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Abstract: Traditional fossil-based plastic usage and disposal has been one of the largest environmental
concerns due to its non-biodegradable nature and high energy consumption during the manufacturing
process. Poly(lactic acid) (PLA) as a renewable polymer derived from natural sources with properties
comparable to classical plastics and low environmental cost has gained much attention as a safer
alternative. Abundantly generated orange peel waste is rich in valuable components and there
is still limited study on the potential uses of orange peel waste in reinforcing the PLA matrix. In
this study, orange peel fine powder (OPP) synthesized from dried orange peel waste was added
into PLA solution. PLA/OPP solutions at different OPP loadings, i.e., 0, 10, 20, 40, and 60 wt%
were then casted out as thin films through solution casting method. Fourier-transform infrared
spectroscopy (FTIR) analysis has shown that the OPP is incorporated into the PLA matrix, with
OH groups and C=C stretching from OPP can be observed in the spectra. Tensile test results have
reviewed that the addition of OPP has decreased the tensile strength and Young’s modulus of PLA,
but significantly improve the elongation at break by 49 to 737%. Water contact angle analysis shows
that hydrophilic OPP has modified the surface hydrophobicity of PLA with a contact angle ranging
from 70.12° to 88.18°, but higher loadings lead to decrease of surface energy. It is proven that addition
of OPP improves the biodegradability of PLA, where PLA /60 wt% OPP composite shows the best
biodegradation performance after 28 days with 60.43% weight loss. Lastly, all PLA/OPP composites
have better absorption in alkaline solution.

Keywords: poly(lactic acid); orange peel powder; biodegradation; tensile strength; Young’s modu-
lus; biocomposites

1. Introduction

Plastic is a durable, inexpensive, and lightweight polymer that has a broad range of
applications ranging from food packaging to electronic goods. Over 381 million tonnes
of plastic are produced annually, and it was reported that around 55% was for single-use
purpose only, 25% was incinerated, and 20% was recycled [1]. The overwhelming usage of
conventional petroleum-based plastic which is highly non-biodegradable leads to environ-
mental challenges including pollution and depletion of non-renewable resources [2]. The
manufacturing process of plastic products consumes intensive energy, while the common
ways of disposing plastic waste such as landfill, incineration and dumping into the oceans
have led to adverse impacts on the environment [3,4]. Shrinking land capacity is one of
the consequences of plastic waste spread in the natural environment as plastic products
usually take up to several hundreds of years to decompose completely in landfills [5,6].
It was also estimated that, up to 14.5 metric tonnes of plastic ends up in the ocean per
year, causing irreversible impacts on marine life and contamination of water sources [7].
Disposing plastic wastes through incineration could significantly reduce its volume by 80
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to 95% [3]. However, burning of plastics releases toxic heavy metal and harmful gases like
dioxins and methane into the atmosphere [3,8].

Due to the increasing concerns on plastic pollution, biopolymer has attracted extensive
interest in recent studies [9,10]. The environmental-friendly biopolymer derived from
renewable sources or being able to decompose naturally are preferred as safer alterna-
tives [11-14]. Agricultural crop-based feedstocks and biomass waste are the common
sources in the production of bioplastics [3]. The former, is however, less favourable due to
its competition for land, water sources, and food production [3]. Poly(lactic acid) (PLA),
also known as Polylactide, is a renewable polymer synthesized through esterification of
lactic acid derived from sugar fermentation [15,16]. It can be derived from agricultural
sources such as corn starch, wheat, and sugar cane [3]. Being viewed as the mostly po-
tentially biopolymer to replace the conventional petroleum-derived plastic, PLA received
significant attention due to its excellent properties, including biocompatibility [3], good
mechanical properties and processability into various products, as well as low carbon
footprint [17]. However, drawbacks such as high brittleness and low barrier properties
have limited some of the applications of PLA [17]. Under controlled and specific industrial
composting conditions, PLA can be degraded within a few days or up to several months,
whereas it can take up to hundreds of years to decompose in landfill [6].

Furthermore, citrus waste disposal has been challenging as it is generated abundantly
but underutilized. According to Raimondo et al., the volume of citrus fruits processed
is nearly 31.2 million tons per year, while 50 to 60% of the original mass become the
residue [18,19]. The disposal of citrus waste in landfill remains unsatisfactory as its low pH
may cause soil salinity as well as other harmful effects to ruminants [19]. Among the citrus
waste, orange peel is rich in valuable components such as pectin and cellulose fibres. Pectin
with good gelling ability and cellulose fibres that give strength could act as new building
block in products [18], while cellulose is naturally degradable by microbial activities [19].
These benefits of orange peel waste have attracted attention for their potential uses in
reinforcing the conventional petrochemical or biobased matrices [19]. The incorporation
of orange peel powder into renewable PLA is believed can enhance the biodegradability
of the biobased polymer while improving its mechanical properties such as flexibility [6].
Bassani et al. conducted research on the incorporation of antioxidant extract from orange
peels to develop an innovative PLA-based active packaging [17]. Phenolic compounds
in orange peels are one of the valuable active materials that exhibits good antioxidant
property [20]. However, the study regarding orange peel modification in PLA matrix limits
to its extract, and so far didn’t address the mechanical strength, surface properties and
biodegradability of composites. Hence, there is still need of study in combining orange
peel powder with PLA to form biocomposites.

In this study, orange peel powder is incorporated into pure PLA to improve its
biodegradability in natural environment while maintaining its good physical properties.
Orange peel waste without prior chemical modification is converted into fine powder
through mechanical grinding, then mixed at different concentrations with PLA in chloro-
form solution. The homogeneous solution is then casted onto flat surface to obtain smooth
composite films through solution casting method. The biodegradability of the biocomposite
film is studied by conducting soil burial degradation experiment over 28 days.

2. Materials and Methods
2.1. Materials

PLA (IngeoTM biopolymer 3251D) was purchased from NatureWorks LLC (Plymouth,
MN, USA). Sweet orange (Citrus sinensis) was purchased from local supermarket in
Seri Iskandar, Perak. Chloroform (CAS 67-66-3) was purchased from R&M Chemicals
(Edmonton, AL, Canada). Hydrochloric acid (HCl) (CAS 7647-01-0) was purchased from
Thermo Fisher Scientific (Waltham, MA, USA). Sodium hydroxide (NaOH) was purchased
from Sigma Aldrich (St. Louis, MO, USA). Deionized (DI) water was utilized throughout
the experiment. The chemicals are utilized without further purification or treatment.
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2.2. Pre-Treatment and Synthesis of Orange Peel Powder

Sweet orange (Citrus sinensis) peel collected was washed with tap water to remove
impurities on the surface. Orange peel was dried under the sun for 20 h, followed by drying
in oven for 18 h at 60 °C according to previous method by Farahmandfar [21]. Dried orange
peel was then reduced into smaller size using pestle and mortar, then milled into fine
powder using electric blender. The powder was sieved using sieve shaker to get uniform
powder size of 100 um, then stored in plastic container at room temperature until use.

2.3. Synthesis of Composite Films

PLA pellets were dissolved in chloroform under constant stirring for 1 h at room
temperature to make 10 wt% PLA solution. Around 0.5 g orange peel powder (OPP) was
added into the PLA solution and stirred for another 1 h to prepare PLA /10 wt% OPP
solution. The solution was casted onto flat glass plate and four petri dishes, respectively
and dried for 24 h at room temperature, which is similar to experiment done by Musa et al.,
in synthesis of PLA /banana fibres film [22]. The procedures were repeated by varying the
amount of orange peel powder to prepare PLA/OPP solutions containing 20 wt%, 40 wt%,
and 60 wt% OPP. Previous studies have shown that high loading of cellulose increased the
strength and stiffness of composite [23-25].

2.4. Characterization of Composite Films

The morphology of film was captured by using stereoscopic microscope (Leica S8
APO). The sample functional groups were characterized using Fourier Transform Infrared
Spectroscopy (FTIR) Perkin Elmer Spectrum One. Blank PLA sample of size 2 x 2 cm? was
placed on the FTIR. The intensity of transmitted light was computed in a wave range of
4000-500 cm~!. For water contact angle analysis, same size PLA film was mounted on
goniometer. A single drop of deionized water was released from the syringe on top onto the
specimen surface. The angle between the specimen surface and the edge of the water drop
was measured. The mechanical strength analysis by using universal testing machine (UTM,
Instron, Norwood, MA, USA). Blank PLA film was prepared into sample of dumbbell
shape following the ASTM D638 standard [26]. Geometry of the sample, including width,
gauge length, and thickness were recorded into the software, while sample was loaded onto
the grip of 5 kN Universal Testing Machine. The grip separation was started and run at a
constant speed of 5 mm/min until sample break. Tensile strength (MPa), Young’s Modulus
(MPa), and elongation at break (%) of the sample were analysed from graph generated.

2.5. Swelling Test

Three samples with size of 4 x 4 cm? were prepared from each composite and weighed
to record respective initial weight as Wy,y. Samples were immersed into three petri dishes
containing different pH solutions, i.e., 0.1 M HCl, distilled water, and 0.1 M NaOH, re-
spectively [27]. After 1 h, samples were removed from the solutions and liquid droplets
on the surface were wiped off. The weight after immersion was recorded as Wyojien. The
swelling index was calculated Equation (1) as below

w ~W,
Swelling index (%) :W x 100% 1)
dry

2.6. Biodegradability Test

Blank PLA and different concentrations of PLA/OPP composite samples casted in
petri dish of diameter 8 cm were weighed to measure respective initial weight (Wy). Each
sample was buried under 2 cm of moist garden soil in a container and kept for 28 days in an
open environment. The soil burial method is adapted from previous studies by Park et al.,
and Lertphirun et al., with some modification [28,29]. The soil was kept moist by spraying
sufficient amount of water. Degradation of the samples was observed at an interval of 7
days for continuous 4 weeks period. The sample residues were collected from soil, rinsed



Polymers 2022, 14, 4126

with water to remove the soil on its surface, followed by drying for 30 min at 40 °C in oven.
Weight after (W;) of samples were recorded. The biodegradability of the composites was
measured using Equation (2) as follows:
Biodegradability (%) :w x 100% 2
1
3. Results
3.1. Morphology, Functional Groups and Contact Angle

Blank PLA film (Figure 1a) retained its high transparency property and displayed
a smooth, shiny surface. As OPP was introduced at low loadings, i.e., 10 and 20 wt%,
the composites (Figure 1b,c) turned slightly yellowish but maintained characteristics of
blank PLA where the film still appeared as a shiny and transparent surface. More distinct
difference was observed when the OPP’s loadings increased to 40 and 60 wt%, the composite
appeared as bright orange films and lost its surface shininess. Furthermore, increased
roughness was detected on the composites’ surfaces due to the increased concentration
of OPP.

Figure 1. Surface appearance of (a) PLA film, (b) PLA /10 wt% OPP, (c) PLA /20 wt% OPP, (d) PLA /40
wt% OPP, and (e) PLA /60 wt% OPP composites.
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FTIR characterization was conducted to determine the functional groups present in the
blank PLA matrix and after incorporation of OPP. Figure 2 shows the FTIR spectra ranging
from wavenumber 4000 cm ™! to 550 cm~!. The small peaks at 2946.09 to 2996.32 cm ™!
are attributed to the CH stretching vibration, and sharp absorption peaks at 1749.29 cm !
belongs to the C=0 stretching which can be observed in all samples [30,31].

-CH stretching C=0 stretching  C-O stretching
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Figure 2. FTIR spectra of samples.

Water contact angle between water droplet and the composite film’s surface was
measured to study its hydrophobicity or known as surface wettability. Bar chart in Figure 3
illustrates the water contact angle (0) obtained for each film. The blank PLA film shows
an angle of 73.82°, corresponding to its hydrophobic nature which has a static contact
angle within the range of 60 to 85° [32]. This value is also close to the measured angle
of blank PLA film (67.27°) prepared using same solution casting method as reported by
Alakrach et al. [33].

100 -

ST
01 [aw 701 i
o
4
20 4
0
) 10 20 40 60

wt% of OPP in PLA

S =3
1

=
1

‘Water contact angle (°)

Figure 3. Water contact angle of PLA, PLA /10 wt%, PLA /20 wt%, PLA /40 wt%, and PLA /60 wt%
OPP composites.
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3.2. Mechanical Properties

It has been observed that the incorporation of OPP in the PLA matrix has weakened its
mechanical properties, i.e., tensile strength and young’s modulus decrease when compared
to the blank PLA film (Figure 4). The initial tensile and modulus exhibited by blank PLA
film are 13.21 MPa and 1646 MPa, respectively. The PLA/OPP composites of all loadings
display lower tensile strength within the range of 2.59 to 6.9 MPa, and lower modulus
within the range of 145 to 652 MPa. However, there is a significant improvement on
the elongation at break. PLA /20 wt% OPP, PLA /40 wt% OPP, and PLA /60 wt% OPP
composites show an improved elongation (15.32, 9.98, and 10.6 mm) compared to blank
PLA film (2.73 mm).

184
a)
2000

1600 +
1200 4

800 4

Tensile strength (MPa)
Young's Modulus (MPa)

400 4

0 10 20 40 60 0 10 20 40 60
Wt% of OPP in PLA wt% of OPP in PLA

) 184

FElongation at break (mm)

0 10 20 40 60
Wwt% of OPP in PLA

Figure 4. (a) Tensile strength, (b) Young’s modulus, and (c) Elongation at break of PLA, PLA /10 wt%,
PLA /20 wt%, PLA/40 wt%, and PLA /60 wt% OPP composites.

3.3. Swelling

Swelling rate (%) is calculated by comparing the weight before and after immersing
each composite sample in acid, alkaline, and neutral distilled water at pH 1, 13, and
7, respectively. Based on Figure 5, it is observed that the samples’ swelling percentage
generally increases with increased OPP loadings, regardless of the pH of the solution. The
blank PLA film shows the lowest swelling rate among all samples, which is corresponding
to its hydrophobic nature [29]. A significant increase in the swelling percentage can be
observed in PLA /10 wt%, PLA /20 wt%, PLA /40 wt%, and PLA /60 wt% composites.
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Figure 5. Swelling percentage of PLA, PLA /10 wt%, PLA /20 wt%, PLA /40 wt%, and PLA /60 wt%
OPP composites in acid, alkaline and distilled water.

3.4. Degradation

Soil burial experiment was conducted for a total period of 28 days, where the samples
were taken out, weighed, and observed at every 7-day interval. Figure 6 shows the graph
of weight loss percentage of each film against days after soil burial, while Table 1 presents
and compares the films’ appearance before and after soil burial.

60 — 60.43
———PLA/60 wt% OPP
—— PLA/40 wt% OPP 51.82
. 50 { ——PLA/20 wt% OPP
NS ——PLA/10 wt% OPP
= Neat PLA film
<
T 404
f 37.28
e
1
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«
@ “25.03
2 22 03— 22.35
= 20
2 /16,64/16_43— 16.43
= 1351381
10 4 . 14__",,,,,-10_47—— 10.85
T S -—%
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0 T T T T
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Soil burial (days)

Figure 6. Weight loss percentage of composites over days after soil burial.
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Table 1. Physical appearance of composites before and after soil burial test.

Composite Before Soil Burial After 7 Days After 14 Days After 21 Days After 28 Days

PLA/
10 wt%
OPP

PLA/
20 wt%
OPP

PLA/
40 wt%
orpP

PLA/
60 wt%
OPP

The blank PLA film has shown the least weight loss throughout the soil burial ex-
periment, with low percentage ranging from 3.73 to 5.49%. From Table 1, it can also be
observed that the blank PLA film experiences very little changes in appearance due to its
hydrophobic nature and slow degradation rate. Similar result was obtained by Lertphirun
and Srikulkit [29] for blank PLA degradation study in soil burial test. With increased
loadings of OPP in PLA, the composites show an increase trend of weight loss percentage
and degradation. The highest weight loss is observed in PLA/60 wt% OPP composite
that shows a weight loss percentage in the range of 25.03 to 60.43%, which is 8 to 12 times
higher than that of blank PLA film. Moreover, it can be observed from Table 1 that cracks,
holes and fungi formation appear on the surface of PLA /10 wt% OPP, PLA /20 wt% OPP,
PLA/40 wt% and PLA /60 wt% OPP composites and they have become more brittle after
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soil burial. These features increase by time for all composites while more obvious changes
are clearly visible in higher loadings PLA /OPP composites.

4. Discussion

As observed from Figure 1b,c, good and even dispersion of OPP particles in PLA
matrix was achieved at relatively low loadings at 10 and 20 wt%. When OPP loading
increased to 40 wt%, it could be clearly seen that the OPP particles no longer distributed
evenly on the surface, agglomeration and some aggregates were observed especially at
the top right corner of the film (Figure 1d). At the highest concentration of 60 wt% OPP,
the whole composite has become denser, with very little or no space in between could
be observed (Figure le). For FTIR spectra in Figure 2, a broad peak in the high energy
region (2944.72 to 3309.94 cm ') indicates the presence of hydroxyl group, which is only
observed at PLA/OPP composites at higher loadings [31]. This is due to the large amount
of OH groups present in carbohydrates and lignin in the orange peel [31,34,35], and is
more visible when the OPP loadings are high as the fibre content is increased. Similar
trend is observed for the C=C stretching at 1608 cm ! due to the presence of unsaturated
aromatic compounds in orange peel [34,35]. Lastly, the peaks at 1081.31 to 1181.32 cem~!
indicates the presence of C-O stretching in all spectra [36,37]. Addition of hydrophilic
filler OPP which is rich in cellulose fibres has slightly modified the hydrophobic nature
of PLA. PLA/10 wt% OPP composite reports a decreased contact angle (70.12°), which
means that it is now more hydrophilic. The presence of OH groups in OPP increases the
polarity and surface energy of the composite film [33]. High surface energy creates a strong
attractive force which make water droplet to spread out better on the surface, thus showing
a good wettability. However, at 20, 40, and 60 wt% OPP loadings, water contact angle
increases to 78.4°, 81.72°, and 88.18°, respectively, showing that the composites have again
shifted towards hydrophobic nature. This is because of the high loadings of OPP in PLA
matrix increases the surface roughness, which subsequently reduces the surface energy [33],
causing the composites to become slightly hydrophobic.

It is believed that the cellulose components in OPP have helped in modifying the
toughness by improving the elongation. The poor interfacial adhesion between cellu-
lose fibres and polymer can cause agglomerations due to hydrophilic nature of OPP and
hydrophobic nature of PLA, hence resulting in low tensile and modulus [38,39]. While
addition of OPP can seem to overcome the brittleness of PLA by the increasing elongation
at break (Figure 4c). Similar reduction in tensile strength and increasing in elongation at
break were observed in previous study by modifying PLA with cellulose as fillers [31,40,41],
where the addition of cellulose can interlock with PLA matrix and ease the movement of
composite upon stress, hence increasing the elongation.

Furthermore, the optimum loading is obtained at 20 wt% OPP that yields the highest
elongation at break which gives the polymer a good ductility to not break easily. Nonethe-
less, at even higher OPP loadings (40 wt% and 60 wt%), all three mechanical properties, i.e.,
tensile strength, Young’s modulus, and elongation at break are found decreased again. This
is probably due to the high OPP loadings that cause poor distribution and agglomeration
of the filler particles, resulting in embrittlement of the composites. The mechanical strength
results show similar agreement to study by Singh et al., whereas high loading of cellulose
in PLA reduced tensile strength and modulus, while elongation at break was increased [42].
The orange peel powder might act as plasticizer, to improve the ductility of material, as can
be seen by the increasing of elongation at break at around 49 to 737%, usually by sacrificing
tensile strength and stiffness [42]. The imperfect distribution of orange peel powder and
weak interfacial adhesion between orange peel powder and PLA can be other factors that
contribute to the lowering tensile strength and modulus [43].

The addition of OPP with hydrophilic cellulose fibre content has helped to bond the
water molecules together through the affinity of OH groups, resulting in higher absorption
or swelling rate [44,45]. Comparing all three solutions of different pH, the composites
experience the highest swelling rate in alkaline NaOH, with the maximum rate 80.22%
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achieved by PLA/60 wt% OPP composite. Moreover, cracking was observed after 1 h
immersion in the alkaline solution. Similar to the study of Moliner et al. [44], the PLA-Sisal
bio-composites also show the highest water uptake in alkaline medium (pH 8). This shows
the potential of the composites to be treated with alkaline hydrolysis for degradation
treatment as it is found to be easily degraded in strong basic solutions [44].

An increase in OPP loadings has led to better biodegradability of the composites due to
the presence of higher amount of cellulose content. The high cellulose content (9.19 to 22%)
in orange peel has favoured the biodegradation process through hydrolysis and microbial
activities [46,47]. Hydrophilic nature of cellulose fibres facilitates the action of water as a
carrier for microbes which eventually promotes the enzymatic hydrolysis of cellulose in the
composites [29]. Thus, it is believed that chemical composition of the composite plays an
important role in determining the microbes and moisture access, which further determines
the biodegradability [28,48].

5. Conclusions

In this study, orange peel waste transformed into fine powder was incorporated into
PLA to develop a biobased, biodegradable polymer. It was proven that OPP has been
incorporated into the PLA matrix by the presence of hydroxyl group in the high energy
region, and C=C functional group at wavenumber 1608 cm 1. Moreover, it was found that
addition of OPP into PLA has generally decreased the tensile and modulus, but significant
increase of elongation was observed at low loadings of OPP. It was suggested that the OPP
which contains high cellulose fibre components modified the toughness and gave a better
ductility to the composites. Water contact angle analysis has shown that the hydrophilic
OPP significantly modified the surface hydrophobicity of PLA, with higher OPP loadings
resulted in rough surface of composites and low surface energy. From soil burial test over a
consecutive study of 28 days, it was concluded that the presence of OPP has improved the
biodegradability of PLA. Better biodegradation was observed with increasing concentration
of OPP.
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Abstract: The present work analyzes the influence of modified, epoxidized and maleinized corn oil
as a plasticizing and/or compatibilizing agent in the PLA-PHB blend (75% PLA and 25% PHB wt.%).
The chemical modification processes of corn oil were successfully carried out and different quantities
were used, between 0 and 10% wt.%. The different blends obtained were characterized by thermal,
mechanical, morphological, and disintegration tests under composting conditions. It was observed
that to achieve the same plasticizing effect, less maleinized corn oil (MCO) is needed than epoxidized
corn oil (ECO). Both oils improve the ductile properties of the PLA-PHB blend, such as elongation at
break and impact absorb energy, however, the strength properties decrease. The ones that show the
highest ductility values are those that contain 10% ECO and 5% MCO, improving the elongation of
the break of the PLA-PHB blend by more than 400% and by more than 800% for the sample PLA.

Keywords: polylactic acid; polyhydroxybutyrate; blend; modified corn oil

1. Introduction

Nowadays, polymeric materials have replaced a significant part of the different mate-
rials employed in the engineering sector [1], as well as other sectors such as construction [2],
key parts in electronics appliances [3-5], and food packaging [6,7]. Consequently, the
demand for these resources has considerably increased in recent years [8].

These resources, mostly of petrochemical origin, are obtained from non-renewable
and limited sources which increase their depletion and the price of energy resources [9].
Additionally, the production of these resources has a devastating impact on our planet,
causing environmental problems and large amounts of CO, emissions which directly
increase global warming and destroy ecosystems [10]. Another problem derived from
the materials of petrochemical origin is the accumulation of plastic residues that mostly
end up in landfills or in the oceans, causing microplastic migrations that contaminate and
spoil wildlife [11,12]. The strategies and directives proposed by the European Commission
give priority to sustainable and non-toxic single-use products, aiming first and foremost to
reduce the quantity of plastic waste [13].

Therefore, one conceivable solution for this massive problem is the recycling and reuse
of these materials with the aim of using less virgin material [8]. This is a good way to fight
against this problem, however, today, this is not enough and another solution is required.
Another possible way to reduce the number of materials of petrochemical origin would be
to increase the use of biodegradable materials. Nevertheless, polymers still need research
to improve their properties and facilitate their manufacture for them be comparable to
other polymers of petrochemical origin [14,15].

One of the most widely used biodegradable materials today is polylactic acid (PLA) [16,17].
PLA is a linear aliphatic polyester which is produced from a fermentation process of corn
starch, wheat starch, among others, meaning that it comes from renewable resources [18,19].
Considering the outstanding properties of PLA such as biocompatibility and high strength,
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it also has some slight disadvantages such as its low ductility which reduce its possible
applications [20-22].

Due to the brittleness of PLA, it is often modified with other polymers: thanks to the
compatibility of PLA, it can be blended with other polymers to improve its properties.
In addition, such a combination can also have other benefits for both polymers, so it
is interesting to make such modifications. Some of the petroleum-based materials with
which PLA has good miscibility are polyethylene terephthalate (PET) [23,24], polyvinyl
chloride (PVC) [25], thermoplastic elastomers (TPEs) [26,27], polypropylene (PP) [28,29]
and polyethylene (PE) [30-32]—all of which are commodity plastics.

Because of the aforementioned problems, biopolymers for blending with PLA such as
polyhydroxyalkanoates (PHAs) [33-35], poly (E-caprolactone) (PCL) [36-38], or polybuty-
lene adipate-co-terephthalate (PBAT) [39—41] have been tested and can achieve improve-
ments in mechanical properties or degradation stability.

Plasticizers, low-molecular-weight molecules that generally improve the ductility and
processing of polymers, can be used to improve the miscibility between materials. There
are two types of plasticizers, depending on their origin, namely petrochemical, such as tar
pitch polymerization resins, etc. Some of these are used because they are environmentally
friendly and non-toxic plasticizers, such as poly (ethylene glycol) (PEG) [42-46], poly
(propylene glycol) (PPG) [47], lactic acid oligomer (OLA) [48], triethyl citrate (TEC) [49],
and tributyl citrate (TBC) [50-52]. In addition, a second option of natural origin is vegetable
and animal oils, acids, etc. Some of the most commonly used are epoxidized palm oil
(EPO) [53], linseed oil (ELO) [54], octyl epoxy stearate (OES) [55], karanja oil (EKO) [56],
epoxidized soybean oil (ESBO) [53], or epoxidized cottonseed oil (ECSO) [57].

Overall due to PLA’s compatibility, it can be blended with other polymers such as poly-
B-hydroxybutyrate (PHB) [58-60], among other starch acetylated thermoplastics discussed
above, to improved its properties and achieve significant improvements in the mechanical
properties or the degradation stability.

Thus, the aim of the work was to improve the properties of PLA by blending it
with PHB at 75-25%, respectively, to improve the miscibility and reduce the melting
temperatures to promote its use in certain industries. For this purpose, different percentages
of epoxidized corn oil and maleinized corn oil, 1, 2.5, 5, 7.5, and 10 wt%, were used as
plasticizers. The processes of the maleinization and epoxidation of vegetable oils provide
greater reactivity to the oil and greater thermal stability with respect to unmodified oils.
Therefore, the compatibility of the oils with PLA is improved and the plasticizing effect is
increased [56,61]. These oils were modified from corn oil due to certain characteristics that
make it interesting compared to other oils from cereals or seeds. Corn oil is interesting since
it has an interesting lipid profile for functionalization and has the advantage, compared
to other modifiable oils, of being able to be produced in large quantities and in many
countries of the world, as it is economic and very stable to oxidation. Its good oxidative
stability is related to its low o-linolenic acid content, which is the case of corn oil between
0-2% and depends on the genotype [62]. Among the fatty acids contained in the oil,
85% are unsaturated, which means a significant amount of double bonds that allow its
functionalization by chemical processes such as epoxidation and maleinization. Therefore,
this work evaluates the potential of epoxidized corn oil (ECO) and maleinized corn oil
(MCO) as bio-based plasticizers to improve the ductile properties of PLA-PHB blends.

2. Materials and Methods
2.1. Materials

Poly (lactic acid), PLA commercial grade Biopolymer 2003D, was supplied by Nature
Works LLC (Minnetonka, MN, USA) in pellet form with a density of 1.24 g cm 3. The
PLA-PHB blend containing 25% PHB was supplied by Biomer (Krailling, Germany) in
pellet form with a density of 1.25 g cm ™3 with commercial grade P226E. The vegetable oil
used to carry out the epoxidation and maleinization process was food-grade corn vegetable
oil (CO—corn oil).
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2.2. Corn Oil Modification

The corn oil modification processes were carried out in a three-necked round bottom
flask with a capacity of 500 mL in order to incorporate all the necessary elements. One
of them was used to introduce the reagents, another one for temperature control and the
central one to connect the reflux condenser.

2.2.1. Epoxidation Process

The epoxidation process started by adding 182.0 g of corn oil into the flask until
50-55 °C was reached with magnetic stirring. Then, 18.64 mL of acetic acid was added until
the temperature was stable at 60 °C, then a mixture of 182.70 mL of hydrogen peroxide
(3:1 M ratio (peroxide:oil)) with 1.46 mL of sulfuric acid was added dropwise, and the
slow addition of this mixture was performed to avoid an exothermic reaction and with the
heating mantle off. Once the addition of this mixture was finished and the reaction was
controlled, the working temperature was increased between 80 and 85 °C for 8 h. Samples
were collected at each hour of the epoxidation process according to ASTMD1652-97 [63]
and ISO 3961:2009 [64] oxirane oxygen methods. Prior to the test, the samples were washed
with distilled water and purified for 30 min in a centrifuge at 4000 rpm. Figure 1 shows a
schematic representation of the epoxidation process.

Epoxidized corn oil (ECO) lL/\/\/\/<l/\/\/\/
W ‘< .

Corn oil (CO) o L/V\/W\N\/
¢}
SUPPSN W

0 O o 180 °C, 1h
=Y 200°C, 1h
@ 220°C, 1h

o\ 0

Figure 1. Schematic representation of the corn oil epoxidation and maleinization (MCO) processes.

2.2.2. Maleinization Process

The maleinization ratio used was 2.4:1, following the recommendations of previous
works [65,66]. A total of 27 g of maleic anhydrive (MA) and 300 g of corn oil were used, the
maleinization process was carried out in three stages at different temperatures—namely 180,
200, and 220 °C—and the samples were taken for acid value (AV) calculations every 60 min.
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Initially, the oil was introduced in the round flask and when it reached the temperature of
180 °C, 9 g of MA (1/3 of the total) was added. The temperature of 180 °C was maintained
for one hour and increased to 200 °C, before another 9 g of MA was added and maintained
again for 1 h and the same process was carried out at 220 °C. Finally, the mixture was
cooled to room temperature. The degree of maleinization was determined following the
guidelines of ISO 660:2009 [67] and using the following expression:

Acid Value = w 1)

where ¢ is the exact concentration of the KOH standard solution used (mol-L™1), V is
the volume of the KOH standard solution used (mL), and m is the analyzed mass (g). A
schematic representation of the maleinization process can be seen in Figure 1.

2.3. Sample Preparation

The samples used in the different experimental techniques and tests were obtained by
mixing processes in the laboratory. Before handling the PLA and PHB, both materials were
dried at 60 °C for 24 h to eliminate the percentage of moisture indicated by the supplier.

First, different mixtures were made with 75% PLA, 25% PHB and different percentages
of epoxidized and maleinized corn oil, as shown in Table 1. The mixtures were left to dry
for a minimum of 24 h at 60 °C.

Table 1. Processed blends.

Code PLA (wt%) PHB (wt%) ECO (phr %) MCO (phr *)
PLA 100 - - -
B (blend) 75 25 - -
B-1ECO 75 25 1 -
B-2.5ECO 75 25 25 -
B-5ECO 75 25 5 -
B-7.5ECO 75 25 75 -
B-10ECO 75 25 10 -
B-1IMCO 75 25 - 1
B-2.5MCO 75 25 - 25
B-5MCO 75 25 - 5
B-7.5MCO 75 25 - 7.5
B-10MCO 75 25 - 10

* phr (per hundred resin) represents de weighted parts of the oil particles added to one hundred weight parts of
the base PLA-PHB blend.

To achieve homogeneity in the mixtures, an extrusion process was carried out. The
temperature range program used for the different zones of the extruder was the following;:
175-180-180-185 °C, from the hopper to the nozzle, respectively, at constant speed of
40 rpm. At the end of the extrusion process, the material was cut until it was reduced to
pellet size.

Subsequently, the material in the pellets form was injected to obtain standard specimens
for subsequent characterization. The chosen temperature program was 175-180-185 °C, from
the hopper to the nozzle, respectively. The temperatures used in the manipulation process
were those recommended by the material supplier.

2.4. Characterization Techniques
2.4.1. Mechanical Properties

The mechanical characterization was carried out with tensile, flexural, impact, and
hardness tests. The tensile and flexural tests were performed on an ELIB 30 universal
testing machine (S.A.E. Ibertest, Madrid, Spain). A minimum of five different specimens
were tested using a 5 KN load cell. The speed used in the tests was 5 mm min~!, at room
temperature. For the tensile test, the parameters defined in the ISO 527-1:2019 standard [68]
were followed, and for the flexural test, the ISO 178:2019 standard [69] was used. In
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addition, from the integral of the stress—strain curves obtained in the tensile tests, the
toughness modulus was calculated.

To determine the amount of energy absorbed by the material in the case of impact,
the test was carried out with a 6 ] Charpy pendulum (Metrotec, San Sebastian, Spain).
Five measurements have were taken, with bending type specimens and without notch. The
parameters followed in the test are those defined in the ISO 179-1:2010 standard [70].

Finally, the materials surface hardness was measured. Five measurements were taken
at different points of the surface of several specimens. A Shore D scale hardness tester,
JBA S.A. model 673-D (Instruments JBot, S.A. Cabrils, Barcelona, Spain), was used. The
parameters followed in the test are those defined in the ISO 868:2003 standard [71].

2.4.2. Thermo-Mechanical Properties

To evaluate the effects of temperature on the mechanical properties of the materials,
a study of softening temperature (VICAT) and heat deflection temperature (HDT) was
carried out. Both tests were carried out with a Metrotec model (San Sebastian, Spain).
The parameters for the VICAT test were those of the B50 method, as defined in the ISO
306 standard [72]. The standard establishes a load of 50 N and raises the temperature to
50 C h~! until the penetrator penetrates 1 mm into the sample. For the HDT test, procedure
B of the ISO 75-1:2013 standard [73] was used. The standard determines the use of 0.45 MPa
load, using a weight of 74 g, and carrying out the test at 120 °C min~! until reaching
0.31 mm of deformation.

2.4.3. Thermal Properties

The materials’ miscibility was evaluated through the analysis of their thermal prop-
erties, using the differential scanning calorimetry technique (DSC). The thermoanalytical
tests were carried out in a Mettler Toledo 882e (Mettler Toledo S.A.E., Barcelona, Spain).
The weight range of the samples was 5-10 mg, with an initial heating program from —50 to
180 °C to remove the thermal history, followed by a cooling program from 180 to —50 °C,
and finally a second heating program from —50 to 220 °C, at a heating rate of 10 °C min~?
in a nitrogen atmosphere with a nitrogen flux of 66 mL min~!. With this technique, the glass
transition temperature (Ty), cold crystallization peak (T¢c), and the melt peak temperature
(Tm) of the PLA blends formulations were identified. The degree of crystallization (X%)
was calculated with the formula by Equation (2).

‘AHCC + AHm| 1

Xc(%) = 100
cl%) =100 =3 000%) * Wora

@

where AHcc is the cold crystallization enthalpy, AHy, is the melt enthalpy, AH,, (100%) is
the theorical melt enthalpy for a fully crystalline PLA structure (93] g~ 1) [74], and WPLA
is the PLA weight fraction.

Samples were tested by thermogravimetric analysis. The thermogravimetric analysis
(TGA) was carried out in a TGA PT1000 equipment from Linseis Inc. (Selb, Germany).
The analyzed samples, with an average weight between 15 and 20 mg, were subjected to
a temperature program from 30 °C to 700 °C at a speed of 10 °C min~!, with a constant

nitrogen flow of 30 mL min~—L.

2.4.4. Microscopic Characterization

The morphology of the blends was analyzed with a ZEISS ULTRA microscope from
Oxford Instruments (Oxfordshire, UK) using a 1.5 KV accelerating voltage. The analyzed
samples were the broken impact test specimens, which were sputtered with a thin layer of
platinum, using a Leica Microsystems (Buffalo Grove, IL, USA) EM MED0200 high vacuum
sputter coater.
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2.4.5. Disintegration under Composting Conditions

The study of the materials” disintegration behavior, under composting conditions, was
carried out according to the ISO 20200:2015 standard [75]. The tested materials were cut
into fragments of 25 x 25 mm, and eight fragments of each type of material were made. The
samples were buried in a compost reactor. The degree of disintegration (D) was calculated
in percentage with the following equation:

m; — my

D= 3)

mi
where m; is the initial dry mass of the test material and 1, is the dry mass of the residual
test material recovered from the sieving.

3. Results
3.1. Optimization of the Epoxidation Process Conditions of Epoxidized Corn Oil (ECO)

The epoxidation of corn oil was performed with a peroxide-to-corn oil molar ratio of
3:1, according to previous experience in the epoxidation process of other vegetable oils [76].
The epoxidation process was confirmed by analyzing the oxirane oxygen number and
iodine number. Figure 2a shows how the conversion of epoxidizable double bonds into
oxirane rings takes place in the epoxidation process, as it was observed that the value of
oxirane oxygen before the process is 0 and rapidly increases during the first hours due to
the wide availability of double bonds, and from the fourth hour, it slows down as most of
the double bonds have already reacted.
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Figure 2. (a) Evolution of the oxirane oxygen index and iodine index in the corn oil epoxidation
process and (b) evolution of the acid value in the different stages of the corn oil epoxidation process.

At the end of the process, at 8 h, an oxirane oxygen index of 5.82 was obtained.
Comparing this result with the theoretical rate, obtained from the amount of fatty acids
in the corn 0il, a conversion of 85.9% was achieved. In addition, the conversion of double
bonds represented by the iodine index rapidly decreased during the first 2 h from values
close to 140 until the end at 1.5 after 8 h of treatment, which reflects a greater decrease in
double bonds than that reflected by the oxygen oxirane. This is due to reactions parallel to
the conversion of double bonds into epoxy groups [56]. Analyzing the data obtained in the
epoxidation process, it is possible to reduce the epoxidation process to 6 h, since the results
of the conversion of double bonds into oxirane rings are obtained at 8 h.

3.2. Synthesis of Maleinized Corn Oil (MCO)

Figure 2b shows the evolution of the acid number values at the end of each one
of the stages at different temperatures, namely 180, 200, and 220 °C. Initially, the AV is
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0.15 mg KOH g~! and at the end of the first hour at 180 °C, it is observed that it increases up
to 24.4 mg KOH g~ !, indicating that the maleinization reaction is occurring. After the sec-
ond hour, at 200 °C, another large increase is observed, reaching an AV of 87.8 mg KOH gfl,
and finally, after the last stage, at 220 °C, the AV reaches 109.2 mg KOH g~'. These results
are in total agreement with values obtained by A. Perez-Nakai et al. with an AV of 105 for
the maleinized hemp seed and 130 for the maleinized Brazil nut at the end of the epox-
idation process [67]. In addition, Quiles Carrillo et al. indicated that commercial-grade
maleinized linseed oil has an AV of between 105 and 130 mg KOH gfl [77].

3.3. Mechanical Properties

PLA is a brittle material, and with the intention of improving this characteristic,
mixtures were made with PHB. Moreover, different percentages of MCO and ECO were
used as plasticizers and compatibilizers. The tensile strength, elongation at break and
impact absorbed energy values of the studied materials are represented in Figure 3 and
the results obtained in the flexural characterization and Young’s modulus and toughness
modulus are represented in Table 2. It is observed that, when mixing 25% of PHB with
PLA, the strength properties such as tensile and flexural strength, Young’s modulus, and
flexural modulus are considerably reduced and ductile properties such as elongation at
break and impact absorbed energy are improved [78]. By incorporating ECO in the PLA-
PHB blend, the tensile and flexural strength decrease slightly with respect to the PLA-PHB
blend and the ductile properties increase as the amount of ECO in the system increases,
achieving an elongation at break of 127% when incorporating 10 phr of ECO, which is
450% more elongation compared to the PLA-PHB blend and 810% more compared to PLA.
The impact absorbed energy and toughness modulus also increases when incorporating
ECO, achieving the best result with 10 phr of ECO. The behavior of the materials when
incorporating MCO is similar, however, the tensile strength value decreases to a lesser
extent when incorporating ECO, and it remains between 30 and 33 MPa with amounts
lower than 7.5 phr of MCO and the flexural strength values are also slightly higher when
incorporating ECO. In addition, it is also observed that the ductile properties increase
only up to 5 phr of MCO, and at higher amounts, both the elongation at break and the
impact absorbed energy decrease. The B-5MCO material has similar mechanical properties
to B-10ECO with an increase in elongation at break of approximately 460% more than
PLA-PHB blends and 830% more than PLA.
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Figure 3. Effect of epoxidized and maleinized corn oil content on the tensile strength, elongation at
break and impact energy of the PLA-PHB blend.
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Table 2. Summary of tensile and flexural properties and HDT/VST results of neat PLA, PLA-PHB
blend and plasticized blends with a different ECO and MCO content.

Tensile Young’s Elongation Toughness Flexural Flexural
Sample Strength Modulus at Break Modulus Irgpact Al;(st/)rbzed Strength Modulus I_?gr ‘ZSCT
(MPa) (MPa) %) (MJ/m®) nergy (J/m”) (MPa) (MPa) co o
PLA 61.6 £2.7 3470 £ 17 157 £27 6.0+0.2 193+1.6 99.8 £6.5 3290 + 84 55.8 58.5
B (blend) 35.9 £3.2 533 £ 102 283 £6.7 55+1.0 275470 68.7 £4.0 2041 +92 52.5 53.8
B-1ECO 358 £ 1.6 1038 + 168 28.0 +£4.0 54404 291 +21 649 +£29 2323 + 154 542 53.5
B-2.5ECO 326412 1521 4+ 22 38.0£5.1 85+ 1.0 33.1+37 60.2 £ 0.7 2198 + 195 54.5 53.7
B-5ECO 305+ 0.4 1131 £+ 182 49.6 +12.7 11.3 £3.8 271 +43 540 £3.6 2257 4+ 84 52.4 54.3
B-7.5ECO 278+12 1668 £ 207 58.1+9.9 11.1£1.0 291 +£22 51.0 £ 0.6 2233 + 115 54.2 53.3
B-10ECO 205 +£09 1707 £ 48 127.2 +48.1 29.9 +4.7 333+24 54.7 £0.6 2392 + 64 53.8 54.0
B-1IMCO 33.6+13 1189 £+ 115 264 +4.8 6.4+0.8 296 £19 64.8 3.1 2291 + 50 55.5 53.6
B-2.5MCO 33.1+1.6 1403 £ 237 57.6 £18.3 11.3 £3.6 340+ 46 61.6 £1.5 2235+ 91 54.4 53.3
B-5MCO 292412 1372 £ 213 130.0 £30.0 303+ 4.4 28.6 3.3 59.7 £1.0 2274 + 261 54.4 53.0
B-7.5MCO 309 £0.9 1645 + 54 73.5+£29.6 6.8+27 246 +1.1 542 +21 2216 + 100 54.1 53.7
B-10MCO 267 +1.7 1267 £+ 102 40.8+9.3 6.0+ 1.1 255+25 495+ 15 2011 +93 55.0 52.6

Both plasticizers achieved an increase in the ductility of the initial formulation, as
can be seen in the values of the elongation at break, toughness modulus, and impact
absorbed energy. In the case of the tensile strength, a variation was observed, with the
increasing percentage of plasticizer in the formulation, decreasing tensile strength values
were obtained. The values of Young’s modulus obtained a variation, although in both
cases, with values above the initial formulation. Additionally, both plasticizers managed
to reduce the maximum flexural strength of the initial formulation, in such a way that the
higher the plasticizer percentage, the lower the flexural strength values. In the case of
flexural modulus, both plasticizers increased these values, except for the formulation with
10 wt% of MCO.

3.4. Thermo-Mechanical Properties

Regarding the thermo-mechanical properties, as shown in Table 2, the incorporation
of PHB causes a decrease in both the Vicat softening temperature (VST) and heat deflection
temperature (HDT), up to 53.8 and 52.5 °C, respectively, with respect to PLA (58.5 °C VST
and 55.8 °C HDT). When ECO and MCO are added to blend PLA-PHB, it is observed that
the HDT and VST values increase slightly. This is ascribed to the fact that the incorporation
of the biomaterial and the plasticizers reduces the glass transition temperature, as shown
below in the DSC section, and thus the deformation under high temperatures. Finally,
in the VST results, it is observed that the incorporation of biomaterials and plasticizers
reduces the VST values obtained by PLA. The incorporation of these materials means that
the hardness is affected when PLA is raised to temperatures close to the glass transition
temperature.

3.5. Thermal Properties

The thermal stability of the PLA, PLA-PHB blend, and plasticized formulations
with different contents of ECO and MCO was assessed by thermogravimetry analysis
(TGA). Table 3 shows some thermal parameters such as the degradation onset temperature
(T5%), which indicates the temperature at which a 5% weight loss occurs, the maximum
degradation rate (Trax), which corresponds to the peak of the first derivative curve, and the
endset (T90%), which indicates the temperature at which a 90% weight loss occurs. Neat
PLA possesses a thermal stability value with a T5% of 311.3 °C, a Tiax of 330.5 °C, and a
T90% of 342.6 °C. However, by adding PHB to PLA, the Trax value increases considerably
(by approximately 20 °C), whilst the addition of certain amounts of ECO or MCO to
blend (B) formulations causes a slight decrease in the T5%, T90%, and Tnyax values. In
both modified oils, these values are lower when the quantity is larger. These values are
lower for the formulations with MCO. For example, the addition of 10 phr of ECO (B-
10ECO) results in a T5% reduction of 15.5 °C, while with 10 phr of MCO (B-10MCO), the
reduction is 21.3 °C with respect to the B formulation value (286.1 °C). Regarding the Tmax
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temperature, it can be observed that both plasticizers lead to a decrease in temperature,
obtaining the lowest values at approximately 20 °C and 26 °C lower for B-10ECO and
B-10MCO, respectively. A similar tendency was observed by Garcia-Campo et al. [79] for
PLA/PHB/PCL blends compatibilized with epoxidized soybean oil (ELO). The addition
of ELO into the formulations resulted in a reduction of T5% by 19.1 °C and Tax by 20 °C.
For the specific case of maleinized oils, the work of Perez-Nakai et al. [67] shows how the
addition of 10 phr of maleinized hemp seed oil (MHO) decreases the Tmax by 10 °C with
respect to the value of neat PLA.

Table 3. Summary of the main thermal parameters of the neat PLA, PLA-PHB blend, and plasticized
blend with different ECO and MCO contents.

TGA Parameters DSC Parameters
Code Tsy (°C) Tmax °C)  Topo (°C)  Tg (°O) Tee °C) AHcc (J/g)  Tmpra O AHm (J/g)  Xc (%) Tmpup (°O)
PLA 311.3 330.5 342.6 61.3 1219 9.1 151.2 15.7 7.1 -
B (blend) 286.4 349.1 359.4 56.1 124.3 22 151.5 2.7 0.7 173.3
B-1ECO 276.4 342.8 350.4 54.4 125.6 23 151.0 2.7 0.6 1725
B-2.5ECO 278.1 339.1 349.6 54.4 125.1 2.6 150.6 3.8 1.7 171.7
B-5ECO 275.5 338.2 349.4 54.1 125.2 1.5 151.2 2.6 1.6 173.9
B-7.5ECO 275.5 338.2 347.6 542 127.1 1.2 150.3 25 1.9 172.7
B-10ECO 2709 328.7 338.7 54.6 126.7 2.6 151.8 41 2.7 175.7
B-1IMCO 271.0 327.2 347.9 52.1 122.8 1.7 149.6 14 0.3 169.3
B-2.5MCO 270.1 329.2 348.0 47.3 122.4 0.9 149.8 12 04 166.1
B-5MCO 269.2 325.6 346.8 49.7 121.8 23 148.2 2.7 0.5 165.5
B-7.5MCO 269.1 323.2 3459 49.6 122.1 2.6 148.2 41 24 165.1
B-10MCO 265.1 322.8 345.3 482 121.6 1.6 148.8 24 1.6 159.6

Regarding to the DSC results, Table 3 also shows the main thermal properties and
Figure 4 shows the calorimetric graphs of samples B and B-5SMCO. The effect of the addition
of PHB to the PLA matrix reduces the glass transition temperature of PLA to a value of
56.1 °C (B formulation). As can be seen, both modified oils have a direct effect on some
thermal properties of PLA. Unplasticized PLA has a glass transition temperature (Tg) of
61.3 °C, a cold crystallization temperature (T¢c) of 121.9 °C, and a melting temperature (Ty,)
of 151.2 °C. Both plasticizers—ECO and MCO—decrease the Tg of PLA, which indicates
an increase in the mobility of the polymer chains at lower temperatures, evidencing the
plasticizing effect of both modified oils [80]. However, the greatest plasticizing effect is
shown by the formulations with MCO, obtaining a decrease in Ty of up to almost 10 °C for
the specific case of B-2.5MCO and in reference to the formulation B. The same plasticizing
effect was observed by Dominguez-Candela et al. [81], who employed epoxidized chia
oil in PLA. Regarding to the Tm, no significant variations were observed in Tm for the
formulation with ECO. However, the formulations with MCO shows a slight decrease (of
approximately 2-3 °C).
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Figure 4. Calorimetric graphs of samples B (PLA-PHB) and B-5MCO.
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With respect to crystallinity, it is observed that PLA without plasticizing has a crys-
tallinity of 7.1%, whereas as PHB is added, the PLA is totally amorphous. The PHB
molecular chains intercalated between the PLA chains do not allow the PLA chains to be
ordered. The incorporation of ECO or MCO shows a slight increase, however, the values
are negligible. The T.. peak is observed at higher temperatures with the incorporation
of ECO or MCO. In fact, the Tc. peak temperature increases from 121.9 °C (neat PLA) to
127.1 °C for the B-7.5ECO formulation. This is due to the steric impediment exerted by the
ECO on the PLA chains.

3.6. Field Emission Scanning Electron Microscopy (FESEM)

In this characterization technique, the breaking surface of the specimens was observed,
in this case, as those obtained in the impact test. The PLA morphology, as shown in
Figures 5a and 6a, showed a typical surface of brittle materials with a smooth fracture
surface and angular fracture flanks. When making the PLA blend with 25% PHB, as shown
in Figure 5b, the morphology of the fracture surface was completely modified since it is
no longer smooth, and the high roughness and rounded fracture flanks characteristic of
ductile materials are observed. In addition, in Figure 6b, made at higher magnifications,
a blend without gaps is observed due to the low miscibility and with the PLA acting as
a matrix and the dispersed domains of PHB [82]. The samples of blends that contain
ECO can be seen in Figure 5¢c—g, where the incorporation of ECO is progressive, and the
fracture morphology of all of them is similar to the PLA-PHB blend with high roughness
and rounded fracture flanks. In addition, the appearance of holes and cavities is also
observed due to some type of plasticizer saturation for ECO contents and above on the
blend (Figure 5e) and these holes increase in number as the amount of ECO in the blend
increases up to 10 phr (Figure 5g) [83]. On the other hand, in Figure 6c—e, this effect is
observed at higher magnifications, and, in addition, it allows us to appreciate that the gaps
due to the accumulation of oil are mainly generated in the PHB domains.

The morphology of the fracture surface of the blends containing MCO can be seen in
Figures 5h-1 and 6f-h. As occurs in the samples with ECO, the fracture surface remains
smooth with rounded ridges, typical of ductile materials. Additionally, the voids also
increase due to oil saturation when the amount of oil in the matrix increases, however, the
first voids are observed at smaller amounts of MCO, starting at 2.5 phr (Figure 5i) and
considerably increase these gaps up to 10 phr of MCO. These voids or cavities negatively
affect the ductile properties of the material, as seen previously. When observing the images
at 10,000 x magnification (Figure 6f-h), it can be seen that in addition to the plasticizing
effect, it also has a compatibilizing effect between PLA and PHB, since the dispersed
domains or dispersed phase increase in number and represent more than 25% of the images,
which possibly, due to these domains, can be a PLA-PHB blend thanks to the influence of
the MCO.

As was verified by the mechanical properties of the different blends, the saturation of
the oil negatively affects the ductile properties of the blends. In the PLA-PHB-ECO system,
the sample with the best ductile behavior is the sample with 10 phr of ECO. However, in
the PLA-PHB-MCO system, saturation occurs at lower amounts of oil, at approximately
5 phr of MCO, which has a similar morphology to sample B-10ECO. Therefore, to obtain
the same plasticizing effect, it is achieved with less amount of MCO than ECO.

