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ABSTRACT

Spent coffee grounds (SCG) represent a high volume agro-industrial waste stream generated globally, and their
valorization as biofillers in thermoplastic composites offers a promising pathway for waste reduction and sustain-
able material development. This study examines the influence of alkali treatment and filler loading (5, 10, 15, and
20 wt%) on the physical, rheological, and mechanical behavior of polypropylene (PP) composites reinforced with
SCG. Composites were produced by injection molding and characterized in terms of density, melt flow index
(MFTI), Shore D hardness, and tensile properties. One-way ANOVA (Analysis of variance) confirmed statistically
significant differences among all formulations for every measured property (p < 0.05), and Tukey’s honestly sig-
nificant difference (HSD) post hoc tests (o = 0.05) were applied to identify homogeneous subsets. Alkali treatment
improved SCG surface roughness and interfacial adhesion with the PP matrix, as confirmed by optical microscopy.
Mechanically, treated composites retained tensile strength close to neat PP at low filler loadings (38.6-40.5 MPa
at 5-10 wt%), while hardness increased progressively, reaching 66.96 Shore D at 20 wt%. The MFI dropped by
approximately 31% for untreated composites and approximately 75% for treated ones at 20 wt%, relative to neat
PP (17.03 g/10 min). Composite density increased by up to 6.6% with SCG addition. Four regression models were
fitted to each measured property; quadratic models yielded the highest R? values for most parameters, while elon-
gation at break followed a linear trend. Treated composites consistently showed higher R? values than untreated
ones, confirming that surface treatment improves the predictability of composite behavior. These results demon-
strate that SCG can be effectively valorized as an eco-friendly biofiller in PP-based materials, contributing to both
waste reduction and the development of more sustainable composites.

Keywords: biocomposites, polypropylene, spent coffee grounds, waste valorization, alkali treatment, injection
molding, regression modeling.

INTRODUCTION

Growing environmental awareness and the
need to reduce dependence on petroleum-derived
materials have driven considerable interest in
polymer-based biocomposites, which combine
synthetic matrices with natural or waste-derived
fillers to achieve a more sustainable balance
between performance and ecological impact
(Raj et al., 2021; Viisédnen et al., 2016). Some

formulations also show potential in packaging
applications where reduced environmental im-
pact is a priority (Kamarudin et al., 2022). For
structural applications, natural fiber reinforced
hybrid polymer composites offer superior me-
chanical performance, making them suitable for
demanding uses while reducing dependence on
petroleum-based polymers (Nurazzi et al., 2021).
Furthermore, natural fiber reinforced polymer
composites are increasingly recognized for their
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sustainability, as they combine renewable re-
sources with flexible manufacturing processes to
produce lightweight and strong materials (Kama-
rudin, Mohd Basri, et al., 2022).

Among thermoplastic matrices, polypropyl-
ene (PP) stands out for its favorable combina-
tion of mechanical performance, processability,
and cost, which has made it a material of choice
across the automotive, packaging, and construc-
tion sectors (Liao et al.,, 2019). Natural fibers
are attracting growing interest as reinforcements
in PP-based composites due to their renewable,
biodegradable, and economical nature (McKay
et al., 2024; Vigneshwaran et al., 2020). Their in-
corporation not only improves stiffness and spe-
cific strength, but also reduces the environmental
footprint of PP-based materials (Khoathane et al.,
2008). Processing conditions play a decisive role
in the interfacial adhesion and overall mechani-
cal performance of these composites (Qaiss et
al., 2015). Recent advances, notably the alkaline
treatment of natural fibers, have proven effective
in improving interfacial adhesion and mechani-
cal performance in PP-based biocomposites (Os-
man et al., 2025).

Among bio-based fillers, SCG have attracted
particular interest due to the scale of their global
production and the practical challenges associated
with their disposal. Their lignocellulosic compo-
sition rich in cellulose, hemicellulose, and lignin
makes them structurally relevant as reinforcing
agents, and their abundance positions them as an
accessible, low-cost biofiller for thermoplastic ap-
plications (Campos-Vega et al., 2015; Hernandez-
Varela and Medina, 2023). Studies on PP-based
composites have revealed an increase in stiffness,
accompanied by a decrease in tensile strength and
elongation at break, particularly when the SCG
remained untreated. Alkaline treatment has im-
proved these properties by enhancing interfacial
adhesion (Thanh et al., 2023).

