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Abstract

The growing demand for sustainable materials in construction and sanitation has increased
interest in natural fibre-reinforced polymer composites. Rice husk, an abundant agricul-
tural by-product, offers a promising alternative as a reinforcing filler in polypropylene
(PP) composites. This study aims to assess the suitability of PP composites reinforced with
micronised rice husk particles for application in sanitary components. Two formulations
containing 20% and 30% rice husk were developed and characterised. Comprehensive
analysis included morphological, thermal, rheological, mechanical, hygroscopic, and tribo-
logical testing. Results showed that particles incorporation enhanced thermal stability and
crystallinity due to a nucleating effect, with the 30% composite showing higher crystallinity.
Thermogravimetric analysis showed that although the T5% decreased from 374.1 ◦C for
neat PP to 309.2 ◦C and 296.2 ◦C for the 20% and 30% composites, respectively, the DTG
peak temperatures increased by 15.9 ◦C and 17.6 ◦C, indicating a delayed main decompo-
sition stage of PP matrix and enhanced overall thermal stability. Rheological behaviour
revealed increased viscosity and pseudoplasticity at higher particle content Mechanical
characterisation showed an increase in Young’s modulus from 1021 MPa for neat PP to
1065 MPa (+4%) and 1125 MPa (+10%) for PP_Rice_20% and PP_Rice_30%, respectively. In
contrast, the nominal strain at break dropped sharply from 238% (PP) to 30% (PP_Rice_20%)
and 16% (PP_Rice_30%). Shrinkage decreased from 1.31% (PP) to approximately 1.05% in
both composites, indicating improved dimensional stability. However, water absorption
rose from 0.015% (PP) to 0.111% (PP_Rice_20%) and 0.144% (PP_Rice_30%), accompanied
by an increase in surface roughness (Sa from 0.34 µm to 0.78 µm and 1.06 µm, respectively).
The composite with 20% rice husk demonstrated better filler dispersion, reduced water
uptake, and smoother surfaces, making it more suitable for injection-moulded compo-
nents intended for use in humid environments. Overall, the study supports the use of
agricultural residues in high-performance biocomposites, contributing to circular econ-
omy strategies and the development of more sustainable polymer-based materials for
technical applications.
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1. Introduction
The growing demand for sustainable solutions in the polymer processing industry

has driven the development of biocomposites, hybrid materials that combine polymer
matrices with natural-origin reinforcements [1]. Biocomposites have gained prominence
for their ability to deliver functional performance while reducing environmental impact.
Polypropylene (PP), due to its low cost, good processability, and balanced mechanical and
thermal properties, is widely used as a matrix in polymer composites [2,3]. However, its
non-polar nature hinders interaction with hydrophilic reinforcements such as plant-based
fibres, potentially compromising interfacial adhesion and, consequently, the performance
of the final material [4,5].

Among agricultural residues with potential for reinforcement applications, rice husk
stands out. The incorporation of rice husk in composites not only adds value to an agro-
industrial by-product but also reduces dependence on conventional mineral fibres such as
talc and glass fibres. Furthermore, this material may enhance composite performance, as
its composition includes cellulose, hemicellulose, lignin, and oxides (e.g., SiO2), conferring
superior thermal stability compared to most other lignocellulosic fibres. As such, it can
withstand relatively high processing temperatures, ranging from 200 to 250 ◦C. Nonetheless,
the compatibility between the polar rice husk fibres and the non-polar polymer matrix
must be addressed to ensure satisfactory material performance [4,6]. From an economic
perspective, rice husk represents an attractive alternative to traditional fibres due to its low
acquisition cost, being an abundant agricultural by-product with minimal raw material
expense. Although additional processing, such as drying, milling, and micronisation, is
required to ensure consistent particle size and performance, the overall production costs
remain competitive, particularly when scaled [7]. In contrast, conventional fibres like talc
and glass fibres involve higher raw material and energy inputs, as well as environmental
costs associated with extraction and processing [8]. Therefore, the use of micronised rice
husk not only aligns with sustainability goals but also offers potential cost advantages in
large-scale composite manufacturing.

The characterisation of composite materials, such as polypropylene reinforced with rice
husk fibres, is critical for their development and implementation in demanding industrial
applications. A comprehensive understanding of their thermal, mechanical, morphological,
and hygroscopic properties enables not only the optimisation of performance but also
ensures long-term reliability and suitability for diverse operational environments.

Thermal analysis has revealed significant improvements resulting from fibre reinforce-
ment. Studies by Rosa et al. [6] and Hidalgo-Salazar and Salinas [9] demonstrate that the
inclusion of rice husk fibres acts as a nucleating agent, leading to increased crystallisation
temperatures and enhanced thermal stability (key attributes for materials subjected to
thermal stress). Similarly, Zhiltsova et al. [4] reported that while the melting enthalpy
decreases due to a reduced matrix fraction, the overall degree of crystallinity increases with
increasing fibre content, indicating effective structural reinforcement.

Regarding mechanical properties, characterisation is essential to identify both benefits
and limitations. Hidalgo-Salazar and Salinas [9] reported a decrease in tensile strength
due to weak interfacial adhesion. They observed improvements in flexural strength and
modulus. In contrast, Aridi et al. [10], Erdogan and Huner [11], and Zhiltsova et al. [4]
also noted reduced tensile strength but, unlike the former, found a decline in flexural
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strength, which was well attributed to poor compatibility between the matrix and the fibres.
Conversely, Nourbakhsh et al. [12] recorded enhancements in both tensile and flexural
strength with increasing rice husk content. Regarding Young’s modulus, some studies [4,10]
observed an initial increase with fibre addition, peaking at around 20% content, after which
the performance began to decline.

Morphological examination through scanning electron microscopy (SEM) provides
valuable insight into the fibre–matrix interface. The observation of voids, fibre pull-out,
and agglomerations reflects poor adhesion and can compromise the structural integrity of
the composite [4,9,10]. Such findings underscore the importance of morphological char-
acterisation in diagnosing material deficiencies and guiding improvements in composite
formulation and processing.

Water absorption behaviour is another critical factor, especially for applications in
humid or moisture-prone environments. Zhiltsova et al. [13] reported significantly higher
water uptake in PP composites containing 30% rice husk due to greater porosity and
hemicellulose content. It can lead to dimensional instability, reduced thermal resistance,
and surface degradation. However, the incorporation of compatibilizers such as maleic
anhydride-grafted polypropylene (MAPP) or the application of repeated recycling processes
has been shown to effectively reduce water absorption and improve interfacial bonding,
thereby enhancing the composite’s overall performance [14].

Although numerous studies have explored the incorporation of natural fibres derived
from agro-industrial residues in polypropylene composites, only few [15,16] have sys-
tematically investigated the effects of micronised particles on a broad range of functional
properties. Rice husk micronisation is expected to improve particle dispersion, reduce
void formation, and enhance interfacial bonding with the polymer matrix. These improve-
ments could help overcome common issues in natural fibre composites, such as weak
fibre–matrix adhesion, excessive water absorption, and increased surface roughness, which
are particularly relevant for components used in humid environments.

In light of the above, this study aims to evaluate the morphological, thermal, mechan-
ical, rheological, hygroscopic, and tribological behaviour of polypropylene composites
reinforced with micronised rice husk at two different loadings (20% and 30%) in order
to assess their suitability as a sustainable alternative to synthetic polymers in the pro-
duction of injection-moulded toilet cistern lids. This research supports the objectives of
the “OLIpush—Redesign for Greater Circularity and Lower Environmental Footprint”
project, contributing to circular economy goals by incorporating agricultural waste into
high-performance composite materials.

2. Materials and Methods
2.1. Materials

The polymer matrix used in this study is a random co-polymer polypropylene (PP
205—CA40), supplied by INEOS Olefins & Polymers Europe (London, UK). This material
has a melt flow index (MFI) of 40 g/10 min (230 ◦C, 2.16 kg). The composites reinforced
with micronised rice husk fibres used in this study were compounded on demand by
Bio4plas—Biopolímeros, Lda (Cantanhede, Portugal) for research purposes. The compos-
ites’ preparation was identical to described in detail elsewhere [4]. The only difference
between the composites investigated in the previously mentioned study and those in the
present study is the granulometry of the rice husk fibres, 0.5 mm in the former and mi-
cronised in the latter. The fibre content remained the same in both studies, containing
20% and 30% rice husk fibres by weight. Moreover, in this study, the same experimental
conditions were applied allowing for a direct comparison with the results of Zhiltsova
et al. [4,13]. However, it is important to note that rheological and tribological analyses of
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PP 205–CA40 had not been performed in those earlier studies and are therefore addressed
in the present work.