3.7. Disintegration under Composting Conditions

Finally, to evaluate the disintegration behavior of the developed materials, they were
buried in a composting reactor carried out at a laboratory scale. The variation of the mass
loss of the different materials under composting conditions can be seen in Figure 7. The
disintegration of the PLA-PHB blends with ECO and MLO is characterized by presenting
an initial induction period, where mass loss barely occurs, at approximately 7 days for
PLA-PHB-ECO materials and 10 days for PLA-PHB-MCO materials. After this initial state,
the disintegration of the different materials accelerates. In the case of the disintegration
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of the PLA-PHB blend, it does not occur until reaching the first 15 days, at which time
the disintegration accelerates and disintegrates until reaching 80% at the end of the test.
The incorporation of the modified corn oils into the blend disrupts the disintegration of
the PLA-PHB blend. In the case of the incorporation of the MCO, it is observed that at
higher percentages, the disintegration of the blend slows down, reaching between 50 and
60% loss of mass with low percentages of MCO (less than 5%) and decreasing below 30%
of mass loss with percentages higher than 5% of MCO at the end of the test. However, the
incorporation of ECO to the blend generates a different behavior regarding disintegration
under composting conditions, since the degree of disintegration at the end of the test
decreases very clearly with any of the percentages of ECO used, reaching a loss of mass
between 20 and 35%.

Figure 5. FESEM images at 2500x of fracture surface of (a) PLA; (b) PLA-PHB blend (B); (c) B-
1ECO; (d) B-2.5ECO; (e) B-5ECO; (f) B-7.5ECO; (g) B-10ECO; (h) B-IMCO; (i) B-2.5MCO (j) B-5MCO;
(k) B-7.5MCO; and (1) B-10MCO.
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Desintegrability (%)

Figure 6. FESEM images at 10,000 x of fracture surface of (a) PLA; (b) PLA-PHB blend (B); (c) B-5ECO;
(d) B-7.5ECO; (e) B-10ECO; (f) B-5MCO; (g) B-7.5MCO; and (h) B-10MCO.
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Figure 7. Degree of disintegration under composting conditions expressed as the weight loss as
a function of time of (a) PLA-PHB blend and plasticized blend with different ECO content and
(b) PLA-PHB blend and plasticized blend with different MCO content.

4. Conclusions

This work analyzes the usefulness of the use of modified—epoxidized (ECO) and
maleinized (MCO)— corn oil as plasticizing and/or compatibilizing agents of the blend
75 wt% PLA-25 wt% PHB. Both chemical modifications of corn oil were carried out at
the laboratory level and both processes were carried out correctly according to the results
obtained in the analysis of the number of oxirane oxygen and iodine number for the ECO
and according to the evolution of the acid number value for the MCO.

The incorporation of both modified oils, ECO and MCO, allows to obtain PLA-PHB
formulations with better ductile properties, requiring less MCO to achieve the same plas-
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ticizing effect as with ECO. The plasticizing effect was observed by differential scanning
calorimetry due to the decrease in the glass transition temperature (Tg), decreasing by
approximately 2 °C when using ECO and between 4 and 8 °C when using MCO in the
PLA-PHB blend. Additionally, the plasticizing effect is observed to a greater extent in
the mechanical properties, since the elongation at break and the impact absorbed energy
improve considerably when using the oils in the PLA-PHB formulations, increasing the
elongation at break by more than 400% when using 10% ECO and 5% MCO. The FESEM
analysis reveals a particular morphology of the samples plasticized with oil, presenting
spherical cavities dispersed in the matrix and that increase with the increase in oil in the
formulations. Finally, the oils delay the disintegration in composting conditions with
respect to the PLA-PHB formulation, delaying said degradation to a greater extent than
the ECO and it is also affected by the amount of oil used.

Therefore, although for this specific study, the MCO shows better plasticization and
compatibilization results, two new oils with greater commercial potential were obtained
by chemical modification. Compared to other oils obtained from cereals or seeds, CO
presents a higher abundance and greater stability against oxidation, which makes it a very
interesting raw material from the industrial point of view for applications in both bio-based
and synthetic polymers.
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Abstract: Increasing global environmental problems and awareness towards the utilization of eco-
friendly resources enhanced the progress of research towards the development of next-generation
biodegradable and environmentally friendly material. The development of natural-based composite
material has led to various advantages such as a reduction in greenhouse gases and carbon footprints.
In spite of the various advantages obtained from green materials, there are also a few disadvantages,
such as poor interfacial compatibility between the polymer matrix and natural reinforcements and the
high hydrophilicity of composites due to the reinforcement of hydrophilic natural fibers. This review
focuses on various moisture-absorbing and sound-absorbing natural fiber polymer composites along
with the synopsis of preparation methods of natural fiber polymer composites. It was stated in
various studies that natural fibers are durable with a long life but their moisture absorption behavior
depends on various factors. Such natural fibers possess different moisture absorption behavior rates
and different moisture absorption behavior. The conversion of hydrophilic fibers into hydrophobic is
deemed very important in improving the mechanical, thermal, and physical properties of the natural-
fiber-reinforced polymer composites. One more physical property that requires the involvement of
natural fibers in place of synthetic fibers is the sound absorption behavior. Various researchers have
made experiments using natural-fiber-reinforced polymer composites as sound-absorbing materials.
It was found from various studies that composites with higher thickness, porosity, and density
behaved as better sound-absorbing materials.

Keywords: natural fiber; polymer matrix; bio-composites; moisture absorption; sound absorption

1. Introduction

Reducing the use of fossil fuels, particularly in the construction industry, is a major
focus of scientific investigation. Buildings accounted for 21% of global final energy con-
sumption in 2017, placing them third behind industry and transportation. Global final
consumption energy, as well as unused, dissipated at a rate of 9.1% [1]. Energy consump-
tion in buildings has enhanced over the last few decades, which necessitates more power
generation and, consequently, CO, emissions. Climate policy has undergone radical trans-
formations in the last three decades, particularly since the United Nations’ publication [2]
in 1987, also recognized as the Brundtland Report. One of the most important aspects of
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sustainable development is protecting the environment and climate, and also bringing the
global environment and development issues into the official concerns of all nations. With
this as a backdrop, the UNFCCC [3] came into being as a means of addressing both global
climate change and economic growth, particularly in energy-intensive industries such as
construction. Ecosystem stability and efficiency are therefore the focus of numerous efforts
at the global and national levels, rather than those made in Europe.

Categorizations of international conventions and protocols, including the 1987 Montréal
and Kyoto Protocols, as well as the 1997 editions [4,5] of both, and the 2016 Paris agreement [6],
were developed to classify these endeavors. One of their objectives is to maintain green-
house gas levels at a level that protects biodiversity as well as enabling the environment to
participate in climate change in a traditional manner. Buildings seem to be Europe’s second-
largest energy consumer, consuming up to 26.1% of the EU’s energy consumption [7]. A few
new trends are currently being selected to minimize elevated greenhouse gas emissions
as well as minimize energy use. Building heating energy accounts for approximately
63.6% [8] of the residential building sector’s overall energy consumption. As a result, two
major trends have emerged in recent years to combat rising energy consumption as well as
greenhouse gas emissions: improving building structure envelope insulation efficiency to
minimize energy consumption as well as developing new low carbon materials, and reduc-
ing the carbon dioxide footprint. It is possible to achieve these trends through the use of
porous materials such as concrete [9,10], fibers concrete [11-15], bio-based material [16,17]
as natural fiber components, straw and rammed earth. In comparison to denser concrete,
the lower thermal conductivity that these porous materials achieve is the primary benefit
of their use.

Although mechanical strength decreases with porousness, an acceptable balance
must be accomplished between mechanical and thermal properties. Buildings have the
ability to trap moisture as well as potentially relieve it depending on climate and outside
conditions when this mechanical thermal stability is met, due to their greater porosity and
tortuosity. They must be considered when measuring and simulating the entire building’s
power requirements [18]. Regulations and labeling, as well as decision-making, are made
more difficult by effective power simulation of this type of building construction. We
currently lack a reference model for this envelope type’s transient hygrothermal behavior.
Furthermore, no model has been developed yet to account for the influence of coupled
heat and mass transfer concepts on the world’s energy efficiency of this construction
type. Coupling heat and moisture transfers of construction elements, as well as envelopes,
have become increasingly important for simulation methods in the past few decades [19].
Figure 1 shows the schematic of the degradation of the composites’ interface due to moisture
absorption. It clearly portrays the absorption of water molecules into the voids present in
between the fiber-matrix interface and the development of matrix cracks due to excessive
water absorption.

O O

Figure 1. Degradation of composite interface due to moisture absorption (Adapted from the refer-
ence [4]).
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Further research into potential low-carbon buildings” hygrothermal effectiveness or the
effect of different weather conditions on their hygroscopic properties would be extremely
beneficial. Both Building Energy Simulation (BES) and Computational Fluid Dynamics
(CFD) are being used in the construction sector to determine energy balance requirements.
It is possible to conduct long-term unsteady analysis using the BES methodology because
the profile of physicochemical characteristics is consistent all across a given region, enabling
this. When compared to the BES methodology, the CFD methodology involves breaking
down the overall building volume into smaller elements or volumes through the usages of
numerical meshing. These findings lead to a significant increase in computing power dur-
ing unsteady state simulation studies. As a result, it is critical that the construction industry
takes substantial steps to developing models as well as methodologies that can be used to
forecast potential improvements. Building simulation tools must integrate efficient comput-
ing techniques while taking into account unique aspects, such as the coupled heat, as well
as the moisture transfer through all of the envelope. The wide range of computational
methods used by scientists and engineers depends on the application [20-24].

Improving and evaluating energy performance necessitates the use of a precise hy-
grothermal model. One can distinguish between white-box models, which are based on a
physical understanding of the system, and energy balance equations. Black-box models, in-
cluding the COMSOL Multiphysics and Transient System Simulation (TRNSYS) programs,
which use only measured input/output data, as well as statistical estimation methods,
including Artificial Neural Networks (ANN), without physics-dependent models, have
been commonly used to obtain these results. Each method has pros and cons of its own.
M. H. Benzaama and co-researchers [25] conducted a comparative study of these models.
Hearing loss, sleep disorders, fatigue, heart disease, and other physiological and psycho-
logical issues are just a few of the health effects that are now widely recognized as being
associated with excessive noise in the workplace and in daily life [26,27]. As a result, it is
critical to keep household noise levels under control. Noise pollution can be minimized by
using fibers” sound absorption substances. Acoustic comfort (for example, speech intelligi-
bility) could also be improved by using sound absorption materials to control reverberation
time in concert halls, exhibition halls, workplaces, opera houses, and some others [28,29].

The construction industry relies heavily on fibrous material with a dual insulating
material (sound along with thermal) [30,31]. As a result of their high specific surface area,
elevated acoustical performance, and affordable price, some traditional fibrous insulators
such as glass fiber and mineral wool are commonly used in sound absorption applica-
tions. A total of 60% of Europe’s market for insulating materials in 2005 was made up of
glass fiber and mineral wool. In addition, organic foamy substances (such as polystyrene
and polyurethane) account for 27% of the market and other materials account for 13%.
Although the acoustic and thermal insulation properties of glass fiber and mineral wool
are significantly superior, it could be neglected that breathing fibers and particles could
indeed cause irritation as well as lay-down within lung alveoli, which can cause a few
potential health problems [32-35]. Natural fibers, however, have a lower influence on the
atmosphere than synthetic substances. When it comes to synthetic fibers, high-temperature
manufacturing processes, as well as petrochemical sources, are often used to produce
synthetic fibers, resulting in a substantial carbon footprint [36]. According to a Life Cycle
Assessment (LCA), synthetic materials use more energy and have higher global warming
possibilities from cradle to platform installation. Since conventional sound absorbers are
harmful to the ecosystem, it is important to look into ecologically friendly alternatives. The
low toxicity of natural fibers and the fact that they are safe for humans make them ideal
substitutes for traditional sound absorbers. Because of their biodegradability, outstanding
sustainability, abundance, and environmentally friendly nature, natural fibers have been
referred to as green materials. Not to mention they have a substantially lower carbon
footprint than synthetic equivalents [37-40], which is another advantage of organic fibrous
acoustic absorbers. According to research, mineral wool is considered to be a natural
fiber [41-43]. With all the above facts and figures in mind, the current review focuses on
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the hygrothermal and acoustic behavior of natural-fiber-reinforced polymer composites.
Animal and vegetable fibers make up the bulk of the natural fibers considered in this
study. Hybridization of fibers with synthetic fibers was also carried out in many studies.
Such consolidation has also been made along with the synthesis and preparation of hybrid
fiber-reinforced polymer composites.

2. Hygrothermal Behavior of Polymer Composites
2.1. Carbon Nanofibers Hybridized with Natural Fibers

Flax fibers are considered to be the most hydrophobic fibers among various natural
fibers. The consequences of carbon nanofibers” (CNFs) composition on flax-fiber-reinforced
epoxy (FFRE) thermoplastic composite hygrothermal aging behaviors and mechanisms
were examined in many of the previous studies. It took 180 days to test CNF/FFRE
laminates comprising 0.25-2.0 wt.% CNFs. The properties of water absorption and tensile
strength, as well as thermodynamics, have all been examined. According to the findings of
the study, CNFs had a significant impact on the FFRE laminates’ hygrothermal properties.
Due to the water obstacle characteristics of CNFs with FFRE laminates, water uptake was
considerably lowered. Due to increased matrix stability, as well as improved interface
bonding, CNFs/FFRE laminates had better tensile and thermodynamic characteristics.
FFRE laminates’ hygrothermal durability can be enhanced by having the appropriate
balance of CNFs, as shown in this analysis [44].

FFRE laminates were reinforced with bi-directional flax fiber fabrics. 240 g/ m? area
density, as well as a standardized thickness of 0.16 mm, were measured for flax fabrics
in this study. For the binder of the FFRE laminates, an epoxy resin containing the main
agent as well as the curing agent was used. In the FFRE laminates, CNFs were used as
nanofillers. CNFs had an average size of 100 nm in diameter and 50-200 m in length.
A graphic depiction of the manufacturing process of CNF-altered FFRE composites is
demonstrated and also discussed in detail. For 30 min, acetone was mixed with four
different concentrations of CNFs (that is, 0.25%, 0.50%, 1.0%, and 2.0% by mass of said
epoxy resin) that were dehydrated inside an oven to eliminate whatever moisture they had
before being weighed. Second, the CNFs with the acetone mixture were sonicated for 6 h at
60 °C before being placed inside an ultrasonic cleaning solution for scattering. For uniform
CNFs with epoxy dispersion, the acetone/CNFS mixture was added to the epoxy primary
agent and agitated mechanically before ultrasonic dispersion. Mechanical stirring entirely
volatilized the mixture’s acetone [45,46].

The CNFs with the epoxy mixture were kept inside a drying oven for around 20 min to
eliminate the bubbles. The curing agent was incorporated into the CNF/epoxy combination
and stirred for 5 min at a low speed (a rotational speed of 500 rpm). For the next 20 min,
the mixture was held in a vacuum oven to remove any residual gas. Wet lay-up was used
to make the CNFs with FFRE laminates of two plies of bi-directional flax fiber fabrics
with 350 mm x 350 mm measurements. Fabrics made from flax fibers were woven in the
same direction of laying. CNFs with FFRE laminates had first been dried for 24 h at room
temperature, then for another 24 h at 60 °C in the oven. In order to age as well as test
the CNFs/FFRE laminates, they were kept in distilled water at various temperatures for
168 h (7 days). In the curing process, CNFs with FFRE laminates measured 0.2 to 1.3 mm
in thickness. About 0.25 seemed to be the fiber volume ratio of said laminates. The epoxy
binder to flax fabric laminate mass ratio was approximately 9:4. F1.0, F0.25, F0, F0.5, and
F2.0 were used to indicate the FFRE as well as CNFs with FFRE laminates comprising
0.25%, 0.50%, 1.0%, and 2.0% of CNFs, respectively [42,47,48]. The laminates were cut into
samples for every category of experiment in this analysis. Four types of samples for the
water absorption, dynamic mechanical analysis (DMA), tensile, and FTIR experiments are
displayed in Figure 2.
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Figure 2. Fabrication of flax carbon nanofibers polymer composite (Adapted from the reference [42]).

The hygrothermal aging behavior of CNF/FFRE composite laminates since adding
CNFs throughout distilled water were explored, as well as the aging mechanism itself. The
following inferences can be derived from this research: The hygrothermal aging behavior
of FFRE laminates was improved by the addition of CNFs. Of the CNF/FFRE laminates
tested in this analysis, those containing 1.0 wt.% CNFs had the best hygrothermal aging
behavior. However, even with a 2.0 wt.% rise in the quantity of CNFs used, the absorption
of water of the CNF/FFRE composites remained less than with the genuine FFRE laminates
(1.0 wt.% CNFs). As a result of the hydrophobic CNFs filling in the matrix and creating
a tortuous diffusion way for water molecules, the FFPR laminates were more resistant to
water penetration. Tensile properties, as well as the elastic modulus of CNF with FFRE
laminated under hygrothermal conditioning, improved as the CNF content rose to 1.0 wt.%.

As a result of this, SEM images of fractured samples showed that the addition of
CNFs to the epoxy matrix not only increased epoxy matrix stability but also strengthened
interface bonding between flax fibers and the epoxy matrix. The mechanical properties
of CNFs with FFRE laminates before as well as after hygrothermal aging were higher
than that of genuine FFRE laminates. Since CNFs made an obstruction within the epoxy
matrix of FFE laminates, the cross-linking density of the epoxy matrix increased. Due to the
hydrogen bonds formed by type II bound water, the glass transition temperature (Tg) of
CNFs with FFRE, as well as genuine FFRE, significantly increased after immersion in water.
There were slower aging rates for CNFs with FFRE laminates subjected to a hygrothermal
environment, as evidenced by changes in relative bands as well as functional groups in
the FTIR spectrum. Due to CNFs ability to strengthen the epoxy matrix as well as inhibit
water diffusion in laminates, one such result was achieved. In this analysis, CNFs at a
concentration of 1.0 wt.% had the greatest impact on trying to slow the aging of FFRE
laminates. Consequently, FFRE laminates can be improved in their long-term hygrothermal
durability by incorporating an adequate quantity of CNFs into laminates [49,50].

2.2. Palm and Hemp Fibers

Though fully biodegradable natural fibers are hydrophilic in nature, their hydropho-
bicity was improved by the addition of nanofillers in natural-fiber-reinforced polymer
composites. Natural-fiber-reinforced mortars were tested experimentally for hygrother-
mal and mechanical properties in many studies. The percentages of fibers derived from
palm stems (PS) in nano scale, as well as hemp, (HF) were compared. Using a scanning
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electron microscope (SEM), we discovered that the PS fibers had rough surfaces and com-
plex microstructures. The fibers were treated to reduce their hydrophilicity before being
incorporated into the mortar. Both PS and HF fibers had their water absorption reduced
significantly thanks to the treatments used. Low thermal conductivity, as well as excellent
moisture buffering, were also found in the mortar mixtures containing these fibers. The
investigated mixtures had moisture buffer values (MBVs) ranging from 2.7 g/% HR-m?
to 3.1 g/% HR-m?, indicating their good moisture regulator properties. When the fiber
mortar mixtures were aged for 28 days, the expected outcomes emerged: extremely high
porosity as well as low compressive strength (between 0.6 and 0.9 MPa). Materials devel-
oped for thermal insulation and construction filling in this analysis had low environmental
footprints [51].

The results of the experiments described in this paper led to the development of a
new natural fiber. After successfully extracting and characterizing the fiber from the date
palm, it was incorporated into mortar mixtures at varying dosages in various ways. The
effect of these fibers on the hydrothermal characteristics of mortar was studied. Lignin,
hemicellulose, and pectin deposit, were visible on the surface of the PS fibers. When
examined under a microscope, it was discovered that the PS fibers have a morphology
comparable to coir fibers, as well as a microstructure composed of an arrangement of
elementary fibers that had decided to open on their surfaces. In addition, the new PS
fibers are hygroscopic and have a high capillary condensation. Up to 50% of their water
absorption was diminished as a result of the addition of the fibers’, and implantation in
hydrophobic resin also decreased their hydrophilic properties. In comparison, 185 mW per
(m-K) was the thermal conductivity of a control mix in the dry mortar mixes containing
5% PS and HF fibers. To put this in perspective, a 245% and 200% increase over the control
mortar was seen in the wet mixture. In addition to the percentage and orientation of fibers
in the matrix, water content has an impact on the heat conductivity of such a mixture.
Regardless of the fiber content, the fiber mortar blends demonstrated good porosity as well
as water absorption compared to the control mixture. Porosity, as well as water absorption,
increased as a result of fiber content. Improved moisture buffer capacity, as well as lower
thermal conductivity and compressive strength, were achieved as a result of these changes.
Regardless of fiber content, all of the investigated fiber mortar mixtures had an MBV
exceeding 2 g/% HR-m?. The better moisture absorption behavior was observed with 5%
of natural fibers [52,53].

The creep/recovery behavior of three high-grade composites manufactured of green
epoxy, flax, and hemp fibers were investigated in the literature. The stress level and
hygrothermal conditions were examined. In this study, it was found that as load and
environmental severity increased, so did the levels of extremely rapid, time-delayed and
residual strains. Material time-delayed tensile strains seem to be higher during creeping
than during recovery. Moreover, a stiffness effect is observed as the body begins to heal,
and the stiffening effect is observed. Using the recovery function, an anisotropic viscoelastic
existing legislation can identify the material’s viscoelastic properties after creep. Stress
levels and environmental conditions do not affect the relaxation time function. For ex-
ample, the viscosity parameter rises dramatically with increasing stress levels and harsh
environmental conditions. Stiffening and irreversible mechanisms, rather than viscoelastic
behavior, are to blame for the recovery behavior’s stress-level dependence [54].

2.3. Wood Fiber

There are a slew of new insulation materials currently being designed, tested, and
refined in order to enhance the energy efficiency of both newly constructed and existing
structures. To save energy as well as reduce environmental impact, bio-sourced materials
have emerged as one of the new insulation options available today. In recent years, wood
fiber has become one of the most popular natural insulation materials. There are numerous
benefits to using this type of insulation, including its ability to store moisture, which im-
proves indoor air quality, as well as its natural tendency to accumulate and mitigate noise.
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Few studies investigated hygrothermal modeling and the performance of wood nanofiber
insulation in constructing implementations in order to assess its efficiency. A mathematical
model was used to describe heat as well as mass transfer within wood fibers as porous
media using numerical methods. Experimental data, thermal conductivity, heat capacity,
and sorption/desorption isotherms of the wood fiber material will be first determined for
this purpose. In order to verify the accuracy of the numerical model, an iterative proce-
dure is used in both controlled as well as uncontrolled environments. For this experiment,
a wood fiber sample measuring 50 cm by 50 cm and measuring 8 cm thick was used.
Samples at x = 2 cm and x = 4 cm show very good agreement between the measured
and modeled temperatures as well as relative humidity evolutions, with mean differences
between the two of 0, 21 °C at 4 cm and 1 °C at 2 cm. The measured maximum distinctions
again for relative humidity seem to be: 5.5% at x = 2 cm but also 4.5% at 4 cm, respec-
tively. This is consistent with the results of the model. Predicting wood fiber insulation’s
heat transfer as well as hygroscopic behavior will help researchers learn more about the
effectiveness of natural insulation substances [55,56]. Figure 3a,b denotes the moisture
absorption rate curve for different polymer composites based on the traditional method of
measurement and Fick’s model.
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Figure 3. (a,b) Hygrothermal aging curves of polymer composites (Adapted from the references [49,55]).

The hygrothermal properties of wood fiber insulation was studied both experimentally
and numerically in this study. The heat and mass transfer in the porous media model
developed by a few researchers [57] were used for the above bio-based material with a
complex structure. This material’s response to microclimatic conditions as well as its hy-
groscopic map were first determined using a water vapor sorption curve. Experimentation
was used to determine the material’s thermophysical and hygroscopic characteristics in
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simulating the material’s behavior under real-world conditions. Thermal conductivity
increased between 0.045 and 0.06 W per m1.K1 for an increase in water content from 2
to 18%. Correspondingly, for almost the same moisture content range, volumetric heat
capacity seemed to have an increasing shape ranging between 250,000 and 350,000 J/m? K.
Using thermocouples and humidity sensors, we experimented with various environmental
conditions on a representative wood fiber sample.

A numerical model was developed and tested against experimental data from con-
trolled and uncontrolled ambiances using boundary conditions of air temperature as well
as relative humidity there at the interaction. First, the temperature was kept constant,
while the relative humidity was kept constant. Then, a transient temperature was applied,
while the relative humidity was kept constant. The third scenario studied a coupling of
temperature and humidity variations in the air. Validation of wood fiber behavior under
controlled conditions was confirmed by comparing calculated and observed temperatures
and relative humidity there in three configurations. Due to an inability to forecast the
hygrothermal behavior of the wood fibers in real ambient conditions, the sample was tested
under uncontrolled conditions. The temperature and relative humidity changes in the
sample were in excellent agreement, with an upper limit difference of less than 5% for
the relative humidity as well as a maximum difference of 0.21 °C again for temperature
distributions. With these findings, we can verify the mathematical model for the stochastic
heat and mass transfer within wood fiber insulation in a real-world setting, highlighting the
effect of coupling within bio-based materials. More accurate predictions of the hygrother-
mal behavior of wood fibers can be made using numerical and experimental approaches.
To understand better the wood’s nature, additional characterizations, such as water vapor
permeability persistence or porosity analysis, can be performed. Previous studies predicted
the use of hysteresis models to describe the isothermal behavior of sorption as well as
desorption [58,59].

2.4. Flax-Fiber-Based Composites

Due to their own renewable green origin as well as high tensile strength, flax fibers
are becoming a popular research topic. Because of their water absorption as well as
poor adhesion to the polymer matrix, composites made from natural fibers have low
interfacial strength. For better flax/polypropylene composite performance, this study uses
a hybrid chemical therapeutic technique that combines alkali (sodium hydroxide) and
silane treatments. SEM, FTIR, AFM, XRD, and a microfiber tester were used to examine
the surface morphology, microstructure, chemical composition, wettability, crystallinity,
and tensile properties of a single flax fiber before and after chemical treatments. Due
to alkalization, hemicellulose, and lignin being removed from the fiber surface, there
was a reduction in moisture absorption in the composites. The polypropylene matrix
compatibility was improved after alkali-treated flax fibers were exposed to silane treatment,
and the composites’ moisture absorption was further reduced following alkali-silane hybrid
chemical treatment. At about the same time, the strength of the interfacial bond between
flax and polypropylene was significantly improved. It is clear from these findings that the
hybrid chemical therapeutic approach for flax with polypropylene composite materials has
a lot to offer the plant fiber composite company, particularly in terms of expanding the use
of chemical treatment methodologies in the field [60,61].

Due to the other environmental and economic advantages, organic FRPs (fiber-reinforced
polymers) are being targeted in a variety of industries. One of the most common natural
FRPs is FFRPs (flax FRPs). A key factor in the FFRP’s practical engineering application is
its long-term durability, as well as its performance. FFRP’s creep, as well as its dynamic
mechanical properties, were investigated experimentally. Cranking up its creep as well as
dynamic mechanical performance saw less progress. An investigation into the effects of
surface treatment on the creep as well as the dynamic mechanical behavior of FFRP was
conducted in this article under hygrothermal aging conditions. These findings demon-
strated enhanced creep, dynamic effectiveness, and reduced moisture content in the FFRP
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after surface treatment. For the substances studied, a fractional-order creep framework
was developed. The analysis indicates that fractional calculus seems to be an effective
tool for characterizing FERP’s creep behavior accurately and precisely with fewer features
than the conventional creep model does [62]. Figure 4 shows the surface morphology of
flax-fiber-reinforced polypropylene composites, before being subjected to hygrothermal
aging. Figure 4(aj,ay) represents the untreated composites, Figure 4(by,b,) represents the
alkali-treated composites, and Figure 4(c;,c;) represents the alkali silane-treated composites.

Figure 4. Morphology of flax/PP composites: (a1,a2). untreated flax/PP composites, (b1,by). alkali-
treated flax/PP composites, and (c1,¢2). alkali silane-treated flax/PP composites (Adapted from the
reference [48]).

2.5. Mycelium-Based Composites

In order to better understand mycelium-based composites (MBCs), this study will
evaluate their effectiveness as a foam-like wall insulation. The composite’s performance
has been maximized by using a variety of substrates. A longer growing period resulted
in a denser outer layer of mycelium in MBC, which improved water resistance owing to
mycelium'’s hydrophobicity. More than any other parameter of MBC, substrate choice has
the greatest impact on thermal conductivity, as well as mechanical characteristics. The
effects of aging and MBC’s moisture buffer capacity were also examined in this study.
The accelerated aging test (that is, drying and wetting cycles) showed that MBC not only
preserved its functional performance but also constituted excellent moisture buffering
capacity. To inactively monitor and control indoor relative humidity as well as thermal
comfort, MBC can be used as an internal wall insulation layer, which is a layer in vapor-
permeable built environment systems [63].

2.6. Coconut Fiber

As an “exotic” insulator, coconut fiber insulators clash with the skepticism of their
thermohygrometric behavior, especially in the context of covering technology including
green roofs, which are a workable alternative often implemented in the case of green
solutions or nearly zero energy structures. Green roofs are a viable option for both new
and existing buildings because of their high thermal performance. As an alternative to
synthetic insulators, coconut fiberboards (CF) were used to study the thermohygrometric
behavior of concrete (CLS) and cross-laminated wood (CLT), respectively, on ten different
green roof scenarios. In the end, the results indicate that coconut fiber insulations seem to
be significant compared to organic and inorganic materials, and that the doubts about their
applications, including green roofs, are connected to engineering solutions for application
in the market and their own diffusion between both the building materials, rather than
their own hygrothermal characteristics [64].
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2.7. Jute-Fiber-Based Composites

Reinforced composites made using VARI technology were evaluated for changes
in hygroscopic properties and the impact of hygrothermal aging on their mechanical
properties. The findings demonstrate that the composites’ first-stage moisture absorption
follows Fickian diffusion closely. The Fickian equation’s diffusion coefficient-temperature
correlation was corrected using experimental data. This suggests that the correction was
successful, given the small discrepancy between the experimentally based moisture uptake
curve and the one anticipated by the altered equation. Temperature also has an effect
on the composite strength because the resin-dissolving process becomes more intense.
At stage one of this analysis, the hygroscopic conduct of jute fabric composite materials
corresponded well to Fickian diffusion. At 40 °C, there was some minor deviation between
the modified equation’s hygroscopic curve and the experimental-data-based curve, which
proves that the correction is effective, as well as its possible utilization to predict other
temperature-dependent hygroscopic curves of jute fabric composites. As the temperatures
rise, the resin appears to dissolve, resulting in degradation of the composites’ tensile
properties, as shown by the crucial tensile loads measured at 25 °C, 40 °C, 55 °C, and 70 °C,
which were 56.42 MPa, 52.17 MPa, 33.51 MPa, and 16.60 MPa, respectively [65].

Polylactide (PLA) composite materials were tested for their aging characteristics in the
hygrothermal environment. To create the material, the film-layering hot-pressed technique
was used as a fabrication process. Saturated vapor at 70 °C was used to age both uncoated
and adhesive-tape-coated samples. While the samples were aged, the rate at which they
absorbed moisture was charted. There were three stages of moisture absorption in uncoated
samples: a stage of short and rapid moisture uptaking; a stage of slow, steady uptaking;
and a stage of an abrupt, extremely quick uptaking. Different stages of the aging of the
samples were observed in their microstructures. Pores, microcracks, delamination, and
complete structural relaxation were among the most common aging-related defects. The
coating appears to be an effective way to slow down the aging and moisture absorption
processes. The gel permission chromatography (GPC) results indicated that the PLA matrix
had been severely degraded in a hygrothermal atmosphere. After aging, tensile strength
reduced significantly [66].

2.8. Rice-Husk-Based Composites

For in-house development, NFPCs (natural fiber plastic composites) are most com-
monly used as deck boards. The moisture adsorption or desorption behavior and hygrother-
mal dimensional stability of these composite materials with high fiber content as well as
hollow profiles are put into question when exposed to a wide range of climate conditions.
Commercial decking panels made of rice hull and high-density polyethylene (HDPE) were
tested under simulated adverse climate environmental conditions in this analysis. When
exposed to 93% RH and 40 °C for 2000 h, the specimens gained 4.5% of their original weight
in water content. A significant (7.1%) swelling of the samples” walls occurred at the same
time, which resulted in a longitudinal bowing of about 5 mm (based on 61 cm longboards).
After another 2000 h of exposure to 20% RH and 40 °C, both expansions, as well as bowing,
partially managed to recover. When exposed to a variety of weathering conditions, the
samples took longer to reach a new humidity balance than a new dimensional equilibrium.
Deformation, including swelling and bowing, was largely due to the presence of moisture.
Additionally, temperature affected the rate and amount of moisture adsorption, as well as
causing straightforward thermal expansion or contraction [67,68].

2.9. Agave-Fiber-Based Composites

The longevity of agave organic fiber-reinforced polymer composite materials was
tested under hygrothermal aging conditions using three distinct pre-treatment methods:
alkali hornification, liquid hornification, and alkali treatment. Moisture diffusion analysis
was performed on the composite specimens using standard test procedures. Distinct hy-
grothermal aging conditions were applied to the standard test samples taken to examine
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the effects of different treatment conditions. Alkali hornification contributed to a 27% de-
crease in water preservation in the agave fibers after four consecutive hornification cycles.
Water hornification reduced water retention by only 6% in similar circumstances. In direct
contact with liquid, the alkali-hornified composite materials gained 4.1%, 4.3%, and 4.7%
mass gain, respectively, between 25 °C and 75 °C. At the same temperatures, alkali-treated
composites gained mass at rates of 4.3%, 4.5%, and 5.1%, while water hornification gained
mass at rates of 5.5%, 5.9%, and 6.1%. There were mass gains ranging from 0.9% to 1.3%
for the alkali-hornified composites when humidity levels were kept constant between
25 °C and 75 °C. Comparable temperatures led to mass gains of 0.6%, 1.05%, and 1.2% for
alkali-treated composites, as well as 0.66%, 1.07%, and 1.3% for water-hornified composites.
Fiber pre-treatment methods have an impact on the moisture resistance of agave natural
fiber composites, as shown in the current study. Microstructural investigations bolster the
findings [69].

2.10. Silk- and Ramie-Fiber-Based Composites

Bio-composites reinforced with silk or henequen natural fiber were evaluated for their
hygrothermal properties in the literature. Compression molding was used to create the bio-
composites. For 1000 h, the bio-composites were kept at 60 °C and 85% RH. Deterioration
of the bio-composites” achievement was primarily due to PBS matrix degradation, and
the bio-composites deteriorated more slowly than the PBS matrix. For the bio-composites
exposed to 60 °C and 85% RH for 1000 h, the storage modulus of the fibers decreased
by 20% and 50%, correspondingly, when compared to the initial specimens [70]. Short
ramie fibers and poly (lactic acid) (PLA) composites were prepared by a combination
of extrusion and injection molding. For the ramie with PLA composites at 60 °C, water
absorption and aging were studied. In this study, the water absorption and mechanical
properties of something like the ramie with PLA composite materials with immersion
time were revealed and evaluated by comparing them to those of PLA alone. Differential
scanning calorimetry along with gel permeation chromatography was used to measure the
crystallinity and molecular weight of neat PLA as well as of ramie with PLA composite
materials. The water absorption and mechanical characteristics of the short ramie fiber
were reported to be influenced by the results. As a result of the hydrophilic nature of short
ramie natural fibers, composites of ramie with PLA showed greater saturation weight gains
and diffusion coefficients than did neat PLA alone. Age-related deterioration in tensile and
flexural strength was extreme. Furthermore, PLA degradation was found to be amplified
by ramie in a hygrothermal environment. Scanning electronic microscopy was used to
examine the fracture surface morphologies of clean PLA as well as of ramie with PLA
composites, with varying immersion times. PLA degradation and ramie with PLA bond
de-bonding led to the microcracks and voids [71,72].

2.11. Luffa Cylindrica Fiber-Based Composites

The mechanical and hygrothermal properties of polyester with luffa composites were
examined in relation to luffa fiber surface chemical modification. The matrix was made up
of unsaturated polyester resin. Luffa fibers that were untreated, alkali-treated, combined-
processed, and acetylated were used. The fibers of the luffa plant were studied using
scanning electron microscopy as well as infrared spectroscopy. Tests for the composites’
mechanical characteristics were conducted using a three-point bend test. Saturation in
filtered water at 25 °C was used to test the fibers and composite materials for water absorp-
tion. Improved mechanical characteristics were achieved through acetylation treatment.
The infrared assessment showed that the procedure reduced the hydrophilic behavior
of the luffa fibers, which improved their bonding to the polyester matrix. The diffusion
coefficient and maximum water absorption of luffa fibers were both reduced as a result
of the chemical modifications made to their surfaces. For the fibers tested in this analysis,
the diffusion methodology was “Fickian” at the beginning of immersion but became more
complicated at the end. Composite materials showed similar results when immersed in
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water at previous phases. Composite materials exposed to external loads were found to
affect diffusion. Water absorbed by the body increases in volume at an even faster rate as
the load is an excessive amount [73]. Table 1 consolidates the various studies carried out on
different natural-fiber-reinforced polymer composites along with the test conditions and

moisture absorption values.

Table 1. Hygrothermal properties of natural fiber polymer composites.

Weight

Time of Immersion (h/days) and

Moisture

§. No. Reinforcements Fraction (%) Matrix Immersion Temperature (°C) Absorption (%) References
Bamboo/jute/ o ;
1 glass fibers 2.5/2.5/5 Polyester 144hand 25°C 23.23 [74]
2 Waste hemp fibers 10 Polybenzoxazine 90 h and 30 °C 7.05 [75]
3 Jute/basalt fibers 5/15 Epoxy 120 h and 40 °C 6.95 [76]
4 Roselle/sugar palm 5/5 Polyurethane 24hand 25 °C 8.48 [77]
Jute fiber/rosewood .
5 and padauk wood dust 10/2.5 Epoxy 15 days and 32 °C 442 [78]
6 Flax/nano TiOy 10/1.5 Epoxy 30 hand 25 °C 1.2 [79]
Continuous bamboo °
7 fibers 20 Epoxy 4hand 100 °C 19 [80]
Sugar palm/ Thermoplastic o
8 glass fiber 10/20 Polyurethane 168 hand 25 °C 9.78 [81]
9 Waste corn husk flour 25 Polyurethane 30 days and 25 °C 9.5 [82]
10 Hemp/sisal fibers 15/15 Epoxy 42 days and 25 °C 11.6 [83]
11 Abaca fiber 25 Polypropylene 80 days and 50 °C 15.09 [84]
12 Wood flour 20 Polypropylene 96 hand 25 °C 1.09 [85]
13 Kenaf fiber 40 Polypropylene 24 hand 25°C 1.05 [86]
14 Wood flour 35 Polypropylene 48hand 25°C 11.57 [87]
15 Olive stone flour 30 Polypropylene 48hand 25 °C 9.55 [87]
16 Rice husk ash filler 40 Polypropylene 24 hand 25°C 1531 [88]
17 Luffa cylindria fiber 30 Polypropylene 960 h and 25 °C 28.4 [89]
18 Jute fiber 40 Polypropylene 18 hand 23 °C 21.5 [90]
19 Jute fiber 30 Epoxy 336 hand 25 °C 8 [91]
X Low-density o
20 Alfa pulps filler 35 Polyethylene 480 hand 25 °C 25.71 [92]
21 Bamboo mat 25 Polyester 1440 h 50.31 [93]
22 Tjuk fiber 30 Polypropylene 480 h and 23 °C 522 [94]
23 Hemp/glass hybrid 15/20 Epoxy 3600 h 21.31 [95]
. Unsaturated
24 Jute/glass hybrid 10/30 Polyester 504 58.36 [96]
25 Sisal/banana hybrid 20/15 Epoxy 50 11.48 [97]
26 Coir/glass hybrid 15/15 Epoxy 1440 39.16 [98]
27 Short snake grass fiber 25 Isopthallic 120 days and 60 °C 29.79 [99]
polyester
28 Phoenix sp. fiber 25 Epoxy 100 days and 30 °C 17.52 [100]
29 Cal"‘“’g{fe%‘gamea 15 Polyester 15 days and 70 °C 18.12 [101]
30 Cal"tmgﬁef‘gamea 20 Epoxy 72 h and 25 °C 17.44 [102]
Tindora tendril fiber
31 filled with haritaki 20/7.5 Epoxy 8hand 30 °C 5.87 [103]
nanopowder
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3. Sound Absorption Behavior of Polymer Composites

Nowadays, humans are at risk of developing serious diseases as a result of increased
noise pollution caused by external factors. A filler or panel made from bio-based materials
can help reduce undesirable noise in workplaces and also homes. An acoustic absorber
made from eco waste fibers (remains upon harvesting) has been developed and tested.
The gleaning methodology, which is the method of acquiring field leftovers, is used to
gather the eco waste fibers [104-106]. Figure 5 shows the methodology of measuring sound
absorption along with the equipment and different mathematical models. The following
sections deal with the determination of the sound absorption coefficient (SAC) of various
natural-fiber-reinforced polymer composites and the possibility of using such composites
in acoustic insulation applications.
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Figure 5. Methods of measuring sound absorption properties (Adapted from the reference [104]).

3.1. Yucca-Gloriosa-Based Composites

Natural fabrics, with their numerous environmental, physical, mechanical, and sound-
absorbing benefits, have revolutionized the manufacturing of organic fibers. Investigators
are paying expanding consideration to the acoustic behavior analysis of natural fiber com-
posites, known as “The Green Fibers,” because of the additional funding they can generate
by absorbing sound. Using a mathematical imitation as well as an optimization approach,
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this analysis aims to optimize and replicate the sound absorption behavior of Yucca Glo-
riosa (YG) composites. The alkaline treatment of the fibers was used in this investigational
cross-sectional study to manufacture the natural acoustic composites. In order to enhance
sound absorption, Response Surface Methodology encouraged the design of experiments
as well as the determination of the optimal quantity of alkaline treatment specifications
(NaOH concentration as well as immersion time) (RSM). Additionally, an impedance
tube structure was used to determine the YG fiber’s sound absorption coefficient (SAC)
(ISO10534-2 standard). Delany-Bazley (DB) and Miki analytical models were tested in MAT-
LAB software to see if they could be applied to predicting the SAC of natural composites.
At all frequencies, a comparison of the procured SAC values showed that the optimized
composites had higher values than the untreated ones. There was an 18.92% increase in the
Sound Absorption Average (SAA) Index, especially when compared to the raw composites.
Moreover, the empirical models, as well as the experimental data in the low and mid-range
of the one-third octave band, were found to be in good agreement. Optimum alkaline
treatment and empirical-model-based SAC forecasting are deemed appropriate strategies
for acoustic implementations because of the prominent advantages of natural materials
and their widespread use [107].

3.2. Oil Palm Trunk

Because they are more sustainable and can be replenished, natural fibers are increas-
ingly being used to replace synthetics in sound-absorbing materials. Research on oil palm
trunk (OPT) fiber’s SAC as an acoustic material is presented here. All OPT specimens
were examined for SAC using the impedance tube method (ITM). Including an average
density of around 100 kg per m®, OPT’s natural fiber was used to create three different
thicknesses of panels: 8 mm, 12 mm, and 16 mm. OPT’s acoustic efficiency was evaluated
to be very good, with all samples almost reaching unity (0.9) at a high rate above 3000 Hz.
The results also show that SAC varies between 0.5-0.85 at low frequencies below 500 Hz.
0.99 at a frequency range of 3000 to 6000, and 6400 Hz was found in the thickest natural
fiber panel of 12 mm, making oil palm trunk an extremely promising natural fiber for
use as a sound-absorbing content. Fiberglass, despite its excellent acoustical absorption
properties, is not a good choice. Fiberglass has been linked to a number of serious health
issues, including skin irritation and redness; eye, nose, and throat irritation; and even
cancer. Fiberglass dust can cause bronchitis, difficulty in breathing, coughing, and perhaps
even lung disease if it is inhaled too much. Only the acoustic properties, including the use
of OPT natural fibers as a replacement for fiberglass, were examined in this study [108].

Additionally, natural fibers play an essential part in the design of ergonomic products.
They reduce both the noise level as well as the health risks while also preserving a pleasant
working environment. Using a frequency range of 0 to 6400 Hz, OPT fiber exhibits excellent
sound absorption properties. SAC (alpha) = 0.99 was reached by some OPT fiber samples
in this manner. OPT fiber was able to absorb 99% of the incident sound, while only
1% of the sound was reflected. The influence of OPT fiber thickness was discovered
through sample characterization. The results clearly show that increasing the thickness
of a material significantly reduces its absorption rate. Porosity decreases with increasing
sample thickness because more fiber is present, reducing the sample’s porosity. In order
for the OPT fiber to perform at a high SAC (alpha) when the frequency raises, the porosity
of the fiber must lessen. Thus, the ideal OPT fiber thickness was found to be 12 mm. OPT
fiber’s ideal density and thickness were the primary focus of this investigation. Because
of this, a fiber with a density of around 100 kg per m® was found to be the best OPT fiber.
The sample’s maximum SAC (alpha) value was 0.99 under these circumstances. When
compared to synthetic-based commercial products, the OPT experimental trial findings
reveal that it has excellent acoustic characteristics [109].

Qil palm timber is one of several solid wastes that can be used for non-structural
purposes. Numerous researchers concentrated on the strength of their materials and
indeed the binder they use. The use of oil palm timber as an insulation material has only
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been examined in a few research findings. In order to better understand oil palm timber
binderless panels” thermal and acoustic properties, this study was conducted. Various
particle sizes and pressing times were used to make panels from oil palm timber. Binderless
panel properties were affected by particle size, but pressing periods were not, according
to the findings. The greater the particle size, the greater the resistance to heat and sound,
but the lower the density, the greater the water resistance, as well as the lower the bending
strength. Large granules also resulted in the lowest heat conductivity (0.050 W/mK) and,
indeed, the highest SAC (0.33). Flexible strength and liquid absorption usually range from
4.21 to 8.18 MPa and 84.51%-119.06%, respectively. This study’s research results suggest
that oil palm timber binderless boards can be used in acoustic insulation applications [110].

3.3. Sugarcane-Bagasse-Based Composites

Sugarcane bagasse fibers are considered to be the most porous of all fibers and can
render better acoustic behavior when reinforced in composites. Few studies examined
the thermal and acoustic properties of sugarcane bagasse and bamboo charcoal insula-
tion specimens for use in the automotive industry. For thermal and sound insulation
applications, sugarcane bagasse and bamboo charcoal fiber could be viable raw material
sources. The primary use for natural fibers is sound absorption, and this is one of the most
common applications. At this time, the natural fiber hybrid composite is more sought
after by industry because of its advantages, such as low-cost, biodegradability, appropriate
physical characteristics, etc. Bamboo charcoal and sugarcane bagasse fibers have been used
to develop environmentally friendly sound-absorbing composite materials. Compression
bonding was used to create five different types of natural fiber green composite from these
fibers. An important factor in the widespread use of sound absorbers made from natural
composites is their noise-control performance. The impedance tube technique was used to
measure the SAC in accordance with ASTM E 1050. Using the ASTM standard, the physical
characteristics of natural fiber composites were evaluated for all specimens, including
the thermal conductivity, thickness, air permeability, porosity, and density. Natural fiber
green composites absorb more than 70% of the sound resistance and provide the greatest
acoustic absorption characteristics; these composite materials possess appropriate moisture
resistance in wet environments without influencing the insulation or acoustic characteristics
among these composites [111].

3.4. Kenaf with Waste Tea Leaf Fiber Composites

Waste tea leaf fibers (WTLF) are most commonly used as a nanofiller in composites
to increase the porosity of the composites. The purpose of this study is to examine the
structural and sound absorption properties of manufacturing waste tea leaf fiber, kenaf,
and E-glass fiber-reinforced combination epoxy composites. WTLF and kenaf fibers were
first treated with sodium hydroxide at a concentration of 5%. Compression molding was
used to create hybrid composites with a 40-to-60-to-1 fiber-to-matrix ratio. Mechanical
and sound absorption tests were conducted on the manufactured hybrid composites in
accordance with ASTM standards. The composites containing 25% kenaf and 5% WTLF had
better mechanical properties, while the composites containing 25% WTLF and 5% kenaf
had better sound absorption properties. Scanning electron microscopy was used to study
the surface morphology of something like the shattered samples, such as fiber pullout
and matrix crack. Research on alkali-treated hybrid composites showed that polymer
and fiber interfacial bonds were much stronger than those in untreated composites [112].
Figure 6 denotes the sound absorption coefficient variation of various polymer composites.
In Figure 6, L denotes oil palm timber particles of different particle sizes, G denotes glass,
K denotes kenaf, and T denotes WTLE.
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Figure 6. Sound absorption coefficients of polymer composites (Adapted from the references [110,112]).

The acoustic properties of a natural fiber panel are determined by the fiber’s physical
properties. In this study, a chemical treatment was used to enhance the sound absorption
properties of kenaf fibers. Sodium hydroxide (NaOH) treatment from 1% to 8% concentra-
tion levels seems to be the goal. SEM was used to observe the effects of NaOH treatment
on the kenaf fiber strands. Measurements were made using an impedance tube to deter-
mine the SAC and noise reduction coefficient (NRC) values, respectively. The diameter
of kenaf fiber decreased as the NaOH concentration increased, according to the results.
FTIR analysis proved that the strand diameter decreased as a result of the removal of the
hemicellulose and the lignin layer of the strands. Treatment with 6%, 7%, and 8% NaOH
resulted in elevated SAC at high frequencies (>2500 Hz) than untreated fiber. Specimens
with NRC values of 0.67 were found. Thinner strands of kenaf absorber were found to
improve sound absorption, while a 6% NaOH concentration was found to be optimal for
treating kenaf fiber for sound absorption [113].

3.5. Sisal and Palm Fibers-Based Composites

Hybrid composite materials made of palm fiber and sisal fiber were examined in
this study for tensile, flexural, impact, and sound absorption properties. A compression
molding technique was used to create three distinct hybrid composites, each with a different
weight ratio with 5%, 10%, and 15% of palm fibers. The tensile, flexural, and impact tests
for the three hybrid composites were carried out in accordance with the appropriate ASTM
standards. According to these results: The combination of epoxy resin (65%), cellulose
(20%), sisal (15%), and palm fiber (15%) yielded the highest tensile strength, flexural
strength (22%), and impact strength (36%). Images of fractography showed fiber to fracture,
surface, and fiber pull out, as well as the deformations of tightly packed fiber and matrix
stickiness. An impedance test on hybrid composites was used in accordance with ASTM
E1050 standards to determine their sound absorption behavior. Due to the greater weight
proportion of palm fiber (65% epoxy resin, 20% sisal fiber, and 15% palm) in the composite,
it rendered a high SAC at frequencies of 1600 Hz, 2000 Hz, 2500 Hz, 3150 Hz, and 4000 Hz.
Above that, the above hybrid composite exhibited a maximum SAC difference of 76.61% in
comparison to the other three hybrid composites at a frequency of 4000 Hz [114].

3.6. Jute and Luffa Fiber-Based Composites

Before utilizing natural fiber-reinforced composite materials in different industrial ap-
plications, such as sound and vibration isolation, it is necessary to determine their acoustic
characteristics. The acoustic effectiveness of jute and luffa fiber-reinforced biomaterials
is examined in this study by varying the sample thickness as well as the fiber and resin
ratio. The impedance tube method was used to measure the SACs and transmission losses
(TLs) of jute and luffa composite samples of various thicknesses, fibers, and epoxy ratios.
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The thickness-dependent characteristics of the SAC/TL of jute and luffa composites were
identified in the low-, medium-, and high-frequency ranges. The acoustic characteristics of
jute and luffa composite materials as a function of frequency were ascertained by determin-
ing the fiber/epoxy ratio. In addition, mathematical techniques were used to estimate the
SACs and TLs of various natural-fiber-based specimens with varying thicknesses, and with
the conceptual and experimental findings were compared and evaluated [115].

