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Abstract. Polylactic acid (PLA) is a biocompatible, and biodegradable thermoplastic. It is
renewable being produced by bacterial fermentation of potatoes, sugarcane, or corn starch. PLA has
been attempted in many applications to replace petroleum-based polymers because some of its
mechanical properties are excellent and it can be processed easily but low toughness and thermal
stability are setbacks from one application to another. To improve on mechanical properties of the
PLA to be suitable as biomaterials for dental and other applications, this study focuses on synthesis
of Parquetina nigrescens pod nanoparticles (PNPNP) as reinforcements in the PLA to engineer new
nanocomposites for biomedical applications. Chemical, structural and some mechanical properties
were investigated. TEM result indicates an average size of 14.14 nm of the PNPNP used for
reinforcing the PLA. Fourier Transform Infrared Spectrograph establishes a reduction in the amount
of light transmitted by the PLA. This is due to PNPNP additions with changes in the wavenumbers
of the observed peaks affirming formation of new compounds due to interactions of the PLA
molecules and PNPNP. X-ray diffractograms reaffirms new compound formations. Moreover, there
are enhancements in mechanical properties up to 3% by weight of PNPNP addition to the PLA with
about 92% improvement in the impact toughness.

1. Introduction

A denture is a removable replacement for the surrounding tissues and missing teeth. There are two
types of dentures which are complete and partial denture bases [1]. Denture materials are
biomaterials. A material, either synthetic or naturally utilized in medical applications for the
purpose of performing a body function or replacing a part or tissue of the body is known as a
biomaterial. Biomaterials are created with the intention that it will interact at the interface of
biological systems during application. Use as a delivery system for drug or biological factor is a
function of biomaterials [2].

The field of engineering involved in the study and production of biomaterials is Biomedical
engineering, which is a multidisciplinary field that combines varieties including biomaterials
bioinformatics, biomechanics, instrumentation, biology, computer science, and medicine to proffer
solutions to engineering related health problems. Optimal integration between the body and any
biomedical device is highly required, making biomaterial important to biomedical engineering to
achieve a successful design. If there is rejection of the biomedical device by the immune system, or
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if the biomaterial releases toxin or becomes unstable in the body, this totals as a failure of the
device.

There have been recent advancements in materials science. Nanotechnology which has been birthed
through these advancements has improved healthcare in areas such as tissue engineering and drug
delivery [3]. Polylactic acid (PLA) is a versatile biopolymer which is biodegradable and shows
thermoplastic behaviour. PLA and its composites have been used in biomedical applications such as
orthopaedic retainers, and bone replacement. In the dentistry world, tooth loss is rampant and over
the years, different materials have been processed for tooth replacement, but PLA has been
considered a viable option in term of its properties and cost for the purpose of the experiment. The
research process inculcates the size effect theory; the smaller the material the lesser the
imperfection encountered with the material, and this can be used to improve the mechanical
properties of the PLA. Nanoparticles have been proven to enhance the properties of their matrix
phase. It also comes with ease while combining the mixture (individual parts of the composite).
This research investigates the effects of a filler material (Parquetina nigrescens pod particles) on
the mechanical properties of PLA for optimum performance of PLA as a biomaterial for denture
application.

Polylactic acid which also known as polylactide (PLA) is a thermoplastic polyester possessing a
backbone formula: (C3H4O2)n or [-C(CH3)HC(=O)O-]n. It is formally obtained from the
polymerization (condensation) of lactic acid C(CH3)(OH)HCOOH involving the loss of water.
Another method is a preparation by ring-opening polymerization of lactide [-C(CH3)HC(=0)O]»,
the cyclic dimer of the basic repeating unit [4]. PLA is synonymous in terms of mechanical
properties to polyethylene terephthalate (PET) but possesses a significantly lower maximum
continuous use temperature. Poly(L-lactide) (PLLA) happens to be the most important PLA. It
occurs as a semi-crystalline polymer with ~37% crystallinity, a glass transition temperature (7g) of
~67°C and it melts at a temperature (7m) of ~180°C [4]. PLA undergoes processes like other
thermoplastic polymers such as extrusion, blow moulding, injection moulding, or fibre spinning
into a variety of forms.

