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Abstract: Sustainable growth can be achieved by recycling waste material into useful resources
without affecting the natural ecosystem. Among all nanomaterials, carbon nanomaterials from
biowaste are used for various applications. The pyrolysis process is one of the eco-friendly ways
for synthesizing such carbon nanomaterials. Recently, polymer nanocomposites (PNCs) filled with
biowaste-based carbon nanomaterials attracted a lot of attention due to their enhanced mechanical
properties. A variety of polymers, such as thermoplastics, thermosetting polymers, elastomers, and
their blends, can be used in the formation of composite materials. This review summarizes the
synthesis of carbon nanomaterials, polymer nanocomposites, and mechanical properties of PNCs.
The review also focuses on various biowaste-based precursors, their nanoproperties, and turning
them into proper composites. PNCs show improved mechanical properties by varying the loading
percentages of carbon nanomaterials, which are vital for many defence- and aerospace-related
industries. Different synthesis processes are used to achieve enhanced ultimate tensile strength
and modulus. The present review summarizes the last 5 years’ work in detail on these PNCs and
their applications.

Keywords: PNCs; biowaste; reinforced composites; carbon; porosity

1. Introduction

Polymer nanocomposites (PNCs) are thermoplastics and thermosets that are rein-
forced with small quantities (less than 5 wt% loading) of nanosized particles (<100 nm
diameter) as fillers with a high aspect ratio [1]. Fillers play a significant role in the forma-
tion of PNCs, as they provide excellent mechanical, electrical, and optical properties. The
microsized fillers, such as glass fibre, talc, calcium carbonate, charcoal powder, and ash
powder, are extensively used to enhance the strength of host materials. Microsized fillers
require loading in the range of 10–40 wt%. High loading of fillers leads to an increase in
viscosity and weak molecular bonding, hence making the synthesis of nanocomposites
difficult. On the other hand, nanosized fillers with 3–5 wt% loading achieve the same
reinforcement as 20–30 wt% loading of microsized fillers [1]. J. R. Pothnis et al. synthesized
polymer composites with 0.25 wt% filler loading and report 30% improvement in the tensile
strength [2]. Nanomaterials have a weight advantage compared to other fillers and are
a potential candidate for synthesis of PNCs. They also possess extraordinary interfacial
interaction in the composite materials, which enhances the tensile properties. Hence, PNCs
gained attention for various applications, such as the defence, automotive, transportation,
aerospace, electronics, and biomedical fields [3–5].

PNCs reinforced with activated carbon, such as carbon nanotubes (CNTs), graphene,
carbon nanospheres (CNSs), carbon black, and biochar, proved to be excellent filler for the
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preparation of polymer composites [6]. Eco friendly carbon nanomaterials derived from
renewable and sustainable lignocellulose biomass have attracted the researchers recently
since non-renewable sources such as fossils, coal, oil and gases generate excessive green
house gases, reduces fossil fuel resources and also economically viable [7].

The synthesis of nanocarbons from biomass involves extraction of carbon from natu-
ral and inexpensive bioresources, such as lignin, glucose, and cellulose-based materials.
Various biowaste materials, such as coffee grounds [8], areca nut [9], onion peel [10],
garlic peel [11], banana peel [12], walnut shell [13], wheat husk [14], corn cob [15], and
fish scale [16] are used as precursors for the generation of carbon nanomaterials (CNMs).
The presence of a cellulose component in the biowaste helps to improve the nanoparti-
cle properties, such as porosity, crystallinity, morphology, and dispersion ability. Hence
biowaste-derived carbon nanomaterials find various applications in biomedical, energy
storage, optical, material science, and other advanced technologies [6].

Recently, biowaste or biorenewable nanomaterials with polymer nanocomposites
attracted a lot of attention, and recent Scopus data suggest interest in the field is growing
with respect to subject, country, and year (see Figure 1a–c). Data were collected from Scopus
for the last 5 years by typing the keywords “bio”, ”nano”, and “polymer composites”. One
can see that as the years progress, more and more researchers are taking part in this subject,
as evidenced by the publication numbers. In this review article, polymer composites
reinforced with CNMs derived from different biowaste materials from recent research
activities are critically reviewed. The significance of CNMs in reinforcement and synthesis
of PNCs are discussed. Mechanical properties, such as tensile strength, modulus, and
fractural behaviour of PNCs are summarized.

Figure 1. Scopus data for the last five years by typing the keywords “bio”, “nano”, and “polymer
composites”. One can see the growing interest in terms of the number of publications by (a) subject
(b) countries, (c) percentage of papers by year.

2. Biowaste-Based Carbon Nanomaterials

The global demand for food, goods, and energy sources increases continuously with
the growing population. Enormous energy requirements and consumption of resources
have made a severe impact on our ecosystem. The effect is due to the release of waste
materials from different sectors of the globe into land, air, and water sources. The increased
level of carbon dioxide, waste disposal cost, storage space, and land and water pollution
from ecological and industrial wastes have created a global issue.
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2.1. Classification of Biowaste Material

Biomass is basically plant or plant-based materials with the advantages of low cost,
abundantly availability, good quality, and eco-friendliness. The biowaste consists of
enormous amounts of organic and inorganic residue from living matter or different sources.
These sources include food-processing units (industries, restaurants, kitchens), residues
from gardens and forests, waste from agriculture and fisheries, domestic sewage and
manure, and agro-based industries [17,18]. Biomass production is around 105 billion
metric tonnes worldwide, which leads to the generation of 104.9 petagrams of carbon every
year [19]. Biomass can be classified based on source and waste composition as described
by Figure 2.

Figure 2. Classifications of biowaste in various sectors, i.e., food processing, agriculture, industry,
forests, sewage, and animals.

The conversion of these biowaste materials into value-added materials or products
attracts researchers and industries. Various technical and business models were initiated to
encourage waste-to-wealth schemes under biorefinery proposals [20,21]. The lignocellulose
present in biomass is a suitable precursor to produce activated carbon nanomaterial [22].
Cellulose, hemicellulose, and lignin are the major constituents of biowaste, which vary
based on the plant species and age and weather, whereas some minerals are minor con-
stituents [23]. Lignin is another carbon-rich component of biomass after cellulose, and the
worldwide production of lignin is around 40–50 million tons per year. The organic carbon
content of biomass can be converted into solid (biochar), liquid (bio-oil), and gaseous
(syngas) carbon products by thermochemical treatments [24].

2.2. Carbon Nanomaterial Synthesis and Its Applications

Carbon is unique and vital, the 17th most common element in Earth’s crust [25],
but elemental carbon is only about 0.2% of the total mass of the planet. Compared to
normal carbon materials, carbon nanomaterials exhibit exceptional properties, such as high
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surface area, mechanical strength, electrical conductivity, low toxicity, biocompatibility, and
thermal stability. Carbon nanomaterials have sp2-bonder carbon material with different
allotropes, as shown in Figure 3, which have the same chemical properties but distinct
physical properties. Many synthetic processes, which prepare carbon nanomaterials in
different sizes, shapes, and chemical compositions, are discussed in the literature.

Figure 3. Allotropes of carbon nanomaterials ranging from 0D to 1D, 2D, and 3D.

The synthesis of low-cost activated carbon from biomass depends on the characteristics
of its precursors, such as abundant availability, lower cost, non-hazardous nature, high
carbon, and less ash content [26]. The extraction of carbon from waste biomass is a simple
process and reduces the cost of waste disposal and environmental hazards.

Biomass precursors are treated physically and chemically to reduce the particle size
and remove contaminants, respectively. Chemical treatment is by strong acid hydrolysis
with HNO3, H2SO4, and HCL, but these strong acids need to be neutralized. The precursors
can also be treated with distilled water, which does not require the addition of toxic
chemicals. The physical treatment mainly involves grinding and milling. The milling
process is carried out in ball mills for particle refinement. In this process, small particles
are obtained by rolling mills followed by a sieving process. Increased milling time reduces
the size of particles. To separate particles of different sizes, screen mesh is used.

Pyrolysis is a thermochemical process that is extensively employed to extract carbon
from biomass or organic-based products in the literature. It is considered advantageous
over other methods as a complete conversion of lignin content is achieved by breaking
the bonds in organic matter using high temperature, usually at 300–700 ◦C. This process
is carried out in a furnace without oxygen and a controlled supply of inert atmosphere.
Since chemical bonds of the material are thermally less stable, the bonds disintegrate
due to the generation of heat. The pyrolysis produces solids (charcoal, biochar), liquids,
and non-condensable gases (H2, CO, CO2, and N). The precursor material composition,
pyrolysis temperature, residence time of material inside the pyrolysis chamber, and particle
size and physical structure influence the result of the pyrolysis process. In the pyrolysis
process, moisture and volatile components are lost, and finally, the remaining biochar
decomposes slowly, forming a carbon-rich solid residue [27,28]. Table 1 gives a summary of
the biowaste lignocellulose matrix used as precursors for the synthesis of activated carbon.
It brings great value to ordinary waste materials.
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Table 1. Summary of lignocellulose precursors for the synthesis of activated carbon [29].