3.7. Coconut Coir and Oil Palm Fruit Bunches, with Pineapple Leaf

Three different types of natural fiber composites were compared for their sound
absorption properties. To make the fibers, oil palm waste and pineapple leaves were
combined with coconut coir and pineapple leaf fiber. Sample thicknesses ranged from 10 to
20 mm, and two fiber density options were used to determine the SAC. For the evaluation,
anon-sophisticated impedance tube with 2 microphones was utilized. The transfer function
of the two microphones was well within the range of 200 Hz to 3000 Hz, and was used to
determine the SAC. Three types of fibers were found to reduce reflected sound at a higher
frequency than previously thought. The high point of an absorption coefficient is shifted
lower in frequency as the density and thickness of such fibrous material raises. Moreover,
the SAC of pineapple leaf fiber is the highest among several other fibers. Pineapple fiber
absorbs sound energy due to its small and uniform fiber diameter. Because of this, the SAC
of coconut coir, as well as palm hollow fruit bunches fiber, is likely to be lower, particularly
within the frequency range of measurement [116].

The composite material microperforated panel (MPP) created from coconut fiber and
polylactic acid (PLA) bio-composite material was for the bio-composite microperforated
panel (BMPP). PLA served as a matrix for the BMPP specimens made from coconut fiber.
The SA performance of the BMPP specimen was determined using an impedance tube
technique, whereas the porosity of the specimen was determined using a porosity tester.
The SA performance of BMPP and steel MPP was compared. The BMPP with different
percentages of coconut fiber and PLA had different sound absorption performances because
of the presence of pores and tortuous structures in the specimen. BMPP specimens were
subjected to a scanning electron microscope (SEM) evaluation to better understand their
structure [96]. Using both experimental and theoretical methods, this study examines
the sound absorption properties of coconut coir fiber. Sound absorption coefficients were
measured using samples of coconut coir fiber with different thicknesses and densities. ISO
10534-2 and ASTM E1050-98 guidelines were used to set up an impedance tube to measure
the SAC. Thickness and density were studied using the Delany-Bazley model. This paper
presents and compares the results of theoretical and experimental studies on SAC. When
compared with experimental results, the Delany-Bazley model appeared promising, but
further deviations were found. It was found that a 35 mm thick sample with a density of
220 kg/ m?3 had a SAC of 0.84 (2900 Hz). The transfer function technique of the impedance
tube was used to estimate sound transmission loss (STL) for samples with 220 kg/m?
density (21 mm, 28 mm, 35 mm). Coconut coir fiber samples were found to effectively
dissipate sound energy, resulting in acceptable sound absorption properties [117].

3.8. Finger Millet Straw and Darbha, with Ripe Bulrush Fibers

Few experimental trials focused on testing the sound absorption capabilities of natural
fibers extracted from Eleusine coracana, Desmostachya bipinnata (Darbha), and Typha
domingensis, or hybrid configurations There are a number of variables that influence the
material’s ability to absorb sound, including its density, porosity, thickness, flow resistance,
and tortuosity. For individual fibers or hybrid combinations, the length and type of the
fibers play important roles. The hybridized fiber configuration was tested to see if stacking
had an effect on sound absorption. All pairings had a lower SAC (alpha) in the 1000 Hz to
2500 Hz frequency range. For a 50 mm thickness, the darbha fiber had the best NRC of 0.86,
whereas the ripe bulrush and darbha combination had the best NRC of 0.90, which is much
more responsible for absorbing sound there in the crucial frequency spectrum of 500 to
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2000 Hz. Natural fiber fillers of this type are excellent sound absorbers and are found in a
variety of settings, including classrooms, recording studios, and theatres [118-120]. Table 2
shows the sound absorption coefficient of various fiber-reinforced polymer composites
along with the density or porosity of the composites, and the measuring frequency.

Table 2. Acoustic properties of natural fiber polymer composites.

Measuring Sound
S.No Composite Material Bulk density (kg/m3)/Porosity (%) Frequency Range Absorption References
(Hz) Coefficient
1 Pineapple leaf fiber in epoxy matrix - >1000 0.9 [121]
5 Rubber crumbs waste fiber in B 1000-6000 093 [122]
polyester matrix
3 Kapok fiber in epoxy matrix 8.3kg/ m3 100-6300 0.98 [123]

4 Flax, ramie, and ]ut? fibers in B 1000-10,000 0.88 [124]
epoxy matrix

Rice waste fiber in polyurethane

5 foam matrix 8.35 kg/m?3 400-6400 0.9 [125]
6 Sugarcane bagasse in epoxy matrix 10.26 kg/m3 0-1600 0.17 [126]
7 Date palm fiber powder in ~ 200-2000 0.78 [127]
cement matrix
8 Banana fiber in polyester matrix 88.4% 500-6000 0.97 [128]
9 Mi“er’“e]g:fyf:a‘ﬁfo“r in - 2000 0.4 [129]
10 Tjuk fiber in polyurethane matrix 83.5% 30004500 0.9 [130]
11 Grass fiber in epoxy matrix - 2000 0.98 [131]
12 Flax fibers in epoxy matrix 8.5kg/ m3 63-6300 0.9 [132]
13 Kapok fiber in epoxy matrix 20 kg/m? 125-4000 0.405 [133]
14 Cotton fabric in epoxy matrix 92% 3000-3500 0.92 [134]

15 Nonwoven cotton f'1ber in ~ 125-3000 0.638 [135]
polyester matrix

Betelnut fiber in

16 . 85% 6000 0.42 [136]
polypropylene matrix
17 Hemp fiber in polyester matrix 141 kg/ m? 10004500 0.58 [137]
18 Sugarcane bagasse in polyvinyl 200.8 kg/m® 172-2000 075 [137]
alcohol matrix
Sisal fiber in polyvinyl 3
19 alcohol matiix 214.7 kg/m 172-2000 0.69 [138]
20 Rice husk ash in glue matrix 170 kg/ m? 200-6400 0.81 [139]
21 Yucca gloriosa fiber in epoxy matrix 200 kg/m? 63-6300 0.95 [140]
22 Coarse wool with binding fibers 249.55 kg/m? 60-6300 0.84 [141]
23 Pineapple leaf fiber in epoxy matrix 117 kg/ m? 500-4500 0.91 [142]
24 Corn husk fiber in epoxy matrix 92% 1600-3250 0.88 [143-145]
25 Kenaf fiber in polylactic acid matrix 82% 1450-1522 0.8 [144-146]
% Polyurethane foam in Coffee 88% 1504000 096 [145-147]
grounds polyol
27 Sugarcane bagasse in urea 78% 500-4000 075 [146-149]
formaldehyde resin matrix
28 Date palm fiber in lime matrix 81% 750-6300 0.55 [147-149]
29 Date palm branch powder filled B 800-1250 04 [148-150]
urea formaldehyde
30 Broom fiber in epoxy matrix 73% >1650 0.9 [149-151]
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Hence, the natural fiber fillers of this type are excellent sound absorbers and are found
in a variety of settings, including classrooms, recording studios, and theatres [151-153].

4. Summary and Conclusions

Moisture absorption and sound absorption properties of various polymer composites
were reviewed. The necessity of natural-fiber-reinforced polymer composites in various
applications has a wider scope these days, but their poor compatibility and water absorption
behavior retards the application spectrum. It was stated in many of the studies that the
moisture absorption of the natural fibers and their composites is due to the hydrophilic
nature of the natural fibers when they come into contact with moisture content. The
moisture absorption of natural fiber composites increases with the content of natural fiber
and this deteriorates the strength of natural fiber composites by paving the way for the
initiation of microcracks at the interfacial region of matrix and reinforcements. Moisture
absorption is linearly proportional with time but saturates after reaching the saturation
point beyond which the moisture absorption capability of the composites remains constant.
As natural fibers absorb more moisture relatively, the use of synthetic matrix materials is
encouraged for many instances. Various physical and chemical treatment methods help in
retarding the moisture absorption capability of natural fiber polymer composites.

However, utilization of natural materials as acoustic insulators is booming these days
in spite of various prevalent disadvantages with such natural materials, which includes
poor flammability and thickness reduction. Solving these issues through the use of nano-
materials as hybrid reinforcements mitigates the aforesaid disadvantages and expands the
scope of natural-fiber-reinforced composites in soundproofing applications. Natural fiber
and particulate-based porous composite materials are widely used in many applications,
including building layouts, automotive applications, marine and aviation applications,
sound-insulating industrial cabinets, classroom environments, and home theatres. In or-
der to continuously obtain good acoustical performance from the natural fiber polymer
composites, it is necessary to address various physical parameters associated with the
manufacturing of composites and the measuring of sound absorption, which is completely
aligned with the environmental point of view. Such water- and sound-resistant polymer
composites find their applications in various parts of marine, automobile, aeronautical,
and sports applications.

Author Contributions: Conceptualization, V.B., B.D., B.A,, RM., SR. and S.S.; formal analysis,
VB, B.D,, B.A, RM,, SR. and S.S,; investigation, V.B., B.D., B.A.,, RM., S.R. and S.S.; writing—
original draft preparation, V.B., B.D., B.A,, RM,, S.R. and S.S.; writing—review and editing, S.S.,
KM.,, CL.and E.-T.E,; supervision, S.S., KM., C.L. and E.T.E.; project administration, S.S. and E.T.E.;
funding acquisition, S.S. and E.T.E. All authors have read and agreed to the published version of
the manuscript.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.

1. United Nations and Department of Economic and Social Affairs. Energy Statistics Pocketbook 2020; United Nations and Department
of Economic and Social Affairs: New York, NYY, USA, 2020.

2. Bachchan, A.A; Das, P.P.; Chaudhary, V. Effect of moisture absorption on the properties of natural fiber reinforced polymer
composites: A review. Mater. Today Proc. 2021, 49, 3403-3408. [CrossRef]

el

Sands, P. United Nations Framework Convention on Climate Change; General Assembly: New York, NY, USA, 1992.

4. Al-Maharma, A.Y.; Al-Huniti, N. Critical Review of the Parameters Affecting the Effectiveness of Moisture Absorption Treatments
Used for Natural Composites. J. Compos. Sci. 2019, 3, 27. [CrossRef]

5. Kyoto Protocol to the United Nations Framework Convention on Climate Change. 1997. Available online: http://unfccc.int/
resource/docs/cop3/07a01.pdf (accessed on 4 August 2022).

6.  Gholampour, A.; Ozbakkaloglu, T. A review of natural fiber composites: Properties, modification and processing techniques,
characterization, applications. J. Mater. Sci. 2020, 55, 829-892. [CrossRef]

47



Polymers 2022, 14, 4727

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.
30.

31.

32.

33.

34.

35.

Energy, E.; Eurostat. Energy Statistics—Quantities. Eur. Comm. Database 2020. Available online: https://ec.europa.eu/eurostat/
en/web/main/data/database (accessed on 6 August 2022).

Eurostat. Energy Consumption and Use by Households. Eur. Comm. Database 2020. Available online: https://ec.europa.eu/
eurostat/statistics-explained /index.php?title=Energy_consumption_in_households (accessed on 6 August 2022).

Berger, J.; Mazuroski, W.; Mendes, N.; Guernouti, S.; Woloszyn, M. 2D whole-building hygrothermal simulation analysis based
on a PGD reduced order model. Energy Build. 2016, 112, 49-61. [CrossRef]

Steeman, H.J.; Janssens, A.; Carmeliet, J.; Paepe, M.D. Modelling indoor air and hygrothermal wall interaction in building
simulation: Comparison between CFD and a well-mixed zonal model. Build. Environ. 2009, 12, 572-583. [CrossRef]

Rahim, M.; Le, A.T.; Douzane, O.; Promis, G.; Langlet, T. Numerical investigation of the effect of non-isotherme sorption
characteristics on hygrothermal behavior of two bio-based building walls. . Build. Eng. 2016, 7, 263-272. [CrossRef]

Seng, B.; Lorente, S.; Magniont, C. Scale analysis of heat and moisture transfer through bio-based materials—Application to hemp
concrete. Energy Build. 2017, 155, 546-558. [CrossRef]

Deepa, C.; Rajeshkumar, L.; Ramesh, M. Preparation, synthesis, properties and characterization of graphene-based 2D nano-
materials for biosensors and bioelectronics. J. Mater. Res. Technol. 2022, 19, 2657-2694. [CrossRef]

Ramesh, M.; Rajeshkumar, L.; Bhoopathi, R. Carbon substrates: A review on fabrication, properties and applications. Carbon Lett.
2021, 31, 557-580. [CrossRef]

Promis, G.; Douzane, O.; Le, A.T.; Langlet, T. Moisture hysteresis influence on mass transfer through bio-based building materials
in dynamic state. Energy Build. 2018, 166, 450-459. [CrossRef]

Alioua, T.; Agoudjil, B.; Chennouf, N.; Boudenne, A.; Benzarti, K. Investigation on heat and moisture transfer in bio-based
building wall with consideration of the hysteresis effect. Build. Environ. 2019, 163, 106333. [CrossRef]

Ramesh, M.; Deepa, C.; Kumar, L.R.; Sanjay, M.R.; Siengchin, S. Life-cycle and environmental impact assessments on processing
of plant fibres and its bio-composites: A critical review. . Ind. Text. 2020, 51, 55185-5542S. [CrossRef]

Khoukhi, M. The combined effect of heat and moisture transfer dependent thermal conductivity of polystyrene insulation
material: Impact on building energy performance. Energy Build. 2018, 169, 228-235. [CrossRef]

Delgado, ]. M.P.Q.; Barreira, E.; Ramos, N.M.M.; de Freitas, V.P. Hygrothermal Numerical Simulation Tools Applied to Building Physics;
Springer: Berlin/Heidelberg, Germany, 2013. [CrossRef]

Bai, B.; Xu, T.; Nie, Q.; Li, P. Temperature-driven migration of heavy metal Pb2+ along with moisture movement in unsaturated
soils. Int. J. Heat Mass Transf. 2020, 153, 119573. [CrossRef]

Ramesh, M.; Rajeshkumar, L.; Deepa, C.; Selvan, M.T.; Kushvaha, V.; Asrofi, M. Impact of Silane Treatment on Characterization of
Ipomoea Staphylina Plant Fiber Reinforced Epoxy Composites. J. Nat. Fibers 2021, 1-12. [CrossRef]

Ramesh, M.; Rajeshkumar, L.; Balaji, D. Influence of Process Parameters on the Properties of Additively Manufactured Fiber-
Reinforced Polymer Composite Materials: A Review. J. Mater. Eng. Perform. 2021, 30, 4792-4807. [CrossRef]

Ramesh, M.; Deepa, C.; Rajeshkumar, L.; Selvan, M.T.; Balaji, D. Influence of fiber surface treatment on the tribological properties
of Calotropis gigantea plant fiber reinforced polymer composites. Polym. Compos. 2021, 42, 4308-4317. [CrossRef]
Vidhyashankar, R.; Vinze, R.; Nagarathinam, S.; Natrajan, V.K. Modelling spatial variations in thermal comfort in indoor
open-plan spaces using a whole-building simulation tool. J. Build. Eng. 2021, 46, 103727. [CrossRef]

Benzaama, M.; Rajaoarisoa, L.; Ajib, B.; Lecoeuche, S. A data-driven methodology to predict thermal behavior of residential
buildings using piecewise linear models. J. Build. Eng. 2020, 32, 101523. [CrossRef]

Marquis-Favre, C.; Premat, E.; Aubrée, D.; Vallet, M. Noise and its effects—A review on qualitative aspects of sound. Part I:
Notions and acoustic ratings. Acta Acust. United Acust. 2005, 91, 613-625.

Ramesh, M.; Kumar, L.R. Bioadhesives. In Green Adhesives; Inamuddin, R., Boddula, M.I., Ahamed and Asiri, A.M., Eds.; Wiley:
Hoboken, NJ, USA, 2020; pp. 145-164. [CrossRef]

Marquis-Favre, C.; Premat, E.; Aubrée, D. Noise and its effects—A review on qualitative aspects of sound. Part II: Noise and
annoyance. Acta Acust. United Acust. 2005, 91, 626-642.

Cao, L.; Fu, Q.; Si, Y; Ding, B.; Yu, J. Porous materials for sound absorption. Compos. Commun. 2018, 10, 25-35. [CrossRef]

Na, Y.; Lancaster, J.; Casali, J.; Cho, G. Sound Absorption Coefficients of Micro-fiber Fabrics by Reverberation Room Method. Text.
Res. J. 2007, 77, 330-335. [CrossRef]

Yang, T.; Xiong, X.; Mishra, R.; Novdk, J.; Militky, J. Acoustic evaluation of Struto nonwovens and their relationship with thermal
properties. Text. Res. J. 2016, 88, 426-437. [CrossRef]

Papadopoulos, A. State of the art in thermal insulation materials and aims for future developments. Energy Build. 2005, 37, 77-86.
[CrossRef]

Sahayaraj, A.F.; Muthukrishnan, M.; Ramesh, M.; Rajeshkumar, L. Effect of hybridization on properties of tamarind (Tamarindus
indica L.) seed nano-powder incorporated jute-hemp fibers reinforced epoxy composites. Polym. Compos. 2021, 42, 6611-6620.
[CrossRef]

Deepa, C.; Rajeshkumar, L.; Ramesh, M. Thermal Properties of Kenaf Fiber-Based Hybrid Composites. In Natural Fiber-Reinforced
Composites: Thermal Properties and Applications; John Wiley & Sons, Inc.: Hoboken, NJ, USA, 2021; pp. 167-182. [CrossRef]

Zhu, X.; Kim, B.-J.; Wang, Q.; Wu, Q. Recent Advances in the Sound Insulation Properties of Bio-based Materials. BioResources
2013, 9, 1764-1786. [CrossRef]

48



Polymers 2022, 14, 4727

36.
37.
38.
39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Devarajan, B.; LakshmiNarasimhan, R.; Venkateswaran, B.; Rangappa, S.M.; Siengchin, S. Additive manufacturing of jute fiber
reinforced polymer composites: A concise review of material forms and methods. Polym. Compos. 2022, 43, 6735. [CrossRef]
Arenas, ].P.; Crocker, M.]. Recent trends in porous sound-absorbing materials. Sound Vib. 2010, 44, 12-18.

Ramesh, M. Aerogels for Insulation Applications. Mater. Res. Found 2021, 98, 57-76. [CrossRef]

Kumar, T.S.; Kumar, S.S.; Kumar, L.R. Jute fibers, their composites and applications. In Plant Fibers, Their Composites, and
Applications; Woodhead Publishing: Sawston, UK, 2022; pp. 253-282. [CrossRef]

Priyadharshini, M.; Balaji, D.; Bhuvaneswari, V.; Rajeshkumar, L.; Sanjay, M.R.; Siengchin, S. Fiber Reinforced Composite
Manufacturing With the Aid of Artificial Intelligence—A State-of-the-Art Review. Arch. Comput. Methods Eng. 2022, 1-14.
[CrossRef]

Wang, Y.; Zhu, W.; Wan, B.; Meng, Z.; Han, B. Hygrothermal ageing behavior and mechanism of carbon nanofibers modified flax
fiber-reinforced epoxy laminates. Compos. Part A Appl. Sci. Manuf. 2020, 140, 106142. [CrossRef]

Zouaoui, Y.; Benmahiddine, F; Yahia, A_; Belarbi, R. Hygrothermal and Mechanical Behaviors of Fiber Mortar: Comparative
Study between Palm and Hemp Fibers. Energies 2021, 14, 7110. [CrossRef]

Sala, B.; Gabrion, X.; Trivaudey, F.; Guicheret-Retel, V.; Placet, V. Influence of the stress level and hygrothermal conditions on the
creep/recovery behaviour of high-grade flax and hemp fibre reinforced GreenPoxy matrix composites. Compos. Part A Appl. Sci.
Manuf. 2020, 141, 106204. [CrossRef]

Asli, M,; Sassine, E.; Brachelet, F.; Antczak, E. Hygrothermal behavior of wood fiber insulation, numerical and experimental
approach. Heat Mass Transf. 2021, 57, 1069-1085. [CrossRef]

Balaji, D.; Ranga, J.; Bhuvaneswari, V.; Arulmurugan, B.; Rajeshkumar, L.; Manimohan, M.P;; Devi, G.R.; Ramya, G.; Masi, C.
Additive Manufacturing for Aerospace from Inception to Certification. J. Nanomater. 2022, 2022, 7226852. [CrossRef]

Ramesh, M.; Balaji, D.; Rajeshkumar, L.; Bhuvaneswari, V. Manufacturing methods of elastomer blends and composites.
In Elastomer Blends and Composites; Elsevier: Amsterdam, The Netherlands, 2022; pp. 11-32. [CrossRef]

Ramesh, M.; Rajeshkumar, L.; Balaji, D.; Bhuvaneswari, V. Influence of Moisture Absorption on Mechanical properties of
Biocomposites reinforced Surface Modified Natural Fibers. In Aging Effects on Natural Fiber-Reinforced Polymer Composites;
Springer: Berlin/Heidelberg, Germany, 2022; pp. 17-34. [CrossRef]

Xiao, X.; Zhong, Y.; Cheng, M.; Sheng, L.; Wang, D.; Li, S. Improved hygrothermal durability of flax/polypropylene composites
after chemical treatments through a hybrid approach. Cellulose 2021, 28, 11209-11229. [CrossRef]

Ramesh, M.; Rajeshkumar, L.; Balaji, D.; Bhuvaneswari, V. Keratin-based biofibers and their composites. In Advances in Bio-Based
Fiber; Woodhead Publishing: Sawston, UK, 2022; pp. 315-334. [CrossRef]

Gauvin, F; Tsao, V.; Vette, ].; Brouwers, H.J.H. Physical properties and hygrothermal behavior of mycelium-based composites
as foam-like wall insulation material. In Construction Technologies and Architecture; Trans Tech Publications Ltd.: Wollerau,
Switzerland, 2022; Volume 1, pp. 643-651.

Ramesh, M.; Rajeshkumar, L.; Bhuvaneswari, V. Leaf fibres as reinforcements in green composites: A review on processing,
properties and applications. Emergent Mater. 2021, 5, 833-857. [CrossRef]

Dayo, A.Q.; Babar, A.A_; Qin, Q.-R.; Kiran, S.; Wang, J.; Shah, A H.; Zegaoui, A.; Ghouti, H.A.; Liu, W.-B. Effects of accelerated
weathering on the mechanical properties of hemp fibre/polybenzoxazine based green composites. Compos. Part A Appl. Sci.
Manuf. 2019, 128, 105653. [CrossRef]

Luo, C. Research on Hygrothermal Property of Jute Woven Fabric Reinforced Composites. In IOP Conference Series: Earth and
Environmental Science; IOP Publishing: Bristol, UK, 2021; Volume 719, p. 022087.

Ramesh, M.; Rajeshkumar, L.; Balaji, D.; Priyadharshini, M. Properties and Characterization Techniques for Waterborne
Polyurethanes. In Sustainable Production and Applications of Waterborne Polyurethanes; Springer: Cham, Switzerland, 2021;
pp- 109-123. [CrossRef]

Hu, RH.; Sun, M.Y,; Lim, ].K. Moisture absorption, tensile strength and microstructure evolution of short jute fiber/polylactide
composite in hygrothermal environment. Mater. Des. 2010, 31, 3167-3173. [CrossRef]

Ramesh, M.; Rajeshkumar, L.; Sasikala, G.; Balaji, D.; Saravanakumar, A.; Bhuvaneswari, V.; Bhoopathi, R. A Critical Review on
Wood-Based Polymer Composites: Processing, Properties, and Prospects. Polymers 2022, 14, 589. [CrossRef] [PubMed]

Wang, W.; Sain, M.; Cooper, P. Hygrothermal weathering of rice hull/HDPE composites under extreme climatic conditions. Polym.
Degrad. Stab. 2005, 90, 540-545. [CrossRef]

Ramesh, M.; Balaji, D.; Rajeshkumar, L.; Bhuvaneswari, V.; Saravanakumar, R.; Khan, A.; Asiri, A.M. Tribological behavior
of glass/sisal fiber reinforced polyester composites. In Vegetable Fiber Composites and Their Technological Applications; Springer:
Singapore, 2021; pp. 445-459. [CrossRef]

Moudood, A.; Rahman, A.; Ochsner, A.; Islam, M. Francucci GFlax fiber its composites: An overview of water moisture absorption
impact on their performance. J. Reinf. Plast. Compos. 2018, 38, 323-339. [CrossRef]

Ramesh, M.; Rajeshkumar, L. Case-Studies on Green Corrosion Inhibitors. In Sustainable Corrosion Inhibitors; Inamuddin, Ed.;
Materials Research Fourm LLC: Millersville, PA, USA, 2021; Volume 107, pp. 204-221.

Habibi, M.; Laperriére, L.; Hassanabadi, H.M. Effect of moisture absorption and temperature on quasi-static and fatigue behavior
of nonwoven flax epoxy composite. Compos. Part B Eng. 2019, 166, 31-40. [CrossRef]

49



Polymers 2022, 14, 4727

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

Wang, X.; Petr(i, M. The effects of surface treatment on creep and dynamic mechanical behavior of flax fiber reinforced composites
under hygrothermal aging conditions. In Surface Treatment Methods of Natural Fibres and Their Effects on Biocomposites; Woodhead
Publishing: Sawston, UK, 2022; pp. 203-242.

Elsacker, E.; Vandelook, S.; Van Wylick, A.; Ruytinx, J.; De Laet, L.; Peeters, E. A comprehensive framework for the production of
mycelium-based lignocellulosic composites. Sci. Total Environ. 2020, 725, 138431. [CrossRef]

Mittal, M.; Chaudhary, R. Experimental investigation on the mechanical properties and water absorption behavior of randomly
oriented short pineapple/coir fiber-reinforced hybrid epoxy composites. Mater. Res. Express 2018, 6, 015313. [CrossRef]

Deng, K.; Cheng, H.; Suo, H.; Liang, B.; Li, Y.; Zhang, K. Aging damage mechanism and mechanical properties degradation of
3D orthogonal woven thermoset composites subjected to cyclic hygrothermal environment. Eng. Fail. Anal. 2022, 140, 106629.
[CrossRef]

Aouat, T.; Kaci, M.; Lopez-Cuesta, ].-M.; Devaux, E. Investigation on the Durability of PLA Bionanocomposite Fibers under
Hygrothermal Conditions. Front. Mater. 2019, 6, 323. [CrossRef]

Jindal, B.B.; Jangra, P.; Garg, A. Effects of ultra fine slag as mineral admixture on the compressive strength, water absorption and
permeability of rice husk ash based geopolymer concrete. Mater. Today Proc. 2020, 32, 871-877. [CrossRef]

Ramesh, M.; Rajeshkumar, L.; Balaji, D.; Bhuvaneswari, V.; Sivalingam, S. Self-Healable Conductive Materials. Self-Heal. Smart
Mater. Allied Appl. 2021, 297-319. [CrossRef]

Kamboj, I.; Jain, R; Jain, D.; Bera, T.K. Effect of Fiber Pre-treatment Methods on Hygrothermal Aging Behavior of Agave Fiber
Reinforced Polymer Composites. J. Nat. Fibers 2020, 19, 2929-2942. [CrossRef]

Han, S.0.; Ahn, H.J.; Cho, D. Hygrothermal effect on henequen or silk fiber reinforced poly(butylene succinate) biocomposites.
Compos. Part B Eng. 2010, 41, 491-497. [CrossRef]

Ramesh, M.; Rajeshkumar, L.; Balaji, D. Mechanical and dynamic properties of ramie fiber-reinforced composites. Mech. Dyn.
Prop. Biocompos. 2021, 275-291. [CrossRef]

Yu, T,; Sun, E; Lu, M; Li, Y. Water absorption and hygrothermal aging behavior of short ramie fiber-reinforced poly(lactic acid)
composites. Polym. Compos. 2016, 39, 1098-1104. [CrossRef]

Ghali, L.H.; Aloui, M.; Zidi, M.; Daly, H.B.; Msahli, S.; Sakli, F. Effect of chemical modification of luffa cylindrica fibers on the
mechanical and hygrothermal behaviours of polyester/luffa composites. BioResources 2011, 6, 3836-3849.

Chandramohan, D.; Murali, B.; Vasantha-Srinivasan, P.; Dinesh Kumar, S. Mechanical, moisture absorption, and abrasion
resistance properties of bamboo—jute—glass fiber composites. J. Bio-Tribo-Corros. 2019, 5, 1-8. [CrossRef]

Dayo, A.Q.; Zegaoui, A.; Nizamani, A.A.; Kiran, S.; Wang, J.; Derradji, M.; Cai, W.-A.; Liu, W.-B. The influence of different
chemical treatments on the hemp fiber/polybenzoxazine based green composites: Mechanical, thermal and water absorption
properties. Mater. Chem. Phys. 2018, 217, 270-277. [CrossRef]

Ma, G.; Yan, L.; Shen, W.; Zhu, D.; Huang, L.; Kasal, B. Effects of water, alkali solution and temperature ageing on water
absorption, morphology and mechanical properties of natural FRP composites: Plant-based jute vs. mineral-based basalt. Compos.
Part B Eng. 2018, 153, 398-412. [CrossRef]

Radzi, A.; Sapuan, S.; Jawaid, M.; Mansor, M. Water absorption, thickness swelling and thermal properties of roselle/sugar palm
fibre reinforced thermoplastic polyurethane hybrid composites. ]. Mater. Res. Technol. 2019, 8, 3988-3994. [CrossRef]

Dinesh, S.; Kumaran, P.; Mohanamurugan, S.; Vijay, R.; Singaravelu, D.L.; Vinod, A.; Sanjay, M.R.; Siengchin, S.; Bhat, K.S.
Influence of wood dust fillers on the mechanical, thermal, water absorption and biodegradation characteristics of jute fiber epoxy
composites. |. Polym. Res. 2020, 27, 9. [CrossRef]

Prasad, V.; Joseph, M.; Sekar, K. Investigation of mechanical, thermal and water absorption properties of flax fibre reinforced
epoxy composite with nano TiO, addition. Compos. Part A Appl. Sci. Manuf. 2018, 115, 360-370. [CrossRef]

Huang, J.-K.; Young, W.-B. The mechanical, hygral, and interfacial strength of continuous bamboo fiber reinforced epoxy
composites. Compos. Part B Eng. 2018, 166, 272-283. [CrossRef]

Atigah, A.; Jawaid, M.; Sapuan, S.; Ishak, M.; Ansari, M.; Ilyas, R. Physical and thermal properties of treated sugar palm/glass
fibre reinforced thermoplastic polyurethane hybrid composites. J. Mater. Res. Technol. 2019, 8, 3726-3732. [CrossRef]

Maslinda, A.; Majid, M.A.; Ridzuan, M.; Afendi, M.; Gibson, A. Effect of water absorption on the mechanical properties of hybrid
interwoven cellulosic-cellulosic fibre reinforced epoxy composites. Compos. Struct. 2017, 167, 227-237. [CrossRef]

Thiagamani, S.M.K ; Krishnasamy, S.; Muthukumar, C.; Tengsuthiwat, J.; Nagarajan, R.; Siengchin, S.; Ismail, S.O. Investigation
into mechanical, absorption and swelling behaviour of hemp/sisal fibre reinforced bioepoxy hybrid composites: Effects of
stacking sequences. Int. |. Biol. Macromol. 2019, 140, 637-646. [CrossRef]

Bledzki, A K.; Mamun, A.A_; Jaszkiewicz, A.; Erdmann, K. Polypropylene composites with enzyme modified abaca fibre. Conpos.
Sci. Technol. 2010, 70, 854-860. [CrossRef]

Lin, Q.; Zhou, X.; Dai, G. Effect of hydrothermal environment on moisture absorption and mechanical properties of wood
flour-filled polypropylene composites. J. Appl. Polym. Sci. 2002, 85, 2824-2832. [CrossRef]

Ramesh, M.; Selvan, M.T.; Rajeshkumar, L.; Deepa, C.; Ahmad, A. Influence of Vachellia nilotica Subsp. indica Tree Trunk Bark
Nano-powder on Properties of Milkweed Plant Fiber Reinforced Epoxy Composites. . Nat. Fibers 2022, 1-14. [CrossRef]
Naghmouchi, I.; Espinach, EX.; Mutjé, P.; Boufi, S. Polypropylene composites based on lignocellulosic fillers: How the filler
morphology affects the composite properties. Mater. Des. 2015, 65, 454-461. [CrossRef]

50



Polymers 2022, 14, 4727

88.

89.

90.
91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.
108.

109.

110.

111.

112.

113.

114.

115.

Yeh, S.-K.; Hsieh, C.-C.; Chang, H.-C.; Yen, C.C.; Chang, Y.-C. Synergistic effect of coupling agents and fiber treatments on
mechanical properties and moisture absorption of polypropylene-rice husk composites and their foam. Compos. Part A Appl. Sci.
Manuf. 2015, 68, 313-322. [CrossRef]

Demir, H.; Atikler, U.; Balkose, D.; Tthminlhioglu, E. The effect of fiber surface treatments on the tensile and water sorption
properties of polypropylene-luffa fiber composites. Compos. Part A Appl. Sci. Manuf. 2006, 37, 447-456. [CrossRef]

Gao, S.L.; Méder, E. Jute/polypropylene composites 1. Effect of matrix modification. Compos. Sci. Technol. 2006, 66, 952-963.
Gassan, J.; Bledzki, A.K. Effect of cyclic moisture absorption desorption on the mechanical properties of silanized jute-epoxy
composites. Polym. Compos. 1999, 20, 604—611. [CrossRef]

Abdelmouleh, M.; Boufi, S.; Belgacem, M.N.; Dufresne, A. Short natural-fibre reinforced polyethylene and natural rubber
composites: Effect of silane coupling agents and fibres loading. Compos. Sci. Technol. 2007, 67, 1627-1639. [CrossRef]
Kushwaha, PK.; Kumar, R. Studies on Water Absorption of Bamboo-Polyester Composites: Effect of Silane Treatment of
Mercerized Bamboo. Polym. Technol. Eng. 2009, 49, 45-52. [CrossRef]

Zahari, W.; Badri, R.; Ardyananta, H.; Kurniawan, D.; Nor, F. Mechanical Properties and Water Absorption Behavior of
Polypropylene/ljuk Fiber Composite by Using Silane Treatment. Procedia Manuf. 2015, 2, 573-578. [CrossRef]

Panthapulakkal, S.; Sain, M. Injection-molded short hemp fiber/glass fiber-reinforced polypropylene hybrid composites—
Mechanical, water absorption and thermal properties. ]. Appl. Polym. Sci. 2007, 103, 2432-2441. [CrossRef]

Zamri, M.H.; Akil, H.; Abu Bakar, A.; Ishak, Z.A.M.; Cheng, L.W. Effect of water absorption on pultruded jute/glass fiber-
reinforced unsaturated polyester hybrid composites. J. Compos. Mater. 2011, 46, 51-61. [CrossRef]

Venkateshwaran, N.; ElayaPerumal, A.; Alavudeen, A.; Thiruchitrambalam, M. Mechanical and water absorption behaviour of
banana/sisal reinforced hybrid composites. Mater. Des. 2011, 32, 4017-4021. [CrossRef]

Rout, J.; Misra, M.; Tripathy, S.; Nayak, S.; Mohanty, A. The influence of fibre treatment on the performance of coir-polyester
composites. Compos. Sci. Technol. 2001, 61, 1303-1310. [CrossRef]

Sathishkumar, T.P.; Navaneethakrishnan, P; Shankar, S.; Rajasekar, R. Mechanical properties and water absorption of short snake
grass fiber reinforced isophthallic polyester composites. Fibers Polym. 2014, 15, 1927-1934. [CrossRef]

Rajeshkumar, G.; Hariharan, V.; Sathishkumar, T.P; Fiore, V.; Scalici, T. Synergistic effect of fiber content and length on mechanical
and water absorption behaviors of Phoenix sp. fiber-reinforced epoxy composites. J. Ind. Text. 2017, 47, 211-232. [CrossRef]
Velusamy, K.; Navaneethakrishnan, P.; RajeshKumar, G.; Sathishkumar, T. The influence of fiber content and length on mechanical
and water absorption properties of Calotropis gigantea fiber reinforced epoxy composites. |. Ind. Text. 2018, 48, 1274-1290.
[CrossRef]

Ramesh, M.; Deepa, C.; Selvan, M.T.; Rajeshkumar, L.; Balaji, D.; Bhuvaneswari, V. Mechanical and water absorption properties of
Calotropis gigantea plant fibers reinforced polymer composites. Mater. Today Proc. 2021, 46, 3367-3372. [CrossRef]

Ramesh, M.; Deepa, C.; Niranjana, K.; Rajeshkumar, L.; Bhoopathi, R.; Balaji, D. Influence of Haritaki (Terminalia chebula)
nano-powder on thermo-mechanical, water absorption and morphological properties of Tindora (Coccinia grandis) tendrils fiber
reinforced epoxy composites. . Nat. Fibers 2021, 1-17. [CrossRef]

Gokulkumar, S.; Thyla, P; Prabhu, L.; Sathish, S. Measuring Methods of Acoustic Properties and Influence of Physical Parameters
on Natural Fibers: A Review. J. Nat. Fibers 2019, 17, 1719-1738. [CrossRef]

Yang, T.; Hu, L.; Xiong, X.; Petrti, M.; Noman, M.T.; Mishra, R.; Militky, J. Sound Absorption Properties of Natural Fibers:
A Review. Sustainability 2020, 12, 8477. [CrossRef]

Bhingare, N.H.; Prakash, S.; Jatti, V.S. A review on natural and waste material composite as acoustic material. Polym. Test. 2019,
80, 106142. [CrossRef]

Aziz, M.A.A; Sari, K.A.M. Comparison of sound absorption coefficient for natural fiber. Prog. Eng. Appl. Technol. 2021, 2, 157-163.
Samaei, S.E.; Mahabadi, H.A.; Mousavi, S.M.; Khavanin, A.; Faridan, M. Optimization and sound absorption modeling in Yucca
Gloriosa natural fiber composite. Iran Occup. Health ]. 2021, 18, 1-17. [CrossRef]

Kalaivani, R.; Ewe, L.S.; Zaroog, O.S.; Woon, H.S.; Ibrahim, Z. Acoustic properties of natural fiber of oil palm trunk. Int. . Adv.
Appl. Sci. 2018, 5, 88-92. [CrossRef]

Mawardi, I; Aprilia, S.; Faisal, M.; Ikramullah; Rizal, S. An investigation of thermal conductivity and sound absorption from
binderless panels made of oil palm wood as bio-insulation materials. Results Eng. 2021, 13, 100319. [CrossRef]

Sakthivel, S.; Kumar, S.S.; Solomon, E.; Getahun, G.; Admassu, Y.; Bogale, M.; Gedilu, M.; Aduna, A.; Abedom, F. Sound absorbing
and insulating properties of natural fiber hybrid composites using sugarcane bagasse and bamboo charcoal. ]. Eng. Fibers Fabr.
2021, 16, 15589250211044818. [CrossRef]

Prabhu, L.; Krishnaraj, V.; Gokulkumar, S.; Sathish, S.; Sanjay, M.R.; Siengchin, S. Mechanical, chemical and sound absorption
properties of glass/kenaf/waste tea leaf fiber-reinforced hybrid epoxy composites. J. Ind. Text. 2020, 51, 1674-1700. [CrossRef]
Nasidi, LN.; Ismail, L.H.; Samsudin, E.; Jaffar, M.I. Effects of Kenaf Fiber Strand Treatment by Sodium Hydroxide on Sound
Absorption. J. Nat. Fibers 2021, 1-10. [CrossRef]

Dhandapani, N.; Megalingam, A. Mechanical and Sound Absorption Behavior of Sisal and Palm Fiber Reinforced Hybrid
Composites. ]. Nat. Fibers 2021, 19, 4530-4543. [CrossRef]

Koruk, H.; Ozcan, A.C.; Geng, G.; Sanliturk, K.Y. Jute and Luffa Fiber-Reinforced Biocomposites: Effects of Sample Thickness and
Fiber/Resin Ratio on Sound Absorption and Transmission Loss Performance. J. Nat. Fibers 2021, 1-16. [CrossRef]

51



Polymers 2022, 14, 4727

116.

117.

118.

119.

120.

121.

122.
123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

Rusli, M; Irsyad, M.; Dahlan, H.; Gusriwandi; Bur, M. Sound absorption characteristics of the natural fibrous material from
coconut coir, oil palm fruit bunches, and pineapple leaf. IOP Conf. Ser. Mater. Sci. Eng. 2019, 602, 012067. [CrossRef]

Sheng, D.D.C.V.; Bin Yahya, M.N.; Din, N.B.C. Sound Absorption of Microperforated Panel Made from Coconut Fiber and
Polylactic Acid Composite. ]. Nat. Fibers 2020, 19, 2719-2729. [CrossRef]

Bhingare, N.H.; Prakash, S. An experimental and theoretical investigation of coconut coir material for sound absorption
characteristics. Mater. Today Proc. 2021, 43, 1545-1551. [CrossRef]

Rakesh, K.M.; Srinidhi, R.; Gokulkumar, S.; Nithin, K.S.; Madhavarao, S.; Sathish, S.; Karthick, A.; Muhibbullah, M.; Osman, S.M.
Experimental Study on the Sound Absorption Properties of Finger Millet Straw, Darbha, and Ripe Bulrush Fibers. Adv. Mater. Sci.
Eng. 2021, 2021, 1-12. [CrossRef]

Mohankumar, D.; Rajeshkumar, L.; Muthukumaran, N.; Ramesh, M.; Aravinth, P.; Anith, R.; Balaji, S. Effect of fiber orientation on
tribological behaviour of Typha angustifolia natural fiber reinforced composites. Mater. Today Proc. 2022, 62, 1958-1964. [CrossRef]
El Hajj, N.; Mboumba-Mamboundou, B.; Dheilly, R.-M.; Aboura, Z.; Benzeggagh, M.; Queneudec, M. Development of thermal
insulating and sound absorbing agro-sourced materials from auto linked flax-tows. Ind. Crop. Prod. 2011, 34, 921-928. [CrossRef]
Pfretzschner, J.; Rodriguez, R.M. Acoustic properties of rubber crumbs. Polym. Test. 1999, 18, 81-92. [CrossRef]

Xiang, H.-F.; Wang, D.; Liua, H.-C.; Zhao, N.; Xu, J. Investigation on sound absorption properties of kapok fibers. Chin. ]. Polym.
Sci. 2013, 31, 521-529. [CrossRef]

Zhang, S.; Li, Y.; Zheng, Z. Effect of physiochemical structure on energy absorption properties of plant fibers reinforced composites:
Dielectric, thermal insulation, and sound absorption properties. Compos. Commun. 2018, 10, 163-167. [CrossRef]

Olcay, H.; Kocak, E.D. Rice plant waste reinforced polyurethane composites for use as the acoustic absorption material. Appl.
Acoust. 2021, 173, 107733. [CrossRef]

Hassan, T.; Jamshaid, H.; Mishra, R.; Khan, M.Q.; Petru, M.; Novak, J.; Choteborsky, R.; Hromasova, M. Acoustic, Mechanical and
Thermal Properties of Green Composites Reinforced with Natural Fibers Waste. Polymers 2020, 12, 654. [CrossRef]

Lahouioui, M.; Ben Arfi, R.; Fois, M.; Ibos, L.; Ghorbal, A. Investigation of Fiber Surface Treatment Effect on Thermal, Mechanical
and Acoustical Properties of Date Palm Fiber-Reinforced Cementitious Composites. Waste Biomass-Valorization 2019, 11, 4441-4455.
[CrossRef]

Bin Bakri, M.K.; Jayamani, E.; Soon, K.H.; Hamdan, S.; Kakar, A. An experimental and simulation studies on sound absorption
coefficients of banana fibers and their reinforced composites. In Nano Hybrids and Composites; Trans Tech Publications Ltd.:
Wollerau, Switzerland, 2017; Volume 12, pp. 9-20.

Berardi, U.; Iannace, G. Acoustic characterization of natural fibers for sound absorption applications. Build. Environ. 2015, 94,
840-852. [CrossRef]

Yahya, M.N.; Sambu, M.; Latif, H.A.; Junaid, T.M. August. A study of acoustics performance on natural fibre composite. In IOP
Conference Series: Materials Science and Engineering; IOP Publishing: Bristol, UK, 2017; Volume 226, p. 012013.

Fouladi, M.H.; Nassir, M.H.; Ghassem, M.; Shamel, M.; Peng, S.Y.; Wen, S.Y.; Xin, P.Z.; Nor, M.].M. Utilizing Malaysian natural
fibers as sound absorber. In Modeling And Measurement Methods for Acoustic Waves and for Acoustic Microdevices; Intechopen:
London, UK, 2013; pp. 161-170.

Lee, H.P; Ng, B.M.P; Rammohan, A.V,; Tran, L.Q.N. An Investigation of the Sound Absorption Properties of Flax/Epoxy
Composites Compared with Glass/Epoxy Composites. |. Nat. Fibers 2016, 14, 71-77. [CrossRef]

Mohapatra, T.K.; Satapathy, S.; Panigrahi, I.; Mishra, D. Biodegradable Acoustic Proficiency in Sound Absorption Capacity
After Water Treatment and Testing by Impendence Tube Method: Hot Water and Saline Treatment to Test Acoustic Property.
In Handbook of Research on Advancements in Manufacturing, Materials, and Mechanical Engineering; IGI Global: Hershey, PA, USA,
2021; pp. 75-90.

Hassan, N.N.M.; Rus, A.Z.M. Influences of thickness and fabric for sound absorption of biopolymer composite. In Applied
Mechanics and Materials; Trans Tech Publications Ltd.: Wollerau, Switzerland, 2013; Volume 393, pp. 102-107.

Santhanam, S.; Temesgen, S.; Atalie, D.; Ashagre, G. Recycling of cotton and polyester fibers to produce nonwoven fabric for
functional sound absorption material. J. Nat. Fibers 2017, 16, 300-306. [CrossRef]

Jayamani, E.; Hamdan, S.; Rahman, M.R.; Bakri, M.K.B. Investigation of fiber surface treatment on mechanical, acoustical and
thermal properties of betelnut fiber polyester composites. Procedia Eng. 2014, 97, 545-554. [CrossRef]

Santoni, A.; Bonfiglio, P.; Fausti, P.; Marescotti, C.; Mazzanti, V.; Mollica, F.; Pompoli, F. Improving the sound absorption
performance of sustainable thermal insulation materials: Natural hemp fibres. Appl. Acoust. 2019, 150, 279-289. [CrossRef]

da Silva, C.C.B.; Terashima, F.J.H.; Barbieri, N.; de Lima, K.F. Sound absorption coefficient assessment of sisal, coconut husk and
sugar cane fibers for low frequencies based on three different methods. Appl. Acoust. 2019, 156, 92-100. [CrossRef]

Buratti, C.; Belloni, E.; Lascaro, E.; Merli, F.; Ricciardi, P. Rice husk panels for building applications: Thermal, acoustic and
environmental characterization and comparison with other innovative recycled waste materials. Constr. Build. Mater. 2018, 171,
338-349. [CrossRef]

Soltani, P.; Taban, E.; Faridan, M.; Samaei, S.E.; Amininasab, S. Experimental and computational investigation of sound absorption
performance of sustainable porous material: Yucca Gloriosa fiber. Appl. Acoust. 2019, 157, 106999. [CrossRef]

Qui, H.; Enhui, Y. Effect of Thickness, Density and Cavity Depth on the Sound Absorption Properties of Wool Boards. Autex Res.
J. 2018, 18, 203-208. [CrossRef]

52



Polymers 2022, 14, 4727

142.

143.

144.

145.

146.

147.

148.

149.
150.

151.

152.

153.

Putra, A.; Or, K.H.; Selamat, M.Z.; Nor, M.].M.; Hassan, M.H.; Prasetiyo, I. Sound absorption of extracted pineapple-leaf fibres.
Appl. Acoust. 2018, 136, 9-15. [CrossRef]

Sari, N.H.; Wardana, LN.G.; Irawan, Y.S.; Siswanto, E. Physical and Acoustical Properties of Corn Husk Fiber Panels. Adv. Acoust.
Vib. 2016, 2016, 5971814. [CrossRef]

Chin, D.D.V.S,; Yahya, M.N.B.; Din, N.B.C.; Ong, P. Acoustic properties of biodegradable composite micro-perforated panel
(BC-MPP) made from kenaf fibre and polylactic acid (PLA). Appl. Acoust. 2018, 138, 179-187. [CrossRef]

Gama, N; Silva, R;; Carvalho, A.P; Ferreira, A.; Barros-Timmons, A. Sound absorption properties of polyurethane foams derived
from crude glycerol and liquefied coffee grounds polyol. Polym. Test. 2017, 62, 13-22. [CrossRef]

Othmani, C.; Taktak, M.; Zein, A.; Hentati, T.; Elnady, T.; Fakhfakh, T.; Haddar, M. Experimental and theoretical investigation of
the acoustic performance of sugarcane wastes based material. Appl. Acoust. 2016, 109, 90-96. [CrossRef]

Belakroum, R.; Gherfi, A.; Kadja, M.; Maalouf, C.; Lachi, M.; El Wakil, N.; Mai, T. Design and properties of a new sustainable
construction material based on date palm fibers and lime. Constr. Build. Mater. 2018, 184, 330-343. [CrossRef]

Ghofrani, M.; Ashori, A.; Mehrabi, R. Mechanical and acoustical properties of particleboards made with date palm branches and
vermiculite. Polym. Test. 2017, 60, 153-159. [CrossRef]

Berardi, U.; lannace, G.; Di Gabriele, M. The Acoustic Characterization of Broom Fibers. J. Nat. Fibers 2017, 14, 858-863. [CrossRef]
Sheng, C.; He, G.; Hu, Z.; Chou, C.; Shi, J.; Li, J.; Meng, Q.; Ning, X.; Wang, L.; Ning, F. Yarn on yarn abrasion failure mechanism
of ultrahigh molecular weight polyethylene fiber. J. Eng. Fibers Fabr. 2021, 16, 1925832385. [CrossRef]

Ning, F; He, G.; Sheng, C.; He, H.; Wang, J.; Zhou, R.; Ning, X. Yarn on yarn abrasion performance of high modulus polyethylene
fiber improved by graphene/polyurethane composites coating. J. Eng. Fibers Fabr. 2021, 16, 1-10. [CrossRef]

Li, C,; Jiang, T.; Liu, S.; Han, Q. Dispersion and band gaps of elastic guided waves in the multi-scale periodic composite plates.
Aerosp. Sci. Technol. 2022, 124, 107513. [CrossRef]

Chen, B,; Lu, Y.; Li, W.; Dai, X.; Hua, X; Xu, J.; Wang, Z.; Zhang, C.; Gao, D.; Li, Y.; et al. DPM-LES investigation on flow field
dynamic and acoustic characteristics of a twin-fluid nozzle by multi-field coupling method. Int. J. Heat Mass Transf. 2022, 192,
122927. [CrossRef]

53






a polymers

Review

Recent Progress on Tailoring the Biomass-Derived Cellulose
Hybrid Composite Photocatalysts

Yi Ding Chai 1 Yean Ling Pang 1.2,* Steven Lim 12, Woon Chan Chong 1.2 Chin Wei Lai 3
and Ahmad Zuhairi Abdullah 4

Citation: Chai, Y.D.; Pang, Y.L.; Lim,
S.; Chong, W.C.; Lai, C.W.; Abdullah,
A.Z. Recent Progress on Tailoring the
Biomass-Derived Cellulose Hybrid
Composite Photocatalysts. Polymers
2022, 14, 5244. https://doi.org/
10.3390/polym14235244

Academic Editors: Vsevolod
Aleksandrovich Zhuikov and Rosane

Michele Duarte Soares

Received: 29 October 2022
Accepted: 21 November 2022
Published: 1 December 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
1.0/).