Surface modification through alkaline treat-
ment has proven to be one of the most practical
and cost-effective approaches for improving fiber-
matrix compatibility in PP-based biocomposites.
By partially removing lignin, waxes, and surface
impurities, NaOH treatment increases surface
roughness and exposes more reactive hydroxyl
groups, which promotes mechanical interlocking
and chemical affinity at the interface (Osman et
al., 2025; Xiao et al., 2022).

Despite this body of work, several critical
gaps remain unaddressed in the literature. First,
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most PP/SCG studies report experimental prop-
erty values at fixed filler loadings without apply-
ing regression modeling to quantify how filler
content continuously drives property evolution.
Second, the statistical significance of property
differences between untreated and alkali-treated
formulations is rarely assessed through rigorous
inferential frameworks, limiting the reproducibil-
ity and comparability of reported results. Third, a
systematic head-to-head comparison of untreated
versus alkali-treated SCG across multiple regres-
sion frameworks has not been reported, leaving
the question of whether surface treatment im-
proves the regularity and predictability of com-
posite behavior unresolved.

The present study seeks to fill these gaps by
investigating the effects of alkali surface treat-
ment and filler loading (5, 10, 15, and 20 wt%)
on the mechanical, rheological, and physical per-
formance of injection-molded PP/SCG biocom-
posites. The central scientific hypothesis is that
alkali surface treatment fundamentally alters the
predictability and regularity of property evolution
by promoting more uniform filler dispersion and
limiting particle agglomeration within the poly-
mer matrix. Consequently, the primary objective
of this work is to identify and validate the under-
lying mathematical patterns linear, quadratic, log-
arithmic, or exponential governing these property
transitions as a function of filler content. By de-
termining the most appropriate predictive frame-
works for each property, this study aims to pro-
vide a quantitative modeling approach that bridg-
es empirical observation and reliable engineering
design of sustainable PP-based biocomposites.

MATERIALS AND METHODS

Materials

The polymer matrix is a commercial PP ho-
mopolymer (Al Waha Petrochemical Company,
Jubail, Saudi Arabia) supplied as white granules
with a density of 0.90 g/cm?.

Preparation of spent coffee grounds (SCG)

Untreated spent coffee grounds

SCG were collected from a cafeteria in Me-
knes, Morocco. The material was washed with
hot water to remove impurities and oils, rinsed
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with cold water, oven-dried, and sieved to obtain
particles with an average size of 63 um.

Alkaline treatment of spent coffee grounds

Dried SCG were immersed in an 8 wt%
NaOH solution at room temperature for 24 hours.
After treatment, the SCG were filtered, washed
repeatedly with distilled water until neutral pH,
dried at 60 °C for 12 hours, and sieved through a
63 um mesh (Thanh et al., 2023).

Manufacturing of PP composites

PP-based composites, reinforced with treated
and untreated SCG, were manufactured using an
injection molding machine BTW 1400-S (Beston
Group V1400-410, Ningbo, Zhejiang, China).
The processing parameters included a tempera-
ture range of 180-210 °C, an injection pressure
of 30 bar, and an injection velocity of 20 mm/s
(Karaoui et al., 2025). The composition of the PP/
SCG composites is presented in Table 1.

Experimental procedure

Optical microscopy

Optical microscopy was performed using a
JSM-IT500HR In Touch Scope™ microscope
(JEOL Ltd., Tokyo, Japan) to analyze the dis-
persion behavior of SCG within the PP matrix
(Karaoui et al., 2025).

Mechanical properties

Tensile tests were performed using a univer-
sal testing machine model EM0-20KN equipped
with a 500 N load cell (ERM Fab and Test, Car-
pentras, France), operating at a crosshead speed
of 30 mm/min and a temperature of 23 °C, in ac-
cordance with ISO 527-2type SA (International

Organization for Standardization, 2012). The re-
duced section of the specimens had dimensions of
25 x 4 x 2 mm (length x width x thickness), and
representative specimens are presented in Figure
1. Five replicate specimens were tested per condi-
tion, in line with standard practice for mechanical
testing of polymer composites. The stress-strain
curves generated served to determine Young’s
modulus, tensile strength, and tensile strain.