Stem Shells Stones Fibres Peels Seeds Husks Waste Others Woods

Oil palm Walnut Dinde Kapok Orange Guava Rice Tobacco Corncob Chestnut
Grape Almond Olive Hemp Pomelo Albizia lebbeck Rye Vine shoots Cellulose Chinese fir

Date palm Coconut Date Flax Banana Choerospondias Moringa Starch rich Enteromorpha prolifera Eucalyptus
Cotton Peanut Peach Kenaf Durian Cotton Oleifera Banana Vetiver roots Beech
Wheat Hazelnut Apricot Cotton Rambutan Elaeagnus Barley Pineapple Euphorbia rigida Prosopis ruscifolia
Plum Oil palm Avocado Agave Onion Grape Sky fruit Soybean oil cake Carrageenan Pine
Flax Pine nut Cherry Coir Garlic Pongam Coffee Agar Wood apple

Arundo donax Phaseolus aureus Aguaje Opuntia
ficus-indica Watermelon Cicer Apple pulp Jacaranda mimosifolia

fruit Pinus sylvestris

Vetch Palm kernel Areca Papaya Arietinum Palm kernel Finish wood
Crofton weed Flamboyant pods Sisal Accacia fumosa Shell Cork Almond tree

Linn Pistachio Cannabissativa Sesame Coir pitch Gelatine Pruning
Pomegranate Longan Oil cake Paulownia flower Jatropha wood
Groundnut Walnut Vetiver roots Orange

Apricot Potato waste Palm flower Tamarind
Ceiba pentandra Plum pulp Corn starch

Coffee Tea Willow catkins
Wood apple Chicken droppings

Sago
Lemna minor
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Because of the attractive properties of carbon nanomaterials, they have a wide range
of applications in various fields as described in Figure 4 [30].

Figure 4. Applications of carbon nanomaterials in various fields [30].

The carbon nanomaterial can create strong bonds with lighter objects and itself [31,32],
and hence, can synthesize materials with high strength-to-weight ratio, which are suitable
for weight-critical applications in the fields of defence, transportation, and aerospace. The
usage of carbon nanomaterial in polymers as filler to reinforce the mechanical properties is
well documented. Carbon nanomaterials, such as carbon black, carbon nanospheres, and
biochar derived from waste biomass are widely used as nanofillers in different polymer
matrices. Table 2 gives the nanomaterials obtained from various biowastes and their
applications from previous works.

Table 2. Carbon nanomaterials synthesized from biowaste and their applications.

Biowaste Carbon Nanomaterial Applications References

Oil palm leaves Carbon nanosphere Polymer nanocomposites and targeted drug delivery [33]
Lablab purpureus Carbon nanosphere Supercapacitors [34]
Coconut waste Carbon nanosphere Energy storage [35]

Groundnut shell Nanocarbons Antimicrobial activity [36]
Onion peel Carbon nanosphere Electrochemical sensors [37]
Sago hampus Carbon nanosphere Cell imaging [38]
Cow dung Carbon black Conductive paint [39]

Lemon peel Carbon quantum dots Sensors and photocatalysts [40]
Sodium alginate Carbon nanoparticles Lithium–ion batteries [41]
Spiral seaweed Carbon nanoparticles Oxygen reduction [42]

Cocoon silk Carbon nanosphere Glucose sensing [43]
Corn cob Nanobiochar Wastewater treatment [44]

Oil palm leaves Carbon nanoparticles Nematic liquid crystals [45]

Structural studies are carried out to determine the crystal structure of nanoparticles.
The morphology and particle size of synthesized carbon nanoparticles prepared from
various biowastes are discussed using microscopic tools, such as a scanning electron
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microscope (SEM), atomic force microscopy (AFM), and transmission electron microscopy
(TEM). Fourier-transform infrared spectroscopy (FTIR) studies are carried out to determine
the absorption characteristics and surface functionality of carbon bonds associated with
hydrogen and oxygen.

3. Reinforced Polymer Composites
3.1. Properties and Applications of Polymer Composites

The properties of polymers, such as their light weight, easy fabrication, good strength,
and low cost, make them useful for various day-to-day applications [46–48]. Tailoring the
mechanical, thermal, and electrical properties of polymers augments them to be used in
industrial applications [49]. Reinforced polymers gained significant interest in the field of
nanotechnology and the polymer industry when compared to neat polymers. The rein-
forced polymers are basically a composite material, which is combination of two or more
micro-/macro-/nanofillers and a matrix. The composites consist of a matrix phase (metal,
ceramic, polymer) and a reinforcement phase (particles, fibre, filler components, etc.). The
filler and polymer matrices have different chemical compositions and are insoluble in each
other. The addition of nano-reinforced particles adds new characteristics to the matrices.
Fabricating coffee-based bioplastics in a controlled manner can help the food industry [50].

The polymer matrices reinforced with nanomaterials gained the attention of re-
searchers across the globe, since they provide enhanced electrical, optical, mechanical,
and thermal properties even at lower loading. Nanomaterials also possess high strength
and high surface-to-volume ratio, making them a unique filler for polymer matrices. The
carbon-based nanomaterials mainly consist of carbon as a major element and some of the
carbon fillers are CNT, fullerene, graphene, and carbon black. Carbon-reinforced polymers
exhibit special properties, such as high strength, low weight, and low cost, making them
suitable for various applications, such as biomedical, sensors and actuators, defence and
aircraft, antibacterial, water remediation, environmental, and food packaging [51].

3.2. Factors Influencing Reinforced Composites

The reinforced nanocomposite is a mixture of nanoparticle and polymer material
having distinct chemical and physical properties. For the formation of nanocomposites,
factors, such as dispersion, interfacial interaction, surface-to-volume ratio, and mechanical
strength of nanofillers, play a significant role.

3.2.1. Well Dispersion and Reduced Agglomerations

The maximum benefits of composites can be derived if the dispersion of nanofiller
is effective in the polymer matrix. Dispersion of particles strongly influences the load
transferring from matrix to reinforcement, and hence, effecting the mechanical properties
of composites. Nanomaterials easily combine with each other due to Van der Waals’
attraction in the polymer matrix, resulting in agglomeration. The increase in agglomeration
is due to poor dispersion of nanoparticles. The agglomeration also reduces the surface area
of nanofillers for transferring load, and hence, it is not desirable.

3.2.2. Interfacial Interaction between Polymer and Nanofiller

The interfacial interaction (adhesion) between the nanoparticles and polymer matrix
should be very high for effective load transferring and enhanced mechanical properties [52].
Poor adhesiveness results in the formation of agglomeration, and hence, reduced physical
properties of the composite.

3.2.3. High Surface-to-Volume Ratio of Nanofillers

The high surface-to-volume ratio increases the number of particle matrix interactions,
and hence, aids in the improvement of the load-bearing capacity of composite materials.
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3.2.4. Good Mechanical Properties of Nanofillers

The shape and amount of nanofiller greatly affects the formation of composites. The
mechanical properties of nanofillers, such as Young’s modulus and strength, should be
high to produce high-quality polymer composites.

3.3. Synthesis of Polymer Nanocomposites

The mechanical properties of polymer–carbon nanocomposites largely depend on
processing method and conditions. A variety of chemical and mechanical methods are
employed to synthesize carbon nanoparticles and polymer composites [53]. Low-cost and
easy processing methods, such as solvent processing and melt extrusion are extensively
used to synthesize polymer nanocomposites at lab scale [54].

3.3.1. Solvent Processing

Solvent processing is the easiest method used to synthesize composites, using fewer
toxic solvents, such as chloroform, acetone, alcohol, water, etc. In this method, nanoparticles
are agitated through mechanical stirring or ultrasonication in a solvent to obtain the
uniform dispersion, as shown in Figure 5. Followed by the agitation process, the solvent is
evaporated and cast in the mould. Care must be taken to eliminate the solvent completely
after mixing with polymer. The removal of organic solvents after the sonication process
has adverse environmental effects, and necessary measures should be taken when carried
out at large scale. Thermoset- and thermoplastic-based polymers, such as PMMA [55],
polyvinyl alcohol [56], polyhydroxyaminoether [57], epoxy [58,59], polystyrene [60], nylon,
polypropylene, polyurethane [61], etc., are used in the composite preparation process.

J. R Pothnis et al. [2] synthesized CNSs and epoxy nanocomposites using the solvent-
processing method, as shown in Figure 6. In this process, CNSs particles are heated in an
oven to remove the moisture contents. The measured quantity of nanoparticles is mixed
with an acetone solution, and the resulting solution is sonicated to remove the agglomera-
tions. Further, a known quantity of epoxy (LY5052) is added to the obtained mixture and is
sonicated to obtain good dispersion of nanoparticles in the polymer matrix. Solvents are
removed by constant heating, stirring, and degassing the mixture under vacuum conditions.
Triethylene tetramine (TETA) hardener is added to the mixture, followed by degassing
the mixture. Finally, the composite matrix is poured into an aluminium mould to produce
the samples. The obtained samples are subjected to characterization after undergoing the
curing process.

Figure 5. Polymer nanocomposite by solvent method [54].
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Figure 6. Polymer nanocomposite synthesis process [2].

3.3.2. Melt Extrusion

Melt extrusion is an economical and environmentally friendly method that has an
advantage compared to other methods since no solvent is required. The apparatus required
for melt processing is the same as neat polymer processing equipment without nanomateri-
als. The composite material is obtained generally by a single-/twin-screw extruder, where
the polymer and nanoparticles are heated to the glass transition temperature to form melt.
The mixing chamber helps impart shear and elongation stress to the process, and hence,
aids in breaking the filler aggregates and the formation of a uniform mixture. The poly-
mer nanocomposite is further processed using injection moulding, profile extrusion, blow
moulding, etc. The extrusion process improves the mechanical properties of composite
materials [62,63].