Department of Chemical Engineering, Lee Kong Chian Faculty of Engineering and Science, Universiti Tunku
Abdul Rahman, Kajang 43000, Malaysia
2 Centre for Photonics and Advanced Materials Research, Universiti Tunku Abdul Rahman,
Kajang 43000, Malaysia
3 Nanotechnology & Catalysis Research Centre (NANOCAT), Institute for Advanced Studies, University of
Malaya, Kuala Lumpur 50603, Malaysia
School of Chemical Engineering, Universiti Sains Malaysia, Nibong Tebal 14300, Malaysia
*  Correspondence: pangyl@utar.edu.my or pangyeanling@hotmail.com; Tel.: +603-9086-0288;
Fax: +603-9019-8868

Abstract: Biomass-derived cellulose hybrid composite materials are promising for application in the
field of photocatalysis due to their excellent properties. The excellent properties between biomass-
derived cellulose and photocatalyst materials was induced by biocompatibility and high hydrophilic-
ity of the cellulose components. Biomass-derived cellulose exhibited huge amount of electron-rich
hydroxyl group which could promote superior interaction with the photocatalyst. Hence, the original
sources and types of cellulose, synthesizing methods, and fabrication cellulose composites together
with applications are reviewed in this paper. Different types of biomasses such as biochar, activated
carbon (AC), cellulose, chitosan, and chitin were discussed. Cellulose is categorized as plant cellulose,
bacterial cellulose, algae cellulose, and tunicate cellulose. The extraction and purification steps of
cellulose were explained in detail. Next, the common photocatalyst nanomaterials including titanium
dioxide (TiO;), zinc oxide (ZnO), graphitic carbon nitride (g-C3Ny), and graphene, were introduced
based on their distinct structures, advantages, and limitations in water treatment applications. The
synthesizing method of TiO,-based photocatalyst includes hydrothermal synthesis, sol-gel synthesis,
and chemical vapor deposition synthesis. Different synthesizing methods contribute toward different
TiO, forms in terms of structural phases and surface morphology. The fabrication and performance
of cellulose composite catalysts give readers a better understanding of the incorporation of cellulose
in the development of sustainable and robust photocatalysts. The modifications including metal
doping, non-metal doping, and metal-organic frameworks (MOFs) showed improvements on the
degradation performance of cellulose composite catalysts. The information and evidence on the
fabrication techniques of biomass-derived cellulose hybrid photocatalyst and its recent application in
the field of water treatment were reviewed thoroughly in this review paper.

Keywords: biomass; cellulose; photocatalysts; hybrid materials; degradation performance

1. Introduction

Nowadays, the rising population on Earth has significantly amplified the production
of organic solid waste [1]. The disposal of organic solid waste, such as biomass, creates a
prolonged problem, especially in the agricultural industry [2]. Dumping solid waste into
natural territory, such as landfills, has heightened the global waste level and rather induced
certain risks regarding the handling method of solid waste [3]. Atlandfills, the degradation
of biomass produces methane gases, and they are being released into the surroundings
and further become a factor in the Greenhouse Gas (GHG) effect [4]. Such environmental
issues have directed researchers towards discovering environmentally friendly and low
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cost methods to produce and commercialize potential materials from organic solid waste
such as biomass [5]. In fact, organic solid waste such as biomass is also intrinsic to a high
carbon value, so these types of waste should be redefined as “resources” [4]. Biomass has
been regarded as a sustainable resource that could potentially minimize GHG emissions [5].
To acquire zero GHG emissions, there must be a balance between both the production
of plant biomass and the management of its residual wastes. This can be acquired by
establishing a circular economy which involves the activities of reuse, recycle, repurpose,
and up-cycle [4,5].

Cellulose is a biopolymer that is widely available, renewable, and makes up the
majority of biomass. Biomass materials including corn cobs, banana stems, sugarcane
bagasse, and wheat straw are sources of cellulose. Depending on the source, lignocellulosic
biomass contains 40-60% w/w cellulose, 15-30% w/w hemicellulose, and 10-25% w/w
lignin [6]. The cellulose isolated from biomass is presented in the form of cellulose fibers. It
has been claimed that the promising composition of agricultural residues, which contains
more hemicellulose and less lignin than wood, promotes more effective nanofibrillation [7].

Among advanced oxidation processes, photocatalysis is commonly applied for the
degradation of organic dye. It comprises a photo-oxidation reaction in the presence of
photocatalysts under light irradiation. In photocatalysis, the photocatalyst is activated
through the absorption of photon energy to accelerate the chemical reaction without being
consumed [8]. When the energy received from light irradiation is equal to or exceeds the
band gap energy of photocatalysts, the electrons in the valence band of photocatalysts
will migrate to the conduction band of photocatalysts, leaving holes in the valence band
of photocatalysts [9]. Simultaneously, the generated electrons and holes will carry out
the reduction and oxidation reactions to produce superoxide anion radical and hydroxyl
radicals, respectively. These reactive oxygen radicals may contribute to the oxidative
pathways to degrade the organic pollutant molecules.

Despite the efficient removal of organic pollutants, conventional photocatalysis pos-
sesses limitations such as difficult recovery of the catalyst, generation of secondary pollu-
tion, and a high consumption of both catalysts and energy. To overcome these limitations, it
is highly desirable to develop semiconductor photocatalysts with promising charge migra-
tion, high quantum efficiency, broad light spectral response, and good stability. Through the
emergence of cellulose and its potential derivatives, the performance and sustainability of
cellulose-based photocatalysts have advanced progressively in the past decade. Therefore,
this review is able to provide insights and guidance for scientists who are looking for the
development and functionality of cellulose-based nanostructured photocatalyst hybrids to
address emerging environmental concerns.

2. Biomass

In general, biomass is known as a biological material obtained from plant-based or
animal-based resources and their respective derived residues and wastes [5]. Biomass can
be categorized into agricultural wastes, forestry wastes, industrial wastes, and municipal
wastes [1,5,10,11]. Researchers tend to make use of biomass in researches via a facile
route due to its recyclability and sustainability [3]. Both material costs and solid waste
management risks can be lowered due to the utilization of renewable biomass as starting
materials [12].

The global primary production of agricultural biomass is approximately 220 billion
tonnes annually based on the dry weight basis [13]. Agricultural biomass mainly comprises
cellulose, hemicellulose, and lignin as shown in Figure 1 [14]. Cellulose is a straight
chain polymer comprising glucose monomers [15]. Hemicellulose has different short-chain
polymers such as d-xylose, d-galactose, and d-glucose [16]. Lignin is a complex non-
crystalline phenolic macromolecule with an amorphous nature and aromatic structures such
as sinapyl, coniferyl, and coumaryl alcohols [15,16]. Furthermore, inorganic constituents
such as calcium, potassium, silicon, magnesium, sodium, phosphorous, and chlorine can
also be found in biomass [10,15,17]. Biomass contains about 51 wt% of carbon, 42 wt% of
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oxygen, and other remaining elements [10]. Biomass collected from agricultural waste is
mostly lignocellulosic biomass and it can be utilized to synthesize carbon-based catalysts
such as biochar and AC owing to high carbon content [2].

o
0-HO 7oA 7~ 0
M5 S e
OH HO
Meoﬁg o 04
HOOC

HO o
Figure 1. Cellulose, hemicellulose, and lignin contained inside biomass. Reproduced with permission
from [14].

Looking into the marine biomass, it was reported that 17.4 million tonnes of mollusks
and 8.4 million tonnes of crustaceans were produced globally in 2017 [18]. The examples
of mollusks are mussel, clam, and oyster whereas the examples of crustaceans are lobster,
shrimp, and crab. However, seafood wastes are often thrown back into the sea, burned,
landfilled, or left aside to decompose [19]. The utilization of marine biomass has become
an environmental priority and has amplified research regarding waste conversion into
valuable products such as cellulose, chitosan, and chitin [19-21].

2.1. Biochar

Biochar is known as biomass-derived char and it is a carbon-rich material because it
comprises about 60-90% carbon [22,23]. Biomass, such as agricultural residues (rice hulls
and bagasse), garden residues, and municipal wastes, can be used to produce biochar [24].
The promising properties of biochar are the large specific surface area, high pore volume,
high fertility, long-term stability structure, strong adsorption capacity, and enriched surface
functional groups and mineral components [22,24,25].

Biochar can be produced via pyrolysis, gasification, and carbonization [26,27]. Py-
rolysis is the conventional method to produce biochar and it is conducted within an
oxygen-limited or oxygen-free environment at a temperature range of 300-800 °C [22,24,27].
During pyrolysis, the biomass components will experience both thermal reactions and
molecular arrangements in order to construct a polymerized aromatic structure and this
structure enables active compounds to functionalize biochar [23]. Meanwhile, gasification
transforms biomass into a major gaseous product of syngas and a minor solid product of
biochar at a temperature higher than 700 °C in the presence of an oxidizing agent [22,27].
Gases such as oxygen, air or steam can be applied as oxidizing agents [27].

Carbonization can be carried out prior to activation where biomass performs a thermal
treatment (slow pyrolysis) to enrich the carbon content in the biomass [28,29]. The resultant
solid residue (biochar) possesses low porosity and the formed pores are entrapped with
tar-like materials [22,29]. The biochar can be further developed in activation processes
even though the initial porosity of char is relatively low [28]. Carbonization parameters
including carbonization temperature, heating rate, and residence time, contribute to the

57



Polymers 2022, 14, 5244

formation of the initial pore structure through the emissions of volatile matter from the
carbon matrix [28,29].

Biochar is introduced into soil to improve soil fertility, enhance carbon sequestration,
and mitigate greenhouse gas emission [22,24]. Other than that, biochar is also used as a
precursor of synthesizing catalysts and contaminant adsorbents in both soil amendment and
wastewater treatment [27]. The raw materials of biochar synthesis are cheap and abundant,
while the preparation of biochar is cost-effective with lower energy requirements [24,25].
Thus, biochar is reported to be a potential low-cost and effective adsorbent in applications
such as catalysis and soil remediation [25].

2.2. Activated Carbon (AC)

AC is defined as a form of amorphous carbonaceous materials with high surface area,
high porosity nature, high adsorption capacity, and oxygenated functional groups [23,29-31].
The preparation of AC is close to the preparation of biochar except for the additional activation
process and higher treatment temperatures are required [25,32]. The activation process can
be carried out with three methods which are physical activation, chemical activation, and
physiochemical activation [28-30]. The purpose of the activation process is to enlarge pore
size, improve the pore volume, expand the pore diameter and increase the porosity [23,28].
Physical activation involves thermally treating the carbonaceous precursor in the presence
of oxidizing agents such as inert gas, carbon dioxide, and steam, at elevated temperatures
ranging from 400 to 1000 °C [29,30]. The introduction of an oxidizing agent promotes the
internal porosity of AC [29].

For chemical activation, chemical agents will be added to the material prior to the
same thermal treatment as physical activation [30]. The type and concentration of chemical
agents, or named as activating agents, such as zinc chloride (ZnCl,), potassium hydroxide
(KOH), phosphoric acid (H3POy), and sodium carbonate (NayCO3), are taken into account
for the surface properties of AC. Nayak et al. [33] reported that the micropore volume and
surface area of ZnCly-prepared AC (0.61 cc/g and 2430.8 m?/g) was higher than KOH-
prepared AC (0.32 cc/g and 1506.2 m?/g). Under similar activation conditions (precursor
to activating agent mass ratio =1:0.5, 600 °C, and 1 h), ZnCl, promoted the microporosity
on AC, whereas KOH induced the development of larger pores on AC. Shrestha and
Rajbhandari [34] found out that the AC impregnated with H3POy exhibited the highest
surface area (1269.5 m?/g) as compared to AC impregnated with KOH (280.6 m?/g) and
Na,COj3 (58.9 m?/ g) at similar activation conditions (precursor to activating agent mass
ratio =1:1, 400 °C, and 3 h) due to numerous mesopores and micropores. The activating
agents such as KOH and Na;COs at the activation temperature of 400 °C were insufficient to
induce a high porous structure on AC. The favorable activation temperature for acidic and
alkaline activating agents were reported at 400-500 °C and 750-850 °C, respectively [35].
In addition, Zhang et al. [36] reported that the increasing mass ratio of sodium hydroxide
(NaOH) to carbonized wheat bran from 1 to 5 at the activation temperature of 800 °C
increased the mesoporosity of AC. Excessive usage of NaOH could damage the pore walls,
widen the pore through violent etching, and destruct the micropore structure of AC.

Next, AC is usually utilized in applications of pollution control such as gaseous filter
systems and wastewater treatment [23,30]. The high adsorption capacity of AC allows it to
act as catalyst support, and to remove pollutants such as heavy metal and organic dyes
from contaminated wastewater or dyeing unit effluent effectively [23,32,37]. Nevertheless,
the drawbacks of commercial AC are high production cost, separation difficulty, low
regeneration rate, and difficulty in reactivation process [31,32]. Similar to biochar, any low
cost carbonaceous material can be used as promising precursor sources of AC and it can
be obtained from woody biomass, agricultural waste, and forestry residues [29,30]. For
example, coconut shells, bamboo, wood, silk cotton hull, coal, fruit peel, and especially
biochar are used in the fabrication of AC [23,29,30,32,37].

Besides, Wickramaarachchi et al. [38,39] reported the fabrication of AC with hierarchi-
cal porous structure by using biomass such as mango seed husk and grape marc to develop
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sustainable supercapacitor materials. Both mango-seed-husk- and grape-marc-derived
AC achieved high specific capacitance of 135 F/g and 139 F/g, respectively, at optimum
conditions. Arun et al. [40] discovered that adding 0.1 wt% orange-peel-derived AC to
the negative electrode of a lead acid battery cell increased capacity and raised charge
acceptance along with lowering gassing voltages. When jute-fiber-derived AC was used
as an anode material for lithium-ion batteries, it demonstrated a high specific capacity of
742.7 mA h/g after 100 cycles at 0.2 C [41]. This showed that the jute-fiber-derived AC was
a stable and efficient anode material. Hence, biomass-derived AC can also be a potential
material for energy storage applications.

2.3. Cellulose

Cellulose is defined as a linear chain of ringed glucose molecules forming a flat
ribbon-like structure [42,43]. The molecular mass of cellulose ranges from 1.44 x 10° to
1.8 x 10° g and it shows thermal softening at a temperature of 231-253 °C [44]. Cellulose is
a biopolymer made up of glucose monomers with the degree of polymerization ranging
between 1 x 10* and 2 x 10* based on the source of cellulosic material [45,46]. Each
glucose monomer contains three hydroxyl groups which control the crystalline packing
and physical properties of cellulose [47]. The glucose linkages can be stabilized to form
a linear cellulose chain because of the existence of hydrogen bonding between hydroxyl
groups and oxygen atoms of the adjoining ring molecules [42]. These hydroxyl groups
also define the chemical reactivity of cellulose, whereby their reactive sites enable the
functionalization of cellulose materials [48]. Thus, chemical modifications of cellulose can
enhance the adsorption property of cellulose towards pollutant removal by altering its
physical and chemical properties [32].

Cellulose has degree of polymerization >2000, is insoluble in common solvents such
as water, and is also weakly accessible to acid and enzymatic hydrolysis [32,49,50]. The
material properties of cellulose are contributed by the phenomenon of aggregation via Van
der Waals forces, and both inter- and intra-molecular hydrogen bonding inside the cellulose
chains [46,51]. With the formation of inter-molecular hydrogen bonds, the cellulose chains
are organized in a parallel arrangement to form stiff ribbon- or sheet-like structures through
the hindering of free rotation of the rings on the glucose linkages [32,49,51]. The Van
der Waals forces and weak CH-O bonds or intra-molecular hydrogen bonds hold these
cellulosic sheets together in layers [44,52].

The linear cellulose chains, or named as cellulose fibrils, aggregate to form a microfib-
ril, and subsequently the microfibrils are further assembled into the common cellulose
fibers during the cellulose biosynthesis [46,51]. The range of microfibrils cross dimensions
is between 2 and 20 nm, and this depends on the origin of cellulose [46]. Looking into the
cellulose fibrils, cellulose chains are divided into crystalline and amorphous regions [43].
The cellulose chains in the crystalline region are arranged highly ordered, while the cel-
lulose chains in the amorphous region are arranged disorderly. The crystalline region
consists of a complex network of hydrogen bonds, which gives strength and toughness to
cellulose fibrils [51]. The amorphous region, comprising cellulose chains with lower density
compared to the crystalline region, has higher availability to form more hydrogen bonds
with other molecules [53]. Eventually, the amorphous region can be easily hydrolyzed
under harsh pre-treatment conditions to deliver nanosized cellulose [51,54].

Within the crystalline region, the variations of the inter- and intra-molecular hydrogen
bonding and molecular orientations generate cellulose polymorphs or allomorphs [55].
The generated cellulose polymorphs are influenced by the source, extraction method, and
treatment of cellulose [46]. Native cellulose is known as the primary cellulose produced
from natural biosynthesis, which does not undergo any changes of form and it has the
polymorph of cellulose I [47,56]. Cellulose I can be transformed into cellulose II by either
mercerization in strong alkali medium or acid regeneration [56]. Cellulose I and cellulose II
can also be converted into the respective cellulose III; and cellulose IlIj; through ammoniacal
treatments [57].
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Cellulose I'is commonly studied due to its high abundance in nature [56]. Cellulose I
comprises two crystalline forms or suballomorphs which are Iox and If3 lattices [46,49]. The
I lattice has a one-chain triclinic structure while the If lattice has a two-chain monoclinic
structure [45,52]. Next, different cellulose sources vary in the fractions of I« and I crystal
structures [45]. The Ix crystal structures predominate in bacterial cellulose and algae
cellulose, whereas the If} crystal structures predominate in plant cellulose and tunicate
cellulose [58].

It is interesting that both I and I crystal structures comprise stacks of sheet-like
cellulose chain layers to form three-dimensional (3D) crystals [52,56]. The It and I crystal
structures have comparable unit chain length, interchain distance, and intersheet distance,
which are 10.4 A, 82 A, and 3.9 A, respectively [52]. Nevertheless, the I« and I crystal
structures differ from the framework of relative displacement between adjacent cellulosic
layers [56]. The Ix crystal structure can be converted into If crystal structure through
annealing and it is an irreversible process [45,49]. Thus, this shows that the If} crystal
structure is more stable compared to the meta-stable Ix crystal structure [49,56].

2.4. Chitosan and Chitin

Chitosan is known as poly-3-(1,4)-2-amino-2-deoxy-glucopyranose whereby it is a
polysaccharide consisting of glucosamine and N-acetylglucosamine as copolymers [59,60].
Chitosan is produced from the partial deacetylation of chitin [19,59]. Typically, chitosan is
determined as the second abundant biomass-derived polysaccharide which is low cost, en-
vironmentally friendly, biocompatible, and biodegradable [60]. Chitosan has two monosac-
charide units where their proportions will be affected by the subsequent alkaline treat-
ment [20,21]. Chitosan consists of primary amine and free hydroxyl groups [21]. Besides
the acetylamine or free amino groups which replace the hydroxyl group at the C-2 position
of the cellulose structure, chitosan has a similar structure compared to cellulose as shown in
Figure 2 [61-63]. The presence of highly reactive amino groups promotes the generation of
intra- and inter-molecular hydrogen bonds with the abundant hydroxyl groups which form
linear aggregates and rigid crystalline domains [20,21]. This resulted in the high viscosity
and exhibition of polymorphism of chitosan [21,61].
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Figure 2. Structure comparison between cellulose, chitin, and chitosan. No special permission is
required to reuse all or part of an article published by MDPI [64].

Crustacean shells are the primary chitin source for the industrial production of chi-
tosan [19]. Generally, chitin is a structural element that can be found in crustaceans,
exoskeletons of insects, and cell walls of fungi as shown in Figure 3 [60]. Although marine
animals are still the main source of chitin, the fungal chitin obtained from mushrooms
is gradually increasing nowadays. It is the second most abundant naturally occurring
biopolymer after cellulose [65]. The chitin within these seafood wastes has a slow rate
of biodegradation and this causes the yielding of large piles of processing discards from
seafood processing plants [21].
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Chitin can be deacetylated into chitosan by chemical and enzymatic methods [67]. The
chemical method includes demineralization, deproteinization, deacetylation, and decol-
orization [19]. The demineralization step removes calcium carbonate (CaCO3) from the
crustacean shells with dilute hydrochloric acid (HCI), whereas deproteinization solubilizes
the protein with dilute aqueous NaOH [21]. Then, the produced chitin can be treated
with hot concentrated NaOH for a long period to synthesize chitosan through hetero-
geneous and homogeneous processes with 85-99% and 48-55% degree of deacetylation,
respectively [62,67,68]. The alkaline treatment hydrolyzes the acetyl groups and converts
N-acetylglucosamine into glucosamine with free amino groups. The degree of deacetylation
indicates the glucosamine to N-acetylglucosamine ratio whereby chitin transforms into
chitosan. When the proportion of glucosamine is higher than N-acetylglucosamine, the
produced compound is called chitosan, and vice versa for chitin [19]. The additional decol-
orization step can be carried out to remove color and improve physical appearance [21].

Furthermore, the enzymatic method for producing chitosan uses enzymes under
mild conditions [62]. Enzymatic methods utilize enzymes extracted from Mucor roxii and
Absidia coerulea for the deacetylation of chitin [67]. Chitinases or chitin deacetylases can
be obtained from Mucor roxii and Absidia coerulea, and these enzymes have a good ther-
mostability which could act optimally at 50 °C [69]. The utilization of chitin deacetylases is
mainly to produce novel and well-defined chitosan oligomers [68]. In comparison with the
enzymatic method, chemical methods have shorter processing time and higher suitability
for mass production [67,68,70]. Therefore, the chemical method is usually preferred to
produce chitosan.

Besides viscosity, both the degree of deacetylation and molecular weight of chitosan
affect the solubility, reactivity of proteinaceous material coagulation, heavy metal ion
chelation, and physical properties of chitosan films [62]. Chitosan is considered a multi-
functional polymer that can be used in food preservatives, tissue engineering, biocatalysis,
and anticancer applications [21,68,71]. The main drawback of chitosan is poor solubility at
physiological pH value 7.4 owing to the partial protonation of the amino groups [21,62].
Hence, chitosan can be further modified with processes such as grafting, cross-linking,
composites, and substituent incorporation [21]. In energy storage applications, Ramkumar
and Minakshi [72] reported the fabrication of cobalt molybdate modified by using chitosan
cross-linked with glutaraldehyde as a cathode material in a hybrid capacitor. Cross-linking
has the main benefit of enhancing the surface functionality of the modified electrode [73].
The degree of amorphosity in the composite was impacted by the cross-linking of chi-
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tosan and glutaraldehyde, which reduced particle size and enhanced the development of
cluster-like particles that produced a capacitance that was about four times greater than
as-prepared cobalt molybdate. The modified electrode also exhibited outstanding cycling
stability with 97% coulombic efficiency (over 2000 cycles), indicating that chitosan gel
adheres firmly to the molybdate moiety of cobalt molybdate.

3. Types of Cellulose

Cellulose is classified as the most abundant and renewable biopolymer found in
nature [49]. It is present in biomass such as plants, bacteria, and animals (tunicates) [42,44].
Cellulose produced from biomass in nature is around 1 trillion tonnes annually, and this
proves that it is an inexhaustible source of raw material [74]. Regardless of the sources,
cellulose is a biopolymer composed of 3-d-glucopyranose (glucose) monomers held by
linear 3 (14) linkages and the repeating unit is named as cellobiose in which a dimer of
glucose [46,75]. The term f3 is determined from the position of the ether oxygen which is
located on the same side of the glucose rings with the hydroxyl groups [76]. In the glucose
rings, the hydroxyl groups are arranged in equatorial positions, and they possess important
features such as controlling the crystalline packing, stabilizing the glucose linkages, and
determining the chemical reactivity of cellulose [44,76].

Other than abundant and renewable properties, cellulose is extensively used in its
natural purified state or derivatives because it is cheap, environmentally friendly, bio-
compatible, and readily available [42,49,50]. Cellulose fibers, microcrystalline cellulose
(MCCQ), cellulose nanofibers (CNF), nanocrystalline cellulose (NCC), cellulose hydrogels
and aerogels, and cellulosic composites are the examples of cellulosic derivatives [43,51].
High surface area, low density, high aspect ratio, good mechanical properties, low cost,
and adaptable surface properties contribute towards the utilization of cellulose in compos-
ites, polymers, synthetic fibers, and antibodies [42,77]. Cellulose and its derivatives are
used as contaminant adsorbents and stabilizers for active particles in water treatments to
remove organic and inorganic pollutants [78]. Their global market value is predicted to hit
$1.08 billion by 2020, which benefits the pharmaceutical and food divisions [48]. Hence, the
cellulose in biomass is a suitable carbon source to replace commercial synthetic applications.

3.1. Plant Cellulose

Plants are the primary reserves of cellulose [55,74]. Plants are categorized into
wood (e.g., hardwood, softwood, cotton linter) and non-wood types (e.g., agricultural
biomass) [48]. Agricultural biomass is in high abundance and readily available. Based
on the structure of agricultural biomass, lignin is located in the outer plant cell wall and
cellulose is located within the lignin shell along with hemicellulose [79]. Hemicellulose
and lignin are mostly bonded with cellulose via hydrogen bonds or covalent bonds [79,80].
Lignin is has a resistance towards biological attack and stiffens the plant stem to protect it
from external forces (e.g., wind), whereas hemicellulose supports the compatibility between
lignin and cellulose [81].

In general, the plant cell wall is divided into primary and secondary walls. The
secondary wall is responsible for the overall characteristics of plant fibers as cellulose is
mainly located in the secondary wall [75]. The secondary wall consists of three layers where
the middle layer mainly contributes to the mechanical properties of cellulose fibers [81].
Inside the middle layer of secondary plant cell wall, the cellulose fibrils impart rigidity and
maximum tensile and flexural strengths upon their alignments along the length of plant
fibers [47]. There are usually 30-100 cellulose molecules aligned helically in the extended
cellulose chain configuration [81]. In short, cellulose helps to maintain the plant cell wall
structure with its appealing mechanical properties [46].

Cellulose fiber exists in terms of cellulose chain groups inside the lignin matrix as
it does not occur naturally as an isolated molecule [47,75]. The synthesis or isolation
of cellulose particles require purification and mechanical treatments in order to remove
matrix materials (e.g., hemicellulose and lignin) partially or completely, isolate the cellulose
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fibers, and promote uniform reactions in the subsequent treatments [43]. Agricultural
biomass, or in other words, lignocellulosic biomass, undergoes chemical pretreatments
(e.g., acid hydrolysis, alkali treatment, acid-chlorite treatment, organosolv treatment),
biological pretreatments, and mechanical pretreatments (e.g., homogenization, grinding
processes) [82,83]. The final cellulose product is greatly influenced by the concentration of
chemicals, reaction time, and temperature.

Upon chemical pretreatment, acid hydrolysis is widely applied in the production of
MCC and NCC [83,84]. Table 1 shows the preparation of MCC and NCC from various
sources using different acid hydrolysis methods. Acid hydrolysis uses mineral acids such
as sulfuric acid (H2SO4), H3POy, and HCI [46]. For example, weak H,SOy4 (below 4 wt%)
hydrolyzes the polysaccharide hemicellulose completely into monosaccharide xylose by
breaking the xylosidic bonds [54]. Strong H,SO4 hydrolyzes the amorphous regions of
cellulose fibrils through the esterification of hydroxyl groups by sulphate ions, and yields
highly crystalline nanosized cellulose particles in the remaining treated solution [82,83].

Table 1. Preparation of MCC and NCC from various sources using different acid hydrolysis methods.

Cellulose

Cellulose

Acid Hydrolysis MCC/NCC «-Cellulose Crystallinity Thermal

Form Source Method Yield (%) Content (%) (%) Stability (°C) Ref
Ensete glaucum .
(Roxb.) 25M HClat 105°C 3 99 53.41 - [85]
for 15 min
Cheesman
Sweet 7 wt% HCl
sorghum at 40 °C for 90 min 818 92 75.19 B [86]
MCC 5% (w/w) HpSOy4 at
Kans grass 50 °C for 120 min 83 83.33 74.06 338 [87]
Date seeds 25 Nﬁ HCl at .105 c 12.51 - 70 352.52 [88]
or 45 min
Conocarpus 2.5MHCl at 80 °C
fiber for 30 min 27 B 57 4085 [89]
Rice husk 4M If—IZSO4 at60°C 95 95 65 - [90]
or 60 min
OPEFB 3MHClat80°C120 21 94.6 65 3585 [01]
min
. 65% (w/w) HpSO; at
NCC Jackfruit peel 37°C for 60 min 7 20.08 83.42 - [92]
. . 35 wt% HpSOy at
Olive fiber 4050 °C for 60 min 16.4 86.2 83.1 363.8 [93]
Rice husk 64wt HpS0y at 45 35-37 - 82.8 286 [94]

°C for 30 min

For acid hydrolysis, prolonged time is necessary to achieve a complete reaction [95].
However, a prolonged reaction time can hydrolyze hemicellulose and some extent of
cellulosic materials as cellulose degrades into water-soluble glucose molecules [54,95].
It was reported that microwave-assisted acid pretreatment minimized the reaction time
remarkably [54]. The subsequent washing by water or NaOH was usually used to neutralize
the pH for the treated cellulose [83]. The main drawback of acid hydrolysis is the generation
of acid-containing effluent, which requires additional treatment before disposal in the
environment [95]. This is because acid is corrosive and toxic, and it is extremely harmful
to the environment. Hence, the overall effect of acid hydrolysis towards lignocellulosic
biomass is influenced by acid-biomass ratio, acid concentration, and reaction temperature
and time [54].

Alkali treatment and acid-chlorite treatment are mainly employed to remove lignin
from lignocellulosic biomass [83]. Alkali treatment uses mediums such as NaOH, potas-
sium hydroxide (KOH), calcium hydroxide (Ca(OH),), sodium carbonate (Na,CO3), and
ammonia [54]. Lignin and silica can be dissolved in alkali treatment by breaking down
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uronic and acetic esters linkages, which causes cellulose swelling [96]. In addition, alkali
treatment also hydrolyzes hemicellulose partially to reduce the crystallinity of cellulose,
and increases the internal area and porosity of cellulose [54]. Better delignification effect is
also obtained from alkali treatment as compared to acid hydrolysis [54]. The efficiency of
the alkaline treatment can be improved by using the combination of both alkali and acidic
treatments with low amounts, and it is more economical and environmentally friendly [84].

Besides, acid-chlorite treatment involves the combination of sodium chlorite (NaClO,)
and glacial acetic acid (CH3COOH) [83]. The acidified NaClO, delignifies and bleaches the
plant fibers until the product becomes white and free of lignin. Normally, the bleaching
process is employed when incomplete delignification of the lignocellulosic materials occurs,
which yields brown-colored cellulosic products [54]. The purpose of bleaching is to elimi-
nate the remaining lignin and hemicellulose contents embedded in the obtained cellulosic
products. The commonly used bleaching agents are chlorine and hypochlorite compounds
(e.g., sodium hypochlorite (NaClO), NaClO;) due to their economical production of high
bright chemical pulps [97]. Modifications to the bleaching stage are made to deal with the
generation of effluents containing carcinogenic and mutagenic chlorinated compounds
after the bleaching process [54]. Table 2 shows different combined treatment methods to
extract cellulose from various lignocellulosic biomass sources.

Table 2. Extraction of cellulose from lignocellulosic biomass using different combined treatment

methods.

Cellulose Source

Cellulose Extraction Method

Cellulose Content
(%)

Crystallinity (%)

Thermal Stability
0

Ref

Rice straw

1.25% acidified NaClO, at
75°Cfor1lh

5 wt% KOH at room
temperature for 16 h
followed by 90 °C for 2 h

88.5

58.12

358

[98]

Oil palm frond

15 wt% NaOH at 150 °C
and 7 bar for 1 h

10% H,0O; at 90-100 °C for
1h

91.33

77.78

366.8

[99]

Sugarcane bagasse

10% (v/v) HpSO4 at 100 °C
for1h

5% (m/v) NaOH at 100 °C
for1h

5% (v/v) HyO5 and 0.1%
MgSOj (in polypropylene
bags) at 70 °C for 1 h

89.12

56.19

360

[100]

Wheat straw

0.5mL CH3;COOHand 1 g
NaClO; in 80 mL water at
reflux (oil bath at 80 °C) for
4h

17.5% (w/v) NaOH at room
temperature for 30 min

385

1% (w/v) NaOH and 20%
(w/v) HyO, at 121 °C for
35 min

79

66.87

360

[101]

Agave gigantea

5% (w/v) NaOH at 80 °C for
2h

NaOH/CH3COOH /water
(27 g/75mL/1L)and 1.7
wt% NaClO; at 80 °C for 1 h

89.39

70.94

362.59

[102]

Another alternative delignification method for lignocellulosic biomass is organosolv
treatment or organosolv pulping process. Organosolv treatment uses organic solvents such
as ethanol, CH3;COOH, and acetone [96]. For instance, OPEFB was treated with a mixture
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of aqueous ethanol and diluted H,SO4 at 120 °C for 1 h, and followed by the treatment of
diluted hydrogen peroxide (H,O,) at 50 °C for 4 h to remove lignin and hemicellulose [103].
The distillation of organic solvent could isolate the lignin content from the lignocellulosic
materials by using a mixture of organic solvent and water [96].

Biological pretreatment is employed to produce cellulose with high purity and crys-
tallinity [54]. Typically, the removal of protective layers (lignin and hemicellulose) is
required to allow easier access to cellulose. Microorganisms (e.g., white rot fungi, soft rot
fungi) attack both lignin and hemicellulose, while cellulase-less mutant is generated for the
selective degradation of lignin over cellulose [96]. Even though biological pretreatment
is energy-saving and requires no chemicals, it still suffers the main drawback such as low
degradation rate and efficiency for lignin and hemicellulose [54,96].

Mechanical pretreatment is applied in the production of microfibrillated cellulose
and nanofibrilated cellulose [82]. The obtained cellulose fibers break into smaller sizes
through high pressure homogenizing or grinding processes. For instance, the cellulose
fibers are consistently agitated with a high shear homogenizer for some time which results
in nanofibrils [81]. Nevertheless, mechanical treatment is highly energy-intensive which
leads to alternative methods such as enzymatic and acetylation treatments [82].

Lately, agricultural biomass is the most cited and it is a preferred substrate to isolate
cellulose and its derivatives. The broad range of cellulose-based raw materials includes
corn straw, OPEFB, rice husk, durian shell, wood, cotton, potato tubers, and soybean
stock [43,51]. The average cellulose contents in wood, cotton, jute, flax, and ramie, are
40-50 wt%, 87-90 wt%, 60-65 wt%, 70-80 wt%, and 70-75 wt%, respectively [44]. Plant
cellulose is mainly utilized in the textile, pulp and paper, packaging, and pharmaceutical
industries for harvesting, processing, and handling [43]. Nevertheless, plant cellulose has
disadvantages, such as being easily degraded at temperatures above 200 °C, and a high
moisture content, which hinders the subsequent carbonization heat treatment [47]. Overall,
the benefits of plant cellulose surpass its shortcomings and it is commonly chosen for mass
production compared to bacterial cellulose due to lower costs [82].

3.2. Bacterial Cellulose

Bacterial cellulose is firstly reported as Bacterium xylinum by Brown in 1886 [104]. The
bacterial cellulose is initially produced by bacterial strains named Gluconacetobacter xylinus
(G. xylinumy), previously known as Acetobacter xylinum (A. xylinum) [76]. Researcher Brown
collected G. xylinum from a pellicle formed on the surface of beer [105]. G. xylinum can
also be found in the fermentation of carbohydrates like rotten fruits and unpasteurized
wine [106]. Other bacteria species such as Agrobacterium, Pseudomonas, Rhizobium, and
Sarcina, are also able to produce bacterial cellulose [107]. Different bacteria species synthe-
size cellulose with various morphologies, structures, properties, and applications [108]. In
comparison with other bacteria strains, G. xylinum is commonly used to produce bacterial
cellulose commercially due to its relatively high productivity [109]. Regarding productivity,
one bacterium is predicted to transform 108 glucose molecules per hour into cellulose [76].

Furthermore, G. xylinum is the most studied source and it will be used to demon-
strate the proposed biochemical pathway from glucose to cellulose [107,110]. Cellulose
is synthesized extracellularly, which is between the outer and cytoplasma membranes
of G. xylinum [111]. The biosynthesis of bacterial cellulose requires cellulose synthase.
The cellulose synthase is activated by the enzyme named cyclic diguanylmonophosphate
(c-di-GMP) [107]. An individual G. xylinum cell could polymerize up to 200,000 glucose
molecules per second into cellulose chains [112].

Looking into the formation of bacterial cellulose, an elongated cellulose chain is formed
through the aggregation of about 6-8 glucose chains [111]. It is reported that there are
approximately 50 to 80 pores arranged along the long axis of the G. xylinum cell [112]. These
elongated cellulose chains or fibrils escape from the pores (diameter about 3 nm) on the
surface of G. xylinum cell and are further assembled into ribbon-like microfibrils [106,111].
The bundles of ribbon-like microfibrils aggregate into a network of interwoven ribbons
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and finally form a bacterial cellulose membrane or pellicle [111]. Moreover, G. xylinum
produces the pellicle on the surface of the liquid culture medium. The formed pellicle is a
thick gel comprising ribbons of cellulose microfibrils and 99% water [107]. G. xylinum is an
aerobic bacteria and it produces pellicle to protect itself from ultraviolet light [111]. The
pellicle acts as a barrier to safeguard against other organisms and heavy-metal ions, and
yet allows the diffusion of nutrients into the bacteria cell [105]. Therefore, the biosynthesis
mechanism helps G. xylinum to reach the oxygen-rich surface for survival purposes.

The synthesis of bacterial cellulose focuses mainly on culturing methods and purifi-
cation to promote cellulose microfibrillar growth and to eliminate the bacteria and other
media, respectively [43]. Purification of bacterial cellulose normally serves the purpose of
killing the bacteria and removing unwanted byproducts by using standard NaOH treat-
ment [76]. The culture medium and culture conditions are the crucial factors in each type
of the culturing method. In the culture medium, bacteria strain, carbon source, nitrogen
source, nutrition, pH, and oxygen delivery affect the bacteria growth and properties of
bacterial cellulose [108,113]. The optimum pH value of the culture medium ranges from 4
to 7 [76]. It is reported that bacteria perform efficiently in culture media containing rich
carbon source and limited nitrogen source [113]. Meanwhile, the bacteria synthesize cellu-
lose ribbons containing mixtures of Iec and I lattices under different culture conditions
including stirring, temperature, and additives. The Iat/If ratio and width of cellulose
microfibrils can be changed without the presence of additives [76].

The common methods to prepare bacterial cellulose are static, agitated /shaking,
and bioreactor cultures [108]. For static culture method, bacterial cellulose is aerobi-
cally synthesized in a thick cellulosic surface mat (pellicle) on the surface of the culture
medium [112,114]. The overall yield of bacterial cellulose pellicle or hydrogel sheets de-
pends on the surface area of the gas-liquid interface [115]. The formation and growth curve
of bacterial cellulose is identical despite different culture media. The bacterial cellulose
microfibers accumulate to form a hydrogel sheet structure. The bacteria strains help to
form and grow bacterial cellulose hydrogel sheets along with the consumption of nutrients.
Glucose and CH3COOH are the nutrients required for the bacteria strains [108]. When the
bacterial cellulose gel sheet thickens, the oxygen supply is limited to the bacteria strains
which inhibit the further synthesis of bacterial cellulose. As a result, the produced bac-
terial cellulose has high porosity. A long culture time and intense labor force cause low
productivity of bacterial cellulose [116]. Static culture is the standard method to synthesize
bacterial cellulose at lab-scale due to its simplicity and requires low shear force [108].

Agitated /shaking culture is introduced to promote bacteria cell growth [76]. Agi-
tated/shaking culture provides shear force to the culture medium during the synthesis
of bacterial cellulose. Upon shaking or agitation, forced aeration improves the respira-
tion of bacteria to enhance the synthesis of bacterial cellulose [116]. Instead of forming
hydrogel sheet structures, small irregular shaped (sphere-like) bacterial cellulose pellets
are usually formed throughout the medium by continuously mixing with oxygen in the
shaking culture method [117]. The size, geometry, and internal structure of the bacterial
cellulose pellets are affected by the shaking or rotational speed. It is reported that hollow
sphere-like bacterial cellulose pellets were obtained at 150 rpm whereas solid sphere-like
bacterial cellulose pellets were obtained at 125 rpm [118]. The bacterial cellulose produced
from agitated /shaking culture method has a lower degree of polymerization, crystallinity,
and mechanical properties as compared to static culture [115]. In spite of increased oxygen
delivery, agitated /shaking culture has lower productivity of bacterial cellulose than static
culture due to the generation and accumulation of cellulose-negative mutants [116]. Only
bacterial species (e.g., G. xylinum) that are resistant towards the mutant generation effect
could result in higher productivity of bacterial cellulose [117].

Basic static and agitated /shaking cultures could not provide uniform mixing and
oxygen delivery in the culture medium [117]. Their batch mode processes prevented
the addition of supplementary nutrients which affects the mass production of bacterial
cellulose. The bioreactor culture method uses specially designed reactors along with high-
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speed agitation. Small-sized bacterial cellulose granules are formed by rapid rotation speed
and moving shafts within the bioreactors [117]. The examples of bioreactor are stirred tank
bioreactor, airlift bioreactor, and rotating disc bioreactor. High energy consumption of
stirred-tank bioreactors produce fibrous bacterial cellulose suspensions with a low degree
of polymerization, low crystallinity, and low elastic modulus in comparison with bacterial
cellulose hydrogel sheets, owing to high agitation and control of oxygen transfer [119]. The
airlift bioreactor provides adequate oxygen supply to the culture medium and it requires
significantly lower energy consumption than the stirred-tank bioreactor [120]. Rotating disc
bioreactor produces a homogenous bacterial cellulose structure where the circular discs
rotate to promote continuous interaction with air and liquid media [108]. The bacteria attach
at the surface of the circular discs and absorb both the nutrients inside the culture medium
and oxygen at the surface of the culture medium to synthesize bacterial cellulose [114].

The interesting properties of bacterial cellulose, such as outstanding mechanical prop-
erties, high moisture permeability, and biocompatibility, allows it to be used in different
applications especially in the bioengineering field [121]. Bacterial cellulose fibers are used
as reinforcing agents in composite due to their inert property [81]. The promising biocom-
patibility expanded the use of bacterial cellulose as a commercial wound care dressing
material. Bacterial cellulose and its derivatives are also potential materials for scaffolds,
drug-delivery systems, membrane, and filter materials [122]. Although bacterial cellulose
has many advantages, it is still very expensive to produce in mass production [110]. The
usage of various waste media and carbon sources produces bacterial cellulose with similar
physicochemical properties as compared to commercial H-S media [108]. The promising
waste materials allow the production of bacterial cellulose to be more economical and
environmentally friendly. Hence, future research is set to develop commercial production
of bacterial cellulose [122].

3.3. Comparison between Plant Cellulose and Bacterial Cellulose

Bacterial cellulose has an identical molecular structure to plant cellulose [119]. How-
ever, the chemical and physical properties of bacterial cellulose are different from plant
cellulose. Bacterial cellulose has a higher purity which is pure or nearly 100% of cellulose
content compared to plant cellulose (60-70%) [113]. The reason is that plant fibers normally
contain polymers such as lignin, hemicellulose, and pectin, and also functional groups
such as carbonyl and carboxyl, that are bonded with plant cellulose upon isolation and
purification processes [106]. Other than the hydroxyl groups, bacterial cellulose is free of
any other biopolymers or functional groups and eventually it does not require additional
purification steps.

Cellulose fibrils in plant cellulose are formed within the plant cell wall matrix, whereas
cellulose fibrils in bacterial cellulose are formed extracellularly and they are metabolically
inert [112]. The extracellular synthesis and nanosized bacterial cellulose promote a stronger
hydrogen bonding between cellulose fibrils than plant cellulose [81]. The degree of poly-
merization of bacterial cellulose and plant cellulose are 2000-6000 and 13,000-14,000, re-
spectively [107]. The crystallinity of plant cellulose nanofibers ranges from 36 to 91% [123].
In comparison with plant cellulose, bacterial cellulose on average has a higher crystallinity
of up to 90% with dominant Ix crystal structures [124]. The higher thermal stability of bac-
terial cellulose is attributed to its high purity and crystallinity [113]. This allows the treated
bacterial cellulose to have a maximum decomposition temperature of 350-355 °C [76].

Furthermore, the hydroxyl groups located on the surface of plant cellulose and bac-
terial cellulose contribute to their hydrophilicity properties. The larger surface area of
bacterial cellulose imparts a higher liquid loading capacity than plant cellulose. Bacterial
cellulose acts as a hydrogel and has higher water absorbing and holding capacities because
it contains high water content, which is 90% and above [77,110]. The porosity of plant
cellulose is improved by chemical treatment. The dense 3D network of fibrils assembled in
the structure of bacterial cellulose forms porous sheets [114]. The random orientations in
the 3D network are caused by the biosynthesis of bacterial cellulose [76]. In addition, both
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tensile strength (20-300 MPa) and Young’s modulus of bacterial cellulose (sheet: 20,000
MPa; single fiber: 130,000 MPa) are more notable than that of plant cellulose [108]. With
these properties, bacterial cellulose acts as a suitable thermal stabilizer in resins [113].

3.4. Other Cellulose Types

Cellulose can also be obtained from algae [125]. Algae are the fastest growing plant on
Earth and they are branched into macroalgae (e.g., seaweeds) and microalgae [126]. With
the unlimited and free sunlight from the sun, they grow rapidly by transforming solar
energy into biomass effectively via photosynthesis. Macroalgae are also differentiated in
colors based on their respective natural chlorophylls and pigments such as green seaweed
(Chlorophyta), red seaweed (Rhodophyta), and brown seaweed (Phaeophyta) [127]. Cellu-
lose is found in the cell walls of algae and it plays an important role as the building block of
structural support in algae [128]. Other than cellulose, the cell walls of algae also comprise
mannans, xylans, and sulfated glycans [126]. The functional groups of carboxyl, hydroxyl,
amino, and sulfate can be found in these components [128]. They are responsible for the
adsorption capability of algae in treating heavy metals [129].

The biosynthesis of cellulose mostly occurs at the plasma membrane of algae, except
for those algae species that synthesize cellulose scales [130]. The linear and rosette-like
terminal complexes are responsible for the biosynthesis, polymerization, and crystallization
of cellulose [130]. Moreover, they play a role in assembling cellulose microfibrils [131]. For
instance, Valonia algae contain large terminal complexes with nearly 10 catalytic sites to
produce about 10 nm microfibrils [132].

The treatment methods for algal cellulose sources essentially incorporate culturing
methods and purifications to eliminate the algae cell wall matrix [43]. Similar to plant
cellulose and bacterial cellulose, NCC can be extracted from algae by utilizing acid hydrol-
ysis, enzymatic hydrolysis, and mechanical treatments [133]. It was reported that the NCC
produced from red algae waste through acid hydrolysis has high mechanical performance
and good transparency [134]. Since enzymatic hydrolysis is more environmentally friendly
and achieves a higher glucose yield than acid hydrolysis, it is more preferable to treat algal
biomass for bioethanol production [126]. Algae and its derivatives have good biocompati-
bility and biodegradability. They are potential materials to construct hybrid and composite
materials. In biomedical applications, algae-based polyesters are used as scaffolds and as
controlled release of pharmaceutical agents [135].

Other than that, the animal source for cellulose is tunicate [136]. The name Tunicata
is derived from a special integumentary tissue called a tunic, which encloses the whole
epidermis of the animal cell [137]. The subphylum Tunicata is categorized into three classes
which are Ascidiacea, Thaliacea, and Appendicularia. Ascidiacea (sea squirts) and Thaliacea
contain tunics while Appendicularia does not contain tunic and yet produces cellulosic
materials [136]. Tunic mainly consists of polysaccharides especially tunicin, in other words,
tunicate cellulose, and proteins (e.g., collagen, pectin) [138]. The tunic is responsible for
phagocytosis, pigmentation, colonial allorecognition, bioluminescence, photosymbiosis,
innate immunity, chemical defense, tunic contraction, and impulse conduction in terms of
biological functions [139].

Tunicate cellulose is chemically identical to both plant cellulose and bacterial cellulose.
It is formed by the cellulose synthase which is found in the plasma membrane of the
epidermal cells [136]. Besides cellulose biosynthesis, the cellulose synthase also contributes
to the proper formation of tunic tissues and metamorphic events [140]. Similar to algae
cellulose, cellulose is responsible for the skeletal structure in the tunic tissues. The hundreds
of cellulose microfibril bundles are deposited in a multilayer pattern which is parallel to
the epidermis surface [136]. The shape and dimensions of the cellulose microfibrils are
influenced by their respective species. In the Ascidiacea class, mostly ascidians are reported
to possess cellulose I microfibrils in the tunic tissues [137].

The synthesis of tunicate cellulose includes the isolation of mantel from the animal
and the isolation of cellulose fibrils from the protein matrix [43]. In a simple procedure,
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the obtained tunicate tunic will be treated with acid hydrolysis, kraft cooking (involving
alkaline treatment), and bleaching [136]. The purification of tunicate cellulose uses alkali
solutions (e.g., NaOH and KOH) and acidic solutions (e.g., CH3COOH, nitric acid) at
elevated temperatures [136]. The tunicate cellulose also can be treated with strong acid
hydrolysis to prepare NCC. The collected tunicate NCCs had lengths of 500-3000 nm,
widths of 10-30 nm, and aspect ratios of 10-200 [141]. Thus, tunicate cellulose is another
promising material for the preparation of NCC and composite film applications [142].

Tunicate cellulose possesses a high specific surface area (150-170 m?2/ g), high crys-
tallinity (95%), and a reactive surface containing hydroxyl groups which promote good
mechanical properties [143]. Modified NCCs are widely used in the biomedical engineering
field, such as in scaffolds and biomarkers. The tunicate NCCs with high aspect ratios are
more difficult to detach from the cell surface compared to smaller cotton NCCs during the
inhalation studies [144]. Furthermore, the tunicate NCC membranes fabricated by using
the vacuum-assisted self-assembly method had high mechanical strength, distinguished
pH- and temperature-stability, good cycling performance, and achieved highly efficient
separation of oily water [145]. Therefore, tunicate species like Ciona intestinalis could be
farmed at a large scale to produce commercial tunicate cellulose for the production of
chemicals, materials, and biofuels [136].

4. Photocatalyst Nanomaterials

TiO,, ZnO, g-C3Ny, and graphene are the common semiconductor photocatalysts
applied in the degradation of organic pollutants. In general, a semiconductor photocatalyst
consists of a band gap that separates the valence band and conduction band. The band
gap energy determines the applicability of a semiconductor in photocatalysis [146]. The
semiconductor photocatalysts with wide band gap energies depend on the electron exci-
tation by obtaining additional energy from ultraviolet (UV) light radiation. The electrons
excited from the valence band to the conduction band induce charge separation. Hence,
the electron-hole pairs are formed to engage in the redox reactions for the degradation of
organic pollutants [147]. Semiconductor photocatalyst often faces the significant drawback
of the rapid recombination of the electron-hole pairs [148]. This hinders the generation of
hydroxyl radicals (¢OH) which play a crucial part in photocatalytic degradation.

4.1. Titanium Dioxide (TiO,)

The application of TiO; electrode was first prepared in 1967 and it had demonstrated
heterogeneous photocatalytic oxidation through the splitting of water molecules under UV
light radiation [149]. To date, TiO; is the most studied semiconductor photocatalyst for the
removal of dyes and phenolic compounds from wastewater [150]. This is because of its low
toxicity, low cost, high chemical stability, and high thermal stability [151]. The high stability
of TiO; allows it to stand out from other semiconductors such as gallium phosphide and
cadmium sulfide, which generate toxic byproducts [152]. TiO; is applied in commercial
applications and products (e.g., cosmetics, catalysts, desiccant) due to inert and long-term
photostability properties [153].

Besides that, TiO; also possesses high UV absorption and superhydrophilicity which
is important for the photocatalytic degradation of organic pollutants and solar fuel produc-
tion [154]. TiO; is thermodynamically efficient versus normal hydrogen electrode (NHE)
at pH 7 [155]. The photogenerated electrons demonstrate higher reduction strength due
to the more negative conduction band potential of TiO, which is —0.5 V. Meanwhile, the
generated holes demonstrate higher oxidation strength due to the more positive valence
band potential of TiO, which is + 2.7 V.

Despite these potentials, there are some limitations of TiO, that affect the performance
of TiO; in the decomposition of organic chemical compounds. Firstly, the large band
gap of TiO; limits the application of TiO; in certain photocatalytic degradation processes.
It can only absorb about 4-5% of the solar spectrum. Secondly, the fast recombination
of photogenerated electron-hole pairs lowers the photocatalytic efficiency of TiO, [156].

70



Polymers 2022, 14, 5244

Thirdly, the weak adsorption of organic pollutants on the surface of TiO, resulted in the
poor affinity of TiO, and slower rate of photocatalytic degradation [150]. Fourthly, TiO,
nanoparticles aggregate easily, owing to the large surface area-to-volume and surface
change in certain media [157]. The aggregation of TiO, nanoparticles forms aggregates or
clusters with sizes hundreds of times bigger than their initial sizes. These TiO, aggregates
obstruct active sites from exposure to light radiation and eventually inhibit photocatalytic
activity [150]. Lastly, the recovery of TiO, nanoparticles remains a revolving issue in
wastewater remediation. To prevent the release of free nanoparticles into the water, TiO; is
synthesized in thin films or immobilized on substrates [147].

