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Abstract

The accumulation of post-consumer polyethylene terephthalate (PET) waste
necessitates value-added recycling strategies that restore mechanical performance
while maintaining environmental sustainability. In this study, recycled PET (rPET) was
reinforced with 20 wt% short jute fibres subjected to untreated (UT), NaOH-treated
(NT), and silane-treated (ST) surface modifications. Composites were fabricated by
injection moulding and characterised using X-ray diffraction and FTIR to confirm
removal of amorphous constituents and formation of interfacial siloxane linkages.
Surface treatment improved consolidation, with experimental density increasing
from 1.22 to 1.24 g/cm?® and porosity decreasing from 3.9% to 2.4%. Correspondingly,
tensile strength increased from 38.78 to 48.29 MPa, flexural strength from 50.30 to
68.84 MPa, short-beam shear strength from 11.74 to 14.66 MPa, and hardness from
77 to 81 Shore D. One-way ANOVA confirmed statistically significant improvements
(p<0.05). Porosity-based linear regression modelling demonstrated strong structure—
property relationships (R? = 0.631-0.916), with cross-validated R? values of 0.391-
0.861, indicating moderate predictive robustness within the investigated domain.

A cradle-to-gate life cycle assessment revealed low carbon footprints (249-2.51 kg
CO5-eq kg™, with fibre surface modification introducing only marginal environmental
penalties. The results demonstrate that surface-engineered jute fibres effectively
enhance the mechanical integrity of recycled PET while maintaining favourable
sustainability performance.

Keywords Recycled PET composites, Jute fibre, Surface modification, Alkali and silane
treatment, Mechanical properties, Life cycle assessment (LCA)

1 Introduction

In 2025, global plastics production is projected to reach nearly 500 million tonnes,
generating more than 400 million tonnes of waste, releasing almost two gigatons of
greenhouse gases and leaking over 24 million tonnes of plastics including micro- and
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nanoplastics into terrestrial and aquatic ecosystems [1]. A significant proportion of this
waste is derived from disposable beverage containers made from polyethylene tere-
phthalate (PET). According to the United Nations Environment Programme (UNEP,
2024), PET-based packaging contributes approximately 12—14% of global thermoplastic
waste, with water-bottle disposal alone exceeding 25 million tonnes year™ [2]. Mechani-
cal recycling of these bottles into recycled PET (rPET) offers a promising circular-mate-
rial solution that decreases dependence on virgin petrochemical feedstock [3]. However,
rPET generated from bottle flakes typically undergoes polymer-chain scission and loss of
intrinsic viscosity, resulting in up to reductions in mechanical strength and performance
compared with virgin PET grades [4]. These limitations restrict its structural utilisa-
tion, particularly in applications where stiffness, load-bearing capacity, and reliability are
critical.

Reinforcing recycled PET with renewable natural fibres presents a sustainable
approach to restoring its mechanical integrity while simultaneously reducing carbon
footprint and material cost. Natural-fibre reinforcement aligns with global sustainability
initiatives, including UN Sustainable Development Goal 12 on Responsible Consump-
tion and Production, by enabling circular resource flows and lowering environmental
impact [5]. Natural fibres often show limited interfacial adhesion with polyester matrices
such as PET, despite their moderate polarity, due to differences in surface chemistry and
the hydroxyl-rich nature of lignocellulosic fibres. This mismatch in surface functionality
can lead to poor wettability, increased porosity, weak interfacial bonding, and prema-
ture interfacial failure in untreated composites [6]. While extensive work has investi-
gated natural-fibre composites based on virgin polymers, comparatively few studies have
optimised fibre—matrix interactions in recycled PET systems. Furthermore, most avail-
able research emphasises macroscopic mechanical testing without integrating predictive
modelling to quantitatively relate microstructural attributes such as experimental den-
sity (pe) and porosity to mechanical responses. Closing this knowledge gap is essential
for designing next-generation sustainable composites from post-consumer plastics.