Several polymers, such as LDPE, HDPE, PP, PS, PMMA, polyamide, polyester, and
polycarbonate, are used in composite preparation using the melt extrusion process [64,65].
The nanoparticles can be easily formed in this melt processing compared to other methods.
The major drawback is the formation of agglomerations, which requires precautionary
measures. The operating temperatures in accordance with the polymer degradation tem-
perature and the time required to disperse nanoparticles in polymer matrix should be
selected properly [66].

Arun Baba et al. synthesized high-performance MWCNT-reinforced polycarbonate
using a microtwin-screw extruder with backflow channel [67]. The polymer and filler
components are mixed over a preferred time. The temperature of the compounder is
2500 ◦C, and proper dispersion is achieved by passing the material through a co-rotating
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screw bypass pathway. The rotation speed of the screw is kept at 100 rpm. The melted
mixture is transferred to an injection moulding machine, through a die, followed by
extrusion, and is injected into a mould by applying pressure through a cylindrical piston.
The residence time of the mixture in the extruder can be increased with a backflow channel.
which increases the uniform dispersion. The processing steps are depicted in Figure 7.

Figure 7. Synthesis of polymer nanocomposites by twin extrusion and injection moulding [67].

The tensile test provides the response of materials for applied tensile force. Some of the
important properties of PNCs, such as tensile strength, Young’s modulus, and percentage
of elongation, can be determined with tensile tests. Ultimate tensile strength (UTS), often
called tensile strength, is the maximum stress that a specimen can withstand during the test.
The highest point of the stress–strain curve drawn by a tensile test indicates the UTS. The
PNC’s stiffness is evaluated with Young’s modulus or modulus of elasticity; this describes
how a material can be easily bent or stretched. The ductility is measured with percentage
of elongation by comparing the final length of the material to the original length.

4. CNM-Reinforced Composites from Various Biowastes

Polymer nanocomposites derived from various biowaste materials, such as coconut
shell, wood apple shell, egg shell, bamboo biochar, rice husk, sugarcane bagasse, groundnut
shell, and oil palm, are discussed. The mechanical properties of PNCs reported by various
research groups are consolidated.

4.1. Coconut Shell
4.1.1. Importance of Coconut Shell-Derived Nanoparticles

Coconut is an important food crop produced worldwide and is a palm family member.
Predominantly, the Philippines, Indonesia, India, Sri Lanka, and Brazil are the top five
coconut-producing countries [68]. Coconut shell (CS) is a non-edible part of a coconut,
which is hard, lignocellulosic agrowaste. Annually, 90% of CS is underutilized and burnt
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in open air or disposed in waste ponds, thereby resulting in significant emissions of CO2
and methane [69]. Figure 8a gives us the chemical composition of CS.

Figure 8. (a) Coconut shell chemical composition and (b) formation of coconut shell biomass [69].

Coconut shell powder, coconut shell charcoal, and coconut shell-activated carbon are
the major products of CS. The total elemental carbon content of coconut shell is 49.86%
after carbonization. The carbon material can be extracted by heating the shell in an inert
atmosphere at a high temperature to burn off the volatile materials [70]. The chemical com-
position and formation of coconut shell biomass is shown in Figures 8a and b respectively.

Carbon from CS has potential properties, such as its biodegradability, low density,
high specific strength-to-weight ratio, environmentally friendliness, and low cost [71]. It
also contains hydroxyl groups forming strong interfacial bonding with polymer matrices.
Hence, these carbon materials are extensively used as an alternative filler for synthetic
polymers in recent polymer technology.

Chibu O. Umerah et al. developed biodegradable plastic biowaste CS for 3D printing
applications, indicating the reduced usage of non-biodegradable polymers [72]. The
synthesis process of polymer reinforced with carbon nanoparticles derived from biowaste
CS and the mechanical properties are discussed below.

4.1.2. Synthesis of Carbon Nanoparticles from Coconut Shell Powder

Figure 9 shows the synthesis process of carbon nanoparticles derived from biowaste
CS using the pyrolysis method. To reduce the particle size, a ball-milling process is carried
out for a duration of 10 h. Characterization studies of carbon nanoparticles before and after
ball milling is carried out, and the samples are named CCSP and CCSP10, respectively.

Figure 9. Synthesis of carbon nanoparticles from CS powder.

4.1.3. Characterization of Carbon Nanoparticles Obtained from CS Powder

X-ray diffraction (XRD) studies of CCSP and CCSP10 are shown in Figure 10a. The
carbon nanoparticles before the ball-milling process are amorphous in nature and exhibited
weak peaks corresponding to (002) and (101) graphite planes of carbon nanoparticles.
However, the ball-milling process resulted in a slight improvement of crystallinity, as
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well as a peak broadening of nanoparticles. Peak broadening confirms the reduction of
particle size.

Figure 10. (a) XRD of CCSP and CCSP10 and (b) Raman spectrometry of CCSP and CCSP10 [72].

The presence of carbon and the degree of graphitization is confirmed from Raman
studies and is shown in Figure 10b. The two disordered peaks in the D-band and G-band are
due to the presence of polyaromatic hydrocarbons and graphitic carbon. The slight shift in
the G-band for sample CCSP10 is due to strain induced in the particles after the ball-milling
process, hence causing damage to the graphitic structure. Structural studies also show the
presence of graphene oxide and hence, improvement in polymer electrical conduction.

SEM and TEM characterization were reported to analyse the microstructure of carbon
nanoparticles, as shown in Figure 11. The carbon nanoparticles are irregular in shape
and have a sheet-shaped structure before ball milling, as evident from Figure 11a. The
ball-milling process shows a decreased particle size and evenly distributed structure, as
shown in Figure 11b. The size of nanoparticles observed is in the range of 43 to 87 nm, and
it is also confirmed from TEM analysis, as shown in Figure 11d.

Figure 11. (a) SEM micrograph of CCSP, (b) CCSP10, (c) magnified view of CCSP10, and (d) TEM
micrograph of CCSP10 [72].
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4.1.4. Synthesis of Carbon–Polymer Nanocomposites

From the above characterization studies, it is clear that ball-milled carbon nanoparti-
cles (CCSP10) exhibit better properties and hence, are favourably considered for composites.
The obtained CCSP10 is reinforced with 25% of polylactic acid (PLA biopolymer 3051D)
and 75% of bioplast (BP GF 106/02). CCSP10 samples are loaded with 0.2 wt%, 0.6 wt%,
and 1 wt% into a polymer solution. Figure 12 gives the graphical representation of the
synthesis process of this nanocomposite. The filaments of neat bioplast (BP), bioplast
blended with PLA (BPB), and nanocomposite materials (BPB + CCSP10) with 0.2 wt%,
0.6 wt%, and 1 wt% loading are extracted using a EX2 Filabot extruder for characterization.

4.1.5. Characterization of Nanocomposites

Thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC) are
carried out to record the temperature, mass, heat flow, and thermal characteristics of
composites by heating samples under an inert atmosphere. The TGA shown in Figure 13a
conveys that the blended composites are more thermally stable compared to neat BP.
The BPB–CCSP composite materials yield higher residues due to higher thermal stability
when compared to neat BP and BPB systems. The DSC analysis shows that the melting
temperature (Tm) and glass transition temperature (Tg) of BPB significantly improves when
compared to neat BP. The BPB–CCSP composites did not show any significant change in
Tm and Tg compared to BPB; however, composites showed enhanced Tm and Tg compared
to neat BP.

Figure 12. Synthetic procedure for nanocomposites.

Figure 13. (a) TGA of BPB–CCSP composites, (b) tensile properties of different systems, and (c) electrical conductivity of
composites [72].
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A tensile test is carried out to analyse the mechanical properties of the extruded
composite material, and the same is shown in Figure 13b. Initially all systems show toe
region due to an adjustment of the filament in the grips of test equipment. The tensile
strength and modulus are enhanced for BPB–CCSP compared to BPB and BP. The tensile
strength and modulus for the 0.6 wt% BP–CCSP composite shows the highest improvement
of 80% and 5%, respectively, when compared to neat BP. The bio-based content in bioplast
prohibits the cross linking of the particles of the polymer chain; hence, BPB–CCSP at
0.6 wt% shows reduced strain at Fmax. With the increase in wt% loading of CCSP, the
mechanical properties decline due to agglomerations of nanoparticles.

The electrical conductivity test for different wt% loading revealed poor conductivity,
as shown in Figure 13c. However, loading helps in a small increase of conductivity. From
the above studies, it is observed that BPB–CCSP (0.6 wt% loading) exhibits better thermal
and mechanical properties.

Extensive research work was carried out on coconut shell composites, synthesis, and
characterization. Table 3 reports the synthesis of other composite materials by the hand
lay-off method and measured mechanical properties.

Table 3. Synthesis and characterization of coconut shell composites.

