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Abstract
Natural fiber-embedded polymer matrix composite offers a high strength-to-weight ratio, is eco-friendly, is economic, and 
has a good flexural strength to fulfil various engineering applications. During the fabrication, researchers faced the challenges 
of incompatibility, moisture absorption, low fracture toughness, and wear performance. This research focuses on the Roselle 
fiber subjected to alkali treatment (NaOH), which bonded with polypropylene matrix enriched by the inclusions of 3, 6, and 9 
wt% of bryophyllum pinnatum leaf waste–derived silica nanoparticle synthesized via injection molding. The effects of fiber 
and nano-silica content on density, porosity, surface morphology, water absorption, microhardness, flexural strength, and 
fracture toughness of polypropylene composites were studied. The composite containing 25 wt% of NaOH-treated Roselle 
fiber blended with 9 wt% nano-silica particle (PPRFS3) offered less porosity (0.58%), and homogenous fiber and particle 
distribution in polypropylene matrix was confirmed via surface morphology. The results were improved microhardness (114 
± 1.05 HV), superior flexural strength of 128.67 ± 0.85 MPa, good fracture toughness of 2.32 MPa m1/2, and a low water 
absorption rate of 0.0975%.
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Nomenclature
NaOH	� Sodium hydroxide
wt%	� Weight percentage
PP	� Polypropylene
PPRF	� Polypropylene/Roselle fiber
PPRFS1	� Polypropylene/Roselle fiber/silica sample 1
PPRFS2	� Polypropylene/Roselle fiber/silica sample 2
PPRFS3	� Polypropylene/Roselle fiber/silica sample 3
HV	� Hardness value
MPa	� Megapascal
Vol%	� Volume percentage
nm	� Nanometer
mm	� Millimeter
ASTM	� American Society for Testing and Materials
GPa	� Gigapascal

1  Introduction

While compared to synthetic fibers, natural fibers are gath-
ering significance in eco-friendly polymer composite for 
the structural and interior of automotive, sports equipment, 
electronic, housewares, and aerospace applications [1, 2]. 
Natural fibers are readily available, have low cost, have high 
strength, are easy to recycle, and have extended fatigue life 
[3]. The particle reinforcement experienced in polymer com-
posite was found to have good adhesive behavior and has 
the ability to withstand high tensile load and resist displace-
ment failure [4]. The hexagonal-type crystals were chosen 
as filler material, having high scratch resistance and thermal 
stability compared to others [5]. Silica gathered significance 
in fiber-reinforced polymer matrix hybrid composite [6, 7] 
and was extracted from natural waste biomass such as rice 
husk ash [8–10], corn cob [11], coffee husk [12], maize stalk 
[13], bio-source [14], and cow dunk ash [15]. Moreover, the 
characteristics of the composite were decided by the selec-
tion of matrix, fiber, filler, processing techniques, and curing 
method [16, 17].
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Recently natural fiber-reinforced polymer matrix com-
posites were widely investigated and found to have supe-
rior mechanical, thermal, and wear characteristics [18, 19]. 
Basalt fiber-reinforced polypropylene composite’s dry slid-
ing wear properties were studied under 10–30-N load at 300 
to 900 rpm. They reported that a composite containing 15 
Vol% basalt fiber offered high wear resistance and coefficient 
of friction [20]. Soundhar et al. [21] synthesized the Roselle 
fiber and silica nanoparticle-reinforced polyurethane hybrid 
nanocomposite, and its behavior was optimized via response 
surface methodology. They reported that silica (2 wt%) in 
polyurethane composite has good mechanical and thermal 
properties. Singh et al. [22] synthesized the natural hemp-
sisal fiber-reinforced epoxy hybrid composite enhanced by 
adding 0, 1, 2, 3, and 4 wt% of silica nanoparticles. They 
studied the physical, mechanical, and wear properties of 
the composite. They found that 2 wt% of silica offered high 
hardness, tensile, and impact strength. Moreover, the pres-
ence of 3 wt% silica nanoparticles showed the maximum 
flexural strength and wear resistance.