Lactic acid is an organic acid, naturally occurring which can by produced via fermentation or
chemical synthesis. The process entails the hydrolysis of lacronitrile by strong acids. PLA is gotten
from renewable resources due to its processing methods. Amongst the most manufactured polymer
in the world is PLA. PLA poses no harm to the environment [5]. PLA, a thermoplastic has a good
castability forming different shapes and is used as filament for 3D printing. Coupled with its
environmentally friendly nature, PLA is biocompatible, making its absorption into the human body
easy.

Parquetina nigrescens grows in secondary forest, savanna, vegetation bordering roads and gallery
forest, also commonly growing on anthills. It grows on various types of soil, including marshy areas
and the average 1000-seed weight is 11.2 g [6]. The plant parts needed can be harvested throughout
the year. The leaves can be used fresh or dried for later use. The plant is not prone or threatened by
genetic erosion [7]. Parquetina nigrescens is broadly utilized in conventional medication and in
customary medication practice as a restorative spice [8, 9]. Parquetina nigrescens is mainly found
flowering and fruiting during the rainy season [6].

Blending of PLA has been widely adopted to enhance PLA mechanical properties. Blending of PLA
with polymers and plasticizers (biodegradable and non-biodegradable) of different sorts has been
employed to achieve desired mechanical properties [6]. To improve toughness, low density
poly(ethylene) (LDPE) was blended with PLA [10]. The crystallinity of PLA was observed to have
a significant impact on the blend toughness. Non-crystalline PLA blends with LDPE required PLA-
LDPE diblock copolymer compatibilization. And on the other hand, semi-crystalline PLA blends
with LDPE exhibited toughening despite the absence of the block polymer. An approach which was
implemented to enhance the mechanical properties of PLA was via the incorporation of
inorganic/organic fillers. An example is a PLA-clay solvent cast blend which exhibited improved
Young’s modulus. A review [11] was written in 2016 which discussed the potential of PLA blends
in the biomedical field, including overview of blending and mixing processing techniques and
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applications of PLA blends currently in use and under development. In 2018, an author [12]
presented a work which described the synthesis of high molecular weight PLA by varying the
reaction time and changing the order of catalyst addition. The binary catalyst used was
SnCl.2H>O/maleic anhydride and p-toluene sulfonic acid. The molecular weight of PLA
(6.503X105) was obtained in 52 hours. FTIR, 1 H and 13 C NMR determined the structure of the
synthesised PLA, while GPC was used to determine the molecular weight.

Moreover, Parquetina nigrscens has many parts that are beneficial in treating diseases. The leaves
are a typical fixing in drugs to treat madness. Antioxidant properties are present in Parquetina
nigrescens and the antioxidants can help in protection against free radical induced ulcer as reported
in [13]. The cardiotonic and catecholamine effects of Parquetina nigrescens extract, induced by the
contractile force of the left and right atrium of the guinea pig, have been investigated in vitro,
isometric contractions were recorded. Parquetina nigrescens extract, 5+150 ugml™!, increased the
contraction force by dose-dependently in the left electrically trained atria. The concentration of
Parquetina nigrescens with 50% of the maximum effect (EC50 value) was 7.5 pgml™! as disclosed
in [14]. As reported in [15], the antioxidant activity of various extracts (aqueous, methanol and
flavonoid) of Parquetina nigrescens and of butylated hydroxylanisole, as reference compound,
were evaluated in terms of trapping effect, reducing capacity and inhibition of lipid peroxidation in
rat liver. Extracts of P. nigrescens captured with 2,2diphenyllpicrylhydrazyl (DPPH) generated
radicals in ascending order flavonoid> methanol > aqueous > BHA at 1000 g/ml. The reducing
power followed a similar pattern to that observed in the sweeping operations. The results showed
that Parquetina nigrescens contains antioxidants that may be helpful in reducing reactions that
generate free radicals in the body.

