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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.

2
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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 μm, 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 × 2 cm2 was
placed on the FTIR. The intensity of transmitted light was computed in a wave range of
4000–500 cm−1. 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 × 4 cm2 were prepared from each composite and weighed
to record respective initial weight as Wdry. 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 Wswollen. The
swelling index was calculated Equation (1) as below

Swelling index (%) =
Wswollen − Wdry

Wdry
× 100% (1)

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 (W1). 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

3
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with water to remove the soil on its surface, followed by drying for 30 min at 40 ◦C in oven.
Weight after (W2) of samples were recorded. The biodegradability of the composites was
measured using Equation (2) as follows:

Biodegradability (%) =
W2 − W1

W1
× 100% (2)

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.

4
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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−1 to 550 cm−1. The small peaks at 2946.09 to 2996.32 cm−1

are attributed to the CH stretching vibration, and sharp absorption peaks at 1749.29 cm−1

belongs to the C=O stretching which can be observed in all samples [30,31].

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 (θ) 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].

 

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).

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.

6
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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.

 

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

     

PLA/
10 wt%

OPP

     

PLA/
20 wt%

OPP

     

PLA/
40 wt%

OPP

     

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

8
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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 1e). For FTIR spectra in Figure 2, a broad peak in the high energy
region (2944.72 to 3309.94 cm−1) 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−1 due to the presence of unsaturated
aromatic compounds in orange peel [34,35]. Lastly, the peaks at 1081.31 to 1181.32 cm−1

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 CO2 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 α-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.

 

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.

15



Polymers 2022, 14, 4205

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 =
56.1 · c · V

m
(1)

where c 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 2.5 -
B-5ECO 75 25 5 -

B-7.5ECO 75 25 7.5 -
B-10ECO 75 25 10 -
B-1MCO 75 25 - 1

B-2.5MCO 75 25 - 2.5
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−1, 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 J 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−1 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−1 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−1

in a nitrogen atmosphere with a nitrogen flux of 66 mL min−1. With this technique, the glass
transition temperature (Tg), cold crystallization peak (Tcc), 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).

XC(%) = 100 × |ΔHCC + ΔHm|
ΔHm(100%)

× 1
WPLA

(2)

where ΔHCC is the cold crystallization enthalpy, ΔHm is the melt enthalpy, ΔHm (100%) is
the theorical melt enthalpy for a fully crystalline PLA structure (93 J 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−1, with a constant
nitrogen flow of 30 mL min−1.

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 × 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:

D =
mi − mr

mi
(3)

where mi is the initial dry mass of the test material and mr 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.

 

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 oil, 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−1 and at the end of the first hour at 180 ◦C, it is observed that it increases up
to 24.4 mg KOH g−1, 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 g−1,
and finally, after the last stage, at 220 ◦C, the AV reaches 109.2 mg KOH g−1. 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 g−1 [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.

 

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.

Sample
Tensile

Strength
(MPa)

Young’s
Modulus

(MPa)

Elongation
at Break

(%)

Toughness
Modulus
(MJ/m3)

Impact Absorbed
Energy (kJ/m2)

Flexural
Strength

(MPa)

Flexural
Modulus

(MPa)

HDT
(◦C)

VST
(◦C)

PLA 61.6 ± 2.7 3470 ± 17 15.7 ± 2.7 6.0 ± 0.2 19.3 ± 1.6 99.8 ± 6.5 3290 ± 84 55.8 58.5
B (blend) 35.9 ±3.2 533 ± 102 28.3 ± 6.7 5.5 ± 1.0 27.5 ± 7.0 68.7 ± 4.0 2041 ± 92 52.5 53.8
B-1ECO 35.8 ± 1.6 1038 ± 168 28.0 ± 4.0 5.4 ± 0.4 29.1 ± 2.1 64.9 ± 2.9 2323 ± 154 54.2 53.5

B-2.5ECO 32.6 ± 1.2 1521 ± 22 38.0 ± 5.1 8.5 ± 1.0 33.1 ± 3.7 60.2 ± 0.7 2198 ± 195 54.5 53.7
B-5ECO 30.5 ± 0.4 1131 ± 182 49.6 ± 12.7 11.3 ± 3.8 27.1 ± 4.3 54.0 ± 3.6 2257 ± 84 52.4 54.3

B-7.5ECO 27.8 ± 1.2 1668 ± 207 58.1 ± 9.9 11.1 ± 1.0 29.1 ± 2.2 51.0 ± 0.6 2233 ± 115 54.2 53.3
B-10ECO 20.5 ± 0.9 1707 ± 48 127.2 ± 48.1 29.9 ±4.7 33.3 ± 2.4 54.7 ± 0.6 2392 ± 64 53.8 54.0
B-1MCO 33.6 ± 1.3 1189 ± 115 26.4 ± 4.8 6.4 ± 0.8 29.6 ± 1.9 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 34.0 ± 4.6 61.6 ± 1.5 2235 ± 91 54.4 53.3
B-5MCO 29.2 ± 1.2 1372 ± 213 130.0 ±30.0 30.3 ± 4.4 28.6 ± 3.3 59.7 ± 1.0 2274 ± 261 54.4 53.0

B-7.5MCO 30.9 ± 0.9 1645 ± 54 73.5 ± 29.6 6.8 ± 2.7 24.6 ± 1.1 54.2 ± 2.1 2216 ± 100 54.1 53.7
B-10MCO 26.7 ± 1.7 1267 ± 102 40.8 ± 9.3 6.0 ± 1.1 25.5 ± 2.5 49.5 ± 1.5 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 (Tmax), 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 Tmax of 330.5 ◦C, and a
T90% of 342.6 ◦C. However, by adding PHB to PLA, the Tmax 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 Tmax 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 Tmax 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.

Code
TGA Parameters DSC Parameters

T5% (◦C) Tmax (◦C) T90% (◦C) Tg (◦C) Tcc (◦C) ΔHcc (J/g) TmPLA (◦C) ΔHm (J/g) Xc (%) TmPHB (◦C)

PLA 311.3 330.5 342.6 61.3 121.9 9.1 151.2 15.7 7.1 -
B (blend) 286.4 349.1 359.4 56.1 124.3 2.2 151.5 2.7 0.7 173.3
B-1ECO 276.4 342.8 350.4 54.4 125.6 2.3 151.0 2.7 0.6 172.5

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 54.2 127.1 1.2 150.3 2.5 1.9 172.7
B-10ECO 270.9 328.7 338.7 54.6 126.7 2.6 151.8 4.1 2.7 175.7
B-1MCO 271.0 327.2 347.9 52.1 122.8 1.7 149.6 1.4 0.3 169.3

B-2.5MCO 270.1 329.2 348.0 47.3 122.4 0.9 149.8 1.2 0.4 166.1
B-5MCO 269.2 325.6 346.8 49.7 121.8 2.3 148.2 2.7 0.5 165.5

B-7.5MCO 269.1 323.2 345.9 49.6 122.1 2.6 148.2 4.1 2.4 165.1
B-10MCO 265.1 322.8 345.3 48.2 121.6 1.6 148.8 2.4 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-5MCO. 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 (Tcc) of 121.9 ◦C, and a melting temperature (Tm)
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 Tg 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).

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 Tcc peak is observed at higher temperatures with the incorporation
of ECO or MCO. In fact, the Tcc 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 5c–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–l 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× 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 2500× 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-1MCO; (i) B-2.5MCO (j) B-5MCO;
(k) B-7.5MCO; and (l) B-10MCO.
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Figure 6. FESEM images at 10,000× 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.

 

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, CO2 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.

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/m2 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 × 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·m2

to 3.1 g/% HR·m2, 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·m2. 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.

(a) 

(b) 

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

35



Polymers 2022, 14, 4727

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/m3 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 FFRP’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(a1,a2) represents the untreated composites, Figure 4(b1,b2) represents the
alkali-treated composites, and Figure 4(c1,c2) represents the alkali silane-treated composites.

 

Figure 4. Morphology of flax/PP composites: (a1,a2). untreated flax/PP composites, (b1,b2). alkali-
treated flax/PP composites, and (c1,c2). 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.

S. No. Reinforcements
Weight

Fraction (%)
Matrix

Time of Immersion (h/days) and
Immersion Temperature (◦C)

Moisture
Absorption (%)

References

1 Bamboo/jute/
glass fibers 2.5/2.5/5 Polyester 144 h and 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 24 h and 25 ◦C 8.48 [77]

5 Jute fiber/rosewood
and padauk wood dust 10/2.5 Epoxy 15 days and 32 ◦C 4.42 [78]

6 Flax/nano TiO2 10/1.5 Epoxy 30 h and 25 ◦C 1.2 [79]

7 Continuous bamboo
fibers 20 Epoxy 4 h and 100 ◦C 19 [80]

8 Sugar palm/
glass fiber 10/20 Thermoplastic

Polyurethane 168 h and 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 h and 25 ◦C 1.09 [85]

13 Kenaf fiber 40 Polypropylene 24 h and 25 ◦C 1.05 [86]

14 Wood flour 35 Polypropylene 48 h and 25 ◦C 11.57 [87]

15 Olive stone flour 30 Polypropylene 48 h and 25 ◦C 9.55 [87]

16 Rice husk ash filler 40 Polypropylene 24 h and 25 ◦C 15.31 [88]

17 Luffa cylindria fiber 30 Polypropylene 960 h and 25 ◦C 28.4 [89]

18 Jute fiber 40 Polypropylene 18 h and 23 ◦C 21.5 [90]

19 Jute fiber 30 Epoxy 336 h and 25 ◦C 8 [91]

20 Alfa pulps filler 35 Low-density
Polyethylene 480 h and 25 ◦C 25.71 [92]

21 Bamboo mat 25 Polyester 1440 h 50.31 [93]

22 Ijuk fiber 30 Polypropylene 480 h and 23 ◦C 5.22 [94]

23 Hemp/glass hybrid 15/20 Epoxy 3600 h 21.31 [95]

24 Jute/glass hybrid 10/30 Unsaturated
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
polyester 120 days and 60 ◦C 29.79 [99]

28 Phoenix sp. fiber 25 Epoxy 100 days and 30 ◦C 17.52 [100]

29 Calotropis gigantea
fiber 15 Polyester 15 days and 70 ◦C 18.12 [101]

30 Calotropis gigantea
fiber 20 Epoxy 72 h and 25 ◦C 17.44 [102]

31
Tindora tendril fiber
filled with haritaki

nanopowder
20/7.5 Epoxy 8 h and 30 ◦C 5.87 [103]
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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.

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 m3, 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 m3 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].

Oil 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 WTLF.
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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,
a non-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/m3 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/m3

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.

S.No Composite Material Bulk density (kg/m3)/Porosity (%)
Measuring

Frequency Range
(Hz)

Sound
Absorption
Coefficient

References

1 Pineapple leaf fiber in epoxy matrix - >1000 0.9 [121]

2 Rubber crumbs waste fiber in
polyester matrix - 1000–6000 0.93 [122]

3 Kapok fiber in epoxy matrix 8.3 kg/m3 100–6300 0.98 [123]

4 Flax, ramie, and jute fibers in
epoxy matrix - 1000–10,000 0.88 [124]

5 Rice waste fiber in polyurethane
foam matrix 8.35 kg/m3 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
cement matrix - 200–2000 0.78 [127]

8 Banana fiber in polyester matrix 88.4% 500–6000 0.97 [128]

9 Mineralized wood flour in
epoxy matrix - 2000 0.4 [129]

10 Ijuk fiber in polyurethane matrix 83.5% 3000–4500 0.9 [130]

11 Grass fiber in epoxy matrix - 2000 0.98 [131]

12 Flax fibers in epoxy matrix 8.5 kg/m3 63–6300 0.9 [132]

13 Kapok fiber in epoxy matrix 20 kg/m3 125–4000 0.405 [133]

14 Cotton fabric in epoxy matrix 92% 3000–3500 0.92 [134]

15 Nonwoven cotton fiber in
polyester matrix - 125–3000 0.638 [135]

16 Betelnut fiber in
polypropylene matrix 85% 6000 0.42 [136]

17 Hemp fiber in polyester matrix 141 kg/m3 1000–4500 0.58 [137]

18 Sugarcane bagasse in polyvinyl
alcohol matrix 200.8 kg/m3 172–2000 0.75 [137]

19 Sisal fiber in polyvinyl
alcohol matrix 214.7 kg/m3 172–2000 0.69 [138]

20 Rice husk ash in glue matrix 170 kg/m3 200–6400 0.81 [139]

21 Yucca gloriosa fiber in epoxy matrix 200 kg/m3 63–6300 0.95 [140]

22 Coarse wool with binding fibers 249.55 kg/m3 60–6300 0.84 [141]

23 Pineapple leaf fiber in epoxy matrix 117 kg/m3 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]

26 Polyurethane foam in Coffee
grounds polyol 88% 150–4000 0.96 [145–147]

27 Sugarcane bagasse in urea
formaldehyde resin matrix 78% 500–4000 0.75 [146–149]

28 Date palm fiber in lime matrix 81% 750–6300 0.55 [147–149]

29 Date palm branch powder filled
urea formaldehyde - 800–1250 0.4 [148–150]

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

106. 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]

107. Aziz, M.A.A.; Sari, K.A.M. Comparison of sound absorption coefficient for natural fiber. Prog. Eng. Appl. Technol. 2021, 2, 157–163.
108. 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 J. 2021, 18, 1–17. [CrossRef]
109. Kalaivani, R.; Ewe, L.S.; Zaroog, O.S.; Woon, H.S.; Ibrahim, Z. Acoustic properties of natural fiber of oil palm trunk. Int. J. Adv.

Appl. Sci. 2018, 5, 88–92. [CrossRef]
110. 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]
111. 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. J. Eng. Fibers Fabr.
2021, 16, 15589250211044818. [CrossRef]

112. 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]

113. Nasidi, I.N.; 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]

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

115. Koruk, H.; Ozcan, A.C.; Genc, 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. 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]

117. 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. J. Nat. Fibers 2020, 19, 2719–2729. [CrossRef]

118. 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]

119. 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]

120. 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]

121. 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]

122. Pfretzschner, J.; Rodriguez, R.M. Acoustic properties of rubber crumbs. Polym. Test. 1999, 18, 81–92. [CrossRef]
123. Xiang, H.-F.; Wang, D.; Liua, H.-C.; Zhao, N.; Xu, J. Investigation on sound absorption properties of kapok fibers. Chin. J. Polym.

Sci. 2013, 31, 521–529. [CrossRef]
124. 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]
125. Olcay, H.; Kocak, E.D. Rice plant waste reinforced polyurethane composites for use as the acoustic absorption material. Appl.

Acoust. 2021, 173, 107733. [CrossRef]
126. 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]
127. 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]

128. 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.

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

130. 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.

131. Fouladi, M.H.; Nassir, M.H.; Ghassem, M.; Shamel, M.; Peng, S.Y.; Wen, S.Y.; Xin, P.Z.; Nor, M.J.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.

132. 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. J. Nat. Fibers 2016, 14, 71–77. [CrossRef]

133. 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.

134. 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.

135. 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]

136. 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]

137. 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]

138. 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]

139. 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]

140. 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]

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

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

144. 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]

145. 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]

146. 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]

147. 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]

148. 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]

149. Berardi, U.; Iannace, G.; Di Gabriele, M. The Acoustic Characterization of Broom Fibers. J. Nat. Fibers 2017, 14, 858–863. [CrossRef]
150. 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]
151. 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]
152. 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]
153. 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





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/

4.0/).

polymers

Review

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

Yi Ding Chai 1, Yean Ling Pang 1,2,*, Steven Lim 1,2, Woon Chan Chong 1,2, Chin Wei Lai 3

and Ahmad Zuhairi Abdullah 4

1 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

4 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 (TiO2), zinc oxide (ZnO), graphitic carbon nitride (g-C3N4), and graphene, were introduced
based on their distinct structures, advantages, and limitations in water treatment applications. The
synthesizing method of TiO2-based photocatalyst includes hydrothermal synthesis, sol-gel synthesis,
and chemical vapor deposition synthesis. Different synthesizing methods contribute toward different
TiO2 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]. At landfills, 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].

 

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
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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 (ZnCl2), potassium hydroxide
(KOH), phosphoric acid (H3PO4), and sodium carbonate (Na2CO3), are taken into account
for the surface properties of AC. Nayak et al. [33] reported that the micropore volume and
surface area of ZnCl2-prepared AC (0.61 cc/g and 2430.8 m2/g) was higher than KOH-
prepared AC (0.32 cc/g and 1506.2 m2/g). Under similar activation conditions (precursor
to activating agent mass ratio =1:0.5, 600 ◦C, and 1 h), ZnCl2 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 H3PO4 exhibited the highest
surface area (1269.5 m2/g) as compared to AC impregnated with KOH (280.6 m2/g) and
Na2CO3 (58.9 m2/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 Na2CO3 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 × 106 to
1.8 × 106 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 × 104 and 2 × 104 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 IIII and cellulose IIIII 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 Iα and Iβ lattices [46,49]. The
Iα lattice has a one-chain triclinic structure while the Iβ lattice has a two-chain monoclinic
structure [45,52]. Next, different cellulose sources vary in the fractions of Iα and Iβ crystal
structures [45]. The Iα crystal structures predominate in bacterial cellulose and algae
cellulose, whereas the Iβ crystal structures predominate in plant cellulose and tunicate
cellulose [58].

It is interesting that both Iα and Iβ crystal structures comprise stacks of sheet-like
cellulose chain layers to form three-dimensional (3D) crystals [52,56]. The Iα and Iβ crystal
structures have comparable unit chain length, interchain distance, and intersheet distance,
which are 10.4 Å, 8.2 Å, and 3.9 Å, respectively [52]. Nevertheless, the Iα and Iβ crystal
structures differ from the framework of relative displacement between adjacent cellulosic
layers [56]. The Iα crystal structure can be converted into Iβ crystal structure through
annealing and it is an irreversible process [45,49]. Thus, this shows that the Iβ crystal
structure is more stable compared to the meta-stable Iα crystal structure [49,56].

2.4. Chitosan and Chitin

Chitosan is known as poly-β-(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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Figure 3. The chitin sources. Reproduced with permission from [66].

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 (HCl), 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 β-d-glucopyranose (glucose) monomers held by
linear β (1–4) linkages and the repeating unit is named as cellobiose in which a dimer of
glucose [46,75]. The term β 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
(MCC), 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), H3PO4, and HCl [46]. For example, weak H2SO4 (below 4 wt%)
hydrolyzes the polysaccharide hemicellulose completely into monosaccharide xylose by
breaking the xylosidic bonds [54]. Strong H2SO4 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
Form

Cellulose
Source

Acid Hydrolysis
Method

MCC/NCC
Yield (%)

α-Cellulose
Content (%)

Crystallinity
(%)

Thermal
Stability (◦C)

Ref

MCC

Ensete glaucum
(Roxb.)

Cheesman

2.5 M HCl at 105 ◦C
for 15 min 33 99 53.41 - [85]

Sweet
sorghum

7 wt% HCl
at 40 ◦C for 90 min 81.8 93.2 75.19 - [86]

Kans grass 5% (w/w) H2SO4 at
50 ◦C for 120 min 83 83.33 74.06 338 [87]

Date seeds 2.5 M HCl at 105 ◦C
for 45 min 12.51 - 70 352.52 [88]

Conocarpus
fiber

2.5 M HCl at 80 ◦C
for 30 min 27 - 75.7 408.5 [89]

NCC

Rice husk 4 M H2SO4 at 60 ◦C
for 60 min 95 95 65 - [90]

OPEFB 3 M HCl at 80 ◦C 120
min 21 94.6 65 358.5 [91]

Jackfruit peel 65% (w/w) H2SO4 at
37 ◦C for 60 min 7 20.08 83.42 - [92]

Olive fiber 35 wt% H2SO4 at
40−50 ◦C for 60 min 16.4 86.2 83.1 363.8 [93]

Rice husk 64 wt% H2SO4 at 45
◦C for 30 min 35–37 - 82.8 286 [94]

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)2), sodium carbonate (Na2CO3), 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 (NaClO2)
and glacial acetic acid (CH3COOH) [83]. The acidified NaClO2 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), NaClO2) 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
(◦C)

Ref

Rice straw

• 1.25% acidified NaClO2 at
75 ◦C for 1 h

• 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% H2O2 at 90–100 ◦C for
1 h

91.33 77.78 366.8 [99]

Sugarcane bagasse

• 10% (v/v) H2SO4 at 100 ◦C
for 1 h

• 5% (m/v) NaOH at 100 ◦C
for 1 h

• 5% (v/v) H2O2 and 0.1%
MgSO4 (in polypropylene
bags) at 70 ◦C for 1 h

89.12 56.19 360 [100]

Wheat straw

• 0.5 mL CH3COOH and 1 g
NaClO2 in 80 mL water at
reflux (oil bath at 80 ◦C) for
4 h

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

81.4 66.6 385

[101]

• 1% (w/v) NaOH and 20%
(w/v) H2O2 at 121 ◦C for
35 min

79 66.87 360

Agave gigantea

• 5% (w/v) NaOH at 80 ◦C for
2 h

• NaOH/CH3COOH/water
(27 g/75 mL/1 L) and 1.7
wt% NaClO2 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, CH3COOH, and acetone [96]. For instance, OPEFB was treated with a mixture
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of aqueous ethanol and diluted H2SO4 at 120 ◦C for 1 h, and followed by the treatment of
diluted hydrogen peroxide (H2O2) 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. xylinum), 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 Iα and Iβ lattices under different culture conditions
including stirring, temperature, and additives. The Iα/Iβ 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 Iα 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 m2/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

TiO2, ZnO, g-C3N4, 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 (TiO2)

The application of TiO2 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, TiO2 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 TiO2 allows it to stand out from other semiconductors such as gallium phosphide and
cadmium sulfide, which generate toxic byproducts [152]. TiO2 is applied in commercial
applications and products (e.g., cosmetics, catalysts, desiccant) due to inert and long-term
photostability properties [153].

Besides that, TiO2 also possesses high UV absorption and superhydrophilicity which
is important for the photocatalytic degradation of organic pollutants and solar fuel produc-
tion [154]. TiO2 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 TiO2 which is −0.5 V. Meanwhile, the
generated holes demonstrate higher oxidation strength due to the more positive valence
band potential of TiO2 which is + 2.7 V.

Despite these potentials, there are some limitations of TiO2 that affect the performance
of TiO2 in the decomposition of organic chemical compounds. Firstly, the large band
gap of TiO2 limits the application of TiO2 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 TiO2 [156].
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Thirdly, the weak adsorption of organic pollutants on the surface of TiO2 resulted in the
poor affinity of TiO2 and slower rate of photocatalytic degradation [150]. Fourthly, TiO2
nanoparticles aggregate easily, owing to the large surface area-to-volume and surface
change in certain media [157]. The aggregation of TiO2 nanoparticles forms aggregates or
clusters with sizes hundreds of times bigger than their initial sizes. These TiO2 aggregates
obstruct active sites from exposure to light radiation and eventually inhibit photocatalytic
activity [150]. Lastly, the recovery of TiO2 nanoparticles remains a revolving issue in
wastewater remediation. To prevent the release of free nanoparticles into the water, TiO2 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 TiO2 is located slightly higher than the reduc-
tion potential of oxygen molecules (O2), which makes it easier for the electron migration
from the conduction band of TiO2 to O2 [147]. Meanwhile, the valence band energy of
TiO2 is located lower than the oxidation potential of most electron donors. This allows the
transfer of oxidative holes to the •OH radicals adsorbed on TiO2 surface and eventually
enhances the redox reactions of pollutant degradation.

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].

TiO2 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 TiO6 octahedron units [151]. The 3d
orbitals of titanium atoms form the lower part of the conduction band of TiO2, while the
overlapping of 2p orbitals of oxygen atoms forms the valence band of TiO2 [155]. The band
gap energies of anatase, rutile, and brookite are determined around 3.2 eV, 3.0 eV, 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 TiO2 crystal structures [152].
These crystal structures or polymorphs influence the photocatalytic activity of TiO2. 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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Figure 5. Crystal structures of TiO2. Reproduced with permission from [152].

In the anatase crystal structure, the TiO6 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 TiO2, the Ti−Ti lengths are
longer and the Ti−O lengths are shorter compared to rutile TiO2 [161]. The anatase crystal
structure is normally found in solution-phase preparation methods of TiO2 like sol-gel
process [152,160]. Anatase is only stable at low temperatures. It is reported that anatase is
thermodynamically stable in equivalent-sized TiO2 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 TiO2 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 TiO2 has the highest photocatalytic reduction.

Furthermore, anatase TiO2 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 TiO2 due to lighter
effective mass [164]. Additionally, the dominant (101) and (001) facets contribute to the
high photocatalytic activity of anatase TiO2. The (001) facet contains rich under-bonded
titanium atoms and a large Ti−O−Ti bond angle [155]. Anatase TiO2 usually exhibits
higher photocatalytic activity compared to brookite and rutile TiO2 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 TiO2 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 TiO2. The lifetime of holes is prolonged
because the trapped electrons are unable to recombine with the holes [163]. Consequently,
rutile TiO2 has the highest photocatalytic oxidation due to the higher availability of electron-
scavenger. In addition, the smaller band gap energy of rutile TiO2 allows it to seize photons
to produce electron and hole pairs that can be further used by anatase TiO2 [150]. It was
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reported that the heterojunctions of anatase/rutile TiO2 demonstrated higher photocatalytic
activity than pure anatase or rutile TiO2 [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 TiO6 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 TiO2 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 TiO2 resulted in both reactive elec-
trons and holes. This explains the higher activity of brookite TiO2 in some photocatalytic
reactions [163]. However, the detailed behavior of photogenerated electrons and holes
in brookite TiO2 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 TiO2, 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 TiO2 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 II 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.
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Figure 6. Crystal structures of ZnO: (a) rocksalt, (b) zinc blende, and (c) wurtzite. Reproduced with
permission from [178].

Wurtzite 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-C3N4)

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 α-C3N4, β-C3N4, g-C3N4, and cubic-C3N4 [179]. Here, g-C3N4
is classified as the most stable allotrope under ambient conditions and this is proven with
its popularity in photocatalytic applications [180]. This polymeric g-C3N4 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-C3N4 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-C3N4 [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 (N2)
determined the strong covalent bonding in pure g-C3N4 and exhibited high chemical stabil-
ity of g-C3N4 [182]. In comparison with TiO2 and ZnO, g-C3N4 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-C3N4 versus NHE at pH 7 demonstrate its thermodynamic efficiency
in participating redox reactions [155].

Although g-C3N4 contributes outstanding merits, it encounters some restrictions
in photocatalytic activities. Firstly, the activity of g-C3N4 is often restricted by the fast
recombination of charge carriers. Secondly, the small specific surface area (<10 m2/g) of
g-C3N4 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-C3N4 is well known for its poor crystallinity and surface defects, which resulting in low
conductivity in photocatalytic activities [182]. The crystallinity of g-C3N4 can be enhanced
via the ionothermal approach [186]. Fourthly, the bulk g-C3N4 produced from conventional
methods comprises multiple layers of two-dimensional (2D) counterparts [187]. The low
specific surface area and irregular morphology of bulk g-C3N4 restrict its photocatalytic
power [187]. Furthermore, pristine g-C3N4 also possesses high exciton binding energy
as compared to inorganic photocatalysts [186]. Lastly, the organic semiconductor g-C3N4
encounters charge transport issues owing to the presence of grain boundaries [179].

Looking into the crystal structure of g-C3N4, 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-C3N4 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 π-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 π bonding electronic states contribute to the stability of the
lone pair state which results in the unique electronic structure of g-C3N4 [190].

 

Figure 7. Structures of g-C3N4: (a) s-triazine based, and (b) tri-s-triazine based. Reproduced with
permission from [184].

Moreover, g-C3N4 can withstand thermal heat up to 600 ◦C in the air [183]. The high
thermal and chemical stability of g-C3N4 is contributed by the high degree of condensation
and the structure of tri-s-triazine ring. This polymeric g-C3N4 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-C3N4 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 m2/g) gives rise to its strong adsorption capacity [191]. Graphene possesses good
electron mobility that is 200 times higher than silica (1000 cm2/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 π (bonding) and π* (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 π–π 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 sp2-bonded carbon atoms [200]. It 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 π

bonds govern the graphene sheet-to-sheet interactions [203]. They allow the delocalization
of π 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 π electrons found between the two adjacent car-
bons within its neighboring 2pz orbitals are related to the delocalized π and π* bands [191].
Here, the delocalized π band forms the highest occupied valence band while the π* band
forms the lowest unoccupied conduction band with their respective π 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 π bonds are
also responsible for the electrical conductivity of graphene [204]. The extended π–π 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 TiO2-Based Photocatalyst

Next, TiO2 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 TiO2 with high
surface area and porous structure is produced but these appealing properties tend to
diminish after calcination at high temperatures where amorphous TiO2 is transformed into
crystalline TiO2 [206]. Table 3 shows the photocatalytic degradation of pollutants using
TiO2 catalysts prepared from hydrothermal method, sol-gel method, and chemical vapor
deposition method.
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Table 3. Performance of TiO2 prepared from different synthesis methods in pollutant treatments.

Synthesis
Method

Sample Conditions Pollutant Type
Treatment

Time (min)
Degradation

(%)
Ref

Hydrothermal

TiO2 nanowires

(1) Titanium (IV) butoxide (TBT),
ethanol, and 10 M NaOH
within autoclave at 180 ◦C for
24 h

(2) Calcined at 650 ◦C for 2 h

10 mg/L
Rhodamine B 60 100 [207]

TiO2 nanorods

(1) Titanium (IV) isopropoxide
(TTIP) and NaOH within
autoclave at 180 ◦C for 24 h

(2) Annealed at 400 ◦C for 5 h

10 mg/L
Methyl Orange 150 51 [208]

TiO2 nanorod
arrays

(1) TBT, HCl, and fluorine-doped
tin oxide substrate within
autoclave at 170 ◦C for 5 h

(2) Calcined at 450 ◦C for 2 h

5 mg/L
Bisphenol A 180 49 [209]

TiO2
nanotubes

(1) Titanium sulfate and urea
within reaction vessel at 220
◦C for 12 h

(2) Resultant TiO2 powder and 10
M NaOH within Teflon at 150
◦C for 12 h

20 mg/L
Tetracycline

Hydro-chloride
60 23 [210]

TiO2
nanosheets

(1) TBT and hydrofluoric acid
within autoclave at 180 ◦C for
24 h

10 mg/L
Rhodamine B 80 36.5 [211]

Sol-gel

TiO2

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

(2) Resultant mixture and TTIP
stirred at 25 ◦C for 24 h
followed by at 60 ◦C for 24 h

(3) Calcined at 450 ◦C for 4 h

20 mg/L
Methylene Blue 30 99 [212]

TiO2

(1) Titanium (IV) chloride (TiCl4)
and H2SO4, followed by
ammonia to achieve pH 7–8

(2) Annealed at 500 ◦C

10 mg/L
Thymol 120 9.65 [213]

TiO2

(1) TBT, CH3COOH, and water
stirred at 80 ◦C

(2) Annealed at 500 ◦C for 5 h

0.03 mg/L
Methylene Blue 120 96 [214]

TiO2

(1) TiCl4, deionized double
distilled water, and 30%
ammonium hydroxide stand
for 1 h

20 mg/L
Alizarin 60 71 [215]

TiO2

(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) Isopropanol and water
followed by HCl to achieve
pH 3, the resultant mixture B
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
for 1 h

50 mg/L
Quinoline 180 51 [216]

78



Polymers 2022, 14, 5244

Table 3. Cont.

Synthesis
Method

Sample Conditions Pollutant Type
Treatment

Time (min)
Degradation

(%)
Ref

Chemical vapor
deposition

TiO2

(1) Reactive sputtering using a
titanium (Ti) target with
gaseous mixture of argon (Ar)
and O2

(2) Resultant TiO2 deposited on
polyvinylidene difluoride
membrane for 1 h

4.1587 mg/L
Methylene Blue 240 92 [217]

TiO2
(1) TTIP as precursor and Ar as

carrier gas
(2) Resultant TiO2 deposited on

alumina balls at 500 ◦C for 1 h

246.22 mg/L
Nitro-benzene 100 99 [218]

20 mg/L
Cimetidine 180 98.2 [219]

TiO2/
clay

(1) TTIP as precursor and N2 as
carrier gas

(2) Resultant TiO2 deposited on
ion-exchanged Na+–clay at
600 ◦C for 5 h

75 mg/L
Methyl Green 60 87.2 [220]

Zinc ferrite@
TiO2

(1) TTIP as precursor, Ar as
carrier gas, and O2 as
oxidant gas

(2) Resultant TiO2 deposited on
zinc ferrite nanofibers at
150 ◦C for 1 h

(3) Calcined at 550 ◦C for 3 h

20 mg/L
Methylene Blue 180 98 [221]

Sulfur
(S)-doped TiO2

(1) TTIP as precursor and N2 as
carrier and purge gas

(2) Resultant TiO2 deposited on
borosilicate glass substrate at
400 ◦C and 50 mbar

(3) Resultant TiO2 film and
hydrogen-2v.% hydrogen
sulfide at 50 ◦C for 60 min

5 mg/L Methyl
Orange 300 72.1 [222]

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., TiO2 that exhibits
defect-free nano TiO2 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 TiO2 including crystallinity and porosity. However, the application
of TiO2 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 α-manganese dioxide (MnO2)
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nanorods achieved 95–100% after 10 min under visible light irradiation (8 mW/cm2). The
high photocatalytic activity of α-MnO2 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 TiO2 photocatalysts with dif-
ferent morphologies fabricated via hydrothermal synthesis as shown in Table 3. TiO2
morphologies like nanoparticles, nanotubes, and nanosheets have been synthesized to test
for environmental decontamination [223]. TiO2 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 TiO2 nanostructures. NaOH is commonly used as the solvent in hydrothermal
synthesis to influence the crystalline phase and morphology of TiO2 nanostructures [224].

5.2. Sol-Gel Synthesis

Sol-gel synthesis is commonly used to prepare semiconductor metal oxide nanomate-
rials like TiO2 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 TiO2 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., TiO2
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 TiO2 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 TiO2 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 TiO2 with metal and non-metal elements can
increase charge separation to overcome the recombination problem mentioned earlier. The
doping of TiO2 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 TiO2 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 TiO2
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
Type

Sample Dye Type
Catalyst
Loading

(g/L)
Power (W)

Treatment
Time
(min)

Degradation
(%)

Ref

Cellulose

ZnO/CNF 5 mg/L
Methylene Blue 2 9 30 96 [238]

Chromium oxide/cellulose 10 mg/L Crystal
Violet 0.1 25 40 99.65 [239]

Bismuth
oxybromide/cellulose-

derived carbon
nanofibers

10 mg/L
Rhodamine B 0.5 200 60 100 [240]

Beta-iron oxyhydroxide
(β-FeOOH)/cellulose

10 mg/L
Methylene Blue 1.3 300 30 99.89 [241]

Bacterial cellulose
(BC)/polydopamine/TiO2

20 mg/L
Methylene Blue 0.6

500

20 99.5

[242]20 mg/L Methyl
Orange 30 95.1

20 mg/L
Rhodamine B 60 100
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Table 4. Cont.

Composite
Type

Sample Dye Type
Catalyst
Loading

(g/L)
Power (W)

Treatment
Time
(min)

Degradation
(%)

Ref

Cellulose/
metal doped

Copper (Cu)@cuprous
oxide/reduced graphene

oxide/cellulose

10 mg/L Methyl
Orange 3 350 120 92.8 [243]

Aluminum-doped
ZnO/cellulose

10 mg/L Methyl
Orange 3 500 360 89.9 [244]

Cu-CNF/TiO2

50 mg/L
Reactive Brilliant

Red K-2BP
0.6

300 120

96.57

[245]50 mg/L
Cationic Red

X-GRL
99.73

Ag-cadmium selenide
(CdSe)/graphene

oxide@cellulose acetate

5 mg/L
Malachite Green 4 300 25 97 [246]

CNF-Indium-doped
Mo(O,S)2

10 mg/L
Methylene Blue 1

150

30 100

[247]10 mg/L Methyl
Orange 240 90

10 mg/L
Rhodamine B 240 100

Cellulose/
non-metal

doped

Regenerated cellulose
membrane-templated

C-doped/core shell TiO2

10 mg/L
Methylene Blue 0.05 300 120 90.1 [248]

Nitrogen (N)-doped BC/TiO2

10 mg/L Methyl
Blue 0.5

300

30

100 [249]10 mg/L
Rhodamine B 0.5 35

20 mg/L Methyl
Orange 1 15

N and S doped carbon
dot CNF

5 mg/L
Methylene Blue - 1000 25 98 [250]

C–TiO2/cellulose acetate 20 mg/L
Reactive Red-195 5 125 60 99.15 [251]

Cellulose/
MOF

Europium-MOF@viscose
fabric

20 mg/L
Rhodamine B - 500 120 97 [252]

Phosphotungstic
acid/zeolitic imidazolate

framework(ZIF)-8@cellulose

10 mg/L
Methylene Blue 0.6 - 30 99.8 [253]

Ag@silver chloride@Material
Institute Lavoisier(MIL)-

100(Fe)/cotton fabric

20 mg/L
Methylene Blue

0.125–0.15 500 40 100 [254]
20 mg/L

Rhodamine B

β-FeOOH@MIL-
100(Fe)/cellulose/polyvinyl

pyrrolidone

20 mg/L
Methylene Blue 0.125 500 20 99.4 [255]

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 TiO2 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.

Composite
Type

Sample
Adsorbent

Dosage (g/L)
Pollutant Type pH

Contact
Time (min)

Adsorption
Capacity
(mg/g)

Ref

Cellulose

Cellulose-g-hydroxyethyl
methacrylate-co-glycidyl

methacrylate

1
20 mg/L

Malachite Green 7
360

24.88

[260]20 mg/L Crystal
Violet 19.51

Cellulose-g-2-acrylamido-2-
methylpropane sulfonic

acid-co-glycidyl methacrylate

1
100 mg/L Cu2+ 6

120
78.247 [261]

100 mg/L Ni2+ 5 69.061

Magnetite-functionalized
NCCs/starch-g-(2-acrylamido-

2methyl propane
sulfonate-co-acrylic acid)

1

1000 mg/L
Crystal Violet

9 120

2500

[262]1000 mg/L
Methylene Blue 1428.6

Cadmium sulfide@silanized
CNF 1

9.597 mg/L
Methylene Blue 11

360

26.66

[263]10.5255 mg/L
Safranin-O 11 17.857

28.0472 mg/L
Chlorpyrifos 3 86.9565

Dual
cross-linked—alginate/treated

biomass bead
0.4 210 mg/L Pb2+ 5 120 206.75 [264]

Cellulose/
MOF

Cellulose acetate/MOF-derived
porous carbon 0.1 50 mg/L

Methylene Blue 11 360 41.36 [265]

MOF-199/cellulose/chitosan 0.3 50 mg/L
Methylene Blue 7.5 1440 161.7 [266]

BC@ZIF-8 0.28 180 mg/L UO2
2+ 3 120 387.13 [267]

MOF-199@cellulose acetate 0.8 20 mg/L
Dimethoate 7 360 321.9 [268]

Waste paper@polystyrene
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

Cellulose ZnO/NCC

• The incorporation of NCCs increased the specific surface area
of bare ZnO from 13.014 m2/g to 32.202 m2/g.

• The photocatalytic degradation of Methylene Blue (10 mg/L)
in the presence of ZnO and ZnO/NCC reached 65.87% and
88.62%, respectively, after 120 min under solar
light irradiation.

[270]

g-C3N4−CNF

• The band gap energy of g-C3N4−CNF nanocomposite foam
(2.7 eV) was lower than bare g-C3N4 (2.9 eV).

• The photocatalytic degradation of Rhodamine B (5 mg/L) in
the presence of g-C3N4 and g-C3N4−CNF achieved 16% and
47%, respectively, after 6 h of visible light irradiation in the
absence of agitation.

[271]
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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/
metal doped

Molybdenum-doped TiO2
films templated by NCCs

• The specific surface area of NCCs-templated TiO2 films
doped with molybdenum (149 m2/g) was larger than
NCCs-templated TiO2 films (103 m2/g).

• The photocatalytic degradation of trichloroethylene (200
ppmv) in the presence of NCCs-templated TiO2 film doped
with 5 at% molybdenum achieved 100% after 30 min under
UV irradiation (15 W).

[272]

Iron (II, III) oxide(Fe3O4)/
praseodymium-bismuth

oxychloride
(BiOCl)/cellulose

• The specific surface areas of Fe3O4/BiOCl,
Fe3O4/praseodymium-BiOCl, and
Fe3O4/praseodymium-BiOCl/cellulose were 3.5315 m2/g,
4.2115 m2/g, and 17.6303 m2/g, respectively.

• The photocatalytic degradation of Rhodamine B (10 mg/L) in
the presence of Fe3O4/praseodymium-BiOCl/cellulose
accomplished 99.8% after 120 min under visible light
irradiation (300 W).

[273]

Ag/TiO2@
cellulose-derived carbon

beads

• The band gap energy of Ag/TiO2@cellulose-derived carbon
beads (2.21 eV) was lower than pure TiO2 (3.08 eV).

• The photocatalytic degradation of ceftriaxone sodium (25
mg/L) in the presence of Ag/TiO2@cellulose-derived carbon
beads reached 91.92% after 270 min under visible light
irradiation (500 W).

[274]

Cellulose/
non-metal doped

Lanthanum–N–TiO2–
cellulose/silicon dioxide

(SiO2)

• The band gap energy of TiO2 was reduced from 3.59 eV to
2.81 eV.

• The photocatalytic degradation of crude oil solution (20
mg/L) in the presence of lanthanum–N–TiO2–cellulose/SiO2
achieved 92% after 180 min under sunlight.

[275]

N-TiO2/C

• The photocatalytic degradation of 4-nitrophenol (10 mg/L) in
the presence of N-TiO2/C reached 80% after 420 min under
visible light irradiation (24 W).

• The effect of N doping improved the photocatalytic activity of
TiO2/C by 26%.

[276]

TEMPO-oxidized
cellulose-ZnO

• The specific surface area and pore volume of
TEMPO-oxidized cellulose-ZnO (20.1 m2/g and 0.09 cm3/g)
were higher than bare ZnO (9.1 m2/g and 0.05 cm3/g).

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

• 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]

Cellulose/
MOF

TiO2/
magnetic-MIL-
101(chromium)

• The band gap energy of TiO2/magnetic-MIL-101(chromium)
(1.61 eV) was lower than pure TiO2 (3.1 eV).

• The photocatalytic degradation of Acid Red 1 (20 mg/L) in
the presence of TiO2/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

(Ag & palladium (Pd))@MIL-
125-NH2@cellulose

acetate

• The band gap energy of MIL-125-NH2@cellulose acetate,
Ag@MIL-125-NH2@cellulose acetate, and
Pd@MIL-125-NH2@cellulose acetate films were 2.53, 2.38, and
1.99 eV, respectively.

• The photocatalytic reduction of 2-nitrophenol (25 mg/L) in
the presence of Ag-doped and Pd-doped
MIL-125-NH2@cellulose acetate films reached 87.4% and
95.1%, respectively, after 120 min under visible light
irradiation (12 W).

• The metal-doped MIL-125-NH2@cellulose acetate films
doubly increased the photocatalytic reduction of
2-nitrophenol in 120 min as compared to
MIL-125-NH2@cellulose acetate alone.

[279]

Cellulose
acetate@Ti-MIL-NH2

• The insertion of Ti-MIL-NH2 within the cellulose acetate film
increased the surface area from 408.9 m2/g to 632.3 m2/g.

• The band gap energy of cellulose acetate@Ti-MIL-NH2 (2.42
eV) was slightly lower than pure Ti-MIL-NH2 (2.51 eV).

• The photocatalytic degradation of paracetamol (30 mg/L) in
the presence of cellulose acetate@Ti-MIL-NH2 achieved 78%
after 30 min under visible light irradiation (12 W).

[280]

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 TiO2 or modifies the lattice degree and further prolongs the lifetime
of TiO2 [281]. The metal ions can be easily doped into the lattice structure of TiO2 due to
their close similarity in ionic radius [147]. According to previous research, the modification
of photocatalysts (e.g., TiO2) 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 TiO2 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 TiO2 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 TiO2 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 TiO2
through charge transferring, electron trapping, and reduction of band gap energy [147].
Upon doping, it is preferable for the electrons to move from TiO2 to the noble metals and
the movement tends to continue until the Fermi energy of both TiO2 and noble metals
reaches an equilibrium state. A potential barrier is generated as a result of the distortion of
band structure between TiO2 and the noble metals. This makes it difficult for electrons to
move from TiO2 to the noble metal. As a consequence, there is an accumulation of negative

85



Polymers 2022, 14, 5244

electrons at the interface of TiO2. Looking into this, a positive charge layer is generated
below the TiO2 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 TiO2. The performance of noble-metal-doped
TiO2 can be improved via surface plasmon resonance of noble metals, surface adsorption
of TiO2 with organic compounds, and adjustment of Fermi level between TiO2 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 TiO2. 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 Fe2+, Fe3+, and Fe4+. Nevertheless, it is reported that the transition metal
is likely to cause thermal instability in anatase TiO2. Rare earth metals including yttrium
and scandium, are investigated as metal dopants on TiO2 photocatalyst. They consist of
incomplete 4f and unoccupied 5d orbitals that can be incorporated into TiO2 [147]. The
presence of rare earth metal−O−Ti bonds on the surface of TiO2 photocatalyst impedes the
growth of nanocrystalline TiO2.

6.2. Non-Metal Doping

As stated earlier, the non-metal doping of TiO2 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 TiO2 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 TiO2 [147].
N, fluorine, S, carbon (C), boron, and phosphorus are the common non-metal dopants on
the TiO2 photocatalyst.

Currently, N is the most studied dopant for non-metal doping of TiO2 due to good
stability, low ionization energy, and comparable atomic size [281,286]. Typically, N can
be easily incorporated into TiO2 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 TiO2 photocatalyst lowers its performance. Co-doping of
TiO2 is investigated to overcome the single non-metal doped TiO2 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 (TiO2 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 TiO2, ZnO, g-C3N4, 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., TiO2, 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.

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 β-(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. At a
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 30–40 mol % HV 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 × 104 to 3 × 106 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/cm3, 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/TiO2 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/nTiO2 to 0.19 MPa for nBG/nTiO2 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].

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].

Sample
Inhibition Zone (mm)

S. pneumonia E. coli A. fumigatus

ChG-g-PHB 21.30 ± 2.10 21.80 ± 2.10 19.40 ± 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).
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Figure 5. (a)—PHB film obtained by electrospinning; (b)—SEM image of PHB film, adapted with
permission from [143].

 
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 L929 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
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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 ± 67 nm against 346.2 ± 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).

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 PHBV 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

(MPa)
Elongation at

Break (%)
Tensile Strength

(MPa)
Contact Angle

(Degrees)
Proliferation of HaCaT

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 ± 0.6 MPa for Cs/PHB 70:30), and
the elongation at break increased (43.3 ± 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).

 
Figure 8. The degree of crystallinity of PHB (•) and P(HB-co-HV) (�), 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/l 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%
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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

Extrusion,
melt functionalization [140,174,175] There is no need to use expensive

and toxic solvents.

Melting temperatures of PHB and chitosan
are different.

Thermal degradation of polymers and
reduction in molecular weight can occur.

Expensive specific equipment is required.

Copolymerization [137–140]
Covalent bonding ensures the

creation of a single
branched structure.

Difficulty in synthesis, selection of optimal
conditions is necessary, in some cases it is

not easy to determine the degree of grafting

Electrospinning [143–150]
Creating products with a variety

of structures
(controlled fiber size, porosity)

Requires expensive equipment. Difficult to
manufacture. Limited choice of solvents

Blending in
different solutions [152–161]

The relative ease of creating the
material. No specific equipment

is required.

It is necessary to carefully select the mixing
conditions, the ratio of polymers due to the

problem of stability

Blending in a
common solution [132,154,167–173] Relative stability, simplicity of

manufacturing
The most widely used common solvents

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
ZnO-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 (scl-PHAs) have 3-5 carbon, medium chain
length polyhydroxyalkanoates (mcl-PHAs) have 6-14 carbon, while the long chain length
polyhydroxyalkanoates (lcl-PHAs) have 15 and above carbon atoms [3,16–18]. Among
these classes of PHAs, lcl-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 K2HPO4 (5.8); KH2PO4 (3.7);
(NH4)2SO4 (1.1); MgSO4·7H2O (0.2); bacteriological agar (15). Other components include
1.0 mL of micro-element solution containing of FeSO4·7H2O (2.78); CaCl2·2H2O (1.67);
MnCl2·4H2O (1.98); CoSO4·7H2O (2.81); CuCl2·2H2O (0.17); ZnSO4·2H2O (0.29); in 0.1M,
HCl [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) μg/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 μL of Nile red solution (5 μg/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 μL 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 μm 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× 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
30 m × 0.25 mm × 0.25 mm). A 2 μL 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 (CHCl3) 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 μm 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 1H and 13C NMR us-
ing an FTNMR spectrometer (AcendTM 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 1H 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 μm pore size Sartorius membranes filter. Approximately
20 μL was injected with the flow rate set at 1.0 mL/min. The columns used were placed
in series with exclusion limits of 106, 105, 104 and 103 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.

Biosynthesis
Factors

CDW
(g/L) a

PHA Content
(wt.%) b

PHA
(g/L)

RCDW
(g/L)

Monomer Composition
(mol%) b

3HHD 3HOD

2% (v/v) UTO
200 rpm, 30 ◦C,

72 h
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, a: 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.

3.3. 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 ± 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 3HHD and 3HOD, respectively.

Table 2. Effect of concentration of the carbon source on growth and PHA biosynthesis by Acinetobacter
sp. strain AAAID-1.5.

Concentration
of

UTO (%v/v)

CDW
(g/L) a

PHA Content
(wt.%) b

PHA
Concentration

(g/L)

RCDW
(g/L)

Monomer Composition
(mol%) b

3HHD 3HOD

0.5 0.94 ± 0.03 39 ± 2 0.37 ± 0.03 0.56 ± 0.01 17 ± 0 83 ± 0
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, a: 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.

3.4. 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 ± 0.08 g/L at 72 h.

131



Polymers 2023, 15, 97

Table 3. Effect of incubation time on the growth and PHA biosynthesis by Acinetobacter sp. strain
AAAID-1.5.

Incubation
time (h)

CDW
(g/L) a

PHA Content
(wt.%) b

PHA
Concentration

(g/L)

RDCW
(g/L)

Monomer Composition
(mol%) b

3HHD 3HOD

24 1.90 ± 0.09 30 ± 1 0.57 ± 0.05 1.33 ± 0.03 24 ± 0 76 ± 0
48 2.46 ± 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, a: Cells were harvested after 72hr 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.

3.5. 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.