Natural fibres such as jute, flax, sisal, kenaf, and hemp offer attractive characteris-
tics including low density (1.3-1.5 g/cm?®), favourable specific strength, biodegradabil-
ity, and carbon neutrality [7, 8]. Among these, jute fibre is particularly promising due
to its global availability (3.4 million tonnes year™), tensile strength of 400-800 MPa,
modulus of 10-30 GPa, and low production cost [9-11]. However, raw jute contains
significant amounts of lignin (10-12%), hemicellulose (18-20%), and waxes (1-2%),
which form a weak boundary layer that impedes adhesion with polymer matrices [12,
13]. Chemical surface treatments are therefore essential: alkaline (NaOH) treatment
removes amorphous components, increases surface roughness, and enhances fibre
wettability by exposing cellulose hydroxyl groups [14]. Silane coupling agents such as
y-aminopropyltriethoxysilane (APTES) further introduce Si—-O-C and Si—O-Si link-
ages that chemically anchor fibres to the polymer matrix [15, 16]. Previous studies have
shown substantial improvements after such modifications: Hai et al. [17] reported up
to ca. 40% increases in tensile strength for treated jute polypropylene (PP) composites,
while Ravindran et al. [18] observed ca. 19% higher tensile strength in silane-treated
jute/vinylester composite. However, applications of these treatments to rPET—particu-
larly bottle-derived rPET—remain limited.
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Parallel to advances in fibre surface modification, statistical modelling approaches are
increasingly employed to quantify structure—property relationships in composite mate-
rials [19, 20]. Linear techniques such as multiple linear regression (MLR) and regression-
based response modelling provide transparent and physically interpretable correlations
between microstructural parameters and mechanical performance [21, 22]. Unlike
purely empirical comparisons, regression analysis enables identification of dominant
governing variables and quantification of their influence within defined experimental
domains. Several studies have successfully applied regression-based approaches to relate
fibre content, void fraction, and processing parameters to tensile and flexural responses
in polymer composites [23, 24]. However, most investigations of natural-fibre reinforced
recycled polymers focus primarily on reporting mechanical properties without explic-
itly linking them to measurable structural indicators such as experimental density or
porosity. The quantitative relationship between fibre surface chemistry, void reduction,
and resulting mechanical performance remains insufficiently explored, particularly for
bottle-derived recycled PET systems. Establishing clear porosity—property correlations
is essential for developing preliminary design guidelines and for enabling data-driven
optimisation of sustainable composite formulations. Addressing this gap contributes to
improved predictability, material efficiency, and circular-economy implementation in
recycled thermoplastic composites.

Life-cycle assessment (LCA) studies indicate that natural-fibre reinforcement of poly-
mers can significantly reduce greenhouse-gas emissions and embodied energy com-
pared with synthetic-fibre or virgin-polymer systems [25]. For example, Korol et al. [26]
showed that incorporating 30 wt% jute fibre into a PP matrix reduced the carbon foot-
print by about 18% compared with neat PP, while also giving lower carbon and ecologi-
cal footprints than glass-fibre-reinforced PP in an EUR-pallet case study. Recent LCA
work on textile—natural. fibre hybrid composites by Arya et al. [27] further showed that
flax—recycled polyester laminates exhibited the lowest environmental impact across
18 midpoint impact categories, outperforming pure flax laminates and flax—polyamide
systems. Additionally, diverting agricultural residues such as jute prevents decomposi-
tion-related methane release, providing further greenhouse-gas mitigation. Collectively,
these LCA findings highlight the significant decarbonisation potential of natural-fibre
composites, especially when combined with recycled polymer or textile streams within
circular-economy frameworks.

The present work addresses these gaps by developing rPET—jute fibre composites
derived from post-consumer water-bottle waste through injection moulding. Untreated,
NaOH-treated, and silane-treated jute fibres were incorporated to systematically inves-
tigate the influence of surface modification on microstructural characteristics, includ-
ing density and porosity, as well as tensile, flexural, short-beam shear, and hardness
responses. Structural and chemical changes in the fibres were characterised using X-ray
diffraction (XRD) and Fourier-transform infrared spectroscopy (FTIR). Quantitative
structure—property relationships were established using porosity-based linear regression
modelling to evaluate the influence of consolidation quality on mechanical performance.
This integrated experimental and statistical approach aims to provide a transparent
framework for correlating fibre surface chemistry, void content, and mechanical behav-
iour in recycled PET composites, thereby supporting the development of mechanically
improved and resource-efficient thermoplastic materials.
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2 Materials and methods

2.1 Materials

rPET was recovered from post-consumer PET water and beverage bottles collected from
a local recycling unit in Chennai, India. The bottles were thoroughly cleaned using a
mild detergent solution, rinsed with deionised water, and dried in an oven at 60 °C for
24 h to remove residual moisture prior to shredding. The dried bottles were then shred-
ded into flakes and melt-processed using a single-screw extruder at 250 °C to obtain
rPET pellets. To minimise hydrolytic degradation during subsequent melt processing,
the rPET pellets were dried again at 60 °C for 24 h in an oven prior to composite com-
pounding. Long jute fibres (average diameter~ 150 pm, true density=1.45 g/cm®) were
procured from Tokyo Fibres, Coimbatore, India. Prior to use, the long fibres were manu-
ally cut into short fibres of 4—5 mm length for composite manufacturing. Analytical-
grade sodium hydroxide (NaOH, 98%) and y-aminopropyltriethoxysilane (APTES, 99%)
were employed for fibre surface modification.