Hardness measurements were carried out
using a Shore D Durometer (Innovatest Europe
BV, Borgharenweg Maastricht, The Nether-
lands), in accordance with the NF EN ISO 868
standard (International Organization for Stan-
dardization (ISO), 2003). For each sample, five
measurements were taken, and the software of
the instrument automatically computed the mean
hardness value.

Melt flow index (MFI)

The flow behavior was evaluated using a Tin-
ius Olsen MP1200 melt flow tester (Tinius Olsen
Ltd., Horsham, PA, USA), according to ASTM
D1238, ISO 1133-1 (International Organization
for Standardization (ISO), 2022), and ISO 1133-
2 standards (International Organization for Stan-
dardization (ISO), 2011). Granular samples were
loaded into the barrel at 230°C under a 2.16 kg
load, and the mass of polymer extruded over a
given time was measured. The MFI was calcu-
lated using Equation 1:

MFI (g/10 min) =m xt /t, (D)

where: m represents the mass of extrudate, . cor-
responds to the reference time, and ¢ is
the extrusion time.

Each measurement was repeated three times,
and the average value was reported.

Figure 1. Images of PP specimens incorporated with varying amounts of untreated spent coffee ground:
(a) untreated, (b) treated
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Table 1. Composition of fabricated PP-based compo-
sites reinforced with SCG

Sample SCG content PP content

(Wt%) (Wt%)

PP 0 100
PP/SCG-5% 5 95
PP/SCG-10% 10 90
PP/SCG-15% 15 85
PP/SCG-20% 20 80

Density

Density assessments were carried out fol-
lowing ISO 1183 (International Organization for
Standardization (ISO), 2006), utilizing a ZLS
220A SCS densitometer (ZwickRoell, Ulm, Ger-
many). Each sample was first measured in air
mode, then its submerged density was determined
by immersion in distilled water. The average of
three separate specimens was reported.

Statistical analysis and regression modeling

Statistical analyses and regression modeling
were performed using RStudio and OriginPro.
For each measured property, means and standard
deviations were computed from five replicates
per formulation. One-way ANOVA was applied
to assess the significance of differences among
formulations, and when significant effects were
detected, Tukey’s HSD post hoc test was conduct-
ed at a significance level of (o = 0.05) to identify
statistically homogeneous subsets. Group mem-
bership was denoted by lowercase letters, with
different letters indicating statistically significant
differences between means.

To quantify the relationship between SCG
content and composite properties, four regression
models were fitted to the experimental data: lin-
ear, quadratic, exponential, and logarithmic. The
coefficient of determination (R?) was used as the
primary goodness-of-fit criterion to identify the
model best describing property evolution as a
function of filler loading.

RESULTS AND DISCUSSION

Visual aspect and optical microscopy

After incorporation of the filler, the appear-
ance of the biocomposites was altered progres-
sively, with filled specimens exhibiting darker
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coloration compared to pure PP (Figure 1). The
darkening with increasing SCG content can be
attributed to the lignocellulosic particles within
the polymer matrix, which create irregular re-
gions with varying refractive indices and dark
absorption zones. Alkaline treatment partially
removes lignin, oils, and phenolic pigments, re-
sulting in lighter and more homogeneous com-
posites. Similar observations were reported
by (Ortiz-Barajas et al., 2020) for polylactide
composites incorporating torrefied coffee husk
flour, and (Stelea et al., 2022) for hemp-fiber-
reinforced thermoplastic composites.

Optical microscopy images (Figures 2 and 3)
confirm that untreated SCG composites exhibit
more heterogeneous filler dispersion at higher
loadings, with visible agglomerates that act as
stress concentration points. Treated composites
show smaller, more uniformly distributed parti-
cles, attributable to the removal of surface impu-
rities by NaOH treatment, which improves inter-
facial adhesion with the PP matrix (Osman et al.,
2025; Xiao et al., 2022).

General properties of PP/SCG biocomposites

Table 2 summarizes the mean values and
standard deviations of all measured properties for
each composite formulation. One-way ANOVA
confirmed statistically significant differences
among groups for all parameters (p < 0.05), and
post hoc Tukey HSD tests were applied to iden-
tify homogeneous subsets (o = 0.05).