Conc. of YE
(g/L)

CDW
(g/L) a

PHA Content
(wt.%) b

PHA
Concentration

(g/L)

RCDW
(g/L)

Monomer Composition
(mol%) b

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 2.11 ± 0.11 19 ± 3 81 ± 3
1.5 3.63 ± 0.08 34 ± 1 1.23 ± 0.02 2.41 ± 0.11 17 ± 2 83 ± 2
2.0 3.46 ± 0.06 34 ± 4 1.17 ± 0.15 2.30 ± 0.10 18 ± 0 82 ± 0
2.5 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, a: 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
of Carbon

Source

CDW
(g/L) a

PHA Content
(wt.%) b

PHA
Concentration

(g/L)

RCDW
(g/L)

Monomer Composition
(mol%) b

3HHD 3HOD

C1 1.91 ± 0.05 45 ± 2 0.85 ± 0.03 1.06 ± 0.07 29 ± 2 71 ± 2
C2 2.10 ± 0.08 58 ± 7 1.21 ± 0.10 0.90 ± 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, a: 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−1 could be attributable to the carbonyl stretching of the polyester. The bends
at 2922.82 and 2858.09 cm−1 signify the presence of the alkyl (-CH3) group, while the one at
1458.33 cm−1 could be due to asymmetric bending of -CH3 or -CH2 bending. The bending
at 1397.01 cm−1 is considered to have stemmed from the symmetric bending of -CH3. The
C-O stretching was represented by the bending at 1278.38 cm−1. Absorption spectra in the
range of 800 to 1200 cm−1 signalled the existence of carbon-to-carbon stretches of an alkane
group, while the band at about 721 cm−1 is typical of -CH2 side chains.

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 1H and 13C NMR analyses. The chemical
shifts were recorded in ppm relative to the signal of deuterated chloroform as an internal
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reference. In Figure 2, the singlet peak at δ = 5.2 ppm was assigned to the methine proton
of the β-carbon, whereas the triplet peaks at δ = 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.

 

Figure 2. The 1H 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.

Figure 3. The 13C 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=O)
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

Mw (kDa) 110.45
Mn (kDa) 55.059

PDI 2.01
Tm (◦C) 88
Td (◦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 β-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
(3HHD 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,
β-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 β-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−1

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 (Mn) 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 Mn = 47 kDa, Mw
= 88 kDa and PDI = 1.9 [46]. The PHA produced in the present work presented a relatively
higher Mw, Mn and PDI values, this might be due to longer alkyl side chain of the polymer
produced in this study. Polydispersity index was determined by Mw/Mn 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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Faculty of Mechanical Engineering, Technical University of Liberec, Studentska 1402/2,
46117 Liberec, Czech Republic
* Correspondence: pavel.brdlik@tul.cz; Tel.: +420-485-353-335

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 (FT-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. Itävaara 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

Mass (g·mol−1)
Density
(kg/m3)

Viscosity
(mPas)

Sources

PEG 400 380–420 1.125 (at 20 ◦C) 30–45 (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/m2 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 Orlicí,
Czech Republic), films were exposed to constant radiation intensity 1000 W/m2 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 (Et), tensile strength (σm), and
nominal tensile strain at break (εtb). 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 Orlicí, 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.o., Slovenske Konjce, Slovenia). Regarding the standard, the 10 g films
were trimmed to pieces sized about 1 cm × 1 cm and placed into 2.8 l cylindrical hermetic
vessels that contained 150 g of compost. The commonly available compost from the com-
pany AGRO CS (Říkov, 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:

Dt =
(CO2)T − (CO2)B

ThCO2

·100 (1)

where (CO2)T is the cumulative amount of carbon dioxide evolved in the composting vessel
containing the test material, (CO2)B is the mean cumulative amount of carbon dioxide
evolved in the blank vessels, and (ThCO2 ) 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:

ThCO2 = MTOT·CTOT·44
12

(2)

where MTOT is the total number of dry solids in the test material introduced into the
composting vessel at the start of the test (in g), CTOT 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 A1 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 × 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 (FT-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 (Tcc, ΔHcc), melting temperatures and enthalpies (Tm, ΔHm),
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and primary crystallisation temperatures and enthalpies (Tc, ΔHc) were evaluated. The
degree of crystallinity (XC) was determined through the following equation:

XC =
ΔHm − ΔHc − ΔHcc

ΔH0
mΔwm

=
ΔH

ΔH0
mΔwm

·100 (3)

where ΔH0
m is the melting enthalpy of 100% crystalline PLA (106 J/g), wm is the mass

fraction of PLA in the composites, and the ΔH 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 iS10 (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−1 by averaging 64 scans and using a resolution of 2 cm−1.

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 (T5%) and 50% weight loss (T50%)
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 Gálvez 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-Niţă 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],
Gálvez 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.

MVR
(cm3/min−1)

Sample Designation

PLA
PLA/

ATBC
PLA/

PEG 400
PLA/

MC 2178
PLA/

MC 2192

Produced 13.9 ± 0.5 30.7 ± 0.1 3076 ± 216 23.9 ± 0.4 20.7 ± 0.1
Aged 14.5 ± 0.5 35.4 ± 0.1 1784 ± 43 32.0 ± 0.5 30.1 ± 0.4

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
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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 (α and α’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.

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
Designation

Exposition
Time of

Composting

Tg

(◦C)
Tcc

(◦C)
ΔHcc

(J/g)
ΔHc

(J/g)
Tc

(◦C)
Tm

(◦C)
ΔHm

(J/g)
ΔH
(J/g)

XC (%)

PLA Pr
od

uc
ed Initial 60.3 109.2 33.6 1.5 158.6 174.1 42.1 7.0 6.6

14 days 59.8 - - 1.4 161.9 175.4 51.3 49.9 47.0
28 days 54.3 - - - - 164.0 59.9 59.9 56.5

A
ge

d Initial 60.1 106.3 33.2 2.3 159.4 174.8 41.7 5.4 5.1
14 days 59.4 - - 2.0 160.8 172.0 42.2 40.2 38.0
28 days 54.5 - - - - 165.5 59.7 59.7 56.3

PLA/
ATBC

Pr
od

uc
ed Initial 41.7 86.4 23.8 6.4 146.6 171.3 42.7 12.5 13.9

14 days 46.2 - - 3.2 153.4 172.2 46.6 43.4 -
28 days - - - - - 170.4 49.4 49.4 -

A
ge

d Initial 40.8 80.2 7.5 2.9 146.4 170.8 39.1 28.7 -
14 days 44.9 - - 2.3 160.8 172.1 41.7 39.4 -
28 days - - - - - 169.6 50.9 50.9 -

PLA/
PEG

Pr
od

uc
ed Initial 37.6 84.1 13.4 1.7 - 167.9 41.3 26.26 29.5

14 days 48.8 - - - - 173.0 47.7 47.7 -
28 days - - - - - 172.0 48.0 48.0 -

A
ge

d Initial 46.1 83.2 16.6 1.3 - 166.0 41.9 24.0 -
14 days - 93.9 6.9 - - 168.8 50.9 44.0 -
28 days - - - - - 166.7 53.1 53.1 -

PLA/
MC 2178

Pr
od

uc
ed Initial 40.1 89.5 22.8 5.0 150.7 172.5 44.3 20.9 18.2

14 days - - - 1.7 159.9 176.3 46.2 44.4 -
28 days - - - - - 168.8 55.5 55.4 -

A
ge

d Initial 43.2 75.6 17.1 3.4 153.6 172.5 41.2 20.7 -
14 days - - - - - 172.0 46.8 46.8 -
28 days - - - - - 169.6 55.9 55.8 -

PLA/
MC2192

Pr
od

uc
ed Initial 52.8 87.6 26.2 7.1 152.1 175.5 44.2 11.0 12.6

14 days - - - - - 163.4 59.2 59.2 -
28 days - - - - - 156.7 63.8 63.8 -

A
ge

d Initial 51.5 80.6 26.4 5.9 151.1 174.4 45.5 13.2 -
14 days - - - - - 161.2 55.5 55.5 -
28 days - - - - - 156.8 60.6 60.6 -

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 ΔH (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
(ΔH) 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 (ΔH). 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 (ΔH)
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 (ΔH) 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 (ΔH), 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 (ΔH)
was evaluated. The following 14 days of composting evoked another decrease in melt
temperature and enhancement of enthalpy (ΔH). 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 (ΔH).
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 (ΔH) 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.

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.

Sample
Designation

Exposition Time of Composting
Initial State 14 Days 28 Days

T5 (%) T50 (%) T5% (%) T50 (%) T5 (%) T50 (%)

Produced PLA 313.4 349.9 310.9 342.5 293.9 330.6
Aged PLA 315.8 352.5 306.9 335.0 288.8 351.7

Produced PLA/ATBC 310.5 349.0 293.8 344.8 276.9 335.7
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 400 296.8 348.5 280.9 332.3 250.6 300.7

Produced PLA/MC2178 297.9 355.8 295.1 340.4 283.7 340.1
Aged PLA/MC2178 308.5 353.0 293.11 338.4 272.9 331.3

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.

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.

157



Polymers 2023, 15, 140

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.

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.

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 CH3 stretching at 2995 cm−1 and 2945 cm−1, the C-O
stretching bands of –CH–O– at 1180 cm−1, and –O–C=O groups at 1127 cm−1, 1080 cm−1,
and 1043 cm−1, respectively, were observed [15,47–49]. Moreover, similar to the work of
Zaidi et al. [50], bending frequencies for CH3 were identified at 1452 cm−1, 1382 cm−1,
and 1359 cm−1. As well, bands related to the C=O double-bound around 700 cm−1 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.

 

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−1 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.

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.

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

166



Polymers 2023, 15, 140

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 disintegration
and biodegradation could be assumed. However, a low biodegradation rate was observed
during the thermophilic composting. The used PEG 400 is characterized by a low molecular
weight that evoked high structure order changes (high degree of crystallinity) in PLA films.
Because the diffusion of water, as well as enzymatic degradation, takes place primarily
in the amorphous phase, the low disintegration and microbial activity were evaluated.
The aged PLA/PEG films evoked, when compared to as-produced films, a slightly higher
biodegradation rate. The reason for this could be a high tendency of PEG plasticizer to
migrate. The migration of plasticizer spurs a decrease in hydrogen bonding between
PLA/PEG and ensures easy diffusion of water or oxygen. In contrast, the high molecular
weight of dicarboxylic acid-based plasticizer MC2192 caused very low enhancement of
the crystallinity degree of PLA films. Consequently, the higher content of amorphous
parts and high molecular weight (lower interaction bonds with PLA) caused faster disinte-
gration and biodegradation. The plasticizer MC2178, due to its lower molecular weight
compared to MC2192, evoked higher structure order enhancement of as-produced PLA
films. Therefore, the lower biodegradation rate of films was evaluated. The accelerated
ageing of PLA/MC2178 films evoked some migration/releasing tendency of plasticizers
that caused easier hydrolysis and increases in microbial activity (biodegradation rate). The
influence of structure order could be further confirmed by the results of the biodegra-
dation of as-produced PLA/ATBC films. The water-insoluble ATBC plasticizer evoked
only low crystallinity degree enhancement of PLA films. Consequently, a faster biodegra-
dation rate than for PLA films, with a higher structure order (as produced PLA/PEG,
PLA/MC2178), was observed. After the accelerated ageing process, a significant increase in
structure order and a minimal tendency to migration was observed. Therefore, a decrease
of biodegradation rate was observed.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/polym15010140/s1, Figure S1: FTIR spectra of aged PLA films at initial
state and after 14 days and 28 days of thermophilic composting; Figure S2: FTIR spectra of aged
PLA films at initial state and after 14 days and 28 days of thermophilic composting that indicate
hydroxyl bands; Figure S3: DSC curves of as produced neat and plasticized PLA films within 28 days
of thermophilic composting; Figure S4: DSC curves of aged neat and plasticized PLA films within
28 days of thermophilic composting; Figure S5: TGA curves of as produced neat and plasticized PLA
films within 28 days of thermophilic composting; Figure S6: TGA curves of aged neat and plasticized
PLA films within 28 days of thermophilic composting.
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31. Râpă, M.; Miteluţ, A.C.; Tănase, E.E.; Grosu, E.; Popescu, P.; Popa, M.E.; Rosnes, J.T.; Sivertsvik, M.; Darie-Niţă, R.N.; Vasile, C.
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Abstract: This study aimed to develop ketorolac microparticles stabilized by hyaluronic acid based
on poly(lactide-co-glycolide) (PLGA), poly(lactide) (PLA), and their blend for further application in
osteoarthritis. The polymer blend may provide tailored drug release and improved physicochemical
characteristics. The microparticles were prepared by water-in-oil-in-water (w/o/w) double emulsion
solvent evaporation using two emulsification techniques, probe sonication (PS) and high-speed stir-
ring (HSS), to obtain the microparticles in different size ranges. The results revealed that the polymer
composition and emulsification technique influenced the ketorolac microparticle characteristics. The
PS technique provided significantly at least 20 times smaller average size (1.3–2.2 μm) and broader
size distribution (1.5–8.5) than HSS (45.5–67.4 μm and 1.0–1.4, respectively). The encapsulation
efficiency was influenced by the polymer composition and the emulsification technique, especially in
the PLA microparticles. The DSC and XRD results suggested that the drug was compatible with and
molecularly dissolved in the polymer matrix. Furthermore, most of the drug molecules existed in
an amorphous form, and some in any crystalline form. All of the microparticles had biphasic drug
release composed of the burst release within the first 2 h and the sustained release over 35 days. The
obtained microparticles showed promise for further use in the treatment of osteoarthritis.

Keywords: microparticle; ketorolac; PLGA; PLA; drug release; osteoarthritis

1. Introduction

Microparticles have generally been developed and extensively applied to treat various
diseases. It is of interest to fabricate biodegradable polymeric microparticles since numerous
compounds, including peptides, pharmaceutical proteins, and hydrophobic medicines,
can be encapsulated in the microparticles and administered into the body. Customizing
the physicochemical properties of polymers enables control of the release characteristics
of such delivery systems, which can be varied over the desirable period from days to
months. Poly(lactide-co-glycolide) (PLGA) and poly(lactide) (PLA) are the most frequently
utilized for the fabrication of delivery systems, including microparticles, thanks to their
biodegradability, biocompatibility, various unique characteristics, and human use approval
by USFDA [1]. PLGA or PLA microparticles are typically created using various methods, for
example, emulsification solvent extraction/evaporation, spray drying, and microfluidic [2].
Emulsification solvent evaporation has been extensively employed to create microparticles
after the solidification of particle core by solvent evaporation. Numerous techniques, such
as high-speed stirring, and ultrasonication, can be used to emulsify and generate tiny oil
droplets. Depending on the formulation and process setting, microparticles emulsified by
high-speed homogenization or ultrasonication often have a wide range of particle sizes
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and microstructural morphology [3]. Diffusion, particle erosion, or a combination of these
processes play a significant role in the release of drugs from biodegradable polymeric
microparticles. Different size microparticles have illustrated unique characteristics of drug
encapsulation and release [4].

Osteoarthritis (OA) is a chronic degenerative disorder characterized by low-grade
systemic inflammation and the degeneration of joint-related tissues such as articular car-
tilage [5]. OA produces joint pain, which is often exacerbated by weight-bearing and
activity, as well as stiffness following inactivity [6,7]. Weight control, medication, and
supportive therapies are the most common treatments for OA. In some cases, intra-articular
injection therapies or surgery may be required. Ketorolac tromethamine is one of the
non-steroidal anti-inflammatory drugs (NSAIDs) used to treat OA. The drug solution can
be administered via intraarticular injection (IA), which produces equipotent pain relief
and functional improvement to IA corticosteroids [8,9]. Unlike corticosteroids, injecting
ketorolac intraarticularly shows no sign of cartilage damage. The major issue of ketorolac
is a short half-life in the body; hence more frequent administration is required leading to
patient non-compliance. In addition, hyaluronic acid can also be co-administered with
ketorolac, which enables a more rapid analgesic onset with no serious complications [10,11].
Moreover, injecting hyaluronic acid along with ketorolac can enhance joint space narrowing
and bone marrow density [12].

Ketorolac microparticles have been widely investigated using different types of poly-
meric materials and preparation methods. Polymethacrylate (Eudragit®) microparticles
for oral administration were fabricated by oil-in-oil solvent evaporation [13]. This method
yielded high encapsulation efficiency with a particle size range of 75–225 μm. Parenteral
ketorolac-loaded albumin microspheres were also produced by the emulsion cross-linking
method. A wide range of encapsulation efficiency from 21–59% was obtained [14]. Other
ketorolac microparticles have also been studied based on ethyl cellulose [15], Carbopol,
polycarbophil, chitosan [16], PLGA, PLA, poly(ε-caprolactone) (PCL) [17–19] as well as
the blend of two polymers such as chitosan/gelatin [20]. To regulate the physicochemical
properties of polymers, a blend of at least two polymers has been extensively utilized. De-
spite the fact that polymer blends are rarely miscible, they may produce new materials or
combinations with enhanced performance. On the contrary, immiscible blends can provide
materials with phase separation in the microstructure. Eventually, the physicochemical
characteristics of the materials rely on the degree of compatibility between the blend com-
ponents. A few reports have produced the ketorolac microparticles from PLGA, PLA, and
their blends with PCL [17–19]. The encapsulation efficiency of ketorolac was reported to be
dependent on blending content, the inherent viscosity of the polymer, the lactide ratio in
PLGA polymer, and particle size. Higher encapsulation efficiency was obtained when the
formulation was composed of pure PLGA or PLA, a higher ratio of lactide, more inherent
viscosity, and larger particle size [17,18]. Moreover, the blends of PCL with PLGA or PLA
provided sustained release characters depending on the PLGA or PLA contents. Increasing
PLGA or PLA ratios retarded the drug release from a few days to a few months [17,18].
Nonetheless, the PLGA/PLA blend microparticles for encapsulating ketorolac have not
been reported. PLGA and PLA blends may provide better physicochemical behaviors of
materials and lead to a customized degradation rate, modifiable drug release, and better
mechanical characteristics.

Therefore, this study aimed to develop ketorolac microparticles based on PLGA, PLA,
and their blend to deliver ketorolac in the presence of hyaluronic acid. As previously
described, hyaluronic acid can be co-administered with ketorolac, and the developed for-
mulations are intended to be administered intraarticularly in alleviating osteoarthritis. A
key determinant in the quality of microparticles prepared by the emulsification evaporation
method is a surfactant or stabilizer. In this study, hyaluronic acid was used as a stabilizer
in water phase 1 and concurrently used with polyvinyl alcohol (PVA), a typical stabilizer
for the double emulsion method [21], in a water phase 2 to ensure the formation of dou-
ble emulsion droplets. Two techniques, probe sonication and high-speed stirring, were
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employed for the water-in-oil-in-water (w/o/w) emulsification to render two size ranges
of the microparticles. Different compositions and emulsification techniques may provide
unique properties of the microparticles. To the best of our knowledge, comparisons of
different emulsification techniques and microparticle size ranges have rarely been reported.
Furthermore, no published study has reported ketorolac-loaded PLGA/PLA microparticles
and PLGA- and PLA-based microparticles formulating with hyaluronic acid and PVA
as stabilizers. Hence, the characteristics of the prepared microparticles were evaluated
in terms of size, size distribution, morphology, encapsulation efficiency, yield, thermal
behaviors, crystallinity nature, and release behaviors.

2. Materials and Methods

2.1. Materials

Poly(DL-lactide-co-glycolide) (PLGA, 50:50, inherent viscosity 0.59 dL/g, MW 53.4 kDa)
and poly(L-lactide) (PLA, inherent viscosity 1.16 dL/g, MW 158.0 kDa) were purchased
from Durect Corporation, Birmingham, UK. Ketorolac (MW 255.27 g/mol) in the form
of ketorolac tromethamine (water solubility 200 mg/mL, log P 2.1 [22]) was obtained
from Cayman Chemical Company, Ann Arbor, MI, USA. Hyaluronic acid (300–500 kDa,
Nanjing Gemsen International Co. ltd, Nanjing, China), polyvinyl alcohol (PVA, Mowiol®

8-88, MW 67 kDa, Sigma-Aldrich Pte. Ltd., Singapore), acetone (Honeywell Burdick &
Jackson, Morris Plains, NJ, USA), dichloromethane (DCM, Honeywell Burdick & Jackson,
Morris Plains, NJ, USA), methanol (high-performance liquid chromatography (HPLC) grade,
Honeywell Burdick & Jackson, Muskegon, MI, USA), and sterile water for irrigation (SWI,
General Hospital Products. Public Co., Ltd., Pathum Thani, Thailand) were used as received.

2.2. Microparticle Preparation

The microparticles were prepared using the w/o/w double emulsification solvent
evaporation method using two emulsification techniques, namely probe sonication and
high-speed stirrer, to obtain the different sizes of the microparticles. Three different formu-
lations were prepared by both techniques, resulting in 6 individual formulations.

2.2.1. Probe Sonication (PS) Technique

A water phase 1, 0.8 mL, containing 1% w/v hyaluronic acid with or without 50 mg
of ketorolac was emulsified in an oil phase containing 200 mg of polymer dissolved in
2 mL of DCM by probe sonicator (Vibra-Cell Processors VCX 130, Sonics & Materials, Inc.,
Newtown, UK) at 40% amplitude for 60 s. The primary emulsion was further emulsified in
8 mL of water phase 2 containing 0.375% w/v PVA and 1% w/v hyaluronic acid (pH 3.0)
by a probe sonicator at 40% amplitude, 60 s. The w/o/w emulsion was then poured into
7 mL of 1% w/v hyaluronic acid (pH 3.0) under continuous stirring, and then the solvent
was evaporated under reduced pressure. The microparticles were collected and subjected
to lyophilization (Crist Alpha 1–4 freeze dryer, SciQuip, Newtown, UK) for 72 h. The
lyophilized microparticles were kept at −20 ◦C overnight for further study.

2.2.2. High-Speed Stirring (HSS) Technique

The primary emulsion was prepared using a similar protocol as the PS technique. After
obtaining the primary emulsion, the w/o/w emulsion was prepared by mixing the primary
emulsion with 8 mL of water phase 2 using Ultra-Turrax® homogenizer (T 25 digital, IKA®,
Staufen im Breisgau, Germany) at a speed of 4000 rpm for 1 min. Then, it was mixed with
7 mL of 1% w/v hyaluronic acid (pH 3.0) by a magnetic stirrer in a fume hood for the
particles to solidify. The microparticles were obtained after lyophilization for 72 h. The
lyophilized microparticles were kept at −20 ◦C overnight for further study.
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2.3. Characterization of Particles
2.3.1. Particle Size and Size Distribution

The particle size (d (0.5) and d (0.9)) and size distribution (span) were measured using
Mastersizer 2000E (Malvern Instrument Ltd., Malvern, UK). The sample was prepared
by dispersing the dry microparticles in SWI at a concentration of 20 mg/mL. During the
measurement, the sample was diluted in reverse osmosis water. The measurement was
performed in triplicate.

2.3.2. Zeta Potential

The zeta potential of the particles was determined by Zetasizer NanoZS ((Malvern
Instrument Ltd., Malvern, UK). The sample was prepared using the same method for
particle size measurement. The measurement was performed in triplicate.

2.3.3. Drug Loading Content

The drug loading (%DL) and entrapment efficiency (%EE) of ketorolac-loaded mi-
croparticles was measured as follows. A known amount of lyophilized microparticles
was degraded in 0.3 N sodium hydroxide and sonicated for 15 min. The sample’s pH
was adjusted to 7.0 with diluted hydrochloric acid, and the volume of the sample was
adjusted to 5 mL with 50% v/v methanol in SWI. The sample was filtered and diluted
before HPLC analysis. The %DL and %EE were computed according to Equations (1) and
(2), respectively.

%DL =
Analyzed amount of drug

Weight of sample
×100 (1)

%EE =
Analyzed amount of drug

Initial weight of drug
×100 (2)

The validated HPLC analysis was performed using an isocratic mode, Agilent 1200
series HPLC instrument (Agilent Technologies Inc., Santa Clara, CA, USA) according to the
United State Pharmacopoeia with some modifications [23]. The drug was eluted through
ACE® C18-1104 reverse phase column (150 × 4.6 mm, 5 μm, Advanced Chromatography
Technologies Ltd., Scotland, UK) with a guard column. The mixture of acetic acid in water
(1:44 v/v) and methanol (40:60% v/v) at a flow rate of 1 mL/min was used as a mobile
phase. The drug was detected by a diode array detector at a wavelength of 265 nm.

2.3.4. Yield

After the lyophilization of the microparticles, the processing yield of the microparticles
was determined compared to the initial amount of solid content used in each formulation.

2.3.5. Morphology Observation

The surface morphology of the microparticles was visualized using a field-emission
scanning electron microscope (FESEM, Schottky FESEM JSM-7610F, JEOL Ltd., Tokyo, Japan).
The sample was fixed on a glass slide mounted on the SEM stub and coated with platinum.
The SEM images were captured using an emission current of 2.0 kV at magnifications of
10,000×–20,000×.

2.4. Differential Scanning Calorimetry

The thermal behaviors of the formulations were evaluated using a differential scanning
calorimeter (DSC 3+, Mettler Toledo Limited, Greifensee, Switzerland). The sample was
placed in an aluminum pan with a lid. The measurement was performed under nitrogen
flow. The sample was heated from room temperature to 200 ◦C (1st heating), then cooled
down to 20 ◦C and re-heated to 200 ◦C (2nd heating) at a temperature rate of 20 ◦C/min.
The diffractogram of the 2nd heating was analyzed for enthalpy of heating (ΔH), the onset
of endothermic peak (Tm), and the glass transition temperature (Tg).
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2.5. X-ray Diffraction

The crystallinity of the drug in the microparticle formulations was analyzed by an
X-ray diffraction instrument (Miniflex, Rigaku Americas Holding Company, Inc., Wilm-
ington, MA, USA). The dry sample was placed on a glass slide. The measurement was
conducted at two-theta (2θ) in the range of 0◦–60◦ and a rate of 0.06 degree/s.

2.6. In Vitro Release Study

The release of ketorolac from the formulations was investigated using the dialysis
method in a simulated physiological fluid pH 7.4. Briefly, the freshly lyophilized microparti-
cles were reconstituted in SWI. Two milliliters of the microparticles were put into a dialysis
bag (MWCO 6–8 kDa, CelluSep®T2 Membrane Filtration Products, Inc., Seguin, TX, USA)
and immersed in 20 mL of phosphate-buffered saline pH 7.4 containing 0.02% sodium azide
as a preservative. The study was conducted at 37 ◦C and 100 rpm for 5 weeks. At each time
point, 1 mL of the release fluid was taken, and an equal volume of fresh warm medium
was replaced immediately. The sample was analyzed by HPLC as previously described.

2.7. Statistical Analysis

The data are expressed as mean±SD from at least three measurements. One-way
ANOVA or Student’s t-test was used to compare the means of multiple groups or two
groups, respectively. The difference was considered to be significant if the p-value < 0.05.
The release profiles were compared using repeated measures two-way ANOVA to com-
pare the percent cumulative drug release at any time and the release profiles of different
formulations [24].

3. Results

3.1. Physicochemical Properties of Microparticles Prepared by Different Emulsification Techniques

In this study, we aimed to fabricate two different size series of microparticles by
the w/o/w emulsification–solvent evaporation method using different emulsification
techniques, namely PS and HSS. Each series was composed of three formulations using
different compositions of PLGA and PLA, namely, 100% PLGA, 50% PLGA:50% PLA,
and 100% PLA. PLA exhibits higher hydrophobicity than PLGA. The different polymer
compositions can affect the physicochemical properties and release behaviors of the drug-
loaded microparticles. The critical step in microparticle preparation is the emulsification
of w/o primary emulsion, which may affect the stability of the emulsion and the capacity
of drug encapsulation. To avoid any issue in this critical step, we prepared w/o primary
emulsion by probe sonication for both techniques. Then, the w/o/w secondary emulsion
was prepared by different emulsification techniques. Hyaluronic acid (1%) was used as a
stabilizer in water phases 1 and 2; however, a small amount of PVA at a final concentration
of 0.2% w/v was also added in water phase 2 as an auxiliary stabilizer. In our preliminary
study (data not shown), water phase 2 without pH adjustment produced very low drug
encapsulation efficiency. It has been reported that the low encapsulation efficiency of
ketorolac is attributed to the high water solubility of ketorolac tromethamine. This leads
to the drug partition into continuous water phase 2 during emulsification [18,25]. Since
ketorolac is a weak acid (pKa 3.5) [26], the solubility can be reduced in an acid-dispersing
phase. The acidified external phase increases the encapsulation efficiency of ketorolac [17].
Therefore, in this study, water phase 2 was adjusted to pH 3.0 before the emulsification
process, while water phase 1 was used without pH adjustment.

All of the blank microparticles prepared using the PS technique had a median size
(d (0.5)) of 3.12–7.12 μm while the HSS technique yielded a significantly larger microparticle
size with the range of 56.32–97.44 μm (Table S1, p-value < 0.05). All of the blank microparti-
cles had negative zeta potential (ZP) ranging from −3.8 mV to −9.8 mV. The PS technique
yielded a broader size distribution than the HSS technique (p-value < 0.05). Therefore, these
two techniques could produce microparticles with different desired size ranges.
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Three formulations (PLGA, PLGA/PLA, and PLA) of ketorolac-loaded microparticles
were prepared using both PS and HSS techniques. The results are summarized in Table 1.
After encapsulation, all of the formulations had significantly smaller particle sizes (d (0.5)
and d (0.9)) (p-value < 0.05) when compared to the blank microparticles. At the same time,
their span value was insignificantly different (p-value > 0.05), suggesting no effect of the
drug on the size distribution of the microparticles. The zeta potential of most drug-loaded
formulations became less negative than the blank ones, attributable to the presence of the
drug on the microparticle surface.

Table 1. Characteristics of ketorolac-loaded microparticles.

Formulation
Particle Size (μm)

Span Zeta Potential (mV) %Yield
%Drug
Loading

%Entrapment
Efficiencyd (0.5) * d (0.9) *

PLGA (PS) 2.16 ± 0.00 5.89 ± 0.01 2.20 ± 0.01 −3.9 ± 0.1 49.98 ± 8.59 8.83 ± 0.65 76.32 ± 5.58
PLGA/PLA
(PS) 2.12 ± 0.11 19.20 ± 6.70 8.50 ± 2.83 −3.5 ± 0.4 55.56 ± 4.13 9.24 ± 1.32 79.83 ± 11.38

PLA (PS) 1.36 ± 0.01 3.08 ± 0.19 1.47 ± 0.13 −3.5 ± 0.1 55.83 ± 7.08 9.45 ± 0.34 81.63 ± 2.94
PLGA (HSS) 45.50 ± 0.06 64.76 ± 0.15 1.04 ± 0.00 −4.4 ± 0.3 46.79 ± 6.81 8.93 ± 2.15 77.15 ± 18.61
PLGA/PLA
(HSS) 67.43 ± 0.40 101.32 ± 1.32 0.97 ± 0.01 −3.8 ± 0.2 58.18 ± 5.47 8.60 ± 0.37 74.28 ± 3.20

PLA (HSS) 60.88 ± 0.54 103.51 ± 1.67 1.44 ± 0.01 −3.6 ± 0.2 50.29 ± 3.16 7.82 ± 0.56 67.52 ± 4.84

* d (0.5) and d (0.9) mean the size below which 50% and 90% of the sample are contained, respectively.

To investigate the effect of the polymer composition on the microparticle characteristics,
three different polymer compositions of drug-loaded microparticles were prepared. PLA
exerts higher hydrophobicity than PLGA. The blending of PLGA and PLA at a 1:1 mass
ratio would modify the hydrophilic–hydrophobic balance of the individual polymers. It
was found that PLA microparticles had the smallest d (0.5), d (0.9), and span values among
all formulations prepared by the PS technique. Meanwhile, the blending of PLGA and
PLA resulted in the largest d (0.9) and span values. Interestingly, when preparing by the
HSS technique, the PLGA/PLA and PLA microparticles possessed comparable d (0.5) and
d (0.9), and the smallest particles were obtained from PLGA microparticles.

All of the microparticles prepared by the PS technique had at least 20 times smaller
sizes than those by HSS. The PS technique yielded smaller d (0.5) and d (0.9) but wider size
distribution than the HSS technique (p-value < 0.05). These two techniques basically have
different principles. Probe sonication generates a physical vibration and a high shear force
by ultrasonic sound waves from the tip of the probe [27]. Differences in the sound intensity
(compression–rarefaction cycles) or the sound wave will affect the efficiency of emulsion
droplet size reduction and particle deagglomeration [28]. The shear force decreased with
the distance far from the probe; thus, the emulsification may not be uniformly distributed
throughout the emulsion mixture resulting in wide size distribution. Nevertheless, HSS
facilitates emulsification by consistent shear force. The emulsion mixture is forced through
a shaft space and consistently shear the emulsion into small droplets. This technique
generally provides uniform shear force throughout the sample and thus yields the uniform
size of the particles. The bigger microparticles did not result from the technique but from
the designed low-speed homogenizer in order to prepare the microparticles in different
sizes. Increasing the Ultra-Turrax® homogenizer speed or increasing the homogenization
time, which exerts higher energy density and shear stress into the system, could reduce the
particle size.

In addition to the particle emulsification technique, other factors can affect the particle
size and size distribution, such as the viscosity of the internal phase. The higher the viscosity
of the internal phase, the more difficult it was to break down into small droplets. PLA used
in this study had higher molecular weight and inherent viscosity than PLGA. Thus, it was
anticipated that the PLA microparticles would be larger than the PLGA microparticles.
This phenomenon occurred in large microparticles. The microparticles made of PLA (HSS)
and PLGA/PLA (HSS) showed larger particle sizes than the microparticles made of PLGA
(HSS). However, all of the particles fabricated using the PS technique had small sizes in
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the same range (1–2 μm). The PS technique is potentially more powerful than the HSS and
generates enough energy to break down the emulsion into very small droplets.

The formulation compositions had an insignificant effect on %yield, %DL and %EE
(p-value > 0.05). This occurred in both particles prepared by PS and HSS techniques.
However, there was a correlation between %EE and the polymer composition. For the
PS technique, %EE tended to increase with the PLA component. On the other hand, the
drug encapsulation efficiency by HSS was lower in the pure PLA formulation. One of the
factors determining the quality of the microparticles manufactured by solvent evaporation
is the rate of solvent evaporation [29]. A higher evaporation rate limits the rate of drug
diffusion and reduces drug losses. Additionally, it has been established that the viscosity of
the oil phase and the size of emulsified oil droplets affect the solvent evaporation rate and,
thus, the microparticle encapsulation efficiency. Despite PLA having the highest molecular
weight and inherent viscosity among other formulations, the PLA (PS) microparticles
exhibited the highest %encapsulation efficiency among all of the PS formulations. This
was possibly attributed to the more predominant effect of particle size than the viscosity
of the oil phase. The very small size of the PLA particles had the largest surface area and,
thus, the highest solvent evaporation rate preventing drug leakage during preparation [18].
On the contrary, the PLA microparticles produced by HSS had the lowest %EE compared
to other HSS formulations due to the lowest surface area of the particles and the highest
viscosity of PLA, slowing down the evaporation of the solvent and thus allowing drug
loss during solvent evaporation. This result is consistent with the previous reports [18,29].
Different emulsification methods showed no effect on %yield, %DL, and %EE, except for
the PLA microparticles. The %EE of the PLA (PS) formulation was significantly greater
than that of the PLA (HSS) microparticles. The PS technique generated smaller droplets
with a larger surface area, allowing for a higher solvent evaporation rate. Finally, it limited
drug leakage and improved encapsulation efficiency, as previously described.

In conclusion, the emulsification technique clearly affected the particle size and size
distribution. The encapsulation efficiency of ketorolac was influenced by the polymer
composition and the emulsification technique. The molecular weight and the intrinsic
viscosity of the polymers, as well as the solvent evaporation rate, play important roles in the
entrapment efficiency of the big microparticles. On the other hand, the solvent evaporation
rate insignificantly impacts the entrapment efficiency of the small microparticles with a
comparable size range.

The morphology of the ketorolac-loaded microparticles was visualized by FESEM,
as shown in Figure 1. Clearly, the microparticles fabricated using the PS technique were
smaller than HSS-fabricating microparticles. Regardless of the emulsification techniques,
all particles had an almost spherical shape. Overall, the PLA formulations had smoother
surfaces than the PLGA formulations, although some PLA particles had pores, possibly
due to the sample preparation.

3.2. Differential Scanning Calorimetry (DSC)

The thermal behaviors of the microparticles were analyzed to study the possible in-
teraction and polymorphism of the components. The DSC thermograms are illustrated in
Figure 2, and the thermal parameters are summarized in Table 2. It has been reported that
PLGA and PLA have unique characteristics depending on their molecular weight and com-
position [1]. Our results revealed that PLGA had a Tg at 42.8 ◦C without any endothermic
peak, suggesting its amorphous nature. This is in agreement with the literature that PLGAs
containing less than 70% glycolide are amorphous [30]. Meanwhile, PLA had a Tg at 53.3 ◦C,
a double cold crystallization exotherm (Tcc) at 110 ◦C and 121 ◦C and a recrystallization
melting endothermic peak at 173 ◦C (156–180 ◦C) and an enthalpy of 45.5 J/g, suggesting
the semicrystalline nature of the polymer. The cold crystallization of PLA is attributed to
the nucleation of the melt state when heating from the glassy state [31,32].
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Figure 1. FE-SEM images of ketorolac-loaded microparticles. Scale bars in PS and HSS techniques
represent 1 μm and 10 μm, respectively.

Figure 2. Differential scanning calorimetry thermograms of blank (B-PLGA, B-PLGA/PLA, and
B-PLA) and ketorolac-loaded microparticles (K-PLGA, K-PLGA/PLA, and K-PLA) prepared by
PS (A) and HSS (B) techniques.
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Table 2. Temperatures of glass transition (Tg), cold crystallization (Tcc), and melting (Tm) and
enthalpies of cold crystallization (ΔHcc) and melting (ΔHm) of individual components, blank and
drug-loaded microparticles recorded from the second heating.

Formulations Tg (◦C) Tcc (◦C) a ΔHcc (J/g) Tm (◦C) b ΔHm (J/g)

Ketorolac 43.72
PLGA 42.79
PLA 53.29 (110.67) 121.00 45.93 (167.67) 173.00 45.48

Blank microparticles
PLGA (PS) 41.80
PLGA/PLA (PS) 40.82, 53.95 100.67 5.48 171.33 8.28
PLA (PS) 51.90 (99.67) 106.67 11.49 172.67 15.00
PLGA (HSS) 45.70
PLGA/PLA (HSS) 46.29, 58.72 117.33 20.82 174.00 20.06
PLA (HSS) 59.80 116.33 40.56 175.33 39.86

Drug-loaded microparticles
PLGA (PS) 35.87
PLGA/PLA (PS) 35.85, 48.01 (84.93) 100.00 8.26 (155.67) 163.00 12.11
PLA (PS) 48.73 (88.33) 99.67 19.52 (152.33) 162.67 21.82
PLGA (HSS) 34.94
PLGA/PLA (HSS) 38.65, 48.95 (90.67) 104.33 12.70 (157.00) 165.67 12.58
PLA (HSS) 48.79 (89.67) 102.67 20.56 (153.67) 164.00 168.26

a,b A number in parenthesis represents a small peak of the lower temperature of cold crystallization and melt-
ing, respectively.

The Tgs of PLA and PLGA of the blank microparticles slightly changed from the
polymers (Table 2). HSS increased the Tgs of PLGA and PLA, whereas PS had a slight
impact on the glass transition of the polymers. The blended polymers of the PLA/PLGA
microparticles had a minimal change of glass transition, suggesting the partial miscibility
of PLGA and PLA in the blend. All of the PLA-containing microparticles had lower Tcc,
ΔHcc, and ΔHm compared to those of the pure PLA polymer, while their Tm of PLA was
retained. A single cold crystallization peak was detected in the PLA and PLGA/PLA
formulations except in PLA (PS) formulation, suggesting that the cold crystallization of
PLA-containing microparticles occurred through heterogeneous nucleation [31]. The Tcc of
PLGA/PLA microparticles further decreased compared to the PLA microparticles because
of the nucleating effect by the PLGA phase and PLA crystalline domains. The microparticles
prepared by HSS had higher Tcc, ΔHcc, Tm, and ΔHm than the PS technique. Thus, both
emulsification techniques affected the thermal behaviors due to the energy applied to
break down the droplets during the preparation. PS generated higher energy, while HSS
employed lower mechanical energy to break up the droplets prior to the solidification step.
Moreover, the smaller droplet size by PS had a much higher surface area than those by HSS
for solvent removal, leading to more rapid solidification of the particle core and a shorter
time for polymer chain rearrangement. Thus, the PS technique had a greater impact on the
thermal behaviors of the polymers than HSS.

In the case of drug-loaded microparticles, the presence of the drug dramatically
reduced the Tgs of PLGA and PLA by 4–7 ◦C and 3–4 ◦C, respectively (Table 2). A decrease
in the Tg of all of the drug-loaded microparticles compared to the blank formulations
and the pure materials may suggest the compatibility of the drug and the polymer. The
drug was molecularly dissolved in the polymer matrix due to the plasticizing effect [4,33].
Compared to the blank microparticles prepared by the PS technique, the drug-loaded
microparticles had almost unchanged Tcc, increased ΔHcc and ΔHm, and decreased Tm.
By HSS, the drug-loaded microparticles had lower Tcc, ΔHcc, Tm, and ΔHm than the blank
microparticles. Interestingly, all of the ketorolac-loaded PLA-containing microparticles had
double cold crystallization and melting events, suggesting that the encapsulation of the
drug interfered with the cold crystallization of the polymer, leading to heterogeneous and
homogeneous nucleation [34,35]. The physical mixture of the blank PLA microparticles and
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ketorolac shows similar crystallization patterns and melting events in the thermograms to
the blank PLA microparticles, except that the double melting peak was observed. Ketorolac
showed only Tg without an endothermic peak in the second heating; however, it had
two melting peaks at 161 and 168 ◦C in the first heating cycle (Figure S1), suggesting
the crystalline nature of the drug, which turned to amorphous after rapid cooling. The
double melting event of the drug-loaded PLA microparticles was possibly attributed to
either the presence of the crystalline state of the drug or the thicker heterogeneous lamellar
layers of the crystals. Therefore, we further investigated the crystallinity of the drug in the
microparticle samples by XRD.

3.3. X-ray Diffractometry (XRD)

The crystallinity of the drug-loaded microparticles was investigated by powder XRD.
As shown in Figure 3, major characteristic peaks of ketorolac tromethamine appeared at
8.76◦, 13.98◦, 18.06◦, 18.66◦, 19.32◦, and 20.52◦ confirming the crystalline nature of the
drug. The diffractograms of all ketorolac-loaded microparticles showed that the intensity
of these peaks evidently reduced. This result suggested that the majority of the drug
was in an amorphous form and coexisted with some crystalline form, possibly due to an
unencapsulated drug. The peaks at 31.68◦ and 45.48◦ belonged to hyaluronic acid and
appeared in all diffractograms of all microparticles.

Figure 3. X-ray diffractograms of ketorolac-loaded microparticles (K-PLGA, K-PLGA/PLA, and
K-PLA) prepared by PS (A) and HSS (B) methods.

3.4. In Vitro Drug Release Study

The release of ketorolac from different formulations was studied in phosphate-buffered
saline (PBS) pH 7.4 using the dialysis method. In the previous reports [8,9,36], ketorolac
was intraarticularly administered once a week for 5 weeks. Therefore, our release study was
conducted for 35 days. The release profiles are illustrated in Figure 4. All microparticles
exhibited biphasic release consisting of the initial rapid release phase followed by the
sustained release of the drug over 35 days. The initial drug release from all PS microparticles
by 64–77% was extremely fast within the first 2 h (Figure 4A). Meanwhile, only 39–55%
of the drug was released from the HSS microparticles, followed by the slow release of
the drug with different release rates, depending on the formulations, until the end of the
study (Figure 4B). The difference in the initial release rate of PS and HSS microparticles
may primarily be due to their different size and surface area. It has been stated that the
drug release of PLGA microparticles is known to be principally influenced by a number
of variables, including particle size, porosity, and polymer molecular weight [37]. Many
reports have demonstrated that particle size is a primary determinant of drug release
rate [4,38,39]. The release of drugs from the different sizes of PLGA microparticles was
affected by the rates of swelling and water penetration of the particles, mainly related
to the surface area [40]. The smaller PLGA microparticles (4–40 μm) had a burst release
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of 20% within the first day owing to their faster swelling rate than the larger particles
(40–125 μm). Another study demonstrated that the small size range microparticles (<20
and 20–50 μm) had rapid and complete drug release within the first week, while the larger
size microparticles (50–100 and >100 μm) showed slow release within the first week [4].
The initial fast release of the ketorolac-loaded PS microparticles may be attributed to the
rapid rates of swelling and water penetration entailing matrix porosity and permeability
of the microparticles. In addition to the water penetration rate, the drug adsorbing on the
surface of the microparticles and the lyophilization process can affect the initial release. It
is believed that the initial rapid release is associated with the release of drug molecules
trapped close to the microparticle surface and a great initial drug concentration gradient
between the particles and the aqueous medium [41]. During lyophilization, the drug
migration may cause a heterogeneous drug distribution in the polymer matrix and result in
rapid or burst release [42]. The changes in pore size, geometry, and pore interconnectivity
during the freezing and lyophilization process may also contribute to this issue [43]. In the
case of the HSS microparticles, the initial burst release contributed to the heterogeneous size
distribution in the formulations. The PLGA, PLGA/PLA, and PLA (HSS) microparticles
contained d(0.1) of 17.5, 36.1, and 15.9 μm, meaning that 10% of the samples had a size
below the mentioned value. The concomitant presentation of small particles released
the drug more quickly and increased the burst effect [37]. Our results are in agreement
with the previous report [4]. The unfractionated microparticles exhibited the release
pattern combining those of small and large microparticles. The burst release mainly
originated from the smaller microparticles, while the sustained release phase arose from
the large microparticles.

Figure 4. The cumulative release profiles of ketorolac from ketorolac-loaded microparticles prepared
by PS (A) and HSS (B) methods in PBS, pH 7.4, over 35 days (mean ± SD, n = 3). An inset represents
the release profiles within 24 h. Solid lines and dotted lines represent the drug release from the
microparticles prepared by PS and HSS techniques, respectively. *, ** Significantly different when
comparing %cumulative drug release at the time forward with 4 and 24 h, respectively; § significantly
different when comparing the release profile with that of PLGA/PLA microparticles prepared by
the same technique; §§ significantly different when comparing the release profile with that of PLGA
microparticles prepared by the same technique; $ significantly different when comparing the release
profiles of the similar component microparticles prepared by PS and HSS techniques.

Comparing the different emulsification techniques when using the same formulations,
the release profiles of the ketorolac-loaded PLGA microparticles prepared by both tech-
niques were comparable over 35 days (p-value > 0.05). Nevertheless, both formulations
had significantly different initial drug releases within the first 4 h (p-value < 0.05). The
PLGA (PS) microparticles had a faster drug release of 67.5 ± 1.5% than the PLGA (HSS)
microparticles (52.0 ± 9.1%) due to the smaller size and faster rate of water penetration
as previously described. After 4 h of drug release, both formulations exhibited indifferent
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release profiles (p-value > 0.05). Both formulations had comparable Tg values below 37 ◦C,
which was the studied temperature. It is possible that the glass transition of the particle
core had a greater impact on the drug release from the PLGA microparticles than their
particle size. Considering the microparticles made from the PLGA/PLA and PLA polymers,
the smaller PS microparticles enabled significantly faster drug releases than the larger HSS
microparticles (p-value < 0.05) due to a higher surface area and a greater rate of water
penetration, as aforementioned.

Comparing the different formulations prepared by the same method, the drug release
from the PLGA/PLA microparticles in the PS series was tentatively faster than in the PLA
microparticles. The PLGA microparticles yielded the slowest drug release. In this study,
PLGA has higher hydrophilicity and smaller molecular weight than PLA. Based on the
properties of the polymers at a similar size of microparticles, the blended PLGA/PLA
should have the drug release slower than pure PLGA but quicker than pure PLA. However,
the result was inconsistent with the hypothesis, possibly due to polydisperse size distribu-
tion, thermal behavior, and the partial compatibility of drug and polymer. The PLGA/PLA
microparticles had various sizes (1–19 μm) with a high span value of 8.50 ± 2.83. The small
size fraction may be responsible for the fast release of the drug in the heterogeneous size
distribution sample. Furthermore, faster drug release from PLGA/PLA microparticles
was also possibly attributed to their lower Tg than the studied temperature (from PLGA
blended, 35.85 ◦C) and the partial compatibility between polymer and drug (from PLA
blended). At the studied temperature (37 ◦C), higher than Tg, the particle core transformed
to a rubbery state, leading to faster drug diffusion and release. The ΔCp (specific heat
change) in the glass transition region of PLGA/PLA microparticles (0.151 and 0.101 J/g
for PLGA and PLA regions, respectively) was lower than that of PLGA microparticles
(0.211 J/g), suggesting a smaller free volume when transitioning to a rubbery state and
thus a minimal volume for the drug [33]. In addition, blending PLGA with PLA reduced
the compatibility between drug and polymers, as evidenced by two Tgs of the PLGA/PLA
blend in the thermograms. Thus, these circumstances contributed to a more rapid release
of the drug from the PLGA/PLA microparticles than the PLGA and the PLA formulations.
Despite the fact that the PLGA microparticles had a larger size than the PLA microparticles,
the PLGA microparticles showed the slowest drug release. The compatibility of the PLGA
with ketorolac, the water-soluble drug, was more critical than Tg and particle size. The
higher drug release of the PLA microparticles than the PLGA microparticles contributed to
the incompatibility of ketorolac with PLA and the smallest size of the particles.

In the HSS series, the PLA microparticles released the drug slower than the PLGA and
PLGA/PLA microparticles (p-value < 0.05). The particle size and hydrophilic/hydrophobic
nature of the polymers play an important role in the drug release profile of large microparti-
cles. The PLGA microparticles had a smaller size and higher hydrophilicity than the others,
resulting in a higher rate of water uptake into the particles. In addition, they also had a Tg
lower than 37 ◦C. Thus, these factors made the polymer matrix more permeable and facili-
tated the drug release from the microparticles. On the other hand, the PLA microparticles
showed the slowest and lowest drug release (p-value < 0.05). The slow release of the drug
began after the initial 4 h at a constant rate. At the end of the 5-week study, only 64.1 ± 3.2%
of the drug was released from the PLA microparticles. We further studied the drug release
of this formulation for additional 3 weeks. The release of ketorolac gradually reached
81.6 ± 6.2% by the end of week 8 (data not shown). Their sustained release pattern was
possibly attributable to the higher crystalline nature, larger molecular weight, and more
hydrophobicity of PLA compared to the PLGA/PLA blend and the pure PLGA. Therefore,
these factors hindered water penetration, polymer matrix permeability, drug diffusion, and
drug release from the particle core [37].