Sl No. Polymer Matrix Carbon Material Method Mechanical and Thermal Test Reference

1 Nylon 6
Carbon

nanoparticles
(35–100 nm)

Hand lay-off

3 wt% composites showed
Young’s modulus of 4.21 GPa (58%

increase) and tensile strength of
87.43 MPa (30% increase)

[73]

2 Epoxy LY556
Carbon

nanoparticles
(about 50 nm)

Hand lay-off
25 wt% composite showed tensile
stress of 338.75 MPa and flexural

strength of 156 MPa
[74]

3 Homopolymer
(HPP)

Carbon particles
(63 um, 150 um,
300 um, 425 um)

Hand lay-off

Tensile strength, tensile modulus,
flexural strength improved as loading

wt% increased at 0, 10, 20, 30, 40%,
but elongation at break and modulus

of resilience decreased

[75]

4 Epoxy LY556 Carbon shell and
areca nut powder Hand lay-up Water absorption capacity increased

from fibre loading [76]

5
Vinyl ester (VE)
and super vinyl

ester (SVE)

Fibres of coconut
shell powder and
rice husk powder

Hand lay-up

Tensile strength increased for 10%
loading and decreased for higher

wt% loading; flexural strength
increased for 15% loading, then

decreased for higher loading

[77]

6 Epoxy resin
Coconut shell

particles (200 um,
300 um, 500 um)

Hand lay-up Flexural strength 32.54 MPa
Impact strength 42.57 MPa [78]

7 Unsaturated
polyester resin

Coconut shell
particles Hand lay-up

Tensile strength 70 MPa
Flexural strength 30 MPa

Flexural modulus 1700 MPa
Hardness 200 BHN

Impact strength 4.5 J

[79]

8 Lapox B-11 epoxy Coconut shell
particles (<150 um) Hand lay-up Tensile strength 33.3 MPa [80]

4.2. Wood Apple Shell
4.2.1. Importance of Wood Apple Shell-Derived Nanoparticles

Wood apple trees are abundantly available native medicinal trees of India. The wood
apple fruit consists of brown pulp and small white seeds covered by a hard wooden
shell [81]. It is grown in Southeast Asian countries, such as India, Sri Lanka, Pakistan,
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Bangladesh, Burma, and Thailand. Wood apple shell (WAS) has no economic value, and
shell disposal is not only costly, but also causes environmental hazards. WAS is a very
hard material consisting of excess lignin and cellulose. Figure 14a gives the chemical
composition of WAS [82,83].

The inexpensive WAS is used as precursor to generate activated charcoal. The shell
particulates are used as an absorbent to remove iron from wastewater [84]. The carbon syn-
thesized from WAS is also used for removal of Congo red dye from aqueous solutions [85].
Figure 18b shows the graphical representation of WAS biomass. WAS consists of high
carbon, possessing strong mechanical strength and thermal stability. Hence, it can be used
as an ideal filler to synthesize polymer composites.

Shakuntala Ojha et al. [86] synthesized carbon black from WAS and prepared epoxy–
nanoparticles composites. The composite materials are characterized to analyse the me-
chanical properties of composite material. The synthesis process and characterization is
discussed below.

Figure 14. (a) Wood apple shell chemical composition and (b) formation of wood apple shell biomass.

4.2.2. Synthesis of Carbon Black from Wood Apple Shell Powder

The sequential synthesis process of carbon nanoparticle formation derived from
WAS is depicted in Figure 15. The pyrolysis of WAS powder results in the formation
of nanoparticles.

Figure 15. Synthesis process of carbon black from wood apple shell waste.

4.2.3. Characterization of Carbon Black Obtained from Wood Apple Shell

Proximate analysis is carried out to measure the percentage of carbon present in
raw WAS powder and WAS powder subjected to carbonization temperature. The highest
percentage of carbon is obtained when WAS powder undergoes pyrolysis treatment at
800 ◦C, as shown in Figure 16.

The morphology of WAS powder and carbon nanoparticles of WAS is shown in
Figure 17. The surface of raw WAS powder is free from pores, whereas the WAS nanoparti-
cles show a hollow structure with an increase in carbonization temperature.
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Figure 16. Proximate analysis of wood apple shell powder [86].

Figure 17. SEM images of (a) raw WAS powder, (b) carbon black of WAS powder (600 ◦C), and
(c) carbon black of WAS powder (800 ◦C) [86].

4.2.4. Synthesis of Carbon–Polymer Nanocomposites

The carbon–polymer nanocomposite is prepared using the hand lay-up method. The
obtained raw WAS powder and carbonized nanoparticles are reinforced with LY556 epoxy
resin and HY951 hardener, resulting in the formation of nanocomposite. Figure 18 shows
the synthesis process of CB–epoxy composites. Comparative studies of neat epoxy and
filler loading wt% of 5, 10, 15, and 20 were reported.

Figure 18. Synthesis of polymer–CB nanocomposites.

4.2.5. Characterization of Nanocomposites

A microhardness test is carried out to ascertain the effect of filler concentration and
carbonization temperature on hardness of the composite material. As shown in Table 4, the
rigidness improved with an increase in filler loading, as well as pyrolysis temperature. The
best hardness value is observed in 10 wt% carbon black loading in raw filler composites,
and the maximum hardness is observed in 20 wt% filler at 800 ◦C. The hardness increases
in all the composites because of the rise in carbonization temperature.
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Table 4. Hardness values of WAS carbon black and polymer composites [86].

Filler (wt%) Raw (MPa) Carbon Black 400 ◦C (MPa) Carbon Black 600 ◦C (MPa) Carbon Black 800 ◦C (MPa)

5 23.58 23.92 24.26 24.85
10 25.30 25.90 26.10 26.50
15 24.55 26.50 26.70 26.90
20 23.60 25.30 27.30 27.50

Ultimate tensile strength of the composite with 15% raw WAS particulates shows
higher strength and can be enhanced further by increasing the carbon black content. Due
to density variation in fillers, the maximum strength is obtained for 10 wt% loading. The
optimum tensile strength obtained is 58.91 MPa for 10 wt% carbon black-filled composites
(800 ◦C). With an increase in filler loading, the tensile strength is reduced due to weak
interfacial interaction between the carbon black and polymer particles. The ultimate tensile
strength is shown in Figure 19a. The highest Young’s modulus of 2.56 GPa is obtained for
10 wt% filler loading at 800 ◦C, as shown in Figure 19b. The highest flexural strength is
obtained for 10 wt% filler loading at 800 ◦C, as shown in Figure 19c. The highest flexural
modulus is obtained as 2.75 GPa for 15 wt% filler loading at 800 ◦C, as shown in Figure 19d.

Figure 19. Effect of filler loading and carbonization temperature of composites on (a) ultimate tensile strength, (b) tensile
modulus, (c) flexural strength, and (d) flexural modulus [86].

From the above studies, it can be concluded that wt% loading and carbonization tem-
perature play a significant role in enhancing the mechanical properties of nanocomposites.
Table 5 reports the synthesis of other composite materials by the hand lay-off method and
measured mechanical properties.
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Table 5. Synthesis and characterization of wood apple shell composites.

Sl No. Polymer Matrix Carbon Material Method Mechanical and Thermal Test Reference

1 Epoxy resin (AY 103) Wood apple shell
powder Hand lay-up

Tensile strength increased from
16 MPa to 42 MPa, flexural strength
increased from 35 MPa to 65 MPa,
hardness increased from 12 HV to
32 HV in 30 wt% loading of wood
apple shell powder compared to

neat epoxy

[87]

2 Lapox L-12 epoxy
Wood apple shell

and coconut
powder

Hand lay-up

15 wt% coconut shell and wood apple
shell powder composites showed

good tensile and compressive
properties, 3 wt% coconut shell and

27 wt% wood apple shell-loaded
composites showed better

flexural properties
Only 30 wt% wood apple

shell-loading showed good results for
impact strength tests

[88]

3 Lapox L-12 epoxy
Wood apple shell

and coconut
powder

Hand lay-up

Hybrid composites showed better
tensile and flexural properties, tensile
strength of 42 MPa, flexural strength

of 9 MPa

[89]

4.3. Bamboo
4.3.1. Importance of Bamboo Biochar-Derived Nanoparticles

Bamboo is the fastest-growing plant on Earth, belonging to the grass family, which
can grow up to a height of 30 m. It is a huge biomass and sustainable resource that can
grow in extreme climatic conditions. There are roughly 1000 species of bamboo found
worldwide [90,91]. China, Indonesia, Vietnam, USA, Singapore, Brazil, Myanmar, and
Thailand are large producers of bamboo. Annually about 40,000 tons of bamboo is produced
worldwide, and the production is increasing gradually [92]. Cellulose, hemicellulose, and
lignin are major chemical constituents of bamboo, which is shown in Figure 20a [93,94].

Figure 20. (a) Bamboo fibre chemical composition (b) bamboo plant and pole.

Bamboo has a wide variety of applications in household goods, flooring, fabrics,
antibacterial and absorbent surgical tools, and composite reinforcement. Figure 20b
shows the bamboo plant and pole’s attractive features, such as eco-friendliness, light
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weight, high specific strength, and non-hazardous nature, which researchers put to work
in composite technology.

Bamboo charcoals (BC) are novel carbon-based particles that are not extensively used
in composite polymers. BC particles are generally synthesized by carbonizing bamboo
at high temperature. This results in porous micro-/nanoparticles, and the composites
prepared from such carbon particles improve the mechanical properties of polymers [95].
Mohanad Mousa and Yu Dong investigated the effect of particle size of BC reinforced
with polyvinyl alcohol (PVA) and reported the mechanical properties of the composite
material [96].

4.3.2. Synthesis of Carbon Nanoparticles from Bamboo Biomass

Biochar is obtained by carbonizing ground and sieved pieces of bamboo poles. The
carbonization is carried out in a nitrogen atmosphere at high temperature in the range of
1000–1500 ◦C. In this work, microdiameter bamboo charcoals (MBC) and nanodiameter
particles (NBC) are purchased from nanomaterial industries.

4.3.3. Characterization of BC Particles Obtained from Bamboo Biomass

Figure 21 shows the distribution of particles on a steel substrate from an aqueous
dispersion. AFM studies show that the average particle diameter of MBCs and NBCs
are 406.8 nm and 69.43 nm, respectively. Uniform dispersion and disk, such as smaller
particles, are formed for NBC particles.