2.2. Methods
2.2.1. Thermal Analysis

Differential Scanning Calorimetry (DSC) was performed using a DSC Discovery 250 in-
strument (TA Instruments, New Castle, DE, USA), following ISO 11357-3 [17]. To ensure
statistical relevance, three measurements were performed for each material. The thermal
analysis had two heating–cooling cycles. The first cycle aimed to eliminate thermal history.
It began by holding the sample at 20 ◦C for 5 min to achieve thermal equilibrium, followed
by heating to 230 ◦C at 10 C/min. This temperature was held for an additional 5 min to
ensure uniformity, then the sample was cooled to 20 ◦C at 10 ◦C/min and held again for
5 min. The second cycle, identical to the first, was used to determine the melting tempera-
ture (Tm), crystallisation temperature (Tc), melting enthalpy (Hm), crystallisation enthalpy
(Hc), and degree of crystallinity (χ). The degree of crystallinity (χ) for each sample was
calculated using Equation (1).

χ(%) =
Hm

H0
m ∗ fpp

(1)

The melting enthalpy (Hm (J/g)) was used to calculate the degree of crystallinity (χ).
For this purpose, the enthalpy of fusion for 100% crystalline polypropylene (H0

m) was
assumed to be 207 J/g [4]. The variable fpp represents the mass fraction of PP in the
composite, which is 80% for the samples with 20% rice husk content and 70% for those with
30% particle loading. The data are analysed using the software TRIOS V5.7 proprietary of
TA Instruments (New Castle, DE, USA). It should be noted that the enthalpy and melting
temperature were obtained by analysing the temperature range of 80 to 180 ◦C, whereas the
crystallisation properties were obtained by analysing the temperature range of 80 to 135 ◦C.

Thermogravimetric analysis (TGA) was performed to assess the thermal stability of
the composites. The measurements were conducted using a Netzsch Jupiter STA 449 F3
thermobalance (NEDGEX GmbH, Selb, Germany), following ASTM E1131-08 [18]. Samples
of approximately 10 mg were placed in alumina crucibles and subjected to heating from
30 ◦C to 600 ◦C at a constant rate of 10 K/min under a nitrogen atmosphere (50 mL/min).
The mass loss as a function of temperature was recorded to evaluate the decomposition
behaviour and thermal stability.

2.2.2. Preparation of Specimens for Mechanical Testing and Shrinkage Assessment

To perform the mechanical tests, tensile (ISO 527-1) [19] and flexural (ISO 178) [20]
specimens were injection-moulded using a Euroinj D-065 Lien Yu Machinery Co., Ltd.
(Tainan City, Taiwan) hydraulic injection moulding machine with a clamping force of
65 tons. Additionally, bar specimens of Type A were obtained to determine dimensional
stability ASTM D955 [21]. Approximately 30 specimens were produced for each of the three
materials under investigation. Before moulding, the composites were dried for 6 h at 85 ◦C
in a hopper dryer connected to the injection moulding machine. The injection moulding
parameters were mainly identical for all materials: mould temperature of 40 ◦C, injection
speed of 20% (relative to the maximum capacity of the machine), injection pressure of
55 bar, packing pressure of 35 bar, packing time of 40 s, and cooling time of 35 s. The only
parameter that differed was the injection temperature. It was set to 230 ◦C for virgin PP
and 190 ◦C for the composites. These are the typical injection temperatures for virgin PP
and rice husk fibre composites referred by other researchers [4]. Virgin PP was moulded at
230 ◦C which is middle value in the injection temperature range. In contrast, the composites
were processed at 190 ◦C to avoid thermal degradation of rice husk particles and promote
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better fibre–matrix adhesion. This temperature helps prevent thermal degradation of
the lignocellulosic filler and moisture release while maintaining sufficient flow under the
applied injection and packing pressures. Moreover, the presence of rice husk particles acts
as a nucleating agent, enabling effective crystallisation at lower processing temperatures.
This difference in processing conditions directly influences viscosity, crystallinity, and the
final properties of the materials [22].

To ensure the purity of the material during batch changeovers, the first 15 parts
produced after each material transition were discarded.

2.2.3. Mechanical Analysis

Tensile tests were conducted following ISO 527-1 using an X-10kN universal testing
machine (Shimadzu Scientific Instruments, Columbia, MD, USA). For each material, ten
tests were performed on type I specimens. In the first phase, Young’s modulus (E) was
calculated using a test speed of 1 mm/min, corresponding to the slope of the initial
linear portion of the stress–strain curve. In the second phase, the speed was increased to
50 mm/min to determine yield stress and strain, as well as ultimate tensile strength and
elongation at break.

Using the same equipment, three-point bending tests were carried out to determine
the flexural modulus and flexural strength of the materials. These tests were conducted at
a crosshead speed of 5 mm/min, following ISO 178. The specimens, with dimensions of
127 × 12.7 × 6.35 mm, were tested using a support span of 101.6 mm to meet the 20 ± 1
span-to-depth ratio requirement. To ensure statistical relevance, ten tensile and flexural
tests were conducted on specimens randomly selected from a pool of 60 available samples.
All mechanical property data were subjected to one-way ANOVA followed by Tukey’s post
hoc test, using a significance level of 0.05, to determine statistical differences in the mean
values of tensile strength, yield strength, flexural strength, and flexural modulus between
the PP-based composites and the virgin PP.

2.2.4. Shrinkage and Dimensional Stability Analysis

To determine the dimensional stability of the materials under analysis, ASTM D955
standard was followed. The parallel to flow shrinkage of a specimen with dimensions of
12.83 × 128.83 × 3.0 mm was calculated. The length, thickness, and width of the mould
cavity, as well as the final dimensions of the specimens, were measured using a Mitutoyo
digital calliper (Kawasaki, Japan) (precision ± 0.1 mm). The average dimensions of ten
specimens were considered for shrinkage calculations, using the following Equation (2):

SI = (Lm − Ls) ∗
100
Lm

(2)

where SI (%) is the shrinkage parallel to the flow, Lm is the mould dimension parallel to the
flow, and Ls is the specimen’s dimension parallel to the flow.

2.2.5. Morphological and Chemical Analysis

Morphological characterisation was carried out by analysing the fracture surfaces of
specimens obtained from tensile testing. Scanning electron microscopy (SEM) analyses
were conducted using a HITACHI TM4000Plus microscope (Hitachi HighTech Corporation,
Tokyo, Japan) to observe fibre size and distribution under accelerating voltage of 15 kV. Ad-
ditionally, energy-dispersive X-ray spectroscopy (EDS) analyses were performed using the
same equipment and the same accelerating voltage to determine the elemental composition
of the samples.
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2.2.6. Rheological Analysis

Rheological testing was conducted using a dual capillary rheometer (LCR 7002 Capil-
lary Rheometer, Dynisco, Franklin, MA, USA) equipped with two dies of identical diameter
(1 mm) but differing lengths, corresponding to L/D ratios of 5 and 30. Tests were carried
out at three different temperatures (190, 200, and 210 ◦C), selected in accordance with
the thermal degradation thresholds of the materials. For statistical relevance, at least
three replicates were performed at each temperature. The rheometer operated in constant
speed/shear rate mode over a shear rate range of 10 to 6000 s−1. The melt viscosity data
and the Rabinowitsch–Weissenberg and Ryder–Bagley corrections were computed using
LAB KARS software (version 3), Alpha Technologies.

To determine the viscosity of the composites as a function of shear rate, three rheo-
logical models, namely Cross–WLF, Carreau–Yasuda, and Carreau–Yasuda–WLF, were
evaluated and compared. The Cross–WLF and Carreau–Yasuda models were chosen based
on their strong performance in the literature in terms of fit quality. The Carreau–Yasuda–
WLF model was included to account for temperature dependency. The Cross–WLF model
(Equation (3)) is widely applied in injection-moulding simulations, as it provides a good
approximation of real processing conditions during the filling and packing stages [21]. It
accurately describes flow behaviour over a broad shear rate range:

η =
η0

1 +
( η0γ

τ

)(1−n)
(3)

where η0 (Pa.s) is the zero-shear viscosity, τ is a model constant representing the shear
stress at the transition between Newtonian and non-Newtonian behaviour, n is the power
law index, and γ (s−1) is the wall shear rate.

