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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 (HCI) (CAS 7647-01-0) was purchased from
Thermo Fisher Scientific (Waltham, MA, USA). Sodium hydroxide (NaOH) was purchased
from Sigma Aldrich (St. Louis, MO, USA). Deionized (DI) water was utilized throughout
the experiment. The chemicals are utilized without further purification or treatment.
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2.2. Pre-Treatment and Synthesis of Orange Peel Powder

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

2.3. Synthesis of Composite Films

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

2.4. Characterization of Composite Films

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

2.5. Swelling Test

Three samples with size of 4 x 4 cm? were prepared from each composite and weighed
to record respective initial weight as Wg,y. Samples were immersed into three petri dishes
containing different pH solutions, i.e., 0.1 M HCI, 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 Wgycpen- The
swelling index was calculated Equation (1) as below

W, - W
Swelling index (%) = SWOI‘I/Q\? Y % 100% 1)
dry

2.6. Biodegradability Test

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

Wy — Wy

Biodegradability (%) = W
1

x 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.
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FTIR characterization was conducted to determine the functional groups present in the
blank PLA matrix and after incorporation of OPP. Figure 2 shows the FTIR spectra ranging
from wavenumber 4000 cm ™! to 550 cm~!. The small peaks at 2946.09 to 2996.32 cm ™!
are attributed to the CH stretching vibration, and sharp absorption peaks at 1749.29 cm ™!
belongs to the C=0 stretching which can be observed in all samples [30,31].
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Figure 2. FTIR spectra of samples.

Water contact angle between water droplet and the composite film's surface was
measured to study its hydrophobicity or known as surface wettability. Bar chart in Figure 3
illustrates the water contact angle (6) 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].
i I
78.4
70.12 |
10 20 40 60

wt% of OPP in PLA

100

Water contact angle (°)

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

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

composites show an improved elongation (15.32, 9.98, and 10.6 mm) compared to blank
PLA film (2.73 mm).

18 4
a)
2000 <
16

1600 o

1200

Tensile strength (MPa)

800

Young's Modulus (MPa)

400

0 10 20 40 60 0 10 20 40 60

wt% of OPP in PLA wt% of OPP in PLA

C) 18 4

Elongation at break (mm)

0 10 20 40 60
wt% of OPP in PLA

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

3.3. Swelling

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

3.4. Degradation

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

60
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30

20
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10
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PLA/60 wt% OPP
—— PLA/40 wt% OPP 51.82
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22.03— 2235
/16-64/16.43— 16.43
13— 1381
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7 14 21 28
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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
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soil burial. These features increase by time for all composites while more obvious changes
are clearly visible in higher loadings PLA /OPP composites.

4. Discussion

As observed from Figure 1b,c, good and even dispersion of OPP particles in PLA
matrix was achieved at relatively low loadings at 10 and 20 wt%. When OPP loading
increased to 40 wt%, it could be clearly seen that the OPP particles no longer distributed
evenly on the surface, agglomeration and some aggregates were observed especially at
the top right corner of the film (Figure 1d). At the highest concentration of 60 wt% OPP,
the whole composite has become denser, with very little or no space in between could
be observed (Figure le). For FTIR spectra in Figure 2, a broad peak in the high energy
region (2944.72 to 3309.94 cm ') indicates the presence of hydroxyl group, which is only
observed at PLA/OPP composites at higher loadings [31]. This is due to the large amount
of OH groups present in carbohydrates and lignin in the orange peel [31,34,35], and is
more visible when the OPP loadings are high as the fibre content is increased. Similar
trend is observed for the C=C stretching at 1608 cm ! due to the presence of unsaturated
aromatic compounds in orange peel [34,35]. Lastly, the peaks at 1081.31 to 1181.32 cm ™!
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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References

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~!. 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.

Author Contributions: Conceptualization, N.S.S. and N.Y.H.; methodology, N.S.S. and W.Y.L,; vali-
dation, N.S.S., W.Y.L. and N.Y.H.; formal analysis, W.Y.L. and N.S.S.; investigation, W.Y.L. and N.S.S,;
resources, N.S.S.,, N.Y.H. and D.M.; data curation, W.Y.L.; writing—original draft preparation, N.S.S.
and W.Y.L.; writing—review and editing, N.S.S. and N.Y.H.; visualization, W.Y.L.; supervision, N.S.S.
and N.Y.H.; project administration, N.S.S.; funding acquisition, N.S.S., N.Y.H. and D.M. All authors
have read and agreed to the published version of the manuscript.