Moreover, the high-density polyethylene composite was 
fabricated with constant weight percentages of NaOH-
treated Hibiscus sabdariffa bast fiber by Venkatesh et al. 
[23], and its characteristics were enhanced by the additions 
of silica nanoparticles at different weight fractions. They 
reported that the composite containing 7 wt% silica nanopar-
ticles showed superior flexural strength and reduced water 
absorption. Dinesh et al. [24] investigated the effect of nano-
silica and layering sequences on the mechanical behavior 
of banyan and Kenaf composite. They reported 20/20 com-
binations of banyan and Kenaf fiber with 2 wt% silica hav-
ing high flexural strength. The epoxy/Kenaf/silica hybrid 
composites were synthesized by Jaafar et al. [25], and they 
studied the influences of liquid natural rubber on microstruc-
ture and mechanical properties of composite for automo-
tive applications. They found that enhancement of tensile 
strength was due to the additions of 1 part per hundred of 
resin in epoxy/Kenaf/silica hybrid composite. Recently, the 
epoxy hybrid composite developed with silica and Kenaf 
fiber via hand layup technique was found to have maximum 
impact and flexural strength composite [26].

Moreover, the chemical-treated natural fiber facilitated 
good mechanical performance [27]. Most automotive com-
ponents’ application-related polymer matrix composites 
were developed with natural fiber [28]. Kenaf, bamboo 
fiber, and clay hybrid composites were developed and the 
behavior of composites was studied [29]. However, alkali-
treated natural fiber offered better mechanical, surface mor-
phological, and absorption characteristics than untreated 
natural fiber [30].

Based on the above literature, natural fiber-reinforced com-
posites were found to have low inherent adhesive and water 
absorption behavior. In addition, the filler material helps to 

occupy the intermediate space between the matrix and fiber. 
Most polymer matrix composite characteristics were enhanced 
by introducing ceramic silica filler and were gathered from 
suppliers. The research presents the significance of bryophyl-
lum pinnatum leaf waste–recycled silica nanoparticle utilized 
as filler hybridizer on physical, microstructural, water absorp-
tion, and mechanical properties of Roselle fiber–synthesized 
polypropylene composites.

2 � Materials and methods

2.1 � Bryophyllum pinnatum leaf waste–recycled 
silica extraction

Figure 1 illustrates the process representation for silica 
extraction from bryophyllum pinnatum leaf waste. Initially, 
the waste bryophyllum pinnatum leaves are collected from 
natural residues and immersed in distilled water for 30 min 
to help remove the impurities. After the process, they were 
kept in an open atmosphere and dried at test room tempera-
ture (27 ± 1 °C) for 2 days.

The required quantity of dry state waste bryophyllum pin-
natum leaves was kept in a planetary ball mill and crushed to a 
fine powder and leached in a solution of precursors for 3 h. The 
leached particles were placed in an electrical furnace, and 200 
°C was maintained for the next 3 h and blended with NaOH solu-
tion at the ratio of 1:6. Its temperature was raised to 400 °C for 2 
hours with manual stirring action, and sodium silicate and silica 
solution were discovered. Then it was subjected to hydrolysis 
–condensation to obtain the gel converted into fine powder by 
drying. Finally, the fine powder was compaction process found 
heat treat silica block converted into fine nano silica particles.

2.2 � Material selection

In the present investigation, spherical-shaped polypropylene, 
chopped Roselle fiber (NaOH treated), and silica nanoparticles 
derived from bryophyllum pinnatum leaves are considered a 
matrix, primary phase reinforcement, and secondary phase filler.

Polypropylene has low density (0.89 g/cm3), good 
strength, high heat, fatigue, and chemical resistance [18, 20]. 
Among the various natural fibers, the Roselle fiber facilitates 
good mechanical and thermal properties [19, 21]. Moreover, 
the silica offered high hardness, resistance to scratch, and 
good thermal stability [31].