The η0 in Equation (4) is determined using the Williams–Landel–Ferry equa-
tion in Equation (7), which enables temperature dependence to be incorporated into
the model [22,23]:

η0 = D1 ∗ e
−C1(T−

∼
T )

C2+(T−T) (4)

with the following:

C2 =
∼
A2 + C3 ∗ p (5)

∼
T = C2 + C3 ∗ p (6)

where
∼
T (K) is the pressure-dependent transition temperature, C2 (K) is a model con-

stant related to transition temperature and atmospheric pressure, C3 (K/Pa) is a model
constant related to the temperature variation as a function of pressure, D1 (Pa/s) is the
model constant for zero-shear viscosity at the transition temperature under atmospheric

pressure, C1 is the temperature dependence constant, and
∼
A2 (K) is a WLF parameter

material dependent.

log(aT) =

−C1

(
T −

∼
T
)

C2 +

(
T −

∼
T
) (7)

where aT is a temperature shift factor.
The Carreau–Yasuda model (Equation (8)) is suitable for both high and low shear

rates and is highly reliable, especially for complex materials with significant rheological
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variation. Unlike the previous model, it includes an additional exponent (a) to describe the
viscosity transition between the zero-shear and pseudoplastic regions [23,24].

η = η0 ∗
[
1 + (λ ∗ γ)a] n−1

a (8)

where λ is the relaxation time and a is an additional fitting parameter.
Lastly, the Carreau–Yasuda–WLF model (Equation (9)) incorporates temperature

dependence via the WLF equation:

η = η0 ∗ aT ∗
[
1 + (λ ∗ γ ∗ at)

a] n−1
a (9)

The coefficients for the various models were obtained using the Solver tool in Microsoft
Excel, by minimising an objective function (Equation (10)) based on the sum of chi-square
errors between observed and predicted viscosities at different temperatures and shear rates:

O = min∑
i

∑
j

(
ηObs

i,j − ηPre
i,j

ηPre
i,j

)2

(10)

where ηObs
i,j is the observed viscosity at temperature Ti and shear rate and ηPre

i,j is the
predicted viscosity at the same conditions.

For the Cross–WLF model, the parameters τ, n, C1, and D1 were allowed to vary,

whereas
∼
A2 and D3 were fixed at 51.6 K and 0, respectively. C3 was set to zero as pressure

dependence of viscosity was not assessed [25]. For the Carreau–Yasuda model, η0, λ, a, and
n were fitted.

In the Carreau–Yasuda–WLF model, η0, λ, a, n, and C1 were variable, with
∼
A2 fixed at

51.6 K. The transition temperature
∼
T was set as the glass transition temperature of PP.

Once the most suitable model was identified, the time–temperature superposition
principle (TTSP) was applied to construct a master curve using a temperature shift factor
(aT). Viscosity curves were shifted to a reference temperature (Tre f ) which was defined
as 200 ◦C. This adjustment followed Equation (11), whereby aT was first calculated and
subsequently applied by multiplying the shear rate and dividing the viscosity by aT for
T = 190 ◦C and T = 210 ◦C [26,27].

aT(T) =
η0(T)

η0

(
Te f

) (11)

where η0

(
Tre f

)
is the zero-shear rate viscosity at the reference temperature and η0(T) is

the zero-shear rate viscosity at the tested temperature.

2.2.7. Moisture Absorption Analysis

The short-term water absorption test was performed according to ASTM D570-98
standard [28]. To ensure reproducibility, five bar-shaped specimens with dimensions of
12.83 × 128.83 × 3.20 mm for each material were first dried in a ventilated oven at 50 ± 3 ◦C
for 24 h. The specimens were then placed in a desiccator (HC 200 Humidity Control Cabinet,
Guangdong SIRUI Optical Co., Ltd., Zhongshan City, Guangdong, China) to cool down
to ambient temperature (23 ± 1 ◦C). Subsequently, the specimens’ dry weight (M0) was
determined using a high-precision analytical balance with a 0.0001 g resolution (A&D
GH-252, A&D Company Limited, Tokyo, Japan). The samples were then fully immersed in
distilled water at 23 ± 1 ◦C for 24 h, as specified by the standard procedure. The specimens
were placed vertically during immersion, and stainless-steel barriers were used to prevent
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them from floating. After 24 h of immersion, the specimens were removed, cleaned with a
dry cloth to remove any excess surface water, and immediately weighed to determine the
wet weight (Mt).

The water absorption (M(%)) was calculated using the following Equation (12):

M(%) =
Mt − M0

M0
∗ 100 (12)

Additionally, the swelling S(%) in the thickness direction after the 24 h test was
calculated using Equation (13). For this purpose, the thickness of the specimens before and
after immersion in water was measured using a high-precision Mitutoyo digital calliper
(precision of ±0.01 mm).

S(%) =
hs − hi

hi
∗ 100 (13)

where hi and hs are the initial and saturated thicknesses, respectively.

2.2.8. Tribological Analysis

The surface roughness of the composites was analysed using the Olympus OLS5100
optical microscope (OLS5100 Laser Confocal Microscope, Olympus Corporation, Tokyo,
Japan), which employs laser confocal interferometry technology, by ISO 25178 [29]. Follow-
ing this standard, the parameters were analysed in a three-dimensional scale, enabling a
detailed description of the roughness, including values such as Sa (arithmetic mean surface
roughness), Rz (maximum roughness depth), Ra (arithmetic mean roughness relative to a
mean line), Rsk (profile skewness), RKu (profile kurtosis), among others [30]. Measurements
were performed on bar-shaped specimens with dimensions of 12.83 × 128.83 × 3.20 mm.
A magnification of 50was used for data acquisition. The analysed area of each specimen
was a square region of 2.25 mm2, located 39 mm from the start of the specimen. The data
obtained were processed using the microscope’s software LEXT-Olympus OLS5100 V2.2,
ensuring accurate analysis in compliance with the normative guidelines.

3. Results and Discussion
3.1. Thermal Characterisation

The DSC thermograms (Figure 1) show that the melting temperature exhibited mini-
mal variation with increasing filler content. The numerical results are presented in Table 1,
while Table 2 shows the relative variation in thermal properties compared with virgin PP.
Similar trends have been reported in the literature by Rosa et al. [6], Zhiltsova et al. [4], and
Hidalgo-Salazar and Salinas [9]. As shown in Figure 1 and Tables 1 and 2, the crystallisa-
tion temperature decreased with the incorporation of rice husk compared to virgin PP, a
trend also reported by Zhiltsova et al. [4] and Hidalgo-Salazar and Salinas [9]. However,
Rosa et al. [6] noted a slight increase in Tc in the composite with 30% rice husk content.
Regarding the enthalpies of melting and crystallisation, both decreased with increasing rice
husk content, as documented in the works of Zhiltsova et al. [4] and Hidalgo-Salazar and
Salinas [9]. Despite these changes, the degree of crystallinity significantly increased with
the introduction of particles as shown in Tables 1 and 2. This increase confirms that the
micronised rice husk particles act as nucleating agents, promoting PP crystallisation around
the particles, as previously demonstrated by Zhiltsova et al. [4] and Hidalgo-Salazar and
Salinas [9]. Furthermore, the increase in crystalline is also related to a greater rigidity of the
material [4,29], suggesting that all the tested composites had a higher modulus of elasticity
and lower ductility.
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Figure 1. DSC thermogram of the composites (red: PPv, blue: PP_Rice_20%, green: PP_Rice_30%).

Table 1. Thermal properties of the composites determined by DSC.

