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Abstract

This study examines the influence of nanosilica incorporation on the mechanical and
thermal performance of hybrid biocomposites composed of pine wood flour and
recycled polypropylene. Composite formulations containing 50 wt% polypropylene, 50
wt% pine wood flour, nanosilica at four loadings (0, 3, 6, and 9 wt%b), and 3 wt% maleic
anhydride grafted polypropylene were compounded using a twin-screw extruder.
Standardized test specimens were subsequently manufactured by injection molding.
Mechanical properties—tensile and flexural strength and modulus, as well as notched
Izod impact strength —alongside thermal behavior and flammability characteristics
were evaluated. Increasing nanosilica content to 9 wt% resulted in reductions of
12.98% and 5.16% in tensile strength and tensile modulus, respectively. Flexural
strength, flexural modulus, and notched impact strength also declined by 6.1%, 5.02%,
and 10.92%, respectively. Conversely, the limiting oxygen index exhibited a 12.4%
increase at the highest nanosilica loading, accompanied by higher residual char and
improved thermal stability. Morphological analyses further showed fewer interfacial
voids in specimens containing 3 wt% nanosilica, indicating superior fiber—-matrix
adhesion and reduced fiber pullout. Overall, nanosilica demonstrated a favorable
contribution to the thermal performance of the composites, though excessive loading
adversely affected mechanical properties due to nanoparticle agglomeration. The
findings highlight the importance of optimizing nanosilica content to achieve a balanced
enhancement of mechanical and thermal functionalities in bio-based polymer
composites.
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1- Introduction

Polymer composites, comprising two or more
distinct phases, have been widely adopted across
numerous industrial sectors due to their superior
mechanical and thermal performance compared
with monolithic materials [1]. In recent years, the
utilization of natural fibers and fillers—particularly
wood flour—in polymer matrices has gained
momentum owing to their cost-effectiveness,
biodegradability, and renewability [2]. Although
pine wood flour is commonly used in wood—plastic
composites, its incorporation often leads to

diminished mechanical and thermal performance,
thus necessitating the introduction of reinforcing
additives such as nanomaterials [3].

Nanosilica, characterized by its high specific
surface area, exceptional thermal stability, and
strong potential for interfacial bonding, has been
widely reported as an effective reinforcement agent
in polymer-based composites [4]. Prior studies have
demonstrated that nanosilica can enhance strength,
toughness, crystallinity, and thermal resistance in
wood-polymer composites [5], and its role as a
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elevated
improved

thermal  enhancer contributes to
degradation  temperatures  and
performance in industrial applications [6].

Despite these advantages, achieving uniform
nanoparticle dispersion remains a major challenge,
as agglomeration can diminish the reinforcing
efficiency. Moreover, environmental considerations
and processing costs associated with nanomaterials
must be carefully evaluated.

The present study aims to systematically assess the
effect of varying nanosilica concentrations on the
mechanical and thermal properties of pine wood
flour/recycled polypropylene composites.

2- Materials and Methods

2.1 Materials

Recycled polypropylene was prepared by
reprocessing virgin polypropylene (density: 0.952
g/cm3) supplied by Arak Petrochemical Trading
Company. The polymer was melt-compounded
twice using a twin-screw extruder at 180 °C and 100
rpm to obtain uniform recycled PP granules. Pine
wood flour, sourced from a furniture manufacturer,
was sieved (passed through 60 mesh and retained on
70 mesh) and oven-dried at 100 °C for 24 h. Maleic
anhydride grafted polypropylene (98% purity)
served as a coupling agent. Nanosilica (Degussa,
Germany) was employed as the nanofiller.

2.2 Methods

Formulations used in this study are shown in
Table 1. All components were compounded in a
counter-rotating twin-screw extruder at 160 °C and
70 rpm. The high mixing efficiency of this system
ensured improved homogeneity and nanosilica
dispersion, which is critical for tailoring composite
performance.