In addition to the effects of the particle size and the hydrophilic/hydrophobic nature
of the polymers on the drug release profiles of the HSS microparticles, other possible
factors affecting the release profiles of ketorolac are pore closing, polymer degradation, and
particle erosion [37,44–46]. The pore closing of the PLGA microparticles occurred during
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the incubation of the microparticles in a PBS medium at 37 ◦C [44]. This effect was more
predominant with increasing temperature, while it was unlikely to be observed at a lower
temperature. The pore closing effect was attributed to the flexibility of the polymers at the
studied temperature. If the polymer has a Tg nearby or lower than the studied temperature,
the polymer chains possess the flexibility for pore closing. Consequently, the drug release
was suddenly changed to a slower rate. In our study, the microparticles of PLGA, with
a comparable MW with the previous report [44], exhibited a Tg value lower than 37 ◦C,
at which the pore closing may occur upon incubating the particles in the aqueous release
medium. However, the blending of PLGA and PLA in the PLGA/PLA microparticles led
to the partial miscibility of the matrix core and may limit the chain flexibility of PLGA.
Thus, the polymer chains of PLGA in the blend may become less flexible than the PLGA
microparticles while having more flexibility than the PLA microparticles for pore closing.
On the other hand, the pore closing effect was less pronounced in the case of the PLA
microparticles since they possessed a Tg value much higher than 37 ◦C, which limits
the flexibility of the polymer chain during incubation. Regarding polymer degradation
and erosion, it is well-known that the drug release from PLGA or PLA microparticles
is governed by drug diffusion, polymer degradation, and polymer erosion [37,40,46,47].
Both polymers undergo mainly hydrolysis of the ester linkages [46], but their degradation
and erosion rates are considerably different depending on polymer crystallinity, lactide-
to-glycolide mole ratio, polymer molecular weight, water absorption, and Tg [37,45,46].
It is believed that water hydration in the matrix of an amorphous PLGA is greater than
that of semicrystalline PLA, and thus, PLGA is more accessible to water and susceptible to
hydrolysis than the homopolymer PLA [46]. The polymer degradation process normally
begins much earlier than the polymer erosion. In the previous report, PLGA degradation
occurred in a few days, while its erosion took a few weeks [40,46,47]. Our formulations
contained different compositions of the polymers. So, this factor may contribute to the
different release profiles of ketorolac from the HSS microparticles since they were much
larger than the PS microparticles. The drug release of PLGA microparticles was the highest,
followed by the PLGA/PLA and PLA microparticles. Thus, it was postulated that the
matrix of PLGA formulations might be degraded faster than the PLGA/PLA and PLA
formulations, respectively. Although our study has not investigated the degradation and
erosion of the particles, it was hypothesized that the microparticles might be degraded
or eroded during the release study. Nonetheless, further studies are required to prove
these hypotheses.

According to the previously reported clinical trials [8,9,36], ketorolac and hyaluronic
acid were concomitantly given once a week by intraarticular injection for 5 weeks. It is
known that ketorolac has a short half-life of 4–6 h, and the use of the drug is needed frequent
administration. Based on the study design of ketorolac and hyaluronic acid in OA patients,
the developed microparticles could be employed in the patients once a month since the
release of ketorolac could be retarded for 35 days. The sustained release of ketorolac could
maintain the drug in articular fluid for a desirable period. From our results mentioned
above, the fast release PS microparticles can be combined with the sustained release HSS
formulations to achieve the therapeutic level as fast as the first day of injection and for the
whole treatment period. The PLA (PS) microparticles, having a fast release of ketorolac
within 24 h and narrow size distribution, can be a choice for combining with any HSS
formulations, depending on the desired extent and rate of drug release.

4. Conclusions

This study demonstrated the effects of polymer composition and emulsification tech-
nique on the ketorolac-loaded microparticles. The ketorolac-loaded PLGA-/PLA-based
microparticles with different size ranges were successfully prepared by PS and HSS tech-
niques. Our study was designed based on the intraarticular injection of ketorolac and
hyaluronic acid once a week continuously for 5 weeks in OA patients. The PS microparti-
cles exhibited higher drug release within 24 h, while the HSS microparticles demonstrated
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the sustained release of ketorolac over 35 days. The combination of fast release PS micropar-
ticles and sustained release HSS formulations can be used once a month as an alternative
regimen in OA patients, which may enhance patient compliance and minimize drug usage
and administration costs. The obtained microparticles demonstrated potentiality for the
treatment of OA. However, an efficacy investigation of these combinations in animals and
patients is required before further application.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/polym15020266/s1, Figure S1: DSC thermogram of ketorolac
after the first and second heating; Table S1: Characteristics of blank microparticles prepared by PS
and HSS techniques.
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Abstract: All-cellulose composite (ACC) films from oil palm empty fruit bunches (OPEFBs) were suc-
cessfully fabricated through the surface selective dissolution of cellulose fibers in 8 wt% LiCl/DMAc
via the solution casting method. The effect of dissolution time on the properties of the ACC films
was assessed in the range of 5–45 min. The results showed that under the best conditions, there
were sufficiently dissolved fiber surfaces that improved the interfacial adhesion while maintaining
a sizable fraction of the fiber cores, acting as reinforcements for the material. The ACC films have
the highest tensile strength and modulus of elasticity of up to 35.78 MPa and 2.63 GPa after 15 min
of dissolution. Meanwhile, an X-ray diffraction analysis proved that cellulose I and II coexisted,
which suggests that the crystallite size and degree of crystallinity of the ACC films had significantly
declined. This is due to a change in the cellulose structure, which results in fewer voids and enhanced
stress distribution in the matrix. Scanning electron microscopy revealed that the interfacial adhesion
improved between the reinforcing fibers and matrices as the failure behavior of the film composite
changed from fiber pullout to fiber breakage and matrix cracking. On the other hand, the thermal
stability of the ACC film showed a declining trend as the dissolution time increased. Therefore,
the best dissolution time to formulate the ACC film was 15 min, and the obtained ACC film is a
promising material to replace synthetic polymers as a green composite.

Keywords: all-cellulose composite; surface selective dissolution; interfaceless; self-reinforced com-
posite; green composite

1. Introduction

Global attention has been drawn to the urgent appeal for new eco-friendly composite
materials to replace petroleum-based ones. According to the 2020 JEC Group report,
a non-profit association dedicated to the promotion of composite materials, the global
production of composites and plastics currently amounts to 10 and 350 million tons a
year, respectively [1]. A challenge now arises in finding technically and economically
viable recovery routes for these materials, which were developed on a large scale in the
last century and have now become unavoidable. As asserted by the Organization for
Economic Cooperation and Development (OECD) in its 2022 report, global plastic waste
generation has more than doubled from 2000 to 2019 to 353 million tons [2]. These statistics
demonstrate the urgent need to produce novel biocomposite materials with biodegradable
properties, such as cellulose, to substitute materials derived from petrochemicals and
fossil fuels.

Polymers 2023, 15, 691. https://doi.org/10.3390/polym15030691 https://www.mdpi.com/journal/polymers
189



Polymers 2023, 15, 691

Cellulose is one of the most abundant materials on earth and has eco-friendly features
that make it useful as a reinforcement agent for biocomposite materials [3]. However,
in most instances, the composite matrix is still frequently based on polymers generated
from petroleum [4]. Research into using this bio-based material to create biocomposites
has faced obstacles since hydrophilic fibers and hydrophobic matrices cannot coexist
due to interfacial adhesion [5–9]. As a result, numerous methods have been used with
varying degrees of success to overcome it. These methods include physical and chemical
modifications of the fiber and matrix to improve interfacial bonding [10], including silane
and alkali treatments, acetylation, chemical grafting, corona discharge, as well as using
sub-micron and nano-sized forms of cellulose [11,12]. Although these methods can enhance
the mechanical qualities of green composites, they also increase the expense and complexity
of their manufacturing [13].

The newly developed green composite called all-cellulose composite (ACC) looks
promising for formulating green composites that aim to eliminate the chemical incom-
patibilities between the reinforcement agent and matrix phases by utilizing cellulose for
both components [14,15]. Inspired by the classic mono-component polymer composites
developed by Capiati and Porter (1975) [16], Nishino et al. (2004) [17] posed the concept
of all-cellulose composites. ACCs can be considered bio-derived mono-component com-
posites, which is the same source of cellulosic materials that would need to be used for the
reinforcing and matrix phases. In other words, it is a new class of materials that, unlike
other biocomposites, are made entirely from cellulosic materials, leading to chemically
identical matrix and reinforcing phases [13]. The following two processing methods are
suggested for the manufacture of an ACC: (i) complete cellulose dissolution, followed
by mixing with extra reinforcing cellulosic materials, and (ii) partial cellulose dissolution
to generate a matrix phase in situ around the residual fiber core [17–21]. Additionally,
cellulose-dissolving utilizing solvent is a distinguishing feature of ACC engineering in
contrast to other traditional composites due to cellulose’s inherent property, i.e., it does not
melt. Lithium chloride/N,N-dimethylacetamide (LiCl/DMAc), NaOH, and ionic liquids
(ILs) are some of the most popular solvents used by researchers [13,14]. Despite being
environmentally acceptable solvents, it is a challenge to find industrial applications for
ionic liquids (ILs) due to their complex and expensive manufacture. On the other hand,
toxicity concerns restrict the usage of LiCl/DMAc in academic studies [13].

Although Nishino introduced the first ACC in 2004 by utilizing Ramie fiber, it was only
recently that it was given serious consideration. ACCs are mono-material composites made
from cellulose. Therefore, they show excellent interfacial compatibility, are fully recyclable,
and are environmentally friendly [15,22,23]. As a result, ACCs may represent the next stage
in the creation of composite materials with greater sustainability. The world’s primary
source of cellulose, forests, would be in peril if cellulose became the only component of this
type of composite. For forests to be sustainable, the reliance on plant cellulose, particularly
wood, must be significantly reduced through the use of biomass or agricultural waste.

Numerous research has focused on the development of ACCs using non-wood or
biomass, including food crops, cotton [23,24], canola straw [25], flax [4], bagasse [26],
hemp [14], pineapple leaf [27], Napier grass [28], and many others [24,28,29]. The substan-
tial amount of biomass produced by the palm oil sector is one of the components of this
category that has tremendous relevance to the Malaysian situation. In Malaysia, palm oil
is a well-known and important commodity [30]. According to the Malaysian Palm Oil
Board (MPOB), 400 hectares were cultivated in 1920, leading to five million plantations
today in Malaysia [31]. Enormous amounts of lignocellulose residues from the oil palm
industry, such as oil palm trunks (OPTs), oil palm fronds (OPFs), and oil palm empty fruit
bunches (OPEFBs), are generated at an estimated 15 million tons annually, becoming a ma-
jor economic pillar for the country [32]. This biomass is readily available at a minimal cost.
Attempts have been made to turn these wastes into value-added products; one example is
converting the lignocellulosic residue into a paper-making pulp. Hence, other utilization
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alternatives are sought in an attempt to optimize the use of this biomass. Therefore, the
development of ACCs from this biomass would be the best approach.

During the past decade, creating ACC films from OPEFBs has been the subject of only
a small number of studies [33–39]. Several earlier studies had utilized MCCs and nanoscale.
However, to date, OPEFBs in the form of bleached pulps, utilizing facile preparation,
which is a straightforward pulping and bleaching method, have not been addressed yet.
In addition, this form of pure cellulose and simple method can reduce energy and costs
and avoid the complexity of ACC preparations. Therefore, the objective of this research is
to determine the best dissolution time in an attempt to enhance the performance of ACC
films made from OPEFB-bleached pulps. This article reports the effect of dissolution time
in the range of 5–45 min on the tensile properties of ACC films. It is expected that the
produced ACC films would have the potential to be used for green composite productions
and applications.

2. Materials and Methods

2.1. Materials

Oil palm empty fruit bunches (OPEFBs) were obtained from United Oil Palm Sdn
Bhd, Nibong Tebal, Penang, Malaysia. All of the reagent-grade chemicals, including N-N
dimethyl acetamide (DMAc), lithium chloride (LiCl), sodium hydroxide (NaOH), methanol,
and acetone, were derived from Nacalai Tesque Co., Kyoto, Japan, and used as received.

2.2. Isolation and Extraction of OPEFB Cellulose

In this work, non-cellulosic components were removed from cellulose samples made
from OPEFB biomass sources. By using soda pulping, extended delignification by bleach-
ing, and hemicellulose removal, cellulose was obtained from the OPEFBs. Based on the
processes disclosed by Wanrosli et al. [40], the pulping and bleaching sequence of the
OPEFB pulp was carried out. To isolate the cellulose, the dried fiber was first delignified
according to ASTM D 1104-56 to produce holocellulose, followed by the removal of the
hemicellulose fraction according to ASTM D 1103-60.

2.2.1. Soda Pulping Process

The pulping process was achieved through the use of a digestor (model IBSUTEK ZAT
92) from RB Supply Enterprise, Penang, Malaysia. The OPEFB was cooked at 26% NaOH
with a ratio of 1:8 (OPEFB: liquor) at 170 ◦C for 2 h. A hydropulper was then used to refine
the pulp, which was then washed with water, screened, dried, and noted as OPEFB-P.

2.2.2. Holocellulose Production

A total of 5 g of pulp from the OPEFB-P was transferred into a 1000-mL conical flask,
and 160 mL of distilled water, 1.5 g of sodium chlorite (NaClO2), and 10 drops of acetic
acid (10% wt/v) were added. The sample was kept inside a water bath at 70 ◦C for 3 h.
Next, 1.5 g of NaClO2, 10 drops of acetic acid, and 160 mL of distilled water were added
alternately for each hour. After 3 h, cooled distilled water was added to stop the chemical
reaction in the flask. The precipitate was then filtered with a glass crucible (2G2). The
remaining pulp in the glass crucible was washed using cold distilled water, followed by
acetone, and it was left to dry in the oven for 24 h.

2.2.3. Bleaching Process

The 2.0 g of the holocellulose (hemicellulose + cellulose) produced was treated with
50 mL of 17.5% sodium hydroxide at 20 ◦C for 2 h, and then 70 mL of distilled water was
added. This was to separate the hemicellulose from the holocellulose, leaving the cellulose.
The insoluble cellulose was filtered and washed with 50 mL of 8.3% sodium hydroxide.
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2.3. Preparation of All-Cellulose Composite Film

In another article, the surface selective dissolution procedure used to create all-
cellulose composites was described [19,41,42]. The OPEFB pulp was immersed in distilled
water, acetone, and DMAc, respectively, for 1 h each at room temperature to activate the
cellulose fibers. The activated EFB pulp was immersed in the LiCl/DMAc solution at room
temperature for four different dissolution times (5, 15, 30, and 45 min) with a 1% initial
cellulose concentration (wt. vol-1). The solution was then cast on a glass plate with a blade
and allowed to dry for 24 h in the open air. After that, the obtained ACC was immersed in
distilled water for 24 h and further dried in the open air overnight.

2.4. X-ray Diffraction

The Bruker D2 Phaser X-ray diffractometer (XRD), Bruker, Germany, equipped with
the LYNXEYE 1D solid-state ultra-fast detector with Cu-Kα radiation at room temperature
was used to analyze the crystallinity of the ACC films. The samples were analyzed using
a step size of 0.02 and a dwell time of 0.1 s per step. The following equation was used to
calculate the crystallinity index (CrI) for all ACC composite films [35]:

Crystallinity Index (CrI) = ( I − I’ / I ) / ( I ) × 100

where I = the height of the peak assigned to (200) planes, measured in the range 2θ = 20–23◦,
and I’ = the height of the peak assigned to (100) planes, located at 2θ = 12–16◦.

2.5. Fourier Transform Infrared (FTIR) Analysis

Fourier transform infrared (FTIR) spectroscopy was performed using a Nicolet Avatar
Model 360 spectrometer (Thermo Nicolet Corporation, Madison, WI, USA). The FTIR
analysis was measured in the transmittance mode from 500 nm to 4000 nm.

2.6. Scanning Electron Microscopy (SEM)

The tensile fracture surfaces of the composite samples were examined by scanning
electron microscopy (Quanta FEG 650, FEI, Brno, Czech Republic). The samples were
placed on the SEM holder using double-sided electrically conducting carbon adhesive tape
and gold-coated with a Polaron SEM coating unit. The SEM micrographs were obtained
under conventional secondary imaging conditions with an acceleration voltage of 10 kV.

2.7. Tensile Testing

Tensile tests were conducted according to ASTM D 882 using a texture analyzer (TA.XT
plus, Stable Micro Systems, Surrey, UK) with sample dimensions of 150 mm × 600 mm
(width × length). The samples were equilibrated in a desiccator at room temperature
with an RH range of 30–50% prior to the tensile testing. The tensile strength (TS), Young’s
modulus (E), and elongation at break (EAB) were recorded. The filmstrip was clamped
between the tensile grips with an initial grip separation of 100 mm, and the test speed was
set at 0.8 mm s −1 using a load cell of 30 kg. An average of five replicates were recorded.

2.8. Differential Scanning Calorimetry (DSC)

A differential scanning calorimetry analysis was performed using a Perkin Elmer Pyris
7 thermal analyzer (Radeberg, Germany). About 6 mg of the sample were put into the
sample pan, after which they were sealed and heated at 10 ◦C/min in a nitrogen flux from
30 to 400 ◦C. The data obtained from the samples were recorded continuously along with
the temperature and time intervals.

2.9. Thermogravimetric Analysis (TGA)

About 10 mg of the sample was heated at 10 ◦C/min in a nitrogen flux (20 mL/min)
from room temperature to 800 ◦C in a nitrogen flux atmosphere using a Mettler Toledo
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TGA/DSC 1 (STAR e system) (Schwerzenbach, Switzerland). The percentage of sample
weight loss versus temperature was recorded using a thermogram.

3. Results and Discussion

Following this point, the samples were identified by their initial cellulose concentra-
tions (preceded by “ACC”) and their dissolution times (preceded by “5–45”). The initial
cellulose concentration for each of the other ACCs is set to 1% (wt.vol−1) to ensure a single
variable. For example, sample ACC5 designates a composite prepared with a dissolution
time of 5 min in an 8% LiCl/DMAc solution. Table 1 summarizes the formulation of the
all-cellulose composite films in the present work.

Table 1. Formulation of the all-cellulose composite films in the present work under different conditions.

Samples
Dissolution Time, td

(min)

Initial Cellulose
Concentration, C

(%)

ACC5 5 1
ACC15 15 1
ACC30 30 1
ACC45 45 1

3.1. Tensile Properties

Figure 1 shows the effect of dissolution time on the tensile strength (TS) of all-cellulose
composite films. The mean values of the tensile strength, elongation at break (EAB), and
modulus of elasticity are shown in Table 2. Overall, it can be observed that the longer
the dissolution time, the higher the TS of the ACC films. The results showed that the
TS of the initial ACC5 increased from 11.96 MPa to 35.78 MPa at its highest when the
dissolution time reached 15 min, increasing by 66.58% in comparison to the initial film with
a 5-min dissolution period. This finding is in line with the results reported for ACCs from
other cellulose sources, such as flax, cotton fiber, canola straw, pineapple leaf, bacterial
cellulose, and bagasse, in response to the impact of longer dissolution times that lead to
significant improvements in the mechanical behavior of ACC films [4,24,25,27,42]. The
tensile properties of the ACCs generated from those cellulose sources were considerably
altered with the longer dissolution times, up to an ideal period.

 
Figure 1. Mechanical properties of the ACC film composites made from OPEFB at dissolution times
ranging from 5 to 45 min.
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Table 2. Mechanical properties of the all-cellulose composite films prepared at different dissolution times.

ACC Films
Tensile Strength

(MPa)
Young’s Modulus

(GPa)
Elongation at Break

(%)

ACC5 11.96 ± 2.7 0.73 ± 2.1 5.66 ± 1.4
ACC15 35.78 ± 4.7 2.63 ± 2.2 19.22 ± 4.7
ACC30 34.72 ± 6.3 2.94 ± 4.1 11.53 ± 6.9
ACC45 31.72 ± 5.2 2.75 ± 1.2 6.46 ± 2.2

The properties of the ACC films depend on the matrix, reinforcing phase, and inter-
face [22]. The improvement in the ACC films also filled the voids between the fibers and
cracks, which is probably because of the dissolved matrix [4,15,43]. This suggests that
the reinforcing phase and the polymer matrix interact strongly, preventing the mobility
of polymer chains. Furthermore, because of the improved contact between the fibers, the
strain at break of the all-cellulose composites was observed to significantly rise with the
longer dissolution periods. As a result, there was an increase in the process of stress transfer
from the matrix to the reinforcing material, hence, fostering the TS traits [27].

In contrast, the TS of the films showed a slight drop from 35.78 MPa to 31.72 MPa
when the dissolving time was prolonged from 15 to 45 min, although the TS value remained
superior to the initial film with the 5-min dissolution time. The excessive dissolution of
cellulose reduces the fraction of the reinforcing phase and, hence, weakens the mechanical
properties [22]. As the dissolving time increases, the TS of the ACC film decreases due to its
high wettability [41,42]. Similar to the findings of Yousefi et al. (2011) [25], the TS decreases
when the dissolution time is prolonged due to the aggregation of the cellulose particles.
Cellulose cannot perform its fundamental function when the particles are gathered. Thus,
the TS typically decreases.

Due to the various features that affect the EAB and TS values, the EAB trend typically
opposes the TS trend for many types of composites. EAB measures a material’s ductility,
while TS provides information about a material’s strength. The addition of more fillers
would typically raise the composite’s rigidity in a conventional composite system, reducing
the material’s elongation at break (flexibility). In the ACC system, higher dissolution times
result in increased matrix production and a lower reinforcing phase volume. As a result,
according to typical composite results, the EAB result should decrease as the dissolution
time increases. In this study, however, it is intriguing to note that EAB exhibits a directly
proportionate tendency to TS, which is somewhat raised when the dissolution time is
prolonged from 5 to 15 min before gradually decreasing as time passes.

This might be explained by the fact that the ACC was created using only one material,
EFB cellulose, which served as both the matrix and the reinforcement. This resulted in an
uncontrollable amount of dissolved (for the matrix) and undissolved (for the reinforce-
ment) cellulose in the structure of the ACC films, also known as the fiber volume fraction.
Estimating the fiber volume fraction of ACCs made using partial dissolving techniques
presents various difficulties. In contrast to conventional fiber-reinforced composites, the
amount of fiber needed to make ACCs will not be the same after processing because some
of the fiber will have dissolved to become the matrix [26].

In this study, the fiber volume fraction is inferred rather than measured by varying the
dissolving time; the higher the fiber volume percent produced, the longer the dissolution
time. Consequently, the fiber volume fraction produced the matrix and reinforcement ratio
that affected the EAB outcome. Despite the dissolving time being prolonged to 45 min,
there was not enough reinforcing phase inside the matrix domain to permit appreciable
changes in the elongation at break of the ACC films. As a result, the fraction that contributes
to elasticity may also change since the “actual composition” of the reinforcing phase in this
situation may not be proportional to the EFB content.

In addition to the variable elongation at break value, environmental factors including
moisture absorption, film absorption rate, and varying void contents due to the random
dispersion of the EFB particles in the ACC film structures could also be factors. These
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elements have an impact on the biopolymer chains’ flexibility and conformation when
they are deformed by tensile forces. These explanations could account for the surprising
elongation at break results of these ACC films [39].

Figure 2 shows the effect of dissolution time on the modulus of elasticity of the all-
cellulose composite films. The modulus of elasticity value increases for up to 30 min of the
dissolution time and then drops afterwards. The reason for the decrement could probably
be due to the increase in the OPEFB contents, which can cause aggregation of the particles.
Additionally, the particles that were not dispersed well in the solvent system were reported
by Zailuddin et al. [35].

 
Figure 2. Modulus of elasticity of the ACC films at various dissolution times (5–45 min).

3.2. FTIR Analysis

FTIR spectroscopy was used to distinguish between the cellulose allomorphs and the
celluloses of different crystallinities. In Figure 3, the FTIR spectra of the understudied
samples plotted in absorbance form within the range of 4000–500 cm−1 are shown. The
effect of the dissolution time on the structural changes of the ACC films was analyzed
using FTIR, which reflects the changes in the functional groups. It can be observed that
all four spectra had common bands, as both the matrix and the reinforcement agent in the
ACCs are cellulosic. All samples displayed two main absorbance regions and are found at
high (3000–3600 cm−1) and low (500–1800 cm−1) wavenumbers, respectively.

Table 3 shows the list of characteristic FTIR peaks and the corresponding motions of
the organic bonds in this study. Based on the spectra, it is evident that the O–H groups,
which make up the majority of the OPEFB ACC films, reside in a broad absorption band
in the 3700–3100 cm−1 area. Besides that, the broad peak in the wavenumber range of
3000–3600 cm−1 is believed to be generated by the O(3)H–O(5) intramolecular hydrogen
bond [44], and the peak at about 2850 cm−1 is attributed to the stretching vibration of C–H
bonds in the methyl and methylene groups [45]. The peak located at about 1420 cm−1 is
assigned to methyl group deformation and the lignin aromatic ring vibrations, whereas
the peak at about 1255 cm−1 is associated with C–O stretching in the guaiacyl ring [27].
The peaks at 1310 cm−1 and 1370 cm−1 are respectively assigned to the CH2 wagging
motion and the –OH in-plane bending of the crystalline form of cellulose [44]. The peaks
centered at about 1160 cm−1, 1025 cm−1, and 895 cm−1 are attributed to C–O–C asymmet-
ric bridge stretching, C–O–C pyranose ring skeletal vibration, and β-glucosidic linkage,
respectively [27]. These peaks are attributed to cellulose II [27], and the increase in their in-
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tensities results in more formation of the structure. It was claimed that the band of the O–H
region (3000–3600 cm−1) contrasts strongly with that of the materials produced by partial
dissolution [44]. Accordingly, the monotonic shift of the band to lower wavenumbers by
increasing the dissolution time indicates the generation of more new inter- and intramolec-
ular hydrogen bonds, meaning a higher transformation from cellulose I to cellulose II [46].
It is well known that cellulose II is thermodynamically more stable than cellulose I and
exists in antiparallel strains with intersheet hydrogen bonding [47].

 
Figure 3. FTIR spectra of the ACCs film composites at different dissolution time.

Table 3. Characteristic FTIR peaks and corresponding motions of organic bonds.

Wave Number
(cm–1)

Bond and Motion

3600–3000
2850
1420
1370
1310
1255
1160
1025
895

O(3)H–O(5) intramolecular hydrogen bond
stretching vibration of C–H bonds in methyl and methylene groups
methyl group deformation and the lignin aromatic ring vibrations
–OH in-plane bending of crystalline form of cellulose
CH2 wagging motion
C–O stretching in guaiacyl ring
C–O–C asymmetric bridge stretching
C–O–C pyranose ring skeletal vibration
β-glucosidic linkage

The calculation of the total crystallinity index (TCI) was performed from the ratio of
the absorption peaks at 1370/2850 cm−1 [48]. These two peaks were chosen because of
their low susceptibility to water. The variations of the indices for the understudied samples
are shown in Figure 4.

For instance, the understudied samples have TCI values in the range of 0.95–0.98.
Nelson and O’Connor [49] reported a value of 0.84 for hydrolyzed cotton cellulose and
a value of 0.90 for purified cotton yarn. The same authors reported values for partly
mercerized cotton in the 0.54–0.58 range [50]. Carillo et al. [48] reported values in the
0.64–0.87 range for regenerated fibers of different origins, whilst Duchemin et al. [44]
reported values in the 0.66–0.95 range for filter paper (FP) and micro-fibrillated cellulose
(MFC). From the TCI value variations, it can be seen that the parameter has a decreasing
trend versus the dissolution time. The sample underwent a monotonic TCI loss, starting
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from the highest value of about 0.98 initially and decreasing to a value of about 0.96 after
45 min. It is in good agreement with the TGA data and shows that the sample with a
lower initial concentration (1%) is sensitive to the dissolution time. Hence, the FTIR results
confirmed that the structural change of cellulose from cellulose I to cellulose II can be
detected in the composites by increasing the dissolution time in the samples.

 
Figure 4. TCI variations obtained from the ratio of the absorption peaks at 1370/2850 cm−1 for the
understudied samples.

In order to get more information about the structure of the materials and the crystal
structure of the ACCs, the ACC films prepared at various dissolution times were examined
by X-ray diffraction.

3.3. X-ray Diffraction (XRD)

The XRD curve of the all-cellulose composite films with different cellulose contents
and at dissolution times is presented in Figure 5. The X-ray diffraction (XRD) analysis
suggests that the degree of crystallinity of the ACC films significantly declined as the
structure of the dissolved cellulose changed from cellulose I to cellulose II.

All ACC samples showed the characteristic peaks at 2θ ≈ 12.0◦ for the (1 0 1) plane,
2θ ≈ 13◦ for the (1 0 1) plane, and 2θ= 23.0◦ for the (0 0 2) plane [14]. For qualitative
analysis of the XRD patterns, crystallinity index (CrI) evaluations were calculated by the
following equation (Equation (1)) [51]:

Crystallinity Index (CrI) = (I – I’) / ( I ) × 100 (1)

where I is the diffraction intensity assigned to (2 0 0) plane of cellulose Iβ (2θ ≈ 23◦). I′ is
the intensity measured at 2θ = 18◦, where the maximum happens in a diffractogram for the
non-crystalline cellulose. Crystallite size (width) of the cellulose was assessed by Scherrer’s
equation (Equation (2)) [52]:

D = Kλ / βcos (θ) (2)

where D is the crystal size, K is Scherrer’s constant (0.9), λ is the X-ray wavelength (0.15418
nm), θ is the Bragg angle for the (2 0 0) reflection and β is the corrected integral width.
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Figure 5. XRD patterns of the ACC film composites at different dissolution time.

A comparison of the X-ray diffraction patterns of the all-cellulose composites prepared
with 5, 15, 30, and 45 min of dissolution time shows that the crystalline peak intensities of
the composites mostly decreased with the dissolution time. The intensity decrement trend
with increasing dissolution time is clearer for the crystalline peaks of (1 1 0) and (1 1 0) plans
in the 2θ range of 10–15◦. In fact, at longer dissolution times, larger fractions of the fibers
are dissolved to form an amorphous matrix phase (non-crystalline domains). This confirms
the findings of previous studies [6,24,53,54] and indicates that the increase in dissolution
time would result in a transformation of cellulose I to cellulose II, as demonstrated by the
FTIR analysis. This phenomenon directly results in a reduction in the overall crystallinity
index and crystallite size of the composites, which were calculated from the XRD data, as
shown in Figure 6 and tabulated in Table 4.

According to Figure 6a, the highest crystalline index values in almost all dissolution
times belong to the sample with the initial dissolution time, which was 5 min. In addition,
from this figure, it can be seen that the rate of the CrI loss for the sample was significant,
indicating a higher sensitivity to the dissolution time, as seen in the TGA and FTIR results.
The decreasing trend of the CrI parameter with increasing the dissolution time can be
attributed to the effect of more solvents penetrating the spaces between the crystallites and
dissolved fibers, as well as the outer chains of the crystallites [25].

The processing of the X-ray diffraction data using the Scherrer’s equation (Figure 6b)
also reveals that the lateral crystallite size normal to the (2 0 0) plane in cellulose composites
is reduced with the immersion time. In other words, for all the ACC samples prepared with
dissolution times of 5, 15, 30, and 45 min, more crystalline cellulose is dissolved and, hence,
smaller cellulose crystallites remain with larger non-crystalline domains being formed. For
the ACC30 crystallite size, which is the smallest size, there is an interesting consequence. It
is possible that the fiber inside sample ACC30 has a smaller diameter or fewer entangle-
ments than those in the other samples. As a result, the unusually deep penetration of the
solvent caused it to become amorphous more quickly and lose more crystallite size. This
was also illustrated by the FTIR spectra of the composites (Figure 3), which indicate that
the absorption peak intensity of cellulose II increased with the dissolution time.
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Table 4. Degree of crystallinity and crystallite size of the ACCs of the ACC films.

Sample
Degree of Crystallinity

(%)
Crystallite Size

(nm)

ACC5 42.62 3.7
ACC15 41.21 3.9
ACC30 32.08 2
ACC45 28.8 3.9

 

Figure 6. The variations in crystallinity index and crystallite size. (a) Crystallinity index; (b) Crystallite size.

3.4. Scanning Electron Microscopy (SEM)

Figure 7a–d presents the SEM images of the surface of the ACC films as a function
of the dissolution time. The matrix was created from the fibers’ outer portions and joined
nearby fibers together after a 5-min dissolving period, as it can be clearly seen. Due to
insufficient wetting of the fibers at this early stage, the TS value is the lowest compared to
others, as predicted, and it is still possible to see microfibers that have not yet dissolved.
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Figure 7. SEM micrographs of the surface morphology of the all-cellulose composites at different
dissolution times: (a) ACC5, (b) ACC15, (c) ACC30, and (d) ACC45. (magnification ×500).

Theoretically, with the increase in the dissolution time, larger amounts of the matrix
were formed, as reported [23,55]. At 15 min of immersion, there was a skyrocketing
increase in the TS value. This can be explained by the formation of enough matrix from
the disintegration of cellulose to cover the spaces between the fibers. In the SEM images,
there is a noticeable reduction in the outlines and sinking of the fibers’ “vein”. However,
the TS value gradually decreased as the dissolution time increased. This is due to the films
becoming more brittle as a result of the excessive amount of matrix created. Hence, the
key to understanding the failure behavior lies in the optimum 15-min dissolution time.
This SEM analysis supports the TS results, whereby the dissolution time in the range of
15–45 min has a higher tensile strength compared to the 5-min initial dissolution time.

Morphology studies using SEM confirmed the XRD and TS results, i.e., that the
coexistence of cellulose I and II enhanced the interfacial adhesion between the reinforcing
fibers and matrices as the failure behavior of the film composite changed from fiber pullout
to fiber breakage. In addition, a better surface consists of fewer voids.

The study of the cross-sectional characteristics of ACC composite films can provide a
fair indication of the degree of interfacial adhesion between the fibers in a composite. In this
case, the composites prepared with longer dissolution times exhibit better TS values. The
fracture surfaces of the ACC films after tensile deformation are shown in Figure 8. Following
the five minutes of dissolution, the microvoids and fiber pullout deformation are visible,
as shown in Figure 8a. At the dissolution period of five minutes, the matrix (dissolved
cellulose) was unable to fill all the gaps between the fibers and all adjacent fibers. Thus, the
mechanical characteristics of the composites started to lower due to the inefficient stress
transfer from the matrix to the reinforcement. This failure mechanism has been reported
for cellulose mats with high porosity and weak interfiber bonding [27]. The ACC films
showed a smoother and more homogenous surface at the dissolution time of 15 min, which
is the greatest TS value of any other film. Therefore, stress can be efficiently transferred
from the matrix to the reinforcement (undissolved cellulose microfibers). However, the
failure mode changed to fiber breakage after the 15-min dissolution time, showing higher
mechanical properties resulting from the better interaction between the microfibers and the
cellulose matrix.
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Figure 8. Cross-sectional SEM images of all-cellulose composite films at different dissolution times:
(a) ACC5, (b) ACC15, (c) ACC30, and (d) ACC45. (magnification ×500).

3.5. Thermogravimetric TGA

In order to examine the influence of the dissolution times on the thermal stability
of the film composites, a thermogravimetric analysis of the OPEFB cellulose at different
dissolution times in the temperature range of 30–800 ◦C was performed. Figure 9 presents
the TGA/DTG curves of the all-cellulose composites at different dissolution times.

The weight loss in the early temperature stage (<100 ◦C) can be attributed to the evapo-
ration of moisture physically adsorbed to the ACC structure [27,56]. The weight loss for all
types of ACC films remained nearly unchanged at temperatures between 100 and 240 ◦C.
This could be due to the removal of the remaining hemicellulose and extractives during
the pulping and bleaching processes and the fiber isolation and extraction. Meanwhile, the
sharp drop in weight in the 250–350 ◦C temperature range corresponds to the loss of crystal
water and the thermal degradation of the main cellulose materials [24]. The variations
in the amount of residual char of the ACC samples at 800 ◦C (R800), the 50% weight loss
temperatures (Tw50) of the samples, and the temperature of the minimum point of the DTG
peak (DTGmin) are shown in Figure 10; the value is also included in Table 5.

Table 5. Thermal properties of the ACC films.

Sample
Degradation Temperature, ◦C

Tw50
DTGmin, ◦C

Residual Char at 800 ◦C, %
R800◦C

ACC5 335.5 327.66 15.95
ACC15 319.83 315.34 15.49
ACC30 312 304.17 18.86
ACC45 327.66 319.83 14.66
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Figure 9. TGA−DTG curves of all-cellulose composites after 5, 15, 30, and 45 min of dissolution.

 

Figure 10. Cont.
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Figure 10. The variations in (a) the 50% weight loss temperatures (Tw50), (b) the temperature of the
minimum point of the DTG peak (DTGmin), and (c) the amount of residual char at 800 ◦C (R800).

It is clear from Figure 10a,b that the general trends of the Tw50 and DTGmin are de-
creasing, and longer dissolution times lead to a decrease in the temperatures, as previously
indicated by other researchers [24,26,27]. This is because the long dissolution time results
in an almost complete dissolution of the cellulose fibers. On the other hand, the general
variation trends, shown in Figure 10c, indicate that the amount of residual char at 800 ◦C
increased with increasing the dissolution time. The increased char residue due to the
increased dissolution time can be related to the fact that the surface of the cellulose struc-
ture exhibits flame retardant properties, which acted as a catalyst for the dehydration and
thermal degradation of the ACCs, resulting in the increased char residue in the presence of
more cellulose-based structures (lower dissolution times) [57].

3.6. Differential Scanning Calorimetry (DSC)

Figure 11 shows the DSC thermograms of the understudied samples from 30 ◦C to
400 ◦C. The endothermic peak in the temperature range of 250–370 ◦C was attributed
to cellulose melting, which corresponded to the breakage of glycosidic bonds and the
depolymerization of the cellulose [58]. This indicated that the molecular structure had
changed, as observed in the TGA curves, and was also related to thermal decomposition.
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Moreover, the thermal transitions in this temperature range are associated with the onset
of thermal degradation of the cellulose, which consists of the rearrangement of molecular
chains, followed by molecular chain cleavage of glucosidic bonds and intermolecular
cross-linking [59]. This is in agreement with the work of Miranda et al. [60], which used
simultaneous differential thermal analysis (simultaneous DSC-TGA).

Figure 12 presents the variations of the maximum point temperature of each peak and
the obtained ΔH from the DSC diagrams versus the dissolution time for the samples. The
values are tabulated in Table 6. According to Figure 12a, the general trend of Tmax decreases
with increasing the dissolution time of the samples. It can be explained by the breakage
of more intramolecular and intermolecular hydrogen bonding in the molecular chain
during the dissolution process, resulting in a decrease in crystallinity and an endothermic
transition. Besides that, Liu et al. [61] also identified that regenerated cellulose films have
a lower endothermic peak than the original cotton pulp due to the breakage of hydrogen
bonds. From Figure 12b, it is clear that the dissolution time has no significant effect on the
ΔH values.

 

Figure 11. DSC thermograms of the all-cellulose composites after 5, 15, 30, and 45 min of
dissolution time.

Figure 12. Cont.
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Figure 12. The variations in (a) Tmax and (b) ΔH versus dissolution time.

Table 6. The variations in (a) Tmax and (b) ΔH versus dissolution time.

Sample
Maximum Point Temperature, ◦C

Tmax

Enthalpy, (J/g)
ΔH

ACC5 301.09 −30.79
ACC15 300.91 −70.53
ACC30 307.32 −123.24
ACC45 301.07 −45.64

4. Conclusions

The relationships between the dissolution time and the properties of the all-cellulose
composites obtained by the partial dissolution of OPEFBs in LiCl/DMAc were successfully
investigated. The following are the main findings that can be summarized from the
performed analyses:

• The amount of dissolved fiber surfaces is adequate to provide sufficient interfacial
adhesion to the composite, while a considerable fraction of the fiber cores remain,
reinforcing the material.

• The best dissolution time was discovered to be 15 min, which has the highest tensile
strength.

• A decrease in the crystallite size and degree of crystallinity was observed with an
increase in the dissolution time in the ACC films. The initial crystallinity of the
OPEFB-bleached pulp affected the processing and the properties of the all-cellulose
composites.

• The thermal stability of the ACC films shows a declining trend as the dissolution time
is increased.

The best composite produced in this study has comparable tensile qualities to other
ACC films described in past studies, making it a good candidate to be used in the production
of green composites.
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Abstract: Acute and chronic wounds caused by assorted reasons impact patient’s quality of life.
Films are one of the main types of moisture retentive dressings for wounds. To improve the healing
of the wound, films must ensure there is no microorganism contamination, protect from negative
environmental effects, and support optimal moisture content. The aim of this study was to formulate
optimal film-forming gel compositions that would have good physico-chemical properties and be
suitable for wound treatment. Nitrocellulose, castor oil, ethanol (96%), ethyl acetate, and cinnamon
leaf essential oil were used to create formulations. During the study, the drying rate, adhesion, flexi-
bility, tensile strength, cohesiveness, swelling, water vapor penetration, pH value, and morphology
properties of films were examined. Results showed that optimal concentrations of nitrocellulose for
film-forming gel production were 13.4% and 15%. The concentrations of nitrocellulose and cinnamon
leaf essential oil impacted the films’ physicochemical properties (drying rate, swelling, adhesion,
flexibility, etc.). The swelling test showed that films of formulations could absorb significant amounts
of simulant wound exudate. Film-forming gels and films showed no microbial contamination and
were stable three months after production.

Keywords: nitrocellulose; film-forming gel; film; cinnamon leaf essential oil; wounds

1. Introduction

A large part of society suffers from wounds caused by assorted reasons. They can be
acute, formed by mechanical damage to the skin, injuries, and chronic, which are caused by
certain diseases (diabetes, varicose, cancer, and others) and classified by etiology into four
categories, each with its own typical location, depth, and appearance: arterial, diabetic,
pressure, and venous [1–3]. Both types of wounds cause discomfort to patients: swelling,
bleeding, exudation, purulence, non-healing, and infections; some chronic wounds can
take decades to heal, thus contributing to secondary conditions such as depression, and
can lead to isolation and family distress [2–4]. Semi-solid dosage forms such as creams,
ointments, gels, and patches have traditionally been used to heal the wounds and deliver
drug or natural active ingredients transdermally. However, the main disadvantage of these
preparations is the limited contact with skin due to the rub-off by clothes during daily
activities [5]. In this field, there is a need to obtain transdermal dosage forms which would
avoid skin irritation and contact the skin closely for a prolonged time to deliver active
compounds [5,6]. In this regard, the film forming system (FFS) is a novel approach which
can be used as an alternative to conventional topical and transdermal formulations due
to its strong adhesion to the skin, sustained drug delivery to the affected site, and the
reduced need for frequent applications [6,7]. Film-forming gels are semi-solid formulations
of both solid and liquid materials; usually transparent and colourless, they are cosmetically
appealing [8]. A semi-solid form is obtained by treating the liquid phase with gelling
agents, but the polymers must also have film-forming properties [9,10]. Film-forming
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gels form a thin, transparent film in situ by solvent evaporation [11]. Addition of certain
materials into the composition of such gels allows to select various desired properties
for the films, for example: easy application, high adherence to skin, resistance to water,
air permeability, flexibility, the ability to absorb wound exudate and control its moisture,
softness, and easy, painless removal of the films at the patient’s request [8,11]. It is also
important that the resulting protective layer traps external pathogenic microorganisms,
thus preventing them from penetrating the injured area and causing an infection [1]. The
production of a film-forming gel with some or all of the above-mentioned properties would
result in a dosage form optimally suited for protecting any wound from environmental
factors and infection [8,11]. Natural substances used against infection could be essential
oils [12]. Cinnamon (Cinnamomum, family Lauraceae) leaf or bark essential oils have various
biological activities including antibacterial, antioxidant, antifungal, and cytotoxic [13,14].
Eugenol, benzyl benzoate, linalool, borneol cinnamaldehyde, trans-cinnamyl acetate, ben-
zene dicarboxylic acid, α-pinene, and coumaric acid are the main chemical compounds
determined in the composition of cinnamon essential oil [13,15].

The production of gels that form films, as found in the literature, is usually using the
mass method. This production method is quite simple and does not require high technical
costs. The liquid phase of film-forming gels is treated with gelling polymers capable of
forming films, and other substances of significant importance to the effect of the drug are
added after allowing the gel to form.

The aim of this work is to design nitrocellulose films containing cinnamon essential
oil, to perform their optimization and to evaluate the physico-chemical, mechanical, and
biopharmaceutical properties of the films.

2. Materials and Methods

2.1. Materials

The main ingredients used during experiments were 96% alcohol (AB “Vilniaus
degtinė”, Vilnius, Lithuania), castor oil, ethyl acetate, sodium chloride, calcium chloride,
buffer solution (pH = 7.5) (Sigma-Aldrich, Darmstadt, Germany), cinnamon leaf essential
oil (UAB “Naujoji Barmunė”, Vilnius, Lithuania), jojoba oil (UAB “Kvapai”, Vilnius, Lithua-
nia), purified water (Ph. Eur. 01/2008:0008, LSMU laboratory), gelatin (UAB “Klingai”,
Vilnius, Lithuania).

2.2. Preparation of Gels Forming Films

The base of a film-forming gel was prepared from ethyl acetate, ethanol, and castor
oil. Essential oil was mixed with ethanol, then ethyl acetate was added and mixed well
again. The solution was mixed with castor oil. After stirring the mixture was clear and
homogeneous. Then it was poured into a glass with a gelling agent—nitrocellulose and
mixed again until a homogeneous consistency. The obtained product was poured into a
container and sealed [1,6]. When the gel is spread on the coating surface and the films are
formed, no cracks or wrinkles should be visible. The film must be colorless and transparent
to be less noticeable and for the condition of the wound to be visible [16].

2.3. Evaluation of Film Drying Rate

A small amount of the gel was placed on a Parafilm at 33–36◦C and the time needed
for the gel to form a film was recorded. If the film formed too quickly or too slowly, the
formulation was adjusted [9]. After a drying time of 2 min, a glass plate was placed on the
film and observed. If the film was dry there should be no liquid/gel residue on the plate. If
the film was not dry, the test was repeated and the time for drying extended. A modified
method was used to perform the test [6,16].

2.4. Assessment of Film Surface and Homogeneity Properties

Microscopy was used to evaluate the surface morphology of the formed films [17].
The films were cut into 3 × 5 mm2 pieces and placed on a microscope slide. Images were
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obtained using a microscope with a working distance of 15 mm and a magnification of 40×.
No lumps or uneven surface should be visible during the test.

2.5. Assessment of Surface Adhesiveness and Wound Adhesion

The surface adhesion of films was determined when the obtained film was completely
dry. A piece of cotton wool gently touched to its surface, should not stick to the film.
Adhesion was considered high if a lot of cotton fibers remained, medium if only a few
fibers remained, and the film was non-sticky if no fibers remained at all [6,9]. In addition
to the above-mentioned method, there was another, more specific method for evaluating
the adhesiveness of films: a texture analyzer (Stable Micro Systems Texture Analyzer TA.
XT plus) was used. A completely dry piece of film measuring 2 × 2 cm2 was placed on a
special fixed plastic table and pressed with a transparent plastic plate with a 1 cm diameter
cavity in the middle, leaving an open part of the film. A stick with a flat end slightly less
than 1 cm in diameter was attached to the metal support on top of the texture analyzer.
The parameters were determined—the applied force during contact was 5 g, the contact
time between the stick and the film—5 s, the speed of the stick movement during the
test—1 mm/s. The texture analyzer lowered the stick until it pressed against the surface of
the film, raised it up after 5 s and measured the force required to tear the end of the stick
from the surface of the film.

The films prepared for adhesion test were cut into square strips (2 × 2 cm2) and
attached to a probe with a diameter of 35 mm. Before the test, a simulation of wound was
prepared from 20 g of 6.67% (V/V) gelatin in a 90 mm Petri dish and kept at 4 ◦C overnight.
Gelatin surface was covered with 500 μL of an aqueous phosphate solution (pH = 7.5).
The films were kept in contact with the gelatin for 1 min. The probe was set before and
during the test for 0.5 mm/s speed, after the test speed was 1 mm/s with a force of 1 N. The
peak adhesion force represents the maximum force required to remove the film from the
simulated wound surface, the area under the curve (AUC) represents the overall adhesion,
and the cohesion represents the distance (mm) to tear the film away from the wound [17].

2.6. Evaluation of Film Flexibility

The flexibility of the films was evaluated by resistance and tensile tests. A texture
analyzer (Stable Micro Systems Texture Analyzer TA. XT plus) was used for both tests.
Resistance testing was performed using a ball with a metal needle attached to a metal
support. Film in 3 × 3 cm2 shape (n = 6 for each composition) was transferred to the
middle of a special device stand with a round cavity of 1 cm diameter in the way that no
wrinkles and unstressed areas were visible. The film was pressed so that the ball would not
move and distort the results when hit it. The test parameters were determined—the ball’s
downward pressure distance—40 mm. The test showed the force required to pierce the film,
thus showing its flexibility. The tensile strength was calculated based on the formula [17]:

Tensile strength
(

N/mm2
)
=

applied force (N)

initial cross − sec tional area (mm2)
(1)

A tensile test was performed, where the distance and force required to break the film
was measured [1]. The tensile test of the films was performed with a texture analyzer
by attaching films measuring 65 × 30 mm2 from both ends to clamps on opposite sides,
approximately 3 cm apart (n = 6 for each composition). The clamps were held on a metal
base. One of the clamps was locked, the other could move. During the measurement,
the moving clamp pulls the film upwards. The stretching speed was 6 mm/s, the lifting
distance of the moving clamp—150 mm. Tensile strength was measured when the film was
torn [16,17].

2.7. Evaluation of Water Vapor Permeation and Swelling

The evaluation of water vapor permeation test was based on a modified Mu et al.
method [1,18]. A round shape piece of film (n = 3 for each composition) was placed on a
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plastic tube of 30 mm diameter with 8 mL of distilled water. The tube was placed in an
incubator, kept at a temperature of 38 ± 2 ◦C with a humidity of 60 ± 5% for 24 h. Water
vapor transmission rate was calculated by the formula [19]:

WVTR =
W/t

A
(2)

WVTR—water vapor transmission rate; it is the amount of water vapor penetrated in grams
per square centimeter in 1 h interval (g cm−2 d−1)
W—change in weight (g),
t—time (d),
A—sample area (cm2).

Swelling was determined by weighing three 2 × 2 cm2 strips of film and immersing
them in 10 mL of simulated wound fluid. Simulated wound fluid was prepared from
0.184 g of calcium chloride, 4.149 g of sodium chloride, and 1000 mL of purified water [20].
After films immersion in simulated wound fluid, changes in weight were observed every
15 min for 2 h. The hydrated films were gently blotted with filter paper to remove excess
simulated wound fluid from the surface and then weighed again. The swelling index was
calculated by the formula [17]:

Swelling index (%) =
Ws − Wd

Wd
× 100 (3)

Ws—the weight of the film after hydration,
Wd—the weight of the film before hydration.