Funding: The research work was financially supported by UTP—UMS International Collaborative
Research Grant with cost centre of 015ME0-256 and 015ME0-257.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Acknowledgments: We would like to thank Universitas Muhammadiyah Surakarta and Universiti
Teknologi PETRONAS for providing the necessary fund and research facilities to accommodate the
experiments and completion of this research project.

Conflicts of Interest: Declare conflicts of interest or state. The authors declare no conflict of interest.
The funders had no role in the design of the study; in the collection, analyses, or interpretation of
data; in the writing of the manuscript; or in the decision to publish the results.

1.  Geyer, R; Jambeck, ].R.; Law, K.L. Production, Use, and Fate of All Plastics Ever Made. Sci. Adv. 2017, 3, e1700782. [CrossRef]

[PubMed]

2. Moshood, T.D.; Nawanir, G.; Mahmud, F; Mohamad, F.; Ahmad, M.H.; AbdulGhani, A. Sustainability of Biodegradable Plastics:
New Problem or Solution to Solve the Global Plastic Pollution? Curr. Res. Green Sustain. Chem. 2022, 5, 100273. [CrossRef]


http://doi.org/10.1126/sciadv.1700782
http://www.ncbi.nlm.nih.gov/pubmed/28776036
http://doi.org/10.1016/j.crgsc.2022.100273

Polymers 2022, 14, 4126 11 of 12

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Acquavia, M.; Pascale, R.; Martelli, G.; Bondoni, M.; Bianco, G. Natural Polymeric Materials: A Solution to Plastic Pollution from
the Agro-Food Sector. Polymers 2021, 13, 158. [CrossRef] [PubMed]

Ncube, L.; Ude, A.; Ogunmuyiwa, E.; Zulkifli, R.; Beas, I. An Overview of Plastic Waste Generation and Management in Food
Packaging Industries. Recycling 2021, 6, 12. [CrossRef]

Rhodes, C.J. Solving the Plastic Problem: From Cradle to Grave, to Reincarnation. Sci. Prog. 2019, 102, 218-248. [CrossRef]
Chamas, A.; Moon, H.; Zheng, ].; Qiu, Y.; Tabassum, T.; Jang, ].H.; Abu-Omar, M.; Scott, S.L.; Suh, S. Degradation Rates of Plastics
in the Environment. ACS Sustain. Chem. Eng. 2020, 8, 3494-3511. [CrossRef]

Wayman, C.; Niemann, H. The Fate of Plastic in the Ocean Environment—A Minireview. Environ. Sci. Process. Impacts 2021, 23,
198-212. [CrossRef]

Royer, S.-].; Ferrén, S.; Wilson, S.T.; Karl, D.M. Production of Methane and Ethylene from Plastic in the Environment. PLoS ONE
2018, 13, e0200574. [CrossRef]

Sanjay, M.R.; Yogesha, B. Studies on Natural/Glass Fiber Reinforced Polymer Hybrid Composites: An Evolution. Mater. Today
Proc. 2017, 4, 2739-2747. [CrossRef]

Mohammed, A.S.; Meincken, M. Properties of Low-Cost WPCs Made from Alien Invasive Trees, and Ldpe for Interior Use in
Social Housing. Polymers 2021, 13, 2436. [CrossRef]

Balart, R.; Garcia-Garcia, D.; Fombuena, V.; Quiles-Carrillo, L.; Arrieta, M.P. Biopolymers from Natural Resources. Polymers 2021,
13,2532. [CrossRef] [PubMed]

Kovacevi¢, Z.; Grgac, S.F,; Bischof, S. Progress in Biodegradable Flame Retardant Nano-Biocomposites. Polymers 2021, 3, 741.
[CrossRef] [PubMed]

Mahmud, S.; Hasan, KM.F,; Jahid, A.; Mohiuddin, K.; Zhang, R.; Zhu, J. Comprehensive Review on Plant Fiber-Reinforced
Polymeric Biocomposites. J. Mater. Sci. 2021, 56, 7231-7264. [CrossRef]

Agustiany, E.A.; Ridho, M.R.; Rahmi D.N., M.; Madyaratri, EW.; Falah, F; Lubis, M.A.R; Solihat, N.N.; Syamani, FA;
Karungamye, P.; Sohail, A.; et al. Recent Developments in Lignin Modification and Its Application in Lignin-Based Green
Composites: A Review. Polym. Compos. 2022, 43, 4848-4865. [CrossRef]