Next, the band gap of a photocatalyst greatly influences its catalytic performance.
Figure 4 illustrates the band gap energy of different photocatalysts. The redox potential
level of adsorbate species and band gap energy govern the possibility and rate of charge
transfer [158]. The conduction band energy of TiO; is located slightly higher than the reduc-
tion potential of oxygen molecules (O;), which makes it easier for the electron migration
from the conduction band of TiO; to O, [147]. Meanwhile, the valence band energy of
TiO; is located lower than the oxidation potential of most electron donors. This allows the
transfer of oxidative holes to the ¢OH radicals adsorbed on TiO, surface and eventually
enhances the redox reactions of pollutant degradation.
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Figure 4. Band gap energy of various semiconductor photocatalysts. No special permission is
required to reuse all or part of article published by MDPI [159].

TiO, is an n-type semiconductor, and it consists of three crystal structures which are
anatase, brookite, and rutile as shown in Figure 5. In these crystal structures, the titanium
atoms coordinate with six oxygen atoms to form TiOg octahedron units [151]. The 3d
orbitals of titanium atoms form the lower part of the conduction band of TiO,, while the
overlapping of 2p orbitals of oxygen atoms forms the valence band of TiO, [155]. The band
gap energies of anatase, rutile, and brookite are determined around 3.2 eV,3.0eV,and 3.1 eV,
respectively [160]. The electron excitation under UV light radiation at wavelengths below
400 nm is necessary due to the large band gap energies of TiO; crystal structures [152].
These crystal structures or polymorphs influence the photocatalytic activity of TiO,. The
photocatalytic activity of a semiconductor is mainly dependent on the light absorption,
reduction and oxidation rates, and electron-hole recombination rate [161].
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Anatase Rutile Brookite
Figure 5. Crystal structures of TiO,. Reproduced with permission from [152].

In the anatase crystal structure, the TiOg octahedras are shared or connected through
their corners (vertices) [151]. In other words, the octahedras share four edges which
results in the tetragonal structure of anatase [162]. In anatase TiO,, the Ti—Ti lengths are
longer and the Ti—O lengths are shorter compared to rutile TiO, [161]. The anatase crystal
structure is normally found in solution-phase preparation methods of TiO, like sol-gel
process [152,160]. Anatase is only stable at low temperatures. It is reported that anatase is
thermodynamically stable in equivalent-sized TiO, nanoparticles with sizes smaller than
11 nm [161]. Upon, calcination, anatase will transform to rutile at temperatures above
600 °C.

Next, the defects on the TiO, affect the reduction activity. The defects tend to trap the
electrons and lower the probability to recombine with holes. The depth of electron trap in
anatase, rutile, and brookite are <0.1 eV, ~0.9 eV, and ~0.4 eV, respectively [163]. In compar-
ison with brookite and rutile, anatase has the smallest depth of electron trap that indicates
the presence of a larger number of free or shallowly trapped electrons. These electrons have
higher reactivity than deeply trapped electrons. The lifetime of photogenerated electrons is
prolonged. Consequently, anatase TiO, has the highest photocatalytic reduction.

Furthermore, anatase TiO, is known as an indirect band gap semiconductor. Looking
into this, anatase has a longer lifetime of photogenerated electrons and holes as compared
to brookite and rutile. Apart from this, the photogenerated electrons and holes in anatase
can migrate easily from the innermost to the outermost surface of TiO, due to lighter
effective mass [164]. Additionally, the dominant (101) and (001) facets contribute to the
high photocatalytic activity of anatase TiO,. The (001) facet contains rich under-bonded
titanium atoms and a large Ti—O—Ti bond angle [155]. Anatase TiO, usually exhibits
higher photocatalytic activity compared to brookite and rutile TiO, due to longer lifetime
and lighter effective mass of photogenerated electrons and holes [164].

Rutile has octahedras sharing two edges to form a tetragonal crystalline structure
which is identical to anatase [165]. In the rutile crystal structure, each octahedron is
connected with eight similar octahedrons and this differentiates it from anatase where each
octahedron is connected with ten similar octahedrons [155]. Rutile is thermodynamically
stable in equivalent-sized TiO, nanoparticles with sizes larger than 35 nm [161]. Rutile is
stable at high temperature. This is proven where anatase and brookite transform into rutile
at temperatures above 600-700 °C [166].

As explained earlier, rutile has the largest depth of electron trap, and this signifies that
more electrons are deeply trapped at the defects of TiO,. The lifetime of holes is prolonged
because the trapped electrons are unable to recombine with the holes [163]. Consequently,
rutile TiO, has the highest photocatalytic oxidation due to the higher availability of electron-
scavenger. In addition, the smaller band gap energy of rutile TiO, allows it to seize photons
to produce electron and hole pairs that can be further used by anatase TiO, [150]. It was
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reported that the heterojunctions of anatase /rutile TiO, demonstrated higher photocatalytic
activity than pure anatase or rutile TiO, [167]. This was due to their matched band levels
that restrain the recombination of photogenerated charge carriers.

In the brookite crystal structure, titanium atoms are located at the center, while oxygen
atoms are located at each corner [168]. The TiOg octahedra share three edges and form
an orthorhombic crystalline structure [162]. Upon the precipitation in an acidic medium
at low temperature, brookite is usually formed as the byproduct [152]. It is reported that
brookite is thermodynamically stable in equivalent-sized TiO, nanoparticles with sizes
between 11 and 35 nm [161]. Similar to anatase, brookite will also transform to rutile upon
calcination at high temperatures because it is metastable.

Brookite is a direct band gap semiconductor [164]. Based on the exposed surfaces of
(201) and (210) facets, it can become oxidative and reductive surface facets, respectively.
The moderate depth of the electron trap in brookite TiO, resulted in both reactive elec-
trons and holes. This explains the higher activity of brookite TiO, in some photocatalytic
reactions [163]. However, the detailed behavior of photogenerated electrons and holes
in brookite TiO, is not completely established yet [169]. Pure phase brookite is uncom-
mon, difficult to prepare, and hence the discussion of brookite regarding its photocatalytic
properties is limited.

4.2. Zinc Oxide (ZnO)

Besides of TiO,, ZnO is also a favorable semiconductor photocatalyst. The biocom-
patibility, excellent physicochemical stability, low production cost, great photocatalytic
property, and high photosensitivity of ZnO promote its utilization in various energy conver-
sion and photocatalytic activities [170,171]. In addition, ZnO displays strong luminescence
in the green-white spectrum region which is appropriate for phosphor applications [172].
ZnO is an n-type semiconductor that has a direct and wide band gap in the UV region.
The band gap energies of ZnO at low temperature and room temperature are 3.44 eV and
3.37 eV, respectively [172]. ZnO possesses a higher free-exciton binding energy (60 meV)
than gallium nitride (25 meV). This shows that the excitonic emission in ZnO can occur
at temperatures higher than room temperature. The photocatalytic degradation of ZnO is
identical to TiO, whereby the generated charge carriers produce free radicals to degrade
organic pollutants under UV irradiation [173].

However, the application of pure ZnO is limited by some drawbacks. Firstly, ZnO
requires expensive UV light for the wide band gap excitation. Secondly, the fast recom-
bination of charge carriers in ZnO impedes the migration of charge carriers towards the
outer surface of ZnO that leads to the retardation of degradation process [170]. Thirdly, the
aggregation of ZnO particles reduces its dispersion and blocks the exposed active facets of
ZnO [174]. Fourthly, ZnO faces photocorrosion under UV irradiation [175]. The ZnO pow-
der dissolves in strong acidic and alkaline solutions, and eventually passivates to produce
an inert outer layer of zinc hydroxide [174]. This determined that pure ZnO does not have
sufficient activity under solar energy [170]. Lastly, the recovery of ZnO nanoparticles from
post-treatment effluents is necessary owing to its toxicity. Upon respiratory and digestion
uptake, the ZnO nanoparticles increase blood viscosity and heighten oxidative stress and
cellular inflammatory response in the mammalian body [176].

ZnO is classified as an II-VI compound semiconductor whereby its ionicity remains
at the cut-off point between covalent and ionic semiconductors [177]. Figure 6 shows that
ZnO consists of three common crystal structures, which are rocksalt, zinc blende, and
wurtzite. In these crystal structures, each anion is connected with four cations located at
the edges of a tetrahedron, and vice versa [177]. The rocksalt structure of ZnO is considered
rare and it can be obtained at high pressure [178]. Rocksalt has a cubic structure which is
similar to zinc blende. The crystal structure of zinc blende is metastable. There are four
atoms found in each unit cell of the zinc blende crystal structure. Each atom of group I is
bonded with four atoms of group VI tetrahedrally and vice versa. It is noticeable that the
tetrahedral coordination of zinc blende is identical to wurtzite.

73



Polymers 2022, 14, 5244

Figure 6. Crystal structures of ZnO: (a) rocksalt, (b) zinc blende, and (c) wurtzite. Reproduced with
permission from [178].

Wartzite is the most thermodynamically stable phase among the three crystal struc-
tures of ZnO. Wurtzite has a hexagonal structure at ambient conditions [178]. The stacking
sequence of close-packed diatomic planes differentiates the crystal structure of wurtzite
from zinc blende [177]. The crystal structure of zinc blende comprises triangularly arranged
atoms in the close-packed (111) planes where the stacking order is in terms of “AaBbC-
cAaBbCc” along the (111) direction. On the other hand, the crystal structure of wurtzite
comprised of triangularly arranged alternating biatomic close-packed (0001) planes where
the stacking order is in terms of “AaBbAaBb” along the (0001) direction. The uppercase and
lowercase letters indicate two distinct types of constituents. The low symmetry structure of
wurtzite combines with a large electromechanical coupling to promote stronger piezoelec-
tric and pyroelectric properties [172]. Thus, ZnO exhibits high piezoelectric constant, and it
is commonly applied in sensors, transducers, and actuators.

4.3. Graphitic Carbon Nitride (g-C3Ny)

In recent years, metal-free semiconductor photocatalysts received great attention
due to their unique physicochemical properties. Carbon nitride semiconductors exist in
different allotropes such as «-C3Ny, B-C3Ny, g-C3Ny, and cubic-C3Ny [179]. Here, g-C3Ny
is classified as the most stable allotrope under ambient conditions and this is proven with
its popularity in photocatalytic applications [180]. This polymeric g-C3Ny has recently
been reported as an easily available and simple photocatalyst for water splitting reactions
without the presence of noble metals [181]. This outcome triggered the broad investigations
of g-C3Ny in photocatalytic degradation of pollutants, carbon dioxide reduction, and
hydrogen evolution [182]. The easy preparation, low cost, abundance in nature, and
sustainable properties give rise to the widespread application of g-C3Ny4 [180].

Next, the tunable electronic band structure of g-C3N4 by nanomorphology or doping
modifications improves its utilization in solar energy conversions (e.g., photoelectrochemi-
cal cells) [183]. During the photocatalytic process, the zero evolution of nitrogen gas (N5)
determined the strong covalent bonding in pure g-C3Ny and exhibited high chemical stabil-
ity of g-C3Ny [182]. In comparison with TiO, and ZnO, g-C3Ny has a medium band gap of
2.7 eV, which enables it to absorb light at about 450-460 nm [184]. Under solar irradiation,
the more negative conduction band potential (—1.3 V) and the more positive valence band
potential (+1.4 V) of g-C3Ny versus NHE at pH 7 demonstrate its thermodynamic efficiency
in participating redox reactions [155].

Although g-C3Ny contributes outstanding merits, it encounters some restrictions
in photocatalytic activities. Firstly, the activity of g-C3Ny is often restricted by the fast
recombination of charge carriers. Secondly, the small specific surface area (<10 m?/g) of
g-C3Ny gives rise to its limited light-harvesting capability [185]. The reason is that a larger
surface area indicates more reactive sites and higher light-harvesting capability. Thirdly,
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g-C3Ny is well known for its poor crystallinity and surface defects, which resulting in low
conductivity in photocatalytic activities [182]. The crystallinity of g-C3Ny4 can be enhanced
via the ionothermal approach [186]. Fourthly, the bulk g-C3Ny4 produced from conventional
methods comprises multiple layers of two-dimensional (2D) counterparts [187]. The low
specific surface area and irregular morphology of bulk g-C3Nj restrict its photocatalytic
power [187]. Furthermore, pristine g-C3Ny also possesses high exciton binding energy
as compared to inorganic photocatalysts [186]. Lastly, the organic semiconductor g-C3Ny
encounters charge transport issues owing to the presence of grain boundaries [179].

Looking into the crystal structure of g-C3Ny, it is an n-type and indirect semiconductor
that exhibits 2D and 3D graphitic carbon [188]. The pyridinic and graphitic nitrogen in
these structures are enriched with nitrogen content. g-C3Ny is identified as a conjugated
polymeric arrangement and is composed of s-triazine or tri-s-triazine monomers inter-
connected via tertiary amines as shown in Figure 7 [179]. The combination of aromatic
s-triazine rings and conjugated 2D polymer of s-triazine construct the 7-conjugated planar
layers which are similar to graphite [183]. Based on the density functional theory, it is
determined that the carbon atoms are the ideal sites for the proton reduction to hydrogen,
whereas the nitrogen atoms are the ideal sites for the water oxidation to oxygen [189]. The
lone pair of nitrogen and the 7t bonding electronic states contribute to the stability of the
lone pair state which results in the unique electronic structure of g-C3Ny [190].
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Figure 7. Structures of g-C3Ny: (a) s-triazine based, and (b) tri-s-triazine based. Reproduced with
permission from [184].

Moreover, g-C3Ny can withstand thermal heat up to 600 °C in the air [183]. The high
thermal and chemical stability of g-C3Ny is contributed by the high degree of condensation
and the structure of tri-s-triazine ring. This polymeric g-C3Ny can be readily synthesized by
thermal condensation with low-cost nitrogen-rich precursors (e.g., melamine, cyanamide,
urea) [189]. The strong covalent bonds are responsible for the honeycomb arrangements of
the atoms in the layers while the weak Van der Waals forces are responsible for stacking
between the 2D sheets [179]. The Van der Waals forces also give rise to the good chemical
stability of g-C3Ny4 in common solvents (e.g., water, alcohols, diethyl ether) [183].

4.4. Graphene

Geim and Novoselov were awarded the Nobel Prize for investigating the remarkable
properties of graphene in 2010. The large theoretical specific surface area of graphene
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(2630 m?/g) gives rise to its strong adsorption capacity [191]. Graphene possesses good
electron mobility that is 200 times higher than silica (1000 cm?/Vs) [192]. The fast-moving
charge carriers do not scatter around under the presence of metal impurities while traveling
through thousands of interatomic distances. This shows that graphene is suitable to be
applied in high-speed operations due to power saving properties [192].

Furthermore, the cost of graphene production is low and it interacts strongly with tran-
sitional metals [193]. Graphene acts as a conductive support and an alternative electron sink
whereby it accepts, stores, and shuttles photogenerated electrons [191]. This corresponds
to the high conductivity and promising work function of graphene. Eventually, graphene
exhibits high electrical conductivity (2000 S/m), high thermal conductivity (5000 W/mK),
and good environmental compatibility [191]. The largest surface area, fastest electron
mobility, highest conductivity, and outstanding electronic capability of graphene make it
stand out from other materials like carbon nanotubes, graphite, and common metals.

As graphene is the mediator of electron transport, it prolongs the lifetime of photogen-
erated charge carriers and improves both the extraction and separation of charges [191].
This further elevates the photocatalytic activity of graphene-based composites. In addi-
tion, graphene serves as a building platform for the epitaxial growth of semiconductor
nanostructures [171]. It also impedes the aggregation of these nanostructures which re-
sults in the improvements of exposed surface area and photocatalytic performance. Thus,
graphene and its derivatives are widely applied in areas involving optical electronics,
energy conversions, energy storages, photocatalysis, and photosensitizers [194].

Nevertheless, some limitations interrupt the application of graphene. Firstly, graphene
faces the common problem of rapid recombination of electron-hole pairs. Secondly,
graphene is a semi-metallic material and it has a zero band gap [195]. The zero band
gap is formed from the contact between the 7t (bonding) and 7* (antibonding) orbitals and
the Brillouin zone corners. Alternatives like chemical doping could disrupt the lattice sym-
metry in graphene and eventually open a band gap with the help of foreign atoms. Thirdly,
graphene-based powders tend to agglomerate easily and self-restack to form graphite [196].
The restacking phenomenon is irreversible and it is caused by the 7m—7 stacking and Van
der Waals forces located between the graphene sheets [197]. This causes the reduction
of exposed surface area and ionic pathways [198]. Fourthly, pristine graphene is insolu-
ble and it does not disperse uniformly in common solvents [194,199]. Lastly, graphene
and its derivatives also encounter the familiar issues of recovery and separation after
pollutant treatments.

Graphene consists of a monolayer of sp?-bonded carbon atoms [200]. Tt displays a
hexagonal honeycomb lattice that is composed of two equivalent carbon sublattices [191].
Graphene is the basic structure of graphitic carbon allotropes as shown in Figure 8 [201].
The zero-dimensional fullerene is formed from wrapping a graphene sheet into a buckyball.
The one-dimensional carbon nanotubes are formed from rolling graphene sheets into
cylinder structures. The 3D graphite is formed from the stacking of graphene sheets as
mentioned earlier. Monolayer and bi-layer graphene consists of one hole type and one
electron type. The few layer graphene consists of three to nine graphene sheets whereas the
multi-layer graphene is made up of ten or more graphene sheets [202]. The delocalized 7t
bonds govern the graphene sheet-to-sheet interactions [203]. They allow the delocalization
of 7t electrons along the basal plane.
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Figure 8. Structures of graphene and its graphitic carbon allotropes. Reproduced with permission
from [201].

Based on the structure of graphene, the 7 electrons found between the two adjacent car-
bons within its neighboring 2p, orbitals are related to the delocalized 7t and 7* bands [191].
Here, the delocalized 7 band forms the highest occupied valence band while the 7* band
forms the lowest unoccupied conduction band with their respective 7 electrons. These
two bands come into contact at the Dirac points, or, in other words, neutrality points. This
indicated the semi-metallic properties and zero band gap of graphene. The 7t bonds are
also responsible for the electrical conductivity of graphene [204]. The extended 7t— conju-
gation contributes to the excellent strength of graphene. In terms of mechanical strength,
graphene is reported with a Young’s modulus of 1 TPa [200]. Moreover, the surface of
graphene is enriched with active functional groups like ketonic and quinonic [204]. This
allows the functionalization of graphene and graphene-based materials because the func-
tional groups can link easily with foreign molecules which results in the enhancement of
photocatalytic performance.

5. Synthesizing Method of TiO,-Based Photocatalyst

Next, TiO, can be prepared by various methods such as hydrothermal synthesis,
sol-gel synthesis and chemical vapor deposition synthesis. These methods offer benefits
like controlling the structural phases and stoichiometry, regulating the particle size, surface
morphology, and homogeneity, promoting production of high purity nanomaterials, and
are cost effective [205]. In the early stages of most synthesis, amorphous TiO, with high
surface area and porous structure is produced but these appealing properties tend to
diminish after calcination at high temperatures where amorphous TiO; is transformed into
crystalline TiO, [206]. Table 3 shows the photocatalytic degradation of pollutants using
TiO; catalysts prepared from hydrothermal method, sol-gel method, and chemical vapor
deposition method.
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Table 3. Performance of TiO; prepared from different synthesis methods in pollutant treatments.

Synthesis
Method

Treatment Degradation

Time (min) (%) Ref

Sample Conditions Pollutant Type

(1)  Titanium (IV) butoxide (TBT),
ethanol, and 10 M NaOH
TiO, nanowires within autoclave at 180 °C for
24 h
(2) Calcined at 650 °C for 2 h

10 mg/L

Rhodamine B 60 100 [207]

(1)  Titanium (IV) isopropoxide
(TTIP) and NaOH within 10 mg/L
autoclave at 180 °C for 24 h Methyl Orange
(2)  Annealed at 400 °C for 5h

TiO; nanorods 150 51 [208]

(1)  TBT, HCI, and fluorine-doped
TiO, nanorod tin oxide substrate within 5mg/L
arrays autoclave at 170 °C for 5 h Bisphenol A
(2) Calcined at 450 °C for 2 h

Hydrothermal
180 49 [209]

(1)  Titanium sulfate and urea
within reaction vessel at 220
TiO, °Cfor12h
nanotubes (2)  Resultant TiO, powder and 10
M NaOH within Teflon at 150
°Cfor12h

20 mg/L
Tetracycline 60 23 [210]
Hydro-chloride

. (1)  TBT and hydrofluoric acid
Ti0 xzz\;irin autoclave at 180 °C for Rhlo?:lx:rﬁl/r}e B

nanosheets 80 36.5 [211]

(1)  Deionized water, ethanol,
CH3COOH, and sodium
dodecyl sulfate stirred for 30

. min 20mg/L
TiO, (2)  Resultant mixture and TTIP Methylene Blue 30 % (212]

stirred at 25 °C for 24 h
followed by at 60 °C for 24 h

(3) Calcined at 450 °C for4 h

(1)  Titanium (IV) chloride (TiCly)
and H,SO;, followed by 10 mg/L
ammonia to achieve pH 7-8 Thymol
(2)  Annealed at 500 °C

TiO, 120 9.65 [213]

(1) TBT, CH3COOH, and water
TiO, stirred at 80 °C
(2)  Annealed at 500 °C for 5h

0.03 mg/L

Methylene Blue 120 96 [214]

Sol-gel (1)  TiCly, deionized double
. distilled water, and 30% 20 mg/L
TiO, efamrﬁﬁnium hydroxide stand Alizarin 60 71 [215]
or

(1)  TTIP, isopropanol,
acetylacetone, and water
followed by HCl to achieve
pH 3, the resultant mixture A
stirred for 4 h and aged for 24
h

(2)  Tsopropanol and water

TiO, followed by HCl to achieve 50 mg/L

pH 3, the resultant mixture B Quinoline
refluxed at 60 °C for 24 h and
aged for 24 h

(3)  Resultant mixture A and B
stirred for 1 h, heated at 60 °C
for 2 h, and followed by
thermal treatment at 500 °C
forlh

180 51 [216]
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Table 3. Cont.

Synthesis . Treatment Degradation
Method Sample Conditions Pollutant Type Time (min) (%) Ref
(1)  Reactive sputtering using a
titanium (Ti) target with
gaseous mixture of argon (Ar)
TO, and O; Nfe':}f o ;‘;géﬁl . 240 92 [217]
(2)  Resultant TiO, deposited on Y
polyvinylidene difluoride
membrane for 1 h
. (1)  TTIP as precursor and Ar as 246~22 mg/L 100 99 [218]
TiO, carrier gas Nitro-benzene
(2)  Resultant TiO, deposited on 20 me/L
alumina balls at 500 °C for 1 h Cimet?dine 180 98.2 [219]
(1)  TTIP as precursor and N as
TiO carrier gas 75 L
cllaZ/ (2)  Resultant TiO, deposited on MethnIgG/reen 60 87.2 [220]
y ion-exchanged Na*—clay at y
Chemical vapor 600°Cfor5h
d iti
eposttion (1)  TTIP as precursor, Ar as
carrier gas, and O, as
Zine ferrite@ oxidant gas 20 L
1ncTieOrr1 ¢ (2)  Resultant TiO, deposited on Meth Eﬁé Blue 180 98 [221]
2 zinc ferrite nanofibers at Y
150°Cfor1h
(3) Calcined at 550 °C for 3h
(1)  TTIP as precursor and N as
carrier and purge gas
(2)  Resultant TiO, deposited on
Sulfur borosilicate glass substrate at 5 mg/L Methyl
. 300 72.1 222
(S)-doped TiO, 400 °C and 50 mbar Orange 2]

(3)  Resultant TiO; film and
hydrogen-2v.% hydrogen
sulfide at 50 °C for 60 min

5.1. Hydrothermal Synthesis

In general, hydrothermal synthesis is known as the crystallization above the room
temperature and pressure through heterogeneous reactions in an aqueous/non-aqueous
medium [223]. The hydrothermal synthesis is normally conducted within a sealed Teflon-
lined stainless steel autoclave that can resist high temperature and pressure conditions.
These conditions are applied to chemical substances that are hard to dissolve in solu-
tions. It also can be assisted by ultrasonic irradiation, microwaves, and surface directing
agents [224]. The crystallization in the hydrothermal synthesis involves two stages which
are the nucleation and development of crystals [225].

In fact, hydrothermal synthesis produces a semiconductor, i.e., TiO, that exhibits
defect-free nano TiO; crystals with large specific surface area, less particle agglomeration,
narrow particle size distribution, anatase formation at temperature lower than 200 °C, and
low energy consumption [206]. Experimental parameters such as hydrothermal temper-
ature, time, pressure, solvent type, and titanium precursors can be controlled to modify
the final product of TiO; including crystallinity and porosity. However, the application
of TiO; to synthesize nanomaterials is limited, owing to the expansive sealed autoclave,
inability to view the reaction in progress, and safety issues regarding the high temperature
and pressure conditions [225].

In addition, the surface morphology of semiconductor photocatalysts could also affect
their photocatalytic activities. For instance, Baral et al. [226] reported that the photocat-
alytic degradation efficiency of 20 mg/L dyes (Rhodamine B, Rhodamine—6G, Congo
Red, Methyl Blue, and Methyl Orange) in the presence of x-manganese dioxide (MnO,)
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nanorods achieved 95-100% after 10 min under visible light irradiation (8 mW /cm?). The
high photocatalytic activity of x-MnO, nanorods was related to their one-dimensional
morphology with a high aspect ratio and low photoluminescence intensity. The distinctive
one-dimensional nanorod facilitated the separation of photogenerated charge carriers, as
progressing charge separation along a single channel could lengthen the recombination
time taken for electrons and holes.

Similar findings were reported on the performance of TiO, photocatalysts with dif-
ferent morphologies fabricated via hydrothermal synthesis as shown in Table 3. TiO,
morphologies like nanoparticles, nanotubes, and nanosheets have been synthesized to test
for environmental decontamination [223]. TiO, nanoparticles with small primary particle
size have large specific surface area and high pore volume that can improve the adsorption
of contaminants, light-harvesting ability, and photocatalytic degradation. It is reported
that the base solution employed in hydrothermal synthesis affects the morphology of one-
dimensional TiO; nanostructures. NaOH is commonly used as the solvent in hydrothermal
synthesis to influence the crystalline phase and morphology of TiO, nanostructures [224].

5.2. Sol-Gel Synthesis

Sol-gel synthesis is commonly used to prepare semiconductor metal oxide nanomate-
rials like TiO, and ZnO. The sol-gel synthesis involves four processes which are hydrolysis,
polycondensation, drying, and thermal decomposition [205]. In a typical sol-gel synthe-
sis, the chemically active precursors are mixed uniformly in a liquid phase to undergo
hydrolysis and condensation processes [227]. Here, water, alcohol, acid, and base can
support the hydrolysis of the precursors [205]. A stable sol is formed after hydrolysis and
condensation processes. The limiting factor of sol-gel synthesis is the necessary aging time
for the catalyst. The range of aging time is 8-48 h [228]. Upon aging, a gel with 3D network
structure is formed. After drying, thermal decomposition is carried out to remove the
organic/inorganic precursors. In short, the sol-gel synthesis is focused on controllable
hydrolysis, condensation of precursor type, and inorganic polymerization of the catalyst
nanoparticles [205].

Next, the advantages of sol-gel synthesis are the formation of nanosized TiO, with
high purity at low temperature, possible stoichiometry-control process, good homogeneity,
and fabrication of composite [229]. It is also simple, economical, and does not require
any special and expensive instruments [227,230]. Despite that, the sol-gel synthesis may
produce amorphous or weakly crystalline semiconductor metal oxide nanomaterials owing
to the low fabrication temperature [205]. This points to the need for thermal decomposition
such as annealing and calcination for further crystallization. Thermal annealing may induce
hard aggregation and inter-particle sintering within the catalyst [231].

5.3. Chemical Vapor Deposition Synthesis

Chemical vapor deposition is commonly applied to produce semiconductors, i.e., TiO,
thin films. Generally, a thin and conformal solid film will be deposited on the surface
of a substrate via chemical reactions of gaseous materials [232]. Here, single or multiple
volatile precursors are introduced to the substrate at elevated temperature and pressure in
an inert atmosphere [233]. The volatile precursors react or decompose onto the substrate to
generate the ideal film thickness. The synthesis temperature of chemical vapor deposition
method is usually applied at 200-1600 °C [232]. This method is still gaining momentum
in the application of semiconductors, corrosion and wear-resistant coatings, monolithic
components, etc. [234].

The chemical vapor deposition differs from physical vapor deposition where the films
are formed under no chemical reactions in physical vapor deposition. It is reported that
the durability, adhesion, and uniformity of film produced via chemical vapor deposition is
better than physical vapor deposition [158]. Aging, drying, and reduction processes are also
not required by applying chemical vapor deposition. Moreover, chemical vapor deposition
gives advantages in terms of fabricating uniform and pure films, short fabrication time,
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allowing film formations on the inner pipe surfaces, and promoting good compatibility
and adhesion [158,235]. Despite these advantages, drawbacks such as high deposition
temperature, expensive vacuum systems, and safety issues with presence of corrosive gases
hinder the application growth of chemical vapor deposition.

6. Fabrication and Performance of Cellulose Composite Catalysts

In general, the TiO, photocatalyst encounters the main problem of recombination of
the photogenerated electrons and holes. This causes a reduction in quantum yield and
wastage of energy [147]. The modification of TiO, photocatalyst with foreign atoms can
alter the band gap and expand the adsorption range optically to improve the photocatalytic
activity [236]. It is reported that the doping of TiO, with metal and non-metal elements can
increase charge separation to overcome the recombination problem mentioned earlier. The
doping of TiO, leads to a smaller photocatalyst loading required, lesser energy required,
higher reusability of photocatalyst, shorter photocatalytic degradation time required, and
higher photocatalytic activity [147].

The doping of TiO, with metal elements includes noble metals, transition metals, and
rare earth metals. Metal doping, or in other words, cation doping, mainly contributes
towards the downward shift of the conduction band [237]. The conduction band of TiO,
contains the Ti 3d, 4s, and 4p orbitals whereby the Ti 3d orbitals govern the lower section
of the conduction band. On the other hand, non-metal doping is an alternative approach
to metal doping. Non-metal doping, or in other words, anion doping, mainly contributes
towards the upward shift of the valence band. As a result, a new valence band is rebuilt to
reduce the band gap. Other than doping, other modifications of photocatalyst involving
the incorporation of cellulose and MOFs are further discussed later. Table 4 shows the
photocatalytic degradation of dye by applying photocatalyst composites that incorporated
cellulose, metal /non-metal doping, and MOFs.

Table 4. Performance of cellulose composites, cellulose/metal doped composites, cellulose/non-
metal doped composites, and cellulose/MOF composites as photocatalysts in the degradation of
organic dyes.

Composite Catalyst Treatment Degradation
T P o Sample Dye Type Loading Power (W) Time & (%) Ref
yp (g/L) (min) °
5mg/L
ZnO/CNF Methylene Blue 2 9 30 96 [238]
Chromium oxide/cellulose 1 ™8/ L-Crystal 01 25 10 99.65 [239]
iolet
Bismuth
oxybromide/cellulose- 10 mg/L
derived carbon Rhodamine B 05 200 60 100 [240]
nanofibers
Cellulose Beta-iron oxyhydroxide 10 mg/L )
(B-FeOOH)/ cellulose Methylene Blue 13 300 30 99.89 [241]
20 mg/L
Methylene Blue 06 0 995
Bacterial cellulose 20 mg/L Methyl )
(BC)/polydopamine/TiO, Orange 500 30 951 (242]
20 mg/L
Rhodamine B 60 100
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Table 4. Cont.

Composite Catalyst Treatment Degradation
T P Sample Dye Type Loading Power (W) Time & (%) Ref
ype (g/L) (min) °
Copper (Cu)@cuprous
oxide/reduced graphene 10 m(g)/L Methyl 3 350 120 92.8 [243]
. range
oxide/cellulose
Aluminum-doped 10 mg/L Methyl )
ZnO/cellulose Orange 8 500 360 89.9 [244]
50 mg/L
Reactive Brilliant 0.6 96.57
Red K-2BP
Cu-CNF/TiO, 50 mg/L 300 120 [245]
Cellulose/ Cat)l(oglﬁ]i{ed 99.73
metal doped i
Ag-cadmium selenide 5mg/L
'(CdSe) /graphene Malachite Green 4 300 25 97 [246]
oxide@cellulose acetate
10 mg/L
Methylene Blue 1 30 100
CNF-Indium-doped 10 mg/L Methyl
Mo(0,5)s Orange 150 240 9 [247]
10 mg/L
Rhodamine B 240 100
Regenerated cellulose 10 me/L
membrane-templated Meth lerg1e Blue 0.05 300 120 90.1 [248]
C-doped/ core shell TiO, Y
10 mg/L Methyl 05 30
Blue
) ) 10 mg/L
Cellulose/ Nitrogen (N)-doped BC/TiO, Rhodamine B 0.5 300 35 100 [249]
non-metal
doped 20 mg/L Methyl 1 15
Orange
N and S doped carbon 5mg/L
dot CNF Methylene Blue ) 1000 % o8 12501
. 20 mg/L
C-TiO, /cellulose acetate Reactive Red-195 5 125 60 99.15 [251]
Europium-MOF@viscose 20 mg/L
fabric Rhodamine B . 500 120 7 12521
Phosphotungstic
acid/zeolitic imidazolate 10 M&/L 06 - 30 9.8 [253]
framework(ZIF)-8@cellulose ethylene Blue
Cellulose/ . . . 20 mg/L
MOF Ag@sﬂver chlorlfi.e@Materlal Methylene Blue
Institute LavoisierMIL)- """ 77" 77" = (.125-0.15 500 40 100 [254]
100(Fe)/ cotton fabric 20 mg/L
Rhodamine B
3-FeOOH@MIL- 20 mg/L
100(Fe) / cellulose /polyvinyl Methylene Blue 0.125 500 20 99.4 [255]

pyrrolidone

Cellulose contain various functional groups like hydroxyl, carboxyl, and amino
groups [256]. This also beneficial for the photocatalytic degradation of organic pollutants to
less harmful substances. The cellulose-based adsorbents are also effective in the removal of
pollutants including metal ions, dyes and pesticides as shown in Table 5. Besides, cellulose
fibers are known for their large surface area, porous structure, low dielectric permittivity,
biodegradability, and strong tensile strength [257]. Chen et al. [258] reported that the
cellulose hydrogel promotes uniform dispersion of TiO, nanoparticles and graphene oxide
sheets while retaining the structure of the cellulose matrix. Cellulose could also act as a
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support to promote dye adsorption and delay the recombination of electron and holes that
enhances the photocatalytic performance [259]. The significant findings on the reported
cellulose-based catalyst composites were discussed as shown in Table 6.

Table 5. Performance of cellulose and cellulose/MOF adsorbents on the removal of pollutants.

. Adsorption
Composite Adsorbent Contact .
Type Sample Dosage (g/L) Pollutant Type pH Time (min) Capacity Ref
(mg/g)
20 mg/L
Cellulose-g-hydroxyethyl ) 24.88
methacrylate-co-glycidyl 1 Malachite Green 7 >
methacrylate 20 mg/L Crystal 360 [260]
. 19.51
Violet
Cellulose-g-2-acrylamido-2- 100 mg/L Cu?* 6 78.247
methylpropane sulfonic 1 o 120 — [261]
acid-co-glycidyl methacrylate 100 mg/L Ni 5 69.061
Magnetite-functionalized ClOOO Ilné/ 1‘ 2500
NCCs/starch-g-(2-acrylamido- rystal Violet 260
2methyl propane 1 1000 mg/L 9 120 1428.6 [262]
sulfonate-co-acrylic acid) Methylene Blue :
9.597 mg/L
Cellulose Methylene Blue H 26.66
10.52
Cadmium sulfide@silanized 1 %asfriigig’(gL 11 360 17.857 [263]
CNF
28.0472 mg/L
Chlorpyrifos 3 86,9565
Dual
cross-linked—alginate / treated 0.4 210 mg/L Pb?* 5 120 206.75 [264]
biomass bead
Cellulose acetate/ MOF-derived 50 mg/L
porous carbon 01 Methylene Blue 1 360 41.36 1265]
. 50 mg/L
MOF-199/ cellulose/ chitosan 0.3 Methylene Blue 7.5 1440 161.7 [266]
Cellulose/ BC@ZIF-8 0.28 180 mg/L UO,** 3 120 387.13 [267]
MOF 20 mg/L
MOF-199@cellulose acetate 0.8 X & 7 360 321.9 [268]
Dimethoate
Waste paper@polystyrene o
sulfonate@Cu-MOF 1 150 mg/L Li 9 360 9.69 [269]
Table 6. Significant findings on the performance of cellulose-based photocatalysts in the degradation
of pollutants.
Composite Type Sample Significant Findings Ref
° The incorporation of NCCs increased the specific surface area
of bare ZnO from 13.014 mz/g to 32.202 mz/g.
. The photocatalytic degradation of Methylene Blue (10 mg/L)
Cellulose ZnO/NCC in the presence of ZnO and ZnO/NCC reached 65.87% and (2701
88.62%, respectively, after 120 min under solar
light irradiation.
e  Theband gap energy of g-C3N;—CNF nanocomposite foam
(2.7 eV) was lower than bare g-C3Ny (2.9 eV).
° The photocatalytic degradation of Rhodamine B (5 mg/L) in
8- CaNy—CNF the presence of g-C3Ny and g-C3N; —CNF achieved 16% and [271]

47%, respectively, after 6 h of visible light irradiation in the
absence of agitation.
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Table 6. Cont.

Composite Type Sample

Significant Findings

Ref

Cellulose/bismuth vanadate

The addition of cellulose to bismuth vanadate reduced its
crystallite size and band gap energy from 22.03 nm to 6.55 nm
and from 2.93 eV to 2.44 eV, respectively.

The photocatalytic degradation of Methyl Orange (3.2734
mg/L) in the presence of cellulose/bismuth vanadate reached
80% after 60 min under visible light irradiation (200 W).

[259]

Cellulose/ Molybdenum-doped TiO,
metal doped films templated by NCCs

The specific surface area of NCCs-templated TiO, films
doped with molybdenum (149 m?/ g) was larger than
NCCs-templated TiO, films (103 m?/g).

The photocatalytic degradation of trichloroethylene (200
ppmv) in the presence of NCCs-templated TiO, film doped
with 5at% molybdenum achieved 100% after 30 min under
UV irradiation (15 W).

[272]

Tron (II, III) oxide(Fe3Oy4)/
praseodymium-bismuth
oxychloride
(BiOCl)/cellulose

The specific surface areas of Fe3O4/BiOCl,
Fe304/praseodymium-BiOCl, and
Fe304/praseodymium-BiOCl/ cellulose were 3.5315 mz/g,
42115 mz/g, and 17.6303 mZ/g, respectively.

The photocatalytic degradation of Rhodamine B (10 mg/L) in
the presence of Fe30,/praseodymium-BiOCl/ cellulose
accomplished 99.8% after 120 min under visible light
irradiation (300 W).

[273]

Ag/TiO@
cellulose-derived carbon
beads

The band gap energy of Ag/TiO,@cellulose-derived carbon
beads (2.21 eV) was lower than pure TiO; (3.08 eV).

The photocatalytic degradation of ceftriaxone sodium (25
mg/L) in the presence of Ag/TiO,@cellulose-derived carbon
beads reached 91.92% after 270 min under visible light
irradiation (500 W).

[274]

Lanthanum-N-TiO,—
cellulose/silicon dioxide
(SiOy)

Cellulose/
non-metal doped

The band gap energy of TiO, was reduced from 3.59 eV to
2.81eV.

The photocatalytic degradation of crude oil solution (20
mg/L) in the presence of lanthanum-N-TiO,—cellulose/SiO,
achieved 92% after 180 min under sunlight.

[275]

N-TiO,/C

The photocatalytic degradation of 4-nitrophenol (10 mg/L) in
the presence of N-TiO, /C reached 80% after 420 min under
visible light irradiation (24 W).

The effect of N doping improved the photocatalytic activity of
TiO, /C by 26%.

[276]

TEMPO-oxidized
cellulose-ZnO

The specific surface area and pore volume of
TEMPO-oxidized cellulose-ZnO (20.1 m? /g and 0.09 cm®/g)
were higher than bare ZnO (9.1 mz/g and 0.05 cm3/g).

The band gap energy of ZnO was reduced from 3.15 eV to
3.11eV.

The photocatalytic degradation of Methyl Orange (5 mg/L) in
the presence of TEMPO-oxidized cellulose-ZnO obtained
95.4% after 120 min under UV irradiation (6 W).

There was an improvement of 29.5% in the photocatalytic
activity of TEMPO-oxidized cellulose-ZnO as compared to
bare ZnO.

[277]

TiO, /
magnetic-MIL-
101(chromium)

Cellulose/
MOF

The band gap energy of TiO, / magnetic-MIL-101(chromium)
(1.61 eV) was lower than pure TiO, (3.1 eV).

The photocatalytic degradation of Acid Red 1 (20mg/L) in
the presence of TiO, /magnetic-MIL-101(chromium) achieved
90% after 60 min under visible light irradiation (500 W).

[278]
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Table 6. Cont.

Composite Type

Sample Significant Findings Ref

° The band gap energy of MIL-125-NH,@cellulose acetate,
Ag@MIL-125-NH,@cellulose acetate, and
Pd@MIL-125-NH;@cellulose acetate films were 2.53, 2.38, and
1.99 eV, respectively.

. The photocatalytic reduction of 2-nitrophenol (25 mg/L) in

(Ag & palladium (Pd))@MIL- the presence of Ag-doped and Pd-doped
125-NH,@cellulose MIL-125-NH,@cellulose acetate films reached 87.4% and [279]
acetate 95.1%, respectively, after 120 min under visible light
irradiation (12 W).

. The metal-doped MIL-125-NH,@cellulose acetate films
doubly increased the photocatalytic reduction of
2-nitrophenol in 120 min as compared to
MIL-125-NH;@cellulose acetate alone.

acetate@Ti-MIL-NH;

° The insertion of Ti-MIL-NH, within the cellulose acetate film

increased the surface area from 408.9 m?/ g t0632.3 m?2/ g
. The band gap energy of cellulose acetate@Ti-MIL-NH, (2.42

eV) was slightly lower than pure Ti-MIL-NH, (2.51 eV). [280]
) The photocatalytic degradation of paracetamol (30 mg/L) in

the presence of cellulose acetate@Ti-MIL-NH, achieved 78%

after 30 min under visible light irradiation (12 W).

Cellulose

6.1. Metal Doping

The purpose of metal doping is to minimize the band gap energy and to redshift
the absorption from the UV region. The doping of metal ions induces an impurity level
(intermediate energy level) that enhances the visible light absorption by taking the role
of electron donor or acceptor [237]. Looking into this, metal doping introduces defects in
the lattice structure of TiO;, or modifies the lattice degree and further prolongs the lifetime
of TiO; [281]. The metal ions can be easily doped into the lattice structure of TiO, due to
their close similarity in ionic radius [147]. According to previous research, the modification
of photocatalysts (e.g., TiO,) with foreign atoms, i.e., metal or non-metal ion doping, can
alter the band gap by expanding the light absorption range optically. The minimum energy
required to excite an electron from the valence band to the conduction band is known as
the band gap energy [282]. A lower band gap energy is advantageous for visible light
absorption and photocatalytic activity [283]. When the band gap energy of photocatalysts
is reduced, lesser energy from light irradiation is required to excite the electrons from the
valence band to the conduction band of photocatalysts. Subsequently, this improves the
redox reactions and enhances the photocatalytic activity of photocatalysts.

Despite these advantages, the required amount of metals must be minimized owing to
their exceedingly high price [236]. Metal doping triggers localized d states in the band gap
of TiO; that becomes the recombination centers of electron-hole pairs [237]. When there
are too many traps for charge carriers positioned on the surface of the catalyst bulk, the
mobility of charge carriers will be lowered and they are more likely to recombine before
reaching the surface [284]. This is often found in TiO, photocatalysts loaded with metal
content higher than 5 wt% [285]. Noble metals such as Ag and gold (Au) are toxic in nature
which makes it necessary to use them in small amounts. Metal-doped TiO, photocatalysts
also encounter photocorrosion and thermal instability upon the photocatalytic degradation
of organic pollutants [286].

Noble metals such as Ag, Au, platinum, and Pd, enhance the performance of TiO,
through charge transferring, electron trapping, and reduction of band gap energy [147].
Upon doping, it is preferable for the electrons to move from TiO; to the noble metals and
the movement tends to continue until the Fermi energy of both TiO; and noble metals
reaches an equilibrium state. A potential barrier is generated as a result of the distortion of
band structure between TiO, and the noble metals. This makes it difficult for electrons to
move from TiO, to the noble metal. As a consequence, there is an accumulation of negative
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electrons at the interface of TiO,. Looking into this, a positive charge layer is generated
below the TiO, surface to maintain electrical neutrality and this leads to the bending of a
conduction band called Schottky barrier [284]. This barrier traps electrons effectively to
prevent the electrons from flowing back to TiO,. The performance of noble-metal-doped
TiO; can be improved via surface plasmon resonance of noble metals, surface adsorption
of TiO, with organic compounds, and adjustment of Fermi level between TiO, and noble
metals to improve charge excitation and separation, and reduction of band gap energy [147].

Transition metals such as manganese, iron (Fe), and chromium, are also studied as
metal dopants on TiO,. Transition metals that exhibit various oxidation states are capable
of trapping electrons and impede their recombination [284]. For example, Fe has three ion
forms which are Fe?*, Fe3*, and Fe**. Nevertheless, it is reported that the transition metal
is likely to cause thermal instability in anatase TiO,. Rare earth metals including yttrium
and scandium, are investigated as metal dopants on TiO, photocatalyst. They consist of
incomplete 4f and unoccupied 5d orbitals that can be incorporated into TiO, [147]. The
presence of rare earth metal —-O—Ti bonds on the surface of TiO, photocatalyst impedes the
growth of nanocrystalline TiO,.

6.2. Non-Metal Doping

As stated earlier, the non-metal doping of TiO, shifts the valence band upwards. Un-
like metal doping, non-metal doping does not affect the shifting of conduction band [237].
An intermediate energy level is formed between the conduction bands of TiO, and non-
metal dopants. Non-metal doping inhibits the recombination of electron-hole pairs, im-
proves the redox potential of OH®, and finally enhances the quantum efficiency of TiO, [147].
N, fluorine, S, carbon (C), boron, and phosphorus are the common non-metal dopants on
the TiO, photocatalyst.

Currently, N is the most studied dopant for non-metal doping of TiO, due to good
stability, low ionization energy, and comparable atomic size [281,286]. Typically, N can
be easily incorporated into TiO, in terms of substitutional and interstitial. The oxygen
vacancies are the defects that can trap electrons at the defect sites [284]. Similar to metal
doping, N doping also acts as an electron trapping center to decrease the recombination rate
of electron—hole pairs. However, the main drawback of non-metal doping is the reduction
of non-metal dopants during the annealing process [287]. The reduction of non-metal
dopant in the resultant doped TiO, photocatalyst lowers its performance. Co-doping of
TiO; is investigated to overcome the single non-metal doped TiO, photocatalysts.

6.3. Metal-Organic Frameworks (MOFs)

MOFs are known as new porous coordination polymers [288]. They consist of metal
ions/clusters linked by multi-dentate organic linkers [289]. Their advantages, including
large surface area, tunable pore size and structures, and being rich with active sites have
been applied in catalysis and wastewater treatments. MOF-199, MIL-100, MIL-125, and
ZIF-8 are some of the popular MOFs. Due to the large surface area and diverse functionality,
MOFs act as appealing adsorbents and can be modified to obtain higher selective binding
affinities for the targeted adsorbates [290]. Table 5 shows the removal of pollutants by
cellulose/MOF composites via adsorption process.

Moreover, the performance of MOFs photocatalysts are similar to common semicon-
ductors (TiO; and ZnO) and they are widely used in organic pollutant degradation and
Cr(VI) reduction [289]. The tunable metal ions/clusters and organic linkers act as antennas
to harvest light and generate electron-hole pairs for photocatalysis. Nevertheless, the
excited electrons from highest occupied molecular orbital will travel to lowest unoccupied
molecular orbital during the photocatalytic process in the presence of MOFs [289]. This
terminology is different from the common semiconductors whereby the excited electrons
will travel from the valence band to the conduction band.
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7. Challenges and Future Perspective

Agricultural wastes have some agronomic benefits over wood as a biomass resource
including shorter growth cycles, high biomass yield, and high carbohydrate content [291].
Nevertheless, the average increase rate of agricultural waste generated is 5-10% annu-
ally [292]. This rapid rate contributes to negative environmental impacts. The biomass
wastes are mostly left in fields for natural decomposition, discarded at landfills, or inciner-
ated for cooking process, drying process, and charcoal production [293]. This could give
rise to GHG emissions and air quality deterioration. The conversion of biomass wastes
into value-added materials supports the purpose of a circular economy and mitigates the
biomass disposal problem.

Next, agricultural biomass contains high cellulose content. This potential cellulose
source has drawn the attention of researchers to fabricate and develop biomass-derived
cellulose and its derivatives over the years. Cellulose and its derivatives are commonly ap-
plied in industries such as paper, textiles, pharmaceuticals, and water treatment [294]. The
common challenge faced during cellulose extraction from biomass is biomass recalcitrance
which involves the resistance of the lignocellulosic biomass structure towards microbial or
enzymatic degradation [295]. The removal of lignin and hemicellulose is necessary to obtain
cellulosic materials with high purity. However, the harsh chemical treatments on biomass
could lead to the formation of partially degraded cellulose and the generation of toxic
effluents [294]. A greener approach should be taken into consideration for the fabrication
of biomass-derived cellulosic products. Chlorine-based compounds are widely used in the
bleaching and synthesis stages, and yet the effluents containing chlorine give out harmful
impacts to the environment [296]. Chlorine-free preparation routes for biomass-derived
cellulose products should be emphasized for future commercial-scale applications.

Semiconductor photocatalysts such as TiO,, ZnO, g-C3Ny, and graphene are widely
used in the degradation of organic pollutants due to their high chemical stability and high
thermal stability. The bulk forms of metal oxides (e.g., TiO,, ZnO) are safer as compared to
their nanoparticulate forms because the dispersion of nanoparticles with high oxidation po-
tential in aqueous medium could attribute to higher toxicity [297]. The interesting features
of cellulose make it a suitable candidate to fabricate cellulose-semiconductor photocatalyst
composites. Besides modifications involving metal /non-metal doping, the incorporation of
cellulose could also address the drawbacks of semiconductor photocatalysts alone. Cel-
lulose could promote the uniform dispersion of nanoparticles, increase specific surface
area, improve adsorption ability, inhibit recombination of charge carriers, and reduce band
gap energy. Biomass-derived cellulose are usually considered to be good candidates as
host materials of nanomaterials because they can improve the stability, retain the special
morphology, and control the growth of nanoparticles. The excellent properties in terms of
electrical, magnetic, and optical in inorganic nanoparticles, can be preserved in the polymer
matrix. These potential characteristics are beneficial for the photocatalytic degradation of
organic pollutants.

In recent years, numerous novel cellulose-semiconductor photocatalyst composites
are being reported with high catalytic performances in water treatment applications. This
has proven the importance and practical feasibility of cellulose in the development of
photocatalyst nanomaterials. Other than the reported degradation mechanism of cellulose-
based photocatalysts, a thorough investigation of the photostability and long usage period
of cellulose should be taken into account. In the case of photocatalytic degradation, the
photocatalysts are exposed to light irradiation for a long time period. Post-treatment
characterization studies on the cellulose-based photocatalysts are encouraged to observe
and determine any signs of photodegradation or altered structure of cellulose within the
composite. A better understanding of this crucial feature could help develop sustainable
and long-lasting cellulose-semiconductor photocatalysts in future research works.
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8. Conclusions

Biopolymers, such as cellulose and chitosan, have gained tremendous attraction in
environmental and biological applications due to their abundance and multi-functionality.
The appealing characteristics of biopolymers including large surface area, non-toxic, anti-
microbial activity, and biocompatibility have led to the applications in food packaging,
wastewater treatment, and biofuel. Since cellulose is the main component of biomass,
the advancements in cellulose isolation methods have enabled the utilization of biomass-
derived cellulose in environmental applications. The hydroxyl groups found in the chemical
structure of cellulose are responsible for controlling the crystalline packing, physical prop-
erties, and chemical reactivity of cellulose. This is beneficial for the functionalization of
cellulose materials with foreign substances.