Tensile properties

Figure 4 illustrates the effect of SCG incorpo-
ration and alkali surface treatment on the Young’s
modulus of the biocomposites. One-way ANO-
VA reveals that both filler loading and chemical
modification exert a highly significant effect on
material stiffness (p < 0.001; F = 42.11). Post
hoc Tukey’s HSD test confirms that alkali-treated
composites at 5—15 wt% share the same superior
statistical subset as neat PP (group ‘a’), indicating
that stiffness was effectively maintained within
this concentration range. This behavior is consis-
tent with improved filler-matrix interaction and a
satisfactory dispersion state, which may facilitate
stress transfer throughout the composite structure
(Vilaseca et al., 2010). Untreated formulations
follow a distinct statistical path: a significant
stiffness drop is observed at 5 wt% Untreated



Ecological Engineering & Environmental Technology 2026, 27(7), 405-418

Figure 2. Microscope optical images of untreated SCG and PP/SCG composites: (a) PP, (b) PP/SCG-5,
(c) PP/SCG-10, (d) PP/SCG-15, and (¢) PP/SCG-20

Figure 3. Microscope optical images of treated SCG and PP/SCG composites: (a) PP/SCG-5, (b) PP/SCG-10,
(c) PP/SCG-15, and (d) PP/SCG-20
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Table 2. Mechanical, physical, and rheological properties of PP/SCG biocomposites

Mechanical properties Physical and rljeologlcal
. properties
Formulation - -
Young’s modulus | Tensile strength Strain (%) Hardness MFI Density (g/cm?)
(GPa) (MPa) ° (Shore D) (g/10min) ¥ {9

PP 0.9514 +0.026 |40.15 +1.97388 | 0.3366 +0.055 61.20 £0.26 | 17.03 ¥2.56 | 0.9037 £0.0015
PP/SCG- | Untreated | 0.8260 +0.0456 39.9 +0.624 0.185 £0.078 61.70 £0.20 | 13.87 £1.87 | 0.922 +0.0046
5% Treated | 1.0062 +0.0484 38.6 £0.71 0.1395 +0.025 | 64.57 +2.968 | 10.72 +1.52 | 0.9087 +0.0051
PP/SCG- | Untreated | 0.8796 +0.0606 37.62 +2.29 0.161 +0.049 62.83 £0.305 | 11.92 +2.27 | 0.9297 +0.0042
10% Treated | 1.0248 +0.0561 | 40.47 +2.804 0.181 £0.021 65.43 +0.808 | 9.20 +1.52 | 0.9107 +0.0097
PP/SCG- | Untreated | 0.8862 +0.057 36.76 £2.819 | 0.1618 £+0.021 | 63.27 £0.251 | 11.84 £0.84 | 0.9587 +0.0155
15% Treated | 1.0196 £0.0532 | 35.175+0.796 | 0.1142 +0.011 | 66.43 +1.8903 | 4.88 +1.685 | 0.9370 +0.0053
PP/SCG- | Untreated | 0.6894 £0.0292 | 31.89 +2.635 | 0.0420 +0.019 63.3 +0.80 | 11.76 +0.87 | 0.9610 £0.0132
20% Treated | 0.662 +0.0309 | 30.84 +1.1898 | 0.1776 +0.005 66.97 +2.41 | 4.24 +0.692 | 0.9587 +0.0025

ANOVA(p-value) 5.55E-16 1.74E-10 3.73E-8 0.001 4.0533E-7 5.7103E-8

Note: Values are presented as mean + SD (standard deviation) based on five replicates per formulation.

p-values are derived from one-way ANOVA.

(group ‘b’), followed by a partial recovery at
10-15 wt% treated (group ‘ab’), where the higher
volume fraction of rigid lignocellulosic particles
partly compensates for poor interfacial adhesion.
At 20 wt%, both treated and untreated compos-
ites collapse into the same lower statistical subset
(group ‘c’), attributed to particle agglomeration
and micro-void formation disrupting matrix ho-
mogeneity consistent with findings reported by
(Serra-Parareda et al., 2021) for PP composites
reinforced with henequen fibers.