In additions, some studies have been focusing on new materials for dental applications. For
instance, conventional acrylic teeth was compared to silanized feldspar-reinforced PMMA. Upon
combining of silanized feldspar, it exhibited improved properties with regards to the elastic
modulus, hardness and flexural strength without comprimising the impact strength. Close results
were derived while adding silica but the flexural strength diminished [16]. In 2018, a group of
researchers [1] showed that the addition of nanoparticles from natural sources had a positive impact
on the mechanical properties of the PMMA used. The nanoparticles were gotten from pomegranate
peels and Ajwa date seeds which were embedded into the matrix (PMMA) at varying weight
fraction ratio for dental applications. Nylon (polyamides) has also surfaced as suitable material for
denture base materials due to its easthetics, functional characteristics and physiochemical qualities.
The properties of polyamide denture base materials have been evaluated by various studies and on
the basis of the results from the various studies, high impact, thermo-injectable, flexible or semi-
flexible nylon is proposed to be an alternative to the popular acrylic resins [17]. Given the above, it
is observed that studies have been reported and tailored to biomaterials for dental applications.
However, incorporation of the PNPNP in the PLA to emerge a new biomaterial for dental
application is the focus of this study. The approach is novel as PLA based composite containing
PNPNP as reinforcement is scarce. The aim is to add value to the Parquetina nigrescens pods
(wastes) through development of ecofriendly nanocomposites for biomedical application. Besides
being used as reinforcement to improve mechanical properties, Parquetina nigrescens pods have
phytochemicals which can enhance the antibacterial properties of the PLA.

2. Materials and Methods
2.1 Materials

The PLA acrylic powder was imported from China via AliExpress, and Parquetina nigrescens pods
were obtained at Anifat’s compound, Inuewe, Amuloko, Ibadan, Oyo State, Nigeria.

2.2 Equipment

Measuring cylinder, beaker, glass rod/stirrer, die mould, UNISCOPE laboratory oven, 2kg capacity
tumbler ball mill (Figure 1b), precision cutting machine, ASPEX 3020 scanning electron
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microscope (SEM), Philip Transmission electron microscope (TEM), Panalytical Empyrean X-ray
Diffractometer (XRD), Schimadzu Fourier Transform Infrared Spectroscope, Universal Tester
(Instron 3369), and Housefield 1zod impact tester are the equipment used in the research work.

2.3 Procedure
2.3.1 Synthesis of Parquetina nigrescens pod nanoparticles (PNPNP) using top-down approach

Synthesis of PNPNP was achieved by grinding of the Parquetina nigrscens pods using a steel disc,
followed by ball milling at 10 charge ratios for 40 hours intermittently at every 5 hours per guide
published in [18]. The total weight of the balls in the milling machine is 414 kg. 10 percent of the
total weight of the balls (41.4 kg) was the measured weight of the charge powders. This signifies
the 10-charge ratio, and 10mm size steels balls were used as grinding media. The milled sample was
analysed using the SEM, and TEM. The pod particle is the reinforcement/filler used in the
processing of the PLA composite material to enhance its mechanical properties.

2.3.2 Specimen Preparation

Varying weights (1, 3, 5. and 7 wt%) of the PNPNP were added to acrylic powder (PLA) to develop
PNPNP reinforced PLA composites. Control sample containing only PLA without PNPNP was
produced to benchmark properties of the developed composites. In the composite development, a
right quantity of the PNPNP at each level, mixing with 5 drops of palm kernel oil was added to the
matrix (PLA) and stirred manually until the PNPNP held on to the PLA powders. The composite
mixture was poured into the metallic mould cavity lined inside with aluminium foil. Open face of
the mould was also covered by the aluminum foil having smooth surface, to obtain the samples with
smooth surfaces area, to ensure easy removal of the composites and avoid the composites sticking
to the mould. Mass of the matrix in the composite is constant throughout the experiment for all
proportions, only the weight of the reinforcement was changing in the order; 1, 3, 5 and 7 percent
by weight (wt%) to produce different grades of PLA based composites. The mould (containing the
composite mixture, Figure 1e) was then carefully placed in the oven (Uniscope SM9053 laboratory
oven), heated until the mixture melted at 200°C, the oven was switched off and the melt was left in
the oven to solidify and cool to room temperature. Then after, the composite samples were removed
from the mould. The mould (Figure 1d) was designed to have cavities to produce standard
specimens for tensile test, flexural and impact test. The average thickness of the specimen is 5 mm.
For the Impact test, the specimen was reshaped into having a full length of 75 mm and a notch was
created 48 mm from the end of the specimen. The notch was about 2 mm deep. A precision cutting
machine was employed to prepare the Izod impact test specimens.