2.8. Microbiological Evaluation of Gel Quality

Microbiological evaluation of the gels was performed on 5, 5K, 6, and 6K samples. The
physiological solution was dispensed into 5 mL individual tubes and used for preparation
of suspension of the following bacteria: Staphylococcus aureus and Pseudomonas aeruginosa.
All bacteria were isolated from clinical material. The broth liquid medium was dispensed
into test tubes to give a final volume of 10 mL (with a sample of film-forming gel). The
medium was sterilized. For each bacterial culture Mueller Hinton broth was used. The
tubes were inoculated with 10 μL of bacterial suspension with the film-forming gel. After
48 h of incubation, each tube was inoculated with 10 μL of suspension on soy-tryptone
agar (Thermo Fisher, Hampshire, UK) [21]. After this bacterial growth (bacterial colonies
growing (+)/no growing (−)) was counted.

2.9. Determination of Stability and pH Value of Film-Forming Gels

The stability of gels forming films was determined after 1 month under accelerated
conditions (equivalent to 3 months under normal conditions). The manufactured and
packaged gels of the formulations 5 and 6 were stored at 38 ± 2 ◦C for 28 days. The
appearance of films was recorded on the day of production, then on days 7, 14, 21, and
28 [22].

Meanwhile, the pH of the samples was determined immediately after gels preparation.
Five grams of gel and 95 mL of purified water were put together, mixed for 10 min, filtered
and the pH value measured [22].

2.10. Qualitative and Quantitative Evaluation of Essential Oil Composition of Cinnamon Leaves

For the qualitative and quantitative analysis of the essential oil of cinnamon leaves
a Shimadzu GC-MS-QP2010 gas chromatograph-mass spectrometer system (Shimadzu,
Tokyo, Japan) equipped with a Shimadzu autoinjector AOG-5000 (Shimadzu, Tokyo, Japan)
was used. A capillary column RXI-5MS (30 m × 0.25 mm × 0.25 μm film thickness) was
used. Sample of 0.2 μL was injected into the split/splitless injector with a split ratio 1:50.
The operating conditions were as follows: the chamber temperature was maintained at
40 ◦C for 3 min and raised at 5 ◦C/min rate to 120 ◦C. After 3 min the temperature was
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reduced at 2 ◦C/min rate to 180 ◦C, maintained for 3 min. After 3 min the temperature
was raised for the last time to 230 ◦C at 5 ◦C/min rate and again maintained for 3 min.
Temperature of injector, detector and ion stream was 250 ◦C. Helium was used as the carrier
gas. The identification of the components was based on the comparison of their mass
spectrum with the spectra specified in the databases. Quantitative analysis of components
was carried out by peak area normalization measurements [23].

2.11. Statistical Analysis

The results obtained in the tests were evaluated by statistical analysis. Data processing
program IBM SPSS Statistics (version 27.0.1) (IBM Corporation, New York, NY, USA)
was used to determine arithmetic means, standard deviations, and statistical significance.
Significance was assessed by Kruskal-Wallis, one-way ANOVA (k samples) tests (significant
when p < 0.05).

3. Results and Discussion

3.1. Effect of ingredients on Film-Forming Gel Formation and Appearance of Films

At the beginning of the study, empirical tests were conducted to find the optimal
control composition. Table 1 shows that during the test, seven formulations and two
controls with different amounts of used substances were produced, but only two met the
visual and physical requirements. For further studies only two formulations were chosen.

Table 1. Composition of film-forming gels.

Ingredients
Formulations

5 K 6 K 1 2 3 4 5 6 7

Nitrocellulose 13.4% 15% 11% 15.4% 15.4% 16% 13.4% 15% 15%
Ethanol (96%) 26.1% 24.7% 25.7% 24.6% 24.6% 24.7% 26.1% 24.7% 24.7%
Ethyl acetate 52.2% 51.9% 51.3% 54.8% 51.7% 51% 52.2% 51.9% 51.9%

Castor oil 6.3% 6.4% 10% 4% 6.3% 6.3% 6.3% 6.4% -
Jojoba oil - - - - - - - - 6.4%

CLEO - - - - - - 2% 2% -
CLEO—cinnamon leaf essential oil (active ingredient), K—control.

In the literature, concentration of cellulose derivatives in film-forming gels varied from
2% to 30% [24,25]. However, after making the product according to the first composition,
which contained 11% nitrocellulose and 10% castor oil, the gel turned out liquid. The film
formed, but the drying process was long, and the surface felt very sticky when dry. It also
did not peel nicely from the Parafilm. Based on these observations, other formulations with
higher amounts of nitrocellulose and lower amounts of castor oil were tested. By increasing
the nitrocellulose content in the second composition to 15.4% and after reducing castor
oil to 4% the gel was thicker, but the film was of white color. After it dried, large cracks
appeared (Figure 1).

Figure 1. Appearance of films.

The visual investigation concluded that the film does not bend at all. This could
be due to the smaller amount of castor oil. Increasing the castor oil content to 6.3% in
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formulation 3 produced a strong film that dried quickly and peeled off the surface, but the
color remained off-white. The reason for that could be that the amount of nitrocellulose was
too high. The same film appearance was obtained with formulation 4: 16% of nitrocellulose
produced a thick gel, but the film was white, uneven, sticky, and cracked. Formulation 5
consisted of 13.4% nitrocellulose, the gel was significantly more liquid than in formulation 4,
and it also formed transparent, elastic, fast-drying, and solid film (Figure 1).

However, stickiness was still noticeable, which can be annoying when in contact with
clothes, so the amount of nitrocellulose in the composition was increased to 15%. Film
6 showed the best results—a colorless, fast-drying, a little sticky, solid, strong, but at the
same time elastic film was formed (Figure 1).

During the research, castor oil was replaced with jojoba oil, trying to obtain high-
quality, fast-drying films. The composition was 15% nitrocellulose, 24.7% ethanol, 51.9%
ethyl acetate, and 6.4% jojoba oil. Visually, the gel containing jojoba oil was similar to gel 6,
but the differences became visible after pouring it in a thin layer and observing the film
formation process. After a few minutes, the film started to wrinkle, shrink at the center, and
uncured gel remained at the edges. After removal from the surface, and trying to stretch
the film, it was inelastic and started to turn white, so for further experiments jojoba oil was
not used. The condition of the films is shown in Figure 2.

Figure 2. Film No. 7 with jojoba oil. On the left side—appearance of the film after film-forming gel
preparation and application on the surface, on the right side—appearance of the film after 1 h.

According to the results, the gels of formulations 5 and 6 formed films with optimal
properties. They were selected for further studies after adding 2% of cinnamon leaf essential
oil as an active antibacterial agent. Due to the rapid formation of films and excellent
appearance, these products would be suitable for use by patients, and the transparency of
films will allow for monitoring of the wound’s condition.

3.2. Results of Drying Time Test of Films

After selecting the most suitable composition, the drying time test of the films formed
by the gels at 33–36 ◦C temperature was carried out. Drying time is a crucial factor in
evaluating the quality of films. During the study, three (1–3) tests were performed by
pouring the gels in a 0.8 mm layer and three (4–6) in a 1.5 mm layer. The drying of the
formed films was assessed visually at the beginning—it was observed when the surface
became no longer gel-like, and drying time was recorded with a timer. After that, a
microscope slide was placed on top of it to check if the film was completely formed. Drying
time results presented in Table 2 show that the film formation time for the gel layers of
0.8 mm was almost double for the fully prepared formulations compared to the controls: in
both cases, control compositions dried faster (p < 0.05). A statistically significant difference
(p < 0.05) was observed when comparing samples with the active substance—the films
formed by the gels of formulation 6 dried faster than of formulation 5. On the contrary,
three tests when casting 1.5 mm gel layer (tests marked with an * in Table 2) showed that
both compositions needed more time to form films and the difference between the obtained
data was not statistically significant (p > 0.05). Due to the data on the drying time of 0.8 mm
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thickness films, it could be assumed that the addition of essential oil to the composition
slowed down the drying of the films, but comparing the drying of 1.5 mm thickness
films in the same way, it was found that there is no statistically significant difference
between drying times (p > 0.05). Researchers have found that films containing PVP/PVA
materials dried about 3 min [26]. According to Velaga et al. [27], films prepared from
hydroxypropyl methylcellulose and polyvinyl alcohol had various drying times depending
on drying temperature: hydroxypropyl methylcellulose was 6.39, 4.65, and 3.62 min at
40, 60, and 80 ◦C, respectively, and the polyvinyl alcohol was 6.98, 4.18, and 3.03 min at
40, 60, and 80 ◦C, respectively. Different results were obtained by Tapia-Blacido et al. [28],
who prepared the film from Amaranthus cruentus seed flour. The drying time of 80 ± 5 μm
thickness films depended on drying conditions (temperature and relative humidity)—0 ◦C,
40% RH; 30 ◦C, 70% RH; 50 ◦C, 40% RH; 50 ◦C, 70% RH; 25.9 ◦C, 55% RH; 54.1 ◦C, 55%
RH; 40 ◦C, 33.8% RH; 40 ◦C, 76.2% RH; and 40 ◦C, 55% RH. The fastest drying of film was
obtained using 50 ◦C, 40% RH—4.2 h, and the slowest drying was at temperature 30 ◦C,
RH 70%–14.6 h [28]. Longer drying time depends on lower solution evaporation because
of lower temperature and higher humidity.

Table 2. Results of the drying rate of films with different compositions.

Tests
Formulations

5 K 6 K 5 6

1 test * 1 min 04 s 0 min 56 s 2 min 36 s 1 min 27 s
2 test * 1 min 08 s 0 min 44 s 2 min 14 s 1 min 25 s
3 test * 1 min 25 s 0 min 52 s 1 min 58 s 1 min 15 s
4 test ** 2 min 51 s 2 min 20 s 2 min 47 s 2 min 55 s
5 test ** 2 min 43 s 2 min 12 s 3 min 02 s 2 min 20 s
6 test ** 2 min 36 s 2 min 10 s 3 min 10 s 2 min 30 s

*—gel poured 0.8 mm layer; **—gel poured 1.5 mm layer; K—the control formulation, which does not contain
cinnamon leaf essential oil.

3.3. Results of Evaluation of the Surface and Homogeneity Properties of the Films

The morphological properties of the films were evaluated by microscopic analysis at
40 times magnification. Figure 3B shows the surface of the 5K film. The smallest particles
were 3.17 μm wide, the largest—10.3 μm. Figure 3A shows the surface of composition 5.
The smallest diameter of the particles was 8.8 μm, and biggest—23.93 μm. The average
diameter of analyzed objects was 14.69 μm. To determine the effect of essential oil on the
morphology of the films, control films were also evaluated. The average of particles is two
times bigger than in composition 5 (6.14 μm).

Figure 3. The surface of the film 40× magnification: (A) film No. 5; (B) film No. 5K (control
compositions); arrows show the dimples of the film surface.

The diameter of the particles from formulation 6 are shown in Figure 4. Control
formulation 6 is shown in B: the smallest particles of this sample were 2.20 ± 0.85 μm and
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the largest—12.44 ± 0.71 μm. The smallest particles of composition 6 (Figure 4A) were
8.21 ± 0.69 μm, the largest—20.2 ± 76 μm, and the average—14.12 ± 0.88 μm. The dimples
of the formulation 6K films were significantly smaller than of formulation 6—the average
diameter was 7.26 μm (Figure 4B).

Figure 4. The surface of the film 40× magnification: (A) film No. 6; (B) film No. 6K (control
compositions); arrows show the dimples of the film surface.

According to the results, the dimples of films are very small. Comparing the averages
of surface indentations of the films of the fifth and sixth compositions, the similarity of the
diameters is noticeable, so it was not possible to single out the superior composition in
this case. Adding the essential oil to the composition caused the formation of pits twice as
large. Small bends are natural, indicating that volatile components were removed during
the formation of the films. The films were formed qualitatively because none of the gels
formed clumps when drying.

3.4. The Results of the Tests on the Adhesiveness and Adhesion of the Films to the Surface

The film surface adhesion test was based on the amount of force required to peel the
surface of the texture analyzer stick from the film surface (Figure 5).

 
Figure 5. An apparatus to perform adhesion test for films.

The tests showed a statistically significant difference between the averages of the force
required to peel the film from the surface between the 5 and 5K composition films (0.15 N
and 0.07 N, respectively) (p < 0.05). A statistically significant difference (p > 0.05) was found
between the composition 6 and 6K. Figure 6 shows the film adhesion comparison between
all formulations. Between compositions 5 and 6, adhesiveness remains very similar, so the
difference is not significant (p > 0.05).
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Figure 6. Comparison of film adhesion between formulations (n = 6). The composition values are
given in Table 1. p < 0.05 between 5 and 5K; 6 and 6K compositions.

Unlike surface adhesion, the inner surface of films must be sufficiently adhesive to
adhere to the wound. To evaluate this property, a wound adhesion test was used, which
shows three parameters—average film removal force peak, cohesiveness, and overall
adhesion. The results of formulations 5 and 5K, in Figures 7 and 8, revealed that there were
no differences between maximum removal force and total surface adhesion results (p > 0.05),
while the cohesiveness (indicated in red line Figure 8) was 1.45 mm for formulation 5, and
1.3 mm for formulation 5K.

 
Figure 7. Comparison of film removal force by composition (n = 8). The composition values are given
in Table 1. p < 0.05 between 6 and 6K; 5 and 6 compositions; p > 0.05 between 5 and 5K compositions.
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Figure 8. Comparison of adhesion and cohesiveness between formulations (n = 8). The composition
values are given in Table 1. p < 0.05 between 5 and 5K compositions; p > 0.05 between 6 and 6K; 5 and
6 compositions.

For formulations 6 and 6K (Figure 7), the results showed a statistically significant
difference only for maximum film removal force (0.66 N and 0.61 N, respectively) (p < 0.05).
The data of cohesiveness and adhesion were similar, and the difference was not significant
(p > 0.05). According to the results, essential oil could affect the adhesion to the surface of
the films. The adhesion test results of nitrocellulose films are quite like sodium alginate
films. Fiume et al. evaluated the effect of protein content on the adhesion properties of
films: removal force peak was 0.49 N, adhesion—0.15 N/s, and cohesiveness—1.6 mm [29].
This data corresponded to the 5K composition film results.

According to the obtained results, the addition of cinnamon leaf essential oil increased
the surface adhesion of the films but did not affect the wound adhesion parameter. The
adhesion of formulation 5 increased about two times, and formulation 6—more than four
times (Figure 8). The internal adhesion test showed that the gels of the sixth formulation
formed films with a total adhesion and maximum average removal force almost twice that
of the 5th formulation. Coherence was not significantly different. These results allow us to
confidently assert that the sixth gel composition, which contains more nitrocellulose, would
adhere more strongly to the damaged area, thus forming a reliable barrier. Additionally, it
would be more convenient to apply on the surface of the wound, because it would not stick
to clothes, bedding, or other surfaces.

3.5. Results of Film Flexibility Tests

Two tests were performed to determine the flexibility of the films. The differences in
the flexibility of the films of compositions 5 and 6 and control compositions were tested.
The purpose of the compression test was to find out the maximum force that can be pressed
down on the film before it tears (Figure 9).

Flexibility properties of the films were compared (Figure 10). The difference between
control compositions, 5 and 6 compositions were statistically significant (p < 0.05). Tensile
strength of 6K was the highest of all the samples—0.5735 N/mm2, sample 5K—0.3846 N/mm2.
Data show that the tensile strength of film 6 was 2.7 times higher than film 5 (0.1948
and 0.0728 N/mm2, respectively). The addition of essential oil of cinnamon leaves and
higher concentration of nitrocellulose strongly reduced the elasticity and strength of the
films. Momoh et al. [17] claimed that the optimal properties of the films are achieved
when there is a balance between strength (brittleness) and elasticity (flexibility)—tensile
strength of alginate film was 6.12 ± 0.11 N/mm2. According to results from Marangoni
Junior et al. [30], a higher concentration of film-forming gel additives, such as propolis
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extract and silica, ensured higher tensile strength of sodium alginate films: only sodium
alginate film—12.9 MPa, sodium alginate and 3% propolis extract—16.5 MPa, sodium
alginate, 3% propolis extract, and 5% silica—18.2 MPa and sodium alginate, 3% propolis
extract, and 10% silica—19.6 MPa. Nitrocellulose films have lower tensile strength because
of different polymer (nitrocellulose vs. sodium alginate) structure and different compounds
used in composition (castor oil, CLEO vs. propolis extract, silica). According to other
studies, tensile strength could increase after adding higher concentrations of polymers,
plasticizers, and other bonding compounds.

 

Figure 9. Pressure resistance test for films.

 

Figure 10. Comparison of tensile strength by composition (n = 6). The composition values are given
in Table 1. p < 0.05 between 5 and 5K; 6 and 6K; 5 and 6 compositions.

The second test for assessing flexibility is tensile. In this test, the film was attached to
the clamps from two sides and the upper clamp was pulled up until it teared (Figure 11).

Figure 11. Film before (left) and after (right) tensile test.
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The results showed (Figure 12) statistically significant differences in tensile values
between all the tested films (p < 0.05). The tensile value of formulations 5 and 5K was
3.24 N/mm2 and 3.33 N/mm2, respectively, for formulations 6 and 6K—3.34 N/mm2 and
3.23 N/mm2, respectively.

 
Figure 12. Comparison of tensile value of films by composition (n = 6). The composition values are
given in Table 1. p < 0.05 between 5 and 5K; 6 and 6K; 5 and 6 compositions.

The results of the films’ flexibility showed that the resistance and tensile tests do not
correlate and the effect of the essential oil the elasticity of the films could not be proven.
Furthermore, due to the conflicting results of the two tests, it would not be correct to claim
that the flexibility of composition 6 is better than composition 5.

3.6. Water Vapor Penetration Test Results

The water vapor permeability test is an important indicator that shows how the film is
able to retain moisture in the wound. During the test, samples were placed in an incubator
and kept for 24 h. After 24 h, the samples were analyzed and weighed. The subjects were
slightly pale after the test. This was most likely due to the ability of nitrocellulose to interact
with water molecules and turn from colorless to white (Figure 13).

Figure 13. Water vapor transmission rate (WVTR) test. Films before (left) and after (right).

Figure 14 shows the results of WVTR for compositions 5, 5K, 6, and 6K. Film formula-
tion 5K was able to transmit 0.0196 g of water vapor per 1 cm2 per day, and formulation
5K—0.0206 g (p < 0.05). Formulations 6 and 6K transmitted less water vapor than formu-
lations 5 and 5K. There was no difference in WVTR between 6 and 6K films (p > 0.05).
Results from Maragoni Junior et al. [30] show that, the addition of propolis extract and silica
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provided a decrease in WVTR: the control film (708.7 ± 60.9 g m−2 day−1) and the film
containing the highest concentration of silica (10%) (595.2 ± 3.5 g m−2 day−1) (reduction
about 16% in this variable). Furthermore, the authors found that the reduction of WVTR
may have been influenced by the tendency of increasing film thickness, particularly at the
highest filler load [30]. Tapia-Blacido et al. [28] found that WVTR of films prepared with
sorbitol is lower than that of glycerol-containing films: the better water vapor barrier prop-
erties of films containing sorbitol as plasticizer compared with those of the films containing
glycerol might be because sorbitol is less hygroscopic.

 

Figure 14. Comparison of average water vapor permeation through the film by composition (n = 3).
The composition values are given in Table 1. p < 0.05 between compositions 5 and 6; p > 0.05 between
5 and 5K; 6 and 6K compositions.

According to obtained data, all film formulations are very poorly permeable to mois-
ture, which may cause discomfort to patients. The moisture that accumulates in the wound
will not be removed, causing the tissues to swell, stretch, and not heal. The amount of ni-
trocellulose in the composition affected the transmission of water vapor, while the addition
of essential oil had no impact on it.

3.7. Swelling Test Results of the Films

A test that analyzes film ability to absorb wound exudate was carried out for 2 h
by weighing the films, which had previously been dried with filter paper, every 15 min.
Figure 15 shows that formulation 6 maintained the lowest swelling index (4.55%) during
the first 15 min of the test. At 45 min of the test, the percentage of wound fluid absorption
increased to 30.3%. Then the swelling index stopped for a while and only between the 75
and 90 min of the study it started to increase again. The highest swelling index was after 2 h
for composition 5K. Comparing compositions 5 and 5K, it was observed that the increase
in the swelling index of both took place evenly, but composition 5 was less swollen. Only a
small difference in the level of absorption of wound fluid was observed between composi-
tions 6 and 6K. The composition of 6K initially had only a 1.25% higher swelling index than
composition 6 and the difference increased to just 4.32% over time. Thus, the 6 formulation
showed the lowest swelling ability after the 2 h test. Fan et al. [31] data matches our results
because the swelling rate decreases with increasing the concentration of nitrocellulose,
which decreases from 19.86% at 2% solid content to 3.13% at 16% solid content.
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Figure 15. Comparison of swelling index, % variation with time (n = 3). The composition values are
given in Table 1.

Man et al. [12] studied the properties of sodium alginate films and found that for
effective wound healing, the films must be able to absorb a large amount of fluid secreted
by the wound: the swelling index of the film with sodium alginate was 85% after 2 h.

According to the results, the control formulations showed slightly better wound
fluid absorption capacity, suggesting that cinnamon leaf essential oil slightly reduced the
swelling properties of the films. In the compositions with the active substance, the swelling
index was 43.18 and 50.2% (compositions 6 and 5, respectively). The lower swelling of
the formulation 6 could be explained by the higher amount of nitrocellulose leading to an
inferior interaction with water.

3.8. Microbiological Test Results

Six samples were tested in this test for the microbiological contamination—gels of
formulations 5 and 6 stored for a month at 38 ± 2 ◦C, freshly prepared gels of formulations
5 and 6, and freshly prepared control samples of formulations 5 and 6 without essential
oil. S. aureus and P. aeruginosa bacteria were searched for in the samples mentioned. The
obtained results confirmed the expectations—no bacteria were detected in any of the
samples (Table 3, Figure 16). The essential oil may not have been the most important factor
in the absence of bacteria. Control formulations without the active substance also inhibited
the growth of microorganisms in the gels. The absence of bacteria in the gels proves that
the product is suitable for wound treatment, and it does not cause soft tissue infections,
such as purulent/non-suppurative Impetigo, ecthyma gangrene, staphylococcal scalded
skin syndrome (SSSS), rosacea, etc. [32]. Mu et al. [1] found that nanopores formed by
nitrocellulose inhibit the penetration of bacteria through the film, but this microbiological
study could indicate that the gelling substance also has microorganism-killing properties,
and the essential oil of cinnamon leaves was not the most important factor determining the
proper microbiological quality of the gel.

Table 3. Results of film-forming gels microbiological analysis.

Bacteria Strains
Formulations

5M 6M 5FP 6FP 5KFP 6KFP

S. aureus - - - - - -
P. aeruginosa - - - - - -

M—film-forming gels, stored for a month at 38 ± 2 ◦C; FP—freshly prepared film-forming gels; K—control
formulations; —no bacteria was detected.
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Figure 16. No bacteria growing was detected on film-forming gels. M—film-forming gels, stored for
a month at 38 ± 2 ◦C; FP—freshly prepared film-forming gels; K—control formulations.

3.9. Stability Test Results

The stability of the film-forming gels and films of formulations 5 and 6 was tested for
28 days at 38 ± 2 ◦C. Monitoring changes in stability took place on the day of production,
and on days 7, 14, 21, and 28. The color, integrity, and surface of the films did not change
during stability test (Table 4). The films remained intact, there were no visible cracks or
thinning, no change of color. Film-forming gels after 28 days had no color, odor, viscosity,
texture changes (Table 5). Film-forming gels based on various grades hydroxypropyl
methylcellulose (HPMC) remained stable for 3 months at 40 ◦C and 75% RH for accelerated
stability and at 4 ◦C in the fridge [33] and hydroxypropyl cellulose-based film-forming
gels—6 months in the same conditions [16]. Bharti et al. [34] used HPMC as the base
for film-forming gels to prepare films with buspirone hydrochloride nanoparticles. After
90 days at 25 ◦C and 60% relative humidity there was no difference seen in the physical
appearance, surface pH, and disintegration time of films [34].

Table 4. The stability test for films No. 5 and No. 6.

Days Film Formulation 5 Film Formulation 6

Production day (0)

  

7

  

14
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Table 4. Cont.

Days Film Formulation 5 Film Formulation 6

21

  

28

 

Table 5. Status of the control and non-control gels formulation before and after the stability study.

Control With CLEO

Before test (production day)

After test (28 days)

 
CLEO—cinnamon leaf essential oil (active ingredient).

3.10. Evaluation of the pH Value of Film-Forming Gels

The normal pH value of human skin is slightly acidic. It is an important factor for the
maintenance of normal skin condition and microflora [35]. In the case of chronic wounds,
the pH indicator becomes more alkaline (between 7.15 and 8.1). It has been shown that if
pH value is higher, the wound healing is slower [36]. To make sure that the product will not
irritate the skin and at the same time promote the healing of skin, pH value of film-forming
gels was determined. After making aqueous solutions of film-forming gels, six pH meter
measurements were performed for each formulation. Formulation 5 showed pH value of
4.28, while the pH value of formulation 5K was 4.29. Formulation 6 had a pH value of
4.45 and formulation 6K had a pH of 4.49. These slight differences between the control
and non-control formulations indicated that the essential oil of cinnamon leaves does not
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affect the pH value of the formulation. Comparing the differences in the pH values of
formulations 5 and 6 (Figure 17), it shows that the pH value of formulation 6 is slightly
more alkaline and the difference between formulations 5 and 6 is statistically significant
(p < 0.05). Both products have a pH value below 5 and are therefore considered suitable for
use on the skin.

 

Figure 17. Comparison of pH values by composition (n = 6). The composition values are given in
Table 1. p < 0.05 between compositions 5 and 6.

3.11. Results of Qualitative and Quantitative Analysis of Cinnamon Leaf Essential Oil

Qualitative and quantitative analysis of cinnamon leaf essential oil (Cinnamonum
zeilanicum) by GC-MS showed that the product contains 4 components. As shown in the
chromatogram (Figure 18), the highest peak was 1, 3, 4—eugenol (94.14%).

Figure 18. A GC-MS chromatogram of the cinnamon leaf essential oil.

Other components’ presence was significantly less—3.96% α-humulene, 0.57% α-
ocimene, and 0.55% β-caryophyllene. Eugenol has anesthetic, antioxidant, anti-inflammatory,
antimicrobial activities [37]. Eugenol may give to the film-forming gel excellent antibacterial
and anti-inflammatory properties, and applying the product to the wound would improve
the healing processes.

4. Conclusions

Physico-chemical and mechanical analyses of film-forming gels and films is important
for the creation of high quality and suitable-for-use dermatological films. A range of
factors could impact the formation of films, appearance, mechanical properties, stability,
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and release of active ingredients. According to the findings of previous research, films
containing nitrocellulose have proven to be suitable for use as a delivery form due to its high
physico-chemical, mechanical, biopharmaceutical properties and cosmetic attractiveness.
Nitrocellulose based films showed acceptable drying rate, adhesion, flexibility, tensile
strength, cohesiveness, swelling, water vapor penetration, and pH value. The results of
these parameters confirm the ability to use these films on skin. This study has shown that
the concentration of nitrocellulose, castor oil, and essential oil could impact the drying
ratio, mechanical properties, and other parameters. The results of the study have provided
fundamental insights into the preparation of film-forming gels and films that are highly
relevant for diverse industries such as pharmaceutical, food, cosmetics, and agriculture.
Future work will focus on extending the applicability of hydrophilic and hydrophobic
polymers cast from aqueous and organic solvents, investigating the effects of the thickness
of the film, different drying conditions, active substance release in vitro, anti-inflammatory,
and antibacterial effects on the wounds.
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Abstract: Soybeans are a valuable food product, containing 40% protein and a large percentage
of unsaturated fatty acids ranging from 17 to 23%. Pseudomonas savastanoi pv. glycinea (Psg) and
Curtobacterium flaccumfaciens pv. flaccumfaciens (Cff) are harmful bacterial pathogens of soybean.
The bacterial resistance of soybean pathogens to existing pesticides and environmental concerns
requires new approaches to control bacterial diseases. Chitosan is a biodegradable, biocompatible and
low-toxicity biopolymer with antimicrobial activity that is promising for use in agriculture. In this
work, a chitosan hydrolysate and its nanoparticles with copper were obtained and characterized. The
antimicrobial activity of the samples against Psg and Cff was studied using the agar diffusion method,
and the minimum inhibitory concentration (MIC) and minimum bactericidal concentration (MBC)
were determined. The samples of chitosan and copper-loaded chitosan nanoparticles (Cu2+ChiNPs)
significantly inhibited bacterial growth and were not phytotoxic at the concentrations of the MIC
and MBC values. The protective properties of chitosan hydrolysate and copper-loaded chitosan
nanoparticles against soybean bacterial diseases were tested on plants in an artificial infection. It
was demonstrated that the Cu2+ChiNPs were the most effective against Psg and Cff. Treatment of
pre-infected leaves and seeds demonstrated that the biological efficiencies of (Cu2+ChiNPs) were 71%
and 51% for Psg and Cff, respectively. Copper-loaded chitosan nanoparticles are promising as an
alternative treatment for bacterial blight and bacterial tan spot and wilt in soybean.

Keywords: copper-loaded chitosan nanoparticles; seed treatment; antibacterial properties; Pseu-
domonas; Curtobacterium; bacterial tan spot; bacterial blight

1. Introduction

Soybean (Glycine max (L.) Merr.) is a legume crop in the Fabaceae family. The impor-
tance of this crop stems from the fact that it is a valuable source of high-quality protein for
human and livestock nutrition. Soybeans are a complete source of protein with essential
amino acids as well as unsaturated fatty acids, dietary fiber, isoflavones, anthocyanins and
vitamins [1]. In 2020, 353.5 million tons of soybean were harvested from 126.9 million ha
worldwide, with an average yield of 27.8 q/ha [2]. However, yield growth is limited by
several factors, most notably crop infestation, pests and diseases. More than 45 species of
fungi, 15 species of viruses and 6 species of phytopathogenic bacteria cause economically
significant diseases in soybean [3,4].

Bacterial infestation reduces yields by up to 40% and is the most destructive disease [5].
The Gram-negative bacterium Pseudomonas savastanoi pv. glycinea syn-Pseudomonas syringae
pv. glycinea (Psg) is the causative agent of soybean bacterial blight [6]. At the present
time, the area of distribution of the disease includes all the climatic zones and 41 countries
in which the disease has been detected [7]. Psg not only causes specific symptoms on
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the upper leaves and pods, but it can also infect all above-ground parts of the soybean.
Symptoms of the disease include the appearance of oily necrotic spots surrounded by
chlorotic halos that gradually coalesce to form zones of necrosis [8]. Infected seeds and,
more rarely, plant residues are the reservoirs of infection. This disease can reduce the
germination of infected seeds and the yield and the content of unsaturated fatty acids [9].

Another disease affecting soybean is bacterial spot and wilt caused by the Gram-
positive bacterium Curtobacterium flaccumfaciens pv. flaccumfaciens (Cff). The bacterium is
able to cause spotting on leaves, burns and the death of seedlings and adult plants as well
as penetrate into the vascular system [10]. The main symptoms of infection are slow growth,
dying off of shoots, burns and wilting of stems. This pathogen can affect a wide range of
leguminous crops, including soybean [11], although the main host plant is the common
bean (Phaseolus vulgaris L.). Cff leads to a decrease in the yield and quality of seeds [12,13].
Cff is listed by the European and Mediterranean Plant Protection Organization (EPPO) as a
quarantine object of category A2 [14]. The main source of infection is infected seeds [15].

The control of bacterial diseases in soybean requires a complex approach. The primary
source of inoculum for bacterial diseases is infected plant residues. Infested seeds are a
secondary source of inoculum; therefore, their certification is necessary in order to prevent
their entry into the field [9,16]. Other methods for controlling bacterial diseases include
strict crop rotation, the use of resistant varieties, and the treatment of plants and seeds
with biological and chemical agents [17–19]. As decided by the European Union, the
synthetic pesticides with the highest toxicity should be replaced by substances with a
lower environmental impact in order to phase out their use (Implementing Regulation
(EU) 2015/408) [20]. Therefore, the use of chitosan and chitosan-based compounds against
bacterial diseases is a promising approach [21].

Chitosan is a biodegradable, biocompatible and low-toxicity biopolymer characterized
by antimicrobial, antiviral, antioxidant, sorption and chelating properties [22–25]. Chitosan
is a polycation in acidic pH. The biopolymer is obtained by chemical deacetylation of
chitin under alkaline conditions. Chitin is one of the most common polysaccharides
found in crustacean shells, insect cuticles and the cell walls of fungi [26]. The protective
effect of chitosan is demonstrated by a triple action: activation of host defenses, effect on
microorganisms and film formation on the treated surface [27]. The enhancement of plant
immune response under the action of chitosan is due to the fact that positively charged
chitosan can interact with negatively charged pectin. Plant cells receive information about
the destruction of the cell wall and the presence of pathogens by inducing a specific alarm
signal arising from chitosan’s effect on the supramolecular pectin structure. Plants react to
chitosan–pectin dimeric complexes stronger than to individual components [28]. Chitosan
can also directly inhibit the growth of many plant pathogens: phytopathogenic fungi [29],
oomycetes [30] and bacteria [31]. Chitosan forms a protective film preventing the interaction
of pathogens with the plant cell wall [32]. A number of commercial products based on
chitosan, such as Armour-Zen (New Zealand), Chito Plant (Germany) and KaitoSol (United
Kingdom) are used to inhibit the incidence of bacterial diseases in plants [33].

The application of chitosan nanoforms in the control of plant pathogens has become
a trend in recent years [34]. Chitosan nanoparticles act as plant growth stimulators and
antimicrobial agents against phytopathogenic microorganisms [35,36]. The mechanism
of the antibacterial activity of chitosan nanoparticles is similar to that of chitosan and
is primarily due to interaction with the cell wall and the bacterial cell membrane. In
the case of chitosan nanoparticles, higher zeta potential values have a significant effect
on bacterial growth inhibition when compared to the original forms of chitosan. In this
vein, the smaller size and higher zeta potential of chitosan nanoparticles provide a higher
level of antibacterial activity and attract increased interest from researchers as a means
of combating bacteria [34,37]. Nanocomplexes of chitosan with metals, particularly with
copper, are also actively studied. In the work [38] it was shown that copper-loaded chitosan-
based nanoparticles with a size of 89 nm effectively inhibited the growth of Xanthomonas

230



Polymers 2023, 15, 1100

axonopodis pv. punicae, which causes the bacterial blight of pomegranate, at 1000 ppm and
remained on par with standard streptocycline at 500 ppm.

Information on the antibacterial activity of copper-loaded chitosan nanoparticles
and unmodified chitosan against Psg is scarce. Earlier, we described the antibacterial
properties of chitosan hydrolysate against Psg in vitro at a concentration of 0.3% (v/v) [39].
In article [40], Cu-chitosan NPs were shown to have high antibacterial activity against
Psg under in vitro conditions at concentrations of 400 ppm and 1000 ppm. There is no
information on the efficacy of chitosan and chitosan nanoparticles with Cu2+ against Cff.

The aim of this study was to determine the antibacterial activity of chitosan hydrolysate
and chitosan nanoparticles with copper against Pseudomonas savastanoi pv. glycinea and
Curtobacterium flaccumfaciens pv. flaccumfaciens and determine their effectiveness in the
treatment of soybean seeds and plants artificially infected with bacteria.

2. Materials and Methods

2.1. Preparation of Chitosan Hydrolysate

Crab shell chitosan with a molecular weight (MW) of 1040 kDa and a deacetylation
degree (DD) of 85% was purchased from Bioprogress (Shchelkovo, Russia). Chitosan
hydrolysate (ChiH) was prepared by chemical depolymerization of crab shell chitosan
using nitric acid as described previously [41], with some modifications. Briefly, 1 g of
chitosan was dispersed in 20 mL of 6.5% nitric acid, incubated for 7 h at 70 ◦C with stirring,
cooled to room temperature, and kept without stirring for 16 h at 23 ◦C. Then, the pH was
adjusted to 5.0–5.2 with 25% ammonium hydroxide, and the mixture was diluted with
distilled water to a final volume of 180 mL. The pH of obtained ChiH with concentration
5 mg/mL was 5.2.

To determine the MW and polydispersity index, DD ChiH was preliminarily dialyzed
against H2O. The MW of ChiH was determined via high-performance gel permeation
chromatography in an S 2100 Sykam chromatograph (Sykam, Eresing, Germany) using
a separation column (8 mm × 300 mm; PSS NOVEMA Max analytical 1000 A) and a
pre-column (8.0 mm × 50 mm) [42]. Pullulans were used as calibration standards. The
DD of Chi was determined using proton nuclear magnetic resonance (1H-NMR). Samples
were prepared in deuterated water, and proton spectra were recorded on a Bruker AMX
400 spectrometer (Bruker, Watertown, MA, USA); 4,4-dimethyl-4-silapentane-sulfonic acid
was used as a standard.

2.2. Preparation and Characterization of Chitosan Nanoparticles and Copper-Loaded Nanoparticles

Chitosan nanoparticles (ChiNPs) were formed using the ionotropic gelation method
as described previously [43] with some modifications. Chi (2 g) with MW = 39 kDa,
DD = 90% and a polydispersity index of 2.4 was solved in 300 mL of 1% acetic acid.
The chitosan solution was filtered through a glass filter to remove mechanical impurities.
Tripolyphosphate (TPP) solution (Sigma-Aldrich, Munich, Germany) (5 mg/mL) was
added dropwise under vigorous stirring until opalescence occurred (A = 0.100, λ = 590 nm),
which was estimated using a Spekol 11 spectrophotometer (Carl Zeiss Jena, Germany).
Copper-loaded chitosan nanoparticles (Cu2+ChiNPs) were obtained by dropwise addition
of 25 mg/mL CuSO4 solution up to A = 0.144 (λ = 590 nm). NP preparations were adjusted
with 1% acetic acid to a concentration of Chi = 5 mg/mL, CuSO4 = 0.83 mg/mL, pH 4.0. For
the biological experiments, the ChiNPs and Cu2+ChiNP particles were not further purified
and used as nanoparticles contained within suspensions. To characterize the particles, the
suspension was preliminarily centrifuged for 10 min at 1000× g and then the supernatants
were centrifuged at 14,000× g for 20 min to separate the NP fraction. The yield of ChiNPs
was 8%, and that of Cu2+ChiNPs was 10%.

The mean hydrodynamic diameter of the NPs was determined via dynamic light
scattering (DLS) in reflected light (scattering angle 180◦) using a NANO-flex II analyzer
(Colloid Metrix, Meerbusch, Germany), sample temperature 25 ◦C. The zeta potential of
the NPs was characterized via DLS using a Zetasizer Nano (Malvern Panalytical, Malvern,
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UK); all measurements were performed at 25 ◦C, and the scattering angle was equal to 173◦.
NP suspensions were preliminarily centrifuged (Centrifuge 5418, Eppendorf, Hamburg,
Germany) at 1000× g for 10 min, and then the supernatants were centrifuged at 14,000× g
for 20 min at RT to separate the NP fraction.

Dimensional characteristics of the NPs were explored using an atomic force micro-
scope, INTEGRA Prima (NT-MDT SI, Zelenograd, Russia). Scanning was performed with
a resolution of 512 × 512 points in the semicontact mode in air. The scanning frequency
was 1.3 Hz. Golden NSG01 silicon probes (TipsNano, Zelenograd, Russia) with a tip
average resonance frequency of 150 kHz, an average force constant of about 5.1 N/m,
and a cantilever curvature radius of 6 nm were used. The data obtained via AFM were
visualized using software NOVA 1.0.26.860 (NT-MDT SI, Zelenograd, Russia), analyzed
using Image Analysis 3.5.0.2069 (NT-MDT SI, Zelenograd, Russia) and processed with
OriginPro B.9.2.196 (OriginLab Corporation, Northampton, MA, USA).

2.3. Bacterial Strains

The strains on which the experiments were carried out (strains Psg CFBP 2214 and Cff
CFBP 3418) were obtained from the CFBP collection (Beaucouzé, France) and isolated and
characterized by us in previous articles (Psg: G2 and G17, Cff: F-125-1 and F-30-1) [44,45].
These strains were pathogenic in soybean plants cv. Kasatka. The characterization of the
Psg strains was performed by PCR analysis of the cfl (coronafacate ligase) gene [8] and
analysis of the relationship of nucleotide sequences for the cts (citrate synthase) gene [46]
with pathogen strains available in Genbank. Isolates belonging to Cff were determined via
PCR analysis with genus-specific [47] and species-specific [48] primers.

2.4. Determination of Antibacterial Activity of Chitosan Samples
2.4.1. Determination of Antibacterial Activity via Agar Diffusion Method

The agar diffusion method [49] was used for the primary determination of antibacterial
activity using all six strains mentioned above. Briefly, 100 μL of bacterial suspension with
a concentration of 1 × 108 CFU/mL was applied to King’s B medium, distributed with
a sterile loop, and wells 8 mm in diameter were pierced with a sterile cork borer. The
bottoms of the wells were sealed by pouring a drop of molten King’s B medium (1.5% agar)
into them. Then, 100 μL of sample was added to each at concentrations of 1, 5, 10, 25, 50,
and 100% of the initial solutions. Samples with different concentrations were obtained by
diluting the initial (100% solutions) in sterile water according to Table 1. The dishes were
left at 4 ◦C for the diffusion of the solutions into agar (2 h) and then incubated at 28 ◦C
for 48 h; ChiH and CuSO4 solutions were used as controls. The experiment was repeated
three times.

2.4.2. Determination of Minimum Inhibitory Concentration (MIC)

MIC was determined according to [50] with modifications for all strains used in the
article. In a 96-well sterile microtiter plate (Corning, Glendale, CA, USA), serial twofold
dilutions of analyzed samples in King’s B liquid medium were prepared; the volume was
100 μL. After the dilutions, 70 μL of bacterial suspension at a concentration of 104 CFU/mL
was dissolved in King’s B liquid medium, 30 μL of 0.02% resazurin was added to each cell,
and the mixture was thoroughly mixed. After 24 h, the plates were visually evaluated. The
growth of bacteria in the medium was indicated by a color change from purple to pink.
The lowest concentration at which a color change was observed was recorded as MIC. The
experiment was repeated three times.
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Table 1. Concentrations of samples obtained by dilution of the initial (100% solutions) in distilled water.

Samples
Relative Concentrations

of Samples, % (v/v)
Concentration

of Chitosan, mg/mL
Concentration

of CuSO4, mg/mL

ChiH 100 5 -
75 3.75 -
50 2.5 -
25 1.25 -
10 0.5 -
1 0.05 -

Cu2+ChiH 100 5 0.83
75 3.75 0.62
50 2.5 0.42
25 1.25 0.21
10 0.5 0.083
1 0.05 0.0083

ChiNPs 100 5 -
75 3.75 -
50 2.5 -
25 1.25 -
10 0.5 -
1 0.05 -

Cu2+ChiNPs 100 5 0.83
75 3.75 0.62
50 2.5 0.42
25 1.25 0.21
10 0.5 0.083
1 0.05 0.0083

CuSO4 100 - 0.83
75 - 0.62
50 - 0.42
25 - 0.21
10 - 0.083
1 - 0.0083

2.4.3. Determination of Minimum Bactericidal Concentration (MBC)

The bactericidal activity of the chitosan samples in relation to all Psg and Cff strains
used in the article was evaluated in accordance with the method of microdilution of broth
described in CLSI 2015 [51] with modifications. For this, serial twofold dilutions of chitosan
samples in King’s B liquid medium were prepared in a 96-well microtiter plate (Corning,
Corning, NY, USA), and the volume was 100 μL. After the dilutions, 100 μL of bacterial
suspension at a concentration of 104 CFU/mL was added to each cell and the contents
were thoroughly mixed. The plates were sealed with parafilm and incubated on a shaker-
incubator, ES 20 (Biosan, Riga, Latvia), at 180 rpm and 28 ◦C. After 24 h of cultivation, 10 μL
of bacterial suspension from each cell was tenfold diluted in sterile water and dispersed
onto YD agarized medium (YDC without CaCO3) for subsequent titer calculation after
48 h. The experiment was repeated four times. A statistical analysis based on the results of
the determination of MIC and MBC was not carried out because there were no differences
within the repetitions.

2.4.4. Determination of Time–Kill Curves

Time–kill curves were determined as described in [52] with some modifications. One
colony of each bacterium (Psg CFBP 2214 and Cff CFBP 3418) was pre-cultured in 4 mL
of King’s B liquid medium for 12 h at 28 ◦C and incubated on a shaker ES 20 (Biosan,
Riga, Latvia) at 200 rpm. The cells were precipitated via centrifugation and titrated to a
concentration of 104 CFU/mL with sterile water. Bacterial titer control was carried out
spectrophotometrically according to the OD600 index measured using a Nanodrop One
(Thermo Fisher Scientific, Waltham, MA, USA). The cell suspension was then transferred to
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1.5 mL sterile test tubes, and preparations were added to concentrations of 1xMBC. After
that, the tubes were placed in a Thermomixer C (Eppendorf, Hamburg, Germany) and
cultivated at 27 ◦C and 350 rpm. After 0, 2, 5 and 30 min and 1, 2 and 24 h, 10 μL of the
mixture was taken, diluted in sterile SPS buffer, and dispersed on King’s B agarized medium.
Colonies were counted after 48 h of cultivation at 28 ◦C. A suspension without antimicrobial
agents was used as a negative control. The experiment was repeated three times.

2.5. Phytotoxicity on Soybean Seeds and Plants

The phytotoxicity of the chitosan samples on soybean seeds was assessed by a germi-
nation test using the standard “over paper” method described by the International Seed
Testing Association [53]. Soybean (cv. Kasatka) seeds were soaked in aqueous solutions of
the chitosan samples at various concentrations for 10 min and then completely dried on
sterile filter paper at room temperature under sterile conditions. The samples of (1) wa-
ter, (2) ChiH, (3) Cu2+ChiNPs, (4) Cu2+ChiH, (5) ChiNPs and (6) CuSO4 were diluted to
concentrations of 1, 5, 10, 25, 50 and 100% (Table 1) of the stock solutions using sterile water.

Seeds soaked in sterile water were used as a negative control. Next, the seeds were
incubated at a temperature of 25 ◦C with constant humidity. On the 8th day after treatment
(DAT), germination was assessed; if a sprout with a well-developed root grew from a seed,
it was considered to have germinated. The average percentage of seed germination was
determined for all repetitions. The length of the roots was measured with a caliper after
counting the germination rate and separating the cotyledons. The experiment consisted of
3 repetitions of 50 seeds in each group.

To test the phytotoxicity of the chitosan samples on plants, soybeans were grown to
phase R1 (beginning bloom) in a turf–perlite mixture (Vieltorf, Velikiye Luki, Russia) in
plastic pots for plant cultivation (volume 1 L, AgrofloraPack, Vologda, Russia).

Plants were kept in a greenhouse at 28/22 ◦C (14 h day/10 h night) under natural
light and watered as needed. The foliar treatment was carried out with tested samples
using a sprayer (with a drop size of ~300 μm) at a consumption rate of a sample solution of
~5 mL/plant (until all leaves were completely wetted).

Phytotoxicity was assessed after 7 days of incubation under the same conditions,
according to the phytotoxicity scale [54], where: 0—no symptoms; 1—very slight dis-
coloration; 2—more severe, but short; 3—moderate and longer; 4—medium and long;
5—moderately severe; 6—heavy; 7—very heavy; 8—almost destroyed; 9—destroyed;
10—completely destroyed. The experiment was repeated three times, with two plants in
each repetition. The phytotoxicity rating was considered as the average score for each
variant (the sum of the scores of each leaf/the number of analyzed leaves).

2.6. Control Psg and Cff Artificial Infection by Chitosan Samples

All experiments on the use of the chitosan samples in the artificial infection of soybean
seeds and leaves with bacterial diseases were carried out from May to August 2022 under
the conditions of an experimental greenhouse using the Kasatka soybean cultivar (harvest
year 2021; weight of 1000 seeds = 122.8 g). In these experiments, the strains Psg CFBP 2214
and Cff CFBP 3418 were used.

2.6.1. Control Psg on Seeds

Artificial Psg infection of seeds was carried out according to the method in [45]. Briefly,
a 72 h culture of Psg CFBP 2214 was suspended in sterile 10 mM MgCl2 at ~104 CFU/mL.
Soybean seeds were sterilized in 75% ethanol for 2 min, washed with an aqueous 50%
solution of commercial bleach (sodium hypochlorite)/0.002% Tween 20 (v/v) for 8–10 min
and distilled H2O until the chlorine was removed, and left in a humid chamber for 2 h
to make them swell. The swollen seeds were pierced with a sterile toothpick, transferred
to a flask with a bacterial suspension, vacuum treated at −105 Pa for 10 min and dried to
remove excess liquid.
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The infected seeds were immersed for 10 min in 50% solutions of (1) water, (2) ChiH,
(3) Cu2+ChiNPs, (4) Cu2+ChiH, (5) ChiNPs and (6) CuSO4 (Table 1). After that, the seeds
were dried on paper towels to get rid of excess moisture.

The treated seeds of the experiment were sown in a peat–perlite mixture (Veltorf,
Velikie Luki, Russia) in 40-cell plastic seed trays (cell volume 0.12 L, AgrofloraPak, Vologda,
Russia). The plants were watered as needed and grown in a greenhouse in natural sunlight
at 28/22 ◦C (14 h day/10 h night). Treatments in each experiment were organized according
to the scheme of complete randomization. Each treatment had 5 replications with 40 seeds
(1 tray per replication).

2.6.2. Control Psg on Leaves

Psg infection of soybean plants was carried out according to the method in [55], using
suspension infiltration with a 1113 AirControl airbrush (JAS, Ningbo, China). The bacterial
suspension was prepared in the same way as it was for seed inoculation, but with the
addition of Silwet Gold surfactant (Chemtura, Philadelphia, PA, USA) at a concentration
of 0.01% (w/w). Infection was carried out with an average dose of 5 mL of suspension
with a concentration of 109 CFU/mL per trifoliate leaf. Plants were cultivated accord-
ing to Section 2.6.1. in 0.5 L pots. Each treatment had three replications with 10 plants
per replication.

The design of the experiment included the use of (1) water, (2) ChiH, (3) Cu2+ChiNPs,
(4) Cu2+ChiH, (5) ChiNPs (6) and CuSO4 (Table 1).

The percentage of plants that exhibited leaf symptoms was recorded. The LeafDoctor
app (https://www.quantitative-plant.org/software/leaf-doctor, accessed on 21 July 2022)
installed on an iPhone SE 2 was used to assess the development of the disease by the degree
of infection of adult plants. For this, all plants were photographed and analyzed by moving
the threshold slider until only symptomatic tissues were converted to blue and the percent-
age of affected tissue was calculated according to the developer’s recommendations [56].
The same calculations were made in the seed treatment experiment after reaching stage V3
(35 days after sowing).