Material Tc (◦C) Hc(J/g) Tm (◦C) Hm(J/g) χ(%)

PPv [1] 118.61 ± [2] 1.22 76.40 ± 2.23 149.28 ± 0.40 86.61 ± 2.46 39.91 ± 1.19
PP_Rice_20% 116.35 ± 0.23 58.91 ± 3.14 148.17 ± 0.28 64.00 ± 4.72 48.31 ± 3.56
PP_Rice_30% 115.94 ± 0.22 55.67 ± 0.87 148.12 ± 0.13 58.62 ± 1.42 57.79 ± 1.40
PP20%rh [1] 118.77 ± 0.21 59.68 ± 3.05 149.26 ± 0.17 64.77 ± 3.75 48.89 ± 2.83
PP30%rh [1] 118.25 ± 0.22 52.80 ± 1.87 149.29 ± 0.16 57.10 ± 2.01 56.29 ± 1.98

[1] Values taken from [4] referring to DSC results for the virgin PP and composites. [2] ±Standard deviation.

Table 2. Variation in thermal properties (%) of composites relative to virgin PP.

Material ∆ [1] Tc (%) ∆Hc (%) ∆Tm (%) ∆Hm (%) ∆χ (%)

PP_Rice_20% [2] ↓ 1.91 ↓ 22.89 ↓ 0.74 ↑ 26.11 ↑ 21.05
PP_Rice_30% ↓ 2.25 ↓ 27.13 ↓ 0.78 ↑ 32.32 ↑ 44.80
PP20%rh [1] [3] ↑ 0.13 ↓ 21.88 ↓ 0.01 ↑ 25.22 ↑ 22.50
PP30%rh [1] ↓ 0.30 ↓ 30.89 ↑ 0.01 ↑ 34.07 ↑ 41.04

[1] ∆ variation. [2] ↓ reduction. [3] ↑ increase.

A comparison of the melting and crystallisation enthalpies between the composites
containing micronised rice husk and those with 0.5 mm particle size [4], as shown in Table 1,
indicates that both exhibit similar thermal behaviour, particularly at 20% fibre content.
Likewise, the melting (Tm) and crystallisation (Tc) temperatures showed no significant dif-
ferences, with only a slight decrease observed in the composites with micronised rice husk.
These results suggest that particle size distribution significantly impacts the composites’
thermal properties.

The thermogravimetric analysis of PP composites with micronised rice husk particles
(Figure 2a) revealed three main stages of mass loss, which were further clarified by the
derivative thermogravimetric (DTG) curve (Figure 2b). The first stage, occurring between
30 ◦C and approximately 230 ◦C, shows a slight mass loss, initially attributed to water
evaporation. However, a distinct DTG peak around 148–149 ◦C (Figure 2b) suggests the
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volatilisation of organic extractives from the rice husk, a process likely enhanced by its mi-
cronised nature. The second stage, between 230 ◦C and 370 ◦C, presents a more pronounced
mass loss associated with the thermal degradation of hemicellulose and cellulose, as well
as the early stages of lignin decomposition. The DTG peak temperatures observed around
303–310 ◦C (Figure 2b) further confirm the occurrence of these degradation processes in
both composites. Moreover, these initial signs of the composites’ thermal degradation were
further confirmed by comparing the temperatures at 5% mass loss, a widely accepted and
quantifiable indicator of the onset of thermal degradation. As shown in Table 3, the 20%
and 30% composites exhibited temperatures of 309.2 ◦C and 296.2 ◦C, respectively, whereas
neat PP showed 5% mass loss at a much higher temperature (374.1 ◦C), indicating greater
thermal stability at the onset of thermal degradation.

 
(a) (b) 

Figure 2. TGA (a) and DTG (b) thermograms of virgin PP (PPv) and PP/rice fibre composites (20 and
30 wt%), showing the three main degradation stages.

Table 3. TGA and DTG results.

Material
T5%
(◦C)

1st Stage 2nd Stage 3rd Stage
Ash

Residues
(%)

Temperature
Range (◦C)

DTG
Peak
(◦C)

Mass
Loss
(%)

Temperature
Range (◦C)

DTG
Peak (◦C)

Mass
Loss (%)

Temperature
Range (◦C)

DTG
Peak (◦C)

Mass
Loss
(%)

PPv [1] 374.1 - - - - - - 313.7–486.3 448.2 99.2 0.8
PP_Rice_20% 309.2 133.8–229.9 148.6 1.4 229.9–371.4 309.2 7.4 371.4–495.4 464.1 83.9 7.3
PP_Rice_30% 296.2 137.8–229.9 147.5 1.9 229.9–371.2 303.9 8.3 371.2–493.3 465.8 81.0 8.7
PP20%rh [1] - - - - 233.7–372.1 - 9.8 372.1–494.1 455.1 92.2 6.9
PP30%rh [1] - - - - 219.2–373.9 348.9 14.4 373.9–498.0 457.1 89.1 10.2

[1] Information taken from [13], referring to the TGA results for the virgin PP and composites.

The third stage, from 370 ◦C to 495 ◦C, corresponds to the main degradation of the
PP matrix, characterised by a sharp mass loss and a DTG peak (Figure 2b) that is between
464 and 466 ◦C, typical of rapid polymer decomposition. Beyond 500 ◦C, the TGA curve
(Figure 2a) stabilises, indicating the presence of a residual mass around 7.3% for the
PP_Rice_20% and 8.7% for the PP_Rice_30% that is mainly attributed to inorganic ash, such
as silica, and partially resistant lignin. The virgin PP co-polymer exhibited a single thermal
degradation event. Decomposition began at 313.7 ◦C with only one peak observed in the
derivative thermogravimetric (DTG) curve (Figure 2b) at 448.2 ◦C, referred to in Table 3 as
third stage DTG peak, which was subtantially lower than the homologe values of 464.1 ◦C
for PP_Rice_20% and 465.8 ◦C for PP_Rice_30%. Above 500 ◦C, the ash content showed
only a minor change, indicating that the PPv had nearly fully volatilized by 600 ◦C, leaving
just 0.8% residue [13].

Overall, the TGA and DTG analyses show that most of the mass loss in the com-
posites occurs between 400 ◦C and 500 ◦C, and the addition of rice husk appears to
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enhance the resistance to thermal degradation of the PP matrix, in agreement with previous
studies [6,9,13]. The silica present in rice husk forms a thermally stable layer that restricts
heat transfer and volatile diffusion during polymer degradation [31]. The earlier onset
of thermal degradation observed in the micronised rice husk composites, compared with
neat PP, can be attributed to the decomposition of the lignocellulosic components of the
filler, namely hemicellulose, cellulose, and lignin, which degrade at lower temperatures
than the PP matrix. Nevertheless, during the main degradation stage of the polymer, the
thermally stable silica phase enhances thermal resistance by forming a protective barrier
that limits heat and mass transfer. This behaviour is evidenced by the shift in the third-stage
DTG peaks to higher temperatures, reduced mass loss, and increased residual ash content,
confirming the effective barrier and reinforcement roles of the rice husk filler in enhancing
the overall thermal stability of the PP matrix.

The comparison between the present results and those from the study by Zhiltsova
et al. [13] (Table 3) shows that polypropylene composites with micronised rice husk exhibit
slightly different thermal behaviour compared to 0.5 mm rice husk fibres. In both cases,
it is observed that increasing the rice husk content leads to greater mass loss during the
second stage of thermal degradation, which is associated with the breakdown of biomass
components such as hemicellulose, cellulose, and lignin, and to lower mass loss during
the third stage, corresponding to the degradation of the PP matrix. This occurs because
composites with higher rice husk content contain less polymer matrix. However, micronised
rice husk particles, due their better dispersion in the PP matrix and larger surface contact
area, promotes more efficient interfacial adhesion, which restricts polymer chain mobility
and consequently delays the thermal degradation of PP, particularly at higher temperatures.
As a result, composites containing micronised rice husk particles show reduced mass loss
in the final stage.

Although the PP composite with 20% non-micronised rice husk presents a slightly
higher onset temperature in the second stage, it exhibits greater mass loss during this
phase and a lower degradation peak in the third stage. Therefore, the composite containing
20% micronised rice husk demonstrates better overall thermal stability, as evidenced by
lower mass loss, a higher degradation peak in the third stage, and a greater percentage of
residual ash. These findings confirm the protective role of silica and the barrier effect of the
micronised particles, which hinder heat and mass transfer during degradation and thereby
delay the thermal decomposition of the polymer matrix.