2.3 � Fabrication of polypropylene hybrid 
nanocomposites

Figure  2a–c represents the actual setup of injection 
molding, developed sample, and flow process diagram 
for composite fabrication. Roselle fiber is subjected 
to the NaOH treatment process to enhance adhesive 



Biomass Conversion and Biorefinery	

1 3

characteristics. Many researchers reported that natural 
fibers subjected to chemical treatment were found to have 
good adhesive behavior, which results in increased bond-
ing strength and superior mechanical properties [23–25].

After the treatment, the required quantity of spherical-
shaped polypropylene, chopped Roselle (NaOH treated) 
fiber, and silica nanoparticles (50 nm) was mixed uni-
formly and fed into a feed hopper arrangement, as shown 
in Fig. 2a. Table 1 represents the compositions for poly-
propylene composite fabrication.

The hopper feedstock was connected to the vertical 
cylinder barrel unit, and its temperature was gradually 
increased from 100 to 600 °C via the control panel. The 
thermocouple system was incorporated for monitoring 
the temperature of the barrel. The composition blend was 
injected into a rectangular die to find the 150 mm × 50 mm 
× 10 mm composite sample, and its developed composite 
samples are shown in Fig. 2b. The developed composites 
were subjected to cool by natural convection and shaped 
as per test standards.

Fig. 1   Flow process layout for silica extraction from bryophyllum pinnatum leaf waste

Fig. 2   a Actual setup of 
injection molding machine, b 
developed composite samples, 
and c flow process diagram for 
composite fabrication
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2.4 � Composite behavior study

2.4.1 � Density of composites

According to ASTM D792 [23], the actual density of devel-
oped composites is measured. The theoretical density and 
porosity were calculated using Eq. 1 (rule of mixture) and 
Eq. 2.

 where ρc, ρm, and ρf are the density of composite, matrix, 
and filler and Vc, Vm, and Vf are the composite, matrix, and 
filler volume

(1)�
c
V
c
= V

m
�
m
+ V

f
�
f

(2)Porosity % = 1 −
Actual density

Theoretical density
X100

2.4.2 � Surface morphology of composites

The TESCAN model scanning electron microscope was used 
to analyze the microstructure of developed polypropylene 
hybrid nanocomposites. The velvet fine polished 10 mm × 
10 mm × 10 mm sample was used for microscope analysis.

2.4.3 � Water absorption properties of composites

The water absorption characteristics of polypropylene com-
posite with and without fiber and filler were measured using 
ASTM D570 (76.2 × 25.4 × 4 mm3) [32].

2.4.4 � Micro‑Vickers hardness of composite

The resistance to indentation capacity for developed poly-
propylene composites with and without fiber and filler was 
measured by a 100-g applied load for 20 s (ASTM E384) 
[22]. The three indentations were taken in a single sample 
and found that the mean value of the three was considered 
the composite sample’s actual hardness.

2.4.5 � Flexural strength of composite

Based on the ASTM D790 standard, a universal test-
ing machine tested the flexural strength of the developed 

Table 1   Compositions for polypropylene composite fabrication

Composite sample Compositions in weight percentages

Polypropylene Roselle fiber Silica filler

PP 100 0 0
PPRF 75 25 0
PPRFS1 72 25 3
PPRFS2 69 25 6
PPRFS3 66 25 9

Fig. 3   Dimensions of all testing samples. a Density/SEM, b water absorption, c microhardness/fracture toughness, and d flexural strength
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Fig. 4   Density and porosity of 
developed composite samples

Figure 5   Surface morphology 
of a PP, b PPRF, c PPRFS1, d 
PPRFS2, e PPRFS3 

(a) Surface morphology of PP

(b) surface morphology of PPRF

(c) Surface morphology of PPRFS1

(d) Surface morphology of PPRFS2

(e) Surface morphology of PPRFS2
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composites. The three trials were executed from each sam-
ple, and the mean of the three trials was considered. The 
dimension of the sample was 100 × 12.7 × 3.5 mm3 [22].