Balla, E.; Daniilidis, V.; Karlioti, G.; Kalamas, T.; Stefanidou, M.; Bikiaris, N.D.; Vlachopoulos, A.; Koumentakou, I.; Bikiaris,
D.N. Poly(lactic acid): A Versatile Biobased Polymer for the Future with Multifunctional Properties—From Monomer Synthesis,
Polymerization Techniques and Molecular Weight Increase to Pla Applications. Polymers 2021, 13, 1822. [CrossRef]

Singhvi, M.S.; Zinjarde, S.S.; Gokhale, D.V. Polylactic Acid: Synthesis and Biomedical Applications. ]. Appl. Microbiol. 2019, 127,
1612-1626. [CrossRef] [PubMed]

Bassani, A.; Montes, S.; Jubete, E.; Palenzuela, J.; Sanjuan, A.; Spigno, G. Incorporation of Waste Orange Peels Extracts into Pla
Films. Chem. Eng. Trans. 2019, 74, 1063-1068.

Raimondo, M.; Caracciolo, F.; Cembalo, L.; Chinnici, G.; Pecorino, B.; D’Amico, M. Making Virtue out of Necessity: Managing the
Citrus Waste Supply Chain for Bioeconomy Applications. Sustainability 2018, 10, 4821. [CrossRef]

Batori, V.; Jabbari, M.; Akesson, D.; Lennartsson, P.R.; Taherzadeh, M.].; Zamani, A. Production of Pectin-Cellulose Biofilms: A
New Approach for Citrus Waste Recycling. Int. J. Polym. Sci. 2017, 2017, 9732329. [CrossRef]

Rafiq, S.; Kaul, R; Sofi, S.; Bashir, N.; Nazir, F.; Nayik, G.A. Citrus Peel as a Source of Functional Ingredient: A Review. J. Saudi
Soc. Agric. Sci. 2018, 17, 351-358. [CrossRef]

Farahmandfar, R.; Tirgarian, B.; Dehghan, B.; Nemati, A. Comparison of Different Drying Methods on Bitter Orange (Citrus
aurantium L.) Peel Waste: Changes in Physical (Density and Color) and Essential Oil (Yield, Composition, Antioxidant and
Antibacterial) Properties of Powders. . Food Meas. Charact. 2020, 14, 862-875. [CrossRef]

Lugman, M.; Vesuanathan, T.A.; Salleh, M.N. Isolation and Characterization of Microcrystalline Cellulose Extracted from Banana
Fiber in Poly(lactic acid) Biocomposite Produced from Solvent Casting Technique. IOP Conf. Ser. Mater. Sci. Eng. 2020, 957,
012005. [CrossRef]

Cruz, A.G.; Scullin, C.; Mu, C.; Cheng, G.; Stavila, V.; Varanasi, P.; Xu, D.; Mentel, J.; Chuang, Y.-D.; Simmons, B.A_; et al. Impact
of High Biomass Loading on Ionic Liquid Pretreatment. Biotechnol. Biofuels 2013, 6, 52. [CrossRef] [PubMed]

Chang, H.; Luo, J.; Liu, H.C.; Davijani, A.A.B.; Wang, P-H.; Lolov, G.S.; Dwyer, R M.; Kumar, S. Ductile Polyacrylonitrile Fibers
with High Cellulose Nanocrystals Loading. Polymer 2017, 122, 332-339. [CrossRef]

Lee, WJ.; Clancy, A.; Kontturi, E.; Bismarck, A.; Shaffer, M.S.P. Strong and Stiff: High-Performance Cellulose Nanocrys-
tal/Poly(Vinyl Alcohol) Composite Fibers. ACS Appl. Mater. Interfaces 2016, 8, 31500-31504. [CrossRef]

Astm D638-14, 17; Standard Test Method for Tensile Properties of Plastics. ASTM International: West Conshohocken, PA, USA,
2022.

Sampath, U.; Chee, C.Y.; Chuah, C.H.; Rahman, N.; Nai-Shang, L. Ph-Responsive Poly(lactic acid)/Sodium Carboxymethyl
Cellulose Film for Enhanced Delivery of Curcumin in Vitro. J. Drug Deliv. Sci. Technol. 2020, 58, 101787. [CrossRef]

Park, C.; Kim, E.Y; Yoo, Y.T.; Im, S.S. Effect of Hydrophilicity on the Biodegradability of Polyesteramides. J. Appl. Polym. Sci.
2003, 90, 2708-2714. [CrossRef]