2.4 Chemical Analysis and Microstructural Characterisation
2.4.1 Transmission Electron Microscope (TEM) Analysis

Structural features and size range of the PNPNP were obtained using the TEM, model: JEM 2100F.
Beam of electron passing through the samples (which was prepared by drying the PNPNP on a thin
film carbon coated copper grid) were focused by an AMTXR41B 4-megapixel (2048 x 2048)
bottom mount CCD camera attached to the TEM operating at an accelerating voltage of 100 keV.

2.4.2 Fourier Transform Infrared (FTIR) Analysis

In FTIR analysis, inspection of a material is done by measuring the quantity of light absorbed as
opposed to the amount of light that has been reflected to identify unique chemical sequence and
evaluate the material type by the of infrared light for the inspection. This analysis gives an effective
and efficient manner to figure out unknown substances in terms of bond and (or) functional groups
[19]. FTIR analysis was performed using Shimadzu Fourier Transform Infrared Spectroscopy (FT-
IR).
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2.4.3 X-ray Diffraction Analysis

Representative samples of PNPNP and some developed PLA materials were analysed using
Malvern PanAlytical Empyrean X-ray diffractometer (XRD) with Pixcel detector possessing Bragg-
Bretano geometry in continuous operating mode and automatic divergence slit type using Cu Ka
radiation emitted from Cu anode material at an accelerating voltage of 45 kV and current of 40 mA
to identify crystalline phases of the PNPNP reinforced PLA composites. Scanning of the samples
was conducted from 0° to 74.9780° (“2theta) at a scan step size and time of 0.0260° and 29.07s,
respectively and the phases were detected using X'Pert High score plus software; PAB-ICSD and
ICDD (2014) databases in line with [20].

-
e

Fig. 1. Materials and facilities used: (a) Parquetina nigrescens plant having pods (b) 2kg capacity
tumbler ball mill for producing PNPNP (c) Ohaus weighing scale for quantifying proportion of
PLA and PNPNP for composite developments (d) Mixture of PLA and PNPNP after stirring (e) die
cavity mould for fabricating the composites (f) PLA without PNPNP additions under heating
process (g) the developed polylactic acid composite’s tensile samples

2.4.4 Scanning Electron Microscopic/ Energy Dispersive X-ray Spectroscopy (EDS)

ASPEX 30320 scanning electron microscope equipped with energy dispersive X-ray spectroscopy
was employed to probe the structures and detect elemental constituents of the PNPNP and the
particle reinforced polylactic acid nanocomposites developed. Scanning was done using electron
beam accelerating at 15 kV to obtain images that give the structures of the analyzed PNPNP and the
PLA composites.

2.5 Mechanical Characterisation

Mechanical characterisation of a material is a destructive technique employed to ascertain the
mechanical properties of a material. These tests mostly involve the deformation and failure
(fracture) of materials. It is done to know the tolerance or resistance to certain conditions involving
externally applied force. Mechanical properties of a material are determined through mechanical
characterisation, and these mechanical properties determine the various applications of materials.
PLA was selected for this experiment because it has better stiffness compared to other polymers
having similar properties with PMMA which is also used for denture replacements.
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2.5.1 Tensile Test

Tensile tests were carried out under conditions where the material was exposed to a static or slowly
applied external force, evaluating the mechanical properties of the materials such as the yield stress,
strain, elongation, ultimate tensile strength etc. It is a mechanical test which destroys the material in
the process of testing it and the method used subjects the material to a uniaxial tension until the
material fails. Other critical information or details such as ductility, stiffness and strength are
provided for by this test. The detailing of the tensile sample is presented in Figure 2. Analysis was
carried out using the Instron 3369 of maximum capacity of 50 kN per ASTM D638-14, type I [21]
at Mechanical Testing Laboratory, Department of Materials Science and Engineering, Kwara State
University, Malete.
!