2.6.3. Control Cff on Seeds

Inoculation through hilum injury described in [16] with modifications was used for
seed infection by Cff. For this purpose, the hilum of each seed was pierced with a sterile
needle, soaked in a bacterial suspension, placed in a vacuum, and then dried on paper
towels under sterile conditions.

Soybean seeds were treated via immersion for 10 min in an aqueous solution of
(1) water, (2) ChiH, (3) Cu2+ChiNPs, (4) Cu2+ChiH, (5) ChiNPs and (6) CuSO4, then dried
on paper napkins to get rid of excess moisture. Further actions with plants and growing
conditions were similar to Section 2.6.1.

Bacterial wilt was scored for each plant at 15, 18, 21, 24, 27, and 31 days post-seeding
on a scale of 0 to 5, where 0 = no wilt symptoms; 1 = wilting of one of the primary leaves;
2 = wilting of both primary leaves but not the first trifoliate; 3 = withering of the first
trifoliate leaf; 4 = death of the seedling after the development of primary leaves; and 5 = no
germination or complete wilting and loss of turgor (in adult plants) of soybean scales
adapted by us in a previous study described in [57]. Using this scale and methodology [58],
the AUPDC (area under progress disease curve) was calculated using MS Excel 2007.

2.6.4. Control Cff on Leaves

The Cff infection of soybean plants and the method for calculating plant disease
were similar to Section 2.6.2. The design of the experiment included the use of: (1) water,
(2) ChiH, (3) Cu2+ChiNPs, (4) Cu2+ChiH, (5) ChiNPs and (6) CuSO4. The calculation of the
incidence rate, replicate and plant growth conditions was similar to Section 2.6.2.

235



Polymers 2023, 15, 1100

2.7. Statistical Analysis

For all experiments, data analysis was carried out using the analysis of variance
method using Statistica 12.0 (StatSoft, TIBCO, Palo Alto, CA, USA), comparing the average
values using Duncan’s criterion. The percentage data were converted to arcsine before
processing. Graphs were created using GraphPad Prism 9.2.0 (GraphPad Software Inc.,
Boston, MA, USA).

3. Results and Discussion

3.1. Preparation Samples Based on Chitosan

Chitosan hydrolysate with the main fraction (MW 39 kDa, DD 90%, polydispersity
index 2.4) was prepared from high-molecular-weight chitosan (MW 1040 kDa, DD 85%)
by acid hydrolysis using nitric acid. We assume that the chitosan hydrolysate preparation
considered in this work can be applied in practice in agriculture. In this regard, we
attempted to simplify the method of preparation by not isolating a separate fraction of
low-molecular-weight chitosan.

Along with the properties typical for Chi, ChiNPs had the valuable advantages of
nanoparticles, namely their large surface area and small size [59,60]. Muthukrishnan et al.
described the ability of chitosan nanoparticles to inhibit the growth of Pyricularia grisea,
Alternaria solani and Fusarium oxysporum [61]. In the same work, chickpea seed treatment
had positive morphological effects, such as an increase in germination percentage, seed
strength index and vegetative biomass of seedlings.

The versatility of ChiNP activity against plant pathogens, particularly tomato, of both
fungal and bacterial etiology was presented in [62]. It was shown that chitosan nanopar-
ticles possessed antimicrobial activity towards a complex of tomato pathogens, which
include fungi Colletotrichum gelosporidies, F. oxysporum, Gibberella fujikuori, Sclerotinia sclero-
tiorum and Phytophthora capsici and bacterium Pectobacterium carotovorum subsp. carotovorum
X. campestris pv. vesicatoria. Recently, chitosan–metal nanocomplexes with improved antimi-
crobial activity were synthesized (Ag+-ChiNPs, Cu2+-ChiNPs, Zn2+-ChiNPs, Mn2+-ChiNPs
and Fe2+-ChiNPs) [63–66]. The work [67] shows the activity of chitosan nanoparticles
against a number of pathogens of bacterial plant diseases, including Agrobacterium tumefa-
ciens, Erwinia sp. and X. campestris with MIC values of 100, 500 and 500 ppm, respectively.
All these results indicate that chitosan nanoparticles can be used in the field to protect
various crops from pathogens of different etiologies.

To obtain chitosan nanoparticles, the main fraction of hydrolysis (MW 39 kDa) was
dialyzed and freeze-dried. ChiNPs were obtained by ionotropic gelation under acidic
conditions (pH 4.0). The formation of ChiNPs occurred due to the interaction of positively
charged chitosan amino groups with TPP, which has phosphate groups with a negative
charge. In contrast to the original technique [43], low-molecular-weight chitosan was
used; thus, it was possible to use a more concentrated solution of Chi, but the formed
particles were larger. In our work, the ChiNPs and ChiH samples had the same chitosan
concentration of 5 mg/mL.

To obtain Cu2+ChiNPs, copper sulfate was added to a suspension of nanoparticles
up to a final concentration of 0.83 mg/mL. The formation of complexes can occur through
adsorption, ion exchange and chelation. The interaction type is defined by the solution
formulation, the pH value and the type of metal ion [68]. Chitosan is able to form complexes
with some metal ions, predominantly through interactions with amino groups and hydroxy
groups (especially in the C3 position), that promote sorption [69]. The dimensional char-
acteristics and charge of the nanoparticles measured using the DLS method are shown in
Table 2. The measurements of nanoparticle size were carried out using the particle number
distribution. The hydrodynamic diameter of ChiNPs was larger compared to Cu2+ChiNPs.
The polydispersity of nanoparticles purified from unbound polymer (ChiNPs cf) was lower
than that of ChiNPs and Cu2+ChiNPs.
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Table 2. Characteristics of ChiNPs and Cu2+ChiNPs.

Samples Size, nm Polydispersity Index Zeta-Potential, mV

ChiNPs 254 ± 37 0.499 37.8 ± 1.6
Cu2+ChiNPs 153 ± 30 0.421 22.7 ± 0.4
ChiNPs cf * 251 ± 32 0.367 48.5 ± 0.6

Cu2+ChiNPs cf * 157 ± 42 0.540 27.2 ± 0.6

*: ChiNPs or Cu2+ChiNPs were preliminarily centrifuged for 10 min at 1000× g, and then supernatants were
centrifuged at 14,000× g for 20 min to separate NP fraction.

The AFM method was used to characterize the size and morphology of the nanoparti-
cles (Figure 1). The AFM-images of ChiNPs and Cu2+ChiNPs (Figure 1(A1,A2,B1,B2)) show
that the suspension contained a large amount of unbound polymer forming aggregates
smaller than 15 nm. To characterize the main fraction of nanoparticles, it was separated
from the unbound polymer by centrifugation (ChiNPs or Cu2+ChiNPs were preliminarily
centrifuged for 10 min at 1000× g and then supernatants were centrifuged at 14,000× g
for 20 min to separate the NP fraction). As a result, the fractions of nanoparticles ChiNPs
cf and Cu2+ ChiNPs cf were isolated (Figure 1(C1,C2,D1,D2)). There were no significant
differences in the particle sizes of ChiNPs cf and Cu2+ChiNPs cf, which were 30–60 nm
(Figure 1(C3,D3)). ChiNPs cf had an amorphous structure in contrast to the more com-
pact structure of Cu2+ChiNPs cf. When comparing the morphology of the synthesized
nanoparticles, it was found that ChiNPs cf had a greater tendency to aggregate.

We assumed that when scaling up the nanoparticle formation technology for agricul-
tural use, it would not be advisable to isolate the nanoparticles fraction from the reaction
mixture. Therefore, biological efficacy tests were carried out with crude nanoparticle prepa-
rations, which were a mixture of nanoparticles and an unbound polymer/Cu2+, but for
brevity, we continued to use the abbreviations ChiNPs or Cu2+ChiNPs for nanoparticle-
containing samples.

3.2. Antibacterial In Vitro Activity

The primary antibacterial activity of chitosan samples was tested using the agar
diffusion method towards three P. savastanoi pv. glycinea strains and three C. flaccumfaciens
pv. flaccumfaciens strains.

3.2.1. Determination of Antibacterial In Vitro Activity via Agar Diffusion Method

Pathogens had different sensitivities to chitosan that depended on the strain, sample
type and dose (Figure 2). It should be noted that the analyzed substances exhibited a
stronger antibacterial effect against Psg strains, whereas Cff strains were more resistant.
Cu2+ChiNPs were the most effective at all analyzed concentrations; the diameter of the
inhibition zone of 100% Cu2+ChiNPs suspension (5 mg/mL of chitosan and 0.83 mg/mL of
copper) was 27 mm for Psg and about 15 mm for Cff (Figure S1). Although ChiH and CuSO4
exhibited no antibacterial activity (Figure 2), the average diameter of the inhibition zone for
Cu2+ChiH (the combination of ChiH and CuSO4) on Psg strains was about 5 mm. The low
efficiency of the CuSO4 solution can be explained by the low concentration. We suggest that
the low effect of ChiH is due to the difficulty of diffusion of the chitosan polymer molecules
in the nutrient medium at neutral pH, similar to the data reported in article [70]. It is
most likely that the addition of copper sulfate to ChiH resulted in the formation of more
compact complexes of chitosan with copper, which increased diffusion into the agar. For
Cu2+ChiH, ChiNPs, and Cu2+ChiNPs, there were dose-dependent dynamics of increasing
the zone of bacterial growth inhibition. Chitosan-based copper nanoparticles, obtained
using a chemical reduction method, effectively inhibited growth of X. axonopodis pv. punicae
at a concentration of 1000 [38], which is in agreement with our data.
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Figure 1. Dimensional characteristic of NPs. Column 1 (A1–D1)—3D AFM images of nanoparticles,
column 2 (A2–D2)—2D AFM images of nanoparticles, column 3 (A3–D3)—histograms of the size
distribution of nanoparticles and their average sizes according to AFM. Row A—ChiNPs, row
B—Cu2+ChiNPs, row C—ChiNPs cf, row D—Cu2+ChiNPs cf.
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Figure 2. The diameters of the inhibition zones for each test substance, depending on the concentra-
tion of solutions against Psg and Cff strains (the average value for every strain of each bacterium)
in an agar diffusion test. We added 100 μL of the sample to the well, and after 48 h of incubation
at 28 ◦C, the zone of inhibition was measured. Different letters indicate a significant difference in
values, according to Duncan’s test, at p = 0.05. All tests were carried out three times. The standard
deviation (SD) is shown for each bar.

3.2.2. Determination of Minimum Inhibitory and Bactericidal Concentrations

The MIC and the MBC of the chitosan samples are shown in Table 3. It was found that
the inclusion of copper in the nanoparticles led to a decrease in MIC and MBC in relation
both to copper sulfate and ChiNPs. The addition of copper ions to chitosan hydrolysate
(Cu2+ChiH) enhanced its antibacterial activity. However, the activity of Cu2+ChiH was
lower compared to Cu2+ChiNPs.

Table 3. Inhibitory and bactericidal concentrations of chitosan samples and CuSO4 against Psg and
Cff strains.

Samples

Minimal Inhibitory (MIC) and Bactericidal (MBC) Concentrations of Samples, μg/mL (Chitosan/Copper)

Psg Strains Cff Strains

CFBP
2214

G2 G17
CFBP
2214

G2 G17
CFBP
3418

F-125-1 F-30-1
CFBP
3418

F-125-1 F-30-1

MIC MBC MIC MBC

ChiH 156/- 156/- 156/- 625/- 625/- 625/- 78/- 78/- 78/- 312/- 312/- 312/-

Cu2+ChiH 78/13 78/13 78/13 78/13 78/13 39/6 19/3 19/3 19/3 312/52 312/52 0.321/52

ChiNPs 39/- 39/- 39/- 156/- 156/- 156/- 39/- 39/- 39/- 156/- 156/- 156/-

Cu2+ChiNPs 19/3 19/3 19/3 78/13 78/13 78/13 19/3 19/3 19/3 78/13 78/13 78/13

CuSO4 -/6 -/13 -/3 -/13 -/26 -/13 -/13 -/13 -/13 -/52 -/52 -/52

Unfortunately, there are few works devoted to the study of the efficacy of chitosan
nanoparticles loaded with copper against phytopathogenic bacteria. Therefore, we will
also consider those works in which antibacterial activity was studied on human oppor-
tunistic bacteria. Du et al. investigated chitosan-based nanoparticles loaded with Cu2+ ions
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obtained via ionotropic gelation. On the bacteria E. coli, S. choleraesuis and S. aureus, it was
shown that the antibacterial activity of such nanoparticles was significantly higher com-
pared to the activity of chitosan nanoparticles and Cu2+ ions. In addition, Gram-negative
bacteria were more sensitive than Gram-positive bacteria [71]. Antibacterial activity of CuO,
Cu2O and Cu0 nanoparticles obtained by using reducing agents has also been studied. For
CuO nanoparticles, the bactericidal concentration against Ralstonia solanacearum causing
bacterial wilt was 250 μg/mL [72]. The MBC values for CuO nanoparticles were 100 μg/mL
for S. aureus (MRSA), 250 μg/mL for E. coli and 5000 μg/mL for P. aeruginosa in [73]. These
data are consistent with our data.

It was found that ChiH was less active compared to ChiNPs. This was probably due
to the fact that in King’s B medium with a pH of 7.0–7.2, used in this test, the protonation of
amino groups responsible for the manifestation of antibacterial activity decreases [35]. One
of the mechanisms of chitosan action is considered to be its ability to form films around
bacterial cells [74]. However, in our work, ChiH contained the main fraction with a low
molecular weight, which decreases film-forming ability. Chitosan NPs exhibited higher
antibacterial activity than chitosan, probably due to their higher surface-to-volume ratio
and surface energy [35]. The higher activity of chitosan NPs compared to chitosan was
previously reported by Qi et al. in [43].

From the CuSO4 and Cu2+ChiH test results, it is evident that the CFBP 2214 and G17
(Psg) strains had a greater sensitivity to copper than strain G2. This fact may be an indirect
indicator of the diversity of strains, including sensitivity to bactericides in the country. MIC
ChiH data show that bacteria of the Cff species were more sensitive to chitosan (78 mg/mL)
compared to Psg (156 mg/mL). One of the possible reasons for these differences is the
different structure of the bacterial cell wall. For example, in the paper [75], using four
Gram-negative bacteria (Escherichia coli, P. fluorescens, Salmonella typhimurium, and Vibrio
parahaemolyticus) and seven Gram-positive bacteria (Listeria monocytogenes, Bacillus mega-
terium, B. cereus, Staphylococcus aureus, Lactobacillus plantarum, L. brevis, and L. bulgaricus), it
was shown that Gram-positive bacteria are more sensitive to chitosan.

3.2.3. Antibacterial In Vitro Activity by Determination of Time–Kill Curves

Another important parameter that determines the effectiveness of antibacterial agents
is the rate of cell death, as described by time–kill curves. Figure 3 shows the time–kill
curves for the Psg CFBP 2214 and Cff CFBP 3418 strains.

Figure 3. Time–kill curves for chitosan samples and CuSO4 for Psg CFBP 2214 and Cff CFBP 3418. A
concentration of 1xMBC was used in all analyses. Error bars represent standard deviations (SDs) of
the mean of the viable cells number (CFU/mL) for 3 independent repeats.

The experimental design was to determine the exposure time at which complete loss
of cell viability occurred. In the case of Psg, Cu2+ChiNPs caused complete cell death within
the first hour of cultivation. Cu2+ChiH acted within 2 h; for the other samples, 100% death
was achieved after 24 h of exposure. The effect of all samples on Cff strains was achieved
after 2 h, except for ChiNPs and ChiH, which caused 100% death in 24 h. Cell viability was
virtually unchanged in the presence of water. A similar kinetic of ChiNPs action was shown
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by Dash et al., where complete killing of B. subtilis and S. aureus was not achieved within
4 h [76]. At the same time, in nearly all variants, 50% cell death occurred within 30 min.
Thus, Cu2+ChiNPs exhibited the most rapid bactericidal effect, causing the complete death
of bacteria in liquid nutrient medium within 1 h for Psg and 2 h for Cff. Christena et al. also
found that CuNPs had a bactericidal effect on S. aureus at a concentration of 2xMIC and
P. aeruginosa at a concentration of 1xMIC. Four hours after treatment with CuNPs, a five-fold
logarithmic decrease in CFU was observed for Staphylococcus, and a three-fold logarithmic
decrease in CFU was demonstrated for Pseudomonas [77]. Thus, the determination of time–
kill curves shows that Cu2+ChiNPs have a greater potential to fight bacteria due to their
high kill rate compared to the initial forms of chitosan and copper.

3.3. Phytotoxicity on Seeds and Leaves

To determine the limiting concentration of the samples for the treatment of soybean
plants, phytotoxicity tests were performed at concentrations of 0, 25, 50, 75 and 100 % of
the stock solutions (according to Table 1).

The effect of the sample concentrations on seed germination and root length of soybean
seedlings is shown in Figure 4A,B. The phytotoxicity of samples at various concentrations
was determined by the average values of germination and root length. The obtained values
were compared with a water-treated control. For all samples, the phytotoxic effect was
observed at concentrations above 50% of the stock solutions, corresponding to 2.5 mg/mL
of chitosan and 0.42 mg/mL of CuSO4.

Figure 4. Phytotoxicity of chitosan samples on soybean leaves and seeds. Germination values (A) and
root length (B) of soybean seeds after treatment with different concentrations of samples 8 d after
treatment. The average score of the phytotoxicity integral value on soybean leaves for chitosan
samples was measured at 72 h after treatment (C). Values represent the mean of three independent
trials, error bars represent the standard deviation. Values marked by different letters have a significant
difference, according to Duncan’s criteria, at p = 0.05.
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At 50% concentration of the samples (2.5 mg/mL of chitosan and 0.42 mg/mL of
CuSO4), an insignificant decrease in germination and root length was observed. When
treated at initial concentrations (5 mg/mL of chitosan and 0.83 mg/mL of CuSO4), Cu2+ChiH
had the strongest reduction in seed germination, and ChiNPs had the least phytotoxic
effect. Cu2+ChiH had the most toxic effect on root length, and ChiH was the least toxic. It
is important that the inclusion of copper in the nanoparticles increased their antibacterial
activity and reduced the phytotoxicity of copper.

Phytotoxicity on soybean leaves was tested by spraying samples at different con-
centrations. For all samples, a dose-dependent increase in phytotoxicity with increasing
concentration was determined.

As in the case of seeds, safe non-phytotoxic concentrations for leaf treatment were 50%
of the initial solutions (2.5 mg/mL of chitosan and 0.42 mg/mL of CuSO4) for all analyzed
samples (Figure 4C). Cu2+ChiH had the highest phytotoxicity; when treating with a 100%
solution (5 mg/mL of chitosan, 0.83 mg/mL of CuSO4), phytotoxicity symptoms in the
form of leaf blights were observed, with the average phytotoxicity score reaching 7.0, which
corresponds to very heavy leaf damage (Figure 4C and Figure S2).

The high phytotoxicity of ChiH was probably due to the presence of salts in the form
of ammonium nitrate and NO−

3 as counter ions on the amino groups of chitosan. The
phytotoxicity of copper in Cu2+ChiNPs was much lower compared to Cu2+ChiH and
CuSO4 solution. This is probably due to the slow release of copper from the nanoparticles
compared to CuSO4 solution, as confirmed in the study by Young et al. [78]. Sathiyabama
et al. found no symptoms of phytotoxicity when finger millet (Eleusine Coracana (L.) Gaertn)
was treated with copper–chitosan nanoparticle solution [79], which is consistent with our
data. At the same time, metal particles without chitosan exhibited phytotoxic properties,
such as in the work of Stampoulis et al., where treatment with copper nanoparticles (Cu0)
at a concentration of 1 mg/mL resulted in a 90% reduction in biomass of zucchini plants
compared to untreated control plants [80]. In contrast, Shende et al. found that treatment
of pigeon pea (Cajanus cajan L.) with CuNP solution at a concentration of 20 ppm resulted
in an increase in height, root length, fresh and dry weight and plant productivity index [81].
This may be due to both the lower copper concentration and the green method of particle
production using plant extracts.

Thus, to comply with the principle of a single difference, further studies on the control
of soybean bacterial diseases using chitosan-containing samples were performed using 50%
solutions (2.5 mg/mL of chitosan and 0.42 mg/mL of CuSO4) that found no statistically
significant indicators of phytotoxicity on soybean.

3.4. The Efficiency of Chitosan Samples against Psg and Cff Infection on Leaves and Seeds

The repeatability of the «Psg-soybean» and «Cff-soybean» pathosystem models has
been described and explained in detail in our previous publications [45,57], and the experi-
mental conditions were identical. Soybean leaves preliminarily infected with Psg and Cff
suspensions were treated with chitosan samples. Disease spread on soybean leaves was
measured 12 days after treatment using Leaf Doctor software.

Chitosan samples reduced the degree of leaf lesions from Psg by 15–71% compared
with water-treated controls (Figure 5A,B). Cu2+ChiNPs resulted in a 71% decrease in lesion
area compared to controls, while Cu2+ChiH contributed only up to 50%. Treatment with
CuSO4, ChiH and ChiNPs did not cause a significant reduction in leaf lesions (15–20%)
compared to control.
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Figure 5. Bacterial blight (A,C) and bacterial tan spot and wilting (B,D) of soybean, caused by
artificial inoculation of Psg and Cff after treatment with chitosan samples. (A,B): disease severity
on inoculated green plants; (C): disease severity and incidence after inoculation of soybean seed by
Psg; (D): values of AUPDC after inoculation of soybean seeds by Cff. Values are averages from three
independent tests, error bars show standard deviation. Columns with a significant difference are
marked with different letters, Duncan’s test, p = 0.05.

The average leaf area with disease symptoms in the control group infected with
Cff was inferior to the Psg infected group but remained at a high level (9.2% and 18.5%,
respectively). The highest efficiency was observed for Cu2+ChiNPs (51.3% reduction of
lesion area), while the efficiency of other samples ranged from 17.8 to 26.9% compared with
control (Figure S3).

Treatment of soybean seeds pre-infected with Psg using the chitosan samples exhibited
a significant decrease in seedling infection frequency and disease development rate.

In the case of water-treated plants, rapid disease development was observed (Figure 5C).
With daily overwatering of plants, a secondary infection was created, similar in severity to
an outbreak of the disease in the field.

The biological effectiveness of Cu2+ChiNPs treatment was 77% (disease incidence)
or 45.3% (disease severity) compared to control. Cu2+ChiH treatment reduced disease
development ~1.3-fold and disease incidence more than 2-fold. CuSO4 solution and ChiNPs
treatments were the least effective. Their effectiveness on disease development was 19.3%
and on disease incidence 16.3%. The Cff infected control group of seeds exhibited symptoms
of wilting and yellowing of soybean leaves with an average AUPDC = 609 score (Figure 5D).
In general, the treatment efficacy of all samples was lower for Cff than for Psg. Thus, the
Cu2+ChiNPs treatment was the best, with a biological efficiency of 53% compared to the
control, while ChiNPs reduced AUPDC by only 33%. Treatment of seeds with CuSO4
demonstrated a low biological effect; the efficiency was 17%.

The effectiveness of treatment of plants with chitosan copper-loaded nanoparticles
strongly depends on many factors, one of which is the concentration of active substances
and the type of pathogen. For example, in the work of Swati et al., the treatment of soybean
plants with Cu-chitosan NP at a concentration of 0.02–0.12% reduced the severity of the
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bacterial pustule by 50.0–33.3% and 55.3–34.0% in the pot and in the field, respectively [82].
Kumar et al. studied the effectiveness of copper–chitosan-based nanoparticles in the
treatment of banana plants against F. oxysporum f. sp. cubense. At a concentration of
0.20 mg/mL, high efficacy was shown, which amounted to a 73% reduction in symptoms
compared to the untreated control [83].

Thus, our results demonstrate the protective effects of copper-loaded chitosan nanopar-
ticles on soybean seed and leaf from bacterial blight and rust-brown bacterial spot and
wilt. Further research is needed to improve the efficacy of soybean treatments by opti-
mizing delivery technology, determining biosafety and developing the formulation for
commercial use.

4. Conclusions

In this article, the synthesis of different chitosan samples (chitosan hydrolysate, chi-
tosan hydrolysate with copper, chitosan nanoparticles and copper-loaded chitosan nanopar-
ticles) and evaluation of their antibacterial action in vitro and in an artificial infection of
soybean bacterial diseases were carried out.

The Cu2+ChiNPs sample demonstrated the greatest antibacterial activity, with maxi-
mum inhibition zone diameters of 27 mm and 15 mm and the shortest total bacterial kill
times of 1 h and 2 h for Pseudomonas savastanoi pv. glycinea and Curtobacterium flaccumfa-
ciens pv. flaccumfaciens, respectively. Evaluation of all samples for their phytotoxicity by
treatment of soybean leaves and seeds demonstrated that they are safe for soybean plants
at the concentrations of 2.5 mg/mL of chitosan and 0.42 mg/mL of CuSO4 or less.

In the process of studying the protective properties of samples against an artificial
infection background of two major bacterial diseases of soybean, it was found that treatment
with Cu2+ChiNPs solution of seeds and leaves that had been previously infected by bacterial
diseases is an effective tool to reduce pathogen damage in soybean.

These results are encouraging because the studied samples could potentially be used
as an element of protection of soybean against the diseases of bacterial etiology mentioned
in this study. However, potential side effects on non-target organisms should be evalu-
ated and field trials should be conducted before using substances as pesticides to control
phytopathogenic bacteria on an industrial scale.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/polym15051100/s1, Figure S1: Primary testing of the antibacterial
properties of Cu2+Chi-NPs against Psg and Cff strains by agar diffusion. We added 100 μL of solution
to the wells, and the inhibition zone was measured after 48 h of incubation at 28 ◦C. A: growth
inhibition of Pseudomonas savastanoi pv. glycinea CFBP 2214; B: growth inhibition of Curtobacterium
flaccumfaciens pv. flaccumfaciens; Figure S2: Phytotoxicity of 100% solution Cu2+ChiH (B) and
water treatment (A) 72 h after treatment of soybean leaves. Characteristic leaves from the groups
are presented; Figure S3: Psg and Cff symptoms on soybean leaves 12 d after inoculation with an
airbrush. (A) Water treatment of infected leaves (positive control; Psg infection); (B) treatment with
Cu2+ChiNPs (Psg infection); (C) water treatment of infected leaves (positive control; Cff infection);
(D) treatment with Cu2+ChiNPs (Cff infection). Characteristic leaves from the groups are presented.
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Abstract: Plastic pollution endangers all natural ecosystems and living creatures on earth. Excessive
reliance on plastic products and excessive production of plastic packaging are extremely dangerous
for humans because plastic waste has polluted almost the entire world, whether it is in the sea or on
the land. This review introduces the examination of pollution brought by non-degradable plastics,
the classification and application of degradable materials, and the current situation and strategy to
address plastic pollution and plastic degradation by insects, which mainly include Galleria mellonella,
Zophobas atratus, Tenebrio molitor, and other insects. The efficiency of plastic degradation by in-
sects, biodegradation mechanism of plastic waste, and the structure and composition of degradable
products are reviewed. The development direction of degradable plastics in the future and plastic
degradation by insects are prospected. This review provides effective ways to solve plastic pollution.

Keywords: plastic; biodegradation; polypropylene; polyethylene; polyvinyl chloride; insect

1. Introduction

1.1. Application and Pollution of Non-Degradable Plastics

Plastic products have been widely used around the world because of low cost and easy
production. Polystyrene (PS), polyvinyl chloride (PVC), polyethylene (PE), acrylonitrile
butadiene styrene (ABS), and polyurethane (PU), which are usually designed as short-term
and disposable products, are commonly used plastics [1–3]. Plastic products have brought
great convenience to people’s lives. However, a large number of plastic products have
become the focus of global attention because of the environmental problems caused by
their improper disposal after being used and discarded [4,5]. The global plastic output
and consumption exceed 300 million tons annually, which has grown exponentially in the
past 50 years [6,7]. In 27 EU countries, including Norway and Switzerland, 38% of plastic
is discarded in landfills, whereas the rest is used for recycling (26%) and energy recovery
through combustion (36%) [8]. The world’s disposable plastic products reach 120 million
tons every year, only 10% of which are recycled, 12% are burned, and more than 70% are
discarded into the soil, air, and sea [9,10]. More than one trillion plastic bags are consumed
every year [11]. In recent years, microplastics, as a new kind of pollutant, have attracted
more attention because of their widespread distribution in the oceans and coastal waters
around the world, which have polluted the marine ecological environment and marine
organisms [12]. Considering that many waste plastics have not been treated scientifically
and correctly, they form microplastics through a series of physical and chemical processes
and enter the ocean. Some animals, such as birds, fish, and sea turtles, have been affected
by plastic pollution [13]. Many plastic particles were discovered in the intestines of dead
birds, fish, and turtles, indicating that plastic has caused serious damage to living creatures
and bodies [14]. Animals cannot distinguish food and plastic in the environment, resulting
in ingestion of plastic particles. Plastics cannot be digested and often accumulate in
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the body. When plastics are decomposed in the marine environment, the micro plastics,
microfibers, toxic chemicals, metals, and organic micro pollutants will be transferred to
the waters and sediments and finally enter the marine food chain. These substances affect
the reproductive success rate and viability of marine organisms and damage the ability of
“ecological engineer” corals and worms in the aquatic ecosystem to build coral reefs and
change sediments through biological disturbance.

1.2. Classification and Application of Degradable Plastics

The scientific disposal of discarded plastic products has become a challenge. There-
fore, researchers exert their energy into the study of degradation plastics. Degradable
plastics meet the use requirements during the storage period and can be decomposed into
harmless substances under natural environmental conditions after use. It is considered an
effective way to deal with plastic pollution and has attracted attention in recent years [15].
Many kinds of degradable plastic products are available on the market, and the product
performance and capacity scale are also quite different [16]. Degradable plastics include
biological and petrochemical plastics based on the source of raw materials. Bio-based
degradable plastics include polylactic acid (PLA), polyhydroxy fatty acid ester polymers
(PHAs), starch, and cellulose; and petrochemical-based degradable plastics include car-
bon dioxide copolymer (PPC), polycaprolactone (PCL), and polyglycolic acid (PGA) [17].
Among them, degradable plastics based on starch are gradually eliminated because they
cannot be degraded completely. PBAT, PBS, and PLA have formed industrial-scale pro-
duction in the market and occupied a large market share. From the specific use of various
degradable plastics, PBAT/PBS products are mainly used in packaging, tableware, cos-
metic bottles, disposable medical supplies, agricultural films, pesticides, and fertilizer
slow-release materials [18]. PCL is used in the production of toys, bone nails, long-acting
drugs, and in other medical fields. PLA is used in general plastics, such as films, lunch
boxes, and textiles. PPC is used in film bag, surgical suture, bone nail and other medical
fields, membrane, and packaging materials. The global degradable plastic industry is at the
initial stage of industrialization, and China’s production capacity has increased significantly.
In the past five years, the average growth rate of the consumption of biodegradable plastics
in China was at 20% [16]. In 2019, the consumption of biodegradable plastics in China was
approximately 260,000 tons. The estimated demand for biodegradable plastics in China
will exceed 650,000 tons by 2024 [19].

1.3. Current Situation and Strategy to Address Plastic Pollution

Hundreds of years are required for plastics to be degraded naturally, including
600 years for PE and PP plastics, which will occupy land for a long time, affect crops
and livestock, and cause serious white pollution [20]. A large amount of plastic waste flows
into the sea after being generated. According to statistics, 3% (approximately 11 million
tons in 2019) of plastic waste enters the sea every year. Approximately 14 million tons
of micro plastics, which seriously affect the safety and health of marine organisms, can
be found in the whole sea floor. The main disposal methods of waste plastics include
landfill, incineration, chemical treatment, and recycling. Landfill method destroys soil,
affects groundwater, and cannot effectively degrade waste plastics. Incineration produces
a large number of toxic gases, which volatilize into the air and affect human health. The
cost of chemical treatment and recycling is high. Hence, it is not suitable for wide use.
Plastic waste residues do not decompose in soil for a long time, thereby damaging the
physical and chemical properties of the soil, affecting the growth of plant roots and leading
to crop production reduction. Waste plastics cause water pollution. According to the World
Greenpeace Organization in 2016, more than 200 kg of plastics are dumped into the sea
every second in the world [20,21]. The concentration of plastic fragments observed in the
oceans around the world is as high as 58,000 per square kilometer. Approximately millions
of marine animals die every year due to suffocation or indigestion caused by consumption
of plastic by mistake. The United States is a major plastic producer in the world, and it had

250



Polymers 2023, 15, 1307

carried out research on the recycling of waste plastics in 1960s. The recycling rate of waste
plastics exceeded 35% at the beginning of the 21st century, the average recycling rates of
plastics in Europe and Germany exceeded 45% and were as high as 60% [22]. In Japan, 52%
of waste plastics were recycled, of which 2% were used as chemical raw materials, 3% as
remelted solid fuel, 20% as power generation fuel, and 43% as heat energy in incinerators.

Plastic pollution has endangered the natural ecosystems and living creatures on the
earth, as well as human health. Recent reports on the plastic degradation by insects have
drawn widespread attention (Table 1). These insects mainly include Galleria mellonella,
Zophobas atratus, Tenebrio molitor, and other insects. In the review, the efficiency of plastic
degradation by insects, biodegradation mechanism of plastic waste, and the structure and
composition of degradable products are reviewed. The development direction of degradable
plastics in the future and plastic degradation by insects are prospected. These degradation
strategies and results provide effective ways to solve the issue of plastic pollution.

Table 1. The latest works on degradation of polymer plastics by insects.

Polymer Plastic References Insect

LDPE foams [23,24]

Tenebrio molitor

PS [25–27]

PE [28]

PVC [29]

Bio-based cross-linked polymer [30]

PU [31]

PS [32–34]

Zophobas atratus
PU [34,35]

LDPE foams [36,37]

PP [38]

PS [39]

Galleria mellonella
HDPE [40]

PE [41]

HDPE [42]

PE [43] Wax worm

PS [44] Dark mealworms

PVC [45] Black soldier fly larvae

2. Plastic Degradation by Insects

2.1. Plastic Degradation by T. molitor

T. molitor is a completely metamorphosed insect [46,47]. The larvae of T. molitor like
to flock, live, and feed at 13 ◦C. They can still grow at temperatures above 35 ◦C but
cannot survive at temperatures above 50 ◦C. T. molitor can be used as an excellent feed for
medicinal animals, such as scorpions, centipedes, and fish. T. Molitor can also be used as
food raw materials, health products, and medicine for human beings [48].

Recently, the study on plastic degradation by T. molitor has been widely
districuted [23–26,28]. Intestinal microbes of T. molitor larvae play a decisive role in the
biodegradation of PS. The study reported that the larvae cannot degrade plastics after
adding antibiotics to the food of T. molitor larvae to inhibit intestinal microorganisms. The
researchers further successfully isolated the PS degrading bacterium exiguobacterium sp.
(YT2), which can grow by using PS as the only carbon source. This strain of bacteria can
grow on the surface of PS film on carbon-free agar solid medium to form a stable biofilm
that can significantly erode the surface structure of the film. After the strain was cultured in
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liquid for 60 days, the PS chips in the liquid were decomposed, and the weight loss was up
to 7.4%. The molecular weight of the residue decreased significantly, and a large number of
water-soluble low-molecular intermediates were generated. Microorganisms can degrade
PS. This study provides a new way to develop biodegradable polymer materials and waste
plastic treatment technology [23,24]. To study the ability of T. molitor larvae to degrade PE
and the depolymerization mode, Shan Shan Yang et al. fed two commercial low-density
PS (LDPE) foam to T. molitor larvae at ambient temperature within 36 days. The residual
PE in the feces of T. molitor larvae decreased by 43.3% and 31.7 ± 0.5%. The structure
shows that low molecular weight PE (<5.0 kDa) is rapidly digested, whereas the long chain
part (>10.0 kDa) is decomposed or cracked, indicating a widespread depolymerization.
Mass balance analysis showed that 40% of ingested LDPE was digested into CO2 [25].
Craig S. Criddle et al. discovered eight unique intestinal microorganisms related to PS
biodegradation, including Citrobacter freundii, Serratia marcescens, and Klebsiella aerogenes.
The intestinal microbes of T. molitor were helpful in accelerating the plastic biodegradation.
This work provides a potential strategy for future research and large-scale cultivation of
plastic-degrading microorganisms [26].

To determine whether plastics are sensitive to biodegradation in T. molitor, Craig S.
Criddle et al. fed T. molitor with PE and PS, and the molecular weight (Mn) of polymer
residues decreased by 40.1% and 12.8%, respectively [28]. Emmanouil Tsochatzis et al.
investigated the intestinal microbes and the formation of degradation compounds of
T. molitor larvae under different feeding strategies. The results showed that water can
significantly improve the biodegradation of PS monomer and oligomer residues. Diet
leads to differences in intestinal microbiota, and three potential bacterial strains were
identified as the candidate strains involved in PS biodegradation [27]. Yalei Zhang et al.
investigated the biodegradation of PVC by feeding T. molitor larvae with PVC micro plastic
powder. After 16 days, the Mw, Mn, and Mz of PVC decreased by 33.4%, 32.8%, and
36.4%, respectively. The degradation products contain O-C and O-C functional groups.
The survival rate of T. molitor larvae with PVC, as the sole food in 5 weeks, was as high
as 80%, and the survival rate in three months was as low as 39%. PVC and wheat bran
were fed together to T. molitor, and they completed the growth and pupation process
within 91 days. T. molitor larvae can degrade PVC, but the mineralization of PVC is
limited [29]. Yonghong Zhou et al. reported that T. molitor could degrade bio-based
cross-linked polymers. Figure 1a–i shows representative images of T. Molitor, bio-based
cross-linked polymer film used in biodegradation experiment, and biodegradation test
results. A total of 8% (0.2 g) of polymer was biodegraded in the digestive system of
T. molitor. The degradation products contain products with low molecular weight, which
is the result of chain break caused by microbial attack. Biodegradation showed that the
prepared biopolymer network has good degradation performance and better impact on the
environment [30]. Piotr Bulak et al. studied the ability of T. molitor to biodegrade PE, PU,
and PS foams. The results showed that the quality of PS, PU1, PU2, and PE decreased by
46.5%, 41.0%, 53.2%, and 69.7% after 58 days, which indicated that the larvae and adults of
T. molitor could degrade plastic [31].

2.2. Plastic Degradation by Z. atratus

Z. atratus are mainly distributed in Central and South America, West Indies and other
places, which are also known as super bread worms and super wheat barkworms [49,50].
The maximum body length of adult larvae is approximately 71 cm, which is 3–4 times
larger than that of the general yellow mealworm, and the yield is 5 times higher than that of
yellow mealworm. Z. atratus larvae are rich in protein and fat, of which the protein content
can reach more than 51%, and the fat content is approximately 29%. At the same time,
they also contain many nutrients, including sugars, amino acids, vitamins, and minerals.
Z. atratus can degrade plastic similarly to T. molitor.
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Figure 1. (a) Representative images of Tenebrio molitor; (b) bio-based cross-linked polymer film used
in biodegradation experiment; (c) Tenebrio monitor fed with bio-based cross-linked polymer film
for 30 days. (d) Feces of Tenebrio molitor collected in biodegradation experiment. (e) Extraction from
feces of Tenebrio molitor using tetrahydrofuran (THF). (f) Microstructures of bio-based cross-linked
polymer film in a reflection mode. (g) Microstructures of bio-based cross-linked polymer film in a
transmissive mode. (h) Microstructure of bio-based cross-linked polymer films after feeding Tenebrio
molitor for 30 days in a reflection mode. (i) Microstructures of bio-based cross-linked polymer 3 film
after feeding Tenebrio molitor for 30 days in a transmissive mode, reprinted with permission from [30].

Yu Yang et al. determined that Z. atratus could ingest PS as the only food or could be
fed with bran for 28 days. Figure 2a–d shows the PS foam-eating activities of Z. atratus,
the increasing hollows in the Styrofoam block, consumption of PS foam by a group of
Z. atratus, and survival rate of PS foam-eating and normal diet (bran)-eating Z. atratus. The
results showed that the average consumption rate of PS foam plastic of each superworm is
estimated to be 0.58 mg/d, which is four times than that of T. molitor. The depolymerization
of long-chain PS molecules and the formation of low molecular weight products occurred
in the gut of larvae. During the 16-day test period, up to 36.7% of the intake of foam
plastic carbon was converted into CO2. Antibiotics of intestinal microbiota inhibited the
degradation of PS by Z. atratus, indicating that intestinal microbiota contributed to PS
degradation. This new discovery extends PS degrading insects beyond Tenebrio species
and indicates that the intestinal microbiota of Z. atratus will be a new biological source for
plastic-degrading enzymes [32].

Xin Zhao et al. fed Z. atratus and T. molitor with PS or PU foam plastic for 35 days
and bran as the control. Figure 3a–c shows the PS, PU, Z. atratus, and T. molitor used in the
study and hollows and pits on PS. The survival rate of Z. atratus was 100%, but weight loss
was observed after 20 days of only using plastic. In contrast, the survival rates of T. molitor
in the PS or PU groups were 84.67% and 62.67%, respectively, and the weight of the two
groups increased. The accumulative consumption of plastic by the Z. atratus is 49.24 mg
PS/larva and 26.23 mg PU/larva, which are 18 times and 11 times higher than those of
T. molitor, respectively [35].
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Figure 2. PS foam-eating activities of Zophobas atratus. (a) Zophobas atratus like to eat and penetrate
PS foam. (b) Increasing hollows in the Styrofoam block; (c) consumption of PS foam by a group of
Zophobas atratus; (d) survival rate of PS foam-eating and normal diet (bran)-eating Zophobas atratus,
reprinted with permission from [32].

Figure 3. (a) PS and PU used in the study. (b) Hollows and pits on PS (c) Zophobas atratus and Tenebrio
molitor used in the stud, adapted from [35].

Yalei Zhang et al. studied the fragmentation, larval physiology, intestinal microbiota,
and microbial functional enzymes of ingested polymers through 28 days of experiments.
Figure 4 shows the conceptual schematic for the biodegradation of PS and LDPE foams in
Z. atratus larva. Larvae maintained a high survival rate, but when fed PS or LDPE, their
body fat content decreased, and their consumption rates were 43.3 ± 1.5 and 52.9 ± 3.1 mg
plastic/100 larvae/day, respectively. Ingested PS and LDPE were broken to an average
size of 174 μM and 185 μM microplastics (by volume), size 6.3 μM and 5.9 μM particles
reached the maximum number, respectively, and no nanoplastic was produced. This work
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provides new insights into insect-mediated biodegradation of persistent plastics for future
research [36].

Figure 4. Conceptual schematic diagram for the biodegradation of PS and LDPE foams in Zophobas
atratus larvae, reprinted with permission from [36].

Dae-Hwan Kim et al. reported that Pseudomonas aeruginosa strain DSM 50071, which
was isolated from the gut of Z. atratus, could degrade PS. Pseudomonas sp. DSM50071 could
effectively biodegrade PS similarly to other plastic-degrading bacteria. The conversion of
PS surface from hydrophobicity to hydrophilicity through biofilm formation is crucial for
PS degradation [33].

Bryan J. Cassone reported that Z. atratus showed more microbial abundance in the early
stage (24–72 h) of LDPE feeding than caterpillars fed with starvation or natural honeycomb
diet. By using PS as sole carbon source to isolate and grow intestinal bacteria for more
than one year, the microorganisms in Acinetobacter participated in the biodegradation
process [37].

Shan-Shan Yang et al. investigated the biodegradation of PP by feeding larvae of
Z. atratus and T. molitor with PP foam. Figure 5 shows the PP foam-eating T. molitor larvae
and Z. atratus larvae, PP-fed versus PP + WB-fed gut microbiome of Z. atratus larvae. In
the study, PP foam was used as sole diet as a comparative study. When larvae of Z. atratus
and T. molitor were fed with the PP foam plus wheat bran, the consumption rates were
enhanced by 68.11% and 39.70%, respectively. Mw of frass decreased by 20.4% and 9.0%,
respectively, which indicated that PP can be biodegraded by the larvae of Z. atratus and
T. molitor via gut microbe-dependent depolymerization [38].
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Figure 5. PP foam-eating T. molitor larvae and Z. atratus larvae, reprinted with permission from [38].

Liping Luo et al. used plastics, including PS, PE and PU foam, as sole feedstock to
feed T. molitor. PS- or PU-fed larvae showed 100% survival rates, and the PE-fed and
starvation larvae had decreased survival rates of 81.67% and 65%, respectively. Plastic-fed
and starvation groups showed decreased larvae weight. The consumption rates of PS,
PE, and PU were 1.41, 0.30, and 0.74 mg/d/larva, respectively. The results showed that
T. molitor can partially degrade plastics [34].

2.3. Plastic Degradation by G. mellonella

G. mellonella is a completely metamorphosed insect that undergoes four stages, in-
cluding egg, larva, pupa, and adult. The insects are widely distributed all over the world,
especially in the tropical and subtropical regions of Southeast Asia [51–53]. G. mellonella
is rich in protein, short in growth cycle, and easy to reproduce, eat, and feed [54]. It is
one of the main insect models which is used to study innate immunity and host pathogen
interactions. The giant G. mellonella is often used to feed freshwater fish, birds, reptiles, and
amphibians, which have three generations a year, and one generation lasts approximately
60–80 days [55]. When the average temperature exceeds 13 ◦C, the larvae begin to awake.
The activity of the giant G. mellonella is closely related to external temperature. Excessively
low or high temperature will slow the growth and even kill giant G. mellonella. G. mellonella
likes to eat beeswax, and the chemical structure of the most common hydrocarbon bond in
beeswax is highly similar to that of PE. The chewed PE is digested by the wax borer and
converted into small molecules of ethylene glycol, which can be degraded in the natural
environment within a few weeks.

Defeng Xing et al. investigated the feasibility of enhancing larval survival and the effect
of supplementing the co-diet on plastic degradation by feeding the larvae of G. mellonella.
Figure 6 shows that plastic and supplementary nutrients are ingested by the greater wax
moth larvae fed with a PS diet. Significant mass loss of plastic was observed within 21 days
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(i.e., 150 larvae fed only PS or PE consumed 0.88 g and 1.95 g, respectively). O-containing
functional groups and long-chain fatty acids are detected in metabolic intermediates,
thereby showing depolymerization and biodegradation [39]

Figure 6. Plastic and supplementary nutrients were ingested by the greater wax moth larvae fed a PS
diet (a), a PE diet (b), a PS + beeswax diet (c), a PE + beeswax diet (d), a PS + bran diet (e), and a PE +
beeswax diet (f), reprinted with permission from [39].

Harsha Kundungal et al. investigated the degradation of high-density polyethylene
(HDPE) by feeding the larvae of G. mellonella. Nutrition on PE degradation were investi-
gated by providing wax comb as co-feed. Figure 7a–d shows G. mellonella larvae feeding
on PE film, degraded PE films with holes after exposure to the lesser waxworm for 12 h,
comparison of post-degradation weight loss percentage of waxcomb and PE after lesser
waxworm consumption, and PE consumption over time. The study after degradation
showed that 100 wax insects reduced the weight of PE by 43.3 ± 1.6%. In 8 days, each wax
insect ingested 1.83 mg of PE every day, and the consumption of PE increased [40].

Yucheng Zhao et al. isolated a PE degrading fungus called PEDX3 from the intestine
of G. mellonella. Figure 8a–c shows the process of PE films being degraded by PEDX3
from the intestine of G. mellonella, visual analysis, HT-GPC analysis, and Fourier infrared
spectroscopy (FT-IR) analysis. The results showed that strain PEDX3 degraded HDPE and
MPP into low molecular weight MPP after 28 days of culture. The degradation products
contain carbonyl and ether groups, which verifies the degradation of PE [41].
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Figure 7. (a) Galleria mellonella larvae feeding on PE film. (b) Degraded PE film with holes after
exposure to the lesser waxworm for 12 h. (c) Comparison of post-degradation weight loss percentage
of waxcomb and PE after lesser waxworm consumption. (d) PE consumption over time, reprinted
with permission from [40].

Figure 8. The process of PE films degraded by PEDX3(a PE degrading fungus) from the intestine
of Galleria mellonella. (a) Visual analysis; (b) HT−GPC analysis; (c) FT−IR analysis, reprinted with
permission from [41].

Wei-Min Wu et al. investigated the biodegradability of LDPE and HDPE by yellow
and dark G. mellonella. The sequence of biodegradation extent showed LDPE > HDPE.
The low molecular weight, high branching, and low crystallinity of PE are positive for
bio-degradation. Molecular weight is the key factor that affects biodegradability [42].

2.4. Plastic Degradation by Other Insects

Wax insects, which are mainly distributed in more than 10 provinces such as Shandong,
Hebei, Henan, Sichuan, Yunnan, Guizhou, Guangxi, and Guangdong are special resource
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insects in China. They are also distributed in Japan, India, Russia, and other countries.
The female only undergoes three stages, namely egg, nymph, and adult, which belongs
to incomplete metamorphosis type. The male undergoes four stages, namely egg, larva,
pupa, and adult, hence belonging to the completely changed S type. Guocai Zhang et al.
studied the mechanism of PE degradation by wax insects. They fed the wax insects with
PE, separated and purified two strains with high PE degradation efficiency, and evaluated
the impact of single and microbial combination on PE degradation. The results showed
that PE could be degraded by Meyerospira gilsonii and Serratia marcescens. However, the
degradation efficiency of microbial community is higher, and the weight loss rate of PE is
15.87%. The chemical structures of a series of PE degradation products were obtained. This
study can be used to develop an effective microbial community for PE degradation and
provide a basis for the reuse of PE waste [56].

Jun Yang et al. isolated two bacterial strains, namely Escherichia coli AST1 and Bacillus
sp.YP1, which could degrade PE from the intestinal tract of wax worms. Figure 9a–c shows
the PE film-eating waxworms and morphotypes of the cells in the mature biofilm on the
PE sheet. After 28 days of culture on PE film, the two strains formed a living biofilm,
the hydrophobicity of the PE film was reduced, and the obvious damage included pits
and cavities. During the 60-day incubation period, YP1 could degrade by approximately
10.7 ± 0.2% of PE film. The molecular weight of the residual PE film is low, hence providing
promising evidence for the biodegradation of PE in the environment [43].

 

Figure 9. (a) PE film-eating waxworms. (b,c) Morphotypes of the cells in the mature biofilm on the
PE sheet, reprinted with permission from [43].

Yalei Zhang showed that the degradation rate of PS in the intestine of dark mealworms
was faster than that of T. molitor. Figure 10A–D presents the T. molitor and Tenebrio obscurus
around the world and PS foam-eating behaviors. With expanded PS foam as the only diet,
after 31 days, Mn of residual PS in the feces of dark mealworms decreased by 26.03%,
which was significantly higher than that of whitefly (11.67%). According to the proportion
of PS residues, dark mealworms can degrade PS effectively [44].

