote electrons (e-) to the conduction band while leaving an
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Figure 3.
Schematic representation of the photocatalytic mechanism of ZnONPs (a) before exposure to UV, (b) after
exposure to UV,

electron-hole (h+) behind. Both the hole and electron can typically be recombined
very quickly [43]. They can also migrate to the surface of the PHNPs as a result of
their reaction with the adsorbed elements, initiating (i) the reaction between the
electron and the oxygen and (ii) the reaction between the hole and the hydroxyl ion
or H,0 molecule to form superoxide and hydroxyl radicals, as shown in Figure 3 the
photocatalysis process of PHNPs.

The majority of experts concur that there are five distinct mechanisms involved
in the moisture-repelling action via photocatalyst nanoparticles. The first mechanism
involves PHNPs were able to penetrate through the cell wall of the NFr and deposited
mainly in the cell lumens and partly in the cell walls of the NFr. It is expected that
the physical and mechanical characteristics of the resultant NFr would be altered to
varying degrees since the PHNPs are present in both cell walls and lumens [44, 45].
Hygroscopicity of the modified NFr was reduced because the inorganic PHNPs were
integrated into the cell wall and were likely occupying empty space (micropores)
inside the cell wall that would otherwise be accessible to water molecules [46, 47]. By
establishing hydrogen bonds with inorganic PHNPs, the hydroxyl groups of NFr cell
wall components, which are principally responsible for water absorption, may have
been inhibited, hence lowering the hygroscopicity of NFr. As similar study conducted
by Mohammed et al. [48] showed that integration of zinc nano particle is proposed;
the water repellent capability is good enough to achieve the high performance of the
composite with proper system formulation during the modification process.

The second mechanism involves the incorporation inorganic PHNPs into cell
walls of the fiber decreases the capacity of the cell wall to swell owing to bulking,
therefore increasing the dimensional stability of the impregnated NFr. Indeed, only
inorganic PHNPs integrated into the cell wall are predicted to affect the hydrophilic-
ity and dimensional stability of NFr significantly. In contrast, those deposited in the
cell lumen are anticipated to have a negligible effect [49]. Moreover, by incorporat-
ing inorganic PHNPs into the NFr cell wall, the cell wall elements are expected to
be coated with water-repellent inorganic PHNPs, which may stop water molecules
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Schematic representation of electrostatic adhesion mechanisms between Fiber and matrix.

and moisture from reaching them, thus slowing swelling of NFr and improving NFr
dimensional stability [48, 50, 51].

Due to the presence of inorganic PHNPs in the cell wall and on the fiber surface,
the third mechanism includes strong static electric forces that may attract the nonpolar
polymer surface to the NFr. As a result of the compatibility between the NFr and the
polymer matrix, the mechanical characteristics of the composites will be improved
and their moisture absorption will be reduced. Electrostatic adhesion is a common
bonding mechanism in which opposite charges (cathode and anode) are formed on the
fiber and matrix surfaces. This results in two layers of opposite charges at the interface,
which enhances the attraction between the fiber and matrix of the composite [52, 53].
Electrostatic discharge treatments were applied to the surfaces of polymer and electro-
static fibers to promote electrostatic adhesion at the interface region between matrix
and NFr, thereby improving the transfer the stress from matrix to NFr leading to
enhancing performance of the NFr composites [54]. In other words, the incorporation
of the inorganic PHNPs into the micropore structure of the fiber cell walls can dimin-
ish the microvoid volumes in the fiber, as well as decrease air bubble formation during
the composite manufacturing process [55]. Figure 4 illustrates schematic representa-
tion of interfacial electrostatic bonding mechanisms between fiber and matrix.