The promising aspects of cellulose, including that they are low cost, abundant, and
environmentally friendly, are suitable for the fabrication of cellulose hybrid composite pho-
tocatalysts. The incorporation of cellulose could overcome the limitations of semiconductor
photocatalysts. The large specific surface area and porous structure of cellulose materials
could promote dye adsorption on the surface of photocatalysts. The introduction of cellu-
lose minimizes the aggregation of semiconductor particles, impedes the recombination of
charge carriers, and reduces the band gap energy of semiconductor photocatalysts. The
generation of large amounts of reactive radicals enhances the photocatalytic performance.
These notable characteristics are favorable for the photocatalytic degradation of organic
dye. In addition, the modifications such as doping, and MOFs also enhanced the catalytic
performance of cellulose composite photocatalysts. The high performance and sustainabil-
ity of cellulose hybrid composite photocatalysts have proven the advantage of cellulose
and showed a more promising advancement in the development of photocatalysts.

Agricultural biomass has a high cellulose content, making it a potential cellulose
source. However, biomass recalcitrance limits and hinders the production of biomass-
derived cellulose. High purity cellulose can be extracted from biomass by highly toxic
chemical processes but doing so would also partially degrade the cellulose and produce
harmful effluent or any byproducts. Therefore, a more environmentally friendly strategy,
such as preparation routes for cellulose obtained from biomass without the use of chlo-
rine, could ensure the discharge of less hazardous effluents into the environment. On
the other hand, the high feasibility and significance of cellulose in the development of
various photocatalysts has been reported over the years. Nevertheless, research on the
photostability and long usage period of cellulose is limited. These critical aspects can
be investigated through post-treatment characterization studies on the cellulose-based
photocatalysts. It also serves as supporting information for the future development of
robust cellulose-semiconductor photocatalysts.
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Abstract: One of the important directions in the development of modern medical devices is the
search and creation of new materials, both synthetic and natural, which can be more effective in
their properties than previously used materials. Traditional materials such as metals, ceramics, and
synthetic polymers used in medicine have certain drawbacks, such as insufficient biocompatibil-
ity and the emergence of an immune response from the body. Natural biopolymers have found
applications in various fields of biology and medicine because they demonstrate a wide range of
biological activity, biodegradability, and accessibility. This review first described the properties
of the two most promising biopolymers belonging to the classes of polyhydroxyalkanoates and
polysaccharides—polyhydroxybutyrate and chitosan. However, homopolymers also have some dis-
advantages, overcome which becomes possible by creating polymer composites. The article presents
the existing methods of creating a composite of two polymers: copolymerization, electrospinning,
and different ways of mixing, with a description of the properties of the resulting compositions.
The development of polymer composites is a promising field of material sciences, which allows,
based on the combination of existing substances, to develop of materials with significantly improved
properties or to modify of the properties of each of their constituent components.

Keywords: biopolymers; chitosan; polyhydroxyalkanoates (PHA); poly(3-hydroxybutyrate) (PHB);
electrospinning; composites; blends; biomedicine

1. Introduction

Biopolymers are macromolecular compounds that are part of living organisms and
are products of their vital activity.

Biopolymers are obtained from such biological sources as insects, crustaceans, and
various microorganisms. Significant interest in biopolymers is associated both with the
global attention to environmental pollution and with the presence of the critical advantages
of biological polymers over synthetic ones. This eventually led to the commercialization of
biopolymers and related products in various fields of biomedicine, ecology, and bioengi-
neering [1-4]. The fact that biopolymers” breakdown byproducts are not harmful to the
environment is one of their distinguishing characteristics [5].

Based on the fact that biopolymers are obtained naturally from the ecosystem, they
have higher economic value and biodegradability [6]. Biopolymers can be both natural
(synthesized in living organisms) and synthetic (synthesized under artificial conditions)
(Figure 1). Polyesters are complex organic compounds with repeating ester bonds in their
composition. Polyesters produced by microorganisms are biodegradable. However, most
synthetic polyesters are not biodegradable. Polyhydroxyalkanoates, polylactide, polygly-
colide, and polycaprolactone are the most famous polyesters. Polyesters are widely used in
the production of drug delivery systems and the manufacture of materials for biomedical
applications [7]. Polysaccharides are long-chain polymeric carbohydrates consisting of
monosaccharide units bound together by glycosidic bonds. This carbohydrate can react
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with water (hydrolysis), which produces constituent sugars (monomeric saccharides) [8-10].
Cellulose and chitin are the most famous polysaccharides.

Biocompatible and biodegradable
polymers

Natural polymers

! 3

From From From animals,
microorganisms biotechnology plants, biomass

| I S

§ Chitosan,
pectin,
cellulose,
starch,
lignocellulesic products,
gums, ...

Polyhydroxyalkanoates Polylactides

Figure 1. Classification of biodegradable polymers. Adapted from [11].

This review is devoted to the features of obtaining and studying the properties of
materials based on polysaccharides and polyester. As noted above, polymers of natural and
microbiological origin are considered promising alternatives to synthetic biopolymers in
fields ranging from packaging materials to biomedicine. However, their use is often limited
by certain disadvantages of each class of biopolymers. For example, high sensitivity to
water and low mechanical and thermal stability are the main limitations for the industrial
application of chitosan [12,13]. In addition, high solubility reduces its barrier properties,
which can lead to the complete solubility of chitosan in food products. Blending chitosan
with a hydrophobic polymer can minimize solubility problems [14].

The creation of copolymers and composites is intended to eliminate some of the short-
comings of homopolymers, such as poor mechanical characteristics, low strength, and in-
sufficient biodegradability. Overcoming disadvantages is achieved by synthesizing copoly-
mers or creating composites with other materials, both natural and synthetic [7,15-17].

Typically, composites are made by different methods, such as molding, extrusion,
solvent casting, electrospinning, and intercalation [18,19]. The choice of a composite
manufacturing method plays a decisive role in the mechanical and physical properties
of polymeric biocomposites. For example, biocomposites based on banana fiber and
polylactic acid have been made using three different processing techniques, namely direct
injection molding (DIM), extrusion injection molding (EIM), and extrusion compression
molding (ECM), to obtain better properties [20]. Biopolymer properties are also crucial for
understanding the structural complexity of biocomposites [20-22].

The main problem faced by researchers of polyhydroxyalkanoates and chitosan com-
posites is related to their different natures. The review presents data on the use of different
methods of composite fabrication and investigations of their properties.

2. Biomaterials Based on Chitosan and PHB
2.1. Chitosan Characteristics and Applications

Chitosan is a deacetylated derivative of chitin, mainly obtained from the exoskeletons
of crustaceans [23-26]. Alternative sources of chitin are insect cuticles and fungal cell
walls [27-33]. Chitosan is a linear heteropolysaccharide consisting of alternating units of
glucosamine and N-acetyl-D-glucosamine connected by (3-(1—4) glycosidic bonds, which
have cationic properties: at pH < 6.5, it has a positive charge (Figure 2).
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Figure 2. Chitosan structure.

Chitosan dissolves in aqueous solutions of acids. Chitosan salts (formate, lactate,
citrate, acetate, ascorbate, etc.) are soluble in water [27]. Chitosan is characterized by
such parameters as the degree of deacetylation and molecular weight [34], as well as the
polydispersity index. These parameters affect many of the physicochemical and biological
properties of chitosan, such as solubility, hydrophilicity, crystallinity, and cell affinity. Ata
pH value below 4, the amino groups of chitosan are protonated, which leads to electrostatic
repulsion between the charged groups and swelling of the polymer. Free amino groups
form intermolecular hydrogen bonds with the oxygen of neighboring chains. Amino groups
make chitosan a cationic polyelectrolyte (pKa ~ 6.5), one of the few in nature. Chitosan is
protonated when dissolved in an aqueous acidic medium at pH < 6.5, but when dissolved, it
has a high positive charge on the -NH3 + groups and the resulting soluble polysaccharide is
positively charged. Chitosan aggregates polyanionic compounds. Chitosan has functional
groups in its structure, which can be subjected to structural modification by chemical,
radiation, and enzymatic methods in order to acquire new properties [34,35].

Solutions of chitosan with a high molecular weight have a high viscosity, which
may limit the use of chitosan in some industries. Therefore, the process of depoly-
merization is widespread, with the formation of low molecular weight chitosan and
oligosaccharides [36,37], which have a wide application potential [38]. Thus, chitosan
with a molecular weight of 10 kDa has high antibacterial activity [39], increases disease
resistance of plants [40], and demonstrates antioxidant activity [41]. Studies have shown
that oligosaccharides [42,43] have lower viscosity, good absorbability, and solubility in
water and under physiological conditions. Chitooligosaccharides demonstrated antimi-
crobial activity against a wide range of gram-positive (M. luteus, S. mutans, S. faecalis,
S. epidermis, S. aureus, B. subtilis, B. cereus, L. plantarum, B. bifidum) and gram-negative
(E. coli, V. parahaemolyticus, V. Vulnificus, S. typhimurium, P. aeruginosa) bacteria, as well as
fungi (Saccharomyces cerevisiae, Aspergillus niger, Candida) [44—46]. Some researchers also
report the effectiveness of oligosaccharides as antitumor agents, as well as providing an
anti-inflammatory effect [47]. One of the areas of chitosan research is the development of
new drug delivery systems, including those that have an antitumor effect. Thus, a stearic
acid and chitooligosaccharide derivative was suggested as a carrier for anticancer agent
intracellular transport and were effective against cells from breast cancer, liver cancer, and
lung cancer [48].

The degradation of chitosan-based materials in the body leads to the formation of
non-toxic amino sugars such as glucosamine or N-acetylglucosamine, which are completely
absorbed by the human body. This allows considering it a promising candidate for a wide
range of biomedical applications [49]. A significant number of studies have shown that
chitosan has antibacterial properties [50-52], fungicidal [53], antitumor [54], absorbent,
mucoadhesive[55,56], wound healing [57,58], hemostatic [59] properties.

Due to its polycationic properties, chitosan can interact with the surface of the cell
membrane and be used as a material for bone tissue regeneration [60]. Chen et al. [61]
developed a polymer stent made from chitosan films crosslinked with genipin to improve
mechanical properties. The results showed not only improvement in mechanical properties
but also reendothelialization of the implanted vascular stent.

The mechanical properties of chitosan have been widely studied. The authors [62] con-
clude that the ultimate tensile strength of chitosan fibrils is in the range of 121.5-308 MPa
and Young’s modulus is 7.9-22.7 GPa. The mechanical properties of chitosan fibers are
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determined by the molecular weight and degree of deacetylation, the solvent used, and
the source of production. Furthermore, when the relative humidity is reduced from
93% to 11%, Young's tensile modulus of chitosan films increases from 10.9 + 1.2 GPa to
18.8 & 1.5 GPa [63]. The micromechanical properties of chitosan are also investigated using
nanoindentation [64], with Young’s modulus ranging from 1 to 3 GPa, which correlates
with the results of [65].

The study [66] is devoted to the study of chitosan films stored under controlled
conditions and the change of their properties over time. It is demonstrated that the films
undergo significant changes in properties during storage due to changes in the structure
associated with the Maillard reaction. The rearrangement of polymer chains during storage
caused structural changes, changes in mechanical properties, changes in resistance to
ultraviolet and visible light, and changes in hydrophobicity. Thus, during storage from
0 to 90 days, the tensile strength of low molecular weight chitosan changed from 55 to
76 MPa and that of high molecular weight chitosan from 61 to 76 MPa. Elongation at break
values decreased. This means that the films became stiffer and less tensile, which can be
explained by the loss of bound water. The authors conclude, however, that the functional
properties of the chitosan films remained acceptable even after 90 days of storage. The
use of natural or synthetic plasticizers [67] can improve the properties of chitosan films
with retention for up to 10 months. Currently, chitosan is used to create products such as
films, coatings, hydro- and cryogels, micro- and nanoparticles, and matrices used for the
fabrication of wound healing agents [68,69], targeted delivery of medicines [70-73] and for
ophthalmology [69,74,75]. Chitosan has the characteristics that are necessary for an ideal
contact lens, such as optical transparency, mechanical stability, sufficient optical correction,
gas permeability, wettability, and immunological compatibility [76,77]. It's a well-known
immunomodulator [78]. Chitosan exhibits antitumor properties by inhibiting the growth
of tumor cells due to the proliferation of cytolytic T-lymphocytes [44]. There are studies
reporting its antiviral activity [79,80].

Mucoadhesive properties of chitosan are known, which appear due to electrostatic
interactions with negatively charged epithelial membranes [81]. Thus, an improvement
in the efficiency of drug delivery through the mucous membranes under the influence
of chitosan was found, as well as prospects for its use in ophthalmology. [82]. A scien-
tific study [83] describes biocompatible systems of chitosan nanoparticles with medicinal
substances included in them, which can be retained on the ocular surface for a long time,
penetrate the blood-ocular barrier, concentrate inside the eye, and also have a pronounced
therapeutic effect.

Bioabsorbable suture materials based on chitosan are made. In work [84], a quater-
nized chitosan derivative was used for application to the Vicryl surface. The resulting
material exhibited antibacterial activity and good cytocompatibility with human fibroblast
cells. A significant number of studies report the ability of chitosan and its derivatives
to accelerate wound healing [85] by modulating the secretion of enzymes and cytokines.
Such materials are available in the form of electrospun fibers [86], hydrogels [87,88], mem-
branes [89,90], films [91], 3D scaffolds [92], and sponges [85].

One of the primary issues with materials based on unmodified chitosan is that they
have poor mechanical qualities. This issue is resolved by functionalizing chitosan to
produce chitosan derivatives, as well as by creating composites and mixes based on chitosan
and other materials.

2.2. Poly(3-hydroxybutyrate): Preparation, Structure, Applications

Poly(3-hydroxybutyrate) (PHB) is one of the best-known polyhydroxyalkanoates
(PHA). Polyhydroxyalkanoates are a family of biodegradable polyethers typically produced
microbiologically using the highly efficient producer strain Azotobacter chroococcum 7B
(Figure 3).
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Figure 3. The formula of poly(3-hydroxybutyrate) and bacterial cell morphology of strain producer
A. chroococcum during growth, reprinted with permission from [93].

PHAs are widely used in biomedicine [94] to create suture threads, wound healing
materials, orthopedic pins, stents, devices for targeted tissue repair/regeneration, joint car-
tilage, bone implants, nerve fiber connections, etc. Although PHB has several advantages,
it also has a few limitations that restrict its biological uses, including high crystallinity
and brittleness.

A variety of microorganisms use polyhydroxyalkanoates as an intracellular energy
source and carbon source [95]. Only prokaryotes can synthesize this type of polymer. Some
PHA-synthesizing microorganisms are presented in Table 1. Most microorganisms are
capable of accumulating PHA from 30% to 80% of the cell’s dry weight.

Table 1. Some representatives of prokaryotes that are capable of synthesizing PHA as an intracellular
energy source.

Acinetobacter [96]
Azotobacter [93,97-99]
Bacillus [100,101]
Clostridium [102]
Escherichia [103]
Halobacterium [104]
Methylobacterium [105,106]
Micrococcus [107]
Nitrobacter [108]
Parapedobacter [109]
Pseudomonas [110,111]
Rhizobium [112]
Streptomyces [113,114]

Poly(3-hydroxybutyrate) is a linear, isotactic polymer that can have a high molecular
weight of up to about 3000 kDa. The conformational structure of PHB is a right-handed
helix with a double helical axis. Helical conformation is stabilized by carbonyl/methyl
interactions and is one of the few exceptions in nature in which its formation and stability
do not depend on hydrogen bonds.

The physical and mechanical properties of PHAs, such as stiffness, brittleness, melt-
ing point, glass transition point, or resistance to organic solvents, can vary significantly,
depending on the monomer composition [115]. For example, increasing the content of
3-hydroxyvalerate (HV) residues in the poly(3-hydroxybutyrate-co-3-hydroxyvalerate)
(PHBV) copolymer leads to a decrease in the melting point from 180 °C for pure PHA to
~75 °C for the copolymer with 3040 mol % HYV content. There is also evidence that PHA
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isolated from P. oleovorans is able to dissolve in acetone, while the homopolymer of PHB
shows very low solubility in acetone.

The crystalline structure of PHB is usually in the form of lamellae. The lamellae thick-
ness varies from 4 to 10 nm depending on the molecular weight, solvent, and crystallization
temperature [116,117].

The single crystal structure of PHB is a monolamellar system [118]. However, such
products as films are usually multilamellar systems that assemble into multi-oriented lamel-
lar crystals. In 3D-structures, such as scaffolds, PHB chains usually form spherulites [119].
In spherulites, lamellar PHB crystals grow radially stacked. Because of the tendency of
lamellar crystals to twist, PHB spherulites usually have a banded texture. The periodicity
and regularity of such twisted structures depend on both the molecular weight and the
crystallization temperature of the polymer. The growth kinetics of PHB spherulites was
investigated at various crystallization temperatures. At around 90 °C, the maximum crys-
tallization volume was observed. The overall crystallization rate of PHB is maximal in the
temperature range of 50-60 °C [108].

The molecular weight of poly(3-hydroxybutyrate) synthesized by wild-type bacteria
ranges from 1 x 10* to 3 x 10° g/mol with a degree of polydispersity ~2 [93,98,119]. The
glass transition temperature of PHB is ~4 °C, while the melting point is ~180 °C [120,121].
A bifurcated peak of melting temperature is also sometimes observed in homopolymers.
This phenomenon can be explained by the presence of crystallites of different degrees
of perfection, which can include the thermal prehistory of the sample and the broad
molecular weight distribution. The densities of the crystalline and amorphous components
of PHB are 1.26 and 1.18 g/cm?3, respectively. The mechanical properties of PHB, such
as Young’s modulus (~3.5 GPa), and tensile strength (~43 MPa), are similar to those of
isotactic polypropylene. However, the elongation at break (5%) is much lower than that of
polypropylene (400%). Consequently, PHB is a stiffer and more brittle plastic compared
to polypropylene.

3. Formation of Composites Based on Chitosan and Poly(3-hydroxybutyrate)

Composites are multicomponent materials, usually consisting of a base (matrix) re-
inforced with fillers. The combination of dissimilar substances leads to the creation of
a new material, the properties of which differ from the properties of each of the compo-
nents. The creation of composites with hydrophilic and biocompatible polymers is one of
the strategies for changing the surface properties and improving the biocompatibility of
polyhydroxyalkanoates [122].

Composite materials based on PHB with the addition of chitosan will be more hy-
drophilic than materials based on pure PHB. This means that they will be more biocompati-
ble and promising for creating tissue-engineered biomedical structures. It is also assumed
that mixing chitosan with PHB will be able to provide a variety of primary amino groups
for further modifications and thus diversify the possibilities of using such a blended ma-
terial [123]. The bioactivity, osteoinductive, and osteoconductive capabilities of mixed
compositions can be improved by including hydroxyapatite in their structure [124-127].

The coating for bioceramic scaffolds, consisting of Chitosan and PHB, with the addition
of multi-walled carbon nanotubes, made it possible to obtain thermostable materials with
good mechanical properties for tissue engineering [128]. Previously, the authors demon-
strated that, in addition to PHB, coating nano-bioglass/TiO, scaffolds with chitosan made
it possible to achieve a decrease in the contact angle from 84° to 42°, compressive strength
of the scaffolds increased from 0.01 MPa for nBG/nTiO; to 0.19 MPa for nBG/nTiO, with
PHB/Cs, improve biological activity, and cell proliferation [129]. However, such coatings
were rapidly destroyed and tended to swell.

Chitin and chitosan have also been used to improve the mechanical and thermal
properties of PHB and its copolymers. Chemical modification of chitin was carried out to
increase the hydrophobicity (increase in contact angle from 33° for chitin and up to 70°
for composite). The crystallization temperature is 22 °C lower in the composite compared
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to pure PHBV. The melting temperature of PHBV increased from 154.5 °C to 165 °C for
composite. [130]. Films based on PHBV /acetylated chitin nanocrystals were produced by
solution casting [131]. Studies of mechanical properties showed that the ultimate tensile
strength and Young’s modulus of PHBV are improved by about 24% and 43%, respectively.
The contact angle increased from 31° for chitin to 68° for PHBV /chitin, and the Tc of
composites is 5 °C higher than that of PHBV [131].

In addition, the melting technique cannot be applied because chitosan has a high
melting point at which PHB will decompose. Additionally, the melting approach cannot be
used because PHB would start to break down before chitosan melts due to its high melting
point [132].

Using a micro compounder, mixtures were prepared as described in the article [133]
at a temperature of 175 °C and a screw speed of 100 rpm. Initially, PHB was melted; then
chitosan (5, 10, 20, 30, and 40 wt %) was introduced into the mixer. The granular samples
were then subjected to injection molding. When studying the thermal properties of the
obtained composites, it was shown that the inclusion of chitosan in PHB increases the glass
transition temperature with a decrease in the melting temperature and crystallinity. The
addition of 10 wt.% chitosan reduced the percentage of crystallinity of the chitosan/PHB
composition. At the same time, a further increase in the concentration of chitosan did not
cause significant changes. This is because the presence of very rigid chitosan molecules
surrounding the PHB molecules made the PHB molecules in the composites inflexible and
induced insufficient crystallization compared to pure PHB. Adding more chitosan reduced
the thermal stability of the composites.

3.1. Copolymerization

A large number of studies confirm that chitosan, as well as its derivatives, has an
antibacterial effect due to its ability to disrupt the normal functions of the bacterial cell
membrane due to the reaction between the positive charges of chitosan and the negatively
charged bacterial cell walls [134]. Usually, chitosan exhibits its antimicrobial activity in
an acidic environment due to its poor solubility and the absence of protonated amino
groups at pH 6.5 and above, which limits its use. One approach to overcoming some of the
disadvantages of primary chitosan is to modify it with suitable functional groups. Graft
copolymerization is a promising method for producing new types of hybrid materials based
on chitosan with improved properties, thereby broadening its application in biomedicine
and environmental protection [135,136]. This approach allows the formation of functional
derivatives by covalent binding of the grafted molecule to the main chain of chitosan
(Figure 4) [137].

NH, HO NHAc NH; HO N DMSO/CH,Cl, 1
359C/24 h C—NHQ
C*NHz CH; H O
3
B e \ 1 !
HaN—C——NH—C=N Tl o0—C—C—C H
H C—NH, 11 J< n (N
HN |
NH, R—N-H
CHs;H O

Figure 4. ChG—grafted PHB copolymer. Adapted from [137].

Polyhydroxyalkanoates can be used to modify chitosan. Thus, in the study by Arslan et al. [138],
poly-(3-hydroxyoctanoate), as well as PHBV and linoleic acid, were grafted to chitosan
via condensation reactions between carboxyl and amino groups, while the percentage of
grafted polyester varied from 7 to 52% wt., depending on the molecular weight. It has been
shown that the grafting percentage depends on the molecular weight, the structure of the
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grafted PHAs (steric effect), and, finally, the solubility of the polymers in the polymerization
medium. So, the solubility of the grafted chitosan-g-PHA copolymer can be controlled by
adjusting the grafting percentage.

In another study, chitosan derivatives formed viscous solutions in water. Although the
original polymer is hydrophobic, its graft derivative exhibits amphiphilic behavior in which
the degree of solubility is controlled by the percentage of graft. As a result, PHB-g-chitosan
copolymers are obtained, which have strong elastic films with a low melting point. Due to
their biocompatibility, amphiphilic behavior, and antimicrobial activity (Table 2), polymer
grafts have good potential for medical applications such as tissue engineering and drug
delivery systems [139].

Table 2. Antimicrobial activity of ChG-g-PHB Adapted from [139].

Inhibition Zone (mm)

Sample
S. pneumonia E. coli A. fumigatus
ChG-g-PHB 21.30 £2.10 21.80 £2.10 1940+ 1.5
Ampicillin 23.80 £ 0.20 - -
Gentamicin - 19.90 £0.30 -
Amphotericin - - 23.70 £0.10

The compatibility of chitosan and polyhydroxyalkanoates can be increased by func-
tionalizing polymer chains by grafting functional groups or comonomers [140]. Vernaez
et al. used maleic anhydride to modify PHBV using a Brabender measuring mixer. PHBV
with a cross-linking agent concentration of 10% wt., similarly mixed with chitosan pow-
der. It is concluded that functionalization with maleic anhydride effectively increases the
compatibility of the polyester matrix with chitosan particles.

In work by Hu et al., acrylic acid and chitosan, onto which hyaluronic acid was
immobilized, were sutured to ozone-treated PHBV membranes [141]. These PHBV /acrylic
acid membranes, which were esterified to chitosan or chitooligosaccharides to increase
hydrophilicity, had antibacterial properties and improved fibroblast cell attachment.

3.2. Electrospinning

The electrospinning process has shown significant potential for creating fibrous scaffolds
that can mimic the structure of the extracellular matrix in natural tissues (Figure 5) [142,143].
Electrospun fiber scaffolds have improved structural properties, including greater surface
area and higher porosity with interconnected pores that promote cell growth and nutrient
exchange [144]. Many natural and synthetic polymers, including PHB and chitosan, have
been investigated for the manufacture of fibrous materials [145]. In this study, PHB was
successfully blended with chitosan using TFA as a co-solvent, and the blended solution
was electrospun to fabricate fibrous scaffolds for cartilage engineering. This study showed
that the addition of chitosan could increase the hydrophilicity and weight loss rate (and
percentage) for PHB scaffolds while maintaining the mechanical properties in a suitable
range. The results obtained indicate the great potential of fibrous scaffolds made from a
mixture of PHB/chitosan for further additional studies in vitro and in vivo.

The method of fiber formation using electrospinning was used in [146]. The aim of
this study was to determine the effect of a polyhydroxybutyrate/chitosan/nanobioglass
nanofiber scaffold fabricated by electrospinning on the proliferation and differentiation
of stem cells obtained from human exfoliated deciduous teeth into odontoblast-like cells.
Trifluoroacetic acid was used as a solvent; first, poly(3-hydroxybutyrate) was dissolved,
and then 15 wt % chitosan and 10 wt % bioglass nanoparticles were added. Then the
solution was homogenized, and electrospinning was performed. According to the results,
due to the presence of chitosan and bioglass nanoparticles, the resulting matrix had good
cell viability and uniform properties and was suitable for pulp capping (Figure 6).

108



Polymers 2022, 14, 5549

1

Figure 5. (a)—PHB film obtained by electrospinning; (b)—SEM image of PHB film, adapted with
permission from [143].
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Figure 6. Cell viability, adapted from [146].

Peripheral nerve conductors can be constructed based on biodegradable polymers.
Thus, in the article by Zhou et al., biocomposite was constructed using electrospinning
based on chitosan and PHB [147]. In this case, the addition of chitosan made it possible to
improve wettability. The results of TGA and DSC showed that PHB/chitosan polymers
could be mixed in one phase with trifluoroacetic solvent in all compositions. Furthermore,
a decrease in decomposition temperature (from 286.9 to 229.9 °C) and crystallinity (from
81.0% to 52.1%) with increasing chitosan content was demonstrated. The authors conclude
that PHB/ chitosan fibers with different percentages can be used as medical materials with
a controlled degradation rate.

Electrospinning was used to create chitosan/PHBV nanofibers [148] with various
PHBV /chitosan ratios (4:1 and 2:3, respectively) as cytocompatible degradable scaffolds.
Such materials ensured the proliferation and differentiation of L.929 fibroblast cells, as well
as a controlled rate of biodegradation [149]. PHBV /chitosan at a ratio of 4:1 demonstrated
the best cell proliferation (53 + 9% compared to PHBV/C [2:3] (32 £ 9%)) and wound
healing rate (smaller wound areas (26 + 11%), compared to control (59 & 17%).) in vivo.

In another study, the authors developed a material based on PHB-chitosan with TFA
as a solvent [150]. Aluminum oxide nanowires were added as a reinforcing phase, and

109



Polymers 2022, 14, 5549

3D scaffolds were obtained by the electrospinning method. Chitosan addition reduces
the tensile strength from 2.81 £ 0.15 MPa to 0.89 £ 0.26 MPa and the modulus from
126.3 & 22.2 to 44.6 £ 0.2 MPa. The alumina provided optimum mechanical properties
(11.18 & 1.24 MPa) and increased surface roughness (492.6 4= 67 nm against 346.2 4= 23 nm
for PHB-CTS ) as well as good biological properties in vitro.

Thus, composite electrospun matrices are promising materials, primarily for biomedicine.
This is due to the possibility of creating a material with certain predetermined characteristics
and the ease of its functionalization and modification. However here, it is important to
note one problem, which is usually characteristic of materials that are difficult to mix under
normal conditions. Namely, rather little is known about the homogeneity and distribution
of components in such mixed materials, i.e., whether the components are combined into a
single fiber or are independent networks [151]. These issues require further investigation
in the creation of electroformed PHB-chitosan composites.

3.3. Blending Polymer Solutions in Different Solvents

Blending is a simple and effective way to obtain biomaterials with the desired prop-
erties. However, blends are often developed from the same class of biomaterials. At the
same time, insufficient attention is paid to the creation of mixtures based on hydrophilic
biopolymers and hydrophobic polyesters. The creation of composites and mixtures based
on chitosan and PHB is associated with certain difficulties, which include selecting the opti-
mal solvent suitable for chitosan and PHB. As mentioned above, new types of biomaterials
based on PHB, and chitosan can be obtained using various mixing methods (Figure 7).
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Figure 7. A method of casting polymer solutions.

It is expected that PHB/chitosan mixtures will have good biocompatibility and high
biodegradability, so they can be used as biomedical materials. The authors [152] note that
the properties of mixtures of chitosan and PHA depend on the method of their preparation:

1. A method of casting polymer solutions. By casting from a PHB/chitosan mixture
solution, compositions with different polymer ratios can be prepared, which means that
the mixtures will have the properties of both components [153]. The main advantage of
the method of mixing by casting from polymer solutions is its simplicity. Thus, to prepare
composites, chitosan and PHB were dissolved in 1,1,1,3,3,3-hexafluoro-2-propanol, and
the resulting mixture was poured onto a Teflon cup [154]. The introduction of chitosan
reduces the crystallization of PHB from 65% to ~35% for PHB/CS 50:50 due to the harsh
environment of chitosan and the formation of intermolecular hydrogen bonds between
the components.
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2. Blending Precipitation method [155]. In this case, PHB or its copolymers were
dissolved in DMSO and mixed with a solution of chitosan in acetic acid with DMSO. Then
the mixture was precipitated in excess of acetone. The precipitate was filtered and dried.
The pre-deposition mixing method can be used as an effective way to improve the plasticity
of chitosan by manipulating the production conditions and composition [156].

It was shown that hydrogen bonds formed between the components of the mixture,
and the addition of chitosan led to a decrease in the degree of PHB crystallinity. Similar
results were obtained by Khasanah et al. [157] in the study of PHB/chitin films. The
crystallinity of PHB decreased (22% for PHB/CS 50:50) in mixtures compared to the pure
polymer (77%), and new intermolecular hydrogen bonds formed between the CO groups
of PHB, and the O-H, N-H groups of chitin. At the same time, a decrease in the degree
of crystallinity makes it possible to improve the physical properties of PHB, which means
expanding the potential for its practical application [154,158].

Propylene carbonate and acetic acid were used as solvents, respectively, for PHB and
chitosan and further mixing of polymer solutions [159]. This made it possible to avoid
the use of toxic fluorinated co-solvents. The same volumes of solutions with different
concentrations of polymers were used. After mixing, acetone was added to precipitate
the polymers, which were then washed, frozen, and lyophilized. As a result, composite
scaffolds (chitosan-PHB-hydroxyapatite) were obtained.

3. The method of casting in the emulsion. Chitosan dissolved in acetic acid was mixed
with a solution of PHB in chloroform. After casting into films, the mixture was neutralized
with 0.5 M sodium hydroxide, washed with water, and dried. In this case, the chitosan
solution should be sufficiently viscous, and the amount of PHB should not exceed 30% so
that PHB drops dispersed in the chitosan matrix retain their stability [160]. 3T3 fibroblasts
were used to study cytocompatibility. Fibroblasts were attached to the films and had a
normal spreading morphology. Moreover, experiments on adhesion and cell proliferation
showed that PHB/chitosan films had better cytocompatibility compared to pure chitosan
films, probably due to better PHB biocompatibility and higher surface roughness of the
films from the mixture [152].

In work, Ivantsova and co-authors [161] created a new biodegradable polymer com-
position for the controlled release of drugs based on PHB and chitosan with different
percentages of components (10-90% wt.). In this case, PHB was used as a biodegradable
component, and chitosan was added to improve the physical properties and the possibility
of further modification due to the presence of reactive amino groups in the composition.
The components were mixed using a Brabender laboratory mixer at 150 °C for 10 min, and
the resulting powder was hot pressed at 160 °C.

The authors [162] formed films based on PHA with the inclusion of various polysac-
charides (chitosan, pectin, hyaluronic acid) by mixing equal amounts of polymer solutions.
PHB and PHBYV were dissolved in chloroform, and chitosan was dissolved in 0.1 N acetic
acid at pH 5.5. The solutions were filtered and mixed. When the solvent was evaporated,
the films were washed with distilled water. The resulting porous films had the flexibility
and plasticity characteristic of PHB and good biocompatibility with HaCaT cells (Table 3).
However, there was a slight inhibition of cell proliferation on materials containing chitosan.

Table 3. Comparison of the properties of PHB and PHB/Cs adapted from [162].

Sample Young’s Modulus Elongation at Tensile Strength Contact Angle Proliferation of HaCaT
P (MPa) Break (%) (MPa) (Degrees) Cells (% vs. Control)
PHB 1640 1.4 12.9 84 22+19
PHB/Cs 334 1.6 3.3 93 90 + 10

According to Wenling et al., chitosan/PHB films were prepared by the emulsifica-
tion/casting /evaporation method [160]. A solution of chitosan in acetic acid and a solution
of PHB in chloroform were prepared separately. Scanning electron microscopy showed that
PHB microspheres were formed and captured by chitosan matrices, which made the film
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surface rough. With an increase in the PHB content, the film surface roughness increased,
and the swelling coefficient of the PHB/chitosan films decreased (9.7 + 5.0% for PHB
and 119.3 + 4.3% for Cs/PHB 70:30). This can be explained by the hydrophobicity of
PHB. This result indicates that the swelling capacity of chitosan films can be reduced by
adding PHB. The stress-strain curves of the blended films were almost linear and similar
to the stress-strain curves of pure chitosan films, which meant that all blended films were
resilient and strong. With an increase in the amount of PHB, the elastic modulus of the
films decreased (8.7 + 1.6 MPa for Cs/PHB 90:10 to 4.9 4+ 0.6 MPa for Cs/PHB 70:30), and
the elongation at break increased (43.3 4 5.9% (Cs/PHB 90:10) to (82.9 + 9.3% CS/PHB
70:30). In addition, such films demonstrated higher tensile strength compared to chitosan
films (4.0 + 1.1 MPa for Cs/PHB 90:10 to 3.4 + 0.5 MPa for Cs/PHB 70:30)).

Iordansky et al. investigated various issues of creating mixed compositions based on
PHB and chitosan for targeted drug transport using rifampicin as an example [163,164]. At
the same time, methods were proposed for creating emulsions with different percentages
of biopolymers by various methods [165,166] using solutions of PHB in chloroform and
chitosan in 1% acetic acid. Using SEM and DSC, the composition was shown to separate
into two immiscible phases, especially in the PHB concentration range of 50-60%, when
the separation of the components was observed, and the PHB globules were embedded in
the chitosan matrix. The authors conclude that the formation of a heterophasic immiscible
structure is not a disadvantage in the development of biodegradable materials due to
improved bioavailability and the potential ability to control the rate of degradation of this
polymer system.

3.4. Using the Same Solvent for Both Polymers

Ikejima et al. [154] reported the development of biodegradable polyester/polysaccharide
blend films made from bacterial poly(3-hydroxybutyrate) with chitin and chitosan. The
crystallinity of such mixtures decreased with an increase in the number of polysaccharides
from ~65% to ~35%, which was shown by DSC. Using the FTIR method, this trend was
confirmed since, with an increase in the number of polysaccharides, the intensity of the
absorption bands of the carbonyl sites changed. It was found that the suppression of PHB
crystallization occurs more strongly when mixing chitosan compared with chitin. It was
found that PHB in mixtures (by 13C NMR-spectroscopy) is immersed in a “glassy” medium
of the polysaccharide. The resonances of chitosan in mixtures were significantly broadened
compared to those of chitin. This was explained by the formation of hydrogen bonds
between the carbonyl groups of PHB and the amide -NH groups of chitin and chitosan.
Crystallization and environmental biodegradability have been shown for mixtures of PHB
and chitosan.

In another work by T. Ikejima and Y. Inoue, 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP)
was used as the solvent [167]. The films were made by casting from a solution. Dynamic
mechanical, and thermal analysis showed that the thermal transition temperatures of PHB
amorphous regions were similar to those of pure PHB for PHB/chitin and PHB/chitosan
blends (~15 °C). It is also indicated that the studied films of mixtures were biodegradable
in water.

Measurement of the contact angle of scaffolds from a mixture of PHB/chitosan dis-
solved in TFA showed that with an increase in the content of chitosan in the mixture,
the contact angle decreases, and the hydrophilicity of the mixture increases accordingly.
Moreover, with an increase in the content of chitosan, the porosity of the scaffolds increases.
The rate of degradation also increases. It was shown that during 14 weeks of decomposition
in a buffer solution, scaffolds containing 40% chitosan lost 40% of their mass, while pure
PHB lost about 10% [132]. In addition, the authors found that an increase in the content
of chitosan increased the contribution of the amorphous fraction. This result indicates the
suppression of PHB crystallization when mixed with chitosan. An in vitro degradability
study showed that the rate of degradation of mixed scaffolds is higher than that of pure
PHB scaffolds, and the dissolution of chitosan can neutralize the acidity of PHB degradation
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products. Based on the obtained results, the authors conclude that the prospects for using
the developed scaffolds in the field of bone and cartilage tissue engineering are good.

Cheung et al. [168] also demonstrated a decrease in the degree of crystallinity of PHB
and PHBV when mixed with chitosan (Figure 8).
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Figure 8. The degree of crystallinity of PHB (e) and P(HB-co-HV) (M), adapted from [168].

There is also a decrease in the melting point of the mixture compared to pure PHB.
In this work, films based on chitosan/PHB and chitosan/PHBV were obtained by casting
from a solution of 1,1,1,3,3,3-hexafluoro-2-propanol with the addition of 1% acetic acid.
At the same time, the polymers were dissolved separately at concentrations of 10 g/1 and
mixed in different weight ratios (100/0, 80/20, 60/40, 50/50, 40/60, 20/80, and 0/100).
Then solutions were slowly evaporated at an ambient temperature for 24 h. The authors
conclude that there is an intermolecular interaction between chitosan and PHB or PHBV in
all compositions.

It should be noted that TFA and 1,1,1,3,3,3-hexafluoro-2-propanol are the most com-
monly used solvents for preparing compositions based on PHB and chitosan. They are
highly toxic and quite expensive. Therefore, the search and study of other methods for
obtaining mixtures based on chitosan and PHB remain relevant.

The researchers [169] used PHB and chitosan for the synthesis of gold nanoparticles
because chitosan has a positive charge under acidic conditions and, as a result, can form
conjugates with negatively charged polymers such as PHB. At the same time, a solution
of chitosan in acetic acid was prepared and treated with ultrasound, and a weighted
portion of PHB was added to it in a ratio of 4.16:1 under optimal conditions. The resulting
conjugate was completely soluble, with chitosan acting as a reducing agent in it and PHB
as a stabilizer. Previously, a similar method for the preparation of amide conjugates of
partially depolymerized PHB and chitosan was described in [170] due to the interaction
of terminal carboxyl groups of PHB with amino groups of chitosan and water-soluble
conjugates were obtained.

In a number of papers, glacial acetic acid has been proposed as a solvent for poly-
hydroxybutyrate. Choonut et al. [171] heated a sample of PHB in glacial acetic acid with
constant stirring to 118 °C until the sample was completely dissolved. Then, films were
prepared by casting on a heated 120 °C Petri dish to accelerate the evaporation of the
solvent. Similarly, PHB films were obtained in [172], and it was shown that the choice of
film preparation temperature and the solvent evaporation rate is important in terms of
such material properties as the degree of crystallinity, surface roughness, transparency, and
mechanical characteristics. Thus, films obtained by casting at high temperatures had a
lower tensile strength and deformation, a higher degree of crystallinity (78% against 60.5%

113



Polymers 2022, 14, 5549

in chloroform) and were also more transparent and smoother. The authors explained the
increase in the crystallinity of the material by the fact that at a higher temperature in acetic
acid, more thermal energy was available for the formation and growth of crystal structures
and by the fact that chloroform is a more compatible solvent for PHB.

In their study Mukheem et al. obtained and characterized the antimicrobial properties
of composite films based on PHB and chitosan and incorporated boron nitride nanoparti-
cles [173]. PHB was dissolved in glacial acetic acid at a temperature of 118 °C. Then the
solution was cooled, and nanoparticles were added at various mass ratios. A solution
of chitosan in 1% acetic acid was added dropwise (at a ratio of PHB and chitosan 10:1,
respectively). The resulting mixture was sonicated. Films were formed by casting on a
glass plate heated to 80 °C.

3.5. Summary of the above Methods

Based on the work described above, creating new composites from two biopolymers
of different natures is a non-trivial problem. Table 4 summarizes the main methods used to
make composites of both PHB and chitosan.

Table 4. Advantages and disadvantages of methods for creating composites.

Methods References Advantages Disadvantages
Melting temperatures of PHB and chitosan
Extrusion There is no need to use expensive are different.
. S [140,174,175] . P Thermal degradation of polymers and
melt functionalization and toxic solvents. L .
reduction in molecular weight can occur.
Expensive specific equipment is required.
Covalent bonding ensures the Difficulty in synthesis, selection of optimal
Copolymerization [137-140] creation of a single conditions is necessary, in some cases it is
branched structure. not easy to determine the degree of grafting
L Creating products with a variety Requires expensive equipment. Difficult to
Electrospinning [143-150] of structures .. .
. - . manufacture. Limited choice of solvents
(controlled fiber size, porosity)
L The relative ease of creating the It is necessary to carefully select the mixing
Blending in . e . L .
. - [152-161] material. No specific equipment  conditions, the ratio of polymers due to the
different solutions - - e
is required. problem of stability
Blending in a Relative stability, simplicity of The most widely used common solvents

common solution

[132,154,167-173]

manufacturing are expensive and toxic.

Each method is not universal; each has its own advantages and disadvantages. For
example, the future product will be expensive and difficult to manufacture, limiting its
economic viability. Inconsistencies in physical properties (melting point) make it difficult
to use melt extrusion methods. The use of some solvents, such as trifluoroacetic acid,
is limited by their toxicity. However, the ease of making a composite by mixing it in a
common solution makes it one of the most commonly used methods. Among all solvents,
acetic acid occupies a separate place. It is possible to dissolve both PHB and chitosan in
acetic acid. It is cheap and non-toxic, which is an advantage over other solvents.

4. Prospects for Applications of PHB/Chitosan Composite Materials

Most of the options for the practical application of materials based on both chitosan
and poly(3-hydroxybutyrate) are associated with the biomedical field. Composite materials
based on them also have prospects for application in medicine. For example, hydrogels for
injection with the possibility of therapeutic loading were presented [176]. Gels based on
PHB were obtained, and chitosan was added using the solvent-exchange method, which
made it possible to load chitosan successfully into the PHB matrix. PHB was dissolved in
chloroform at 95 °C; tetrahydrofuran was added and then immersed in methanol. Alcohol
gels were extracted by soaking them in a solution of chitosan with acetic acid, which led
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to the formation of hydrogels. The hydrogels were lyophilized. Gels, with the addition of
chitosan, showed more elastic behavior, improved compressive strength, and increased
wettability. The increased hydrophilicity of the gel network may result in more efficient
rebinding with water after the degradation of composite hydrogels compared to pure PHB.
Drug-containing PHB/ chitosan hydrogels showed excellent injectability and stability and
also showed pH-driven release. The release of doxorubicin was significantly accelerated
by lowering the pH of the medium from 7.46 to 4 due to the repulsion between positively
charged chitosan and doxorubicin. This paves the way for the future development of a
controlled drug release system in typical cancer microenvironments that are characterized
by low acidity.

PHB and chitosan were used to create reservoir-type composite microparticles that
could be used in the field of controlled drug delivery [177]. At the same time, PHB
microspheres containing piroxicam or ketoprofen as model objects [178] were also included
in chitosan matrices. The addition of chitosan crosslinked with glutaraldehyde at various
concentrations makes it possible to control the release of drugs.

The potential uses of materials based on chitosan and PHB are not just limited to the
biomedical industry. In the creation of biodegradable plastics, natural polymers are thought
to be promising alternatives to synthetic polymers. In order to create new packaging materi-
als that won’t pollute the environment, their use can be justifiable. Ecosystem preservation
and pollution reduction are both greatly improved by the use of biopolymers [179].

Due to chitosan’s specific antibacterial activity, which demonstrates potent activity
against bacteria, fungi, and yeast [180], its use in this field is justified. This makes it
possible to create antimicrobial packaging materials [17]. In order to develop antimicrobial
packaging, chitosan and its nanoforms have been widely used to reduce microbial growth
in food products. Notably, they have been widely used to make edible coatings and
edible films to increase the shelf life of food products [181]. A nanocomposite obtained
by dispersing silk nanodisks in a chitosan matrix has been used as an edible coating to
increase the shelf life of perishable food products [182].

Poly-3-hydroxybutyrate is used to make bioplastics because its characteristics are sim-
ilar to those of typical petroleum-based polymers such as polypropylene (PP), polystyrene
(PS), polyethylene (PE), and polyethylene terephthalate (PET) [183]. However, its applica-
tion in the food packaging sector is underdeveloped due to the moderate barrier, thermal,
and mechanical properties of this biopolymer [184]. Therefore, for this purpose, PHB is
often combined with other materials, such as nanoparticles [185]. Chitosan has been used
to modify PHB in the creation of food packaging [186]. Biohydrothermally synthesized
Zn0O-Ag nanocomposites were used as a filler to improve mechanical properties and impart
additional antimicrobial properties. The resulting material showed excellent prospects for
replacing non-degradable plastic for food packaging.

5. Conclusions

One of the strategies for improving the properties of biopolymers is the creation of new
materials by obtaining biocomposites from polymers that differ in their properties. This
review is devoted to the methods of creating and studying the properties and applications
of composite materials based on polysaccharide chitosan and polyester PHB. Some of the
disadvantages of the two classes of biomaterials, polyesters, and polysaccharides, can be
overcome by blending them. For example, the incorporation of hydrophilic biopolymers
such as chitosan into hydrophobic polyesters can provide functional groups for further
modification, such as conjugation with growth factors, as well as reduce the crystallinity
of the polymers and vary their biodegradability. In turn, the addition of polyesters to
hydrophilic biopolymers can reduce their tendency to overswell. In this review, the features
of obtaining biocomposites using different methods were considered: electrospinning,
copolymerization, and the creation of mixed compositions by mixing polymer solutions in
various solvents. Blending the two classes of biomaterials will lead to the development of
some new biodegradable materials with improved properties for various applications.
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Abstract: In this research, the utilisation of used transformer oil (UTO) as carbon feedstock for
the production of polyhydroxyalkanoate (PHA) was targeted; with a view to reducing the envi-
ronmental challenges associated with the disposal of the used oil and provision of an alternative
to non-biodegradable synthetic plastic. Acinetobacter sp. strain AAAID-1.5 is a PHA-producing
bacterium recently isolated from a soil sample collected in Penang, Malaysia. The PHA-producing
capability of this bacterium was assessed through laboratory experiments in a shake flask biosynthesis
under controlled culture conditions. The effect of some biosynthesis factors on growth and polyhy-
droxyalkanoate (PHA) accumulation was also investigated, the structural composition of the PHA
produced by the organism was established, and the characteristics of the polymer were determined
using standard analytical methods. The results indicated that the bacteria could effectively utilise
UTO and produce PHA up to 34% of its cell dry weight. Analysis of the effect of some biosynthesis
factors revealed that the concentration of carbon substrate, incubation time, the concentration of
yeast extract and utilisation of additional carbon substrates could influence the growth and polymer
accumulation in the test organism. Manipulation of culture conditions resulted in an enhanced
accumulation of the PHA. The data obtained from GC-MS and NMR analyses indicated that the PHA
produced might have been composed of 3-hydroxyoctadecanoate and 3-hydroxyhexadecanoate as
the major monomers. The physicochemical analysis of a sample of the polymer revealed an amor-
phous elastomer with average molecular weight and polydispersity index (PDI) of 110 kDa and 2.01,
respectively. The melting and thermal degradation temperatures were 88 °C and 268 °C, respectively.
The findings of this work indicated that used transformer oil could be used as an alternative carbon
substrate for PHA biosynthesis. Also, Acinetobacter sp. strain AAAID-1.5 could serve as an effective
agent in the bioconversion of waste oils, especially UTO, to produce biodegradable plastics. These
may undoubtedly provide a foundation for further exploration of UTO as an alternative carbon
substrate in the biosynthesis of specific polyhydroxyalkanoates.

Keywords: bioconversion; used transformer oil; polyhydroxyalkanoates; Acinetobacter sp.; bioplastics

1. Introduction

Synthetic plastics have become important commodities that have improved the quality
of human life, replacing packaging materials like glass and paper [1]. The interest in the
development of biodegradable plastics is largely generated from the problems associated
with conventional plastics in a global environment [2]. Typical petroleum-derived plastics
are non-biodegradable and mostly gather or aggregate around our environment, a prob-
lem that calls for great concern among communities, waste management agencies, and
policymakers. Undoubtedly, plastic wastes pose a serious problem to landscape, marine
animals, and wildlife and have since become an “environmental eye sore” [3]. Managing
plastics wastes has become a global concern. Although it is hard to completely stop the
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use of petroleum-based plastics owing to their versatile utility, it is possible to substitute or
reduce their usage with better alternatives by promoting the production and application of
biodegradable polymers that have similar material properties [4]. Predictably, the plastics
industry may witness a paradigm shift in the current century; this may ultimately bring
about a change from an all-petroleum-based industrial economy to one that encompasses a
relatively broader base of materials that include but not limited to fermentation byprod-
ucts [5]. The over-dependence on conventional plastics brings about waste accumulation
and greenhouse gas emissions.

Consequently, recent technologies are directed towards developing bio-green materials
that exert insignificant environmental side effects [6]. Petroleum-based mineral oils have
been used in electrical transformers, primarily for insulating purposes. The oil serves
the function of cooling the transformers. However, the long-term usage of transformer
oil results in changes in its physical and chemical characteristics, which makes it unfit
for cooling and insulating purposes. Thus, after being used up, the disposal of used
transformer oil (UTO) from electrical power stations, as well as a large number of electrical
transformers located in populated areas and shopping centres throughout the world, is
becoming increasingly complex; this is so because it could contaminate waterways and soil
if serious spills happen, this problem necessitates the need for providing an immediate
solution [7]. Coincidentally, there is a continuous search for cheaper substrates to produce
biodegradable plastics to reduce the high production cost that remains a big challenge to
commercialising these eco-friendly alternative products. Consequently, several attempts
are being made to produce bioplastics using waste oils. For instance, waste glycerol [8,9],
palm oil [10], crude glycerol [11] and waste frying oil [12].