Zhang Yong Wang et al. studied the biodegradation of PS in the intestinal microbiota
of T. molitor, Parasita magna, and Atlas Z. atratus larvae. The results showed that the
superworm had the strongest PS consumption ability and the highest survival rate during
the 30-day experiment period, able to degrade PS to different degrees. T. molitor strongly
depolymerized PS by destroying benzene ring [57].

259



Polymers 2023, 15, 1307

Figure 10. Tenebrio molitor and Tenebrio obscurus around the world and PS foam-eating behaviors.
(A) Discovered life and original sources of T. molitor. (B) Discovered life and original sources of
T. obscurus. (C) PS foam-eating T. molitor larvae and (D) T. obscurus larvae from Shandong Province,
China, reprinted with permission from [44].

Feng Ju et al. isolated a PVC-degrading bacteria from the intestinal tract of insect
larvae and studied the pathway of PVC degradation. Their research reported that the
larvae of the pest Spodoptera frugiperda can survive by eating PVC film, which is related
to the enrichment of enterococcus, Klebsiella, and other bacteria in the larval intestinal
microbiota. Bacterial strains isolated from larval intestine can depolymerize PVC [58].

Mik Van Der Borgt et al. investigated the effects of PVC plastics on the growth,
survival, and biotransformation of black soldier fly larvae. The growth, survival, and
biotransformation parameters of larvae were measured by feeding black soldier fly larvae
with artificial food waste mixed with micro, medium, and large plastics. The insects are not
affected by PVC plastics in the matrix in terms of growth performance, survival rate, and
biotransformation rate [45].

Defu He et al. reported the biodegradation capability of expanded PS foam in a
globally distributed soil invertebrate, Achatina fulica. Figure 11a–d shows that the PS
foam was uptaken by A. fulica and fragmented into microplastics. After a 4-week exposure,
18.5 ± 2.9 mg PS was ingested per snail in one month and microplastics in feces were
egested with significant mass loss of 30.7%. A significant increase in Mw of feces-residual
PS illustrated limited extent of depolymerization. Significant shifts in the gut microbiome
were observed after the ingestion of PS, with an increase in families of Enterobacteriaceae,
Sphingobacteriaceae, and Aeromonadaceae, which showed that gut microorganisms were
associated with PS biodegradation [59].

Seongwook Woo et al. reported the PS biodegradation by the larvae of the darkling
beetle Plesiophthalmus davidis. P. davidis ingested 34.27 mg of PS foam per larva and survived
by feeding only on Styrofoam in two weeks. The ingested PS foam was oxidized. The
decrease in the Mw of the residual PS in the frass compared with the feed PS foam, and
C–O bonding was detected in the degradation products of PS film, which illustrated that
PS foam was degraded [60].
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Figure 11. PS foam were uptaken by A. fulica and fragmented into microplastics. (a) The exposure
scene of Styrofoam and A. fulica. (b) Mark of gnawing on Styrofoam (the top right showing enlarged
image in the blue box). (c) Microplastics in feces. (d) The distribution of microplastic sizes, reprinted
with permission from [59].

3. Conclusions and Prospects

Plastic products have been widely used around the world because of its easy process-
ing, low price, and portability. However, so far, unreasonable disposal of plastic products
has led to serious pollution, and no perfect strategy can address waste plastics. It is dif-
ficult for plastics to degrade by themselves. Landfill has been proved to be infeasible for
waste plastic disposal. Toxic gases are generated by incineration or chemical treatment,
which cause various threats to the atmospheric environment and human health. Achieving
large-scale disposal of waste plastics through recycling is also difficult. Insect-degradable
plastics have not been employed in practical application. The current research reported
that T. molitor, Z. atratus, wax borer, silkworm, and termite can feed on degradable plas-
tics. Using insects to degrade plastics has the advantages of low cost and no secondary
pollution. Moreover, the aforementioned insects can be used as animal feed sources, with
good application and economic value. However, due to the differences in the composition
and structure of plastics, the degradation efficiency of different insects varies greatly, and
some plastics also affect the growth and development of insects. The research on plastic
degradation by insects and isolated functional microorganisms has only been carried out in
recent years, and the results are far from practical application. The researchers can conduct
experiments in discovering more insects that can feed on plastic, confirming the preference
of different insects for the types of plastic and further improving the efficiency of insects’
feeding and degradation of plastic. The use of waste plastics as food for insects can realize
the recycling of waste plastics. However, the realization of this process requires researchers
to conduct toxicological analysis on plastic-eating insects to avoid the toxicological risks
or cumulative effects of toxic substances in organisms. High-throughput sequencing tech-
nology is used to analyze the intestinal microbial diversity of plastic-degrading insects,
detect functional microorganisms related to plastic metabolism, reveal the realization mech-
anism of plastic microbial degradation and new metabolic path, and isolate and purify
plastic-degrading functional microorganisms.
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PS Polystyrene
PVC Polyvinyl chloride
PE Polyethylene
ABS Acrylonitrile butadiene styrene
PU Polyurethane
PLA Polylactic acid
PHAs Polyhydroxy fatty acid ester polymers
PPC Carbon dioxide copolymer
PCL Polycaprolactone
PGA Polyglycolic acid
YT2 Exiguobacterium sp.
LDPE Low-density PS
Mn Molecular weight
THF Tetrahydrofuran
FT-IR Fourier infrared spectroscopy
ATR-FTIR Fourier transform attenuated total reflection infrared spectroscopy
HDPE High-density PS
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Abstract: Recently, the improvement of the engineering properties of soil has been centered on using
sustainable and eco-friendly materials. This study investigates the efficacy of three biopolymers:
Acacia, sodium alginate, and pectin, on the unconfined compressive strength (UCS) of dune sand.
The UCS test measured the effects of the biopolymer type and concentration, curing intervals
and temperature, and moisture loss. The changes in the morphology caused by the biopolymer
addition were examined via scanning electron microscopy (SEM). Results indicate that the UCS of the
biopolymer-modified sand increased with biopolymer concentration and curing intervals. Varying
the curing temperature from 25–110 ◦C, slightly affected the strength of the acacia-modified sand
specimen, increased that of the sodium alginate-modified sand specimen up to a temperature of
85 ◦C, and continued to decrease that of the pectin-modified sand specimen as the temperature was
increased from 25 to 110 ◦C. The SEM images indicated that the biopolymer’s presence within the
sand pores significantly contributed to the strength. Bond decomposition occurs at temperatures
greater than 110 ◦C for sodium alginate and pectin-modified sands, whereas bonds remain stable at
higher temperatures for the acacia-modified sand. In conclusion, all three biopolymers show potential
as robust and economic dune stabilisers.

Keywords: acacia; biopolymer; properties; gelling; pectin; sodium alginate; soil stabilization
unconfined compressive strength

1. Introduction

Soil properties such as strength, volume stability, durability, compressibility, and per-
meability are essential to geotechnical applications, from dune stabilisation to foundation
design [1]. Traditional methods for improving the geotechnical properties of soil include
mechanical and chemical techniques. Conventional methods for chemical stabilisation,
which employ materials such as cement, lime, fly ash, cement kiln dust, and blast-furnace
slag, are the oldest and have gained popularity among researchers [2–21]. These mate-
rials either aid compaction, repel water, or bind to the soil particles when incorporated
into the soil matrix. Soil treated with chemicals, except sodium silicate, is often prone
to environmental hazards [22]. Cement and lime can change the pH of the soil, pollute
the groundwater, and pose a threat to human health. The cement production industry
is one of the most significant sources of carbon dioxide (CO2) emissions, accounting for
approximately 8% of global emissions [23]. About 60% of these emissions result from
chemical reactions, whereas the remaining 40% are due to the combustion of fossil fuels
during cement production [24]. Attempts to reduce the massive carbon footprint of cement
production have given rise to adopting nontraditional stabilisation agents, such as waste
materials, lignosulfonate, epoxy resins, polymers, geopolymers, and biopolymers [25–33].
These additives are cost-and-time-effective alternatives to conventional materials.

Biopolymers have many applications in various fields, including water treatment,
medicine, paper production, energy, oil exploration, and textile and food processing.
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They are produced from renewable resources and are biodegradable and non-toxic, mak-
ing them suitable for use in geotechnical engineering. In this field, biopolymers have
been reported to improve soil properties [22,34–46]. Taytak et al. (2012) [46] reported
an increase in the maximum dry density and a reduction in the permeability of the
bentonite–kaolin–sand mixture with an increase in the biopolymer concentration.
Latifi et al. (2016) [43] investigated the effect of curing time and biopolymer concen-
tration on the shear strength of xanthan-gum-modified organic peat. The curing periods
were 3, 7, 28, and 90 days, with biopolymer concentrations of 0.5%, 1.0%, 1.5%, and 2.0%.
The cohesion, strength, and friction angle increased significantly with increases in curing
time during the first 28 days at an optimum concentration of 2%. Qureshi et al. (2017) [45]
investigated the UCS and unconsolidated undrained shear strength of sand modified with
xanthan gum (concentrations of 0%, 1%, 2%, 3%, and 5%) at confining pressures of 50, 100,
and 150 kPa. This study reported an optimal concentration of 2% to achieve maximum
increases in the UCS strength. However, strength decreased at higher concentrations. A
study by Fatehi et al. (2019) [38] used sodium alginate in concentrations of up to 5%
with different curing times and temperatures. The results indicated a correlation between
UCS increases and biopolymer concentration. The strength of the sand modified with a
biopolymer concentration of 2% increased rapidly for the first 14 days of curing, with a
slight increase observed after 28 days. The strength increased as the curing temperature
rose to 45 ◦C and decreased at temperatures higher than 45 ◦C after 14 days.

Most geotechnical engineering studies have focused on using xanthan and guar gums
to improve soil mechanical properties. This research investigates the effects of acacia,
sodium alginate, and pectin on soil properties. Laboratory tests, including unconfined UCS
and SEM techniques, used different concentrations, curing periods, and temperatures to
provide insights into the mechanical properties of the modified sand.

2. Materials and Methods

2.1. Soil

The soil used in this study was obtained locally from Thadiq, located approximately
120 km north of Riyadh, Saudi Arabia. Several soil specimens were collected at depths
ranging from 0–250 mm. Before use, the soil was air-dried in the laboratory and passed
through a sieve with an opening diameter of 1.18 mm to remove the crop shaft, leaves,
and sticks. Table 1 presents the basic properties of the sand; it is classified as poorly
graded according to the Unified Soil Classification System. Figure 1 shows the particle-size
distribution, with 99.2% sand and 0.8% fines.

Table 1. Basic properties of the Thadiq sand.

Specific Gravity, Gs emin emax D50 (mm) D10 (mm)
Coefficient of

Uniformity, Cu
Coefficient of
Curvature, Cc

pH

2.66 0.51 0.76 0.15 0.09 1.99 0.88 8.33

2.2. Biopolymers

Experiments used acacia powder, pectin, and sodium alginate mixed with natural
Thadiq sand to investigate the effects on the UCS measurements. The biopolymer was
selected based on film formation, thickening, gelling capability, ease of use, availability,
and sustainability.

Acacia gum, known as gum Arabic, is derived from exudates of mature Acacia senegal
or Acacia seyal trees. The major components of this exudate are polysaccharides and
glycoproteins [47]. Acacia gum is highly soluble in water and forms solutions with various
concentrations, less viscous than solutions formed by other gums. It consists of D-galactose,
D-glucuronic acid, arabinose, and rhamnose. The acacia used in this study was obtained
from Qualikems Chem Pvt. It has a purity of 79.25%.
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Figure 1. Particle-size distribution of the Thadiq sand.

Sodium alginate is a hydrophilic and water-soluble anionic polysaccharide that can
be extracted from the cell walls of various species of brown marine algae and the capsular
component of bacteria such as Azotobacter vinelandii and Pseudomonas species [48,49]. It
is comprised of (1,4)-β-D-mannuronate (M) and α-L-guluronate (G) residues arranged as
M blocks, G blocks, and alternating M and G blocks [50]. The sodium alginate used in this
study was obtained from Techno Pharmchem. It has a molecular weight of 216.121 g/mol
and a purity of 57%.

Pectin is a significant component of the middle lamella of the primary cell wall and
is mainly isolated commercially from citrus fruit peels and apple pomace cell walls [51].
Other sources of pectin include apricots, cherries, carrots, grapes, mangoes, pawpaw,
and strawberries. It is a polysaccharide that contains significant amounts of galacturonic
acid and smaller amounts of L-arabinose, D-galactose, and L-rhamnose. α-(1–4) linkages
connect the galacturonic acid residues and form a linear chain. The pectin used in this
study was obtained from Acros Organics.

2.3. Specimen Preparation

The biopolymers were mixed directly with the required amount of deionised wa-
ter to form the treatment solutions with concentrations of 0%, 0.5%, 1%, 2%, 3%, and
5%. The slow addition of the biopolymer powder to the deionised water at the target
concentration prevented clump formation. A high-speed mechanical stirrer was used to
mix the solution for 10–15 min until the mixture became homogeneous. The ratio of the
dry biopolymer weight to the total weight of the resulting treatment solution defined the
target concentration.

Fabrication of UCS test specimens with a diameter of 49.80 mm and a height of
102.34 mm used a mould. The mixture had a moisture content of 10% and was compacted
lightly with 25 blows and then compressed between two end plates using a hydraulic jack
to achieve a wet density of 1.64 g/cm3. Specimens underwent different curing conditions
before testing.

The specimens used to determine the variation in the moisture of the biopolymer
specimen with curing days were prepared in a container that had a diameter of 20 mm and
a height of 30 mm. The specimens were compacted to achieve a wet density similar to the
UCS. The resulting weight of the specimen was monitored as the curing proceeded over
seven days. To ensure the repeatability of the test, three UCS samples were prepared for
each test condition under consideration.

Unscathed chunks of the sand specimens collected from the UCS columns were
examined via SEM to study the influence of the biopolymer. The piece was placed on a
stopper and kept under vacuum conditions for 10 min, followed by the deposition of a
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platinum coating for 60 s to a thickness of 25 nm to prevent charging under the electron
beam during the imaging process.

2.4. Unconfined Compressive Strength Tests (UCS)

UCS tests complied with ASTM D2166-06 (2007) [52], which specifies the standard
test method for cohesive soil. The specimens were cured between 7 and 56 days at room
temperature (25 ◦C) to examine the effect of biopolymer concentration on the UCS of the
modified sand. Tests also investigated the effect of curing time on the UCS using stabilised
sand specimens tested after curing periods of 0, 1, 3, 7, 14, 21, 28, and 56 days at room
temperature (25 ◦C). Additionally, to evaluate the effect of the curing temperature (25,
40, 60, 85, and 110 ◦C) on the UCS, specimens were cured for 7, 14, 28, and 56 days. The
specimens were allowed to cool for 15 min before testing. The test was conducted at an
applied strain rate of 0.3 mm/min.

2.5. Scanning Electron Microscope Imaging

The surface morphology of the modified sand was characterised via field-emission
SEM (JEOL; JSM7600F) together with energy-dispersive X-ray spectroscopy. For the SEM,
electron beams were utilised to examine the surface morphology in detail. The main
signals detected were from backscattered and secondary electrons, which generated a
high-resolution image of the specimen.

3. Results

3.1. Effect of Biopolymer Concentration

Figure 2 presents the strength of Thadiq sand stabilised with the biopolymer at vary-
ing concentrations of 0%, 0.5%, 1%, 2%, 3%, and 5% after seven days of curing. The UCS
increased significantly with an increase in the biopolymer concentration. There were insuf-
ficient bonds between the sand grains without adding the biopolymer (0% to represent the
control specimen), resulting in a low compressive strength of 12.43 kPa after seven days.
The obtained strength is due to compaction during specimen preparation. Incorporating
0.5% biopolymer concentration into the soil matrix improved the strength to 28.79 kPa,
54.66 kPa, and 92.38 kPa for acacia, sodium alginate, and pectin, respectively. However,
the biopolymer concentration of 5.0% increases the compressive strength to 692.38 kPa,
916.68 kPa, and 1771.97 kPa for acacia, sodium alginate, and pectin, respectively. This
increase in strength corresponds to a rise of approximately 54-, 71-, and 138-folds, respec-
tively, compared to the control specimen. The results of this research complement the
study by Fatehi et al. (2018) [39] and Fatehi et al. (2019) [38] utilising casein and sodium
caseinate and sodium biopolymers, respectively. Ayeldeen et al. (2016) [34] made a similar
observation with xanthan gum, guar gum, and modified starch on silty soil.

Figure 2. Effect of the biopolymer concentration on the UCS after a curing period of seven days.
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Remarkable improvement in strength with biopolymer concentration can be attributed
to the increases in the viscosity and the binding capability of the biopolymers. Pectin
biopolymer yielded the most significant improvement in the compressive strength of
the Thadiq sand, followed by sodium alginate and acacia. The low strength of acacia-
modified specimens can be attributed to the low viscosity in water compared to the other
biopolymers. The low viscosity of acacia biopolymer results from the highly branched
galactose/arabinose/rhamnose/glucuronic acid side chains attached to the galactan main
chain [53]. The gelling property responsible for the strength of sodium alginate is a function
of the ratio of β-D-mannuronate to α-L-guluronate units (M/G) within the structure. A
lower M/G ratio corresponds to a stronger and more brittle gel [54]. α-L-guluronate units
play a significant role in the gelation process, in contrast to β-D-mannuronate, which
comprises alternating guluronate and mannuronate units. The linear sequence of (1,4)-α-
D-galacturonic acid residues within the pectin structure forms aggregates held together
by secondary valence bonds primarily responsible for the gelation property [55], which is
responsible for the pectin strength.

Figure 3 presents the elastic modulus for the biopolymer-modified sand specimens
to the concentration of the biopolymer after seven days of curing. The stiffness of the
modified sand was determined in the inelastic region of the stress-strain curve. The secant
modulus of elasticity, E50, was calculated from the slope of the line connecting 50% of the
maximum UCS to the origin. It is defined as minor stress-dependent [56]. Results showed
that increased biopolymer concentration increased the modulus of elasticity. Among the
biopolymers, acacia powder yielded the least improvement in the compressive strength
for all the concentrations tested; however, the stiffness at a concentration of 5% was higher
than sodium alginate. Adding 5% pectin resulted in the most significant improvement in
compressive strength and stiffness at the end of the 7-day curing period. These results
agree with previous research by Ayeldeen et al. (2016) [34], which concluded that the
elastic modulus increased as the biopolymer (xanthan gum, guar gum, or modified starch)
concentration increased. Figure 4 shows the shear failure results for the control specimen
and sand modified with acacia, sodium alginate, and pectin at a concentration of 5%. The
failure planes of the control and acacia specimens were vertical, while that of the sodium
alginate and pectin specimens were inclined at approximately 60◦.

Figure 3. Effect of the biopolymer concentration on the stiffness of the modified sand after a curing
period of seven days.
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Figure 4. Failure planes for (a) control, (b) 5% Acacia, (c) 5% Sodium alginate, and (d) 5% Pectin,
after a curing period of seven days.

3.2. Effect of Curing Intervals

The impact of varying curing time over 0, 1, 3, 7, 14, 21, 28, and 56 days was examined
on the UCS of the biopolymer-modified sand at a room temperature of 25 ◦C. Since the
UCS of the modified sand increases continually with the biopolymer concentration, a
concentration of 2% was selected to study the effect of the curing time of the UCS. Figure 5
presents the influence of curing time on the UCS of sand modified with acacia, sodium
alginate, and pectin biopolymer. When the modified sand was not allowed to cure and
was tested immediately after preparation, a low UCS of 9.18 kPa, 12.11 kPa, and 9.66 kPa
were obtained for acacia, sodium alginate, and pectin, respectively. The strength of the
biopolymer-modified sand increased significantly after one day of curing to 142.31 kPa,
102.32 kPa, and 149.33 kPa for acacia, sodium alginate, and pectin, respectively. The results
indicate that the curing time is an essential parameter for the strength development of
biopolymer-modified sand.

Figure 5. Effect of the curing time on the UCS of the modified sand.
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The highest rate of strength increases in the biopolymer-modified sands occurs within
the first seven days of curing. The significant effect of curing time on the strength devel-
opment of the modified soil within the first seven days of curing agrees with previous
studies by Latifi et al. (2017, 2016) [42,43]. This significant improvement in the strength
was attributed to reduced moisture content within the specimens. After one day of curing,
the modified specimen was observed to have achieved approximately 80, 32, and 25% of
the maximum UCS achievable for acacia, sodium alginate, and pectin, respectively. All
the biopolymers utilised reached maximum UCS gain after a curing period of 14 days.
However, the UCS of specimens modified with acacia declined by 9% after 21 days and 8%
after a curing period of 28 days. After that, the UCS maintained its value between 28 to
56 days of curing. However, the UCS of sodium alginate- and pectin-modified specimens
remained relatively constant over the 14–56 days of curing.

As shown in Figure 6, the loss of moisture from the biopolymer-modified specimen
played a crucial role in the rate of strength development. The rate of moisture loss was
observed to be proportional to the increase in the UCS. The sodium alginate- and pectin-
modified sand retained more moisture longer than the acacia-modified sand after one day
of curing. The amount of water lost after one day of curing was 75, 47, and 41% for acacia,
sodium alginate, and pectin, respectively. Furthermore, after three days of curing, the
modified specimen was observed to have lost 96, 83, and 84%, respectively. The modified
specimens were observed to lose all the moisture after seven days of curing completely.
Furthermore, for both sodium alginate and pectin specimens, it was observed that the
UCS decreased as the curing day was increased from 7 to 56 days, irrespective of the
curing temperature.

Figure 6. Variation of moisture loss with curing days for 2% biopolymer-modified sand.

3.3. Effect of Curing Temperature on UCS

Figure 7 presents the results of the impact of curing temperature on the UCS of
specimens modified with 2% biopolymer after curing periods of 7, 14, 28, and 56 days.
Curing temperatures varied as 25, 40, 50, 85, and 110 ◦C. The strength development
pattern of the modified specimen varied with the curing temperature. The UCS of the
acacia-modified sand exhibited an erratic pattern as the curing temperature was increased
from 25 to 110 ◦C. However, it is fair to conclude that increasing the curing temperature
from 25 to 110 ◦C did not have a significant impact on the UCS compared to the other
biopolymers. The UCS of the sodium alginate-modified sand increased as the curing
temperature rose to 85 ◦C. A further increase in the temperature to 110 ◦C resulted in a
significant reduction in the UCS. This strength reduction can be attributed to the thermal
decomposition of the sodium alginate—biopolymer bond between adjacent soil grains. The
thermal decomposition resulted in a breakdown of the linear polymer α-L-guluronic (G)
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acid residue responsible for gelation within the structure. The thermal decomposition of
sodium alginate is due to dehydration at 103 ◦C, the destruction of glycosidic bonds at
212 ◦C, and the conversion of alginate to carbonaceous residue [57]. This finding contradicts
the finding reported by Fatehi et al. (2019) [38], where UCS was reported to increase with
curing temperatures up to 45 ◦C with further increase in the temperature resulting in a
reduction in UCS. This discrepancy in results may result from the type of sodium alginate
used. In contrast, the UCS of the pectin-modified sand decreased significantly as the curing
temperature was increased from 25 to 110 ◦C. The reduction in the UCS can mainly be
ascribed to the breakdown of primary chemical valence linkages between the galacturonic
acid polymeric units of the pectin biopolymer network within the soil matrix.

Figure 7. Effect of the curing temperature on the UCS of 2% biopolymer-modified sand at (a) 7 days,
(b) 14 days, (c) 28 days, and (d) 56 days.

For instance, at 56 days, the UCS of the acacia-modified specimen decreased by 8%,
11%, 13%, and 17%; the pectin-modified specimen decreased by 33%, 56%, 64%, and 97%,
and the sodium-alginate modified specimen increased by −3, 4, 16, and −91% as the curing
temperature was varied from 25 ◦C to 40 ◦C, 60 ◦C, 85 ◦C, and 110 ◦C, respectively.

3.4. Effect of Moisture Loss on UCS

Moisture loss significantly resulted in the strength development of the biopolymer-
modified sand. Therefore, additional analyses were conducted to further examine the
impact of preventing moisture loss with curing days on the strength. Figure 8 presents the
effect of no moisture loss on the UCS of sand treated with 2% biopolymer concentration
and cured for 0, 7, 4, 28, and 56 days. After seven days of curing, the UCS was 8.16 kPa,
12.17 kPa, and 9.02 kPa for the sand modified with acacia, sodium alginate, and pectin,
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respectively. However, when the specimens were allowed to lose moisture, the UCS rose to
171.46 kPa, 293.57 kPa, and 592.62 kPa, respectively. As the curing time increased from 0 to
56 days, the strength of the acacia-modified specimens increased significantly to 74 kPa,
while the other two biopolymer-modified specimens both maintained a low strength of
approximately 10 kPa, respectively. The acacia-modified specimen lost much moisture over
the 56-day curing period. The moisture loss was faster than the other biopolymer-modified
specimens owing to their low viscosity. Thus, moisture loss significantly affects the UCS of
biopolymer-modified sand.

Figure 8. Effect of moisture loss on the UCS of the 2% biopolymer-modified sand.

Furthermore, an in-depth investigation was conducted to monitor the moisture loss
from the biopolymer-modified specimens cured under laboratory conditions. The result is
illustrated in Figure 9. The time required by the biopolymer-modified specimen to reach
complete dehydration depend on the type and concentration of the biopolymer used. The
acacia-modified specimens were observed to achieve complete dehydration after three
days of curing across all biopolymer concentrations. However, sodium alginate-modified
specimens with a concentration of 0.5% and 1% required three days, 2% took four curing
days, and those with 3% and 5% took five curing days to complete dehydration. The
pectin-modified specimens required 3, 5, and 6 curing days at a biopolymer concentration
of 0.5%, 1–3%, and 5%, respectively.

3.5. Microstructure Scaling Analysis

Figure 10a–d present the micrographs of Thadiq sand in its natural state and a
biopolymer-modified specimen after UCS testing. Images of the natural sand display dis-
persed grains of sand with noticeable pockets of voids and pores, as shown in
Figure 10a. The soil particles had no significant link, resulting in a low UCS. Figure 10b–d
shows the micrographs of the specimens modified with a biopolymer concentration of
2.0%. Accumulation of the biopolymer between the sand particles was observed, which
was responsible for the binding effect within the matrix of the modified sand. Thus, the
UCS of the modified sand is dependent on the strength of the biopolymer linkages or the
binding force of the sand grains. Generally, the biopolymer stabilization’s reinforcement
mechanism depends on moisture loss from the biopolymer-sand admixture. The mixture
of biopolymer with water results in the formation of a hydrogel absorbed onto the surface
of the sand particles via hydrogen and intermolecular bond. The hydrogel becomes a thin
and hardened membrane network as the moisture evaporates, thus increasing strength
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and elasticity modulus. As a result, with more biopolymer concentration, the polymer
membrane gets harder, which results in more stiffness.

a

Figure 9. Variation of moisture content of soil specimen modified with 2% concentration of (a) Acacia,
(b) Sodium alginate, and (c) Pectin.

Figure 11a–c presents micrographs of the biopolymer-modified sand subjected to an
elevated temperature of 110 ◦C for 56 days after UCS testing. As shown in Figure 11a,
the acacia biopolymer links between the sand particles were not significantly affected by
the temperature. This signifies why there were no significant changes in the UCS values
obtained after curing at 7, 14, 28 and 56 days. However, Figure 11b,c show the scanty
sight of sodium alginate and pectin biopolymer films observed on the surface and within
the pore spaces of the sand grains. The links between the sand grains were observed to
be decomposed after exposure to a temperature of 110 ◦C, leaving thin biopolymer film
residues around the sand grains, which resulted in a reduction in the UCS compared to the
specimens cured at a room temperature of 25 ◦C.
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Figure 10. SEM images of (a) natural sand; (b) 2% Acacia-modified; (c) 2% Sodium alginate-modified;
(d) 2% Pectin-modified.
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Figure 11. SEM images of modified specimens after curing at 110 ◦C for 2% (a) Acacia, (b) Sodium
alginate, and (c) Pectin.

4. Conclusions

This research compared the effects of acacia, sodium alginate, and pectin on the soil
properties of Thadiq dune sand. A control specimen and three biopolymer-modified sand
specimens were tested at different conditions, including five concentrations, curing periods,
and temperature, to examine these effects on the UCS and shear wave velocity. Salient
conclusions are below:

• Incorporating the biopolymers within the sand matrix improved the strength and
stiffness of the sand. An increase in the biopolymer concentration increased the
strength and stiffness.
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• Pectin yielded more significant improvements in the strength and stiffness of the sand
compared to the acacia and sodium alginate biopolymers.

• The increased strength of the modified sand significantly improved within the first
seven days of curing compared with the more extended curing period from 7 to
56 days, in which the increase in strength was minor.

• Moisture loss over time significantly affected the strength of the biopolymer-modified
sand. UCS results for specimens protected against moisture loss indicated that the
strength remained relatively constant as the curing time increased from 0 to 56 days,
except for the acacia-modified sand, whose strength increased significantly after
56 days.

• The temperature significantly affected the strength of the specimens. The acacia-
modified sand exhibited an irregular strength development pattern, with optimum
results obtained at room temperature. The optimum curing temperature for the
sodium alginate-modified sand was 85 ◦C; higher temperatures had detrimental effects
on strength.

• SEM images indicated that incorporating the biopolymer within the sand matrix led
to the formation of a bond between the soil particles, which enhanced the strength and
stiffness of the Thadiq sand. The SEM images indicated that cementation occurred
even when the acacia-modified sand was subjected to a high temperature of 110 ◦C. In
contrast, the films on the surface and within the grains were mostly decomposed for
the pectin-modified sand.

• The durability of biopolymers is a major concern. Hence, further studies should be
conducted on repeated wet-dry cycles and other environmental conditions.
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Abstract: The first step towards the production and marketing of bioplastics based on renewable and
sustainable materials is to know their behavior at a semi-industrial scale. For this reason, in this work,
the properties of thermoplastic starch (TPS)/polyvinyl alcohol (PVA) films plasticized by a green solvent,
as the 1-ethyl-3-methylimidazolium acetate ([Emim+][Ac−]) ionic liquid, produced by melt-mixing
were studied. These blends were prepared with a different content of [Emim+][Ac−] (27.5–42.5 %wt.)
as a unique plasticizer. According to the results, this ionic liquid is an excellent plasticizer due to
the transformation of the crystalline structure of the starch to an amorphous state, the increase in
flexibility, and the drop in Tg, as the [Emim+][Ac−] amount increases. These findings show that
the properties of these biomaterials could be modified in the function of [Emim+][Ac−] content in
the formulations of TPS, depending on their final use, thus becoming a functional alternative to
conventional polymers.

Keywords: thermoplastic starch/polyvinyl alcohol blend; ionic liquid; 1-ethyl-3-methylimidazolium
acetate; melt-mixing; plasticizer

1. Introduction

Ionic liquids (ILs) are gaining interest in the field of plastic production because they
have the potential to act as plasticizers in polymer matrices [1] due to properties such
as high thermal and chemical stability, non-flammability, low vapor pressure, tunable
solubility, and good hydraulic properties [2–7]. In addition, they can be found as liquids
in a wide range of temperatures because they are organic salts with melting points below
100 ◦C, formed by a bulky inorganic cation (with a low degree of symmetry) and as an
anion resulting in a little compact structure with large and non-uniform ions [8,9]. Some
authors have previously reported the use of ILs as plasticizers of different conventional
polymers. Scott et al. [10] studied the properties of poly(methyl methacrylate) (PMMA)
plasticized by the IL 1-butyl-3-methylimidazolium hexafluorophosphate and concluded
that the material was comparable with those that contain conventional plasticizers, noting
that the low volatile IL created a more flexible polymer over a long lifetime which prevented
the material from brittleness. Similar conclusions were obtained by Rahman et al. [9], who
reported that the addition of a variety of ILs to different PVC formulations improved
mechanical properties (increasing the flexibility) at the same time that films had a longer
life with a decrease of plasticizer migration.

In industry, ILs are commonly used as catalysts for the production and storage [11] of
energy, or as an extracting agent for organic compounds [12]. ILs can be considered “green”
solvents because they are environmentally friendly, with low explosion risk, and with easily
recovered and recycled procedures [13,14]. Therefore, ILs can play an interesting role in
the new environmental context, where research oriented toward the development of new
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materials from renewable and sustainable sources is experiencing significant growth. In this
sense, the plastic industry is one of the most affected sectors and exchanging conventional
fossil-based polymers with renewable polymers is a solution for some up-to-date problems
due to the enormous consumption of “limited” resources, the problems related to plastic
waste mismanagement [15–18], and their harmful effects on the environment [19–21].

In the past, some researchers have investigated the effect of ILs as a solvent in the
research of biodegradable and renewable materials. However, recently, ILs have been used
to study their plasticizer effect in biodegradable materials [22–31], with starch being one
of the most promising materials due to its abundance, low cost, and biodegradability [15].
Starch is a biopolymer composed of two polysaccharides: amylose and amylopectin [32,33];
and the presence of plasticizers is needed in order for it to be transformed into thermoplastic
starch (TPS) [34] by a gelatinization process [35]. There are a number of studies on the use
of ILs as plasticizers in biodegradable starch blends. Wilpiszewska et al. [8] concluded that
the presence of ILs on TPS could decrease the glass transition temperature more than when
using glycerol, suggesting the better plasticization efficiency of ILs in comparison to polyols
which are conventional plasticizers for these biomaterials [36–39]. These conclusions were
supported by Xie et al. [40], Domene-López et al. [41], and Abera et al. [42], who studied
the behavior of films prepared with maize, potato, and anchote starch, respectively, using
1-ethyl-3-methylimidazolium acetate as a plasticizer by a solution casting method in the
presence of water.

The use of 1-ethyl-3-methylimidazolium acetate ([Emim+][Ac−]), among other ILs, as
a TPS plasticizer is interesting because it has a more biodegradable character and is less
toxic than other ILs due to its carboxylic anion [43,44]. Furthermore, it is capable of forming
chemical bonds with CO2 [45]. Chen et al. [46] studied the process of atmospheric water
sorption and CO2 capture in a system of [Emim+][Ac−] and biopolymers (cellulose, chitin,
and chitosan). Their findings indicate that these biomaterials could be employed for food
packaging and storage applications. In our research group, we have studied the prospective
use of [Emim+][Ac−] with different botanical sources of starch, and have concluded that
the starch characteristics are crucial in order to obtain good blend properties and the potato
blend values were especially very promising [47]. Moreover, the incorporation of multi-
walled carbon nanotubes (MWCNT) to the starch blends plasticized by [Emim+][Ac−]
showed great electrical conductivity, proving that these types of biomaterials could be used
in a wide range of applications, such as lithium batteries, fuel cells, or dye-sensitized solar
cells [26,41].

The use of the casting method is common in laboratory-scale TPS research because this
allows for the study of the starch films plasticized under ideal gelatinization conditions, and
promoted by an excess of plasticizer. Nevertheless, for the purposes of industrial research,
these materials should be processed in semi-industrial scale equipment, considering real
conditions, and without an excess of plasticizer. For example, Sankri et al. [25] prepared
TPS from maize starch plasticized by water, glycerol, and 1-butyl-3-methylimidazolium
chloride using melt processing and they confirmed that the IL had strong plasticized effects
through the mechanical property values achieved. Decaen et al. [48] studied the rheology
properties of TPS from maize starch plasticized by three ILs in the presence of water by
melt rheology at 120 ◦C. They concluded that the [Emim+][Ac−] is a promising plasticizer
due to the lowest shear viscosity and limited macromolecular degradation.

TPS is usually formulated with water since it is considered the best starch plasticizer,
but its use has several limitations such as the evaporation of the water during the process
(temperatures above 100 ◦C are needed in the industrial process), and the interaction
between the water and the ILs acetate anions can limit the plasticization effect of the
IL studied [49,50]. TPS pure films are brittle due to the strong chain interactions of the
starch polymer via hydrogen bonding which increases the cohesion forces of the matrix [51].
Therefore, the use of other adjuvant polymers such as polyvinyl alcohol (PVA) [52] is a good
option to confer resistance to starch-based materials. PVA is currently employed in the food,
medical, and hygiene sectors, among others [15]. PVA is a synthetic polymer with a high
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degree of biocompatibility, solubility in water, chemical resistance, biodegradability, and
other notable physical properties by its hydroxyl groups, which promotes the formation of
hydrogen bonds [53] and, in addition, this thermoplastic has remarkably superior features
as an oxygen barrier, compared with the other biopolymers [54].

Thus, the aim of this work is the study of the plasticization effect of [Emim+][Ac−] in
thermoplastic starch/PVA blends by melt-mixing using semi-industrial scale equipment.
Samples have been prepared without water to prevent interaction with the ILs. Mechanical
and hydration properties, migration degree of plasticizer, dynamic mechanical analysis,
morphology, and XRD and ATR-FTIR spectra of the TPS films are discussed to determine the
potential capability of these materials to replace synthetic and non-biodegradable polymers.
To the best of our knowledge, no studies can be found in the literature about starch/PVA
mixtures plasticized by a single plasticizer consisting in IL, without an additional water
supply, and produced by melt-mixing.

2. Materials and Methods

2.1. Materials

The potato starch was provided by Across Organics (Geel, Belgium) and characterized
in our previous works [47,55]. PVA hydrolyzed (Mw: 89,000–98,000 Da) was purchased
from Sigma-Aldrich (Madrid, Spain). The ionic liquid 1-ethyl-3-methylimidazolium acetate
([Emim+][Ac−]) (>95% purity) was supplied by loLiTec-Ionic Liquids Technologies GmbH
(Heilbronn, Germany). Zinc stearate, used as a lubricant, was also provided by Sigma-
Aldrich (Madrid, Spain). All chemicals were used without further purification.

2.2. Preparation of the Starch/PVA Films Using the Ionic Liquid as Plasticized

Starch films were prepared by the method of starch melt-compounding previously
described by Domene-Lopéz et al. [15], with some modifications. The processing was car-
ried out with the HAAKE TM PolyLab TM QC Modular Torque Rheometer (ThermoFisher
Scientific, Waltham, MA, USA). The samples were processed at 130 ◦C for 14 min; the first
8 min at 50 rpm at the rest of the time at 100 rpm. The blend obtained was then hot pressed
at 160 ◦C for 15 min at a pressure of 10 tons obtaining a 1 mm thick sheet. Samples were
stored in a controlled atmosphere of relative humidity of 50% for 48 h prior to their further
characterization, making sure to avoid the TPS properties being changed by the humidity
effect [56].

Starch, PVA, and ionic liquid were manually premixed at room temperature for 3 min
and then introduced in the HAAKE rheometer. The weight ratio between the potato starch
and PVA in the sample was 1:1, adding different amounts of ionic liquid as plasticizer:
27.5, 30, 32.5, 37.5, 40, and 42.5 %wt. of ionic liquid; the studied formulations were labeled
as IL_27.5, IL_30, IL_32.5, IL_37.5, IL_40, and IL_42.5, respectively, and 0.5 %wt. of zinc
stearate was also added to all blends.

2.3. Characterization of the Films
2.3.1. Scanning Electron Microscopy (SEM) Analysis

SEM images were obtained with a Hitachi Scanning Electron Microscope (Hitachi
S3000N, Tokyo, Japan) using an accelerating voltage of 10 kV. To observe the microstructure
and morphology, the samples were cryo-fractured by immersion in liquid nitrogen and
cooled with gold.

2.3.2. Mechanical Properties

Mechanical properties of the films were determined with an Instron 3344 Universal
Test Instrument (Norwood, MA, USA) equipped with a 2000 N load cell and operated at
25 mm/min following ASTM D882-12(2012) [57] standard recommendations. Each film
was cut into dumbbell-shaped specimens. The tensile properties studied were Young’s
Modulus (MPa), tensile strength at break (MPa), and elongation at break (%), which
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were calculated using the average thickness of the specimen and at least eight specimens
were tested.

2.3.3. Hydration Properties

The hydration properties were determined following the method previously described
in the literature [15,41,47,55,58]. The films were cut into 1 × 1 cm2 specimens. On the one
hand, the water content was determined by measuring the lost weight after drying the
samples in an oven at 110 ◦C for 5 h. The moisture content was calculated using Equation (1)
and was expressed as a percentage (grams of water in 100 g of sample):

H(%) =

(
m0 − m1

m0

)
× 100 (1)

where m0 is the initial mass and m1 is the mass after drying.
On the other hand, the solubility in the samples of water was determined by placing

the films individually in 10 mL tubes filled with 9 mL of distilled water, which were capped
and stored at 25 ◦C for 24 h. After that, the samples were taken out and dried again at 110 ◦C
for 5 h. Solubility in water was calculated using Equation (2):

Solubility (%) =

(m0 − m f

m0

)
× 100 (2)

where mf is the final dry mass.
The water content and solubility values were taken as the average of at least five

repetitions.

2.3.4. Migration Degree

The degree of migration of plasticizer to the surface of films is determined as the weight
loss of the sample after the migration test, which was carried out following a modified
procedure based on methods described by Marcilla et al. [59] and Rahman et al. [9]. The
films were cut into small circles with dimensions of 7 mm in diameter and 1 mm thickness,
which were placed between two Petri dishes with absorbent papers and kept under a
pressure of 16.5 kPa in an oven at 60 ◦C for 1 week. The values of plasticizer migration
were obtained by taking out the samples at different times (1, 2, 5, and 7 days), and then
calculating the weight loss using Equation (3):

Migration Degree (%) =

(m0 − m f

m0

)
× 100 (3)

where m0 and mf are the initial and final weights of the sample.
The results of the migration of plasticized were obtained from an average of at least

three repetitions.

2.3.5. Attenuated Total Reflection-Fourier Transform Infrared (ATR-FTIR) Spectroscopy

A Bruker Spectrometer (IFS 66/S model, Ettlingen, Germany) with an ATR accessory
was used to obtain the ATR-FTIR spectra of films between 400 and 4000 cm−1. ATR-
FTIR spectra were processed using the FITYK software (1.3.1 version) and the ratio of
band intensities at 995 and 1022 cm−1 was determined to study the film’s molecular
rearrangement.

2.3.6. X-ray Diffraction (XRD) Studies

A Bruker diffractometer (D8-Advance model, Ettlingen, Germany) was used to obtain
the diffractograms of the films. This equipment has a KRISTALLOFLEX K 76080F X-Ray
generator (power = 3000 W, voltage = 20–60 kV, intensity = 5–80 mA), that has an X-Ray
tube with a copper anode. The dimensions of specimens were 1 × 1 cm2 and the equipment
was operated at 40 kV and 40 mA with 2θ varying from 4 to 50◦ with a step size of 0.05◦.
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2.3.7. Dynamic Mechanical Analysis (DMA)

The DMA analysis was carried out in a DMA 1 Instrument (Mettler-Toledo, Barcelona,
Spain). The dimensions of the samples used for this analysis were 8.5 × 25 × 1 mm and the
temperature range was −100 ◦C to 60 ◦C at a rate of 3 ◦C/min and a constant frequency of
(1 Hz).

3. Results and Discussion

The visual appearance of the films is shown in Figure 1. As can be seen, all are
homogeneous and transparent. However, the higher the [Emim+][Ac−] percentage, the
higher the transparency of the samples. In addition, they show a yellowish color attributed
to the color of the [Emim+][Ac−].

 
Figure 1. The visual aspect of starch/PVA blends plasticized by [Emim+][Ac−].

3.1. Scanning Electron Microscopy (SEM) Analysis

SEM images of the surface of the samples are shown in Figure 2. These provide useful
information about the homogeneity, morphology, etc. of the films [55], features that are
closely related to the final mechanical properties of the material [34].

 

Figure 2. SEM images of the cryogenic fracture surface of sheets (magnification 1000×).
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SEM micrographs showed a heterogeneous matrix with some cracks and some readily
visible starch granules that had not been dissolved during mixing and hot pressing at IL
concentrations of up to 32.5%. At higher concentrations, starch is clearly destructured,
dissolved, and incorporated into a continuous phase that exhibits a smooth surface in SEM
images, especially in samples with 40 and 42.5% of IL.

3.2. Mechanical Properties

The mechanical properties of starch/PVA with IL as a plasticizer are shown in
Figure 3. From these properties, it is possible to know the potential use of the films
in future applications [47,60].

Figure 3. Mechanical properties of the films studied. (A) Young’s modulus; (B) Maximum Tensile
Strength; and (C) Elongation at break.

According to Figure 3, the values are heavily dependent on the content of IL; the
results of Young’s modulus vary from 56.1 MPa to 0.911 MPa, and the maximum tensile
strength from 9.17 MPa to 1.56 MPa. In both cases, the maximum and minimum values
correspond to the IL_27.5 and IL_42.5 samples, respectively. Elongation at break ranged
from 735% to 304% at IL concentrations of 37.5 and 42.5%, respectively.

Results obtained reveal a sharp drop in Young’s modulus when IL concentration is
around 30%. At higher concentrations, Young’s modulus progressively decreases coinciding
with a raise in elongation at break which indicates a clear plasticizing effect of the IL.
Nevertheless, concentrations up to approximately 40% involve a clear excess of plasticizer,
since above this value tensile strength and elongation at break markedly decrease. In fact,
at these concentrations, the material starts to become a gel, extremely soft and sticky.

In order to understand this behavior, it is important to bear in mind the effect of IL in
starch. As reported in the literature, ILs are good starch solvents, but at the same time they
could provoke a certain degree of depolymerization, and, more specifically, those including
the ion chloride. The use of acetate does not prevent this depolymerization process since it
seems to occur, even to a low extent, at concentrations of around 50% of [Emim+][Ac−] [61].

Thus, the results shown in Figure 3 could be the result of the contribution of several
effects. On the one hand, as the IL content increases, starch is progressively dissolved
and the blend becomes more ductile [40] as expected by the presence of the plasticizer:

288



Polymers 2023, 15, 1788

tensile strength drops while elongation at break increases. Above 37.5% of IL content, the
complete gelatinization of the material for having an excess of plasticizer contributes to a
weak interaction between the starch chains which is responsible for the drop in mechanical
properties.

3.3. Hydration Properties

The hydration properties are the water content and the solubility in water, which
are shown in Table 1. These properties are limiting and important factors of the film to
determine its use in the future [62].

Table 1. Hydration properties of the sheets studied.

Sample Water Content (%) Solubility in Water (%)

IL_27.5 9.41 ± 0.25 35.2 ± 0.2
IL_30 9.30 ± 0.26 37.0 ± 0.4

IL_32.5 9.93 ± 0.29 40.8 ± 0.2
IL_37.5 9.97 ± 0.16 49.3 ± 1.2
IL_40 11.4 ± 0.2 50.8 ± 1.0

IL_42.5 14.9 ± 0.9 57.6 ± 1.5

On the one hand, as can be observed in the table, the values obtained of moisture
of films with [Emim+][Ac−] as a plasticizer show a plateau with a value close to 10%
of moisture content, but drastically increases at a 40% content of IL reaching a value of
moisture around 15%. On the other hand, solubility values progressively increase with IL
concentration, observing solubility changes not only attributable to the IL extraction and
dissolution. When IL concentration is 27.5%, around 35% of starch formulation dissolves,
but when IL concentration raises 15 units up to 42.5% (i.e., 15% more), the solubility
increases to 58%. In general, this behavior could be attributed in part to the hygroscopic
nature of the ILs and, in particular, [Emim+][Ac−] has a high hygroscopicity and water
solubility [63]. In addition, the IL could contribute to higher and stronger water–ion
interactions [41,64] and, at the same time, to a certain starch depolymerization [61] which
forms monosaccharides and disaccharides at high IL contents [65]. This phenomenon is
due to the alkyl chain length of cations, meaning the hydrophobicity of the ILs increases as
the increase in the alkyl chain length of the cations [2,5].

It is worth mentioning that water solubility is related to the biodegradability of the
material; the material’s biodegradability should increase with the solubility [58]. However,
there are applications where the material has to be insoluble to preserve the integrity of the
final product [66].

3.4. Migration Degree

The migration degree of plasticizers is an interesting parameter to bear in mind because
it can determine the life of the material since this phenomenon is an undesirable effect
that causes difficulties in its commercialization and uses in long-term applications [59].
The migration is due to starch retrogradation or recrystallization [67], which involves
changes from the amorphous state of starch to new ordered structures [68]. In addition, the
migration process depends on nature, molecular weight, and amount of plasticizer, and
this in turn results in the loss of material properties [59] because when it is produced for
plasticizer loss in TPS, this causes a decrease of elongation at break and an increase in the
elastic modulus [69,70].

The values of IL migration are shown in Figure 4. These results follow a clear trend
since the migration of IL increases as the plasticizer amount increases. Hence, a small
content of [Emim+][Ac−] as a plasticizer in the starch/PVA blends helps to reduce this effect
(IL_42.5 and IL_27.5 have 11.8% and 7.46% of migration degree of plasticizer, respectively).
It must be taken into account that the superficial moisture of the samples has probably
been eliminated during this test. However, this fact does not change the results or the trend
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obtained from the migration test. Analyzing these, the plasticizer migration mainly occurs
in the early 24 h of the test.

Figure 4. Migration degree as a function of time and [Emim+][Ac−] content of starch/PVA blends.

As far as we know, there are no scientific findings in the literature on the migration
of starch/PVA films plasticized by any IL. Nevertheless, Rahman et al. [9] studied the
migration in samples of PVC plasticized by different ILs and concluded that the PVC with
traditional plasticizers had a greater weight loss than those that use ILs as a plasticizer,
which is due to the bulky structure of some ILs that hinders their migration to the surface
of the material. They also carried out the study of plasticizer loss due to leaching. These
can be considered similar methods and their obtained results are comparable because the
aim in both cases is to quantify the plasticizer loss; the water is used as an extractant in the
leaching experiment, while migration samples are subjected to a determinate pressure. The
same trend was observed in the percentage of plasticizer loss to that shown in Figure 4 and
they confirmed that using IL as a plasticizer reduced the leaching.

Therefore, we could conclude that the problem of plasticizer migration to the surface
of the films is reduced when using a small percentage of certain ILs as plasticizers in
starch/PVA blends.

3.5. Attenuated Total Reflection-Fourier Transform Infrared (ATR-FTIR) Spectroscopy

Figure 5 shows the ATR-FTIR spectra of the samples. This technique reflects the
changes in molecular interactions in the starch/PVA films with [Emim+][Ac−] as a plas-
ticizer. As can be seen, the spectra are similar and, as expected, show the corresponding
peaks to IL and starch.

First of all, it is worth mentioning a wide band between 3000–3600 cm−1 where two
different bands overlap: on the one hand, the stretching vibration of the –OH groups
of the glucose units and water [60] and the vibration C–H of the imidazolium ring in
[Emim+][Ac−] [71].

Other bands shared by both components (starch and [Emim+][Ac-]) are localized
between 2800–3000 cm−1, and this is attributed to asymmetric and symmetric stretching of
–CH2 and –CH3, and aliphatic asymmetric C–H stretching vibrations [47].
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Figure 5. ATR-FTIR spectra of starch/PVA blends plasticized by [Emim+][Ac−]. (A) 500–4000 cm−1

range; (B) 800–1200 cm−1 range.