Lertphirun, K.; Srikulkit, K. Properties of Poly(lactic acid) Filled with Hydrophobic Cellulose/Sio2 Composites. Int. J. Polym. Sci.
2019, 2019, 7835172. [CrossRef]

Chi, H.Y,; Chan, V,; Li, C.; Hsieh, ].H.; Lin, PH.; Tsai, Y.-H.; Chen, Y. Fabrication of Polylactic Acid/Paclitaxel Nano Fibers by
Electrospinning for Cancer Therapeutics. BMC Chem. 2020, 14, 63. [CrossRef]


http://doi.org/10.3390/polym13010158
http://www.ncbi.nlm.nih.gov/pubmed/33406618
http://doi.org/10.3390/recycling6010012
http://doi.org/10.1177/0036850419867204
http://doi.org/10.1021/acssuschemeng.9b06635
http://doi.org/10.1039/D0EM00446D
http://doi.org/10.1371/journal.pone.0200574
http://doi.org/10.1016/j.matpr.2017.02.151
http://doi.org/10.3390/polym13152436
http://doi.org/10.3390/polym13152532
http://www.ncbi.nlm.nih.gov/pubmed/34372135
http://doi.org/10.3390/polym13050741
http://www.ncbi.nlm.nih.gov/pubmed/33673607
http://doi.org/10.1007/s10853-021-05774-9
http://doi.org/10.1002/pc.26824
http://doi.org/10.3390/polym13111822
http://doi.org/10.1111/jam.14290
http://www.ncbi.nlm.nih.gov/pubmed/31021482
http://doi.org/10.3390/su10124821
http://doi.org/10.1155/2017/9732329
http://doi.org/10.1016/j.jssas.2016.07.006
http://doi.org/10.1007/s11694-019-00334-x
http://doi.org/10.1088/1757-899X/957/1/012005
http://doi.org/10.1186/1754-6834-6-52
http://www.ncbi.nlm.nih.gov/pubmed/23578017
http://doi.org/10.1016/j.polymer.2017.06.072
http://doi.org/10.1021/acsami.6b11578
http://doi.org/10.1016/j.jddst.2020.101787
http://doi.org/10.1002/app.12925
http://doi.org/10.1155/2019/7835172
http://doi.org/10.1186/s13065-020-00711-4

Polymers 2022, 14, 4126 12 of 12

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

Paul, U.C,; Fragouli, D.; Bayer, L.S.; Zych, A.; Athanassiou, A. Effect of Green Plasticizer on the Performance of Microcrystalline
Cellulose/Polylactic Acid Biocomposites. ACS Appl. Polym. Mater. 2021, 3, 3071-3081. [CrossRef]

Baran, E.H.; Erbil, H.Y. Surface Modification of 3d Printed Pla Objects by Fused Deposition Modeling: A Review. Colloids Interfaces
2019, 3, 43. [CrossRef]

Alakrach, AM.; Noriman, N.Z.; Dahham, O.S.; Hamzah, R.; Alsaadi, M.A.; Shayfull, Z.; Idrus, S.Z.S. Chemical and Hydrophobic
Properties of Pla/Hnts-Zro2 Bionanocomposites. J. Phys. Conf. Ser. 2018, 1019, 012065. [CrossRef]

Dey, S.; Basha, S.; Babu, G.; Nagendra, T. Characteristic and Biosorption Capacities of Orange Peels Biosorbents for Removal of
Ammonia and Nitrate from Contaminated Water. Clean. Mater. 2021, 1, 100001. [CrossRef]

Zapata, B.; Balmaseda, J.; Fregoso-Israel, E.; Torres-Garcia, E. Thermo-Kinetics Study of Orange Peel in Air. ]. Therm. Anal. Calorim.
2009, 98, 309. [CrossRef]

Shen, W.; Zhang, G.; Ge, X.; Li, Y.; Fan, G. Effect on Electrospun Fibres by Synthesis of High Branching Polylactic Acid. R. Soc.
Open Sci. 2018, 5, 180134. [CrossRef] [PubMed]

Nugraha, M.W.; Wirzal, M.D.H.; Ali, F; Roza, L.; Sambudi, N.S. Electrospun Polylactic Acid/ Tungsten Oxide/ Amino-
Functionalized Carbon Quantum Dots (Pla/Wo3/N-Cqds) Fibers for Oil/Water Separation and Photocatalytic Decolorization. J.
Environ. Chem. Eng. 2021, 9, 106033. [CrossRef]