70mm
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Fig. 2. Detailed diagram of the tensile specimen used
2.5.2 Impact Test

Impact test has been designed to determine the amount of energy that a material can absorb as it
fractures, making it an important part in material characterisation, especially materials for artificial
teeth since teeth are used for chewing. It is necessary to understand the absorption of energy
properties of a material to foresee the response of the material to impact loading such as in chewing
operation by the teeth (sudden application of load) which in turn becomes a determining factor of
selecting a material for a desired application [22, 23]. The impact test was carried out using the
Avery Denison impact tester which is capable of conducting the charpy and Izod impact test. The
Izod approach was used in study which explained the reason for notching the sample at 27 mm from
one end of the sample. PNPNP/PLA samples were placed on a guard and a hammer was dropped at
a speed of approximated 4 ms™ (12.5ft/s) to release a sudden violent blow of approximated 163 J
(120ft.1b) [24] that stroke the sample against the guard. An amount of energy absorbed by the
PNPNP /PLA sample before breakage was read from the foot-pound scale, which was then
converted to joules. The analysis was performed per ASTM D256-10(2018) [25] with slight
modifications and detailed dimensions of each sample for the impact test is presented in Figure 3.
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Fig. 3. Detailed diagram of the Izod impact test specimen used

3. Results and Discussion

3.1 Transmission Electron Microscopic Images of Parquetina nigrescens Pod
Nanoparticles

Parquetina nigrescens particles have different geometries as it is evident in Figure 4 which
demonstrates individual tiny particles having faint or ash colour in addition to dark particle colonies
having irregular and or approximated rounded shapes. The image resolution of 50 nm establishes
that size of each particle is less than 50 nm since none of the particle diameter is long as the length
of the resolution line/distance. Random determination of some particle diameters indicates 12.54,
17.35, and 12.54 nm for some particle diameters. This affirms that the PLA was reinforced with the
nanoparticles of an average size of 14.14 nm obtained from the parquetina nigrescens pods.

R4 PO A RO AT AN 3 PEREET

.

Fig.4. Transmission electron microscopic images of Parquetina nigrescens pod nanoparticles
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Table 2 Peaks of both ordinary PLA and PLA containing 3% Parquetina nigrecens pod

nanoparticles and their functional group

S/N  Band Band Functional Group Functional Group (description)
cMhH  (CMmh (formula)
PLA Composite
1 512.00 512.18 C-1 Aliphatic iodo compound C-I stretch.
2 695.76 695.69 C-Br Aliphatic bromo compound C-Br stretch.
3 756.06 756.03 C-Cl Aliphatic chloro compound C-ClI stretch [26].
4 871.59 871.50 C-H Vinylidiene C-H out of plane bend [26].
5 921.32 921.34 C-C Skeletal vibration [26]
6 956.49 956.48 C-C Skeletal vibration [26]
7 1087.85 1089.59 CN Primary amine, CN stretch [26]
8 1183.84 1183.24 CN Secondary amine, CN stretch [26]
9 1386.35 1385.57 -CH; gem.Dimethyl or “iso”- [26]
10 1457.16 1456.65 -CHs,-CH, ,C-H Methyl C-H asy/sym bend [26]
11 1758.25 1758.42 Alkyl Carbonate Carbonyl compound [26]
12 2085.20 2085.62 -NCS Isothiocyanate [26]
13 2398.80  2398.56 - -
14 2946.70  2946.51 C-H Aliphatic C-H [27]
15 2997.51 2997.15 C-H Aliphatic C-H [27]
16 3508.99 3507.48 OH Dimeric OH stretch [26]
17 3650.21 3647.84 OH Non bonded hydroxyl group, OH stretch [26]

3.2 Chemical Properties of the Parquetina nigrecens pod nanoparticle Polylactic Acid

The FTIR analysis was done for only the control and the PLA composite containing 3wt% of
PNPNP. The peaks gotten from the spectrograph were used to identify the various functional groups
present in the PLA and the composite The difference was only a slight one; the peaks appeared to
be very similar. The values of the peaks were very close having differences of as low as 0.18
between the PLA and the composite. It could be inferred that the addition of the reinforcement did
not drastically affect the functional groups present in ordinary PLA. The result shows a decrease in
transmittance of the composite (Figure 5). PLA has higher peaks transmittance indicating that an
interaction between the matrix and the reinforcement triggered reaction of the PNPNP with some of
the PLA molecules forming some compounds that belong to the same functional groups as the PLA
constituents. Reductions in the peaks transmittances of the composite attributing to chemical
reaction between the matrix and reinforcement have been reported in literature [28, 29]. The peaks
are tabulated with the corresponding functional groups as shown in Table 2.