The infrared spectrum of the pure IL reveals two peaks at 1380 and 1580 cm−1 corre-
sponding to symmetric and asymmetric O–C–O stretches of [Ac−] anion of the IL, respec-
tively [72]. However, in Figure 5, those peaks are shown at 1400 and 1560 cm−1, slightly
shifted to the position in the pure IL, probably due to the result of the hydrogen bonding
between the IL and water molecules (which presents in the starch as moisture) [73]. In
addition, the small peak around 1660 cm−1 is assigned to water [47] or the –C–H stretching
of the vinyl group [74].

The band at 1148–925 cm−1 shows the stretching of –C–O– situated in –C–O–H
and –C–O–C– bonds of the glucose of starch [47]. More concretely, the peaks at around
995 cm−1, 1022 cm−1, and 1047 cm−1 are related to the degree of the rearrangements of
the starch after the process of plasticization. While the band at 995 cm−1 corresponds to
the hydrogen bonds and the regularity given by molecular rearrangements, the peak at
1022 cm−1 is associated with the amorphous phase of the films, and a decrease in crys-
tallinity [26,33,50,74]; the degree of order in starch can be quantified in consequence by the
ratio of the areas of the bands at 995 and 1022 cm−1 [47].

The results are shown in Table 2. According to the ratio values calculated, it can be
seen that R995/1022 decreases when increasing the IL content (IL_27.5 and IL_42.5 have
values of 0.824 and 0.536, respectively), indicating the ability of this IL to hinder molecular
rearrangements after plasticization. These results are in good agreement with the XRD and
DMA, as shown below.
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Table 2. ATR-FTIR band intensity ratio (R995/1022) of the starch/PVA blends obtained.

Films Sample

Starch_Pure IL_27.5 IL_30 IL_32.5 IL_37.5 IL_40 IL_42.5

R995/1022 1.39 0.824 0.673 0.659 0.637 0.613 0.536

3.6. X-ray Diffraction (XRD) Studies

The XRD spectra of the starch/PVA blends plasticized by [Emim+][Ac−] are shown in
Figure 6. This analysis allows the study of the crystalline structure of films. All samples
showed a similar pattern, where it is possible to observe peaks at around 20, 23, and
40◦ with different intensities; the peak at 2θ = 20◦ is less prominent as [Emim+][Ac−]
content increases, so a loss of crystallinity is observed. This fact is due to the plasticization
process since when the IL content increases the disruption of hydrogen bonds between the
starch molecules [75,76], this increases the mobility of the starch chains and contributes
to the creation of a more amorphous structure, according to the conclusions of Domene-
López et al. [47,55] and Luchese et al. [32], who also studied the native starch and the starch
films using [Emim+][Ac−] as a plasticizer, obtaining similar results. Xie et al. [40] concluded
that using IL as a plasticizer contributed to a decrease in crystallinity, in comparison with
glycerol, because the [Emim+][Ac−] decreases the B-type crystallinity and the V-type
crystallinity, hindering the formation of the single-helical structure due to interaction
between the hydroxyl groups of starch and acetate anion in [Emim+][Ac−].

Figure 6. XRD spectra of the starch/PVA blends plasticized by [Emim+][Ac−].

It is worth mentioning that various authors such as Zhang et al. [26], Bhagabati
et al. [77], and Domene-López et al. [47] state that the transparency of the final material is
related to its crystallinity; more amorphous polymeric films had higher transparency due
to the disruption of starch grains, and this effect was observed in the obtained films (see
Figure 1); when increasing the IL content, the final films lose their crystalline structure, but
they are more transparent.

3.7. Dynamic Mechanical Analysis (DMA)

The DMA data of the starch/PVA[Emim+][Ac−] are shown in Figure 7. The curves are
similar, showing a peak corresponding to the glass transition of the system [15,78]. As can be
seen, the glass transition of samples is shifted towards lower temperatures when IL content
increases; for example, the Tg of IL_27.5 was −4 ◦C while the Tg of IL_42.5 was −30 ◦C.
Jaramillo et al. [58] concluded that this was associated with the plasticization process. In
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addition, the peak is more prominent as the IL content increases, in good agreement with
Xie et al. [40]. Thus, a higher content of IL resulted in a more amorphous structure, hence
with greater mobility. This loss of crystallinity is also reflected in ATR-FTIR and XRD
spectra, as commented above. These data are consistent with the mechanical properties
since a decrease in the glass transition temperature with IL content produces less stiff
samples with lower Young’s modulus (Figure 3A).

Figure 7. DMA spectra of the studied sheets. Dependence of loss tangent (tan δ) on the temperature
at a constant frequency of 1 Hz.

It should be kept in mind that moisture content (favored by the presence of IL) could
also affect glass transition, as Madrigal et al. [78] reported, showing a relation between the
moisture contents and the value of tan δ; they concluded that the curves showed a more
prominent peak as the water content increased. As is possible to observe in Table 1, the
highest results of moisture correspond to the samples with more prominent peaks (IL_37.5,
IL_40, and IL_42.5).

It is worth mentioning that there is not much literature on the DMA of starch films
plasticized by ILs. However, the DMA analysis of the TPS plasticized by glycerol among
other plasticizers has been extensively studied in the literature [79–82] and all the curves
of DMA showed two peaks (one attributed to a phase rich in plasticizer and the other in
starch) while that in the [Emim+][Ac−] plasticized-starch films appear in only one transition.
As mentioned above, water and conventional starch plasticizers do not bring about a full
starch dissolution and gelation; it could be the reason for the presence of two different glass
transitions readily observable in glycerol-starch compounds. In the case of the IL-starch,
they seem to be fully dissolved and it could be the reason for the presence of one single
glass transition.

4. Conclusions

In the present work and, for the first time, starch/PVA films have been plasticized by
a single plasticizer being an ionic liquid by melt-mixing.

According to the results obtained, it is possible to conclude that the 1-ethyl-3-
methylimidazolium acetate ([Emim+][Ac−]) is an efficient plasticizer to obtain these bioma-
terials. After the analysis of the results, it has been possible to prove that this IL provokes
the disruption of hydrogen bonds between the starch molecules, changing its crystalline
structure to an amorphous state, which is possible to observe in the XRD spectra. This
was also confirmed by the SEM images, which show that the presence of IL involves the
dissolution of the starch granules, even when the [Emim+][Ac−] content in the films was
low. Furthermore, a clear trend has been found in accordance with the IL amount added to
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the blends that the mechanical properties were significantly changed; when there are more
crystalline domains than amorphous, the samples were stiffer (increasing Young’s modulus
and maximum tensile strength). By contrast, the samples showed more flexibility when the
amorphous phase was predominant, due to the increase in chain movement. [Emim+][Ac−]
is a good starch plasticizer as revealed by the drop in Tg when the IL content increases; the
IL_27.5 sample has a glass transition temperature at −3.17 ◦C, while the IL_42.5 sample has
−31.4 ◦C, finding a difference of 28.2 ◦C between both. The same occurs in the diffusion
and hydration properties, which are higher as the IL content increases; the values of IL_27.5
and IL_42.5 for the migration degree of plasticizer and solubility in water are 7.46–11.8%
and 35.2–57.6%, respectively.

For all these reasons, the [Emim+][Ac−] could be considered an interesting plasticizer
to obtain biodegradable polymeric blends from starch, constituting an alternative to other
conventional plasticizers such as water or polyols. The results achieved through a technique
prior to industrial development, such as melt-mixing, show the high potential of these
materials to be a real replacement to conventional polymer in a wide range of applications
such as packaging and provide the possibility to be used in applications which previously
had no place in this type of biomaterial, such as in dye-sensitized solar cells, fuel cells,
among others.

Author Contributions: J.M.C.: methodology, procedures, formal analysis, writing—original draft;
M.G.M.: conceptualization, formal analysis, supervision, writing; D.D.-L.: conceptualization, formal
analysis, supervision, writing; I.M.-G.: project administration, funding acquisition, supervision;
J.C.G.-Q.: supervision, formal analysis, writing, project administration. All authors have read and
agreed to the published version of the manuscript.

Funding: This work was partially supported by the Spanish Ministry of Science and Ministry
of Economy, Industry, and competitiveness (PID2019-108632RB-I00) and Generalitat Valenciana
(PROMETEO CIPROM/2021/027). This work was partially supported by the TED2021-130389B-
C21 research project, funded by MCIN/AEI/10.13039/501100011033 and by the European Union
NextGenerationEU/PRTR.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

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

References

1. Wypych, G. (Ed.) Plasticizers Use and Selection for Specific Polymers. In Handbook of Plasticizers; ChemTec Publishing: Scarbor-
ough, ON, Canada, 2012; pp. 307–419.

2. Shi, W.; Damodaran, K.; Nulwala, H.B.; Luebke, D.R. Theoretical and Experimental Studies of Water Interaction in Acetate Based
Ionic Liquids. Phys. Chem. Chem. Phys. 2012, 14, 15897–15908. [CrossRef] [PubMed]

3. Ghandi, K. A Review of Ionic Liquids, Their Limits and Applications. Green Sustain. Chem. 2014, 4, 44–53. [CrossRef]
4. Crowhurst, L.; Mawdsley, P.R.; Perez-Arlandis, J.M.; Salter, P.A.; Welton, T. Solvent-Solute Interactions in Ionic Liquids. Phys.

Chem. Chem. Phys. 2003, 5, 2790–2794. [CrossRef]
5. Ren, F.; Wang, J.; Xie, F.; Zan, K.; Wang, S.; Wang, S. Applications of Ionic Liquids in Starch Chemistry: A Review. Green Chem.

2020, 22, 2162–2183. [CrossRef]
6. Montalbán, M.G.; Hidalgo, J.M.; Collado-González, M.; Díaz Baños, F.G.; Víllora, G. Assessing Chemical Toxicity of Ionic Liquids

on Vibrio Fischeri: Correlation with Structure and Composition. Chemosphere 2016, 155, 405–414. [CrossRef]
7. Díaz Alvarez, J.C.; Martínez Rey, R.; Barrero Acosta, R. Ionic Liquids: Physicochemical Properties and Potential Application in

Upgrading of Heavy Crude Oils. Rev. Ion 2012, 25, 61–87.
8. Wilpiszewska, K.; Spychaj, T. Ionic Liquids: Media for Starch Dissolution, Plasticization and Modification. Carbohydr. Polym. 2011,

86, 424–428. [CrossRef]
9. Rahman, M.; Brazel, C.S. Ionic Liquids: New Generation Stable Plasticizers for Poly(Vinyl Chloride). Polym. Degrad. Stab. 2006,

91, 3371–3382. [CrossRef]
10. Scott, M.P.; Brazel, C.S.; Benton, M.G.; Mays, J.W.; Holbrey, J.D.; Rogers, R.D. Application of Ionic Liquids as Plasticizers for

Poly(Methyl Methacrylate). Chem. Commun. 2002, 2, 1370–1371. [CrossRef]

294



Polymers 2023, 15, 1788

11. Wong, S.I.; Lin, H.; Sunarso, J.; Wong, B.T.; Jia, B. Optimization of Ionic-Liquid Based Electrolyte Concentration for High-Energy
Density Graphene Supercapacitors. Appl. Mater. Today 2020, 18, 100522. [CrossRef]

12. Montalbán, M.G.; Collado-González, M.; Lozano-Pérez, A.A.; Díaz Baños, F.G.; Víllora, G. Extraction of Organic Compounds
Involved in the Kinetic Resolution of Rac-2-Pentanol from n-Hexane by Imidazolium-Based Ionic Liquids: Liquid-Liquid
Equilibrium. J. Mol. Liq. 2018, 252, 445–453. [CrossRef]

13. Rojas, O.G.; Hall, S.R. On the Synergistic Interaction of an Ionic Liquid and Biopolymers in the Synthesis of Strontium Niobate.
Mater. Chem. Phys. 2017, 202, 220–224. [CrossRef]

14. Lucas, M.; MacDonald, B.A.; Wagner, G.L.; Joyce, S.A.; Rector, K.D. Ionic Liquid Pretreatment of Poplar Wood at Room
Temperature: Swelling and Incorporation of Nanoparticles. ACS Appl. Mater. Interfaces 2010, 2, 2198–2205. [CrossRef] [PubMed]

15. Domene-López, D.; Guillén, M.M.; Martin-Gullon, I.; García-Quesada, J.C.; Montalbán, M.G. Study of the Behavior of Biodegrad-
able Starch/Polyvinyl Alcohol/Rosin Blends. Carbohydr. Polym. 2018, 202, 299–305. [CrossRef] [PubMed]

16. Geyer, R.; Jambeck, J.R.; Law, K.L. Production, Use, and Fate of All Plastics Ever Made. Sci. Adv. 2017, 3, 25–29. [CrossRef]
17. Kaza, S.; Yao, L.; Bhada-Tata, P.; Van Woerden, F. What a Waste 2.0: A Global Snapshot of Solid Waste Management to 2050; World

Bank Publications: Washington, DC, USA, 2018.
18. Scaffaro, R.; Citarrella, M.C.; Gulino, E.F.; Morreale, M. Hedysarum Coronarium-Based Green Composites Prepared by Compres-

sion Molding and Fused Deposition Modeling. Materials 2022, 15, 465. [CrossRef]
19. Kumar, M.; Xiong, X.; He, M.; Tsang, D.C.W.; Gupta, J.; Khan, E.; Harrad, S.; Hou, D.; Ok, Y.S.; Bolan, N.S. Microplastics as

Pollutants in Agricultural Soils. Environ. Pollut. 2020, 265, 114980. [CrossRef]
20. Li, W.; Wufuer, R.; Duo, J.; Wang, S.; Luo, Y.; Zhang, D.; Pan, X. Microplastics in Agricultural Soils: Extraction and Characterization

after Different Periods of Polythene Film Mulching in an Arid Region. Sci. Total Environ. 2020, 749, 141420. [CrossRef]
21. Lusher, A.L.; Bråte, I.L.N.; Munno, K.; Hurley, R.R.; Welden, N.A. Is It or Isn’t It: The Importance of Visual Classification in

Microplastic Characterization. Appl. Spectrosc. 2020, 74, 1139–1153. [CrossRef] [PubMed]
22. Park, S.; Oh, Y.; Yun, J.; Yoo, E.; Jung, D.; Park, K.S.; Oh, K.K.; Lee, S.H. Characterization of Blended Cellulose/Biopolymer Films

Prepared Using Ionic Liquid. Cellulose 2020, 27, 5101–5119. [CrossRef]
23. Zan, K.; Wang, J.; Ren, F.; Yu, J.; Wang, S.; Xie, F.; Wang, S. Structural Disorganization of Cereal, Tuber and Bean Starches in

Aqueous Ionic Liquid at Room Temperature: Role of Starch Granule Surface Structure. Carbohydr. Polym. 2021, 258, 117677.
[CrossRef] [PubMed]

24. Wang, J.; Ren, F.; Yu, J.; Copeland, L.; Wang, S.; Wang, S. Toward a Better Understanding of Different Dissolution Behavior of
Starches in Aqueous Ionic Liquids at Room Temperature. ACS Omega 2019, 4, 11312–11319. [CrossRef] [PubMed]

25. Sankri, A.; Arhaliass, A.; Dez, I.; Gaumont, A.C.; Grohens, Y.; Lourdin, D.; Pillin, I.; Rolland-Sabaté, A.; Leroy, E. Thermoplastic
Starch Plasticized by an Ionic Liquid. Carbohydr. Polym. 2010, 82, 256–263. [CrossRef]

26. Zhang, B.; Xie, F.; Shamshina, J.L.; Rogers, R.D.; McNally, T.; Wang, D.K.; Halley, P.J.; Truss, R.W.; Zhao, S.; Chen, L. Facile
Preparation of Starch-Based Electroconductive Films with Ionic Liquid. ACS Sustain. Chem. Eng. 2017, 5, 5457–5467. [CrossRef]

27. Bendaoud, A.; Chalamet, Y. Plasticizing Effect of Ionic Liquid on Cellulose Acetate Obtained by Melt Processing. Carbohydr.
Polym. 2014, 108, 75–82. [CrossRef]

28. Mahmood, H.; Moniruzzaman, M.; Yusup, S.; Welton, T. Ionic Liquids Assisted Processing of Renewable Resources for the
Fabrication of Biodegradable Composite Materials. Green Chem. 2017, 19, 2051–2075. [CrossRef]

29. Mateyawa, S.; Xie, D.F.; Truss, R.W.; Halley, P.J.; Nicholson, T.M.; Shamshina, J.L.; Rogers, R.D.; Boehm, M.W.; McNally, T. Effect of
the Ionic Liquid 1-Ethyl-3-Methylimidazolium Acetate on the Phase Transition of Starch: Dissolution or Gelatinization? Carbohydr.
Polym. 2013, 94, 520–530. [CrossRef]

30. Zdanowicz, M.; Spychaj, T. Ionic Liquids as Starch Plasticizers or Solvents. Polimery 2011, 56, 861–864. [CrossRef]
31. Yang, X.; Qiao, C.; Li, Y.; Li, T. Dissolution and Resourcfulization of Biopolymers in Ionic Liquids. React. Funct. Polym. 2016, 100,

181–190. [CrossRef]
32. Luchese, C.L.; Benelli, P.; Spada, J.C.; Tessaro, I.C. Impact of the Starch Source on the Physicochemical Properties and Biodegrad-

ability of Different Starch-Based Films. J. Appl. Polym. Sci. 2018, 135, 46564. [CrossRef]
33. Lopez-Rubio, A.; Flanagan, B.M.; Shrestha, A.K.; Gidley, M.J.; Gilbert, E.P. Molecular Rearrangement of Starch during in vitro

Digestion: Toward a Better Understanding of Enzyme Resistant Starch Formation in Processed Starches. Biomacromolecules 2008,
9, 1951–1958. [CrossRef] [PubMed]

34. Lekube, B.M.; Fahrngruber, B.; Kozich, M.; Wastyn, M.; Burgstaller, C. Influence of Processing on the Mechanical Properties and
Morphology of Starch-Based Blends for Film Applications. J. Appl. Polym. Sci. 2019, 136, 47990. [CrossRef]

35. Valero-Valdivieso, M.F.; Ortegón, Y.; Uscategui, Y. Biopolímeros: Avances y Perspectivas. Dyna 2013, 80, 171–180.
36. Biliaderis, C.G.; Lazaridou, A.; Arvanitoyannis, I. Glass Transition and Physical Properties of Polyol-Plasticized Pullulan-Starch

Blends at Low Moisture. Carbohydr. Polym. 1999, 40, 29–47. [CrossRef]
37. Talja, R.A.; Helén, H.; Roos, Y.H.; Jouppila, K. Effect of Various Polyols and Polyol Contents on Physical and Mechanical Properties

of Potato Starch-Based Films. Carbohydr. Polym. 2007, 67, 288–295. [CrossRef]
38. Sreekumar, P.A.; Al-Harthi, M.A.; De, S.K. Effect of Glycerol on Thermal and Mechanical Properties of Polyvinyl Alcohol/Starch

Blends. J. Appl. Polym. Sci. 2012, 123, 135–142. [CrossRef]
39. Da Róz, A.L.; Carvalho, A.J.F.; Gandini, A.; Curvelo, A.A.S. The Effect of Plasticizers on Thermoplastic Starch Compositions

Obtained by Melt Processing. Carbohydr. Polym. 2006, 63, 417–424. [CrossRef]

295



Polymers 2023, 15, 1788

40. Xie, F.; Flanagan, B.M.; Li, M.; Sangwan, P.; Truss, R.W.; Halley, P.J.; Strounina, E.V.; Whittaker, A.K.; Gidley, M.J.; Dean,
K.M.; et al. Characteristics of Starch-Based Films Plasticised by Glycerol and by the Ionic Liquid 1-Ethyl-3-Methylimidazolium
Acetate: A Comparative Study. Carbohydr. Polym. 2014, 111, 841–848. [CrossRef]

41. Domene-López, D.; Delgado-Marín, J.J.; García-Quesada, J.C.; Martín-Gullón, I.; Montalbán, M.G. Electroconductive Starch/Multi-
Walled Carbon Nanotube Films Plasticized by 1-Ethyl-3-Methylimidazolium Acetate. Carbohydr. Polym. 2020, 229, 115545.
[CrossRef]

42. Abera, G.; Woldeyes, B.; Demash, H.D.; Miyake, G. The Effect of Plasticizers on Thermoplastic Starch Films Developed from the
Indigenous Ethiopian Tuber Crop Anchote (Coccinia abyssinica) Starch. Int. J. Biol. Macromol. 2020, 155, 581–587. [CrossRef]

43. Gomez-Coma, L.; Garea, A.; Irabien, A. Carbon Dioxide Capture by [Emim][Ac] Ionic Liquid in a Polysulfone Hollow Fiber
Membrane Contactor. Int. J. Greenh. Gas Control 2016, 52, 401–409. [CrossRef]

44. Ostadjoo, S.; Berton, P.; Shamshina, J.L.; Rogers, R.D. Scaling-up Ionic Liquid-Based Technologies: How Much Do We Care about
Their Toxicity? Prima Facie Information on 1-Ethyl-3-Methylimidazolium Acetate. Toxicol. Sci. 2018, 161, 249–265. [CrossRef]
[PubMed]

45. Gómez-Coma, L.; Garea, A.; Irabien, A. Non-Dispersive Absorption of CO2 in [Emim][EtSO4] and [Emim][Ac]: Temperature
Influence. Sep. Purif. Technol. 2014, 132, 120–125. [CrossRef]

46. Chen, Y.; Sun, X.; Yan, C.; Cao, Y.; Mu, T. The Dynamic Process of Atmospheric Water Sorption in [EMIM][Ac] and Mixtures of
[EMIM][Ac] with Biopolymers and CO2 Capture in These Systems. J. Phys. Chem. B 2014, 118, 11523–11536. [CrossRef] [PubMed]

47. Domene-López, D.; Delgado-Marín, J.J.; Martin-Gullon, I.; García-Quesada, J.C.; Montalbán, M.G. Comparative Study on
Properties of Starch Films Obtained from Potato, Corn and Wheat Using 1-Ethyl-3-Methylimidazolium Acetate as Plasticizer. Int.
J. Biol. Macromol. 2019, 135, 845–854. [CrossRef]

48. Decaen, P.; Rolland-Sabaté, A.; Colomines, G.; Guilois, S.; Lourdin, D.; Della Valle, G.; Leroy, E. Influence of Ionic Plasticizers on
the Processing and Viscosity of Starch Melts. Carbohydr. Polym. 2020, 230, 115591. [CrossRef]

49. Tan, X.; Li, X.; Chen, L.; Xie, F. Solubility of Starch and Microcrystalline Cellulose in 1-Ethyl-3-Methylimidazolium Acetate Ionic
Liquid and Solution Rheological Properties. Phys. Chem. Chem. Phys. 2016, 18, 27584–27593. [CrossRef]

50. Liu, K.; Tan, X.; Li, X.; Chen, L.; Xie, F. Characterization of Regenerated Starch from 1-Ethyl-3-Methylimidazolium Acetate Ionic
Liquid with Different Anti-Solvents. J. Polym. Sci. Part B Polym. Phys. 2018, 56, 1231–1238. [CrossRef]

51. Gunawardene, O.H.P.; Amaraweera, S.M.; Wannikayaka, W.M.D.B.; Fernando, N.M.L.; Gunathilake, C.A.; Manamperi, W.A.;
Kulatunga, A.K.; Manipura, A. Role of Compatibilization of Phthalic Acid in Cassava Starch/Poly Vinyl Alcohol Thin Films.
In Proceedings of the 12th International Conference on Structural Engineering and Construction Management: ICSECM 2021,
Kandy, Sri Lanka, 2–5 December 2021; Springer Nature: Singapore, 2022; pp. 665–689.

52. Narancic, T.; Cerrone, F.; Beagan, N.; O’Connor, K.E. Recent Advances in Bioplastics: Application and Biodegradation. Polymers
2020, 12, 920. [CrossRef]

53. Gulino, E.F.; Citarrella, M.C.; Maio, A.; Scaffaro, R. An Innovative Route to Prepare in Situ Graded Crosslinked PVA Graphene
Electrospun Mats for Drug Release. Compos. Part A 2022, 155, 106827. [CrossRef]

54. Gaaz, T.S.; Sulong, A.B.; Akhtar, M.N.; Kadhum, A.A.H.; Mohamad, A.B.; Al-amiery, A.A. Properties and Applications of
Polyvinyl Alcohol, Halloysite Nanotubes and Their Nanocomposites. Molecules 2015, 20, 22833–22847. [CrossRef]

55. Domene-López, D.; García-Quesada, J.C.; Martin-Gullon, I.; Montalbán, M.G. Influence of Starch Composition and Molecular
Weight on Physicochemical Properties of Biodegradable Films. Polymers 2019, 11, 1084. [CrossRef] [PubMed]

56. Eaton, M.D.; Domene-López, D.; Wang, Q.; Montalbán, M.G.; Martin-Gullon, I.; Shull, K.R.; Martin-Gullon, I.; Shull, K.R.
Exploring the Effect of Humidity on Thermoplastic Starch Films Using the Quartz Crystal Microbalance. Carbohydr. Polym. 2021,
261, 117727. [CrossRef] [PubMed]

57. ASTM D882-12; Standard Test Method for Tensile Properties of Thin Plastic Sheeting. ASTM International: West Conshohocken,
PA, USA, 2012. Available online: https://www.astm.org/DATABASE.CART/HISTORICAL/D882-02.htm (accessed on 28
March 2018).

58. Jaramillo, C.M.; González Seligra, P.; Goyanes, S.; Bernal, C.; Famá, L. Biofilms Based on Cassava Starch Containing Extract of
Yerba Mate as Antioxidant and Plasticizer. Starch/Staerke 2015, 67, 780–789. [CrossRef]

59. Marcilla, A.; García, S.; García-Quesada, J.C. Study of the Migration of PVC Plasticizers. J. Anal. Appl. Pyrolysis 2004, 71, 457–463.
[CrossRef]

60. Dai, L.; Zhang, J.; Cheng, F. Effects of Starches from Different Botanical Sources and Modification Methods on Physicochemical
Properties of Starch-Based Edible Films. Int. J. Biol. Macromol. 2019, 132, 897–905. [CrossRef]

61. Sciarini, L.S.; Rolland-Sabaté, A.; Guilois, S.; Decaen, P.; Leroya, E.; Le Bail, P. Understanding the Destructuration of Starch in
Water–Ionic Liquid Mixtures. Green Chem. 2015, 17, 291–299. [CrossRef]

62. Zhong, Y.; Li, Y.; Liang, W.; Liu, L.; Li, S.; Xue, J.; Guo, D. Comparison of Gelatinization Method, Starch Concentration, and
Plasticizer on Physical Properties of High-Amylose Starch Films. J. Food Process Eng. 2018, 41, 1–8. [CrossRef]

63. Otero-Mato, J.M.; Lesch, V.; Montes-Campos, H.; Smiatek, J.; Diddens, D.; Cabeza, O.; Gallego, L.J.; Varela, L.M. Solvation in Ionic
Liquid-Water Mixtures: A Computational Study. J. Mol. Liq. 2019, 292, 111273. [CrossRef]

64. Ismail, S.; Mansor, N.; Majeed, Z.; Man, Z. Effect of Water and [Emim][OAc] as Plasticizer on Gelatinization of Starch. Procedia
Eng. 2016, 148, 524–529. [CrossRef]

296



Polymers 2023, 15, 1788

65. Li, X.; Gao, B.; Zhang, S. Adjusting Hydrogen Bond by Lever Principle to Achieve High Performance Starch-Based Biodegradable
Films with Low Migration Quantity. Carbohydr. Polym. 2022, 298, 120107. [CrossRef] [PubMed]

66. Edhirej, A.; Sapuan, S.M.; Jawaid, M.; Zahari, N.I. Cassava/Sugar Palm Fiber Reinforced Cassava Starch Hybrid Composites:
Physical, Thermal and Structural Properties. Int. J. Biol. Macromol. 2017, 101, 75–83. [CrossRef] [PubMed]

67. Liu, H.; Xie, F.; Yu, L.; Chen, L.; Li, L. Thermal Processing of Starch-Based Polymers. Prog. Polym. Sci. 2009, 34, 1348–1368.
[CrossRef]

68. Li, C.; Hu, Y.; Li, E. Effects of Amylose and Amylopectin Chain-Length Distribution on the Kinetics of Long-Term Rice Starch
Retrogradation. Food Hydrocoll. 2021, 111, 106239. [CrossRef]

69. Schmitt, H.; Guidez, A.; Prashantha, K.; Soulestin, J.; Lacrampe, M.F.; Krawczak, P. Studies on the Effect of Storage Time and
Plasticizers on the Structural Variations in Thermoplastic Starch. Carbohydr. Polym. 2015, 115, 364–372. [CrossRef]

70. Nazrin, A.; Sapuan, S.M.; Ilyas, R.A. Water Barrier and Mechanical Properties of Sugar Palm Crystalline Nanocellulose Reinforced
Thermoplastic Sugar Palm Starch (TPS)/Poly(Lactic Acid) (PLA) Blend Bionanocomposites. Nanotechnol. Rev. 2021, 10, 431–442.
[CrossRef]

71. Zhang, B.; Chen, L.; Xie, F.; Li, X.; Truss, R.W.; Halley, P.J.; Shamshina, J.L.; Rogers, R.D.; McNally, T. Understanding the Structural
Disorganization of Starch in Water-Ionic Liquid Solutions. Phys. Chem. Chem. Phys. 2015, 17, 13860–13871. [CrossRef]

72. Delgado, J.M.; Rodes, A.; Orts, J.M. B3LYP and in Situ ATR-SEDIRAS Study of the Infrared Behavior and Bonding Mode of
Adsorbed Acetate Anions on Silver Thin-Film Electrodes. J. Phys. Chem. C 2007, 111, 14476–14483. [CrossRef]

73. Zhang, B.; Xie, F.; Zhang, T.; Chen, L.; Li, X.; Truss, R.W.; Halley, P.J.; Shamshina, J.L.; McNally, T.; Rogers, R.D. Different
Characteristic Effects of Ageing on Starch-Based Films Plasticised by 1-Ethyl-3-Methylimidazolium Acetate and by Glycerol.
Carbohydr. Polym. 2016, 146, 67–79. [CrossRef]

74. Das, K.; Ray, D.; Bandyopadhyay, N.R.; Gupta, A.; Sengupta, S.; Sahoo, S.; Mohanty, A.; Misra, M. Preparation and Characteriza-
tion of Cross-Linked Starch/Poly(Vinyl Alcohol) Green Films with Low Moisture Absorption. Ind. Eng. Chem. Res. 2010, 49,
2176–2185. [CrossRef]

75. Phetwarotai, W.; Potiyaraj, P.; Aht-Ong, D. Characteristics of Biodegradable Polylactide/Gelatinized Starch Films: Effects of
Starch, Plasticizer, and Compatibilizer. J. Appl. Polym. Sci. 2010, 116, 2658–2667. [CrossRef]

76. Bendaoud, A.; Chalamet, Y. Effects of Relative Humidity and Ionic Liquids on the Water Content and Glass Transition of
Plasticized Starch. Carbohydr. Polym. 2013, 97, 665–675. [CrossRef] [PubMed]

77. Bhagabati, P.; Hazarika, D.; Katiyar, V. Tailor-Made Ultra-Crystalline, High Molecular Weight Poly(ε-Caprolactone) Films with
Improved Oxygen Gas Barrier and Optical Properties: A Facile and Scalable Approach. Int. J. Biol. Macromol. 2019, 124, 1040–1052.
[CrossRef]

78. Madrigal, L.; Sandoval, A.J.; Müller, A.J. Effects of Corn Oil on Glass Transition Temperatures of Cassava Starch. Carbohydr. Polym.
2011, 85, 875–884. [CrossRef]

79. Sreekumar, P.A.; Al-Harthi, M.A.; De, S.K. Studies on Compatibility of Biodegradable Starch/Polyvinyl Alcohol Blends. Polym.
Eng. Sci. 2012, 52, 2167–2172. [CrossRef]

80. López, O.V.; Lecot, C.J.; Zaritzky, N.E.; García, M.A. Biodegradable Packages Development from Starch Based Heat Sealable
Films. J. Food Eng. 2011, 105, 254–263. [CrossRef]

81. Zhang, S.; He, Y.; Yin, Y.; Jiang, G. Fabrication of Innovative Thermoplastic Starch Bio-Elastomer to Achieve High Toughness
Poly(Butylene Succinate) Composites. Carbohydr. Polym. 2019, 206, 827–836. [CrossRef]

82. Jha, P.; Dharmalingam, K.; Nishizu, T.; Katsuno, N.; Anandalakshmi, R. Effect of Amylose–Amylopectin Ratios on Physical, Me-
chanical, and Thermal Properties of Starch-Based Bionanocomposite Films Incorporated with CMC and Nanoclay. Starch/Staerke
2020, 72, 1900121. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

297





Citation: Shah, A.u.R.; Imdad, A.;

Sadiq, A.; Malik, R.A.; Alrobei, H.;

Badruddin, I.A. Mechanical, Thermal,

and Fire Retardant Properties of Rice

Husk Biochar Reinforced Recycled

High-Density Polyethylene

Composite Material. Polymers 2023,

15, 1827. https://doi.org/

10.3390/polym15081827

Academic Editors: Rosane Michele

Duarte Soares and Vsevolod

Aleksandrovich Zhuikov

Received: 18 February 2023

Revised: 30 March 2023

Accepted: 31 March 2023

Published: 9 April 2023

Copyright: © 2023 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/

4.0/).

polymers

Article

Mechanical, Thermal, and Fire Retardant Properties of Rice
Husk Biochar Reinforced Recycled High-Density Polyethylene
Composite Material

Atta ur Rehman Shah 1, Anas Imdad 2, Atiya Sadiq 2, Rizwan Ahmed Malik 3, Hussein Alrobei 4,*

and Irfan Anjum Badruddin 5

1 Department of Mechanical Engineering, COMSATS University Islamabad, Wah Campus,
Wah Cantt 47040, Pakistan

2 Department of Mechanical Engineering, HITEC University, Taxila 47050, Pakistan
3 Department of Metallurgy & Materials Engineering, Faculty of Mechanical and Aeronautical Engineering,

University of Engineering and Technology, Taxila 47050, Pakistan
4 Department of Mechanical Engineering, College of Engineering, Prince Sattam bin Abdullaziz University,

AlKharj 11942, Saudi Arabia
5 Department of Mechanical Engineering, College of Engineering, King Khalid University,

Abha 61421, Saudi Arabia
* Correspondence: h.alrobei@psau.edu.sa

Abstract: This study concentrated on the influence of rice husk biochar on the structural, thermal,
flammable, and mechanical properties of recycled high-density polyethylene (HDPE). The percentage
of rice husk biochar with recycled HDPE was varied between 10% and 40%, and the optimum
percentages were found for the various properties. Mechanical characteristics were evaluated in
terms of the tensile, flexural, and impact properties. Similarly, the flame retardancy of the composites
was observed by means of horizontal and vertical burning tests (UL-94 tests), limited oxygen index,
and cone calorimetry. The thermal properties were characterized using thermogravimetric analysis
(TGA). For detailed characterization, Fourier transform infrared spectroscopy (FTIR) and scanning
electron microscopy (SEM) tests were performed, to elaborate on the variation in properties. The
composite with 30% rice husk biochar demonstrated the maximum increase in tensile and flexural
strength, i.e., 24% and 19%, respectively, compared to the recycled HDPE, whereas the 40% composite
showed a 22.5% decrease in impact strength. Thermogravimetric analysis revealed that the 40% rice
husk biochar reinforced composite exhibited the best thermal stability, due to having the highest
amount of biochar. In addition, the 40% composite also displayed the lowest burning rate in the
horizontal burning test and the lowest V-1 rating in the vertical burning test. The 40% composite
material also showed the highest limited oxygen index (LOI), whereas it had the lowest peak heat
release rate (PHRR) value (52.40% reduced) and total heat release rate (THR) value (52.88% reduced)
for cone calorimetry, when compared with the recycled HDPE. These tests proved that rice husk
biochar is a significant additive for enhancing the mechanical, thermal, and fire-retardant properties
of recycled HDPE.

Keywords: polymer composites; recycled high density polyethylene; rice husk biochar; mechanical
properties; thermal properties

1. Introduction

Global demand for fossil fuels is constantly increasing, but a huge challenge that
the world has to resolve is their rapid depletion with the passage of time, along with
the excessive pollution caused [1,2]. This is why people are shifting towards the use of
renewable materials, particularly due to environmental concerns and the future scarcity
of petroleum-based products [3]. On the other hand, the demand for food for the world’s
population is increasing day by day, which has caused the accumulation of agricultural
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waste, and the most common way to get rid of this is to dispose of or incinerate it [4].
Disposing of this waste poses serious threats to environmental safety and hygiene. How-
ever, the biomass can be converted into products and energy [5]. Employing these various
agricultural wastes in different composite materials could help alleviate this problem and
represents a great solution for recycling and resource conservation [6]. Several types of
organic waste, such as waste paper sludge and wool, have already been used to produce
biocomposites [7–10]. However, researchers are now inclining towards the development
of biochar from agricultural waste and utilizing it in composite materials, to improve the
desirable mechanical, thermal, and fire-retardant properties. When any type of biomass
is heated with an absence/limited supply of oxygen (pyrolysis), it will leave behind a
porous carbonaceous material, with the volatile gases absent, thus resulting in biochar
formation [11]. Biochar is composed of highly ordered turbostatically crystalline regions,
accompanied by some random amorphous regions [12], owing to the presence of cellulose.
This isotropic structure results in spaces that form a porous structure, just like a honeycomb
structure [13]. The reviews carried out by Väisänen et al. and Mohanty et al. gave a fair
idea of how effective biochar can be in a composite material [14,15].

Ayrilmis et al. analyzed the mechanical properties of a wood–plastic composite
(Polypropylene with Maleic Anhydride-grafted Polypropylene and different mixtures of
wood flour and charcoal flour) [16]. An investigation was performed to find the optimum
biomass for biochar-based polypropylene composites with rice husk, course wool, coffee
husk, and landfilled wood as biomasses and biochar made from landfill wood [17]. The
wood-based composite exhibited the best mechanical properties, with rice husk coming
second. Zhang et al. examined the incorporation of rice husk biochar into high-density
polyethylene and then compared this with wood–plastic composites [18]. It was found
that the biochar-reinforced plastic composites had much superior mechanical properties
to the wood–plastic composites. Sundarakannan et al. reinforced sugarcane biochar with
polyester resin [19]. The study also focused on the development of a biocomposite by
reinforcing a cashew nut shell biochar with unsaturated polyester resin at different load-
ings [20]. Huber et al. investigated the effect of the particle size of miscanthus biochar
on Polyamide polymer and found that particle size varied the mechanical properties of
the composite to an appreciable extent [21]. Khan et al. studied the influence of biochar
addition to epoxy resin and compared this with the addition of carbon nanotubes in an
epoxy matrix [22]. The biochar-reinforced epoxy composites outperformed the carbon
nanotube-reinforced epoxy composites, in terms of the mechanical properties. Bartoli et al.
tested the mechanical characteristics of an epoxy-based composite with five different types
of commercial biochar (rice husk, mixed softwood, miscanthus, oil seed rape, and wheat
straw) [23]. Pandey et al. focused on the study of a biochar hybrid composite with sisal
fiber, softwood biochar, and epoxy as resin [24]. Similarly, Ketabchi et al. carried out
an analysis of varied amounts of biochar (made of oil palm empty fruit bunch fiber) in
polypropylene/ethylene-vinyl acetate, to form a hybrid composite [25]. They found that
30% biochar was preferable for enhancing the mechanical properties without degrading the
thermal properties. Zhang et al. evaluated the influence of rice husk biochar on the dynamic
mechanical properties of a composite [26]. The study revealed that biochar had a positive
effect on the creep resistance, dynamic viscoelasticity, and stress relaxation properties of
the composite. However, as the testing temperature increased, the stress relaxation and
creep resistance started to reduce. Bajwa et al. treated high-density polyethylene–wood
fiber composites with maleic anhydride polyethylene (MAPE) and found an improvement
in the mechanical properties of the biocomposite [27]. However, concern about the undesir-
able increase in the overall cost of production was also reported, owing to the expensive
compatibilizers used.

Das et al. reported that the addition of biochar to a composite could increase the thermal
stability and flame retardance to an excellent extent compared to the neat composite [1,2].
Time to ignition (TTI) and PHRR were significantly reduced with increased biochar contents,
whereas the THR did not vary significantly. Das et al. also introduced wood and biochar
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into polypropylene, with two flame retardants (FRs): magnesium hydroxide (Mg(OH)2)
and ammonium polyphosphate (APP) [28]. They concluded that less wood and a higher
proportion of biochar was optimum for reducing flammability. Another research work by
Das et al. considered the addition of wood-waste-derived activated biochar to polypropy-
lene and revealed that the biochar was extremely effective in increasing the thermal stability
and reducing the flammability of the PP. Dahal et al. converted wood pellets into biochar
and then added this to epoxy. The study concluded that an increased biochar loading
had a better tendency to retard fire [29]. Li et al. studied the addition of nano charcoal
in polypropylene composites and found that an increase in the degradation temperature
led to an increase in the overall thermal properties of the composites [30]. Zhang et al.
also observed an enhancement in the thermal degradation temperature with rice husk
biochar filled composites [31]. Bartoli and Arrigo et al. performed TGA on polylactic acid
composites (PLA) [32]. They concluded that the addition of biochar increased the thermal
properties of the composites, but at higher filler loadings, they started to decrease, due
to agglomeration.

The quality of a biochar can adversely affect the mechanical properties of biocom-
posites. Das et al. stated that the most crucial factor in the performance of biochar-based
composites, and what makes them so promising, is the carbon content and the surface
area of the biochar [1,2]. Similar results were derived by Ho et al., in which they stated
that a high surface area of biochar, which results from high temperature pyrolysis, usually
assists in achieving the optimum dispersion of biochar particles in the polymer matrix [3].
Tomczyk et al. stated that increasing the pyrolysis temperature increased the carbon content
and specific surface area of biochar [33]. Das et al. studied the quality of biochars made in
different pyrolysis reactors [34]. They revealed that different types of pyrolysis reactors
yielded different qualities of biochar, and the utilization of these reactors to produce biochar
should be aligned with the intended application. However, among the operating condi-
tions, temperature is most important, as it primarily controls the properties and quality,
and adversely affects the yield of biochar produced during the process [35–38]. The effect
of pyrolysis temperature on the quality of biochar was studied by Elnour et al., in terms
of the morphological properties, physical properties, and biochar structure [39]. Zhang
et al. also conducted research regarding the addition of rice husk biochar to high-density
polyethylene, varying the pyrolysis temperature of the biochar [40]. Ayadi et al. inves-
tigated the effect of pyro-gasification temperature on the mechanical characteristics of
biochar–polymer biocomposites [41].

The aim of this study was to achieve desirable properties of recycled HDPE close
to those of virgin HDPE. For this purpose, particles of rice husk were converted into
biochar. Three types of property were studied, i.e., mechanical, thermal, and fire retardant.
Higher amounts of cellulose and proper dispersion of the rice husk biochar caused an
enhancement in the mechanical properties of the recycled HDPE, whereas the formation
of inorganic substances, and char layers increased the thermal and flame retardancy of
the recycled HDPE. HDPE was found to fill the voids on the rough surfaces of biochar
particles which has caused improvement in the mechanical properties, along with the
improvement in the thermal and fire-retardant properties. Moreover, very little research
has been done on recycled polymers. This works represents an attempt to move the recycled
polymer industry into the limelight, so that more research will be carried out on this topic
in the future.

2. Materials and Methods

Recycled HDPE pellets having a density of 0.96 g/cm3 and melt flow index of
0.55 g/10 min were obtained from NEWTECH pipes, Islamabad, Pakistan. The HDPE
was recycled by the company from faulty pieces of pipe. It is a post-industrial material
obtained from the crushing of HDPE pipes and re-extrusion. Rice husk with a bulk density
of 0.12 g/cm3 was purchased from Allied Industry, Lahore, Pakistan.
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The raw rice husk was crushed in a masala grinder (Geepas Masala grinder—RPM
4500) multiple times, to convert it into rice husk powder. The rice husk powder obtained
from this masala grinder was then passed through a sieve of mesh size 50, to obtain a rice
husk powder particle size of less than 300 μm. This rice husk powder was then put through
the process of pyrolysis in a muffle furnace (Thermolyne Benchtop muffle furnace) at a
temperature of 550 ◦C, in order to produce rice husk biochar. The pyrolysis temperature
was increased from 25 ◦C (ambient temperature) to 550 ◦C, at a heating rate of 15 ◦C/min
and maintained for 3 h under a 20 mL/min nitrogen environment.

The rice husk biochar and recycled HDPE were then dried under sunlight for 24 h.
The recycled HDPE was mixed with rice husk biochar in a high-speed mixer for 30 min,
to obtained the blends. To mix the composite blends, a micro twin-screw extruder (SHJ-
Omega-20, Shanghai, China) with screw outer diameter of 19.8 mm and length/diameter
ratio of 38:1 was used. Both zones of the extruder, i.e., the extruding zone and blending
zone, were operated at 180 ◦C.

The resulting pellets were then put in a manual injection molding machine, with the
purpose of making the various samples for the mechanical and other types of test. The
temperature of the manual injection molding was set at 185 ◦C. The percentage of rice husk
biochar that was mixed with recycled HDPE was varied between 10% and 40%. These
percentages with their nomenclature are shown in Table 1.

Table 1. Nomenclature of the samples.

Sr. No.#
Recycled Pellets

wt. %
Rice Husk Biochar

wt. %
Nomenclature

1 100 0 Rec-HDPE
2 90 10 C10
3 80 20 C20
4 70 30 C30
5 60 40 C40

FTIR spectroscopy was carried out, in order to investigate and analyze the pos-
sible interactions between the matrix (Recycled HDPE) and filler (Rice husk biochar).
This was performed with FTIR equipment (Scientific Nicolet 6700 model, Waltham, MA,
USA), using a KBr disc method, with spectra ranging from 500 to 4000 cm−1 (32 scans at
4 cm−1 resolution).

Mechanical characterization of all the samples was performed using tensile, bending,
and impact tests. The tensile test was performed using a Testometric Inc., Manchester,
UK (Load cell: 100 kN), with reference to the D638-14 ASTM standard and a cross-head
speed of 1.5 mm/s. A gauge length of 25 mm was used. The bending test was performed
using a Testometric Inc., UK (Load cell: 100 kN), with reference to the D790-10 ASTM
standard and a cross-head speed of 1.5 mm/s. A span length of 51 mm was used. The
test was a three-point bending test. An Izod impact test was performed using a TM235,
Bangkok, Thailand (Load arm: 16 kg Model) with reference to the D256-10 ASTM standard.
The V-notch in the testing specimens was made using a milling machine (Hermle UWF,
Gosheim, Germany). Mechanical tests were carried out on 5 samples for each composition.

Scanning electron microscopy (SEM) was conducted with a JEOL JSM5910 (Tokyo,
Japan) (maximum magnification: 300,000×; maximum resolving power: 2.3 nm) on spec-
imens that had undergone tensile testing. The dispersion of the filler particles, possible
interactions between the matrix and filler particles, as well as the reasons behind the
variation in tensile properties were observed with a microscope.

The fire retardancy of all composite samples was checked using a horizontal and
vertical burning tests, cone calorimetric tests, and limited oxygen index test (LOI test). Hori-
zontal and vertical burning tests were carried out, in order to investigate the reaction-to-fire
properties according to the UL-94 standards with reference to the D635-03 and D3801-19
ASTM standards. The dimensions of the samples for both tests were 125 × 13 × 3.6 mm.

302



Polymers 2023, 15, 1827

The composite burning time and rates were determined in a horizontal burning test,
whereas the flame time, afterglow time, extent of after flame or afterglow up to the holding
clamp, and dripping of cotton due to flaming drops for all types of composite specimen
were analyzed in a vertical burning test. After the horizontal burning tests, the com-
posites were awarded an HB rating based on the burning rate, and they were awarded
V-0, V-1, or V-2 on the basis of the abovementioned parameters observed in the verti-
cal burning test. Cone calorimeter (CC) tests were also performed, in order to evaluate
the reaction-to-fire characteristics of the specimens using the E1354-17 ASTM standard.
Samples of 100 × 100 × 3.2 mm were conditioned at 50% relative humidity and 23 ◦C.
An external heat flux of 50 kW/m2 was used to determine the various flammable prop-
erties. The type of cone calorimeter employed for this purpose was from FTT Limited,
East Grinstead, UK. The limited oxygen index (LOI) of all samples was determined us-
ing an oxygen index tester. The standard ASTM D 2863-17 was followed, with a sample
size of 100 mm × 6.5 mm × 3.2 mm. This was performed in a Sataton Limited oxygen
index tester. The flow rate of oxygen and oxygen–nitrogen mixture were 3 L/min and
20 L/min, respectively.

Thermal stability was investigated in a Perkin Elmer, Waltham, MA, USA (Pyris
Diamond Series TG/DTA model) using TG and DTG curves. This was carried out by
heating the sample at a constant rate in an inert atmosphere. Heating was performed at a
rate of 20 ◦C/min at a flow rate of 35 mL/min in an inert atmosphere of nitrogen. Weight
loss vs. temperature plots were recorded as a result of the TGA. Similarly, in the case of
DTG, the rate of material loss (weight loss) with heating was plot against the temperature
and used to simplify the readings of the TG curves, which were quite close together.

3. Results

The FTIR spectra of the composite samples, as well as the recycled HDPE and rice husk
biochar, are shown in Figure 1. Different peaks were observed at different wavenumbers,
which are shown in Table 2. However, the intensity of these peaks varied from sample to
sample. C-H stretching vibration, which is attributed to aliphatic structures, was responsi-
ble for the peak at 2924 cm−1 [42]. Similarly, the peak at 1492 cm−1 reflected C-H bending,
which is a sign of alkanes [31]. However, if we focus on the wavenumber 955 cm−1, peaks
can be observed for the composite samples, but no peak is observed for the recycled HDPE
sample. These peaks in the biochar-derived composite sample were actually caused by
C-O stretching vibration in the composite samples only, which indirectly indicates a lack
of C-O stretching vibration in the recycled HDPE [43]. This reveals that the peak at this
wavenumber was caused by a functional group that is only present in rice husk biochar,
similarly to the presence of carbohydrates only found in rice husk. Similarly, the minor
peak at 3611 cm−1 is related to H2O, which is caused by O-H bond stretching vibration, and
was weakly detected and only contributed by the biochar [44–47]. The peak at 1614 cm−1

demonstrates C=C stretching [48], whereas that at 778 cm−1 represents the silica functional
group [49]. Both of these groups were also contributed by the rice husk biochar. The above
study also showed that these functional groups were either contributed by the recycled
HDPE or rice husk biochar, without any new functional groups being present. This revealed
the potential of the physical combination of HDPE and rice husk biochar.