3.2. Mechanical Characterisation

Regarding mechanical properties, as illustrated in Figure 3 and summarised in Table 4,
the Young’s modulus (E) increased about 4% for PP_Rice_20% and 10% for PP_Rice_30%
(Table 5), in line with the results of Zhiltsova et al. [4], Hidalgo-Salazar and Salinas [9] and
Erdogan and Huner [11]. The increase in viscosity observed in the discussed further rheo-
logical tests and the increase in the degree of crystallinity suggests an enhancement in the
stiffness of the polymer matrix, which naturally results in a higher Young’s modulus [32].

Table 4. Mechanical properties obtained from tensile tests.

Material E (MPA) σy (MPa) εy (%) σb (MPa) εb,(%)

PPv [1] 1020.90 ± [2] 67.00 27.58 ± 0.29 14.22 ±0.41 16.28 ± 0.74 238.21 ±136.30
PP_Rice_20% 1064.90 ± 67.00 27.03 ± 0.27 8.77 ± 0.25 16.64 ± 1.36 30.27 ± 13.02
PP_Rice_30% 1125.33 ± 17.91 26.45 ± 0.12 7.29 ± 0.16 18.71 ± 2.07 15.58 ± 2.12
PP20%rh [1] 1377.02 ± 198.20 20.82 ± 0.20 6.80± 0.33 19.65 ± 0.44 8.55 ± 1.19
PP30%rh [1] 1322.58 ± 170.63 20.60 ± 0.23 6.54 ± 0.69 19.64 ± 0.63 8.33 ± 1.40

[1] Values taken from [4] referring to tensile results for the virgin PP and composites. [2] ±Standard deviation.
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Figure 3. Tensile stress–strain curves of virgin PP (PPv) and PP/rice fibre composites (20 and 30 wt%).

Table 5. Variation in tensile properties (%) of composites relative to virgin PP.

Material ∆ [1] E (%) ∆σy (%) ∆εy (%) ∆σb(%) ∆εb(%)

PP_Rice_20% [3] ↑ 4.31 [2] ↓ 2.03 ↓ 38.29 ↑ 2.19 ↓ 87.29
PP_Rice_30% ↑ 10.23 ↓ 4.12 ↓ 48.71 ↑ 14.92 ↓ 93.45
PP20%rh [1] ↑ 34.88 ↓ 24.46 ↓ 52.18 ↑ 20.68 ↓ 96.41
PP30%rh [1] ↑ 29.55 ↓ 25.26 ↓ 53.99 ↑ 20.62 ↓ 96.50

[1] ∆ variation. [2] ↓ reduction. [3] ↑ increase.

This stiffening effect was statistically validated through one-way ANOVA (the results
are shown in Table 6), which revealed a highly significant difference between the three
groups (PPv, PP_Rice_20%, and PP_Rice_30%) with a p-value < 0.0001 and an F-value
of 31.73. The coefficient of determination (R2 = 0.75) indicated that a large proportion of
the variability in Young’s modulus was explained by the filler content. Post hoc analysis
using Tukey’s HSD test confirmed that all pairwise comparisons between groups were
statistically significant (α = 0.05), showing a clear and progressive increase in stiffness with
increasing filler content.

Table 6. ANOVA results for the mechanical properties of virgin PP and PP composites.

Property F p-Value R2

Young’s modulus 31.73 (2; 21) <0.0001 0.75
Yield stress 37.19 (2; 21) <0.0001 0.78

Stress at break 6.21 (2; 15) 0.011 0.45

As shown in Figure 3 and Table 5, both composites exhibited a slight decrease in yield
stress (σy) when compared to PPv. This trend has been reported by several authors [4,9,11]
and is attributed to the poor adhesion between the hydrophobic matrix and the hydrophilic
fibres. Statistical analysis ANOVA (Table 6) confirmed that this decrease is significant
(F(2, 21) = 37.19, p < 0.0001), with all groups showing statistically different means according
to Tukey’s test. In this notation, 2 and 21 represent the degrees of freedom between and
within groups, respectively. The R2 value of 0.78 indicates that filler content explains a
substantial proportion of the variance in yield stress, reinforcing the conclusion that the
reduction is systematic and not due to random error. This result indicates that the addition
of rice husk particles consistently reduces the yield stress, likely due to stress concentration
points and weak interfacial bonding. As for the stress at break (σb), a slight increase (15%)
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was observed, particularly in the composite containing a higher filler content, as evidenced
by Zhiltsova et al. [4] and Nourbakhsh et al. [12]. The ANOVA results presented in Table 6
support this observation (F(2, 15) = 6.21, p = 0.011), with a statistically significant difference
only between the virgin PP and the PP_Rice_30% (p = 0.008). No significant difference was
found between the 20% composite and the other groups. The coefficient of determination
for this property was R2 = 0.45, suggesting that filler content explains less than half of
the variability in the stress at break. This suggests that only at higher fibre content is the
interfacial reinforcement sufficient to improve the material’s tensile performance at fracture.

Finally, the yield strain (εy
)

and the nominal strain at break (εb) decreased with
the addition of rice husk particles, revealing a more brittle behaviour in the composites,
especially in those with 30% of rice husk, which was also noted by Zhiltsova et al. [4]. The
yield strain was reduced by 38% in PP_Rice_20% and by 49% in PP_Rice_30%. An even
more substantial reduction was observed in the strain at break, which decreased by 87%
and 93%, respectively. These substantial losses in ductility reflect significant molecular-level
changes, likely associated with restricted polymer chain mobility and limited capacity for
plastic deformation due to the presence of rigid lignocellulosic fillers.

To assess the influence of fibres’ granulometry on the mechanical properties of the
composites, a comparison was made with the results reported by Zhiltsova et al. [4]
included in Table 4. Regarding Young’s modulus, a decrease was observed with reduced
particle size, contrary to what other authors reported [15,16]. This discrepancy may be
attributed to the distinct morphology and interface characteristics of micronised particles,
which, despite offering better dispersion, are not aligned and oriented to provide effective
tensile reinforcement [33]. Xu et al. [34] concluded that very fine, powder-like fibres lead to
lower stiffness due to reduced structural continuity. In contrast, yield strength increased
with decreasing particle size. This may be explained by the improved dispersion and stress
transfer provided by micronised particles, which promote better fibre–matrix interaction.
Larger particles, on the other hand, tend to agglomerate and introduce micro voids during
processing, acting as stress concentrators and weakening the composite [15,16,34]. Stress
at break was only slightly influenced by particle size, showing a small decrease in the
composites with micronised filler. When rice husk filler are micronised, their reduced
size improves dispersion in the matrix but also reduces their aspect ratio and structural
reinforcement capacity. As a result, although dispersion is increased, the smaller fibres
are less effective in resisting fracture under tensile stress. This leads to a slight decrease
in the breaking stress. Finally, composites with 0.5 mm fibres exhibited lower nominal
strain at break, indicating a more brittle behaviour compared to the more ductile fracture
of composites with micronised rice husk particles.

According to the data presented in Figure 4 and Table 7, the incorporation of micro-
nised rice husk particles led to a slight enhancement of the flexural properties. The flexural
modulus (Ef) increased by approximately 11% in the composite PP_Rice_30%, a result that
is consistent with the studies of Zhiltsova et al. [4], Nourbakhsh et al. [12], Hidalgo-Salazar
and Salinas [9], and Erdogan and Huner [11], who attributed this Flexural stress–strain
curves of virgin PP (PPv) and PP/rice fibre composites (20 and 30 wt%) strain curve shown
in Figure 4, where a steeper initial slope is observed in the samples with higher filler
content, indicating a stiffer behaviour.

The results of statistical analysis using one-way ANOVA (significance level: α = 0.05)
presented in Table 8 confirmed that this increase in flexural modulus is significant
(F(2, 27) = 32.40, p < 0.0001), indicating that the addition of rice husk particles effectively
enhances the stiffness of the PP matrix. In this test, the values in parentheses represent
the degrees of freedom: 2 for the number of groups minus one (between-group variation),
and 27 for the total number of observations minus the number of groups (within-group
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variation). Post hoc Tukey tests further revealed that both 20% and 30% filler content
composites were significantly different from the neat PP, although no significant difference
was found between the 20% and 30% groups. Moreover, the coefficient of determination
(R2 = 0.71) indicates that 71% of the variance in flexural modulus can be explained by the
filler content, suggesting a strong relationship between the independent variable (filler
percentage) and the mechanical response.