2.4.6 � Fracture toughness of composite

The ASTM D399 standard was followed to evaluate the frac-
ture toughness of developed composite samples through a 
universal fracture toughness testing machine. The dimen-
sions of all the testing samples are shown in Fig. 3.

3 � Result and discussions

3.1 � Density and porosity of developed composite 
samples

Figure 4 represents the actual and theoretical density bar 
chart, and the scatter plot shows the porosity percent-
ages of PP, PPRF, PPRFS1, PPRFS2, and PPRFS3 hybrid 

nanocomposites. It was clearly shown in Fig. 4 that the 
actual density of the composite was lower than the theo-
retical density and resulted in variations in the composite’s 
porosity. Moreover, the actual and theoretical densities of 
composites were gradually increased with increased content 
of fiber and filler materials. The actual density of PP without 
fiber and filler was found to be 0.881 g/cc and improved by 
0.989, 1.023, 1.057, and 1.091 g/cc on the additions of 25 
wt% Roselle fiber and varied weight percentages of silica. 
The improvement in density was due to the presence of sil-
ica content. According to the mixture rule, the composite 
density was varied due to the compositions of matrix, rein-
forcement, and fabrication process [5]. Moreover, the weight 
PPRFS3 composite was saved by 7.5% [23].

Similarly, composite porosity decreased gradually with 
increased silica nanoparticle content. The effective injection 
process leads to reduced porosity. Moreover, the composite 
porosity was shown to be less than 1%. There was no major 
impact on the failure of the composite. Reduction of com-
posite porosity benefits superior mechanical characteristics.

Fig. 6   Water absorption per-
centages vs time to the immer-
sion of developed composite 
samples

Fig. 7   Silica content on the per-
centage of water absorption on 
developed composite samples
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3.2 � Surface morphology of developed composite 
samples

Figure 5a–e shows the surface morphology of developed PP, 
PPRF, PPRFS1, PPRFS2, and PPRFS3 hybrid nanocompos-
ite samples. It showed it proved the presence of fiber and 
fillers in a polypropylene matrix. Figure 5a illustrates the PP 
composite without fiber and filler; more patches are found. 
It was due to temperature variations during the fabrication 
process. Figure 5b indicates the PPRF composite containing 
25 wt% of Roselle fiber and was distributed like unspeci-
fied patches. But it was spread widely in the polypropylene 
matrix and showed an excellent bonded fiber-matrix struc-
ture. The selection of the process and its parameters was 
decided by the composite bonding effect [6].

The polypropylene matrix with Roselle fiber and 
silica nanoparticles was effectively bonded, and more 
than one fiber bonded with the silica interface in the 

polypropylene matrix is shown in Fig. 5c. Moreover, 
the polypropylene matrix showed the layer-by-layer 
formation.

Figure 5d depicts the surface morphology of PPRFS2 and 
found uniform silica nanoparticle distribution in a polypro-
pylene matrix. The injection process makes the effective 
bonding between fiber, filler, and matrix. The few voids are 
identified in Fig. 5d. There was no major effect of mechani-
cal failure.

Figure 5e depicts the surface morphology of PPRFS3, 
which clearly shows the presence of Roselle fiber and silica 
nanoparticles in a polypropylene matrix. Based on higher 
silica content in the polypropylene matrix showed an even-
distributed particle. It results in increased mechanical prop-
erties of the composite. Moreover, the Roselle fiber and 
silica nanoparticles in polypropylene showed a well-bonded 
microstructure and enhanced the composite’s quality and 
properties.

Fig. 8   Microhardness of devel-
oped composite samples

Fig. 9   Flexural strength and 
flexural modulus of developed 
composite samples
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3.3 � Water absorption behavior of developed 
composite samples

Figure 6 indicates the scatter plot representation for the 
influences of bryophyllum pinnatum leaf waste–recycled 
silica on water absorption of developed PP, PPRF, PPRFS1, 
PPRFS2, and PPRFS3 composites.