Figure 21. Atomic force microscope images of (a,c) NBCs and (b,d) MBCs at different magnifica-
tions [96].

FTIR spectra of MBCs and NBCs demonstrate the surface functionality and are shown
in Figure 22a. The transmittance peaks at different wavelengths indicate C≡H stretching,
C=C vibration in an aromatic system, C=O band for ionisable carboxyl groups, C-H
bending (in plane and out of plane), and -OH peaks, which indicate lower moisture and
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alcohol contents. Figure 22b,c shows FTIR images of PVA–BC composites. As loading
wt% increases, the band peaks shift to a lower wave number, which corresponds to large
quantities of hydroxyl groups in PVA molecules. Strong adhesion of BC particles to PVA
molecules results in the formation of hydrogen bonds. New bands detected in the range of
2800 cm−1−3300 cm−1 for the 3–5% NBC composite shows stronger interfacial areas due
to relatively high surface areas of NBCs.

Figure 22. FTIR spectra of (a) NBCs and MBCs particles, (b) PVA–NBC nanocomposites, and
(c) PVA–MBC nanocomposites [96].

4.3.4. Synthesis of Carbon–Polymer Nanocomposite Films

The solution-casting method is used to prepare the nanocomposite where polyvinyl
alcohol (PVA) is used as the polymer. Ten grams of PVA is dissolved in 190 mL deionized
water and stirred using a magnetic stirrer to dissolve completely. The obtained MBC
particles are subjected to mechanical mixing followed by ultrasonication. The prepared
solution is cast on a glass petri dish and allowed to dry in an air-circulated oven for about
40 h. Different nanocomposites are prepared with 0, 3, 5, and 10 wt% loading of MBC
particles. Similarly, PVA–NBC composites are also prepared with different wt% loading,
and comparative studies were reported.

4.3.5. Characterization of Nanocomposites

Table 6 gives us the mechanical properties of PVA and PVA–BC composites. The
tensile moduli of NBC and MBC composites increases significantly by increasing the wt%
loading. The maximum tensile moduli is observed at 10 wt% loading of BC particles, which
is 123% and 100% more than neat PVA for NBC and MBC composites, respectively.
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Table 6. Mechanical properties of PVA and PVA–BC composites [96].

Sample Tensile Modulus
(GPa)

Tensile Strength
(MPa)

Elongation at Break
(%)

Toughness
(MJ/m3)

PVA 2.08 ± 0.21 70.32 ± 2.9 14.6 ± 0.65 5.84 ± 0.21
PVA–MBC 3 wt% 3.54 ± 0.52 120.64 ± 4.3 6.93 ± 0.72 4.86 ± 0.2
PVA–MBC 5 wt% 4.03 ± 0.39 95.06 ± 3.1 5.98 ± 0.58 3.1 ± 0.25

PVA–MBC 10 wt% 4.16 ± 0.41 80.69 ± 4.4 4.85 ± 0.47 1.96 ± 0.19
PVA–MBC 3 wt% 3.55 ± 0.16 147.94 ± 3.9 10.14 ± 0.29 5.2 ± 0.11
PVA–MBC 5 wt% 4.09 ± 0.25 118.73 ± 4.8 7.22 ± 0.45 3.52 ± 0.11

PVA–MBC 10 wt% 4.63 ± 0.18 96.34 ± 4.1 4.96 ± 0.42 2.45 ± 0.13

Tensile strength of PVA–NBC and PVA–MBC composite material showed enhance-
ment up to 110% and 72%, respectively, with an increase in loading BC particles from 0 to
3 wt%. Further increases in loading show a reduction in tensile strength. The reduction
in tensile strength is because of agglomerations due to weak Van der Waals interactions.
However, the tensile strength at higher loading (>3 wt%) is more compared to neat PVA. It
is observed that PVA–NBC composites are superior in tensile strength, as well as moduli
properties, than PVA–MBC composites. The effective load transfer from filler to matrices is
due to more uniform particle dispersion, smaller particle size, and large surface area.

Elongation at break and tensile toughness of the PVA–MBC and PVA–NBC composite
decreases as particle loading increases from 0 to 10 wt% when compared to neat PVA. The
elongation at break shows a greater decreasing trend in the PVA–MBC composite than
the PVA–NBC. The decreasing pattern is not significant in tensile toughness, as shown in
Figure 23.

Figure 23. (a) Tensile modulus and tensile strength and (b) elongation at break and tensile toughness
of PVA–NBC and PVA–MBC composites [96].

The elastic moduli of PVA–BC composites is predicted by the Halpin–Tsai model and
a combination of the Mori–Tanaka model and laminate theory in this work. The analysis
shows well-aligned and randomly oriented states in the best modulation estimates. Several
researchers synthesized the polymer composite by reinforcing micro- and nanobiochar
particles derived from bamboo biomass. The characterization of these composites shows
improved mechanical properties, and some of these works are listed in Table 7.

4.4. Rice Husk
4.4.1. Importance of Rice Husk-Derived Nanoparticles

Rice is a major crop in the world that covers 1% of Earth’s surface. It is major source
of food for billions of people across the world. Ninety percent of the total global rice
production is from Asia [102,103]. World rice production in the year 2020 is estimated at
501.96 million metric tons. China, India, Bangladesh, Indonesia, Vietnam, and Thailand
are the leading rice-producing countries in the world. Rice husk (RH) is the abundantly
available protective covering of the rice kernel, which is separated from the rice grain
during the milling process. The disposal of RH to the land causes environmental pollution,
and burning rice husk in open air leads to the production of ash, fumes, and toxic gases,
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and hence, air pollution [104]. The major component of RH is lignocellulose and other
chemical components, as shown in Figure 24a.

Table 7. Synthesis characterization of polymer nanocomposites from bamboo particles.

Sl No. Polymer Matrix Carbon Material Method Mechanical and Thermal Test Reference

1 Polylactic acid Bamboo charcoal
(size 10 µm)

Melt extrusion and
injection moulding

Tensile strength, flexural strength, and
ductility index of composites increased

by 43%, 99%, and 52%, respectively,
compared to neat PLA

[97]

2 Polylactic acid Bamboo charcoal
(size 107.4 ± 9.8 nm) -

Tensile strength (19.09 MPa) and
elongation at break (369%) of 1 wt%

nanofiller loaded composite
were greater

[98]

3 Polylactic acid Bamboo charcoal
(size 700–800 nm) Solution casting

3 wt% loaded composite showed 70.2%
and 71.6% enhancement in tensile

modulus and tensile strength
compared to neat PVA

[99]

4 Polylactic acid
Bamboo charcoal

(size 20–76 nm and
18–65 nm)

Solution casting

Elastic modulus 24 ± 4.2 GPa for
semicrystalline phase (20–76 nm BC)
and 11.4 ± 3.1 GPa for amorphous

phase (18–65 nm BC)

[100]

5 UHMWPE-
polyethylene

Bamboo charcoal
(size 10–50 µm)

Melt blending and
extrusion

Tensile strength increased from 18.7 to
61.2 MPa for 80 wt% loading of

bamboo charcoal
[101]

Figure 24. (a) Rice husk chemical composition and (b) rice plant, grain, and husk.

RH is basically an agrowaste, abundantly available, cheap, and rich in cellulose,
hemicellulose, lignin, and silica, having low bulk density, toughness, and abrasiveness in
nature [105,106]. Hence, RH is considered for a wide range of applications and is used in
the preparation of combustible gases, absorbents, catalysts, activated carbon, and various
chemical and silicon products. Figure 24b shows the rice plant and rice husk separated
from the grains.

RH biochar is a carbon-rich, fine-grained charcoal produced from the pyrolysis of
agrowaste at high temperature. RH biochar particles are used as filler for polymeric
composites to study the effects on the physical, mechanical and thermal properties. S.
Richard et. al. studied the particle size and particle-loading effect on RH-derived, biochar-
reinforced polymer nanocomposites [107]. The characterization of biochar particles and
composite matrices are discussed in following section.

4.4.2. Synthesis of Biochar from Rice Husk

The RH is thoroughly washed in distilled water and dried for few hours. The dried
RH is pyrolyzed in a muffle furnace, and the obtained unevenly sized biochar powder
is subjected to the ball-milling process to get variable-sized nanoparticles. Thus, biochar
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particles of average sizes of 510 nm, 430 nm, 230 nm, 140 nm, and 45 nm are obtained by
ball milling the biochar from 6 h, 12 h, 18 h, 24 h and 30 h respectively. Figure 25a,b gives
the nanoparticles derived from biowaste rice husk.

Figure 25. (a) Rice husk and (b) biochar from rice husk [107].

4.4.3. Characterization of Carbon Nanoparticles Obtained from RH Biochar

The morphological studies of RH biochar, which is ball milled for 30 h, is shown in
Figure 26. The particle size is found to be close to 45 nm and spherical in structure.

Figure 26. Topography of biochar particles [107].

The XRD pattern of RH biochar is shown in Figure 27a. XRD analysis shows the
polyaromatic property of RH and turbostatic structural features of RH biochar. The crys-
tallinity of RH is slightly poor. Spectroscopy analysis shown in Figure 27b confirms the
presence of C-C, C-O, C=C, C=C, and C-H molecular bonds. These absorptions are due to
the presence of carbohydrates in the RH.

Figure 27. (a) XRD pattern of rice husk biochar and (b) FTIR of rice husk biochar [107].
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The void fraction studies indicate the formation of voids and pores present in the
composites. The void fraction of composites increases by increasing the filler loading from
0.5% to 2.5%. The void fraction in 45 nm biochar-filled nanocomposite is more than 510 nm
filled biochar components. High void fractions cause adverse effects on the mechanical
properties of composite material; hence, loading percentage is restricted to 2.5%.