Polyhydroxyalkanoates (PHAs) represent a versatile group of prokaryotic reserve
materials that display high potential for application in numerous fields of the plastic market,
partly due to their plastic-like properties [13]. PHA are polyesters synthesised and accu-
mulated by a number of taxonomically different microorganisms under nutrient-limited
conditions, particularly when a carbon source is readily available. These biomolecules serve
as carbon and energy storage materials; their presence has also been established to enhance
resistance to various stress conditions [14]. For instance, recent research demonstrated
that the biological role of PHAs goes beyond their storage function since their presence
in cytoplasm increases the stress resistance of microbes [15]. PHAs have recently gained
so much attention, especially in research institutions and industry. Undoubtedly, they are
valuable materials with unique and desirable features; these important biological molecules
attract attention as “green” alternatives to petrochemical plastics. However, The major
disadvantage of these important biopolymers is their high production cost [1]. PHAs
are mostly classified based on the number of carbon atoms in their respective monomers.
Short chain length polyhydroxyalkanoates (sc/-PHAs) have 3-5 carbon, medium chain
length polyhydroxyalkanoates (mcl-PHAs) have 6-14 carbon, while the long chain length
polyhydroxyalkanoates (lcI-PHAs) have 15 and above carbon atoms [3,16-18]. Among
these classes of PHAs, Icl-PHAs is relatively the least explored, and this is evident in
the limited number of published works on this important class of PHAs. In comparison
with the short-chain-length PHAs, the medium-chain-length PHAs (mcl-PHAs) are rela-
tively less abundant and frequently produced by bacterial species belonging to the genus
Pseudomonas [19].

PHA-accumulating microorganisms can be isolated from diverse ecological niches like
water sediments, sludge, rhizosphere, marine region, and coastal water body sediments [20].
Such habitats are often rich in organic nutrients and poor in other nutrients to meet the
metabolic requirements of the starving microbial population, especially PHA-accumulating
ones [21]. It has been established through extensive research that several PHA-producing
microbes synthesise PHA toward the end of the log phase of their growth cycle [4]. It is
also found that in later stages of their life cycle, they often use it as a carbonosomes [22].
Evidently, the presence of PHA inclusions within the microbial cytosol has served and
will continue to serve as a chemotaxonomic signature for detecting various microbial
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isolates [4,23]. Numerous screening procedures have been developed for the detection
of microorganisms that accumulate PHAs. Staining techniques involving the use of Nile
red [24], Sudan black [25], and Nile blue [26] have, over the years, been used. Although
these staining techniques cannot distinguish PHA inclusions from other lipids inclusion, a
number of PHA-producing organisms have been successfully detected using this method,
especially when complemented with other methods for confirmation [27]. Although
analytical and molecular approaches are, in most cases, relatively time-consuming; and,
therefore, difficult to apply in throughput screening, they are considered more reliable.

Despite the fact that PHA and other biodegradable polymers offer numerous environ-
mental advantages such as composability, biodegradability, and biocompatibility, as well as
the ease with which they become embedded in the natural carbon cycle, the main obstacle
to commercialisation is their production cost. Consequently, the PHAs market penetration
still lags behind the high expectations of the scientific community [28]. However, there is
no doubt that PHAs biosynthesis and its related technologies are creating an industrial
value chain ranging from materials, fermentation, and energy to medical fields [29]. PHAs
can be applied in a number of ways that include, among others: packaging films, bags and
containers, feminine hygiene products, surgical pins, sutures, swabs, wound dressing and
staples, biodegradable carriers of drugs, medicines, insecticides, herbicides, or fertilisers,
especially for long term dosage, replacements of bones and plates. In addition, PHAs
are also applicable as starting materials for chiral compounds [30]. The relatively high
production cost and the public awareness of the negative environmental impact of fluid
mineral fuels-related products have been part of the driving force toward the search for
novel raw materials with a ‘green agenda’ [31]. It is based on this background that the
attempt was made to convert the UTO into PHAs with a view to providing an alternative
to non-biodegradable plastics as well as reducing the production cost of PHAs.

2. Materials and Methods
2.1. Isolation of Organism and Growth Conditions

The bacterium used in this work was isolated from a soil sample obtained around Sun-
gai Pinang Malaysia (Lat. 5°8'57"" Lon. 100°24'38"’) [32]. The mineral salt medium (MSM)
used for enrichment cultivation contains gram per litre of K,HPOy (5.8); KH,POy (3.7);
(NH4)2SOy4 (1.1); MgSO4-7H,0 (0.2); bacteriological agar (15). Other components include
1.0 mL of micro-element solution containing of FeSO4-7H,0 (2.78); CaCl,-2H,0 (1.67);
MnCl,-4H,0 (1.98); CoSO4-7H,0 (2.81); CuCly-2H,0 (0.17); ZnSO4-2H,0 (0.29); in 0.1M,
HC1[33]. The MSM was supplemented with 4%(v/v) emulsified UTO (The emulsification
was done in 1:1 ratio with Tween 80) as the sole carbon source. The enrichment culture was
set up by inoculating 1 g of the soil sample into a 250 mL conical flask containing 100 mL
of the medium and incubated at 30 °C for 48 h with an agitation speed of 200 rpm. Serial
dilutions of the enrichment culture were made, after which 0.1 mL aliquot was taken from
a selected dilution tube and inoculated on MSM agar (containing UTO as the sole carbon
source) using the spread plate technique. The plates were incubated at 30 °C for 3-5 days.
Pure colonies were sub-cultured and maintained in 20% glycerol at —20 °C.

2.2. Screening for PHA Accumulation

The stock culture of the isolated bacteria was activated in 30 mL nutrient-rich broth
(10 g/L peptone, 2 g/L yeast extract and 10 g/L Lab Lemco powder). It was incubated
at 30 °C for 18 h with an agitation speed of 150 rpm. After that, the culture was serially
diluted using distilled water. An aliquot was then inoculated on solid MSM containing
five(5) ug/mL Nile red [24]. The plates were incubated for 48 h at 30 °C. Colonies that
formed were replicated onto a fresh MSM agar plate. The original plates were then exposed
to ultraviolet illumination (320 nm) to identify PHA-accumulating organisms. Colonies that
exhibit pink fluorescence were tentatively considered PHAs producers. Fluorescence mi-
croscopy was also used to further identify the PHA-accumulating isolates; in this approach,
about 1 mL of 72 h old culture grown in MSM was transferred into 2.5 mL Eppendorf tube;
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after which 50 pL of Nile red solution (5 ug/mL) and 0.5 mL distilled water were added to
the cell suspension and vortex-mixed immediately. The cell suspension was kept at room
temperature for an hour and then centrifuged at 1000 rpm for 5 min. The supernatant
was discarded, and the pellet was washed twice with distilled water. Another 0.5 mL of
distilled water was then added to the pellet and mixed. Subsequently, 10 uL of the stained
cell suspension was placed onto a clean glass slide and covered with a glass slip. The
edge of the glass slip was sealed using cutex. Finally, the prepared slides were observed
using a fluorescence microscope (Olympus BX53, Olympus Optical Co., Ltd., Tokyo, Japan)
equipped with an Olympus DP72 camera. The prepared slide was observed under X100
UV compatible objective to detect the presence of PHAs granules. The granules normally
excite Nile red and produce red fluorescence [34].

PHA Granules Visualization

Visualisation of the PHAs granules within the bacterial cell was accomplished using
transmission electron microscopy (TEM) of the thin section of the bacterial cells embedded
in Spur’s resin. Prior to resin block preparation, the test isolate was grown in a PHA
production medium for 72 h at 30 °C. The culture was then harvested, and the cell pellet
was washed twice with distilled water and fixed with McDowell-Trump fixative for one
hour [35]. The fixed cells were subsequently treated with 1%(v/v) Osmium tetroxide for
1hr and suspended in 3% agar, followed by sequential dehydration in ethanol [50%, 75%,
95%, 100% (v/v); 30min each and finally with 100% acetone for 10 min]. The dehydrated
cells were then embedded in low-viscosity Spur’s resin and cured overnight at 60 °C in
the oven [36]. Ultrathin sections (1 um thickness) were cut using a microtome (Power
Tome PC-RMC Product, Boeckeler Instrument Inc., Tucson, AZ, USA). The thin section was
placed onto the copper grids and stained sequentially with uranyl acetate and lead citrate
solution for 15 min. Lastly, the thin section was observed at an acceleration voltage of
120 kV in the transmission electron microscope (Philip CM 12/STEM and JLM-2000FX11).

2.3. PHA Biosynthesis in Shake Flask

The PHA production was accomplished in a 250 mL Erlenmeyer flask containing
50 mL MSM supplemented with 2%(v/v) used transformer oil. The pH of the medium was
adjusted to 6.8. the culture was incubated for 72 h at 30 °C, 200 rpm. After incubation, the
culture broth was then centrifuged at 10,000 x g for 10min. The cells pellet obtained was
washed twice and freeze-dried in a freeze drier machine (LABCONCO, Kansas, USA). The
cell dry weight (CDW) in g/L was estimated using an established method as described
elsewhere [37]. The PHA content was subsequently analysed using gas chromatography
(GC). The GC analysis was achieved using GC system (Shimadzu 2014, Kyoto, Japan)
equipped with Flame ionization detector (FID) and fused silica capillary column (SPB-1
30m x 0.25 mm x 0.25 mm). A 2 uL of the methyl ester obtained via methanolysis of the
freeze-dried cells was injected into the system. An initial column temperature of 50 °C
which was ramped to a final temperature of 250 °C in a continuous step of 5 °C/min was
adopted with a total analysis time was set at 26.33 min.

2.4. Effect of Some Biosynthesis Factors on Growth and PHA Accumulation

The effect of some variable biosynthesis factors, such as concentration of carbon source
(UTO), incubation time, and concentration of yeast extract, on the cell’s growth and polymer
accumulation was assessed. All the experiments were carried out in three replicates, from
which mean values were calculated accordingly.

2.4.1. Effect of Carbon Source Concentration

A varying concentration of waste transformer oil ranging from 0.5, 1.0, 1.5, 2.0, and
2.5%(v/v) was used in order to assess the effect of the carbon source concentration on the
organism’s growth and polymer accumulation. In the experimental setup, a centrifuged
and washed cell inoculum (0.06 g/L) from the nutrient-rich broth was cultured in 50 mL
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MSM at 30 °C for 72 h with an agitation speed of 200 rpm. At the end of incubation,
the growth in terms of cell dry weight (CDW) in g/L was deduced from the standard
growth curve after measurement of the optical density (OD) at 540 nm. The biomass was
recovered by centrifugation and then freeze-dried. The PHA content was determined using
GC analysis.

2.4.2. Effect of Incubation Time

The MSM was inoculated with 0.06 g/L inoculum of the bacteria and incubated at
30 °C with an agitation speed of 200 rpm. As the biosynthesis progresses, the sampling was
made at a regular time interval of 12 h within a period of 120 h. Growth was monitored
using spectrophotometry, and the CDW was determined by comparing the OD reading
with the standard curve. The biomass was recovered by centrifugation and freeze-dried;
PHA content analysis was subsequently carried out using GC techniques.

2.4.3. Effect of Yeast Extract Concentration

The effect of yeast extract on the growth and PHA accumulation of the bacteria
was assessed in the basal MSM medium supplemented with yeast extract at varying
concentrations (0.5, 1.0, 1.5, 2.0, and 2.5 g/L). An inoculum (0.06 g/L) was cultured in
50 mL of the medium at 30 °C for 72 h with an agitation speed of 200 rpm. The bacterial
growth through comparison of the OD with the standard growth curve. PHA content was
later determined via GC analysis.

2.4.4. Effect of Co-Carbon Substrates

In order to explore the metabolic capability of the test organism in terms of PHA
synthesis, the effect of the combination of the main carbon substrate (UTO) with other
additional/co-carbon sources was assessed. A varying concentration of UTO was used with
a fixed amount of either oleic acid or palm oil (PO). In each case, 0.06 g/L inoculum was
cultured in 50 mL MSM at 30 °C for 72 h with an agitation speed of 200 rpm. Growth was
monitored using spectrophotometry, and the cell dry weight was subsequently determined.
The biomass was recovered and freeze-dried, after which the PHA content was determined
using Gas chromatography of the derivatised methyl ester.

2.5. Analytical Methods
2.5.1. Polymer Extraction

The PHA was extracted using the solvent extraction method. Briefly, 200 mL of
chloroform (CHCI3) was added to 1g of the dried cells in a Schott Duran bottle. The bottle
was then tightly covered, and the cell suspension was stirred continuously using a magnetic
stirrer for 48 h at ambient temperature. The cell debris was filtered using Whatman’s
number 1 filter, and the solvent containing dissolve polymer was then concentrated to a
volume of 10-15 mL at 60 °C using a rotary evaporator (Eyela, N-1000, Tokyo, Japan). The
polymer in the concentrated filtrate was precipitated /recrystallised by dropwise addition
of the filtrate into ten (10) volumes of well-stirred, chilled methanol. The suspension of the
polymer was allowed to settle, after which the methanol was decanted, and the traces of
the methanol were allowed to evaporate, leaving the sticky polymer for purification and
subsequent analysis. Purification was achieved by dissolving the recovered polymer in
chloroform, followed by concentrating the solution and the precipitation as done during
the initial extraction [38].

2.5.2. GC/GC-MS Analysis

The PHAs quantification was carried out through GC analysis using caprylic methyl
ester (CME) as an internal standard. About 20 mg of freeze-dried cells were weighed
into screw-cap tubes and subjected to acid methanolysis at 100 °C for 140 min. The
methanolysis solution contains 85% (v/v) methanol and 15% (v/v) sulphuric acid [39].
The derivatised methyl esters were subsequently analysed by GC (Shimadzu GC-2014,
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Kyoto Japan) equipped with a capillary column SPB-1 (30 m length, 0.25 mm internal
diameter and 25 um film thickness; Supelco, Bellefonte, PA, USA) connected to a flame
ionisation detector (FID). Nitrogen gas was utilised as carrier gas. Sample injection was
made by autoinjector (Shimadzu AOC-20i) connected to the GC system. The injector and
detector temperatures were set at 260 and 280 °C, respectively. The column temperature
was ramped up from 60 to 280 °C at 5 °C/min with a total analysis time of 26.33 min.
Identification of the monomer components of the polymer was achieved by GC coupled
with mass spectroscopy.

2.5.3. FT-IR Analysis

The FT-IR analysis was carried out using Fourier-transform infrared spectroscope
(FT-IR-8300, Shimadzu, Kyoto, Japan). The sample casting was done on KBr pellets; the
infrared spectrum was recorded between 400 and 4500 1/cm and 45 scans [40].

2.5.4. NMR Analysis

The PHA recovered from the test organism was subjected to both 'H and '3C NMR us-
ing an FTNMR spectrometer (Acend™ 500; Bruker, Switzerland). were carried out. Briefly,
5 mg of the polymer was dissolved in 2 mL deuterated chloroform (CDCl3) containing
0.03% (v/v) tetramethylsilane (TMS) as a reference standard. The solution was then filtered
using a polytetrafluoroethylene (PTFE) filter (11807-25; Sartorius, Goettingen, Germany).
The 'H spectrum was acquired at 500 MHz, 25 °C, with a sampling pulse of 3sec against
TMS [41]. The 13C spectrum was also measured at 125.7 MHz, 27 °C with a sampling pulse
of 1seconds. Chemical shifts were referenced to the residual proton peak of the deuterated
chloroform at 7.26 ppm and to the carbon peak at 77 ppm [42].

2.5.5. Size Exclusion Chromatography (SEC)

The molecular weight (Mw) data of the polymer were obtained using size exclusion
chromatography system (Lachrom Merck-Hitachi, Darmstadt, Germany) equipped with
a refractive index detector. The sample solution (1% w/v) was prepared in chloroform
and filtered through a 0.45 um pore size Sartorius membranes filter. Approximately
20 uL was injected with the flow rate set at 1.0 mL/min. The columns used were placed
in series with exclusion limits of 10°, 10°, 10* and 10° Da. Chloroform with narrow
polystyrene polydispersity (~1.1) was used for the calibration curve. The calculations were
accomplished using clarity chromatography software version 8.0 [40].

2.5.6. Thermogravimetry Analysis (TGA)

The thermogravimetry analysis was carried out using a TGA analyser (Netzsch TG
209, Selb, Germany). About 10 mg of pure polymer was used, and the sample was heated at
a rate of 10 °C per min from 48.9 °C temperature to 898.6 °C in a nitrogen atmosphere [43].

2.5.7. Differential Scanning Calorimetry (DSC)

About 15 mg of the pure polymer was measured and kept at 25 °C for 5 min. The
sample was then heated to 125 °C through an incremental rate of 10 °C per minute to
suppress the memory effect; the sample was kept at this temperature (125 °C) for 5 min
and followed by cooling down to —100 °C at a rate of 20 °C per min and kept for 5 min
before final heating to 350 °C at the rate of 10 °C per min. Melting temperature (Tm) was
determined and recorded accordingly from endothermic peaks in the initial heating scan.

3. Results
3.1. Strain Characterisation and Screening for PHA Production

Nile red staining was applied in the microscopic observation for possible accumulation
of PHA within the cell by the test organism. Brightly orange inclusions were observed under
a fluorescent microscope; this indicates the possible presence of PHA granules. Further
confirmation was made via transmission electron microscopy in which PHA granules
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were detected within the bacterial cells. This isolate was found to be a Gram-negative
coccobacillus and designated as Acinetobacter sp. strain AAAID-1.5 with gene accession
number MZ411700 [32]. The organism was used in the PHA production in shake flasks via
a batch process biosynthesis with UTO as the sole carbon source.

3.2. PHA Biosynthesis in Shake Flask

The polymer biosynthesis in the shake flask experiment revealed that the bacterium
had accumulated PHAs up to 34% of its dry weight (Table 1). From the table, it can also be
seen that the polymer produced by the organism is composed of 3-hydroxyhexadecanoate
and 3-hydroxyoctadecanoate monomers with mole fractions of 15 and 85 mol%, respectively.

Table 1. PHA biosynthesis by Acinetobacter sp. strain AAAID-1.5 using used transformer oil as the
sole carbon source.

Monomer Composition

Biosynthesis CDW PHA Content PHA RCDW (mol%) b
F (g/L)? t.%) P (/L) (g/L)
actors g (wt.%) g/ 8 3HHD 3HOD
2% (v/v) UTO
200 rpm, 30 °C, 2.10 £ 0.04 34+1 0.72 £0.24 1.38 +£0.29 15+1 85+ 1
72h
Key: CDW: Cell dry weight, RCDW = Residual cell dry weight, #: Cells were harvested after 72 h of incubation.
Values are means + SD of three experimental replications, P: Values are mean + SD of three experimental replicates
calculated from GC analysis, 3HHD: 3-hydroxyhexadecanoate, 3HOD: 3-hydroxyoctadecanoate.
3.3. Effect of Carbon Source Concentration
Varying concentrations of carbon source with a fixed (1.1 g/L) supply of nitrogen
source was tested in shake flask biosynthesis. The influence of increasing concentration
of the carbon source on the growth and PHA production is shown in Table 2. The re-
sults showed that the PHA concentration increased from 0.37 & 0.03 g/L at 0.5%(v/v)
concentration of the carbon source to the highest value of 0.72 4= 0.24 g/L at 2.0%(v/v)
concentration of the same carbon source. Similarly, the growth showed an increasing trend
with the increase in carbon source concentration. The molar fractions of the two monomeric
components were roughly in a 1:4 ratio for 3BHHD and 3HOD, respectively.
Table 2. Effect of concentration of the carbon source on growth and PHA biosynthesis by Acinetobacter
sp. strain AAAID-1.5.
. Monomer Composition
Concentration CDW PHA Content PHA ) RCDW (mol%) b
of (g/L)? wt.%) P Concentration /L)
UTO (%v/v) (g/L) 3HHD 3HOD
0.5 0.94 + 0.03 3942 0.37 £ 0.03 0.56 £ 0.01 17+£0 8340
1.0 1.43 +0.10 36 +1 0.51 £ 0.03 0.92 £ 0.07 14+0 86 +0
1.5 1.58 +0.24 36 +2 0.56 £ 0.06 1.01 £0.18 15+0 85+ 0
2.0 2.10 £ 0.04 34+4 0.72 £0.24 1.38 £0.29 15+1 85+ 1
2.5 2.11 £ 0.09 33+6 0.69 £0.13 1.41+£0.15 20+2 80 +2

Key: CDW: Cell dry weight, RCDW = Residual cell dry weight, #: Cells were harvested after 72 h of incubation.
Values are means =+ SD of three experimental replications, *: Values are mean =+ SD of three experimental replicates
calculated from GC analysis, 3HHD: 3-hydroxyhexadecanoate, 3HOD: 3-hydroxyoctadecanoate.

3.4. Effect of Incubation Time

The results obtained from this analysis are presented in Table 3. From the results, it is
evident that PHA accumulation began in the early phase of the growth cycle. The PHA
concentration almost doubled from 0.57 £ 0.05 g/L at 24 h to 0.96 £ 0.07 g/L at 48 h. The
increase continued steadily and reached a maximum value of 1.19 4 0.08 g/L at 72 h.
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Table 3. Effect of incubation time on the growth and PHA biosynthesis by Acinetobacter sp. strain
AAAID-1.5.

PHA Monomer Composition
Incubation CDW PHA Content . RDCW (mol%) b
time (h) gL)? (Wt.%) b Concentration (g/L)
(g/L) 3HHD 3HOD
24 1.90 £ 0.09 301 0.57 £+ 0.05 1.33 £ 0.03 24+0 76 £0
48 246 1+ 0.04 39£3 0.96 £ 0.07 1.49 £0.07 17+3 83 £3
72 2.51 £ 0.08 48 £2 1.19 £ 0.08 1.32 £0.02 17+3 83£3
96 2.34 £ 0.07 50 £2 1.17 £ 0.08 1.17 £ 0.04 16+5 84 £5
120 1.90 £ 0.09 50 £2 0.95 £ 0.06 0.95 & 0.06 19+0 81£0
Key: CDW: Cell dry weight, RCDW = Residual cell dry weight, ?: Cells were harvested after 72hr of incubation.
Values are means =+ SD of three experimental replications, *: Values are mean + SD of three experimental replicates
calculated from GC analysis, 3HHD: 3-hydroxyhexadecanoate, 3HOD: 3-hydroxyoctadecanoate.
3.5. Effect of Yeast Extract
The effect of yeast extract as a supplement to the biosynthesis medium on bacterial
growth and PHA accumulation was investigated. A control experiment was set without
addition of yeast extract. The results are summarised in Table 4. It was observed that the
addition of a lower concentration of yeast extract was more favourable to the polymer
accumulation. The highest PHA concentration (1.25 & 0.07 g/L) was observed at a yeast
extract concentration of 1.0 g/L. Conversely, the biomass concentration increased steadily
from 2.87 £ 0.04 g/L at a yeast extract concentration of 0.5 g/L to a maximum value of
3.46 £ 0.06 g/L at a concentration of 2.0 g/L. The 3HHD to 3HOD monomer ratio did not
show wider variation across the range of the yeast extract concentration tested.
Table 4. Effect of yeast extract concentration on the growth and PHA biosynthesis by Acinetobacter sp.
strain AAAID-1.5.
PHA Monomer Composition
Conc. of YE CDW PHA Content C trati RCDW (mol%) P
(g/L) (g/L)? wt.%) © oncentration (g/L)
& & ( ) (g/L) & 3HHD 3HOD
0.5 2.87 £ 0.04 40+2 1.15 + 0.06 1.73 £0.05 17 £1 83+ 1
1.0 3.36 £0.05 37+2 1.25 +0.07 211 £0.11 19+3 81+3
1.5 3.63 £+ 0.08 34+1 1.23 +£0.02 241 £0.11 17 £2 8312
20 3.46 £+ 0.06 34+ 4 117 £ 0.15 2.30 +0.10 18+0 8240
25 3.42 +0.05 31+1 1.08 £ 0.04 2.35+0.10 18+£0 82+ 0
Control 2.10 +0.04 34+1 0.72 +£0.24 1.38 £0.29 15+1 85+1

Key: YE: Yeast extract, CDW: Cell dry weight, RCDW = Residual cell dry weight, *: Cells were harvested
after 72 h of incubation. Values are means + SD of three experimental replications, b: Values are mean +
SD of three experimental replicates calculated from GC analysis, 3HHD: 3-hydroxyhexadecanoate, 3HOD: 3-
hydroxyoctadecanoate.

3.6. Effect of Additional/Co-carbon Substrates

The effect of Co-carbon substrates on growth and polymer accumulation was studied,
in which the main carbon source (UTO) was combined with either of the two additional
carbon substrates. The palm oil used as one of the additional substrates composed of 0.8%
arachidic acid (C20:0), 0.3% lauric acid (C12:0), 0.2% linolenic acid (C18:3), 10.4% linoleic
acid (C18:2), 47.7% oleic acid (C18:1), 3.7% stearic acid (C18:0), 36.3% palmitic acid (C16:0),
0.2% palmitoleic acid (C16:1) and 0.8% myristic acid (C14:0). The PHA accumulation by an
organism during growth on different combination carbon sources (C1, C2, C3, and C4) at
30 °C for 72 h is presented in Table 5. The control experiment was set with the UTO as the
sole carbon substrate. From the results, it was observed that the use of either of the two
additional carbon substrates (palm oil and oleic acid) had a profound influence on both the
PHA accumulation and the molar concentration of the monomeric components of the PHA
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produced. For instance, up to 3.02 g/L was recorded in the case of C4; this represents a
200% increase compared to the control experiment.

Table 5. Effect of additional /Co-carbon substrates on the growth and PHA biosynthesis by Acineto-
bacter sp. strain AAAID-1.5.

Combination CDW PHA Content PHA RCDW Monon}f;ocl;:)nf osition
of Carbon (g/L) (Wt.%) b Concentration (g/L)

Source (g/L) 3HHD 3HOD
C1 1.91 £ 0.05 45+ 2 0.85 4+ 0.03 1.06 £ 0.07 294+ 2 714+2

C2 2.10 4+ 0.08 58+7 1.21 £ 0.10 0.90 4+ 0.17 33+2 67 +2

C3 3.54 +£0.13 67 +9 2.37 +0.39 1.17 £ 0.30 10£1 90+ 1

C4 3.85+0.14 78 + 4 3.02 +£0.27 0.83 +0.14 09+0 91+0
Control 2.10 £ 0.04 34+1 0.72 +0.24 1.38 +0.29 15+1 85 +1

Key: CDW: Cell dry weight, RCDW = Residual cell dry weight, ?: Cells were harvested after 72 h of incubation.
Values are means + SD of three experimental replications, b: Values are mean + SD of three experimental replicates
calculated from GC analysis, 3HHD: 3-hydroxyhexadecanoate, 3HOD: 3-hydroxyoctadecanoate, C1: 2% v/v UTO
+0.74% v/v palm oil, C2: 1% v/v UTO + 0.74 palm oil, C3: 2% v/v UTO + 0.74% v/v oleic acid, C4: 1% v/v UTO +
0.74% v /v oleic acid.

3.7. PHA Structure and Characterisation

The identification of monomer components of the PHA was achieved using GC-MS
analysis. The spectral matching by the GC-MS system compared to the NIST08 stan-
dard reference library revealed the presence of 3-hydroxyhexadecanoate and 3-hydroxy-
octadecanoate as the major monomer constituents. The FT-IR spectrum obtained from the
analysis of the PHA extracted from the bacteria is shown in Figure 1; the sharp bending seen
at 1722.67 cm ™! could be attributable to the carbonyl stretching of the polyester. The bends
at2922.82 and 2858.09 cm ™! signify the presence of the alkyl (-CHz) group, while the one at
1458.33 cm ™! could be due to asymmetric bending of -CHj or -CH, bending. The bending
at 1397.01 cm ™! is considered to have stemmed from the symmetric bending of -CHj. The
C-O stretching was represented by the bending at 1278.38 cm ™. Absorption spectra in the
range of 800 to 1200 cm ™! signalled the existence of carbon-to-carbon stretches of an alkane
group, while the band at about 721 cm ™! is typical of -CH, side chains.
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Figure 1. FT-IR spectrum of PHA produced Acinetobacter sp. strain AAAID-1.5 grown in MSM

containing used transformer oil as carbon source.

Figures 2 and 3 show the spectra of the 'H and '3C NMR analyses. The chemical
shifts were recorded in ppm relative to the signal of deuterated chloroform as an internal

133



Polymers 2023, 15, 97

reference. In Figure 2, the singlet peak at 6 = 5.2 ppm was assigned to the methine proton
of the B-carbon, whereas the triplet peaks at 5 = 2.6 ppm were deemed to be for methylene
proton of the alpha carbon. The peak at 0.9 ppm was assigned to the methyl protons (-CH3)
of the terminal carbon of the side chain, while those at 1.3 and 1.5 ppm were considered to
have emanated from methylene protons, the peak at zero ppm was considered to be due to
hydrogen atoms of the tetramethylsilane (I = TMS). The proposed PHA structure is shown
in the figure.
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Figure 2. The 'H NMR spectrum of the PHA produced by Acinetobacter sp. strain AAAID-1.5 in a
biosynthesis medium containing used transformer oil as a carbon source.
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Figure 3. The 1>*C NMR spectrum of the PHA produced by Acinetobacter sp. strain AAAID-1.5 in a
biosynthesis medium containing used transformer oil as a carbon source.
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In Figure 3, it can be observed from the chemical shift that the carbonyl groups (C=0)
of the PHA backbone resonated at 169.14 ppm. The signals at 19.76 to 67.62 ppm correspond
to methyl, methylene, and methine of the monomers.

In Table 6, some characteristics of the polymer produced by the bacterium at 4%(v/v)
emulsified UTO, 30 °C, agitation speed of 200 rpm and incubation time of 72 h are presented.
The results show that the polymer had an average molecular weight of 110.45 kDa and a
polydispersity index of 2.01. The melting temperature was approximately 88 °C, while the
highest degradation temperature was 268 °C.

Table 6. Some characteristic features of the PHA produced by Acinetobacter sp. Strain AAAID-1.5.

Parameter Value
My (kDa) 110.45
M,, (kDa) 55.059
PDI 2.01
T (°C) 88
T, (°C) 268

4. Discussion

The successful isolation of Acinetobacter sp. strain AAAID-1.5 from a soil sample and
its characterisation as a potent PHA-producing organism indicate that natural environ-
ments, especially soil, remain the reservoirs of effective biological agents that can be used
to accomplish certain biotechnological processes. The ability of this bacterium to utilise
the UTO as the sole carbon substrate to produce PHA has underscored its potential as a
‘seed’ for the valorisation of waste oil, particularly UTO, in bioplastic industries. A wide
variety of wild-type bacteria, both Gram-negative and Gram-positive, such as Pseudomonas,
Cupriavidus, Bacillus etc., have been implicated with the biosynthesis of PHA [44,45]. Sim-
ilarly, Acinetobacter sp. was previously implicated with the ability to accumulate PHA,
especially medium chain length PHAs [46]. Furthermore, a recent study described a species
of Acinetobacter capable of utilising waste transformer oil as a sole carbon source [47,48].
The utilisation of waste streams for the biosynthesis of value-added products such as PHA
is considered a cost-efficient strategy and can help address waste disposal problems [49,50].
Although some bacteria have been reported to synthesise PHA as much as 90% of their cell
dry weight [6], A PHA accumulation of up to 34% of CDW was achieved by Acinetobacter
sp. strain AAAID-1.5 in the shake flask experiment, and this indicated that the organism
is capable of converting the UTO into PHA; to a reasonable extent that can be further
explored for possible commercialisation. These findings substantiated a previous report
in which a certain strain of Acinetobacter was reported to have accumulated PHA to the
extent of approximately 25% CDW during biosynthesis in a medium containing various
oil substrates [46]. Transformer oil and the wastes generated from there are a complex
mixture of hydrocarbons, thus, the biosynthesis of PHA from such complex mixture was
made possible probably due the ability of the bacterium to degrade the oil components
using hydrolytic enzymes into chemical intermediates that can easily be channelled into the
PHA biosynthetic pathway. For instance, Acinetobacter was reported to have the capacity
of converting naphthalene (a major component of transformer oil) into acetyl-CoA via
salicylic acid [51]. Oil hydrolysis during bacterial growth can also produce free fatty acids,
that may undergo B-oxidation to generate precursors for PHA biosynthesis [52]. On the
other hand, the limited growth shown by the organism in the first shake flask experiment
presented in Table 1 where 2.1 g/L CDW was recorded; could be due to the presence of
chemical components in the UTO that are resistant to microbial attack which might have
caused toxic effect and slowed down the growth.

Regarding the effect of the carbon substrate concentration on bacterial growth and
PHA accumulation, as presented in Table 2, it was observed that the results indicated that
the increase in the concentration of the carbon source had a profound effect on the growth
and PHA accumulation by the bacterium. PHA biosynthesis is normally induced by unbal-
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anced growth conditions in the presence of excess carbon sources while essential nutrients
such as nitrogen, oxygen, sulphur, and phosphorus are in limited supply [53]. The slight
decline in PHA accumulation at carbon source concentration beyond 2%v /v might result
from an inhibitory effect of some toxic chemical constituents of the carbon source that are
hard to degrade. For instance, high concentrations of polyaromatic hydrocarbons (PAHs)
may be toxic and can hinder metabolic activity. The ratio of molar concentration 3HHD
to 3HOD was roughly 1:8 across the various concentrations tested, which could reflect
the carbon composition of the bacterium’s degradation products derived from the UTO
during biosynthesis, especially if fatty acids are the intermediate products. Occasionally,
PHAs are synthesised with monomers equal in the number of carbon atoms to the fatty
acid substrate [54].

The influence of incubation time on the PHA accumulation by the bacterium in this
work showed an increasing trend until a maximum concentration of 1.19 + 0.08 g/L
was achieved at 72 h, as shown in Table 3. The decline observed beyond 72 h might be
linked to the exhaustion of nutrients and accumulation of toxic metabolic waste in the late
stationary phase of the growth cycle, as previously asserted elsewhere [55]. A significant
accumulation of biosynthesis products during the late exponential phase is a typical feature
of growth-linked biosynthesis [56,57]. Thus, the PHA accumulation pattern exhibited
by Acinetobacter sp. strain AAAID-1.5 could be considered a growth-linked biosynthesis.
Microbially produced polymers may vary as a function of the time at which the biomass
is harvested [58]. Interestingly, the molar fractions of the monomer units of the PHA
(BHHD and 3HOD) did not show a wider variation throughout the incubation time; this
suggests that the molar concentration of the monomeric components of the polymer might
be independent of the incubation time in this case.

With respect to the effect of yeast extract as a supplement to the biosynthesis medium
on bacterial growth and PHA accumulation, the results, as presented in Table 4, the
findings revealed that the addition of this supplement had improved the growth and PHA
biosynthesis. This is evident when comparing the experimental control results with the
other set of experiments in which the biosynthesis medium was supplemented with various
concentrations of yeast extract. For instance, PHA accumulation increased from 0.72 g/L in
the control experiment to 1.25 g/L in an experiment where yeast extract was added at a
concentration of 1 g/L. this represents roughly a 42% increase. However, the ratio of the
two monomer components of the polymer was roughly the same across different yeast
extract concentration regimes. Yeast extract has been reported in a number of reports to
have improved microbial growth and biosynthesis of some target products. Specifically, it
was reported to have promoted PHA production and bacterial growth in recent studies
by many authors [59-61]. The effect of yeast extract could be linked to its minerals and
vitamin content which are critical to enzyme functioning and can ultimately facilitate the
metabolic process.

The effect of additional carbon substrates in which either palm oil or oleic acid was
added to the biosynthesis medium that already contained UTO showed that manipulating
the carbon source could boost the PHA accumulation by the test organism. The fatty
acid composition of the PO utilised as one of the additional carbon substrates is 0.8%
arachidic acid (C20:0), 0.3% lauric acid (C12:0), 10.4% linoleic acid (C18:2), 0.2% linolenic
acid (C18:3), 47.7% oleic acid (C18:1), 3.7% stearic acid (C18:0), 36.3% palmitic acid (C16:0),
0.2% palmitoleic acid (C16:1) and 0.8% myristic acid (C14:0). All the four different com-
binations (C1, C2, C3, and C4) of carbon substrate have produced a relative higher PHA
content compared to the control experiment in which only UTO was used. This suggests
that the organism might have exhibited a preference for carbon substrate. The free fatty
acid is assumed to be more easily utilised by the bacterium than the complex mixture
of hydrocarbons in UTO that may require degradation before usage. Palm oil and other
organic oils, such as plant oils, are good feedstocks that can serve as excellent carbon
sources for PHA biosynthesis [62]. Generally, oils are attractive carbon substrates for the
sustainable production of PHAs, and they have been producing higher yields for both
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biomass and polymer synthesis [10]. PHA biosynthetic pathways are intricately linked to
the organism’s central metabolic pathways such as glycolysis, de-novo fatty acids synthesis,
B-oxidation, Krebs cycle, serine pathway, amino acid catabolism and Calvin cycle [63-65].
Therefore, the higher PHA content achieved upon the addition of the PO or oleic acid
implied that the B-oxidation could have been a key pathway employed by Acinetobacter
sp. strain AAAID-1.5. The improved PHA production upon the addition of oleic acid or
PO has substantiated their influence on the biosynthesis mcl-PHAs in particular, as well
as their attractive feature in PHA biosynthesis in general. For instance, PO was reported
to have the ability to minimise the toxic effects of certain carbon substrates on bacterial
cells [66]. Thus, the usage of PO in combination with UTO is assumed to have abated the
suspected toxic effect of some constituents of the UTO.

With regards to the characterisation of the PHA in terms of physicochemical properties,
the polymer produced appeared yellowish, amorphous, and sticky, with typical features
of elastomeric polyester. The FT-IR spectrum recorded in the range of 600 to 4000 cm !
showed spectral bending of a typical PHA that is comparable with the one previously
reported by Cruz and his associates [67]. Interestingly, the sample of the PHA analysed
had expressed substantial peaks similarity at various points compared to the spectrum
obtained from mcl-PHA as reported elsewhere [41]. Furthermore, the data obtained from
the GC-MS and NMR analyses of the synthesised polymer revealed that the PHA might
have been composed of 3HHD and 3HOD as the major monomer constituents. This is
comparable with a similar finding extensively described elsewhere [32]. In Table 6, the
molecular weight and thermal properties of the polymer produced by Acinetobacter sp.
strain AAAID-1.5 are presented. The number average molecular weight (M) determined
via Size exclusion chromatography in chloroform relative to polystyrene standard was
55.059 kDa. The average molecular weight and polydispersity index (PDI) were 110 kDa
and 2.01 respectively. Whereas the melting temperature was about 88 °C and the highest
degradation temperature was 268 °C. According to a previous report, mcl-PHA produced
by Acinetobacter sp. ASC1 using crude glycerol as carbon source presents M, = 47 kDa, My,
=88 kDa and PDI = 1.9 [46]. The PHA produced in the present work presented a relatively
higher My, M, and PDI values, this might be due to longer alkyl side chain of the polymer
produced in this study. Polydispersity index was determined by M;,/M,, as calculated in
SEC. The PDI value (2.01) falls within the range of a typical mcl-PHA. For instance, it was
reported that the PDI of mcl-PHA ranges between 1.1 to 6.0 [68]. The thermal temperature of
mcl-PHA ranges between 30-80 °C [69]. However, a slightly higher value (88 °C) recorded
in this work might be a result of factors that influence the thermal properties of the polyester.
Temperature characteristics are the most variable features of PHAs, and they are critical to
processing this important polymer. Such characteristic features determine the conditions
under which the polymer can be processed and the properties of the resulting products [70].
Being a medium-chain length PHA which is elastomeric, the polymer produced in this
work could be applied as biomedical materials, especially in the production of surgical
mesh, sutures, vein valves, cardiovascular patches etc. Likewise, it could be applied in the
production of packaging materials as well as in agriculture in the production of agricultural
nets, mulch and in the controlled delivery of biofertilizer. Medium-chain length PHAs are
preferred in biomedical applications because of their low crystallinity and are relatively
more flexible in addition to being biocompatible [71,72].

5. Conclusions

The potential application of used transformer oil as feedstocks for PHA biosynthesis
was established. Our study demonstrates that mcl-PHA polymers could be synthesised
by a wild strain of Acinetobacter sp. utilising UTO as the sole carbon substrate. Further-
more, it was established that certain growth and biosynthesis parameters could influence
the polymer accumulation in biosynthesis under control conditions. The study also pro-
vided insight into the potential of UTO as an alternative carbon feed in the production of
biodegradable plastics using a biotechnological approach.
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Abstract: The overall performance of plasticizers on common mechanical and physical properties,
as well as on the processability of polylactic acid (PLA) films, is well-explored. However, the
influence of plasticizers on biodegradation is still in its infancy. In this study, the influence of natural-
based dicarboxylic acid-based ester plasticizers (MC2178 and MC2192), acetyl tributyl citrate (ATBC
Citroflex A4), and polyethylene glycol (PEG 400) on the biodegradation of extruded PLA films
was evaluated. Furthermore, the influence of accelerated ageing on the performance properties
and biodegradation of films was further investigated. The biodegradation of films was determined
under controlled thermophilic composting conditions (ISO 14855-1). Apart from respirometry, an
evaluation of the degree of disintegration, differential scanning calorimetry (DSC), thermogravimetric
analysis (TGA), Fourier transform infrared spectroscopy (FI-IR), and scanning electron microscopy
(SEM) of film surfaces was conducted. The influence of melt-processing with plasticizers has a
significant effect on structural changes. Especially, the degree of crystallinity has been found to be
a major factor which affects the biodegradation rate. The lowest biodegradation rates have been
evaluated for films plasticized with PEG 400. These lower molecular weight plasticizers enhanced
the crystallinity degrees of the PLA phase due to an increase in chain mobility. On the contrary,
the highest biodegradation rate was found for films plasticized with MC2192, which has a higher
molecular weight and evoked minimal structural changes of the PLA. From the evaluated results,
it could also be stated that migration of plasticizers, physical ageing, and chain scission of films
prompted by ageing significantly influenced both the mechanical and thermal properties, as well
as the biodegradation rate. Therefore, the ageing of parts has to be taken into consideration for the
proper evolution of the biodegradation of plasticized PLA and their applications.

Keywords: PLA films; plasticizers; biodegradation; ageing; composting

1. Introduction

In 2020, more than 29 million tons of plastic post-consumer waste were collected in
the EU27 + 3 [1]. Although compared to previous years, the ratio of recycling and energy
recovery is increasing, still, more than 23% of plastic waste ends up in landfills [1]. If the
world population and demand for plastics continues within the current trend, the plastics
demand will achieve 1000 million tons by 2050 [2]. Therefore, it is evident that waste
management and environmental pollution will continue to increase. Undoubtedly, the
largest end-used market is the packing industry (40.5%), where the most used materials are
polyethylene terephthalate (PET), polyethylene (PE), and polypropylene (PP). Despite being
potentially recyclable, monomaterial flexible packaging solutions based on these petroleum-
based polymers, in most cases, end up in energy recovery or landfills. The environmentally
friendly solution could be the incorporation of biodegradable polymers that are made
from renewable sources. Nevertheless, the amount of biodegradable biopolymers in this
segment is still lower than 1% [1,3].

There are currently several commercially available biodegradable biopolymers on
the market, such as polylactic acid (PLA), polyhydroxyalkanoates (PHA), polybutylene
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adipate terephthalate (PBAT), and starch-based blends. These materials represent nearly
60% of thermoplastic biopolymer production capacities [3]. Especially, PLA, due to its high
transparency, gloss, scratch resistance, and relatively high strength and toughness, could
be an interesting alternative to petroleum-based polymers in the packing industry and in
agriculture and textile segments. However, PLA is further characterized by low ductility
and resistance to fracture. In order to improve the utility properties of PLA, plasticizers
are often added to the PLA. Plasticizers, most-often low molecular weight polymers or
oligomers, evoke the enhancement of macromolecular distance that ensures that the in-
termolecular forces decrease and increase the mobility of the system. Consequently, the
glass transition temperature is shifted to lower temperatures and brittleness is reduced.
Phthalic acid has become the most-used class of plasticizers in the 21st century [4]. How-
ever, issues such as problematic degradation, migration, and negative impact on human
health were a catalyst for the development of new non-toxic, environmentally friendly, and
biodegradable green-plasticizers [4-6]. Plenty of researchers have focused on this issue
in the last two decades. Emad et al. [7] evaluated the thermal stability, and mechanical
and morphological properties of PLA plasticized with epoxidized palm oil. A remarkable
increase in the ductility of PLA by the addition of epoxidized cottonseed oil (ESCO) was
presented in the study of Verdi et al. [8]. Ljungberg et al. [9] presented a decrease in the
storage modulus and thermal properties (melting and glass transition temperatures) of
PLA plasticized with tributyl citrate (TBC). Maiza et al. [10] studied the plasticizing effect
of triethyl citrate (TEC) and acetyl tributyl citrate (ATBC). Besides a decrease in the glass
transition temperature, dynamic storage modulus, and thermal stability, no color changes
in the PLA films were observed in this study. Special effort was given to analyzing the
applicability of poly(ethylene glycol) (PEG) plasticizer in the past few decades [11-13].
Courgneau et al. [14] compared the mechanical and thermal properties of PLA plasticized
with ATBC and PEG in the content range from 2.5 wt. % to 20 wt. %. The improvement
of mechanical properties is not the only aspect that has to be taken into consideration for
the evaluation applicability of plasticizers in the packaging segment. Other fundamental
aspects are film barrier properties (oxygen and water permeability) and migration of plas-
ticizers. Courgneau et al. [14] presented that ATBC plasticizer maintains its gas barrier
properties and water vapour transmission up to 13 wt. %. However, the barrier properties
decrease in PLA already at 9 wt. % content of PEG plasticizer. On the contrary, Sessini
et al. [15] achieved increasing hydrophobicity by incorporating 10 wt. % of limonene oxide
(LO) produced from the peel of citrus fruits. Another issue is the migration of plasticizers
that results in changes in physical and mechanical properties and color changes in plas-
ticized PLA [10]. Kodal et al. [16] declared, through investigation with scanning electron
microscopy, that the migration of PEG 400 in the amount of 20 wt. % content occurred. Also,
Tsou et al. [17] reported some migration tendencies of ATBC. On the contrary, in the study
of Burgos et al. [18], changes in thermal, mechanical, structural, and barrier properties that
could be linked to the migration of oligomeric lactic acid (OLA) plasticizer even at 25 wt. %
have not been observed.

Regarding the previous summary, the influence of chemistry, polarity, content, and
molecular weight of plasticizers on thermal, mechanical, and barrier properties, as well
as migration, has been discussed many times. However, from the view of environmental
aspects, one of the most important questions, “How the plasticizers influence biodegra-
dation of PLA,” is still not well explained. PLA is polyester, where hydrolysis and enzy-
matic/microbial activity are the dominant degradation mechanisms. The biodegradation
process could, despite the influence of environmental characteristics such as pH, tempera-
ture, moisture, and atmosphere composition, occur from several weeks up to years. For the
degradation of PLA, temperature is one of the most critical parameters. Itdvaara et al. [19]
and Kale et al. [20] reported that faster biodegradation of PLA is achieved in thermophilic
conditions compared to mesophilic ones. The higher temperature of the medium evokes
a decrease in intermolecular binding forces that cause a more straightforward hydrolysis
reaction and the attachment of microbes/enzymes. Therefore, incorporating low molecular
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weight plasticizers into PLA could evoke faster biodegradation rates due to the increased
macromolecular chain mobility. On the contrary, the increasing macromolecule chain mobil-
ity could stimulate changes in morphology structure and enhance the crystallinity degree.
Kolstad et al. [21] reported very poor biodegradability of semicrystalline PLA compared to
amorphous PLA. It has been reported that the amorphous regions are easily assimilated by
microorganisms [22]. Consequently, the biodegradation rate of PLA could also decrease
with the incorporation of plasticizers. Furthermore, the polar character and end-chain
group of plasticizers influence oxygen permeability and hydrophobicity. Another critical
factor which affects biodegradation is the chemical composition of plasticizers. Regarding
the previous summary, it is obvious that the effect of plasticizers on biodegradation rate
complicates many factors and cannot be simply predicted. Therefore, the current work
is dedicated to investigating the influence of the most often used plasticizers, PEG and
ATBC, on the biodegradation rate of PLA under controlled thermophilic composting (ISO
1455-1). Besides PEG and ATBC, new plasticizers, MC 2178 and MC2192, based on 100%
biobased dicarboxylic acid esters, were investigated. The reason behind this was to study
the determining influence of the molecular weight of plasticizers on the biodegradation
rate. The influence of ageing on the utility properties of plasticized PLA is another under-
explored area of this research environment. Therefore, the influence of accelerated ageing
on the changes in mechanical and thermal properties, and also on biodegradation, was also
investigated.

2. Materials and Methods

The commercial 100% biobased PLA Luminy L 130 was purchased from Total En-
ergies Caorbion (Gorinchem, The Netherlands). Luminy L 130 is high heat (the melting
point is 175 °C, glass transition temperature is 60 °C), medium flow PLA (melt flow index
23 g/10 min, ISO 1133-A) homopolymer with minimal 99% L-isomer stereochemical purity.
PLA Luminy L 130 was plasticized with PEG 400 (Sigma-Aldrich, Taufkirchen, Germany),
ATBC Citroflex A4 (Vertellus Holding LLC, Linz, Austria), dicarboxylic acid-based plasti-
cizers MC 2178 and MC 2192 (Emery Oleochemicals GmbH, Dusseldorf, Germany). The
characteristic properties of plasticizers are listed in Table 1. All the plasticizers have food
contact approval.

Table 1. Properties of plasticizers.

Plasicizers Molecular Density Viscosity Sources
Mass (g-mol—1) (kg/m?) (mPas)
PEG 400 380420 1.125 (at 20 °C) 3045 (at 25 °C) [23-25]
ATBC citroflex A4 402 1.048 (at 25 °C) 53.7 (at 25 °C) [25-27]
MC 2178 1250 1.03-1.07 (at 20 °C) 650-750 (at 20 °C) [28]
MC 2192 4236 1.04-1.10 (at 20 °C) ~ 4000-6000 (at 20 °C) [29]

2.1. Preparation of PLA Films

Before the production process, any moisture from PLA pellets was removed using the
vacuum oven VD53 (Binder, Germany) at 80 °C for 12 h. Further, the PLA was plasticized in
compounder Collin ZK 25 P (COLLIN Lab & Pilot Solutions GmbH, Maitenbeth, Germany)
equipped with automatic volumetric DVL LIQUIDOSER (Moretto, Italy), which is designed
especially for dosing liquid additives. The plasticizers are commonly used in the range
from 5 to 20 wt. %. The lower concentration of plasticizer ensures a lower potential of
migration and better miscibility with PLA. However, the improvement in flexibility and
fracture resistance is lower. The influence on barrier properties will be lower than in higher
concentrations. Consequently, a lower influence of plasticizer on biodegradability of PLA
could be assumed. Therefore, the dosing of plasticizers to compounder was established
to achieve a final concentration of 15 wt. % in PLA. The temperature profile from 145 °C
to 165 °C and speed of 160 rpm was used for PLA compounding. The plasticized PLA
was further transformed in an extrusion head set up to 180 °C and pelletizer running at
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3000 rpm. Before film processing, another vacuum drying process for 12 h at 80 °C was
incorporated for moisture removing. The PLA films were extruded on twin screw extruder
MC 15 HT (Xplore, Netherlands) and equipped with flat film die (0.4 mm gap size) at the
constant melt temperature of 185 °C and 100 rpm screw speed.

2.2. Accelerated Ageing

The ageing process was performed in climatic chamber SUN 3600 (Weiss Technik,
Balingen, Germany) incorporated with two 4 kW metal halide (MH) lamps. The climatic
chamber made it possible to use irradiation intensity from 400 to 1150 W/m? in the spectral
region of radiation from 300 nm to 2450 nm. Consequently, simulation of solar radiation
at ground level that is defined in standard IEC 60068-2-5 could be tested. The condition
of ageing was used with respect to DIN 75 220 standard. After the conditioning process
(25 °C, 50% relative humidity, 240 h) in the climatic chamber (Teseco, Kostelec nad Orlici,
Czech Republic), films were exposed to constant radiation intensity 1000 W/m? for 240 h.
The recommended temperature of chamber 42 °C was due to the potential decrease in glass
transition in plasticized PLA films decreased to 28 °C. The relative humidity was adjusted
to 65%, an average value in the summer months in the Czech Republic [30].

2.3. Mechanical Properties

The influence of plasticizers and accelerated ageing process on mechanical proper-
ties were evaluated by determination of tensile modulus (Ey), tensile strength (o), and
nominal tensile strain at break (eq,). TiraTest tensile testing machine (Tira GmbH, Schalkau,
Germany), which is equipped with KAF type of load cells (ranging from 0 to 1000 N,
sensitivity 2.0 mV/V) and with WA-type series displacement transducers (max. linearity
deviation: — 0.13% and nominal supply voltage: 80 mV/V), was used for this study. The
PLA films were, according to ISO 527-3 standard, trimmed to a size of 15 & 0.2 mm width
and 160 £ 2 mm length. Before testing, samples were conditioned in the climatic chamber
(Teseco, Kostelec nad Orlici, Czech Republic) at temperature of 25 °C and 50% relative
humidity for 240 h. According to the ISO 527 standard, load speed of 1 mm/min was used
for determination of tensile modulus. For the tensile strength and strain at break, load
speed of 5 mm/min was applied. The results were evaluated from 15 measurements.