2.2 Fibre treatment

The raw jute fibres were first washed with distilled water to remove surface impurities
and oven-dried at 60 °C for 4 h. Alkali treatment was carried out by immersing the fibres
in a 5 wt% NaOH solution at room temperature for 2 h. The treated fibres were then
thoroughly rinsed with distilled water until the pH of the rinse water was neutral and
dried again at 60 °C for 6 h. For silane treatment, the alkali-treated fibres were soaked in
a 2 wt% silane solution prepared in a 95:5 ethanol-water mixture (pH 4.5 adjusted using
acetic acid) for 1 h at room temperature. The fibres were subsequently filtered, oven-
dried at 60 °C for 8 h, and stored in sealed polyethylene bags prior to compounding.

2.3 Fibre characterisation - XRD and FTIR

The crystalline structure of the fibres was analysed using XRD on a Cu Ka radiation
source (A =1.5406 A) operating at 40 kV and 30 mA. Scans were recorded in the 20 range
of 10—40° at a step size of 0.02°. The crystallinity index (CI) was calculated using Segal’s
empirical relation:

CI (%) = 1200 = Lam x 100 (1)
I00
where Iygpis the maximum intensity of the (200) diffraction peak at around 22° 26, and
Iamis the minimum peak height between 18° and 19° 20 corresponding to the amor-
phous region. The crystallite size (D) of cellulose was estimated using the Scherrer
equation:

KA
b= [3 cos® 2)

where K= 0.89 is the shape factor, f3 is the full width at half maximum (FWHM) of the
(200) peak (in radians), and 0 is the Bragg angle.

2.4 Composite fabrication
Composites were fabricated by the injection moulding method using 20 wt% chopped
jute fibre and 80 wt% rPET as the matrix material. The rPET pellets and short jute fibres
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were accurately weighed and premixed in a high-speed mechanical blender for 10 min
to achieve uniform fibre distribution. The blended mixture was then melt-compounded
using a co-rotating twin-screw extruder. The barrel temperatures were maintained at
230 °C in the feed zone, 235 °C in the middle zone, and 240 °C at the die zone to ensure
complete melting of the rPET and uniform fibre dispersion while avoiding thermal deg-
radation. The screw speed was kept constant at 80 rpm, and the average residence time
was approximately 4 min. The extruded composite strands were cooled in a circulating
water bath, pelletised, and dried at 60 °C for 6 h in an oven prior to injection moulding.
This final drying step was performed immediately before moulding to minimise mois-
ture-induced hydrolysis during melt processing.

Injection moulding was carried out to produce standard test specimens. The barrel
temperature profile was set to 250 °C, with a nozzle temperature of 240 °C. The injec-
tion pressure was maintained at 70 MPa, and the mould temperature was controlled at
40 °C to ensure complete filling and minimise shrinkage. Three composites were fab-
ricated under identical processing conditions: neat, untreated fibre—reinforced rPET
(UT), NaOH-treated fibre—reinforced rPET (NT), and silane-treated fibre—reinforced
rPET (ST). All the moulded specimens were conditioned at 25+ 2 °C and 50 + 5% relative
humidity for 48 h before mechanical testing to ensure dimensional stability and uniform
moisture content. Figure 1 shows the process flow of rPET—jute composite fabrication
and characterisation.

2.5 Density and porosity determination

Experimental density (p.) was measured using the Archimedes principle (ASTM D792)
with distilled water as the immersion medium. The theoretical density (p;) of the com-
posite was calculated using the rule of mixtures:

Py =Weor+Wnp,, (3)

rPET pellets + 20 wt.% Composite pellets (rPET
rPET flakes short jute fibres + 20 wt% jute)

SN
DRI

Twin-screw melt compounding

e —————————
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Chopped jute fibres
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Raw materials - Compounding - Pelletizingl_

Fig. 1 Process flow of rPET-jute composite fabrication and characterisation
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where Wi =0.20, W,, =0.80, p;=1.45gem~3, and p, = 1.23gcm ™3, yielding
p = 1.27gcm 3. The porosity (%) of each composite was determined from the differ-
ence between theoretical and experimental densities using

Porosity (%) = (pt;ipe) x100. (4)

t

2.6 Tensile test

The tensile behaviour of the rPET/jute fibre composites was evaluated according to
ASTM D638 using dog-bone specimens. The samples had dimensions of 165 mm x
13 mm x 3 mm, with a gauge length of 50 mm in the reduced section. Tests were per-
formed on a TEC-SOL universal testing machine (50 kN load cell) at room temperature
(25+2 °C). A constant crosshead speed of 2 mm min™ was used. For each material con-
dition (Neat, UT, NT, and ST), three specimens were tested, and the mean and standard
deviation were reported. This sample size follows the minimum requirement of relevant
ASTM standards for comparative mechanical testing of thermoplastic composites. All
specimens were produced under identical extrusion and injection-moulding conditions
to minimise variability. The results are therefore used to compare relative performance
trends between different fibre treatments rather than to establish absolute material

properties.