4.4.4. Synthesis of Carbon–Polymer Nanocomposites

To fabricate the RH biochar–polymer composite, a resin-transfer moulding process
is used with mould material made up of acrylic sheet. PVA is used as a mould-releasing
agent, and a measured quantity of 510 nm biochar is mixed with a defined volume of
unsaturated polyester resin mixed with 0.5% of cobalt napthalenate (accelerator) and 2%
MEKP (hardener). The desiccated mixtures are poured to mould and left to cure at room
temperature for about 24–26 h. The other composites with 430 nm, 230 nm, 140 nm, and
45 nm are prepared by similar procedure, and also the loading of fillers is varied by 0.5, 1,
1.5, 2, and 2.5 wt%. A neat resin sample is also prepared for comparative studies.

4.4.5. Characterization of Nanocomposites

The impact strength analysis of composite material is shown in Figure 28a. The impact
strength of composites increases with the increase of the filler loading from 0 to 2.5 wt%.
The impact strength is increased as the particle size of the biochar particles is reduced from
510 nm to 45 nm. This is also evident from the SEM images of fractured surfaces of neat
polyester (smooth, glassy, and plainer) resin and biochar-reinforced composites (rough
and course).

Tensile tests are performed to study the tensile properties of neat polyester and biochar-
reinforced polyester composites. The tensile strength is reduced by introducing RH biochar
fillers into polymer matrices and improved in 45 nm biochar particle-reinforced composites,
as shown in Figure 28b. It was predicted that impeded interaction between the filler and
polymer and the elastic property of polymer matrix are the reasons for decreased tensile
strength. Hence, the composite materials are brittle compared to neat polyester. The
dielectric constant increases with an increase in the filler concentration. This is due to an
increase in total surface area of the filler and continuity of the composite structure.

Figure 28. (a) Impact strength of composite material and (b) tensile test results of composite material [107].

It was recorded that the biochar derived from RH is used as precursor in many
polymer composite synthesis processes and these fillers improve the mechanical properties
of the composite material. The work carried out in this direction by other groups is listed
in Table 8.
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Table 8. Synthesis characterization of polymer nanocomposites from rice husk.

Sl No. Polymer Matrix Carbon Material Method Mechanical and Thermal Test Reference

1 Natural rubber
(RSS1)

Pyrolyzed rice
husk particles
(microsized)

Composite
vulcanizates

prepared by hot
pressing

Reduction in particle size improved
tensile strength by 44%, modulus by

18%, and tear strength by 9%
compared to unmilled particles

[108]

2 Polylactide Rice husk
hydrochar Melt processing

Tensile modulus of composite
enhanced from 2.63 GPa to 4.24 GPa

for 15% reinforcement, storage
modulus and loss modulus also

effected by reinforcement

[109]

3 PHBV Rice husk nano
SiO2

Hot press
moulding

Tensile strength increased by 33.65%
and flexural strength increased by
15.54% compared to pure PHBV

[110]

4 Polyvinyl chloride Rice husk (149 µm)
and basalt fibre Melt extrusion

Structural strength is found to
decrease with higher basalt fibre

content, wear resistance and thermal
stability enhanced

[111]

5 Polylactic acid Rice husk powder Hot and cold
compression

Tensile strength was not increased
significantly, tensile modulus showed

significant enhancement
[112]

6 Polypropylene Rice husk particles
(0.420 mm)

Extrusion and
injection moulding

Tensile strength increased up to 63%
and flexural modulus increased up to

75% compared to neat PP
[113]

4.5. Sugarcane Bagasse
4.5.1. Importance of Sugarcane Bagasse Nanoparticles

Sugarcane bagasse (SCB) is residual fibrous matter obtained after crushing sugarcane
and extracting its juice. It is an abundantly available agrowaste rich in carbon. Brazil is the
world’s largest SCB-producing country; other SCB-producing countries are India, China,
Thailand, Kenya, and Zimbabwe. Nearly 1.9 billion tons of sugarcane are processed to
produce sugar, and 0.6 billion tons of SCB are produced worldwide every year [114,115].
SCB is basically used as combustible raw material to produce energy in sugar mill furnaces.
Disposal in empty fields and incineration of SCB cause environmental pollution as it
releases excess smoke. The chemical composition of SCB is shown in Figure 29a, and its
properties make SCB fibre an excellent raw material for composite preparation [116].

Figure 29. (a) Sugarcane bagasse chemical composition and (b) sugarcane and bagasse.

Sugarcane and sugarcane bagasse are shown in Figure 29b. Sugarcane residues are
used in many applications, such as preparation of cellulosic ethanol, paper, feedstock,
biofuel, and alcohol [117–119].

SCB waste has special properties, such as abundance, low fabrication and chemical
treatment cost, high quality, biodegradability, and recyclability. The cellulose content of
bagasse fibres binds the polymer composites and transfers the load to fibre. The composites
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prepared in an appropriate way by reinforcing fillers, such as SCB ash, biochar, and
carbon black derived from waste SCB, improves the mechanical properties [120]. Ferreira
et al. synthesized polymer composites reinforced with carbon black derived from waste
SCB [121]. The biochar from SCB is treated to reduce particle size, ash content, and surface
polarity to produce potential carbon black. Hence, produced carbon black nanoparticles
are used in polymer composite preparation. The synthesis process and characterization of
composites is discussed in the sections below.

4.5.2. Synthesis of Carbon Black from Sugarcane Bagasse Waste

Sugarcane bagasse undergoes pyrolysis in an inert atmosphere, resulting in the forma-
tion of biochar. The obtained biochar is ball milled for about 72 h to reduce the particle size.
The ball-milled particles undergo NaOH and HCL aqueous leaching and were named SBB-
72h-ABL. The oxygenated functional groups generated during bubbling N2 are reduced
by thermal annealing using isopropanol vapour. The annealed biochar was named rSBB-
72h-ABL. Annealed samples at 900 ◦C only under N2 were also considered for comparison
purpose and named SBB-72h-ABL(900).

4.5.3. Characterization of Carbon Black Produced from Sugarcane Bagasse

STEM images show the reduction in particle size of the biochar through the ball-
milling process. The particle size reduces as the milling time increases from 6 h to 72 h.
Figure 30 shows the particle size distribution of 72 h ball-milled biochar obtained from
STEM images.

Figure 30. Particle size of 72 h ball-milled biochar derived from SCB [121].

Ash and other inorganic components of treated SCB biochar are listed in Table 9. The
acid–base-leached biochar particles show a 20% reduction in ash, 63% reduction in iron,
and 20% reduction in silicon.

Table 9. Ash and inorganic compounds of treated SCB biochar particles [121].

Compounds SBB-72 h SBB-72 h-ABL rSBB-72 h-ABL

Ash (wt%) 41.22 33.30 41.84
Si (wt%) 10.64 8.72 10.55
Fe (wt%) 5.24 1.91 2.5
Al (wt%) 2.39 1.92 2.3
Ti (wt%) 0.87 0.74 0.93
K (wt%) 0.76 0.13 0.16

Others (wt%) 1.29 0.87 1.1

The biochar sample annealed under isopropanol vapour atmosphere shows increased
ash content. This is due to the annealing process, which leads to carbonaceous structure
rearrangement and loss.
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The carbon quantitative data extracted from carbon high-resolution XPS spectra of
different biochar particles is shown in Figure 31. There is no significant change in SBB-72 h
and SBB-72 h-ABL samples as the leaching process reduces inorganic compounds by not
changing the carbon content. The annealed samples show a reduction in oxygenated
carbon content (C-O, C=O, O=C-O) due to a high annealing temperature. The XPS spectra
of rSBB-72 h-ABL show the reduction of oxygenated carbon functionalities compared
to samples annealed under only N2. The isopropanol annealing makes biochar a more
polar additive that resembles properties of commercial carbon black. Such reduced polar
carbon-filler materials have positive effects over mechanical composites of final composites.

Figure 31. Carbon quantitative data of treated biochar samples [121].

4.5.4. Synthesis of Carbon–Polymer Nanocomposites

The nanocomposites are obtained by synthesizing carbon black with different particle
sizes and by varying the filler weight percentage. The polyethylene (PE) matrix is combined
with commercial carbon black (CB), SBB-72 h, and rSBB-72 h-ABL fillers with loading of
5 wt%. The carbon nanofillers are dried at 600 ◦C and mixed with polyethylene. A double-
screw extruder is used to produce an extrusion of 200 gm of each sample followed by
cooling with a water bath and pelletization.

4.5.5. Characterization of Nanocomposites

TGA analysis shows enhancement in thermal stability of CB polymer composites
compared to neat polyethylene. Thermal degradation, fusion, and crystallization tempera-
tures increases with increase in filler-loading percentage. They show the highest values for
5 wt% loaded CB–polyethylene composites.

Mechanical test results of composites with 5 wt% carbon black filler loading are shown
in Figure 32. Maximum tension (τmax), rupture tension (τrup), and Young’s modulus (E)
are considered for different carbon filler-material composites analysis.

The Young’s modulus of annealed CB particle-reinforced composites is higher than
72 h ball-milled biochar polymer composites. The mechanical properties of neat ethylene
are conserved when much change in maximum tension (τmax), rupture tension (τrup) is
not observed.