Figure 4. Flexural stress–strain curves of virgin PP (PPv) and PP/rice fibre composites (20 and
30 wt%).

Table 7. Mechanical properties obtained from flexural tests.

Material Ef MPa (%) ∆ [3] Ef (%) σf MPa (%) ∆σf (%)

PPv [1] 1045.30 ± [2] 42.84 - 30.94 ± 0.94 -
PP_Rice_20% 1150.98 ± 17.13 [5] ↑ 10.12 31.77 ± 0.14 ↑ 2.68
PP_Rice_30% 1162.81 ± 13.71 ↑ 11.25 31.81 ± 0.22 ↑ 2.81
PP20%rh [1] 1263.42 ± 77.10 ↑ 20.88 30.29 ± 0.83 [4] ↓ 2.10
PP30%rh [1] 1572.39 ± 66.97 ↑ 50.38 31.44 ± 0.88 ↑ 1.62

[1] Values taken from [4] referring to flexural results for the virgin PP and composites. [2] ±Standard deviation.
[3] ∆ variation. [4] ↓ reduction. [5] ↑ increase.

Table 8. ANOVA results for the flexural properties of virgin PP and PP composites.

Property F p-Value R2

Flexural modulus 32.40 (2; 27) <0.0001 0.71
Flexural strength 2.34 (2; 27) 0.115 0.15

Similarly, the flexural strength (σf) also showed a slight increase, as reported by Nour-
bakhsh et al. [12] and Hidalgo-Salazar and Salinas [9]. However, ANOVA results (Table 8)
indicated that these differences were not statistically significant (F(2, 27) = 2.34, p = 0.115),
suggesting that the observed variation in flexural strength may be due to experimental
variation rather than a consistent effect of particle reinforcement. This interpretation is
supported by the low R2 value (0.15), which indicates that only 15% of the variability in
flexural strength is explained by filler content. Some studies, such as those by Zhiltsova
et al. [4], Erdogan and Huner [11], and Aridi et al. [10], reported a decrease in this property,
which was explained by the formation of agglomerates, moisture absorption, and poor
adhesion between the fibres and the matrix.
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A comparison between the composites with micronised rice husk particles and those
with 0.5 mm particles from Zhiltsova et al. [4] (Table 7) shows that the flexural modulus
is lower for the micronised composites, while their flexural strength is higher. Flexural
strength, which indicates a material’s ability to resist stress before fracture, is improved
in composites with micronised particles due to better load dispersion and, hence, better
stress transfer, confirmed by SEM micrographs (Figure 5) discussed further. In contrast,
larger particles tend to agglomerate, leading to defects and stress concentrations that reduce
strength [35–38]. On the other hand, flexural modulus reflects material stiffness. Larger
particles increase rigidity by acting as mechanical barriers, whereas smaller particles reduce
stiffness due to their limited reinforcement effect and reduced structural continuity [34].

 
(a) 

 
(b) 

Figure 5. SEM images with magnification of 300× for the biocomposites: (a) PP_Rice_20%;
(b) PP_Rice_30%.

3.3. Shrinkage and Dimensional Stability

Measuring the material’s shrinkage is essential to ensure that the part, in this case,
a toilet cistern lid, maintains the tight dimensional tolerances. When plastic cools after
moulding, it shrinks, affecting the part dimensions and its performance. As shown in
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Table 9, the addition of micronised rice husk particles reduces the shrinkage of polypropy-
lene, promoting greater dimensional stability. Shrinkage decreases from 1.203% in the
matrix material to approximately 1.05% for both composites with micronised particles. This
effect is attributed to the restriction of molecular rearrangement caused by the particles
during cooling. A more pronounced reduction in shrinkage was reported for PP20%rh and
for PP30%rh with values of 0.850% and 0.670%, respectively [4]. These findings suggest
that particle size plays a significant role in limiting polymer chain mobility and, conse-
quently, in reducing moulding shrinkage. These results are consistent with the study by
Hidalgo-Salazar and Salinas [9], who also observed improved dimensional stability and a
lower incidence of processing defects such as shrinkage with the addition of fibres.

Table 9. Shrinkage values.

Property Shrinkage (%)

PPv [1] 1.310 ± [2] 0.04
PP_Rice_20% 1.045 ± 0.03
PP_Rice_30% 1.047 ± 0.04
PP20%rh [1] 0.850 ± 0.01
PP30%rh [1] 0.670 ± 0.01

[1] Values taken from [4] referring to shrinkage results for the virgin PP and composites. [2] ±Standard deviation.

3.4. Morphological and Chemical Characterisation

As for the morphological characterisation, Figure 5 shows the SEM images obtained
during the analysis of the fracture surface of the tensile specimens of the biocomposites
under study. The images reveal that the particles in the PP composites with micronised rice
husk are randomly dispersed and exhibit varying sizes. Comparing the composites with
20% and 30% rice husk particles reveals better particles dispersion in the 20% composite.

Using ImageJ software (version 1.54g), the number of particles in the SEM images was
quantified, and the perimeter and area of each detected particle were also measured. The
analysis focused on a sample area of 0.1007 mm2. The particle size distribution analysis
(Figure 6a,b) indicates that the PP_Rice_30% composite exhibits a slightly broader granu-
lometric range than the PP_Rice_20% composite. As shown in Figure 6a, although both
composites have most particles concentrated in the 20–40 µm2 range, a greater number of
particles in PP_Rice_30% fall within the larger size areas (100–500 µm2 and 500–1500 µm2)
(Figure 6a) and above 80 µm in perimeter (Figure 6b). These results suggest a broader
and more heterogeneous particle size distribution in the PP_Rice_30% composite, due to
the increased presence of larger particles compared to the PP_Rice_20% composite. Addi-
tionally, the broader particle size distribution observed in the PP_Rice_30% composite, as
revealed by SEM analysis (Figure 6a,b), is consistent with its significantly reduced strain at
break and yield strain (Table 4), suggesting that the presence of larger particles may have
introduced local stress concentrations. In contrast, the more uniform particle distribution in
the PP_Rice_20% composite appears to promote more homogeneous stress transfer within
the matrix, which correlates with its comparatively higher ductility.

In the PP_Rice_30%, particles agglomeration and higher presence of voids and porosity
are observed (Figure 5b), suggesting poor adhesion between the matrix and the fibres,
which may compromise the mechanical properties of the material. These results are
consistent with previous studies [9,10], which indicated that increasing the fibre content
leads to more voids and fibre detachment, impairing the mechanical performance of the
composites. These conclusions can be corroborated by the works of Zhiltsova et al. [4],
Hidalgo-Salazar and Salinas [9], and Aridi et al. [10], which correlated the fibre content
increase with higher number of voids and fibres detachment. Furthermore, Zhiltsova
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et al. [4] and Hidalgo-Salazar and Salinas [9] concluded that the presence of gaps indicates
weak adhesion between the PP matrix and the rice husk fibres, which may be related to the
poor performance of these composites during tensile tests, particularly in terms of fracture
strain and yield stress. As shown in Table 4, the nominal strain at break of the composites
was significantly lower than that of virgin PP. Although the poor adhesion between the PP
matrix and rice husk particles is a common drawback in natural-fibre-reinforced composites,
several approaches have been proposed in the literature to mitigate this issue. Surface
treatments of fibres (e.g., alkali treatment, silane coupling agents, or compatibilisers such as
maleic anhydride-grafted polypropylene) have been shown to improve interfacial bonding,
reduce void formation, and enhance the overall mechanical performance of the composites.
Alternatively, adhesive or coating techniques have also been investigated as effective
strategies to promote better stress transfer across the fibre–matrix interface [39].

(a) 

(b) 

Figure 6. PP_Rice_20% and PP_Rice_30% composites: (a) particle area distribution; (b) particle
perimeter distribution.

A comparison between the micrographs of the micronised composites and those
reported by Zhiltsova et al. [4], who studied PP composites with 20% and 30% rice husk
fibres with the nominal 0.5 mm fibres’ size, reveals that the micronised composites exhibit
fewer agglomerations. Additionally, composites with larger particle size exhibit more
porous regions with larger voids, indicating inferior fibre–matrix adhesion. These findings
are consistent with the studies of Zafar et al. [40] and Onuoha et al. [41], which investigated
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the influence of particle size on the properties of polystyrene composites with natural fibres
and PP composites with maize fibres, respectively.