It was tested for 15 days (360 h), and the absorption behav-
ior was noted by each day (24 h) span at elevated temperature 
(28 ± 1 °C). The outcome results showed that the percentage 
of water absorption differed from 0.0975 to 0.14%. Moreo-
ver, the percentages of water absorption gradually decreased 
with increasing the content of silica nanoparticles. It was due 
to NaOH-treated Roselle fiber limiting the water absorption. 
However, the composite percentage of water absorption was 
hiked due to the effect of capillary action [23]. It was noted 
from Fig. 6 that percentage of water absorption of PP was 
found to be 0.14% at the 24-h immersion test. After 15 days, it 
showed a slight variation of 0.1390%.

Similarly, PPRF, PPRFS1, PPRFS2, and PPRFS3 
facilitate limited water absorption. However, the PPRFS3 
composite found least percentage of water absorption was 
0.0975% (after 15 days). There was no major impact due to 
water absorption proved.

The influences of silica content and NaOH-treated Roselle 
fiber on water absorption percentages of polypropylene com-
posite are shown in Fig. 7. The trend for the percentage of 
water absorption gradually decreased with increased silica 
content. The water absorption percentage of PP showed 
0.139% and was reduced to 0.1283, 0.1182, 0.1081, and 
0.0975% on increased silica content. The decreased water 
absorption percentage was due to NaOH Roselle fiber com-
bination with silica. Moreover, the matrix material (polypro-
pylene) resists the chemical reaction and water absorption 
[5]. Moreover, the effective interfacial bonding between the 
matrix and reinforcement resists water absorption [6].

3.4 � Microhardness of developed composite samples

Here, Fig. 8 illustrates the microhardness of developed com-
posite samples containing constant weight percentages of 
Roselle fiber (25 wt%) and varied weight percentages of silica 
nanoparticles. The primary and secondary Y-axes represent 
the microhardness and silica filler content. It was noted from 
Fig. 8 that the microhardness of polypropylene composite 
without reinforcement was 29 ± 0.3 HV, and the additions of 
Roselle fiber in the PP matrix found the increased hardness of 
32 ± 0.1HV. The PPRFS1 composite prepared with 25 wt% 
Roselle fiber and 3 wt% silica nanoparticle facilitated good 
hardness and improved by 24% compared to the PP composite 
without reinforcements. It was due to the effective interfa-
cial bonding strength between the matrix and reinforcement 
leading to resist the indentation against the applied load. The 
NaOH-treated fiber has good adhesive properties [10].

In addition, 6 wt% and 9 wt% of silica nanoparticles 
present in PP/25 wt% Roselle fiber found the increased 
microhardness of 38 ± 0.2 HV and 41 ± 0.1 HV, respec-
tively. While the hardness of PPRFS3 and PPRFS4 com-
posite was compared to PP, this increased by 31% and 41%, 
respectively. The hardness enhancement was due to hard 
silica particles in PP matrix/25 wt% Roselle fiber, which 
could resist the indentation during the applied load. The 
homogenous particle distribution was the prime reason for 
increased hardness and wear resistance [20, 22]. It is evi-
denced in Fig. 5d–e. However, the bryophyllum pinnatum 
leaf waste–recycled silica content facilitates good hardness.

3.5 � Flexural strength of developed composite 
samples

The flexural strength of polypropylene composite syn-
thesized with 25 wt% of Roselle fiber and 0, 3, 6, and 9 
wt% of silica nanoparticle is shown in Fig. 9, along with 

Fig. 10   Fracture toughness of 
developed composite samples
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a silica content scatter plot. Here, Fig. 9 proves the pres-
ence of Roselle fiber and its significant improvement in 
flexural strength. The flexural strength of Roselle fiber/
silica nanoparticle–reinforced polypropylene composite 
was higher than that of polypropylene composite without 
reinforcements. The flexural strength of mold polypropyl-
ene was 53.85 ± 0.85 MPa, and improved by 31.79% due to 
the presence of Roselle fiber treated with NaOH, and found 
good interfacial bonding strength between matrix and rein-
forcements was proved in Fig. 5b–e.