Other calorimetric and tomography studies show that annealing SCB biochar fillers
have better colouring and attenuation properties when compared to the commercial carbon
black. Various sugarcane bagasse-based carbon particles and fibre-reinforced polymer
composite materials reported by other researchers are listed in Table 10.
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Figure 32. Mechanical test results of polymer composites: (a) neat polyethylene, (b) PE-commercial
CB-ABL 5% (c) PE-SBB 72 h-ABL 5%, and (d) PE-rSBB-72 h-ABL 5% [121].

Table 10. Synthesis and characterization of sugarcane bagasse composites.

Sl No. Polymer Matrix Carbon Material Method Mechanical and Thermal Test Reference

1 RLDPF
Carbonized and

uncarbonized SCB
particles

Extrusion

Tensile and bending strength
increased about 20% for

uncarbonized reinforced composites
and 30% for carbonized
reinforced composites

[122]

2 Natural rubber
Untreated and

alkali-treated SCB
fibre

Open chamber
mixing

Alkali-treated SCB fibres enhanced
tensile strength by 98% and
decreased hardness by 20%

[123]

3 Polypropylene Raw SCB powder Compression
moulding

Tensile strength up to 14 MPa and
flexural strength up to 2.5 GPa were

obtained for composites
[124]

4 Polyvinyl chloride Mechanically
treated SCB

High-speed mixing
and compression

moulding

Flexural strength and tensile strength
of reinforced composites were

33.4 MPa and 27 MPa, respectively
[125]

5 Polypropylene Sugarcane bagasse
Melt extrusion

followed by
injection moulding

Interaction of sugarcane bagasse
polymer improved with addition of

silane, which resulted in
enhancement of mechanical
properties and crystallinity

of polymer

[126]

6 Polypropylene Bagasse fibre Hot pressing

Tensile strength decreased with
addition of fibre compared to neat PP,

flexural modulus increased with
addition of sugarcane bagasse

[127]

7 PLA Sugarcane bagasse
Co-rotating
twin-screw

extruder

Presence of 2 wt% filler loading
preheated residue exhibited

maximum strength properties
[128]

4.6. Groundnut Shell
4.6.1. Importance of Groundnut Shell-Derived Nanoparticles

Groundnut is one of the most nutritious and the fourth largest oil seed in the world,
which is grown underground and belongs to the Leguminosae family. Africa, USA, China,
Nigeria, and India are the top groundnut-growing countries. Groundnut shell is the part
left over after the removal of the seed from its pod. The shell accounts for nearly 20%
of the weight of the dried groundnut. Nearly 10 million tons of groundnut shell are
produced worldwide annually [129,130]. It is an abundantly produced agrowaste that
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biodegrades slowly when dumped into an open field. Burning or burying groundnut shell
leads to environmental pollution. Figure 33a shows the chemical composition of groundnut
shell [131].

Figure 33. (a) Groundnut shell chemical composition (b) groundnut and shell.

The chemical composition of groundnut shell contains hemicellulose, which is a good
moisture absorber, because cellulose acts as a cementing agent that binds individual cells
together. The groundnut shell is commercially used as stock feed, food, and filler in
fertilizers and in the production of various bioproducts, such as hydrogen, bioethanol,
biodiesel, building materials, composite preparation, etc. [132]. Figure 33b shows the
groundnut fruit and groundnut shell. Groundnut shell has ideal characteristics, such
as low density, eco-friendliness, high strength, good binding capacity, and abundant
availability, making it a good filler material in the preparation of polymer composite
materials [133,134]. O. S. Olajide et al. synthesized polymer composite samples reinforced
with nanoparticles derived from groundnut shell nanoparticles [135]. The synthesis process
and characterization are discussed in following sections.

4.6.2. Synthesis of Carbon Nanoparticles from Groundnut Shell

Groundnut shell ash particles are formed by firing shells in an electric furnace at
1200 ◦C for about 5 h. The GS ash particles are ball milled to reduce the particle size. The car-
bon nanoparticles from GS are characterized to analyse the morphology and particle size.

4.6.3. Characterization of Carbon Nanoparticles Obtained from Groundnut Shell

TEM morphology shows that the synthesized nanoparticles are solid in nature but
irregular in shape. The average particle size is 50–100 nm, and Figure 34a,b shows the
particle size distribution by weight percentage.

Figure 34. (a) TEM images of GS nanoparticles and (b) particle size distribution by weight loss
(%) [135].

4.6.4. Synthesis of Carbon–Polymer Nanocomposites

The polymer nanocomposites are synthesized by the extrusion method followed by
injection moulding. The polylactic acid (PLA) polymer pellets and polyethylene glycol



Catalysts 2021, 11, 1485 30 of 41

(PEG) compatibilizer are considered for the formation of the matrix, along with nanopar-
ticles derived from GS. The composites are prepared by varying the filler loading, PEG
concentration, annealing temperature, and annealing time. The nanoparticles, polymer,
and compatibilizer are added into an extruder with a twin screw with the temperature
ranging from 114 ◦C to 185 ◦C with cold granulation at the end of line. The obtained
extrudates are palletized and dried in an oven. The pallets are injection moulded to pro-
duce standard dumbbell samples, as shown in Figure 35. The samples are later annealed
at 60–80 ◦C to enhance the physical properties, such as tensile strength and modulus of
the composite. The impact of various processing parameters on tensile strength of the
composite are analysed based on Taguchi’s parameter design approach.

Figure 35. PLA–GSP nanocomposite samples [135].

4.6.5. Characterization of Nanocomposites

Tensile strength was studied with the effect of process parameters at three different
levels using Taguchi’s parameter design approach and is shown in Table 11.

Table 11. Process parameters at different levels [135].

Process Parameter Code Process Parameters Level 1 Level 2 Level 3

A Wt% of GS nanoparticles 10 20 30
B Wt% of PEG 4 8 12
C Annealing temperature (◦C) 60 80 100
D Annealing time (h) 2 4 6

The experimental results of tensile strength for different processing parameters are
listed in Table 12. The optimal composite formulation is obtained by Taguchi’s parameter
design model. The optimum parameter levels are found to be wt% of GS nanoparticles at
L2, wt% of PEG at L1, and annealing temperature and annealing time at L3. The average
tensile strength after the fracture of the optimum composite was 121 MPa. The ANOVA
model predicted that GS nanoparticles (highest), annealing time, annealing temperature,
and PEG (least) have great influence on the tensile strength. Finally, a regression model
is designed that gives the tensile strength equation for composites. The experimental
results are compared to predicted values from this regression model. Table 12 gives the
predicted values through this model. The GS particle-reinforced nanocomposites showed
168% improvement in tensile strength compared to pure PLA for the optimum composite.
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Table 12. Composite manufacturing parameters with formulation [135].

Exp. No. A B C D Tensile Strength (MPa)
(Experimental)

Tensile Strength (MPa)
(Predicted Using ANOVA Model)

S1 10 4 60 2 59.90 62.09
S2 10 8 80 4 65.70 74.83
S3 10 12 100 6 107.6 96.28
S4 20 4 80 6 114.87 111.58
S5 20 80 100 2 77.80 77.40
S6 20 12 60 4 86.44 90.14
S7 30 4 100 4 64.28 51.45
S8 30 8 60 6 58.28 72.90
S9 30 12 80 2 40.50 38.71

Young’s modulus is found to be higher for composite samples (2.30 GPa) when
compared to neat PLA (2.22 GPa). Similarly, elongation at break for optimized PLA
composite samples is higher than the neat PLA. The enhancement in Young’s modulus
and elongation at break indicates that high stiffness strength of composites is due to
reinforcement of GS nanoparticles.

The other research works based on groundnut shell micro- and nanoparticle-reinforced
polymer composites are listed in Table 13.

Table 13. Synthesis and characterization of groundnut shell composites.

Sl No. Polymer Matrix Carbon Material Method Mechanical and Thermal Test Reference

1 Epoxy resin
(EUXIT 50 KI)

Groundnut shell
powder

microparticles
Hand lay-up

Flexural strength changed from
140 MPa to 160 MPa, flexural

modulus changed from 2 GPa to
7.79 GPa, impact strength improved
from 2.5 KJ/m2 to 7 KJ/m2, fracture

toughness improved from
2.23 MPa.m1/2 to 7.07 MPa.m1/2

[136]

2 Epoxy resin
(LY556)

Groundnut shell
powder

microparticles
Hand lay-up

Tensile strength was maximum for
15 wt% filler loading, about 23 MPa;
flexural strength was maximum for

15 wt% filler loading composite,
about 53 MPa; hardness increased as

filler loading wt% increased

[137]

3 Polylactic acid
Groundnut shell

powder
microparticles

Solvent mixing
Nanofibres with 5 wt% untreated GS

particles showed ultimate tensile
strength of 0.85 MPa

[138]

4 Epoxy resin Groundnut shell
particles (mm) Hand lay-up

Highest tensile strength, tensile
modulus, and impact strength

obtained for groundnut shell particles
and epoxy proportion 60:40 and

0.55 mm particle size

[139]

5 Natural rubber Groundnut shell
microparticles

Compression
moulding

Composites reinforced with 0–45 µm
particle showed good
mechanical properties

[140]

6 Polypropylene Groundnut shell
microparticles Melt extrusion

Highest tensile strength of 17 MPa
obtained for 6 wt% and 0.2 µm filler
loaded composites, tensile modulus
and flexural strength was high for

6 wt% and 0.2 µm particles

[141]
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4.7. Oil Palm Leaves
4.7.1. Importance of Oil Palm Leaves and Empty Fruit Bunch-Derived Nanoparticles

Oil palm is the world’s largest edible oil- and fat-producing tree, which yields more
than nearly 50 million tons of palm oil annually. Oil palm trees are 20–30 m height and span
25–30 years of life economically [142,143]. The oil palm tree is cultivated in 42 countries;
Indonesia and Malaysia are the largest palm oil-producing countries, which account for
84% of the world’s palm production [144]. Oil palm trees are a rich source of lignocelluloses.
The lignocellulosic fibres can be extracted from the trunk, leaves, fronds, fruit mesocarp,
and empty fruit bunches. One hectare of an oil palm plantation produces nearly 55 tons of
fibrous dry biomass [145]. The chemical composition of oil palm fibrous biomass is shown
in Figure 36.