Additionally, the energy-dispersive X-ray spectroscopy (EDS) analysis revealed that
the composites are primarily composed of carbon (C), oxygen (O), and silicon (Si) as
illustrated in the EDS spectra presented in Figure 7.

(a) 

(b) 

Figure 7. Chemical composition of (a) PP_Rice_20%; (b) PP_Rice_30%.

The presence of carbon is related to the PP matrix, while the presence of O and Si
comes from the incorporation of rice husk. It is also noteworthy that, as expected, since
the particle content is higher, the amount of Si and O in the PP_Rice_30% is greater than
in the PP_Rice_20%, as show in Table 10. These findings align with those reported in
the previously mentioned work by Zhiltsova et al. [4] and Erdogan and Huner [11], who
analysed PP composites with rice husk fibres using infrared spectroscopy and detected all
the elements mentioned. It should be noted, however, that the EDS analysis was carried out
on the fracture surfaces of the composites, and therefore the spectra reflect the combined
contribution of both the polymer matrix and the rice husk. Analysis of pure rice husk
particles was not conducted, as it was beyond the scope of this study.
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Table 10. Chemical composition of composites.

Material Carbon (C) (%) Oxygen (O) (%) Silicon (Si) (%)

PP_Rice_20% 84.15 14.63 1.22
PP_Rice_30% 83.31 15.20 1.50

3.5. Rheological Characterisation

Three rheological models, the Cross–WLF, Carreau–Yasuda, and Carreau–Yasuda–
WLF, were selected to describe the viscosity behaviour of the PP rice husk composites.
By comparing the results of the models presented in Table 11, it was observed that the
parameter η0 exhibited significant variations. As expected, η0 decreased with increasing
temperature and increased with higher filler content for the same temperature, a typical
behaviour of polymer composites. The increase with filler loading reflects the added resis-
tance to flow caused by the presence of rigid particles, which restrict the movement of the
polymer chains. In the Cross–WLF model, η0 values ranged between 400 and 1600 Pa·s,
indicating sensitivity to both temperature and particle content. In contrast, the Carreau–
Yasuda model yielded higher values, often exceeding 2500 Pa·s for composites with a higher
percentage of rice husk. This is attributed to the fact that the Carreau–Yasuda model adjusts
η0 individually for each temperature and composition, capturing the increasing resistance
to flow at higher filler contents more clearly. The Carreau–Yasuda–WLF model showed
intermediate values with less variation, since the temperature dependence is incorporated
through the WLF shift factor, and a single value of η0 is fitted for all temperatures. Regard-
ing the n, also presented in Table 11, which characterises the degree of pseudoplasticity,
the Cross–WLF model indicated moderate pseudoplastic behaviour (n ranging from 0.22
to 0.27). The Carreau–Yasuda model suggested higher pseudoplasticity (n between 0.14
and 0.19), whereas the Carreau–Yasuda–WLF model exhibited very low values (n between
0.013 and 0.015), suggesting an almost Newtonian behaviour, which is inconsistent with
fibre-reinforced lignocellulosic materials [42]. The quality of the fittings was also assessed
using the coefficient of determination (R2). The Carreau–Yasuda model achieved the best
results (R2 > 0.998), followed by the Cross–WLF model (R2 > 0.999). Although the Carreau–
Yasuda–WLF model accounts for the influence of temperature, it yielded the lowest R2

values (ranging from 0.934 to 0.977).
Although the Carreau–Yasuda model achieved the highest R2, this result is mainly due

to its ability to adjust η0 individually at each temperature and composition, which improves
statistical fitting but reduces physical consistency. In contrast, the Cross–WLF model
couples viscosity and temperature through the WLF shift factor, providing a physically
meaningful description of the temperature dependence with a single set of parameters. This
feature makes the Cross–WLF model more robust and suitable for processing simulations,
where temperature effects must be consistently represented. For this reason, despite the
slightly lower R2, Cross–WLF was considered the most adequate model.

The validity of the time–temperature superposition principle was verified by shift-
ing the experimental viscosity curves obtained at different temperatures. As shown in
Figures 8–10, the raw data and the shifted data exhibited a good superposition, confirm-
ing that the Cross–WLF model adequately describes the temperature dependence of the
composites. This validates the construction of the master curve presented in Figure 11.
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Table 11. Results of the adjustment using different rheological models.

Model Material Temperature (◦C) n η0 (Pa·s) R2

Cross–WLF

Virgin PP
190 0.262 ± [1] 0.015 684 ± 57 0.998
200 0.249 ± 0.003 515 ± 16 0.999
210 0.259 ± 0.000 400 ± 31 0.998

PP_Rice_20%
190 0.228 ± 0.009 1328 ± 149 0.999
200 0.223 ± 0.012 1027 ± 46 0.998
210 0.234 ± 0.015 833 ± 107 0.998

PP_Rice_30%
190 0.232 ± 0.004 1601 ± 105 0.998
200 0.227 ± 0.006 1256 ± 127 0.997
210 0.223 ± 0.007 895 ± 41 0.999

Carreau–
Yasuda

Virgin PP
190 0.139 ± 0.109 955 ± 149 0.999
200 0.155 ± 0.019 635 ± 32 0.999
210 0.145 ± 0.041 507 ± 40 0.999

PP_Rice_20%
190 0.166 ± 0.015 1861 ± 355 0.999
200 0.185 ± 0.017 1447 ± 320 0.999
210 0.167 ± 0.057 1189 ± 453 0.999

PP_Rice_30%
190 0.172 ± 0.028 2523 ± 793 0.999
200 0.145 ± 0.035 2077 ± 710 0.999
210 0.182 ± 0.029 1122 ± 189 0.999

Carreau–
Yasuda–WLF

Virgin PP
190 0.015 ± 0.000 629 ± 10 0.955
200 0.015 ± 0.000 549 ± 9 0.940
210 0.015 ± 0.000 459 ± 5 0.934

PP_Rice_20%
190 0.013 ± 0.000 960 ± 25 0.967
200 0.014 ± 0.000 828 ± 39 0.962
210 0.014 ± 0.000 737 ± 17 0.953

PP_Rice_30%
190 0.013 ± 0.000 975 ± 16 0.977
200 0.013 ± 0.000 874 ± 18 0.962
210 0.014 ± 0.000 778 ± 20 0.952

[1] ±Standard deviation.

Figure 8. Overlay of experimental viscosity data at different temperatures and Cross–WLF model fit
(solid line) for PP virgin.
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Figure 9. Overlay of experimental viscosity data at different temperatures and Cross–WLF model fit
(solid line) for PP_Rice_20%.

Figure 10. Overlay of experimental viscosity data at different temperatures and Cross–WLF model fit
(solid line) for PP_Rice_30%.

Figure 11. Master curve of virgin polypropylene and rice husk composites.
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Table 12 presents the coefficients of the master curve obtained using the Cross–WLF
model from the fitting procedure.

Table 12. Coefficients obtained from the Cross–WLF model.

Material η0 (Pa.s) τ (Pa) n

Virgin PP 561 ± [1] 33 35,494 ± 2188 0.269 ± 0.009
PP_Rice_20% 1037 ± 22 45,252 ± 3180 0.220 ± 0.009
PP_Rice_30% 1129 ± 146 44,178 ± 2012 0.223 ± 0.005

[1] ±Standard deviation.

The analysis of the master curve (Figure 11) and Table 12 revealed that the addition of
micronised rice husk particles did not alter the pseudoplastic behaviour of the composites
(n < 1). This finding is consistent with studies by Magalhães da Silva et al. [43] and Frącz
and Janowski [44], who also reported similar n values (ranging from 0.2 to 0.3) for PP-based
composites reinforced with cork and wood, respectively. It was also observed that η0

increased significantly with particle addition, particularly at low shear rates. This trend,
attributed to matrix–fibre interactions, was similarly reported by Lewandowski et al. [45]
and Magalhães da Silva et al. [43]. The presence of the fibres also led to an extension of
the Newtonian plateau, as reflected by an increase in the parameter τ. Finally, as noted
by Magalhães da Silva et al. [43] and Lima et al. [46], all materials exhibited a decrease in
viscosity with increasing temperature, as shown in Table 12. This behaviour is attributed to
the increase in free volume between molecules, which reduces intermolecular forces and
facilitates flow.