Figure 2 compares the tensile properties of the rice husk biochar derived composite
samples with the recycled HDPE. The tensile strength of recycled HDPE was found to be
14.99 MPa. The tensile strengths of C10, C20, C30, and C40 were 15.71, 16.43, 18.54, and
15.97 MPa, respectively. The maximum tensile strength was exhibited by C30. At C30, a 24%
increase in tensile strength was observed, compared to the 14.99 MPa of recycled HDPE.
Regarding the elastic modulus, the elastic modulus of the recycled HDPE was found to
be 1.01 GPa, and the elastic moduli of C10, C20, C30, and C40 were 1.11, 1.18, 1.35, and
1.1 GPa, respectively. The maximum elastic modulus was displayed by C30, which showed
an 34% enhancement in tensile modulus.
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Figure 1. FTIR of recycled HDPE and all composites.

Table 2. Functional groups in the composites and filler particles, corresponding to their wavelength.

Material Wavelength (cm−1) Bonds

Recycled HDPE 2924 C-H Stretching of Hydrocarbons
1492 C-H Bending of Alkanes

Rice husk biochar 3611 O-H Stretching of Phenolic hydroxyl
and Alcohol hydroxyl

1614 C=C Stretching of Hydroxyl
Functional groups

955 C-O Stretching of Carbohydrates
778 Silicon Hydrogen Single Bond (Si-H)

C10,C20,C30,C40 3611 O-H Stretching of Phenolic hydroxyl
and Alcohol hydroxyl

2924 C-H Stretching of Hydrocarbons

1614 C=C Stretching of Hydroxyl
Functional groups

1492 C-H Bending of Alkanes
955 C-O Stretching of Carbohydrates
778 Silicon Hydrogen Single Bond (Si-H)

Figure 2. Tensile properties of the recycled HDPE and composites.
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The mechanical properties of composites are dependent on the homogeneous disper-
sion of filler particles in the matrix and the extent of agglomeration of the particles with each
other. Another factor that reflects the tensile strength of a composite is the stress transfer
mechanism of interfacial bonding [50]. If the recycled HDPE uniformly and effectively
filled the pores of the biochar and transferred the stress productively, then the chance of an
increase in mechanical properties was extremely high, as this would provide rigidity to
the composite.

With reference to our case, the high tensile strength of the 30% rice husk biochar de-
rived composite could be attributed to the uniform and homogenous dispersion of biochar
in the HDPE matrix, less agglomeration of particles, and a good stress transfer mechanism,
which was caused by good interfacial bonding, due to proper filling of the biochar pores by
the recycled HDPE, which is also shown in the SEM image of C30. With the addition of 40%
biochar, the tensile strength decreased because of the non-uniform dispersion of biochar
particles, greater agglomeration of particles, and weak interfacial bonding [51]. Regarding
the elastic modulus, biochar particles are subject to less deformation and are extremely
rigid. On account of this property, the mobility of the recycled HDPE macromolecules
was severely restricted, and this led to an increase in elastic modulus with the addition
of biochar particles to the recycled HDPE, from 0 to 30% [52]. The elastic modulus of the
C40 might have been low due to the agglomeration of particles and poor stress transfer
between the filler particles and matrix. The SEM images further illustrate the causes of the
variation in the tensile properties.

SEM images of the tensile cross-sectional fracture surface of the recycled HDPE, as
well as the rice husk biochar composites, are shown in Figure 3. The smooth structure
of recycled HDPE is shown in Figure 3a. For the 30% rice husk reinforced composite,
i.e., in the case of C30, the porous structure of biochar was evident, as can be seen in
Figure 3b. Most of the pores of the biochar were uniformly filled by the recycled HDPE.
The better distribution of the filler particles can be viewed in this figure. This led to a good
physical–mechanical interlocking structure [44–46]. This superior dispersion also caused
an efficient transfer of stress between the rice husk biochar particles and recycled HDPE.
This phenomenon revealed that the highest tensile strength among all samples was for C30.
In the SEM image of C40 in Figure 3c, there are some signs of agglomeration and clusters
of rice husk biochar, which lowered the tensile strength.

 

Figure 3. SEM images of (a) unmodified recycled HDPE, (b) 30% rice husk reinforced recycled HDPE,
and (c) 40% rice husk reinforced recycled HDPE.

Furthermore, C30 also displayed the highest tensile modulus, due to the having the
most interlocking of biochar pores with the recycled HDPE, which gave it rigidity and
stiffness. C10 displayed the lowest tensile modulus, owing to the lower rice husk biochar
loading, whereas the agglomeration in C40 also caused a decreased tensile modulus.

Figure 4 compares the flexural properties of the recycled HDPE with the biochar-
derived composite samples. The flexural property of the recycled HDPE was discovered to
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be 20.12 MPa. The flexural properties of C10, C20, C30, and C40 were 20.56, 21.94, 23.91,
and 22.12 MPa, respectively. C30 demonstrated an enhancement of 19% in flexural strength
compared with the recycled HDPE and showed the maximum flexural strength. Moreover,
C30 also recorded an increase of 80% for the flexural modulus compared with the recycled
HDPE, which displayed a 0.77 GPa flexural modulus. C10, C20, C30, and C40 displayed
0.99, 1.14, 1.39, and 1.09 GPa flexural moduli. The trend in the flexural properties was
found to be similar to that of the tensile properties.

Figure 4. Flexural properties of the recycled HDPE and composites.

This enhancement in flexural properties was due to the porous structure of the biochar
and the physical interlocking between the biochar and recycled HDPE. When screw ex-
trusion was performed, the HDPE (which was in a fluid state) could fill the pores of the
biochar, so that a rigid structure with a good interaction between them was achieved; and
after cooling, a strong physically interlocking structure was secured [11].This was the main
reason behind the enhancement in the flexural properties with the addition of biochar
to the recycled HDPE, since it allowed transferring the stress efficiently. Another factor
responsible for the variation in the flexural properties, and reported in many documents,
was the good particle dispersion in the matrix [53,54]. This could also have been the reason
behind the decrease in the flexural strength and flexural modulus in the C40 composite.
The biochar particles may not have been uniformly dispersed in the HDPE matrix or these
particles might have become agglomerated, as a result of which there was appreciable
reduction in the flexural characteristics.

The impact strengths of the recycled HDPE and composite materials are shown in
Figure 5. The impact strength of the recycled HDPE, C10, C20, C30, and C40 were 3.43,
3.77, 5.76, 5.11, and 4.51 KJ/m2, respectively. The impact strengths all displayed a different
trend compared to the tensile strength and flexural strength. Its decrease was consistent
with the fiber–polymer composites [18,55]. The decrease of the impact strength from the
rec-HDPE to the C40 sample was around 22.5%.
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Figure 5. Impact properties of the recycled HDPE and composites.

The impact strength of a composite material is entirely dependent on the rigidity and
toughness [31]. The lesser the rigidity of the material, the greater its toughness, and the
greater its impact strength, and vice versa. The rigidity of the materials was dependent
on the mobility of the recycled HDPE molecules, which in turn was dependent on the
physical–mechanical interlocking structure of the biochar with the HDPE molecules. When
the content of the rice husk biochar in the recycled HDPE matrix was 10%, there was less
chance of the recycled HDPE flowing into the pores of biochar, and thus the mobility of the
recycled HDPE was very high. Its ability to absorb energy during fracture propagation was
excellent, and thus its toughness was high. There were less regions of stress concentration,
which required less energy to induce cracks in the composite, and thus the impact strength
was very high. However, as the content of rice husk biochar was increased from 20% to 40%,
the recycled HDPE started filling the pores of the biochar and the ability of the recycled
HDPE to move began to be limited. This caused the increase in the rigidity of the composite
and decrease in the impact strength of the samples [31]. As such, less energy was required
to resist a sudden impact as the content was increased to 40%. Hence, the impact energy
started to decrease. Another reason might have been that there were abundant regions
of poor stress concentrations, and this led to easier crack propagation in the composite
samples [31]. Table 3 compares the mechanical properties of the samples.

Table 3. Mechanical properties of the recycled HDPE and composites.

Samples
Tensile

Strength
(MPa)

Tensile
Modulus

(GPa)

Flexural
Strength

(MPa)

Flexural
Modulus

(GPa)

Impact
Strength
(kJ/m2)

Rec-HDPE 14.99 1.01 20.12 0.77 3.43
C10 15.71 1.11 20.56 0.99 3.77
C20 16.43 1.18 21.94 1.14 5.76
C30 18.54 1.35 23.91 1.39 5.11
C40 15.97 1.10 22.12 1.09 4.51

Horizontal and vertical burning tests were conducted on all specimens, i.e., with and
without the inclusion of the rice husk biochar in the recycled HDPE. The results were then
compared with the UL-94 standard for horizontal and vertical burning tests. For both the
tests, five specimens for each sample were tested, and the average of the results was taken.
In the case of the horizontal burning test, the time needed to reach from 25 mm to 100 mm
(burning time) was increased as the content of rice husk biochar in the recycled HDPE was
increased. This caused a decrease in the burning rate from the recycled HDPE to C40. All
the specimens received an HB rating based on the burning rate, except the recycled HDPE
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sample, whose burning rate was greater than 40 mm/min and, thus, not awarded an HB
rating. The decrease in the average burning rate from the recycled HDPE (45.10 mm/min)
to C40 (25.99 mm/min) was 42.37%.

In the case of the vertical burning test, the flame and afterglow times after the 1st and
2nd flame applications progressively decreased with the increase in the biochar loading,
from C20 to C40. This was why the recycled HDPE did not receive a rating, due to its
poor flame retardancy characteristics. C10 also did not obtain a rating, due to the small
amount of biochar. The after-flame time for C10 was greater than for the recycled HDPE,
because the content of biochar was less. The rice husk biochar partially slowed down the
flame speed but could not stop it, and the flame eventually reached the holding clamp. C20
obtained the rating of V-2, owing to the relatively high content of biochar, which resisted
the flame and did not allow it to reach the holding clamp. C30 and C40 obtained a V-1
rating, owing to the shorter after flame and afterglow times, during which the rice husk
biochar acted against the flame, slowed down the process of combustion, and stopped the
flame before it reached the holding clamp. Cotton dripping was also not recorded with the
C20, C30, and C40 samples. Finally, C40 had the lowest chance of burning. It is expected
that, following this trend, recycled HDPE having 50% biochar would achieve a rating of
V-0. Table 4 compares the fire-retardant properties of all samples.

Table 4. Fire retardant properties of the recycled HDPE and composites.
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Rec-HDPE 59 210 633 144 1.66 45.10 Nil 61 281 - Yes Yes Nil 16.97
C10 32 214 434 120 2.01 37.19 HB 63 304 - Yes Yes Nil 18.82
C20 28 222 399 103 2.30 32.66 HB 26 235 34 No Yes V-2 20.73
C30 30 229 344 83 2.64 28.38 HB 16 152 22 No No V-1 23.01
C40 31 233 301 68 2.89 25.99 HB 7 59 8 No No V-1 25.28

Cone calorimeter tests were performed for the purpose of elaborating the principal
fire retardant characteristics of the recycled HDPE, as well as the rice husk biochar derived
composite samples. Figures 6 and 7 show the HRR and THR curves of all samples with the
response time, whereas Table 4 displays the time to ignition (TTI), time to peak heat release
rate (TPHRR), heat release rate (HRR), and total heat release rate (THR) of all samples.

308



Polymers 2023, 15, 1827

 

Figure 6. Heat release rate of the recycled HDPE and composites.

 

Figure 7. Total heat release rate of the recycled HDPE and composites.

Time to ignition (TTI) is one of the crucial factors that dictates the flammable charac-
teristics of composites. The recycled HDPE took some time to ignite and catch fire (59 s),
whereas the TTI of the rice husk biochar derived samples first decreased for C10 and C20
and then increased for C30 and C40 as the content of the biochar increased. This means that
the rice husk biochar samples were ignited in less time compared to the recycled HDPE.
This decrease in TTI was immediate when the biochar was added to the composites, i.e.,
from the recycled HDPE to C10. This decrease in TTI with the addition of biochar was
consistent with the report of Das et al. [11]. Similarly, the peak heat release rate (PHRR) and
total heat release rate (THR) are also critical factors in judging the fire-retardant characteris-
tics of composites and describe the overall combustion behavior of the material [56]. On
the other hand, TPHRR tells us about the time it takes to produce the maximum amount of
heat. The peak heat release rate (PHRR) and total heat release rate (THR) of the recycled
HDPE were highest at 633 kW/m2 and 144 MJ/m2, due to its poor flammable properties
and the intense combustion, whereas both of these properties showed a decline with the
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addition of rice husk biochar to the composite samples, with the 40% rice husk biochar
derived composite sample displaying the lowest PHRR (301 kW/m2) and lowest THR
(68 MJ/m2).

This meant that C40 exhibited a large decrease of 52.40% in PHRR value and 52.88%
in THR value. C40 also had the longest TPHRR (233 s) among all samples, which is also
a positive attribute. All these desirable shifts in properties occurred with the increase in
the content of biochar in the composite samples. This means that C40 displayed the best
flammable properties, and the trend in best fire-retardant properties was as follows:

C40 > C30 > C20 > C10 > Recycled HDPE

The presence of biochar, which also possessed excellent thermal properties, acted as a
hindering agent and became a barrier to the transfer of heat between the recycled HDPE
and the source of heat [11,17]. Moreover, the formation of char layers from the rice husk
biochar played a pivotal role in reducing the HRR and PHRR values [11].

Limited oxygen index (LOI) tests were performed, for the purpose of elaborating
and further characterizing the flame retardancy behavior of the recycled HDPE as well as
the biochar-derived composite samples. The greater the LOI of a specimen, the better its
flame retardant properties. The limited oxygen index basically refers to the volume ratio of
oxygen in a mixture of nitrogen and oxygen. It is the minimum concentration of oxygen
that is required to sustain a flame or to support the combustion of a material.

With reference to the LOI of the recycled HDPE and the biochar-derived samples, as
shown in Figure 8, the LOI of the recycled HDPE was the lowest, whereas it increased as
the content of rice husk biochar in the composite samples was increased.

 

Figure 8. Limited oxygen index of the recycled HDPE and composites.

The recycled HDPE showed the LOI of 16.97%, whereas the LOI of C40 was 25.28%,
which was highest among all samples. This trend of the enhancement in LOI is consistent
with previous reports [44–46]. This means that an increase of 48.97% was recorded in the
LOI from the recycled HDPE to C40. The prime reason behind this was the presence of
biochar, which enhanced the flame-retardant properties of the composites. Biochar has a
very high thermal stability, so inclusion of biochar repelled the heat transport between the
source of heat and the recycled HDPE [11]. It was also reported in the literature that, during
the process of pyrolysis or carbonization, many metal oxides and inorganic substances
are formed, which have the ability to slow down the process of combustion, as they are
nonflammable [57–59].
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Thermogravimetric and derivative thermogravimetric curves are shown in
Figures 9 and 10. The TG curves depict the percentage weight loss of the samples, whereas
the DTG displays the derivative of those curves. These curves show that, as the heating
temperature was increased, the samples initially responded well, with no degradation,
but as the temperature reached 402.34 ◦C, the recycled HDPE sample started to thermally
degrade, with degradation occurring at 522.16 ◦C. As the heating temperature was further
increased, all samples started to degrade one by one, with C40 degraded last. We can
also notice from the TGA that, as the biochar content in the composite samples was in-
creased, the delay in thermal degradation increased, and this delay increased as the biochar
content in the recycled HDPE was increased. This means that the increase in the biochar
loading was extremely important in repelling the heat from decomposing the composite
samples and in increasing the time of decomposition. In addition, the onset degradation
temperature (T0) also rose with the increase in rice husk biochar loading. This increase was
recorded as 4.05% from the recycled HDPE (425.09 ◦C) to C40 (442.36 ◦C). Table 5 shows the
onset degradation temperature (T0), start degradation temperature (T1), finish degradation
temperature (T2), point of inflection temperature (Tpeak), and residue % at 600 ◦C.

Figure 9. TG curves of the recycled HDPE and composites.

Figure 10. DTG curves of the recycled HDPE and composites.
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Table 5. Thermal properties of the recycled HDPE and composites.

Type of Sample
T0 (Onset

Degradation
Temperature) (◦C)

T1 (Start
Degradation

Temperature) (◦C)

T2 (Finish
Degradation

Temperature) (◦C)

Tpeak (Point of
Inflection

Temperature) (◦C)
Residue % at 600 ◦C

Rec-HDPE 425.09 402.34 522.12 459.63 0.39%
C10 435.86 406.12 528.05 466.41 10.95%
C20 440.93 410.87 535.67 471.18 21.47%
C30 438.14 416.03 541.31 477.35 32.09%
C40 442.36 421.21 548.88 481.22 43.51%

Moreover, if we look at the TG curves, we come to the conclusion that the amount of
residue left after heating was directly proportional to the biochar loading. Das reported
that this increase in residue generation is due to the increase in stable biochar loading [11].
De Bhowmick et al. also reported that the main reason behind the increase in the residue is
the enrichment of stable SiO2 in stable biochar loading [57]. This is why the recycled HDPE
was almost completely decomposed after heating and why this decomposition decreased
as we moved towards higher loadings of biochar. C40 retained the maximum residue after
heating, owing to a greater percentage of biochar. This increase in residues at 600 ◦C also
proved the fact that the thermal stability was improved with the addition of biochar. The
following trend of residue retention was followed by the samples:

C40 > C30 > C20 > C10 > Recycled HDPE

Hence, we come to the conclusion that biochar is an extremely important additive for
increasing the thermal stability of composites.

4. Conclusions

The influence of variation of the rice husk biochar content in recycled HDPE was
evaluated, in order to maximize the use of agricultural waste. All functional groups were
supplied either by the recycled HDPE or rice husk biochar, which was revealed using FTIR.

The 30% biochar loading had the highest tensile strength (18.54 MPa), tensile modulus
(1.35 GPa), flexural strength (23.91 MPa), and flexural modulus (1.39 GPa). The tensile
and flexural strength were increased by 24% and 19%, respectively, compared with the
recycled HDPE, whereas the tensile and flexural moduli were improved by 34% and 80%,
respectively. However, the impact strength decreased (22.5%) when adding rice husk
biochar to the recycled HDPE, due to the increase in rigidity of the composites compared
with the recycled HDPE (4.63 KJ/m2). This variation in properties was due to the extent of
agglomeration, level of homogeneous dispersion of the filler particles in the matrix, and
the extent of the recycled HDPE filling the pores of the rice husk biochar, which was also
displayed in the SEM images. Overall, this revealed that the addition of rice husk biochar
had a positive effect on the mechanical properties of the composites.

With the increase in the content of rice husk biochar, the delay in thermal decomposi-
tion was enhanced, the ability to repel the heat from decomposing the composite samples
was increased, and the time of decomposition was also increased. The C40 composite with
40% rice husk biochar displayed the best thermal stability and longest thermal decay time
among all samples. Moreover, C40 showed an increase of 4.05% in the temperature of the
onset of degradation compared to the recycled HDPE.

The composite with 40% rice husk biochar demonstrated the best flame retardancy
characteristics. The horizontal burning test revealed a decrease in the burning rate of the
recycled HDPE from 45.10 mm/min to 25.99 mm/min for C40. The vertical burning test
also showed a change in the flammability rating, from the no rating of recycled HDPE to
the V-1 of C40. The limited oxygen tests also showed that C40 had the highest LOI (25.28%).
Moreover, the cone calorimetry also showed a decrease of 52.40% for the PHRR value
and 52.88% for the THR value compared with the recycled HDPE. This was due to the
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inherent capacity of biochar to halt the transport of heat from the heat source to the matrix,
as well as due to the formation of inflammable metal oxides and inorganic substances
during pyrolysis.
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Abstract: Gram-negative Azospirillum brasilense accumulates approximately 80% of polyhydroxybu-
tyrate (PHB) as dry cell weight. For this reason, this bacterium has been characterized as one of the
main microorganisms that produce PHB. PHB is synthesized inside bacteria by the polymerization of
3-hydroxybutyrate monomers. In this review, we are focusing on the analysis of the PHB production
by A. brasilense in order to understand the metabolism during PHB accumulation. First, the carbon
and nitrogen sources used to improve PHB accumulation are discussed. A. brasilense accumulates
more PHB when it is grown on a minimal medium containing a high C/N ratio, mainly from malate
and ammonia chloride, respectively. The metabolic pathways to accumulate and mobilize PHB in
A. brasilense are mentioned and compared with those of other microorganisms. Next, we summarize
the available information to understand the role of the genes involved in the regulation of PHB
metabolism as well as the role of PHB in the physiology of Azospirillum. Finally, we made a compari-
son between the properties of PHB and polypropylene, and we discussed some applications of PHB
in biomedical and commercial areas.

Keywords: polyhydroxybutyrate; Azospirillum brasilense; PHB genes; PHB regulation; PHB metabolism

1. Introduction

Gram-negative Azospirillum brasilense belongs to the α-proteobacteria class. It is a
motile, vibrio-shaped bacterium of 2.0–4.0 μm length [1]. Azospirillum promotes plant
growth. Also, it produces high quantities of bioplastic called poly-β-hydroxybutyrate
(PHB) [2]. PHB is part of a cluster of bioplastics called polyhydroxyalkanoates (PHA).
There are more than 150 different PHAs discovered. The two PHAs most studied are
polyhydroxyvalerate (PHV) and PHB [3].

PHB is a biodegradable and biocompatible plastic characterized to have a methyl
radical in the β-position of the carbon skeleton of PHA [4]. It has been shown that
A. brasilense produces only 3-hydroxybutyrate monomers [5,6]. Fourier-transform infrared
spectroscopy (FTIR) analyses have shown an ester band v(C=O) at 1727 cm−1, which is
compatible with PHB [7]. This review aims to summarize the most important factors to
consider for understanding PHB metabolism in A. brasilense. Throughout the text, we dis-
cuss the best carbon and nitrogen sources for improving PHB production. The regulation
of PHB metabolism and the functions of PHB are analyzed. Finally, a comparison between
the characteristics of PHB and polypropylene (PP) is reviewed, and some examples of uses
of PHB in the medical industry are described.

2. The Role of the Carbon Source in PHB Production by A. brasilense

Previously, it was demonstrated that A. brasilense accumulates large quantities of
PHB when it grows on a medium supplemented with high concentrations of carbon with
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minimal quantities of nitrogen (high C/N ratio) [2,8,9]. Azospirillum can use a wide range
of carbon and nitrogen sources. In terms of carbon, it grows well in fructose, malate,
succinate, oxaloacetate, pyruvate, glycerol, lactate, and β-hydroxybutyric acid, among
others [1,10,11]. Amino acids are poorly used as carbon, and glucose cannot support
the growth of A. brasilense [12,13]. N2, amino acids, NH3, NH4, and NO3

− have been
reported as good nitrogen sources for this bacterium [11,14,15]. Azospirillum can use a wide
spectrum of carbon and nitrogen sources because in this bacterium occur tricarboxylic acid
(TCA), glyoxylate, and Entner–Duodoroff cycles, but it lacks Embden–Meyerhof–Parnas
and hexose monophosphate pathways [12,13,16].

To improve PHB synthesis, several carbon and nitrogen sources have been evaluated.
The highest quantities of PHB were produced when malic acid and ammonia chloride were
used as carbon and nitrogen sources, respectively [5,9,17]. When A. brasilense grows on malate
and ammonia chloride, it accumulates up to 88% of dry cell weight (DCW) as PHB. The carbon
source, malate, enters the TCA cycle to produce both primary and secondary metabolites.

On fructose or lactate, Azospirillum reaches 40 and 50% of PHB as dry cell weight,
respectively [5]. Another nitrogen source that allowed high PHB accumulation was sodium
nitrate [18]. A. brasilense fixes nitrogen when the nitrogen source is depleted. Under
nitrogen-fixing conditions, it accumulates from 30 to 75% of PHB as dry cell weight [8,18,19].
Oxygen is also important for PHB synthesis. Data showed that the use of malate and
ammonium chloride in addition to high oxygen levels inhibits PHB accumulation by
A. brasilense [8]. However, low oxygen availability leads Azospirillum to accumulate more
than 70% of dry cell weight as PHB [5,9]. Previous studies found the highest accumulation
of PHB when a 70–140 C/N ratio was used [2,8].

Another Rhodospirillaceae, Rhodospirillum rubrum, uses acetate for PHB synthesis and
prefers anaerobic conditions to improve it [20]. Pseudomonads turn acetate, ethanol,
fructose, glucose, gluconate, and glycerol into acetyl-CoA for PHA synthesis. In this
bacterium, PHA metabolites are obtained through β-oxidation and de novo fatty acid
synthesis pathways [21]. Other carbon sources used by bacteria to produce PHB are
methane for Methylobacterium strains [22], mannitol for Bradirhizobium diazoefficiens [23],
and glucose for R. eutropha. The latter accumulates up to 90% of PHB (Table 1) [24].
R. eutropha, Azotobacter spp., Bacillus, Pseudomonas, and Azospirillum spp. are the most
studied microorganisms in terms of PHB production [2,24].

Table 1. PHB accumulation by common strains.

Strain Carbon Source %PHB/DCW Reference

A. brasilense Sp7 Malate, fructose, pyruvate 70–88% [2,8,9,18]
R. eutropha Glucose 80–90% [25]
R. rubrum Acetate [20]

Pseudomonas extremaustralis Octanoate, fructose, glucose,
glycerol 70–80% [21,26,27]

Methylocystis hirsuta Methanol:ethanol, methane 73–85% [28]

Bradyrhizobium diazoefficiens Mannitol, glucose, and
glycerol 68% [29]

A. vinelandii Sucrose 85% [30]
Bacillus subtilis Various sources 60% [31]

Rhizobium nepotum Pyruvate 62% [28]

3. PHB Synthesis and Degradation by A. brasilense

Biopolymer synthesis by A. brasilense involves three enzymatic reactions. The first is
catalyzed by β-ketothiolase (coded by the phbA gene), which condenses two acetyl-CoA
molecules and synthesizes acetoacetyl-CoA. Afterward, it is reduced to β-hydroxybutyryl-
CoA by an NAD(P)-dependent acetoacetyl-CoA reductase (coded by the phbB gene). Finally,
the β-hydroxybutyryl-CoA is polymerized into PHB by the PHB polymerase coded by the
phbC gene (Figure 1) [32,33]. This pathway occurs similarly in A. beijerinckii, R. eutropha,
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and Sinorhizobium meliloti, among others [34–36]. Other microorganisms such as P. putida
can synthesize PHB and PHV and copolymers, for example, PHB-co-PHV. In PHA synthesis
by P. putida, the roles of PhaJ, epimerase, and FabG have been described. The PhaJ oxidizes
acyl-CoAs into enoyl-CoA. The latter is converted into 3-hydroxyacyl-CoA by an epimerase.
Then, 3-hydroxyacyl-CoA is reduced by FabG to form (R)-3-ketoacyl-CoA. Finally, a
PhaC polymerizes (R)-3-ketoacyl-CoA into PHA. Another pathway to synthesize PHA in
P. putida begins with the transacylation of malonyl-CoA and acetyl-CoA with the acyl carrier
protein (ACP). The resulting malonyl-ACP and acyl-ACP are condensed into ketoacyl-ACP.
Afterward, it is reduced to (R)-3-hydroxyacyl-ACP. Next, PhaG elongates (R)-3-hydroxyacyl-
ACP with two carbon units into PHA monomers. To finish, a PhaC polymerizes monomers
into PHA [21].

Figure 1. The metabolic pathway for PHB synthesis and degradation. The enzymes involved
in PHB synthesis are PhbA (β-ketothiolase), PhbB (Acetoacetyl-CoA reductase), and PhbC (PHB
synthase). The enzymes involved in PHB degradation are PhbZ (PHB depolymerase), Bdh (β-
hydroxybutyrate dehydrogenase), Acs (Acetyl-CoA synthetase), and PhbA (β-ketothiolase) (Created
with data previously reported [32,37,38]).

PHB (and PHA in general) is a hydrophobic material that needs to be stabilized in
the cytoplasm. The proteins involved in stabilizing it are known as granule-associated
proteins (GAPs). A single PHB granule (carbonosome) contains 98% polymer and 2%
GAPs [39–42]. GAPs include PHB synthases, PHB depolymerases, regulators, and phasins
(Figure 2) [43]. PHB synthase and PHB depolymerase initiate PHB synthesis or degradation,
respectively [32,38]. Phasins coat and stabilize PHB chains inside bacteria and control the
size of the PHB granules [2,43–45]. Finally, regulator proteins regulate the expression level
of phasins when PHB is synthesized or degraded [46].
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Figure 2. PHB granules in bacteria. Granules contain growing PHB chains at the core and are
surrounded by GAPs (Created with data previously reported [39,43,47]).

PHB degradation occurs when bacteria enter a state of starvation, and the exogenous
carbon source is depleted. The resulting products can support bacterial growth, serving
as a carbon and energy source [5,38]. PHB mobilization in A. brasilense involves a PHB
depolymerase (PhaZ) that cuts PHB into β-hydroxybutyrate monomers. Then, an NAD(P)-
dependent β-hydroxybutyrate dehydrogenase oxidizes β-hydroxybutyrate monomers
to acetoacetate. The subsequent step is to convert acetoacetate into acetoacetyl-CoA by
an acetoacetyl-CoA synthetase, and, finally, the acetoacetyl-CoA is hydrolyzed by a β-
ketothiolase that releases two acetyl-CoA molecules (Figure 1) [18,37,48]. Acetyl-CoA can
enter the TCA cycle, β-oxidation, or glyoxylate pathways, among others, and be used to
produce metabolic intermediates and energy to sustain the growth of the bacterium [2,8,29].
S. meliloti, R. eutropha, and other microorganisms share the same mobilization pathway as
Azospirillum [36]. In R. eutropha, PHB is poorly degraded in the absence of nitrogen [49]. In
contrast, nitrogen-fixing bacteria such as A. brasilense can mobilize PHB when the nitrogen
source is depleted, due to the nitrogenase complex. Previous studies suggest PHB mobi-
lization provides enough energy to sustain nitrogen fixation and two binary fissions [50].
Most PHA-producer microorganisms code for several depolymerase isoenzymes [49]. Since
A. brasilense can use β-hydroxybutyric acid for growth, this bacterium may have extracellu-
lar and intracellular depolymerases. However, more studies are needed to provide us with
more information [38].

PHB is accumulated at the middle and the end of the logarithmic growth phases. At
the stationary phase, when the carbon source is depleted, PHB begins to be degraded, and
it is used to sustain bacterial growth [5,8]. Martínez-Martínez et al. [2] observed that PHB
was mainly accumulated after 72 h of growth when a high C/N ratio and microaerophilic
conditions were used.
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4. Studies on PHB Synthesis and Degradation Genes

In A. brasilense Sp7, some genes involved in PHB synthesis and degradation have
been analyzed. It was shown that a phbC mutant strain was unable to accumulate PHB
granules after 48 h of growth [32]. On the contrary, a phbZ mutant strain accumulated the
highest quantities of biopolymer and was incapable of using it [37]. Until now, there are no
studies evaluating the effect of deleting the phbA gene on PHB synthesis; it may probably
be because PhbA has other functions than polymer synthesis. However, a phbB mutant
strain was reported to be unable to produce PHB. PhbB is the only enzyme implicated
in PHB synthesis, and it uses NADH and NAD(P)H as coenzymes [51]. The enzyme
β-hydroxybutyrate dehydrogenase has been reported to function as an NAD-dependent
tetramer formed by four similar subunits [17]. It was found that NADH, NADPH, pyruvate,
and acetyl-CoA inhibit β-hydroxybutyrate dehydrogenase activity [17,37].

Kadouri et al. [32] were the first to report the genetic sequence of genes involved in
PHB synthesis by A. brasilense. The phaA and phaB genes were co-transcribed, whereas the
phbC gene was located in the complementary strand. Recently, the whole available genomic
sequence of A. baldaniorum Sp245 (formerly named A. brasilense Sp245) has shown several
copies of PHB genes. In the A. baldaniorum chromosome, a copy of the phbC gene was
located. The phbCAB operon was in plasmid 4. A phbA homolog was found in plasmid
1, whereas copies of phbB were in plasmids 1 and 2 (Figure 3) [52]. In most microorgan-
isms, genes encoding PhbA, PhbB, and PhbC are commonly clustered in an operon [36].
R. eutropha and A. brasilense contain the phbCAB operon, whereas Azotobacter vinelandii
contains the phbBAC operon [36,52,53]. In P. putida, the PHA cluster is organized into
two operons, phaC1ZC2D and phaIF [21]. However, there are bacteria with several copies
of homologous genes randomly distributed throughout bacterial chromosomes and plas-
mids [52,54].

Figure 3. Genes involved in PHB synthesis in A. baldaniorum Sp245 (Created with data modified from
reference [52]).

Martínez-Martínez et al. [2] analyzed phasin content in the A. brasilense Sp7 genome by
looking for a phasin_2 domain (PF09361). It was found that this bacterium contains six genes that
encode for phasins. The genes were named phaP1 (AMK58_RS17065), phaP2 (AMK58_RS04265),
phaP3 (AMK58_RS04270), phaP4 (AMK58_RS07520), phaP5 (AMK58_RS13850), and phaP6
(AMK58_RS20955). Deletion of the phaP1 gene showed a phenotype compatible with phasins in
other microorganisms. The phaP1 mutant strain accumulated fewer PHB granules of a higher
size in comparison with the wild-type strain, which accumulated more PHB granules of a
lower size.
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5. PHB Metabolism Regulation in A. brasilense Sp7

The PHB pathway is closely related to the TCA cycle because acetyl-CoA molecules are
metabolic intermediates. Depending on bacterial needs, acetyl-CoA may be used for one or
another [55]. When bacteria are grown on a medium with a high C/N ratio, acetyl-CoA
molecules are turned towards the TCA cycle to synthesize the metabolic intermediates
required to produce macromolecules such as carbohydrates, proteins, nucleic acids, and
lipids. As the TCA cycle is active, high quantities of citrate are synthesized and inhibit
the enzymatic activity of citrate synthase. Then, acetyl-CoA molecules are condensed into
acetoacetyl-CoA by β-ketothiolase, beginning PHB synthesis [9,54]. The increment of CoA-
SH released from acetyl-CoA condensation inhibits β-ketothiolase activity [9]. Excessive
acetoacetyl-CoA also inhibits PhbA activity, the key enzyme for PHB biosynthesis [9,56].

Another factor involved in switching on/off PHB synthesis is the redox state of bacte-
ria [39]. Large quantities of NAD(P)H are produced mainly during the TCA cycle and cell
respiration. The increase of NAD(P)H is eliminated by acetoacetyl-CoA reductase, which re-
quires NAD(P)H to reduce acetoacetyl-CoA into β-hydroxybutyryl-CoA monomers [39,57].
Then, PHB synthesis leads to an increase in NAD(P) levels. The latter favors the activity
of PhaZ that starts the PHB degradation [9,17,21,34,37,39,55,58,59]. Azotobacter beijerinckii
controls PHB accumulation and mobilization in a similar way as Azospirillum [34].

The enzymes β-ketothiolase, acetoacetyl-CoA reductase, PHB synthase, β-hydroxybutyrate
dehydrogenase, and acetoacetyl-CoA synthetase are constitutively expressed in A. brasilense [9,37].
It seems to be that phasins and regulator proteins are also constitutive [2,60]. For PHB accumula-
tion, A. brasilense Sp7 prefers growth in a medium with low oxygen availability. Microaerophilic
conditions protect the nitrogenase complex [60]. A high C/N ratio environment allows bacterial
growth even if nitrogen is depleted from the medium, due to the nitrogenase complex. Studies by
Tal et al. [9] demonstrated that enzymatic activities of β-ketothiolase, acetoacetyl-CoA reductase,
and β-hydroxybutyrate dehydrogenase were higher in Azospirilla grown in a medium with
oxygen limitation.

Although A. brasilense Sp7 grows well in ammonia chloride, it has been demonstrated
that high ammonia chloride decreases the citrate synthase, isocitrate dehydrogenase, and
succinate dehydrogenase activities of Azospirillum lipoferum. The effect increases with lower
dissolved oxygen (DO). Then, carbon metabolism is restricted to PHB synthesis [61].

6. Nitrogen’s Role in PHB Metabolism

Azospirillum grows in a medium with a low ammonium concentration. Ammonium
assimilation by Azospirilla occurs through glutamate dehydrogenase activity that con-
verts glutamate into α-ketoglutarate and ammonia [61]. After ammonium depletion, this
bacterium continues growing because it fixes atmospheric nitrogen [62,63]. This process
expends a lot of energy, supported by PHB catabolism [50]. The presence of exogenous
nitrogen, such as ammonium, nitrate, and nitrite, represses nitrogen fixation [64].

The regulation of nitrogen metabolism in A. brasilense Sp7 includes the well-known pro-
teins: GlnD, GlnB, GlnZ, NtrB, and NtrC and other genes involved in the nitrogen fixation
process. In the PII-Pz sensing nitrogen system, glnB encodes for the PII protein, whereas the
Pz protein is coded by glnZ. GlnD transfers uridyl groups to GlnB and GlnZ in a medium
with nitrogen deficiency [65–67]. Under non-nitrogen-limiting conditions, GlnD removes
uridyl groups of GlnB and GlnZ. When nitrogen is absent in the growth medium, uridylated
GlnB cannot interact with NtrB. Then, NtrB phosphorylates NtrC. NtrC, phosphorylated,
induces transcription of genes involved in sensing nitrogen-alternative sources [66,67].

Sun et al. [65] evaluated PHB accumulation by an A. brasilense Sp7 glnD mutant strain.
This mutant was unable to sense nitrogen cell status. Under no nitrogen-limiting conditions,
the PII-Pz system in the glnD mutant strain was not uridylated/deuridylated. Furthermore,
the glnD mutant strain accumulated higher amounts of PHB in comparison with the wild-
type strain. The A. brasilense Sp7 glnB–glnZ double mutant strain also synthesized higher
amounts of PHB than the wild-type strain [65]. In both the glnD single mutant strain and
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the glnB–glnZ double mutant strain, PHB was accumulated during the logarithmic phase
of growth.

Sun et al. [58] analyzed the PHB production of A. brasilense Sp7 ntrB and ntrC single
mutant strains when ammonium chloride was used as a nitrogen source. The ntrB and
ntrC mutant strains were unable to sense the nitrogen levels when a medium with a low
C/N ratio was used for growth, in comparison with the A. brasilense Sp7 wild type. As a
result, the mutant strains accumulated up to 45% of PHB as dry cell weight, whereas the
wild-type strain produced only 10% of PHB under the same conditions. The ntrC mutant
of Herbaspirillum seropedicae accumulated more PHB than the wild-type strain. Also, it was
more resistant to oxidative stress [68].

Kukolj et al. [66] analyzed the gene expression profile of A. brasilense grown in a
medium with low and high nitrogen availability. Bacteria grown under nitrogen-limiting
conditions increased the expression of proteins involved in energy production and con-
version, signal transduction, and amino acid metabolism. However, when there was no
nitrogen limiting, the bacterium increased the expression of proteins related to signal
transduction, cell wall biogenesis, coenzyme metabolism, and energy metabolism.

7. Flocculation and Cyst Involvement in PHB Production, the Role of Oxygen

Apart from inducing PHB accumulation, media with a high C/N ratio can also stim-
ulate the flocculation of bacteria [11,69–72]. However, the flocculation phenomenon is
present mainly under high oxygen concentrations [11,69,70,73]. For generating energy and
fixing nitrogen, the appropriate oxygen concentration for A. brasilense is 3–5 μM [62,74]. Un-
der elevated DO A. brasilense Sp7 tends to clump. In clumping, motile cells interact between
them in response to an elevated aeration rate. Clumped bacteria keep a microaerophilic
environment to protect them from excessive oxygen [75]. When high aeration is maintained,
clumped cells form irreversible macromolecular aggregates known as floccules, but when
high aeration decreases, clumped cells return to a vegetative state [11,55,60,69].

Floccules are macroscopic bacterial aggregates that are clumped by a high accumula-
tion of exopolysaccharides (EPS). EPS form a fibrilar matrix surrounding bacteria. Floccules
protect A. brasilense Sp7 against the stresses caused by high temperatures (up to 40 ◦C),
desiccation, oxygen availability, and pH [8,11,72,75–79]. A. brasilense floccules contain PHB
granules with high biopolymer levels [80–83].

The EPS of A. brasilense Sp7 contain glucose during the exponential growth phase.
However, in the stationary phase growth, they contain mainly arabinose [70,71,84]. EPS,
whether glucose-containing or arabinose-rich, served as a carbon source when exogenous
carbon was depleted. Interestingly, A. brasilense Sp7 cannot grow in media with arabinose
or glucose as unique exogenous carbon sources, but it uses its arabinose or glucose as a
carbon source [81].

Low nitrogen conditions and a high aeration rate led to fclA overexpression. The
fclA gene controls the morphological transition from vegetative to cystic in response to
environmental changes. Also, fclA may control nitrogen assimilation by downregulating
glutamine synthetase, which synthesizes glutamine from glutamate and ammonia. GlnA
(citrate synthase) was also implicated in EPS production. It seems that fclA promotes sugar
assimilation by synthesizing carbohydrates for EPS. Also, it was noted that acetyl-CoA
was mainly addressed to PHB synthesis rather than the TCA cycle in the A. brasilense fclA
mutant strain due to the phbA gene being overexpressed in an fclA mutant strain [55].

Bible et al. [60] analyzed protein expression during growth under clumping conditions
in A. brasilense cheY1 and the cheB1–cheR1 mutants. The A. brasilense cheY1 mutant strain
clumped more than the wild-type strain. On the contrary, the A. brasilense cheB1–cheR1
double mutant strain was unable to clump. Both cheY1 and the cheB1–cheR1 mutants
showed an increase in the expression of genes involved in PHB metabolism, such as the
acetoacetyl-CoA reductase gene and the phaP1, phaP2, and phaP6 genes.

Malinich and Bauer [85] analyzed the transcription profile of encysted A. brasilense. Cysts
repress genes involved in amino acid biosynthesis, ribosomal biogenesis, and translation.
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In A. brasilense cysts, the phaR (AMK58_RS26785) and 3-hydroxyacyl-CoA dehydrogenase
(AMK58_19430) genes were also repressed. Genes required for nitrogen metabolism, such
as NasT, a response regulator required for growth under nitrate, nitrite/nitrite transporter
(AMK58_21400, AMK58_21405, and AMK58_21410), and nitrate reductase (AMK58_21395)
were upregulated as well as genes involved in nitrogen fixation [85].

8. PHB and Biofilm in A. brasilense

Depending on the growth conditions, A. brasilense produces a biofilm [86]. Vieruega
et al. [87] have reported that the Azospirillum biofilm contains proteins such as polar flagellin
and OmaA (outer membrane protein), extracellular DNA, and EPS. According to Tugarova
et al. [88] and Shelud’ko et al. [89], the Azospirillum biofilm also contains high quantities of PHB.
PHB would allow bacterial stabilization during biofilm formation.

9. Functions of PHB in Azospirillum brasilense

PHB accumulation and utilization by bacteria allow its establishment and survival
in competitive environments. In such conditions, PHB functions as a carbon and energy
source to sustain bacterial growth [18,32,38,84,90]. Also, it was demonstrated that bacteria
with high PHB content colonize the rhizosphere to exert beneficial effects on plant growth
and crop yield [38,72,78]. The use of inoculants based on Azospirillum with a high PHB
content can prolong their useful life [38,72,83,90–92]. Previous studies have reported that
the inability to synthesize or degrade PHB affects the resistance of A. brasilense to osmotic
and oxidant stresses, as well as its resistance to UV radiation and high temperatures [23].
In Pseudomonas extremaustralis, better UV resistance was observed in agreement with a
higher PHB accumulation [93]. PHB provides enough energy to sustain growth under
nitrogen-fixing conditions. Previous studies have suggested PHB degradation can supply
enough energy to sustain nitrogen fixation and spore development [94]. Similarly, PHB
synthesis controls the redox state of bacteria, serving as an electron sink [95].

10. PHB Properties and Applications

A comparison between the characteristics of PHB and polypropylene (PP) is listed in
Table 2. PHB shares similar properties with PP, in areas such as tensile modulus, tensile
strength, and melting temperature. However, PHB is biodegradable and biocompatible,
and its degradation does not release toxic products, which does not occur with PP [47]. The
above characteristics would make PHB suitable to replace the use of PP in the industry.
However, its high production costs, in addition to low thermal stability, a high degree of
crystallinity, hydrophobicity, and brittleness, make PHB less suitable for being used in
commercial applications [96,97]. To improve the quality of PHB, it has been combined
with other materials, which has enhanced its mechanical and physical properties. Some
examples of PHB blending are polylactic acid (PLA), hyaluronic acid (HA), polycaprolac-
tone (PCL), polyethylene glycol (PEG), chitosan, and cellulose pectin, among others [97].
Functionalization of PHB by adding epoxy, hydroxyl, carbonyl, phenyl groups, and halogen
atoms improves PHB properties [97,98]. It makes it possible to expand the uses of PHB, for
example, in drug delivery.

Table 2. Mechanical properties of PHB and PP (modified from [47,97–100]).

Parameter PP PHB

Tensile modulus (GPa) 1.95 3–3.5
Tensile strength (Mpa) 31–45 20–40
Elongation at break (%) 50–400 5–10

Crystallinity (%) 42.6–70 50–60
Melting temperature (◦C) 160–176 165–180

Glass transition (◦C) −20–−5 2–9
Density (g/cm2) 0.905 1.25

UV resistance Poor Good
Biodegradability No Yes
Biocompatibility No Yes

324



Polymers 2023, 15, 3027

Drug delivery has been one of the most important uses of PHB. Previous studies have
shown that PHB can be implanted in the human body, where it causes a mild inflammatory
reaction that does not lead to fibrosis or necrosis [101]. Macrophage-mediated inflammation
results in an exposition of PHB to extracellular liquids and cells, which results in a slow
biopolymer degradation into 3-hydroxybutytyrate monomers and oligomers [102]. These
properties suggest PHB is a good candidate for drug delivery [103]. Pandian et al. [104] loaded
ursolic acid (an inhibitory agent against the proliferation of tumors) into PHB nanoparticles
and evaluated the delivery, availability, and activity of the ursolic acid released from PHB
nanoparticles against HeLa cells. In agreement with the number of dead tumor cells, it was
concluded that the PHB nanoparticles had released ursolic acid, and they were more effective
at 96 h. Another example of drug delivery was reported by Parsian et al. [105], who designed
PHB-coated magnetic nanoparticles loaded with gemcitabine (GEM-PHB-MNPs) in order to
release gemcitabine for treating breast cancer. Results showed that gemcitabine was released
in an acidic microenvironment, like tumors. It was also shown that PHB-MNPs were not
cytotoxic to cells. PHB/chitosan blends have been impregnated with ketoprofen [106]. PHB
nanospheres and PHB microspheres loaded with extended-spectrum antibiotics have been
used to prevent post-surgery infections. Sulbactam ampicillin/cefoperazone, and gentamicin
have been loaded into PHB-co-PHV for drug delivery [107]. Other studies on drug release
from PHB can be reviewed [97,108–110].

PHB can be used for tissue engineering. Deng et al. [111] developed an extracel-
lular matrix of rabbit chondrocytes grown on PHB-co-PHH (polyhybroxybutyrate-co-
hydroxyhexanoate) scaffolds. The results showed better seeding on PHB-co-PHH scaffolds
than on single PHB scaffolds. It was also shown that more collagen was produced on
PHB-co-PHH than on PHB. Temporary stents, bone plates, patches, and screws have been
fabricated [111,112]. PHB-based composites were suitable for wound dressing and ocular
implants [113]. Also, several artificial tissues, such as retinal, bone, tendon, cartilage, and
muscle, have been developed [114,115]. Biopolymers can support cell growth [111,116].
PHB blends can be used as scaffolds and bone implants [97,117].

To be used for packaging, PHB must be stable, flexible, and highly resistant. A good
biopolymer must provide a barrier against water vapor, oxygen, and carbon dioxide [118].
PHB blends are promising materials for packaging because they exhibit good barrier
properties, and their degradation products are non-toxic for the environment [119]. PHB
blends are used in bottles, jars, films, et cetera [120]. Composites of PHB prepared with
coconut fibers showed good thermal stability and better tensile properties, making them
suitable to be used as plastic bags for recovered seeds and planted for agriculture [121].

11. PHB Biodegradability

PHB biodegradability occurs in soils, water, and aerobic and anaerobic environments.
It occurs in microorganisms that have extracellular depolymerases. PHB is degraded upon
exposure to soil, compost, or marine sediment. It is supposed that there are approximately
10% of PHB-degrading microbes. PHB can be degraded in aerobic and anaerobic envi-
ronments. In aerobic environments, PHB degradation results in CO2 and H2O, whereas
methane is released in anaerobic environments. PHB degradation depends on microbial
activity, moisture, temperature, pH, molecular weight of PHB, et cetera. PHB degradation
units can be processed throughout the β-oxidation and TCA cycles [122].

12. Future Outlooks

The metabolic abilities of A. brasilense are extensive. It can grow in minimal to rich
media and in a wide range of carbon and nitrogen sources. A. brasilense accumulates up
to 80% of its dry cell weight as PHB, a biopolymer characterized as biodegradable and
biocompatible. In bacteria, PHB serves as carbon and energy reserves. Also, it provides
resistance to several stressful conditions. Understanding PHB metabolism and regulation
in A. brasilense may help exploit PHB properties to improve quality of life. In this review
were summarized the requirements to improve PHB accumulation by A. brasilense. Studies
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have shown this bacterium accumulates more PHB when it is grown at a high C/N ratio,
ranging from 70 to 90. Also, the best carbon and nitrogen sources were malate and ammonia
chloride, respectively. A microaerophilic environment is important too.

Although there are some studies on the genes involved in PHB metabolism, these
genes have not been fully understood. Further studies are needed to identify other genes
implicated in PHB synthesis and degradation. Now that the A. brasilense genome is avail-
able, it will be possible to analyze other genes that may be involved in PHB metabolism.
The National Center for Biotechnology Information (NCBI), the Kyoto Encyclopedia of
Genes and Genomes (KEGG), and the Clusters of Orthologous Genes (COG) databases
showed that A. brasilense contains several copies of genes involved in PHB synthesis and
degradation. It would be interesting to know when these genes are expressed and the
interactions that occur between each gene, as well as the transcription factors involved in
regulating genetic expression. Bioinformatics and in vitro analyses will help us improve
our understanding.

PHB is a biodegradable and biocompatible plastic with potential utility for medical
and environmental purposes. However, recovering PHB from bacterial cultures is highly
expensive. Given that A. brasilense is one of the most important microorganisms that produce
PHB, it is necessary to develop environmentally friendly techniques that allow us to increase
the recovery and purity of the polymer. Also, it is important to make more efforts toward
functionalizing PHB in order to expand its uses and to decrease the use of polypropylene.
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