33 X-ray Diffractograms of the Parquetina nigrescens Pod Nanoparticle Reinforced
Polylactic Acid Composite

Diffractograms in Figures 6 and 7 for the pristine PLA and PNPNP reinforced PLA, respectively
show a reasonable difference upon comparison. The peaks in the XRD results signify some
identified compounds. The chemical compounds/phases in the PLA and PLA based composite
appear different signaling that there has been a chemical change in structure of the pristine PLA due
to the addition of the PNPNP. Therefore, the reinforcement is effective in PLA altering the structure
of the PLA indicating that the portion of the reinforcement present in the PLA is sufficient to cause
changes in the structure due to chemical reaction established by the findings from FT-IR
spectrographs in Figure 5.

34 Microstructural Properties of the Parquetina nigrescens Pod Nanoparticle Reinforced
Polylactic Acid Composite

Parquetina nigrescens powders are presented as fragments of different sizes resulting from
breakage due to action of various forces which the Parquetina nigrescens pods experienced during
the disc grinding. Impacts of the force actions were felt differently by various pods leading to
breakage at different rates and in varied manners which gave rise to the powders in Figure 8a.
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However, after intermittent 40 hours’ milling of the powders in Figure 8a, particles presented in
Figure 8b were obtained. It seems the effect of ball milling is hardly seen due to
agglomeration/physical fusion of the individual particles after attaining minimum sizes with
increased surface areas that triggers Van der Waal’s attraction [30]. This causes the particles to
display as a long continuous colony having a rope shape which is surrounded by many particle
debris. Each particle is seen as a hexagonal structure joining each other to skeletal framework
structure. The particle agglomeration was addressed by thorough mixing with the PLA powders
during the composite processing as already explained in Section .3 of this article.
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Fig. 5. Fourier Transform Infrared spectrographs of Parquetina nigrescens pod nanoparticle
reinforced polylactic acid composite benchmarked with that of the pristine polylactic acid.
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Fig. 6. X-ray diffractogram of the pristine PLA showing some identified compounds

Counts | | L) I [
3.udf o
10000 - < o
[aN] ~ o %
T o [a]
— v T 2o
+ T =
o = o o
~ < ~ [~ .~ =
o = 2 =~ O o
s b= O « o
= o & w T =2
=035 T 23 8
2500 T g5 &
o ] o T O =3
gl | (g2 ©
I g Z
I I s q
L b o F (P N SR Sy WUR Ny oY
oy ﬁ\\ ol 4 R, ‘M,LM(.@ "L,N,u! 'y S Mt B g e W T A A e s o st Py
vv,vw‘"w“w‘w” I O
0 T T T T T T T
10 20 50 60 70

30 40

Position [°2Theta]
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nigrescens pod nanoparticles
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Moreover, the charged powder has C as a major element. Other detected elements are O, Cl, and K
(Figure 8c) but after 40 hours of milling, Mg and CI were not detected (Figure 8d). It is proposed
that both Mg and Cl particles have been covered by other particles like C and others which blocked
reflection of X-ray radiation from them after incidence of the electron beam [20, 31]. Moreover, it
is affirmed in Figure 9a-b that there is a difference in microstructure of the pristine PLA and that of
the composite. The difference is linked with identified compounds in the pristine PLA (Figure 6)
which are not the same with those detected in the PLA composites. Variations in the structures of
the detected compounds are proposed to contribute to the overall microstructural differences in
Figure 9a-b. Alternate peak and valley layers connected to give a continuous structure of the
PNPNP/PLA composite is observed in Figure 9b while the structural configuration of the pristine
PLA has a central impression surrounded by slopy layer. The observed microstructural differences
imply mechanical behaviour differences between the pristine PLA and its nancomposites. The
differences observed in the microstructure features of the PLA and that of the nanocomposites are
in line with previous studies in literatures which also affirm that the microstructure of the polymer
changes due to additions of reinforcements as observed in this study [32-34].