3.6. Moisture Absorption

Moisture absorption characterisation is important, as the product is intended to be
used in humid environment, such as sanitary facilities. Given that it is a composite of
polypropylene with rice husk filler, this test becomes even more relevant, as lignocellulosic
materials are prone to moisture absorption, which can lead to swelling, cracking, and loss
of mechanical properties [47]. For these reasons the 24 h immersion test was adopted as
a preliminary characterisation, with the primary aim of comparing the influence of filler
content and particle size on water absorption behaviour. Although this test provides a
useful first indication of the composites’ hygroscopicity, it does not reproduce long-term
service conditions. For applications in humid environments, extended immersion and
cyclic ageing tests will be necessary to fully validate the composites’ durability.

Based on Table 13 it was observed that the composite with 30% rice husk absorbed
more moisture (0.144%) than the one with 20% (0.111%). These results agree with the SEM
analysis that indicated greater porosity and poor matrix–fibre adhesion in the composite
with higher filler content, facilitating water absorption. These results are consistent with
the studies of Zafar et al. [40] and Hardinnawirda et al. [48], who also associated higher
water absorption with a higher percentage of natural fibres. Regarding swelling (S(%)), the
composites with micronised particles exhibit similarly low swelling values, suggesting that
the composite structure remains stable under short-term water exposure.

Comparing composites with micronised particles (PP_Rice_20% and PP_Rice_30%) to
those with 0.5 mm fibre size (PP20%rh and PP30%rh) reveals lower water absorption in the
former. This indicates that particle size distribution affects the composites’ hygroscopicity,
with finer particles promoting more homogeneous dispersion and fewer voids or channels
for water migration, as supported by morphological analysis. Larger particles tend to retain
their original porous structures more effectively, resulting in higher moisture absorption.
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Table 13. Hygroscopicity test results (24 h duration).

Material M(%) S(%)

PPv [1] 0.015 ± [2] 0.010 -
PP_Rice_20% 0.111 ± 0.037 0.721± 0.538
PP_Rice_30% 0.143± 0.078 0.778 ± 0.673
PP20%rh [1] 0.173 ± 0.030 -
PP30%rh [1] 0.270 ± 0.010 -

[1] Values taken from [4] referring to hygroscopic results for the virgin PP and composites. [2] ±Standard deviation.

3.7. Tribological Characterisation

Surface roughness analysis is essential in manufacturing technical components, as it
affects the appearance, friction, wear, and assembly. Parameters such as Sa, Ra, and Rz assess
roughness, while Rsk and Rku analyse the symmetry and distribution of peaks and valleys,
influencing adhesion and precision. This characterisation helps establish manufacturing
limits to ensure reproducibility. Figure 12 shows the analysed areas, highlighting variations
in roughness.

 
(a) 

  
(b) (c) 

Figure 12. Analysed area of (a) virgin PP, (b) PP_Rice_Husk_20%, (c) PP_Rice_Husk_30%.

The data presented in Table 14 reveals that the addition and increased concentration of
micronised rice husk particles increase the surface roughness of the composites, in line with
the results of Kaymakci et al. [49] and Haq et al. [50]. The incorporation of fibres increases
the viscosity of the material during injection-moulding, leading to less homogeneous flow
patterns and more irregular surfaces [51]. Rigid particles, such as rice husk fibres/particles,
contribute to higher surface roughness compared to neat polypropylene [49]. This effect
is further intensified at higher fibre contents, due to the greater exposure of particles on
the surface.

The Rsk values presented in (Table 14), which reflect surface profile asymmetry, indicate
that all composites exhibit negative Rsk values, unlike neat PP, which shows a positive
value. A positive Rsk in neat PP suggests the presence of dominant peaks and less uniform
roughness distribution, despite its overall low roughness. In contrast, negative Rsk values in
the composites imply surfaces with more valleys than peaks and a more evenly distributed
roughness. This is associated with improved dimensional stability and reduced polymer
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shrinkage due to particle addition, which prevents the formation of prominent peaks. These
observations are supported by Figure 12, where neat PP (Figure 12a) shows colour variation
(indicating uneven roughness), while the composites Figure 12b,c) present a uniform
green profile, confirming a more homogeneous surface. The Rku parameter increased
with the introduction of particles, reflecting more pronounced peaks and valleys, but
decreased with increasing concentration, suggesting a more uniform profile, possibly due
to surface saturation.

Table 14. Roughness parameters of the different materials under analysis.

Material Sa [µm] Rz [µm] Ra [µm] Rsk [µm] Rku [µm]

Virgin PP 0.34 2.38 0.30 0.57 3.65
PP_Rice_20% 0.78 10.37 0.71 −2.52 15.19
PP_Rice_30% 1.06 12.16 1.05 −2.22 11.37

The roughness of a material is also related to its tendency to absorb water. Exposure
of composite materials to water generally increases surface roughness, which is caused
by the uneven swelling of the fibres and the leaching of water-soluble components. This
phenomenon can lead to microcracks on the surface or even localised delamination between
the polymer matrix and the fibres [51,52]. These changes can compromise the aesthetic
quality, dimensional stability, and long-term mechanical performance of the part. Therefore,
to assess the influence of moisture on the surface morphology, the composites’ roughness
was also assessed after the short-term water immersion test.

After 24 h water immersion, the composites surface morphology became more dete-
riorated (Figure 13a,b), reflected as an increase in the values of Sa, Ra, and Rz (Table 15).
PP_Rice_30%, showed greater susceptibility to surface degradation and moisture absorp-
tion. This behaviour is consistent with the results obtained in the hygroscopicity analysis,
where this material showed higher water absorption, and with the observations from the
SEM analysis, which revealed a higher presence of voids and particles agglomeration.
On the other hand, the PP_Rice_20% showed smaller changes in roughness parameters,
suggesting a more even surface aligned with higher resistance to water absorption. The
decrease in the absolute values of Rsk and Rku in both cases indicate surface smoothing
and reduced asymmetry, possibly caused by localised swelling induced by the hydrophilic
particles within the composite structure.

 
(a) (b) 

Figure 13. Analysed area after hygroscopicity test: (a) PP_Rice_Husk_20%; (b) PP_Rice_Husk_30%.
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Table 15. Roughness parameters of the different materials after hygroscopicity tests.

Material Sa [µm] Rz [µm] Ra [µm] Rsk [µm] Rku [µm]

PP_Rice_20% 1.38 15.59 1.25 −2.25 11.80
PP_Rice_30% 1.97 21.40 2.04 −1.94 8.85

4. Conclusions
The analysed biocomposites demonstrated promising performance to meet the func-

tional, processability, and aesthetic requirements of the intended application. Morpho-
logically, the particles were generally well dispersed, though minor agglomerations and
adhesion issues were observed, especially at higher filler contents. The rice husk acted
as a nucleating agent, enhancing both crystallinity and thermal stability. Although the
incorporation of micronised rice husk caused a noticeable reduction in the onset tempera-
ture (T5%) from 374.1 ◦C to 309.2 for PP_Rice_20% and for 296.2 for PP_Rice_30%, due to
the early decomposition of lignocellulosic components, it increased the main DTG peak
by up to 17.6 ◦C, indicating delayed degradation of the PP matrix and a more thermally
stable composite structure. Additionally, the composites exhibited rheological behaviour
suitable for injection moulding. Mechanically, performance remained adequate, although
toughness decreased with increasing filler content. Water absorption was more pronounced
at 30% particle content, potentially affecting dimensional stability in humid environments.
Surface roughness increased with filler addition but remained within acceptable limits.

Overall, the PP-based composite with 20% rice husk particles was identified as the
most suitable option for producing the toilet cistern lid, offering the best balance between
processability, aesthetics, mechanical strength, and dimensional stability. The study also
highlighted the beneficial effect of micronisation, which improved dispersion and flexural
performance, despite a slight reduction in stiffness. Future work should explore long-term
moisture behaviour and incorporate moulding simulations to optimise part design and
manufacturing performance.
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