Previous literature found that the natural fiber subjected 
to chemical treatment prepared polymer matrix composite 
has superior mechanical characteristics [10]. At the same 
time, the introduction of 3, 6, and 9 wt% of silica nanopar-
ticle in the PP matrix along with 25 wt% of Roselle fiber 
showed a significant improvement in flexural strength as 
95.47 ± 0.5 MPa, 121.51 ± 0.5 MPa, and 128.67 ± 0.85 
MPa, respectively. This value is higher than the PP and 
PPRF composites. The presence of silica nanoparticle led 
to withstand the maximum compressive load and resist the 
dislocation of particles. Moreover, the hard ceramic silica 
offered good stability on higher loads [9–12]. However, the 
flexural strength of the PPRFS3 composite was enhanced 
when compared to past reported values [21].

3.6 � Fracture toughness of developed composite 
samples

Figure 10 depicts the fracture toughness of polypropylene 
composite fabricated with silica nanoparticles and constant 
weight percentages of Roselle fiber.

From Fig. 10, the fracture toughness of the developed 
composite sample without silica and Roselle fiber showed 
1.31 MPa m1/2 and progressively increased by the inclusions 
of 25 wt% Roselle fiber as 0, 3, 6, and 9 wt%, respectively. 
Moreover, the presence of Roselle fiber as 25 wt% in poly-
propylene matrix increased the fracture toughness compos-
ite by 2.05 MPa m1/2. It was due to NaOH-treated Roselle 
fiber limiting the crack propagation during the high load 
and withstanding the maximum load. Similarly, the silica 
nanoparticle facilitates structural stability during sudden 
load [22]. While the composite prepared with silica nano-
particles as 3, 6, and 9 wt% showed marginal improvement 
in fracture toughness, the composite containing 6 wt% silica 
nanoparticle blended with 25 wt% Roselle fiber facilitated 
higher fracture toughness 2.67 ± 0.11GPa and improved two 
times that of the PP composite sample. The homogenous 
silica filler/Roselle fiber distribution in polypropylene was 
the main reason for improved fracture toughness. Higher 
than 6 wt% of silica establishes reduced fracture toughness. 
It was due to the higher content of silica nanoparticles mak-
ing a brittle fracture.

4 � Conclusions

The polypropylene composite was effectively synthesized 
with NaOH-treated (natural) Roselle fiber (25 wt%) with 
different weight percentages (0, 3, 6, and 9 wt%) of silica 
from bryophyllum pinnatum leaf waste through injection 
mold process and found to have good adhesive properties, 
increased fracture toughness, and limited water absorption. 
Based on the investigational report, the main findings are 
concluded below.

•	 The bryophyllum pinnatum leaf waste–recycled silica 
nanoparticle (9 wt%)–reinforced polypropylene/25 
wt% Roselle fiber hybrid nanocomposite found supe-
rior mechanical and microstructural characteristics. The 
density of the PPRFS3 composite was 1.091 g/cc with 
reduced porosity percentages of 0.58%.

•	 Scanning electron microscope–analyzed composite sam-
ples showed the homogenous particle distribution with 
identical Roselle fiber and silica nanoparticle as good 
interfacial bonding strength.

•	 The water absorption of the PPRFS3 (PP/25 wt% Roselle 
fiber/9 wt% silica nanoparticles) hybrid nanocomposite 
was limited by 0.0975% at the 360-h immersion test.

•	 The PPRFS3 (PP/25wt% Roselle fiber/9 wt% silica nano-
particles) composite found maximum hardness and flex-
ural strength of 41 ± 0.1 HV and 128.67 ± 0.85MPa. 
These composites were compared to polypropylene com-
posites without reinforcements and showed a 41.37% 
improvement in micro 1.38 times in flexural strength.

•	 The PPRFS3 (PP/25 wt% Roselle fiber/9 wt% silica nano-
particles) composite showed an optimum fracture toughness 
value and increased by 77% compared to PP composites.
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