Table 1: Percentage Composition of the Composite in Different

Treatments
No Nanosilica Wood Polypropylene  Compatibilizer
(phc) Flour (phc) (phc)
(pho)
1 0 50 50 3
2 3 50 50 3
3 6 50 50 3
4 9 50 50 3

2.2.1 Preparation of Standard Test Specimens

The compounded granules were shaped into
standardized specimens using a semi-industrial
injection molding machine. Injection parameters
were optimized to ensure acceptable surface quality
and consistent mechanical performance. Specimens
were conditioned before testing.

2.2.2 Mechanical and Thermal Properties

Tensile and flexural properties were evaluated
following ASTM D638 and ASTM D747,
respectively, using an Instron 1186 machine.
Notched Izod impact strength was measured in
accordance with ASTM D256 using a Zwick impact
tester. Thermogravimetric analysis (TGA) was
conducted on 5-7 mg samples using a TGA Q50
analyzer following ASTM E1131. Limiting oxygen
index (LOI) was measured per ASTM D2863.
Morphological observations were conducted using
a JEOL JXA-840 scanning electron microscope.

Figure 1: JXA-840 Scanning Electron Microscope (SEM)
2.3 Statistical Analysis

A one-way ANOVA (three replicates per treatment)
was carried out using SPSS, followed by Duncan’s
multiple range test at a 95% confidence level.

3- Results and Discussion

The results indicated that nanosilica had a
significant effect on tensile strength and the limiting
oxygen index; however, it did not exert a
statistically meaningful influence on tensile
modulus, flexural strength, flexural modulus, or
notched impact resistance. These findings suggest
that while nanosilica effectively enhances certain
key properties, it does not produce a substantial
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improvement in other mechanical characteristics of
the composite.

Table 2: Analysis of Variance (F-Value and Significance Level) of
Processing Variables on Mechanical and Thermal Properties

Property / Variable F-Value &
Significance
Tensile Strength 6.791*
Tensile Modulus 0.583 ns
Flexural Strength 2.526 ns
Flexural Modulus 1.604 ns
Notched Impact Strength 2.696 ns
Limiting Oxygen Index (LOI)  272.902 *

Notes: *Significant at p < 0.05; ns = not significant.

3.1 Tensile Properties

Nanosilica exhibited a significant effect on tensile
strength but not on tensile modulus. At higher
loadings, poor nanoparticle dispersion and
agglomeration hindered interfacial adhesion,
resulting in reduced tensile performance. Moderate
nanosilica incorporation, however, contributed to
enhanced interfacial stress transfer [7—10].

3.2 Flexural Properties

Nanosilica loading influenced flexural response in a
similar ~ manner. Optimal concentrations
strengthened the composite structure, whereas
excessive  nanosilica disrupted  fiber—-matrix
interactions and impaired flexural strength and
stiffness [11, 12].

3.3 Impact Strength

Nanosilica decreased notched impact strength,
attributed to increased brittleness, reduced polymer
chain mobility, and the presence of nanoparticle
clusters acting as crack initiators [13].

3.4 Thermal Stability and Flammability

Nanosilica increased residual char yield and delayed
thermal degradation. LOI enhancement was
attributed to the formation of silica-derived
insulating layers, which impede heat transfer and
restrict volatile release from the matrix [14]. These
results confirm the beneficial role of nanosilica in
improving fire resistance and thermal performance.

3.5 Morphological Analysis

SEM micrographs revealed poor interfacial bonding
and noticeable voids in nanosilica-free composites.
In contrast, nanosilica-containing samples exhibited
improved interfacial adhesion, reduced porosity,
and more coherent failure patterns, demonstrating
effective stress transfer and superior morphological
integrity [15].

4- Conclusion

This study demonstrated that nanosilica exerts a
dual effect on wood flour/recycled polypropylene
composites. While excessive nanosilica loadings
negatively influenced tensile, flexural, and impact
strengthes due to nanoparticle agglomeration and
decreased interfacial compatibility, nanosilica
significantly enhanced thermal stability, residual
char formation, and fire resistance.

SEM analyses confirmed improved interfacial
adhesion in nanosilica-modified composites. These
findings emphasize the importance of optimizing
nanosilica dispersion and loading levels to obtain a
desirable balance between mechanical and thermal
performance, thereby advancing the development of
durable and  high-performance  bio-based
composites for industrial applications.
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