Izzati, AN.A.; John, W.C.; Fazita, M.R.N.; Najieha, N.; Azniwati, A.A.; Khalil, H.P.S.A. Effect of Empty Fruit Bunches Microcrys-
talline Cellulose (Mcc) on the Thermal, Mechanical and Morphological Properties of Biodegradable Poly (Lactic Acid) (Pla) and
Polybutylene Adipate Terephthalate (Pbat) Composites. Mater. Res. Express 2020, 7, 015336. [CrossRef]

Sousa, S.; Costa, A.; Silva, A.; Simobes, R. Poly(lactic acid)/Cellulose Films Produced from Composite Spheres Prepared by
Emulsion-Solvent Evaporation Method. Polymers 2019, 11, 66. [CrossRef]

El-Hadi, A.M. Increase the Elongation at Break of Poly (Lactic Acid) Composites for Use in Food Packaging Films. Sci. Rep. 2017,
7,46767. [CrossRef]

Xu, L.; Zhao, J.; Qian, S.; Zhu, X.; Takahashi, J. Green-Plasticized Poly(lactic acid)/Nanofibrillated Cellulose Biocomposites with
High Strength, Good Toughness and Excellent Heat Resistance. Compos. Sci. Technol. 2021, 203, 108613. [CrossRef]

Singh, A.A.; Genovese, M.E.; Mancini, G.; Marini, L.; Athanassiou, A. Green Processing Route for Polylactic Acid—Cellulose Fiber
Biocomposites. ACS Sustain. Chem. Eng. 2020, 8, 4128-4136. [CrossRef]

Wang, Q.; Ji, C.; Sun, J.; Zhu, Q.; Liu, J. Structure and Properties of Polylactic Acid Biocomposite Films Reinforced with Cellulose
Nanofibrils. Molecules 2020, 25, 3306. [CrossRef] [PubMed]

Moliner, C.; Finocchio, E.; Arato, E.; Ramis, G.; Lagazzo, A. Influence of the Degradation Medium on Water Uptake, Morphology,
and Chemical Structure of Poly(lactic acid)-Sisal Bio-Composites. Materials 2020, 13, 3974. [CrossRef] [PubMed]

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

Orozco, R.S.; Hernandez, P.B.; Morales, G.R.; Nufiez, FU.; Villafuerte, ].O.; Lugo, V.L.; Ramirez, N.F,; Diaz, C.E.B.; Vazquez, P.C.
Characterization of Lignocellulosic Fruit Waste as an Alternative Feedstock for Bioethanol Production. Bioresources 2014, 9, 1873.
Ayala, J.; Montero, G.; Coronado, M.; Garcia, C.; Curiel-Alvarez, M.; Ledn, J.; Sagaste, C.; Montes, D. Characterization of Orange
Peel Waste and Valorization to Obtain Reducing Sugars. Molecules 2021, 26, 1348. [CrossRef]

Teixeira, S.; Eblagon, K.M.; Miranda, F,; Pereira, M.ER.; Figueiredo, J.L. Towards Controlled Degradation of Poly(Lactic) Acid in
Technical Applications. C 2021, 7, 42. [CrossRef]


http://doi.org/10.1021/acsapm.1c00281
http://doi.org/10.3390/colloids3020043
http://doi.org/10.1088/1742-6596/1019/1/012065
http://doi.org/10.1016/j.clema.2021.100001
http://doi.org/10.1007/s10973-009-0146-9
http://doi.org/10.1098/rsos.180134
http://www.ncbi.nlm.nih.gov/pubmed/30839690
http://doi.org/10.1016/j.jece.2021.106033
http://doi.org/10.1088/2053-1591/ab6889
http://doi.org/10.3390/polym11010066
http://doi.org/10.1038/srep46767
http://doi.org/10.1016/j.compscitech.2020.108613
http://doi.org/10.1021/acssuschemeng.9b06760
http://doi.org/10.3390/molecules25143306
http://www.ncbi.nlm.nih.gov/pubmed/32708238
http://doi.org/10.3390/ma13183974
http://www.ncbi.nlm.nih.gov/pubmed/32911756
http://doi.org/10.3389/fmats.2019.00323
http://doi.org/10.3390/molecules26051348
http://doi.org/10.3390/c7020042

	Introduction 
	Materials and Methods 
	Materials 
	Pre-Treatment and Synthesis of Orange Peel Powder 
	Synthesis of Composite Films 
	Characterization of Composite Films 
	Swelling Test 
	Biodegradability Test 

	Results 
	Morphology, Functional Groups and Contact Angle 
	Mechanical Properties 
	Swelling 
	Degradation 

	Discussion 
	Conclusions 
	References