Figure 36. (a) Oil palm tree chemical composition and (b) oil palm tree and empty fruit bunches of
oil palm dumped on land.

Enormous amounts of waste are produced from oil palm plantations every year. The
cellulosic material can be used for various purposes, such as timber, local soap production,
fencing/shed preparation, fuel for boilers, and production of fertilizers. Dumping empty
fruit bunches in the field causes environmental problems [146–148]. Figure 36b shows the
oil palm tree and empty fruit bunches dumped in the land.

Oil palm fibres are abundant, eco-friendly, highly tough, and rich in cellulose content,
which makes them a suitable precursor for the synthesis of polymer composites. There
are many works on the synthesis of polymer composites reinforced with oil palm leaves,
shells, and empty fruit bunches. J. R Pothnis et al. synthesized polymer nanocomposites
reinforced with carbon nanoparticles derived from oil palm leaves [2]. The synthesis
process and characterization of composite material is discussed below.

4.7.2. Synthesis of Carbon Nanoparticles from Oil Palm Leaves

The silica (SiO2) templates of oil palm leaves are utilized in the preparation of carbon
nanospheres (CNS). The particles are obtained by a single-step pyrolysis process at temper-
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atures of 500–600 ◦C in a tube furnace under a nitrogen atmosphere. The produced CNS
consists of particle size and pore size ranging from 35–85 nm and 1.9–2 nm, respectively.

4.7.3. Characterization of Carbon Nanoparticles Obtained from Oil Palm Leaves

TEM images of carbon nanoparticles shown in Figure 37 reveal that the average
particle size of synthesized CNS at a 500 ◦C carbonization temperature is 80 ± 5 nm and
pore size is 1.9–2.00 nm. The average particle size and pore width of CNS produced at a
600 ◦C carbonization temperature is 35 ± 5 nm and 1.95–1.99 nm, respectively. At 700 ◦C,
the particle size is larger and not uniform.

Figure 37. TEM images of CNS at (a) 500 ◦C and (b) 600 ◦C carbonization temperatures [149].

The elemental analysis of CNS shows higher a carbon percentage at the 600 ◦C
carbonization temperature. The Brunauer–Emmett–Teller (BET) tests show that the synthe-
sized CNS have very high micropore structures.

The XRD and Raman spectra of synthesized CNS are shown in Figures 38a and b, re-
spectively. X-ray diffraction analysis reveals the presence of the crystalline and amorphous
form of carbon. Raman spectroscopy confirms the high percentage of crystalline graphite
in synthesized CNS.

Figure 38. (a) XRD and (b) Raman spectra of synthesized CNS [2].

4.7.4. Synthesis of Carbon–Polymer Nanocomposites

The CNS–epoxy composites are prepared by solvent processing. The synthesized
composite slabs are cured and cut using a water jet machine for characterization. Two
different composite materials are prepared with 0.1 and 0.25 wt% filler loading.

4.7.5. Characterization of Nanocomposites

A tensile test is carried out to analyse the ultimate tensile strength, modulus, and % of
elongation of the composite matrix. Figure 39 shows the stress–strain curve of composite
materials compared to neat epoxy.
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Figure 39. Stress–strain curve of composite materials and neat epoxy [2].

The composites prepared with 0.25 wt% CNS-reinforced composites show great
improvement in ultimate tensile strength and Young’s modulus compared to neat epoxy
without affecting ductility (strain), which is summarized in Table 14.

Table 14. Tensile properties of CNS–epoxy composites [2].

Tensile Properties Neat Epoxy 0.1% CNS–Epoxy 0.25% CNS–Epoxy

Ultimate tensile strength (MPa) 44.53 ± 3.1 45.64 ± 0.53 58.6 ± 4.5
Modulus (GPa) 2.28 ± 0.05 2.2 ± 0.048 2.45 ± 0.035
Elongation (%) 2.52 ± 0.13 2.55 ± 0.12 3.58 ± 0.52

Toughness of 0.1 wt% and 0.25 wt% CNS show improvement of about 15% and 150%,
respectively, compared to neat epoxy. The Young’s modulus for CNS–epoxy nanocompos-
ites increases by 3.2% and 11% for 0.1 and 0.25 wt%, respectively. The damping capacity
for 0.25 wt% CNS–epoxy decreases by 14% due to particle addition.

The distribution of CNS in the epoxy matrix, shown in Figure 40, confirms the effective
dispersion of CNS in the polymer matrix, which leads to strong interfacial bonds between
CNS and epoxy, as well as enhanced tensile properties of the composite matrix. The other
works related to polymer composites reinforced with oil palm fibre particles from literature
are listed in Table 15.

Figure 40. Dispersion of CNS particles: (a) 0.1 wt% CNS–epoxy and (b) 0.25 wt% CNS–epoxy
composite with agglomerations of 125 nm (indicated by arrow) [2].
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Table 15. Synthesis and characterization of oil palm composites.

Sl No. Polymer Matrix Carbon Material Method Mechanical and Thermal Test Reference

1 Epoxy resin (DER
331)

Oil palm empty
fruit bunch
nanofibres

Hand lay-up
Storage modulus, loss modulus, and

damping factor showed highest values
for addition of 3 wt% nanofillers

[150]

2 Polyvinyl alcohol

Oil palm empty
fruit bunch

fibre-derived
nanocellulose

Solution casting
Tensile strength and tensile modulus
improved as filler loading enhanced

until 5 wt%
[151]

3 Polyester Oil palm shell
nanoparticles Hand lay-up

3 wt% filler loaded composites showed
physical, mechanical, and

thermal properties
[152]

4 Epoxy
Oil palm empty

fruit bunch
nanofibres

Hand lay-up 3% reinforced composites showed
enhanced tensile and impact properties [153]

5 Polyvinyl chloride

Oil palm empty
fruit bunch

fibre-derived
nanocellulose

Hot pressing
Flexural modulus increased and impact

strength and flexural
strength decreased

[154]

6 Polyethylene Oil palm empty
fruit bunch fibres

Melt blending and
compression

moulding

Tensile strength increased by 95% by
20% fibre loading [155]

7 Epoxy
Oil palm empty

fruit bunch
nanofibres

Hand lay-up
3% fibre-loaded kenaf epoxy

composites improved mechanical and
morphological properties

[156]

8 Polyester Oil palm ash Hand lay-up
Flexural and tensile properties

enhanced by increasing filler content in
polymer matrix

[157]

5. Conclusions and Future Perspectives

Sustainable growth of the world can be achieved by recycling waste material into
useful resources without affecting the natural ecosystem. The biowaste generated in
millions of tonnes must be reutilized in the conversion process of waste to wealth. The
production of nanomaterials from biowastes for various valuable applications, such as
catalysis, energy storage, fabrics and fibres, biomedics, ceramics, adhesives and plastics,
and air and water purification, have attracted researchers in recent years. The pyrolysis
process, which is used in most of the research works, is one of the eco-friendly ways
to synthesise carbon nanomaterials. The carbon nanomaterials obtained from biowaste
can be used as an excellent precursor for the synthesis of PNCs. Such PNCs show great
improvement in mechanical, electrical, and optical properties. This article summarizes
the synthesis of carbon nanomaterials, polymer nanocomposites, and characterizations
of mechanical properties of PNCs, such as tensile strength, Young’s modulus, percentage
of elongation, etc. The review also focuses on various biowaste-based precursors, their
nanoproperties, and turning them into proper composites.

The PNCs synthesized from polymer material and carbon nanospheres derived from
few biowaste materials, such as coconut shell, wood apple shell, bamboo biochar, sugar-
cane bagasse, groundnut shell, and oil palm, are reviewed in this article. The PNCs show
improved mechanical properties by varying the loading percentage of carbon nanomateri-
als. Different synthesis processes, such as hand lay-up, solvent-processing, melt-blending,
and hot and cold compression methods, are used. The PNCs synthesized from biowaste-
derived, carbon nanoparticles and polymer matrix show good results in ultimate tensile
strength, such as 58.6 MPa (oil palm leaves), 58.9 MPa (wood apple shell), 118 MPa
(bamboo), and 114.87MPa (ground nut shell). The optimum tensile modulus is found
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to be 2.45 GPa (oil palm leaves), 4 GPa (coconut shell), 2.56 GPa (wood apple shell) and
4.56 GPa (bamboo).

Although lot of study was taken in this direction, optimization still needs to be done
in several sectors, especially when it comes to tuning the composite properties, as one must
tune the porosity, surface area, particle shape and size, pore diameter, etc. One can expect
lot of improvements in the coming days in this area of research, where waste-to-wealth
approach plays crucial role. Aerospace-related applications mainly require lightweight,
high-strength composites which can withstand variation in temperature, and one needs
to optimize the parameters suited to such applications. In a nutshell, many factors play a
dominant role in composites made from biowaste-based, porous nanoparticles, and this
review serves as a roadmap for those researchers who want to explore further.
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