The evolution of the composite tensile
strength is presented in Figure 5. ANOVA con-
firmed a highly significant variation in the maxi-
mum load-bearing capacities (p < 0.001; F =
17.65). Tukey’s post-hoc analysis demonstrates
that while the neat polymer exhibits the highest
tensile strength (~40 MPa), it remains statisti-
cally identical to the 5 wt.% untreated, 5 and 10
wt.% treated formulations, which share the same
dominant statistical family (group ‘a’). This sta-
tistical equivalence indicates that the incorpora-
tion of SCG at low filler contents did not signifi-
cantly compromise the tensile strength of the PP
matrix. This behavior may be associated with a
relatively satisfactory filler dispersion and suffi-
cient filler-matrix interaction, allowing effective
stress transfer within the composite. However,
untreated formulations show a steady, statisti-
cally validated decline at intermediate thresholds
(group ‘ab’), which worsens significantly as the
loading increases. A major statistical drop is ini-
tiated at 15 wt.% treated (group ‘b’), and the ul-
timate mechanical collapse is reached at 20 wt.%
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for both untreated and treated conditions, which
are clustered together in the lowest homogeneous
subset (group ‘c’). This convergence suggests
that increasing the filler loading beyond a certain
threshold may adversely affect the composite
structure, potentially due to reduced dispersion
quality and increased filler-filler interactions. Un-
der these conditions, the beneficial effect of alka-
li treatment appears to become less pronounced.
This behavior is consistent with findings reported
by (Karaoui et al., 2023) for untreated SCG in
PP, and by (Safwan et al., 2013) for palm fruitlet
fiber composites.

The strain values (Figure 6) decrease sig-
nificantly upon SCG addition relative to neat PP
(0.3360), confirming a significant brittle transi-
tion (p < 0.001; F = 12.01). Tukey’s HSD test
isolates the neat matrix at the apex of ductil-
ity (group ‘a’), while a broad statistical overlap
characterizes the majority of the loaded formu-
lations. The 5 wt.% untreated formulation exhib-
its a significant initial drop, shifting to group ‘b’.
Interestingly, a wide, statistically homogeneous
plateau (group ‘bc’) encompasses almost all oth-
er composites, spanning from low to high load-
ings regardless of treatment. A unique exception
is observed at 15 wt.% untreated, which reaches
a minimum elongation subset (group ‘c’), sug-
gesting a more restricted deformation capability,
which may be associated with increased filler-
filler interactions and reduced matrix mobility.
The slight statistical variation and partial recov-
ery noted at 20 wt.% treated (returning to group
‘bc’) may be related to local variations in the



Ecological Engineering & Environmental Technology 2026, 27(7), 405-418

Untreated
1,2 < Treated
a ab ab
104 2@ I - I
—~ 1= 1 all al L
S b
) 1 %
> 084
E: % / 7 c ¢
] T
T
3 T
£ 006+
»w
o
c
3 04-
>
0,2
0,0 v T . r
PP PP/SCG-5% PP/SCG-10% PP/SCG-15% PP/SCG-20%

Figure 4. Young’s modulus of PP/SCG biocomposites. Error bars represent standard deviations.
Different letters indicate statistically significant differences (Tukey HSD, a = 0.05)
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Figure 5. Tensile strength of PP/SCG biocomposites. Error bars represent standard deviations.
Different letters indicate statistically significant differences (Tukey HSD, a = 0.05)

composite microstructure and stress distribution
at high filler loading, a phenomenon similarly
documented by (Karaoui et al., 2023) for PS/
snail shell composites.

Hardness

Figure 7 shows a progressive increase in
hardness as SCG content rises from 0% to 20%.
The ANOVA framework validates that varia-
tions in SCG content induce a statistically sig-
nificant modification of the material hardness

(p = 0.001; F = 5.57). Pairwise comparisons
reveal that lower filler contents (up to 10 wt.%
treated and 5 wt.% untreated) remain statisti-
cally uniform and identical to the neat polymer
matrix, sharing the baseline statistical family
(group ‘a’), suggesting that the filler contribu-
tion to surface rigidity is not yet dominant at
these loadings. As the filler fraction increases, a
structural transition zone emerges for 10 and 15
wt.% untreated (group ‘ab’), before a sharp sta-
tistical enhancement is validated for the highly
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Figure 7. Shore D hardness of PP/SCG biocomposites. Error bars represent standard deviations.
Different letters indicate statistically significant differences (Tukey HSD, a = 0.05)

loaded treated formulations. In fact, Tukey’s
test clusters the 15 and 20 wt.% treated compos-
ites within the highest hardness subsets (groups
‘b’ and ‘c¢’). These observations are consistent
with the findings of (Fernandes et al., 2022),
who reported that alkali treatment significantly
enhances hardness in PP composites reinforced
with natural fibers. Similar trends were also re-
ported by (Chakir, Alami, et al., 2024; Chakir,
Mohamed, et al., 2024) for PP composites rein-
forced with calcium carbonate and wood flour
filler, respectively.
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Melt flow index