According to Stark [56], moisture penetration increases as the number of moisture
channels within NFr composites increases; consequently, the fourth mechanism refers
to the addition of inorganic PHNPs as an additive to close these pathways and reduce
moisture absorption. However, greater density NFr composites have lower moisture
content and less swelling than untreated NFr composites [57]. This is because the
inorganic PHNPs enhance the density of the composite. Therefore, by incorporating
inorganic PHNPs, it is possible to lower the loading of NFr present in composites
while simultaneously rising the tensile strength of the NFr composites [45, 58].
According to specific research, reducing the fiber loading improves the tensile
strength of composites, whereas rising the fiber loading results in increased moisture
absorption of composites depend on NFr as ingredients [59, 60].

PHNPs play two key roles in the water repellence mechanism of NFr composites via
the fifth mechanism. Figure 5 shows that when NFr absorbs a water molecule, the critical
radius of PHNP atomic structures increases, pushing NFr molecules to press outward and
be released to the composite surface, which is warmed by UV absorption [44]. Second,
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suppose the water molecule is straight or near the composite surface. In that case, PHNPs
will initiate an oxidation process with the assistance of radiated energy, resulting in the
breakdown of the water molecule into H+ and OH- [44].

Raghupathi et al. [61] revealed that enhanced Active Oxygen Species (ROS) gen-
eration from PHNPs during UV exposure resulted in higher PHNPs activity, which
regenerated the NFr water repellency mechanisms. These reactive species include
anion of superoxide (O,), peroxide of hydrogen (H,0,), and hydroxide (OH-). The
formation of ROS during the dark has been noticed by Hirota et al. [62] who tested
ZnO-NPs toward E. Coli. They observed that activity might occur in the dark, which
is consistent with the findings of Jones et al. [63] such unambiguous findings imply
that new methods for producing reactive species in the absence of light and the dark
are likely to be discovered in the future.

The activation of PHNPs by UV light can be represented by the following steps:

PHNPs+hv —>e +h' (1)
e +0, >0, (2)

In this reaction, h* and e- are powerful oxidizing and reductive agents respectively.
The oxidative and reductive reaction steps are expressed as:
Oxidative reaction:

h* +Organic — CO, (3)
h'+H,0O—>O0H +H' (4)
Reductive reaction:
OH + Organic — CO, (5)
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6. Conclusions

This chapter reviewed the research on NFr-reinforced composites and the con-
straints that have emerged in their development and serviceability. These constraints
must be addressed in order to utilize the potential of NFr successfully. To begin,

a suitable surface treatment of the fiber should be performed. Additionally, the

study discusses the literature on NFr treatments that researchers have employed to
decrease the moisture absorption of NFr composites and increase the compatibility
of NFr with the polymer matrix. Many surface treatments are available, such as
sodium chlorite, methacrylate, silane, peroxide, enzyme, plasma, ozone treatment,
etc. Furthermore, the study describes how surface treatments-based photocatalysts
nanoparticle could increase NFr adhesion to their matrix and reduce NFr moisture
absorption. Therefore, surface treatments with PHNPs can be regarded for modify-
ing the characteristics of NFr. Moisture resistance and fiber-matrix adhesion can be
improved by including specific PHNPs, such as Zinc oxide, titanium dioxide, and
copper oxide, inside the cell wall and on the surface of NFr. In addition, these PHNPs
exert a high electric static attraction on the nonpolar polymer surface, enhancing

the compatibility of the fibers with the polymer matrix. Water-repelling inorganic
PHNPs are projected to cover the cell wall components, which could prevent water
molecules from accessing the wall components, delaying their swelling and decreas-
ing moisture absorption rate of NFr. The review is given here will aid researchers in
better comprehending the many characteristics of NFr composites, therefore facilitat-
ing the development of novel green materials with enhanced performance. However,
research in this field is extensive, and the current literature discusses using photocata-
lysts nanoparticle in reducing the moisture uptake by NFr. As a result, it is essential
to do a thorough analysis of the current literature to understand the pros and cons

of photocatalysis treatment for the specific requirements. In light of this review, it is
advised that more research be conducted to determine the impact of matrix modifica-
tion and fiber length on the characteristics of NFr composite materials.
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