2.4. Rheological Properties

The evaluation of rheological properties of conditioned samples was further incorpo-
rated for determination of accelerated ageing impact on the stability of plasticized PLA
films. The changes in rheological properties were evaluated with melt flow rate (MVR) anal-
ysis according to ISO 1133-1 (190 °C/2.16 kg). The Ceast 7028 (Instron, Buckinghamshire,
UK) melt flow tester from company Instron (Buckinghamshire, UK) was used.

2.5. Analysis of Biodegradability under Thermophilic Composting

The method adapted from the ISO 14855-1 standard was used to analyse the influence
of plasticizers on the biodegradation kinetics of PLA films in compost thermophilic (58 °C)
environment. This method is based on evaluation of carbon dioxide amount evolution dur-
ing the microbial degradation. The released carbon dioxide was detected with spirometer
ECHO (ECHO d.o.o0., Slovenske Konjce, Slovenia). Regarding the standard, the 10 g films
were trimmed to pieces sized about 1 cm x 1 cm and placed into 2.8 1 cylindrical hermetic
vessels that contained 150 g of compost. The commonly available compost from the com-
pany AGRO CS (Rikov, Czech Republic), with 5.2 pH (measured by the Volcraft PH-100ATC
pH meter, Conrad Electronic s.r.o., Praha, Czech Republic ), was used in this study. Before
the biodegradation experiment, 50% humidity content of compost was adjusted by the
halogen moisture analyser Mettler Toledo™ HX204 (Mettler Toledo, Columbus, OH, USA)
and pebbles or other foreign objects larger than 2 mm were removed from the compost.
For the proper microbial activity control of the compost, vessels with microcrystalline
cellulose (Sigma-Aldrich, Saint-Quentin-Falavier, France) were used. The vessels were
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shielded from the light. The vessels were opened once a week and the compost was stirred
to ensure an even distribution of moisture. Each biodegradation analysis was performed
in duplicity. The percentage of biodegradation was determined in accordance with the

following equation:
Trco,

Dt —
where (CO,)t is the cumulative amount of carbon dioxide evolved in the composting vessel
containing the test material, (CO;)p is the mean cumulative amount of carbon dioxide
evolved in the blank vessels, and (Tpco,) is the theoretical amount of carbon dioxide that
can be produced by the test material (all in g/vessel).

The theoretical amount of carbon dioxide can be determined via the following equation:

44
Thco, = Mror-Crot- o 2

where Mtor is the total number of dry solids in the test material introduced into the
composting vessel at the start of the test (in g), Cror is the proportion of total organic
carbon in the total dry solids in the test material (in g/g), and 44 and 12 are the molecular
mass of carbon dioxide and the atomic mass of carbon, respectively. The individual
proportions of total organic carbon of PLA films are listed in Table 2.

Table 2. The individual proportions of total organic carbon of components.

Sample Designation Proportions (%)
PLA 50
ATBC citroflex Al 59.7
PEG 400 60.0
MC2178 58.5
MC2192 58.5

With respect to changes in organic carbon content, there is no possible way to do any
supplemental analysis during a spirometry test. Therefore, the parallel experiment was
carried out. The plasticized PLA films (size of 100 mm x 40 mm) were exposed to the same
compost at the same condition as was used in above-introduced thermophilic composting
analysis. The films were subjected to evaluation of disintegration degree every 14 days,
being removed and conditioned (25 °C, 240 h, 50% relatively humidity) in climatic chamber
(Teseco, Czech Republic). However, after 28 days, the experiment was finished because
of intensive disintegration of some plasticized PLA films. The structural, thermal, and
chemical changes, as well as surface roughness, were evaluated with differential scanning
calorimetry (DSC), furrier transform infrared spectroscopy (FI-IR), thermogravimetric
analysis (TGA), and scanning electron microscopy (SEM). The results were evaluated from
3 measurements. Therefore, the standard deviation has not been specified, only average
values were provided.

2.6. Differential Scanning Calorimetry (DSC)

Thermal properties and structural changes were evaluated in a calorimeter DSC
1/700 (Mettler Toledo, Greifensee, Switzerland). Samples of approximately 5 mg taken
from cross-section of the PLA films were sealed in aluminium pan and placed into DSC
chamber where the constant nitrogen flow of 50 mL/min was adjusted. The samples
were heated in temperature profile from 0 °C to 200 °C with heating rate of 10 °C/min.
The samples were kept isothermal for 180 s at 200 °C, then the cooling process at rate
of 10 °C/min was initiated. The glass transition temperature (Tg), cold crystallisation
temperatures and enthalpies (T, AHcc), melting temperatures and enthalpies (T, AHp,),
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and primary crystallisation temperatures and enthalpies (T., AH.) were evaluated. The
degree of crystallinity (Xc) was determined through the following equation:

AHpy — AH.—AH.  AH

Xc = — .
< AH? Awnm AHO Awnm

100 3)

where AH,, is the melting enthalpy of 100% crystalline PLA (106 J/g), W is the mass
fraction of PLA in the composites, and the AH is the enthalpy balance.

2.7. Fourier Transform Infrared Spectroscopy (FT-IR)

The chemical changes in the PLA films were analysed using an infrared spectrometer
Nicolet i510 (Thermo Scientific, Waltham, MA, USA) in Attenuated Total Reflectance
(ATR) mode using diamond crystal. The FTIR-ATR spectra were recorded in the range of

400-4000 cm ™! by averaging 64 scans and using a resolution of 2 cm .

2.8. Thermogravimetric Analysis (TGA)

Thermal stability was evaluated using TGA2 instrument (Mettler Toledo, Switzerland).
The samples were prepared with the same principle as for DSC analysis. They were
taken from the cross-section of films in weights of 5 & 0.5 mg. Further, heating from
50 °C to 600 °C at the heating ramp of 10 °C/min in nitrogen atmosphere was performed
and the decomposition temperature at 5% weight loss (Ts9,) and 50% weight loss (Tsqq,)
were evaluated.

2.9. Scanning Electron Microscopy (SEM) Analysis

The mechanism of degradation (surface, bulk) and surface changes were observed with
field emission scanning electron microscopy (FE-SEM). To this purpose, the microscope
TESCAN MIRA 3 (Tescan, Brno, Czech Republic) instrument with an accelerated voltage
of 3 kV was used. The test samples were, prior to analysis, coated with 1 nm of platinum
using Q150R ES (Quorum Technologies, UK).

3. Results
3.1. Mechanical Properties

The results of the mechanical properties of as-produced and aged plasticized PLA
films are shown in Figures 1-3. The plasticizers low molecular weight allows them to
occupy intermolecular spaces between polymer chains. Due to this, they cause a reduction
in energy for molecular motion, and the chain mobility is increased [10]. The influence of
plasticizer on mechanical and rheological properties of PLA films will reflect its molecular
weight and chemical composition (interaction between plasticizer and macromolecular
chains of PLA). Consequently, different impacts on mechanical properties, such as frac-
ture resistance and ductility enhancement, could be expected from the incorporation of
plasticizers with different molecular weights and chemical compositions. The addition of
15 wt. % ATBC and PEG plasticizers to PLA evoked a significant increase in elongation
at break under uniaxial loading of films. The 82% (PLA/ATBC) and 57% (PLA/PEG)
increase in elongation were observed when compared to neat PLA. Courgneau et al. [14]
reported equal efficiency of PLA/ATBC and PLA/PEG films at lower concentrations than
13 wt. %. However, at higher plasticizer contents, a higher elongation was found for
PLA/ATBC. Rapa et al. [31] and Galvez et al. [32] also found higher plasticizing efficiency
of ATBC compared to PEG plasticizers at a higher content. The elongation at break of 250%
(PLA/ATBC) and 140% (PLA/PEG) was achieved by the incorporation of 20 wt. % of plas-
ticizer. The molecular weight influence of PEG on PLA plasticizer (15 wt. % concentration)
is presented in the study by Darie-Nita et al. [12]. The higher molecular weight of PEG
2000 and PEG 4000 evoked lower ductility changes in PLA (elongation lower than 5%).
The influence of molecular weight on mechanical properties could be confirmed by the
results of dicarboxylic acid-based plasticizers MC 2178 and MC2192. Only slight changes
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in elongation were observed for MC 2192, which had the highest molecular weight among
those used. On the contrary, a significant enhancement in elongation (47%) was found for
the PLA plasticized with MC 2178, which has the same chemical composition and a lower
molecular weight. The low plasticizing efficiency of MC 2192 further evoked only a low
decrease in tensile strength and modulus. Significant decreases in both properties were
observed for MC 2178. The 19% decrease in tensile strength and 34% decrease in tensile
modulus were evaluated for PLA/MC 2178. On the other hand, the incorporation of ATBC
and PEG plasticizer into the PLA evoked significant changes. The 41% decrease in tensile
strength and 37% decrease in tensile modulus were evaluated for ATBC-plasticized films.
PEG-plasticised PLA films showed an even higher decrease in tensile strength (68%) and
modulus (82%). Similar results were reported by Courgneau et al. [14], Rapa et al. [31],
Galvez et al. [32], and Greco et al. [33].
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Figure 1. The evaluated results of elongation at break for as-produced and aged PLA films.
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Figure 2. The evaluated results of tensile strength for as-produced and aged PLA films.
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Figure 3. The evaluated results of tensile modulus for as-produced and aged PLA films.

The results of the mechanical properties of aged films were compared to as-produced
ones, and no changes in neat PLA films could be found. However, the differences in results
of as-produced and aged plasticized PLA films could be observed. The aged PLA films
plasticized with ATBC showed a significant decrease in elongation (57%), a considerable
decrease in tensile modulus (25%), and minimal changes in tensile strength (4%). This drop
could be ascribed to structural changes, the degradation process (chain scission), and the
migration of plasticizer. The chain scission evoked a reduction in intermolecular forces and
increased the mobility of the system. Consequently, tensile strength and modulus decreased.
Furthermore, the enhancement of brittleness, and decrease in elongation and viscosity, is
characteristic of the degradation process. The migration of ATBC, due to the lower content
of plasticizer, could cause the ductility and fracture resistance to decrease. On the contrary,
tensile strength, modulus, and viscosity will increase [34]. Regarding the stated results,
the degradation (chain scission) could be ascribed as the primary reason for the change
in properties of aged PLA/ATBC films. This confirmed the result of Rapa et al. [31,35],
where a low migration of ATBC at 20 wt. % in PLA was observed. The greatest changes
in mechanical properties were found for aged PLA/PEG films. The elongation at break
drop on the level of neat PLA. The tensile modulus and strength increased by around 85%
and 33%, respectively. The migration of plasticizer could be ascribed as the major reason
for these changes. A similar dependence was reported in several studies. Hu et al. [36,37]
observed a significant increase in tensile modulus and strength, and a decrease in fracture
strain of plasticized PLA with 30% of PEG after 720 h ageing under ambient conditions
(23 °C, 50% RH). Also, the results of Kodal et al. [16] are in agreement with our conclusions.
The changes in mechanical properties of aged, plasticized PLA (one year at the ambient
condition) were considerable at a content of PEG higher than 5 wt. %. The influence
of molecular weight on changes in mechanical properties is also presented in this study.
Greater changes were achieved using plasticizers with lower molecular weight (PEG 400)
than plasticizers with higher molecular weight (PEG 8000, PEG 35000). The aged PLA films
with the dicarboxylic acid-based plasticizers did not show, in the higher molecular weight
variant (MC2192), changes in tensile modulus, strength, or elongation at break. A slight
increase in tensile modulus and strength, as well as a decrease in elongation, was noticed
for dicarboxylic acid-based plasticizer with lower molecular weight (MC2178). However,
the differences are, with respect to levels of standard deviations, very low. Consequently,
the presumption of migration or macromolecular scission could not be declared.
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3.2. Rheological Properties

The evaluated rheological properties (MVR) of as-produced and aged PLA films are
introduced in Table 3. All the plasticizers showed, after production, enhancement in
flowability of PLA. An enormous increase (221-fold enhancement of MVR) was observed
in PLA films plasticized with PEG. PEG is a plasticizer with very low viscosity. On the
contrary, the plasticized PLA films with dicarboxylic acid-based plasticizer MC 2192, which
has the highest molecular weight among those used, showed relatively small changes
(1.48 times enhancement of MVR). The MVR of PLA plasticized with the lower molecular
weight variation (MC2178) was around 15% higher. The incorporation of ATBC plasticizer
ensured 2.2 times enhancement in MVR of PLA.

Table 3. The evaluated results of Volume-Flow Rate (MVR) for as-produced and aged PLA films.

Sample Designation

) PLA PLA/ PLA/ PLA/ PLA/
ATBC PEG 400 MC 2178 MC 2192
Produced 139405 307401 30764216 239404 207401
Aged 145405 354401 1784443 320405 301 +04

No changes in MVR of as-produced neat PLA films and aged ones were noticed. As
in mechanical properties, the significant changes in rheological properties (MVR) were
evaluated for plasticized PLA films. Also, for rheological properties, the highest changes
showed PLA films containing PEG plasticizer. The MVR decreased by 47% after ageing.
This result confirmed our conclusion (Section 3.1), where a migration effect of PEG plas-
ticizer was ascribed as a major reason for changes in mechanical properties. The lower
content of plasticizer causes lower enhancement of chain mobility of PLA, which leads
to a decrease in rheological properties (flowability). The aged PLA /ATBC films showed
the opposite dependence. A 15% increase in MVR was found. The chain scission could be
due to a decrease in intermolecular forces ascribed to this enhancement. Also, this result is
in accordance with the previous conclusion where the chain scission was presumed as a
major reason for property changes in aged PLA /ATBC films. Furthermore, a significant
increase in MVR was found for aged PLA films plasticized with dicarboxylic acids (MC2178
and MC2192). Therefore, the chain scission is a very important effect that has significant
influence on properties of these aged films.

3.3. Differential Scanning Calorimetry (DSC)

The results of the first non-isothermal heating of as-produced and aged PLA films are
shown in Figure 4 and in Table 4. The glass transient temperatures were used to neglect
the technological processing aspects evaluated from the second heating cycle. A shift in
transient temperatures is evident from the estimated results of as-produced plasticized
PLA films. The glass transition temperatures of PLA films plasticized with ATBC decreased
compared to neat PLA film by about 18 °C, cold crystallization temperature by about
23 °C, and melt temperatures by about 3 °C. A shift of about 23 °C at the glass transition
temperature, 25 °C of cold crystallization temperature, and about 6 °C of melt temperature
was noticed for PLA/PEG films. Also, Rapa et al. [31], Galvez et al. [32], and Farah
et al. [38] reported similar temperature changes for PLA/ATBC and PLA/PEG. In several
studies [12,39], the lower shift of transient temperatures was evaluated for increasing
molecular weight of the PEG plasticizer. The influence of molecular weight is evident if
the transient temperatures of dicarboxylic acid-based plasticizers MC2178 and MC2192 are
compared. The plasticizer MC2192, having the highest molecular weight among those used,
showed lower changes in glass transition (about 7 °C) and no changes in melt temperatures.
Nevertheless, a significant decrease in cold crystallization (about 21 °C) was evident from
the evaluated results. The plasticizer MC2178, with the same chemical composition and a
lower molecular weight, showed a significantly higher decrease in these values. The glass
transition temperature decreased by about 20 °C, cold crystallization by 20 °C, and melt

149



Polymers 2023, 15, 140

temperature by 2 °C. The appearance of a double peak at melting temperature was reported
by Rapa et al. [31] and Greco et al. [33] for PLA films plasticized with PEG and ATBC.
Also, in our previous study [40], we reported the presence of a bimodal peak for PLA films
with 10 wt. % of ATBC. Wu et al. [41] ascribed the dual melting peak to the formation of
different crystalline structures («x and «’crystals). However, only the single melting peaks
were noticed for all produced films. This could be caused by a higher content of plasticizers
(15 wt. %), which will evoke higher chain mobility enhancement during processing, by the
used type of PLA. Luminy L130, which was used in this experiment, has a higher content
of L-isomer (99% L-isomer stereochemical purity) and higher crystallization ability than
Ingeo 3001D (95 wt. % of L- lactide), which was used in the previous experiment.
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Figure 4. DSC curves of neat and plasticized PLA films after production and accelerated ageing.
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Table 4. DSC data of neat and plasticized PLA films after production, accelerated ageing, and

composting process.
Sample EXT*;;se‘t(‘)‘f’“ T, Tee  AHe — AH T T AHn  AH o)
Designation Composting (O €O 0® 0 €O €O 0 U
3 Initial 603 1092 336 15 1586 1741 421 7.0 6.6
L 14 days 59.8 - - 14 1619 1754 513 499 470
LA £ 28 days 543 - - - - 1640 599 599 565
- Initial 601 1063 332 23 1594 1748 417 54 5.1
2 14 days 59.4 - - 20 1608 1720 422 402 380
< 28 days 545 - - - - 1655 597 597 563
e Initial 417 864 238 64 1466 1713 427 125 139
2 14 days 462 - - 32 1534 1722 466 434 -
PLA/ £ 28 days - - - - - 1704 494 494 -
ATBC - Tnitial 408 802 7.5 29 1464 1708 391 287 -
2 14 days 449 - - 23 1608 1721 417 394 -
< 28 days - - - - - 1696 509 509 -
2 Initial 376 841 134 17 - 1679 413 2626 295
2 14 days 4838 - - - - 1730 477 477 -
PLA/ £ 28 days - - - - - 1720 480 480 -
PEG s Initial 461 82 166 13 - 1660 419 240 -
2 14 days - 93.9 6.9 - - 1688 509 440 -
< 28 days - - - - - 1667 531 531 -
e Initial 401 895 228 50 1507 1725 443 209 182
2 14 days - - - 17 1599 1763 462 444 -
PLA/ £ 28 days - - - - - 1688 555 554 -
MC 2178 i Initial 82 756 171 34 1536 1725 412 207 -
2 14 days - - - - - 1720 468 468 -
< 28 days - - - - - 1696 559 558 -
3 Initial 528 876 262 71 1521 1755 442 110 126
L 14 days - - - - - 1634 592 592 -
PLA/ £ 28 days - - - - - 157 638 638 -
MC2192 - Initial 515 806 264 59 1511 1744 455 132 -
2 14 days - - - - - 1612 555 555 -
< 28 days - - - - - 1568 606 606 -

From the evaluated results, it is evident that all plasticizers evoked, due to an increase
in chain mobility, further structural changes. The highest crystallinity degree enhancements
(crystallinity degree about 30%) were found for PLA/PEG films. On the contrary, the lowest
enhancement of crystallinity (crystallinity degree of about 13%) was achieved for the highest
molecular weight dicarboxylic acid-based plasticizer MC 2192. Also, PLA/ATBC films
showed only a minor enhancement in crystallinity degree (about 14%). The dicarboxylic
acid-based plasticizer MC2178 evoked, due to lower molecular weight (when compared to
MC2192), greater improvement of PLA crystallinity (about 18% crystallinity degree).

No significant changes in transient temperatures between as-produced and aged
neat PLA films have been found. Further, no change in crystallinity degree has been
observed. Also, aged PLA films plasticized with ATBC did not show any considerable
shift in transient temperature that made it possible to make a valuable statement. Nev-
ertheless, significant changes in structure could be assumed for PLA/ATBC films after
ageing. These structural changes were not evaluated via the degree of crystallinity but by
the enthalpy changes due to the migration of plasticizer that could change weight content
in PLA films. The cold crystallization and primary melt crystallization enthalpy markedly
decreased in PLA/ATBC films after ageing. Consequently, the increase in enthalpy bal-
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ance AH (Equation (3)) and enhancement of crystallinity degree could be assumed. In
contrast, aged PLA films plasticized with PEG did not show any changes in enthalpies.
Therefore, any valuable structure changes are not predicted. This could be ascribed to
the high crystallization kinetics of PLA /PEG films, which already evoked a high level of
structure order (degree of crystallinity) after production. The lower crystallization kinetics
of PLA/ATBC films were stimulated by the supplied energy in the form of radiation during
ageing and caused further structure order changes. Also, for as-produced PLA films that
contain dicarboxylic acid-based plasticizer MC 2192, the lower crystallization kinetic (lower
degree of crystallinity) was evaluated. However, due to higher molecular weight, only
small changes in enthalpies were evaluated after accelerated ageing. Consequently, low
structural changes could be assumed. Even lower changes in enthalpies were evaluated
for MC 2178 plasticizer (lower molecular weight than MC 2192). This could be ascribed,
as for PLA/PEG films, to the higher crystallization kinetics of PLA/MC2178 films during
processing. If the glass transition temperatures of aged PLA films plasticized with PEG
and MC2178 are compared to as-produced ones, the significant shifts are obvious. The
glass transient temperatures increased by about 9 °C for PLA /PEG films and about 3 °C
for PLA/MC 2178 films. The increased glass transient temperature is probably caused by
the migration of plasticizers. The lower content of plasticizers in PLA will cause increased
intramolecular bonding forces. On the contrary, any valuable shifting of glass transition
was not evaluated for PLA/MC2192 films, as well as for PLA/ATBC films. Consequently, a
low migration assumption could be declared.

The as-produced and aged neat PLA film exposed to thermophilic composting showed
similar results (Table 4, Figures S1 and S2). After the first 14 days of composting, changes in
transient temperatures had not been observed. However, the conditions in the thermophilic
compost environment evoked the elimination of cold crystallization enthalpy, enhancement
of melting enthalpy, and, consequently, enhancement of crystallization degree. Also,
from the visual appearance of the films, it was evident that the thermophilic composting
environment caused significant structural changes (loss of transparency). Further, 14 days
of composting caused about a 6 °C decrease in the glass transient temperature, about 10 °C
decreases in melt temperature, the elimination of primary crystallization enthalpy, and
another enhancement in crystallinity degree. With regard to the increase in crystallinity
degree, it can be stated that the further enhancement of crystallinity could be related to the
degradation of the amorphous phase due to the hydrolysis. The degradation of amorphous
parts (shortening of macromolecular chains within the amorphous region) could be ascribed
to the reason for the decrease in transient temperatures. Jimenez et al. [42] reported that
hydrolytic chain cleavage proceeds preferentially in the amorphous regions and leads,
consequently, to an increase in crystallinity degree. The as-produced and aged PLA films
plasticized with ATBC showed a slight increase in glass transient temperature (about
4 °C) after the first 14 days of composting. This phenomenon could be related to the
migration and release of ATBC plasticizer in the environment. Similar to neat PLA films,
the elimination of cold crystallization enthalpy and obvious increase in enthalpy balance
(AH) was evaluated for as-produced and aged PLA /ATBC films. This increase could be
ascribed to the aforementioned structure order changes, degradation of amorphous phase,
or the migration of plasticizers. Further, 14 days of composting of as-produced and aged
PLA/ATBC films evoked another enhancement of enthalpy balance (AH). However, due to
decreasing content in the amorphous phase, it was not possible to evaluate glass transient
temperature. The as-produced PLA /PEG films showed even higher shifting of transient
temperatures after the first 14 days of composting. The glass transient temperature was
increased by about 11 °C and melt temperature by about 5 °C. The elimination of cold
crystallization, primary melting enthalpies, and enhancement of enthalpy balance (AH)
was further evaluated. The next 14 days of composting did not evoke any significant
changes. This could mean that the main process of migration and changes in structural
order were already finished. No enthalpy changes could also mean low degradation of the
amorphous part. Therefore, it was not possible to evaluate the glass transient temperature
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for the aged PLA /PEG. However, minimal changes in melting temperature within 28 days
of composting were evaluated. Therefore, compared to as-produced PLA/PEG films, a
lower release of PEG into the compost environment could be assumed. The reason for this
could be the high migration tendency of PEG plasticizer evoked by the process of ageing.
The aged PLA/PEG films consequently contained a lower content of plasticizer that could
be released during composting. On the contrary, for as-produced PLA /PEG films, a slight
increase in enthalpy balance (AH) was observed. The supposed low-level of releasing of
plasticizer and high structure order level (minimal structural changes) could mean more
intensive degradation. Also, for the dicarboxylic acid-based plasticizers, it was not possible
to evaluate the glass transition temperatures for composted films. Nevertheless, from
the shifting of melting temperature and evaluated enthalpies (AH), some differences are
obvious. Similar to PLA/ATBC and PLA /PEG films, the increase in melt temperature of
as-produced PLA/MC 2178 films were evaluated after the first 14 days of composting.
Consequently, some release of plasticizer into the compost environment could be assumed.
Further, the elimination of cold crystallization and enhancement of enthalpy balance (AH)
was evaluated. The following 14 days of composting evoked another decrease in melt
temperature and enhancement of enthalpy (AH). Regarding the previous summary, a more
intensive degradation (chain scission) of amorphous parts than for PLA /PEG films could be
assumed. The composted, aged PLA/MC 2178 films did not show any significant changes
in melt temperature within the first 14 days. This result could also be ascribed (as well
as for PLA /PEG films) to some migration tendency of MC2178 of plasticizer, evoked by
the ageing process. However, after the next 14 days of composting, the PLA/ MC 2178
films showed a decrease in melt temperature and further enhancement of enthalpy (AH).
Therefore, for aged PLA/MC2178, also, the degradation of the amorphous phase could be
assumed to be the main aspect of this event. The as-produced and aged composted PLA
films that contained plasticizer MC 2192 showed, after the first 14 days of composting, the
highest decrease in melting temperature and enthalpy (AH) enhancement. Regarding this,
and low migration/releasing tendency of MC2192 plasticizer, the highest degradation rate
could be assumed for these films.

3.4. Thermogravimetric Analysis (TGA)

The results of TGA are shown in Figure 5 and summarized in Table 5. Several studies
reported significant decreases in thermal stability using ATBC and PEG plasticizers in
PLA [10,11,32,43,44]. However, only a low decrease in thermal stability (initial decom-
position temperature T5%) was observed for as-produced PLA /ATBC films. The reason
could be different types of PLA (molecular weight, L and D isomer content, etc.) and their
interaction with ATBC. Furthermore, applied technology (compression molding, extrusion,
casting, etc.) as well as processing conditions, could also be contributing factors. Also,
the addition of dicarboxylic acid-based plasticizer MC2192 to PLA films evoked only a
low decrease in thermal stability. The incorporation of MC2178 plasticizer with the lower
molecular weight prompted a higher decrease in thermal stability. The initial decompo-
sition temperature (T5%) decreased by about 16 °C when compared to neat PLA. The
highest change in thermal stability was observed for PLA films plasticized with PEG. The
initial decomposition temperature (T5%) decreased by about 53 °C. The evaluated result of
thermal stability did not show any considerable changes between as-produced and aged
neat PLA films. Furthermore, minimal differences were evaluated between as-produced
and aged PLA films plasticized with MC2192. The aged PLA /ATBC films showed approxi-
mately a 9 °C decrease in initial decomposition temperature (T5%). This result could be
ascribed to an event of chain scission that evokes a decrease in intramolecular forces. On
the contrary, an increase in initial decomposition temperature (T5%) was found for aged
PLA/PEG and PLA/MC2178 films. The initial decomposition temperature (T5%) increased
by about 10 °C for PLA plasticized with MC 2178 and about 37 °C for PLA plasticized
with PEG. The increase in thermal stability is, as well as a shift in transient temperatures
and decrease in viscosity (MVR), evoked by the migration of plasticizer. Consequently, the
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previously-stated presumption (Sections 3.2 and 3.3) about the tendency of migration for
these two plasticizers could be confirmed.
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Figure 5. TGA curves of neat and plasticized PLA films after production and accelerated ageing.

Table 5. TGA data of neat and plasticized PLA films after production, accelerated ageing, and

composting process.

Exposition Time of Composting

Sample Initial State 14 Da 28 D.
3 . ys ays
Designation Ts (%) Tso (%) Ts% (%) Tsp(%)  Ts(%)  Tsg (%)
Produced PLA 313.4 349.9 3109 3425 293.9 330.6
Aged PLA 315.8 352.5 306.9 335.0 288.8 351.7
Produced PLA/ATBC 3105 349.0 293.8 344.8 276.9 335.7
Aged PLA/ATBC 301.6 356.7 292.0 341.2 273.3 329.3
Produced PLA/PEG 400  259.4 321.7 250.4 301.6 244.1 282.9
Aged PLA/PEG 400 296.8 3485 280.9 332.3 250.6 300.7
Produced PLA/MC2178 2979 355.8 295.1 340.4 283.7 340.1
Aged PLA/MC2178 308.5 353.0 293.11 3384 272.9 331.3
Produced PLA/MC2192  309.6 357.0 299.1 350.1 254.3 305.7
Aged PLA/MC2192 311.8 356.1 297.3 350.1 257.6 305.3
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The thermophilic composting process of as-produced and aged neat PLA films showed
major changes in thermal stability, similar to changes in transient temperatures and en-
thalpies (Section 3.3), after 28 days of composting (Table 5, Figures S3 and S4). About a
20 °C decrease in initial decomposition temperature (T5%) was found for as-produced neat
PLA films, and about 28 °C decrease for aged ones. Consequently, considerable degrada-
tion (hydrolytic chain scission) could be assumed. On the other hand, as-produced and
aged PLA/ATBC films showed considerable changes in thermal stability even after 14 days
of composting. The initial decomposition temperature (T5%) of as-produced PLA /ATBC
films decreased by about 17 °C and, for aged PLA/ATBC films, about 10 °C. Also, the
further 14 days of composting evoked another considerable decrease (about 18 °C) in initial
decomposition temperature (T5%). A relatively low decrease in initial decomposition tem-
perature (about 10 °C) was observed for as-produced PLA /PEG films after the first 14 days
of composting. Another 14 days of composition did not evoke any significant changes in
thermal stability. Therefore, a lower level of degradation (chain scission) than for neat PLA
and PLA/ATBC films could be assumed. Nevertheless, it is important to mention that the
results of thermal stability are also be influenced by the migration of plasticizer. The aged
PLA/PEG films showed a higher decrease in thermal stability. The initial decomposition
temperature (T5%) decreased by about 16 °C after 14 days of composting and by about
46 °C after 28 days of composting. The low changes in thermal stability within 28 days
of composting were evaluated for as-produced PLA films plasticized with dicarboxylic
acid-based plasticizer MC2178. The ageing process of PLA/MC2178 films evoked obviously
higher changes. The initial decomposition temperature (T5%) decreased by about 16 °C
at the first 14 days of composting and about 36 °C after 28 days. Consequently, a higher
degradation (chain scission) of aged PLA films plasticized with MC2178 and PEG than
for as-produced ones could be assumed. The highest decrease in initial decomposition
temperature (highest degradation) was observed for composted PLA films plasticized with
MC2192. The 14 days of thermophilic composting evoked about a 10 °C decrease in initial
decomposition temperatures (T5%) and, after 28 days of composting, decreased by about
56 °C. No significant differences were observed between as-produced and aged films.

3.5. Scanning Electron Microscopy (SEM) Analysis

The SEM images of surfaces of neat, as-produced PLA films and films after ther-
mophilic composting (14 and 28 days) are shown in Figure 6. The PLA samples after
ageing and subsequent thermophilic composting are shown in Figure 7. The neat PLA
films showed smooth surfaces after the production and accelerated ageing. The exposition
of as-produced films to thermophilic composting evoked only a slight increase in the
roughness of their surface after the first 14 days. A significant change in thermal properties
after 28 days of composting was observed. However, a very low enhancement of surface
erosion could be seen from SEM images. This could mean that mainly bulk degradation
occurred. Arrieta et al. [45] reported similar results. Minimal surface erosion was observed
within 28 days of lab thermophilic composting of PLA films. No significant erosion of
the surface was observed for aged PLA films after 14 or 28 days of composting. The SEM
images of surfaces of as-produced and aged PLA /ATBC films and PLA/ATBC films after
thermophilic composting (14 and 28 days) are shown in Figures 8 and 9.
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Figure 6. SEM images of as-produced neat PLA films (a) at initial state and after (b) 14 days of
thermophilic composting, and (c) 28 days of thermophilic composting.
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Figure 7. SEM images of aged neat PLA films (a) at initial state and after (b) 14 days of thermophilic
composting, and (c) 28 days of thermophilic composting.
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Figure 8. SEM images of as-produced PLA/ATBC films (a) at initial state and after (b) 14 days of
thermophilic composting, and (c) 28 days of thermophilic composting.

Figure 9. SEM images of aged PLA /ATBC films (a) at initial state and after (b) 14 days of thermophilic
composting, and (c) 28 days of thermophilic composting.
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The incorporation of PEG plasticizer into PLA films evoked more evident changes.
The surfaces of as-produced PLA and PLA /ATBC films were considerably smoother than
as-produced PLA/PEG films (Figure 10). The appearance of the “lunar surface” morphol-
ogy was characteristic of these films. Low viscosity and poor miscibility of PEG with
PLA at higher concentrations [14] could be a reason for this event. The PEG plasticizer,
during extrusion through the head, is released on the surface and limits the process of
calandering (entrapping of plasticizer between rolls and films). The first 14 days of com-
posting evoked enormous changes in surface roughness. The surface was very rugged with
a large number of “craters.” The intensive release of water-soluble PEG plasticizer and
the degradation of amorphous parts could be ascribed as the main phenomena of these
changes. Another 14 days of composting did not evoke such dynamic changes. The level of
roughness was similar to the first evaluated period. Regarding previous results (change in
mechanical, rheological, and thermal properties), the ageing process evoked a significant
migration of PEG plasticizer from PLA films. Therefore, an increase in brittleness could
be expected. This assumption could be confirmed by the SEM surface images of aged
PLA/PEG films (Figure 11). The appearance of cracks could be seen on the surface of aged
films. Furthermore, due to the lower content of PEG plasticizer in PLA films, a lower level
of release into the compost environment could be expected. Because of the lower level of
roughness, a lower numbers of “craters” compared to as-produced films could be seen.
This presumption could be confirmed by analysis of the surface images of aged PLA/PEG
films after 14 days of composting. Despite being rough, a large amount of craterless surface
could be seen after 28 days of composting. Thus, again, a minimal migration of PEG could
be further expected.
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Figure 10. SEM images of as produced PLA /PEG films (a) at initial state and after (b) 14 days of
thermophilic composting, and (c) 28 days of thermophilic composting.
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Figure 11. SEM images of aged PLA /PEG films (a) at initial state and after (b) 14 days of thermophilic
composting, and (c) 28 days of thermophilic composting.

The PLA films that contained dicarboxylic acid-based plasticizer MC2178 showed
(Figures 12 and 13) smooth surfaces after production and ageing process. The first 14 days
of composting did not evoke any significant changes in surface roughness. However, the
initiation of algae fibres growth was observed. If the as-produced and aged PLA/MC2178
films are compared, a slightly higher algae fibres ratio is observed for the aged films. The
differences after 28 days of composting are more obvious. The higher activity of algae
fibres could evoke faster disturbance of the surface, which could increase the kinetics of
disintegration, which further, would lead to biotic attack and biodegradation of films. An
even higher ratio of algae fibres was observed for PLA films plasticized with MC2192
after the first 14 days of composting (Figures 14 and 15). It is well known that the for-
mation of lactic acid oligomers during chain scission of PLA increases the concentration
of carboxylic acid end groups in the degradation medium. The catalytic action of these
groups at their increasing content further results in a self-catalyzed and self-maintaining
process [46]. Based on the increased content of carboxylic acid groups in both PLA/MC2178
and PLA/MC2192 when compared to other plasticizers, it could be assumed that they,
during degradation, stimulate biotic attack. Furthermore, Ren et al. [22] reported that
water molecules easily diffuse into amorphous regions, and these regions are also easily
assimilated by microorganisms. Consequently, the easy assimilation of algae fibres could
also be assumed. Another exposition (14 days) of PLA/MC2192 films to composting further
enhanced the algae fibres activity. The hydrolytic degradation and microbial /enzymatic
activity caused the flaking of fragments. Differences between as-produced and aged films
were observed within the 28 days of composting.
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Figure 12. SEM images of as-produced PLA/MC 2178 films (a) at initial state and after (b) 14 days of
thermophilic composting, and (c) 28 days of thermophilic composting.

Figure 13. SEM images of aged PLA/MC2178 films (a) at initial state and after (b) 14 days of
thermophilic composting, and (c) 28 days of thermophilic composting.
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Figure 14. SEM images of as-produced PLA/MC2192 films (a) at initial state and after (b) 14 days of
thermophilic composting, and (c) 28 days of thermophilic composting.
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Figure 15. SEM images of aged PLA/MC2192 films (a) at initial state and after (b) 14 days of
thermophilic composting, and (c) 28 days of thermophilic composting.
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3.6. Fourier Transform Infrared Spectroscopy (FT-IR)

According to the evaluated results, no significant differences in the ATR-FT-IR spectra
between as-produced and aged PLA and PLA-plasticized films were observed. Consequently, as-
sessed and discussed are only the as-produced and composted ones (Figure 16). The ATR-FT-IR
spectra of aged films are added in supplementary materials (Figures S5 and S6). Typical ab-
sorption bands for PLA, corresponding to the C=O stretching of ester groups at 1747 cm~1,
with asymmetric and symmetric CHj stretching at 2995 cm ! and 2945 cm ™!, the C-O
stretching bands of -CH-O-at 1180 cm ™!, and ~O-C=0 groups at 1127 cm~!, 1080 cm~ !,
and 1043 cm™ 1, respectively, were observed [15,47-49]. Moreover, similar to the work of
Zaidi et al. [50], bending frequencies for CH; were identified at 1452 cm 1, 1382 cm !,
and 1359 cm 1. As well, bands related to the C=0 double-bound around 700 cm ! were
further observed. When comparing the spectra of as-produced neat PLA films and PLA
films plasticised with ATBC at the initial state and within 14 and 28 days of composting,
no significant differences were noted. On the contrary, the spectra of as-produced PLA
films plasticised with PEG and dicarboxylic acid-based plasticizers (MC2178 and MC2192)
showed an obvious decrease in absorption intensity after 14 days of composting. According
to results of Vasile et al. [51], the decrease in peak ratio declares chemical changes that
could be evoked by the process of hydrolytic degradation (chain scission). Another 14 days
of composting did not evoke any considerable changes in ATR-FT-IR spectra for PLA/PEG
films. However, the dicarboxylic acid-based plasticizers in PLA showed another signifi-
cant decrease in peak intensity. Especially, composted PLA films with MC2192 plasticizer
showed a very low peak intensity after 28 days of composting. Consequently, extensive
degradation could be, for these films, assumed.
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Figure 16. FTIR spectra of as-produced PLA films at initial state and after 14 days and 28 days of
thermophilic composting.
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Oliveira et al. [52] and Kammoun et al. [53] reported that, during PLA degradation,
the appearance of hydroxyl bands around 3400 cm ™! indicates the occurrence of hydrolysis
degradation. Consequently, the comparison of changes in peak intensity at this area has
been separately evaluated in Figure 17. Only minimal changes in hydroxyl bands were
observed for neat PLA films and PLA films plasticized with ATBC within 28 days of
composting. PEG is a water-soluble plasticizer with polar (-OH) groups. Therefore, the
increase in hydroxyl bands was evaluated by the incorporation of this plasticizer into
PLA films. Also, Rafie et al. [39] and Darie-Nita et al. [12] observed the enhancement
of hydroxyl bands around 3400 cm ™1 if the PEG plasticizer was incorporated into PLA.
According to the decreasing peak intensity of hydroxyl bands evaluated by the process
of composting, the stated migration and release of plasticizer into the environment could
be confirmed. Within the composting process, the significant increase in peak intensity
of hydroxyl bands was for both dicarboxylic acid-based plasticizers, which were further
observed. The rapid hydrolysis could consequently evoke faster disintegration, assimilation
by microorganisms/enzymes, and faster biodegradation.
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Figure 17. FTIR spectra of as-produced PLA films at initial state and after 14 days and 28 days of
thermophilic composting that indicate hydroxyl bands.
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3.7. Degree of Disintegration of Composted PLA Films

The evaluated results of weight loss of as-produced and aged PLA films after 14
and 28 days of thermophilic composting are shown in Figures 18 and 19. With respect to
standard deviation, the as-produced and aged neat PLA films did not show any changes in
weight after the first 14 days of thermophilic composting. Further exposition of as-produced
and aged neat PLA films to the compost environment evoked considerable changes in
thermal properties (DSC, TGA). However, any evident changes were obvious from SEM
surface images. No considerable weight loss was found for these films after 28 days of
composting. On the other hand, the as-produced PLA /PEG films showed about 20% weight
loss after 14 days of composting. Regarding the previous conclusions, this weight loss could
be ascribed mainly to the intensive release of plasticizer into the compost environment.
Because the following exposition to the compost environment for another 14 days evoked
only minimal changes in weight, the low tendency of as-produced PLA /PEG to disintegrate
could be further assumed. Also, aged PLA/PEG films showed a high decrease in weight
(about 21%) after the first 14 days of composting. Further composting of the aged PLA/PEG
films evoked, in comparison to as-produced films, a higher weight decrease of about 28%.
As it was introduced, during the aging process, some migration of PEG and minimal
structure changes were found. Therefore, a lower ratio of releasing of plasticizer could
be expected (SEM surface images, Figure 11). Consequently, the slightly higher decrease
in the weight of aged PLA/PEG films was probably caused by higher disintegration
rate. Significant differences in weight loss were evaluated for PLA films plasticised with
dicarboxylic acid-based plasticizers within 28 days of composting. The higher molecular
weight of MC2192 plasticizer evoked lower enhancement of crystalline structure of PLA
films than for lower molecular ones (MC2178). PLA is polyester, where hydrolysis (bulk
degradation) is one of the most critical factors for disintegration [54]. The water molecules
easily diffuse through amorphous regions. Consequently, the PLA films plasticised with
MC2192 should achieve a faster disintegration rate. The evaluated results for weight
loss confirmed this presumption. The difference between the weight loss of as-produced
films was, after 14 days of composting, low, being 3% weight loss for PLA/MC2178
films and 5% for PLA/MC2192 films. The only 4% enhancement of weight loss was after
another 14 days of composting, evaluated for as-produced PLA/MC2178 films. However,
about 47% weight loss was found for PLA films plasticised with MC2192. With respect
to the evaluated standard deviation, we cannot state any relevant differences between
as-produced and aged PLA /MC2192 films within 28 days of composting. Nevertheless,
slightly higher increase in weight loss could be seen for aged PLA/MC2178 films than
for as-produced ones. This could be caused (regarding the evaluated results of thermal
analyses) by the releasing of plasticizer to the compost environment. Another reason
could be higher microbial/enzymatic attack (the level of algae fibres observed on SEM
surface images, Figures 12 and 13) that evoke a faster process of disintegration. The as-
produced PLA /ATBC films was characterized by low enhancement of degree of crystallinity
(similar level as for PLA/MC2192 films) and low tendency to migration. Therefore, easier
hydrolysis and faster disintegration were expected. However, the evaluated weight loss
was only about 3% after 14 days of composting and about 5% after 28 days of composting.
Consequently, the chemical composition of plasticizers must be stated as another crucial
aspect that influences the disintegration rate. The importance of chemical composition
of plasticizer could be confirmed from results of weight loss of aged PLA/ATBC films.
During the ageing process of PLA/ATBC films, a significant increase in structure order
was concluded. Nevertheless, the weight reduction in aged PLA/ATBC films was achieved
within 28 days of composting at a similar level to the as-produced ones.
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Figure 18. The weight loss of as-produced and aged PLA films after 14 days of composting.
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Figure 19. The weight loss of as-produced and aged PLA films after 28 days of composting.

3.8. Biodegradability under Thermophilic Composting

The evaluated biodegradation curves are shown in Figure 20. During the first 14 days
of composting, similar courses and levels of biodegradation were evaluated for neat PLA
films and PLA films plasticized with ATBC or dicarboxylic acid-based plasticizer MC 2178.
Nevertheless, the PLA films plasticized with PEG and dicarboxylic acid-based plasticizer
of higher molecular weight (MC2192) showed different biodegradation rates. The incor-
poration of PEG plasticizer caused a decrease in the biodegradation rate of PLA films.
Polymer materials are microbially degradable in a two-step process. The first step con-
sists of a reduction in the polymer chain into low molecular weight oligomers, dimers,
and monomers that are short enough to be assimilated by microorganisms in the second
step [54,55]. Consequently, the disintegration rate, which depends on the intensity of
enzymatic and hydrolytic attack, has a crucial factor in biodegradation. As it was men-
tioned above, PEG is water-soluble hydrophilic plasticizer with polar groups (-OH). The
hydrophilic character of plasticizer could increase the permeability of water and oxygen
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into the PLA films, as was presented in the study of Courgneau et al. [14]. Therefore, the
incorporation of PEG plasticizer could increase the disintegration and biodegradation rate
of PLA. However, Cao et al. [56] and Laboulfie et al. [57] reported that the water perme-
ability depends on the molecular weight of the PEG plasticizer. The significantly lower
water permeability was evaluated for films plasticized with a low molecular weight of
PEG (PEG 300) compared to high molecular ones (PEG 4000). The reason for this could be
hydrogen bonding between polar groups (-OH) of plasticizes and PLA. The high molecular
weight PEGs might not be able to position themselves to create sufficient hydrogen bonds
with polymers [58]. Other aspects that must be taken in consideration are the influence of
plasticizer on microbial /enzymatic activity as well as the influence on the structure order
(degree of crystallinity) of films. Kammoun et al. [53] evaluated the enhancement of the
antibacterial activity of chitosan films if the PEG plasticizer was incorporated. However,
it likely that the main reason for lower microbial activity (lower biodegradation rate) is
the enhancement of crystallinity. As was introduced in Section 3.3, the low viscosity of
PEG plasticizer evoked the highest enhancement of the degree of crystallinity from used
plasticizers. The diffusion of water as well as enzymatic degradation take place primarily
in the amorphous part. Consequently, slower biodegradation could be assumed.
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Figure 20. Biodegradation curves of as produced and aged PLA films under controlled thermophilic
composting ISO 18455-1.

The high molecular weight of dicarboxylic acid-based plasticizer MC2192 caused the
lowest enhancement of crystallinity degree of PLA films among used plasticizers. Thus,
the higher content of amorphous parts, the higher molecular weight of plasticizer (lower
interaction bonds with PLA), and the self-catalyzed action caused by increasing content of
carboxylic acid end groups could be the main reason for the higher disintegration (weight
loss) and biodegradation level. Comparing the biodegradation of films after accelerated
ageing, no significant difference was observed at the first 14 days of composting. The
exception was only PLA/MC2178, where a slight increase in biodegradation level has been
found for aged films. This result corresponds to SEM surface images (Figures 12 and 13)
where higher algae fibres activity was observed for aged films than for as-produced one.
The biodegradation degree at 28 days of composing showed higher differences among the
as-produced films. A degree of about 12% has been found for as-produced PLA/MC2192.
The neat PLA films achieved about 4% biodegradation. The same results have been found
for as-produced PLA/MC2178 films. Compared to neat PLA, a slight increase in the
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biodegradation degree was evaluated for as-produced PLA/ATBC films (biodegradation
about 6%). ATBC is a water-insoluble plasticizer with better barrier properties against
oxygen and water permeability than PEG [14,44]. Therefore, slower disintegration and
biodegradation could be assumed. Nevertheless, the diffusion of water and oxygen in
PLA film strongly depends on temperature. Courgenau et al. [14] evaluated extensive
differences in water and oxygen diffusion of PLA/PEG and PLA/ATBC films at 25 °C.
However, relatively low differences were evaluated at 38 °C. The increasing temperature
has a similar effect as the plasticizing of PLA. The chain mobility is increased, and inter-
molecular forces decrease. Therefore easier diffusion of water and oxygen is achieved [14].
Similar to PLA/MC2192 films, the degree of crystallinity could be assumed to be the major
factor for the higher biodegradation rate of PLA/ATBC. Compared to PLA/PEG films,
a very small enhancement of the degree of crystallinity was observed for as-produced
PLA/ATBC films. Consequently, easier diffusion of water molecules, easier assimilation of
microorganisms, and faster disintegration and biodegradation were achieved. As-produced
PLA/PEG films showed minimal disintegration and biodegradation degree. The differ-
ences in biodegradation between as-produced and aged films (expect PLA/MC2178) are
still too small to make any valuable statement. However, at the end of the experiment
(70 days), there are obvious differences between aged PLA/PEG and PLA/ATBC. Due
to the intensive increase in degree of crystallinity for aged PLA/ATBC films, a consider-
ably lower biodegradation rate than that for as-produced ones was achieved. The aged
PLA/ATBC films achieved 19% biodegradation and as-produced ones reached up to 26%
of biodegradation degree. According to the result of DSC analysis, no significant changes
in crystallinity degree were observed for aged PLA/PEG films. Despite these findings, a
slightly faster biodegradation rate is evident from the biodegradation curse, where about
5% enhancement of biodegradation level has been found for aged films. The reason for this
could be a high tendency of PEG plasticizer to migration. Both Courgenau et al. [14] and
Mariana et al. [44] reported that the migration of plasticizer evokes a decrease in hydrogen
bonding between PLA/PEG and enhanced diffusion of water or oxygen. The highest level
of biodegradation (34%) has been evaluated for aged PLA films plasticized with MC2178.
On the contrary, only 14% biodegradation has been found for as-produced ones. This
phenomenon could be ascribed to the high tendency to migration of MC2178 plasticizer,
relatively small change in crystallinity degree during the aging process, and the chain
scission of macromolecules which results in an easier water and oxygen diffusion process
that evokes higher microbial/enzymatic attack. Another aspect could be the chemical
composition and bonding between PLA and plasticizers. According to the SEM surface
images, the dicarboxylic acid-based plasticizers that contain two carboxyl groups (~COOH)
evoked evidently higher biotic activity. Consequently, faster disintegration and microbial
degradation was achieved. The minimal differences in biodegradation were evaluated for
as-produced and aged neat PLA films. Both films achieved about 18% biodegradation after
70 days of thermophilic composting. A slightly higher biodegradation rate (biodegradation
of about 31% biodegradation within the same time period) was evaluated for as-produced
neat PLA films in our previous study [40]. The faster biodegradation rate could be caused
by the used PLLA. Luminy L130, used in this study, has a higher content of L-isomer (99%
L-isomer stereochemical purity) than Ingeo 3001D (95 wt. % of L- lactide), which was
used in the previous experiment. The stereochemical purity influences the structure order
(Section 3.3) as well as biodegradation rate. Cadar et al. [59] reported some correlation
between the composting and the level of biodegradation of PLA-based copolymers. The
biodegradation of copolymers containing higher amounts of lactic acid was found to be
faster than the biodegradation of copolymers containing smaller amounts.

4. Conclusions

According to the evaluated results, the molecular weight and chemical composition
of plasticizers are the main aspects that predetermine the future mechanical, rheological,
and thermal properties of PLA films. In addition to the effectiveness of plasticizer, the
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stability of properties is an extremely important element for their applicability. Therefore,
the influence of ageing must not be neglected. Consequently, the influence of accelerated
ageing on mechanical, rheological, and thermal properties of PLA films plasticized with
acetyl tributyl citrate (ATBC), polyethylene glycol (PEG), and nature-based dicarboxylic
acid-based plasticizers (MC2178 and MC2192) were evaluated. The simulation of solar
radiation at ground level that is defined in standard IEC 60068-2-5 evoked minimal changes
in mechanical properties of PLA films plasticized with 15 wt. % of dicarboxylic acid-
based plasticizer MC2192 and relatively low changes in rheological properties. Also, from
the thermal analysis, no considerable changes were reported. In contrast, for PLA films
plasticized with a dicarboxylic acid-based plasticizer of lower molecular weight (MC2178),
some mechanical, rheological, and structural changes and migration tendencies were
observed. Even greater changes in thermal and mechanical properties were achieved for
PLA/ATBC. However, the highest changes were evaluated if the PEG plasticizer (15 wt. %)
was incorporated into PLA film. The migration of PEG plasticizer could be ascribed as the
major reason behind these changes.

Furthermore, the influence of plasticizer and accelerated ageing on biodegradation
during the thermophilic composting (ISO 14855-1) of PLA films was evaluated. From the
estimated results, the chemical composition and structure order (degree of crystallinity)
could be highlighted as the most important factors. PEG plasticizer is a water-soluble
hydrophilic plasticizer with polar groups (-OH). Consequently, intensive di