The rheological processability of the formu-
lations was evaluated via MFI testing (Figure
8). One-way ANOVA confirmed that the com-
pounding parameters severely alter the melt flu-
idity (p < 0.001; F = 18.05). Post-hoc Tukey’s
comparisons show that the neat PP possesses
the absolute highest fluidity (group ‘a’). Upon
filler addition, the untreated composites show
a gradual decrease in melt flow, transitioning
to an intermediate plateau shared by most raw
formulations (group ‘b’). Pure PP exhibits the
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highest flow rate (17.03 g/10 min). Upon the
addition of untreated SCG, melt flow decreases
to 11.76 g/10 min at 20 wt.% untreated. Cru-
cially, alkali-treated composites display a sig-
nificantly more severe drop in fluidity across
all corresponding loading levels, collapsing to
a minimum of 4.24 g/10 min at 20 wt.% treated
(group ‘¢’). This pronounced rheological dif-
ference between untreated and treated compos-
ites suggests that alkali treatment substantially
modifies the interactions between the filler and
the polymer matrix. The stronger reduction in
melt flow observed for treated SCG may be
associated with enhanced filler-matrix inter-
actions and increased resistance to polymer
chain mobility within the molten composite.
Statistically validated by the isolation of group
‘c’, this behavior demonstrates that the chemi-
cal removal of superficial hemicellulose and
impurities successfully exposed the polar cel-
lulose fibers. The observed decrease in flow
may therefore result from a combination of in-
creased filler-matrix interactions and the higher
restriction imposed on polymer chain move-
ment within the melt. Comparable patterns
were reported in PP composites reinforced with
agricultural waste fillers (Fayzullin et al., 2024;
Zhiltsova et al., 2024), and the beneficial effect
of alkali treatment on processability was con-
firmed by (Mohd Salehudiin et al., 2023) for
kenaf-reinforced PP composites.

Density

Figure 9 shows that composite density rises
progressively with SCG content (p < 0.001; F =
23.18). Tukey’s multi-comparison test success-
fully organizes the density profiles into clear be-
havioral clusters. The neat PP matrix (0.904 g/
cm?), 5 wt% treated, and 5 wt% untreated formu-
lations are grouped together in the lowest density
family (group ‘a’). This initial stability indicates
that at low volumes, the filler is smoothly inte-
grated without inducing immediate structural ex-
pansion. As expected, increasing the filler load-
ing pushes the composites into statistically higher
density subsets, peaking at 0.9610 g/ cm?® at 20
wt% untreated (group ‘c’). This shift is math-
ematically driven by the high intrinsic density
of the SCG bio-filler (~2.23 g/ cm?®) compared to
the raw PP matrix (~0.90 g/ cm?®), adhering to the
rules of spatial Rule of Mixtures (Gillespie et al.,
2024). Interestingly, the alkali-treated composites
display a systematically tighter and slightly lower
density scale compared to their untreated coun-
terparts. This high statistical reproducibility and
the absence of erratic density spikes provide solid
physical proof of a highly uniform filler disper-
sion; the chemical modification prevents random
particle clustering, which in turn optimizes pack-
ing geometry and minimizes the inclusion of un-
controlled micro-voids at the interfacial boundar-
ies (Fernandes et al., 2022).
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Figure 8. Melt flow index of PP/SCG biocomposites. Error bars represent standard deviations.
Different letters indicate statistically significant differences (Tukey HSD, a = 0.05)
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Regression modeling analysis

Figures 10—13 present the regression analyses
for all measured properties as a function of SCG
content. Table 3 summarizes the R*> values and
best-fitting models for each property. Quadratic
regression provides the highest R? values for most
parameters, confirming the predominantly non-
linear dependence of composite properties on filler
content. This non-linearity reflects the complex
interplay between filler content, matrix continu-
ity, and interfacial interactions. In contrast, strain
is best described by a linear model, suggesting a

(a) L

Treated: y =-0.0113x + 1.0459 (R'=0.336)