3.5 Tensile Properties and Impact Energies

Addition of PNPNP to the PLA matrix causes an increase in the yield strength up to 3wt% as Figure
10 demonstrates. Above 3wt%, impairment in the yield strength of the composite is noticed as the
curve declines. Upon this, it can be inferred that 3wt% is the critical loading level of the PNPNP in
the PLA which implies that saturation of the PLA resumes above the level. That is, above 3wt%, the
binding property of the PLA is insufficient to network all PNPNP together to form a continuous
single body to bear the burden of the externally applied load. The presence of the freely existing or
non-binding particles within the matrix causes defect leading to structural discontinuity within the
composites. Due to their weakness, externally applied stress normally concentrates on them and
causes failure of the material at a stress level below the expectation. This explains the lower yield
strength above 3wt%. Similar explanation is found in literature [35].
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Fig. 8. SEM/EDX of Parquetina nigrecens (a) charged powders (b) particles obtained after milling
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Moreover, similar observation is made with tensile Young’s modulus in Figure 11 while Figure 12
indicates an improvement in the tensile elongation up to Swt% of PNPNP addition to the PLA
though the difference between the elongation at 3 and 5wt% is very small which implies that the
matrix saturation still occurs at approximated 3wt% for the tensile properties. Moreover,
enhancement in the impact energy up to 3wt% of the PNPNP (Figure 13) also buttresses the
saturation of the PLA above 3wt% addition of PNPNP. Improvement in the tensile properties due to
PNPNP addition in this article agrees with similar improvement in the tensile properties of the PLA
reinforced with Parquetina nigrescens fibre reported in [36]. In the properties’ comparison of PLA
based composites from varied constituent of corn straw fibres reported in [36], a decrease in the
tensile and bending strengths of the PLA due to corn straw fibre and corn straw fibre skin additions
was noticed. Tensile strengths of different grades of PLA based composites were compared in [37],
it is not clear whether addition of the combined multiwall carbon nanotubes, carbon nanofillers and
graphene nanoplatelets improves or impair the tensile strength since the properties of the PLA based
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Fig. 9. Microstructures of (a) polylactic acid and (b) Parquetina nigrescens particle reinforced
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Fig. 13. Impact energy of Parquetina nigrescens pod nanoparticle reinforced polylactic acid

Moreover, improvement in the impact energy due to PNPNP additions is in line with some previous
findings in literature [24, 38]. Improvement in the tensile properties like percentage elongation,
modulus of elasticity and impact energy can be interpreted as the improvement in the ductility,
rigidity, and impact toughness of the PLA due to PNPNP additions. This implies that the addition of
the nanoparticles has reduced the brittleness of the PLA. The enhanced properties will aid the
suitability of the PNPNP reinforced PLA for the targeted dental applications. Other required
properties like compressive, flexural, and biological suitability properties will be reported in another
article for publications.

4. Conclusions

From the experimental investigation of this study, the following are concluded.

i.  Production of Parquetina nigrescens pod nanoparticles was achieved by disc grinding aided
with intermittently 40 hours of ball millings with the particles obtained at 40 hours of milling
have an average size of 14.14 nm determined by transmission electron microscope.

ii. Physical fusion of the Parquetina nigrescens pod nanoparticles was noted through scanning
electron microscopy.

iii. Fourier Infrared Spectroscopic examinations established chemical reaction between the
polylactic acid and Parquetina nigrescens pod nanoparticles, leading to formation of new
compounds.

iv. X-ray diffraction study affirmed structural discrepancies between the pristine polylactic acid
and its nanocomposites.

v. Decreases in tensile yield strength, tensile Young’s Modulus and impact energy absorption
were noted above 3% by weight of Parquetina nigrescens pod nanoparticles additions to PLA.

vi. Approximated 9.75% increase was noted with the maximum tensile yield strength at 3% by
weight of the Parquetina nigrescens pod nanoparticles addition to the polylactic acid.

vii. In addition, 6.16% improvement was recorded in respect of the highest tensile modulus of
elasticity at 3% by weight of the Parquetina nigrescens pod nanoparticles addition to the
polylactic acid.
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Moreover, 61.75% enhancement was found with the maximum tensile elongation at 5% by
weight of the reinforcement addition to the PLA.

Maximum impact energy was affirmed at 3% by weight of the Parquetina nigrescens pod
nanoparticles addition to the polylactic acid. Value of the impact energy at this level of
reinforcement is 92% greater than the impact energy of the control/pristine polylactic acid.

Confirmed new compounds in the Parquetina nigrescens pod nanoparticles reinforced PLA are
linked with enhanced tensile and impact energy of the nanocomposites compared with the
pristine PLA.
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