Untreated: y =-0.0093x + 0.9393 (R?=0.555)
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Troated: y = -0.2516x + 15.7992 (R? = 0.766)

Untreated: y = -0.6284x + 16.4878 (R? = 0.824)

-
;
g

more uniform deformation response. Treated SCG
composites generally exhibit higher R? values than
untreated ones, indicating more predictable prop-
erty evolution. The radar chart (Figure 14) further
illustrates that treatment improves predictability
for stiffness and density, while untreated compos-
ites better capture deformation-related behavior.
These observations are consistent with previ-
ous studies on PP-based natural fiber composites,
where regression modeling has been used to pre-
dict mechanical performance and analyze the in-
fluence of filler content and treatment (Fernandes
et al., 2022; Savran et al., 2022; Xiao et al., 2022).
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Figure 10. Linear regression of Young’s modulus (a), strain (b), tensile strength (c), hardness (d),
melt flow index (e), and density (f) of PP/SCG composites as a function of treated and untreated SCG content
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melt flow index (e), and density (f) of PP/SCG composites as a function of treated and untreated SCG content
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Figure 12. Exponential regression of Young’s modulus (a), strain (b), tensile strength (c), hardness (d),
melt flow index (e), and density (f) of PP/SCG composites as a function of treated and untreated SCG content
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Figure 13. Logarithmic regression of Young’s modulus (a), strain (b), tensile strength (c), hardness (d),
melt flow index (e), and density (f) of PP/SCG composites as a function of treated and untreated SCG content
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Figure 14. Radar plot of R? for PP/SCG composite properties

Table 3. Regression analysis results: coefficients of determination (R?) for PP/SCG composites

RZ
Parameter Equation (untreated) Equation (treated) Model
Untreated | Treated
> - _ 2
Young's | 6o1 | 0877 y=-0.000546¢ + 0.00157x + |\ _ _¢ 0024242 + 0.03719x + 0.92464 | Quadratic
modulus 0.00157
Strain 0.971 0.819 y = -0.7098x + 27.5374 y = -0.6866x + 25.8518 Linear
;fgf;; 0.966 0.915 | y=-0.0223x?+ 0.05279x + 40.083 | y =-0.0364x2 + 0.2856x + 39.643 | Quadratic
Hardness | 0.960 0.973 | y=-0.00466x> + 0.2861x + 61.073 | y=-0.01581x2 + 0.5841x + 61.449 | Quadratic
Melllow | 0974 | 0989 | y=00244x-1.1163x+ 16718 y = 0.0229x2 -0.7101x + 16.946 | Quadratic
Density 0.952 0.979 |y =-0.00003x> + 0.003636x + 0.903 | y = 0.000165x* -0.000529x + 0.904 | Quadratic

CONCLUSIONS

The experimental results confirm that SCG
whether untreated or alkali-treated can be incor-
porated into PP at loadings up to 20 wt% with-
out fundamentally compromising processability.
One-way ANOVA confirmed statistically signifi-
cant differences among all formulations for every
measured property (p < 0.05), and post hoc Tukey
HSD tests (a = 0.05) revealed that alkali-treated
composites at 5—15 wt% were statistically equiv-
alent to neat PP in terms of stiffness, while the
20 wt% loading constituted a distinct threshold
of property degradation for both treated and un-
treated systems.

Alkali treatment improved surface roughness
and filler-matrix compatibility, translating into
more stable mechanical behavior and better flow
characteristics. With increasing filler content,
hardness and density rose progressively while
elongation at break declined, consistent with
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restricted mobility of polymer chains around rigid
filler particles. Tensile strength remained close to
neat PP at lower loadings (5—10 wt%) for treated
composites. The reduction in MFI was more pro-
nounced in treated composites (~75% at 20 wt%)
than in untreated ones (~31%), confirming that
stronger interfacial bonding restricts melt flow
more significantly.

Quadratic regression models provided the
best fit for most measured properties, reflecting
the non-linear nature of filler-matrix interac-
tions. Elongation at break followed a linear trend.
Higher R? values for treated composites confirm
that alkali treatment leads to more predictable
and consistent property evolution. These findings
confirm that SCG especially after alkali treatment
represent a viable and sustainable biofiller for PP-
based composites, and that regression modeling
provides an effective quantitative framework for
characterizing filler-content-dependent behavior
within the 5-20 wt% loading range.
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