2.7 Flexural test

Flexural properties were measured by three-point bending following ASTM D790. Rect-
angular bars of approximately 100 mm x 12.7 mm x 3 mm were used. Each specimen
was tested using a three-point bending fixture with a support span-to-depth ratio of
16:1. The crosshead speed was set to 1.5 mm min™. Flexural strength (') and flexural
modulus (Ef) were evaluated from the load—deflection data using standard beam-bend-

ing relations:

3FL

T o ®)
L3m

1= (©)

where F is the applied load at the outer surface at a given deflection, Lis the support
span, bis the specimen width, dis the specimen thickness, and mis the slope of the

initial.

2.8 Short-Beam Shear Strength (SBSS)

Short-beam shear strength was determined using a short-beam test in accordance with
ASTM D2344. Specimens with nominal dimensions of 20 mm x 6 mm x 3 mm were
used. Each specimen was loaded over a short span of 12 mm, corresponding to a span-
to-thickness ratio of approximately 4:1. The crosshead speed was maintained at 1 mm
min~'.

The short-beam shear strength (t) was calculated using:
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0.75F max
T=—

oL (7)

where F .. is the maximum load prior to failure, b is the specimen width, and h is the
specimen thickness. The measured values are used as a comparative indicator of shear-
dominated fibre—matrix interfacial resistance, rather than true interlaminar shear

strength as defined for laminated composites.

2.9 Hardness test

Surface hardness was evaluated using a Shore D durometer in accordance with ASTM
D2240. Prior to testing, the composites surface was cleaned and the indenter was applied
perpendicular to the surface under standard force, and the hardness value was recorded
after a 15 s dwell time to allow the indenter to reach equilibrium penetration. For each
formulation, three hardness measurements were taken at spatially separated locations to
avoid local damage effects and anisotropy from fibre orientation. The reported hardness
for each composite was calculated as the arithmetic mean of these readings.

2.10 Statistical analysis (ANOVA)

A one-way analysis of variance (ANOVA) was performed to assess the statistical signifi-
cance of variations in the mechanical properties among the four composite groups Neat,
UT, NT, and ST. The analysis was carried out at a 95% confidence level (a =0.05). Prior
to ANOVA, normality of residuals was assessed using the Shapiro—Wilk test (W >0.90,
p>0.05 for all properties; note: Hardness groups UT and NT returned degenerate Sha-
piro—Wilk results owing to tied values at #n=3, and normality for those groups is con-
sidered inconclusive), and homogeneity of variance was evaluated using Levene’s test
(p>0.05 for all properties), indicating that the assumptions for parametric testing were
reasonably satisfied. To contextualise the practical significance of the observed differ-
ences, partial eta-squared (n?) effect sizes were calculated for each property, and Cohen’s
d values were computed for selected pairwise comparisons. Given the limited sample
size (n =3 per group), all statistical conclusions are interpreted cautiously, and the results
are used to identify comparative performance trends rather than to establish definitive
material property values.

2.11 Regression-based response modelling

Regression analysis used specimen-level mechanical responses (#=9) from rPET—jute
composites reinforced with untreated (UT), NaOH-treated (NT), and silane-treated
(ST) fibres (three specimens per condition). Neat rPET was excluded from the modelling
analysis, as it does not contain fibre—matrix interfaces and therefore lacks a meaning-
ful porosity—interface relationship. porosity (P) was taken as the condition-wise mean
porosity, calculated from the mean density (p.) and the constant theoretical density (py),
and then assigned to the three specimens within each condition for modelling. Accord-
ingly, the predictor contained three discrete porosity levels, whereas the response vari-
ables retained specimen-level scatter.

Because porosity is computed directly from experimental density, p. and P are mathe-
matically dependent. Including both as independent predictors would introduce perfect
multicollinearity. Therefore, a single-predictor linear regression model using poros-
ity (P) was adopted to ensure statistical validity and interpretability. Four mechanical
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responses—tensile strength, flexural strength, short-beam shear strength (SBSS), and
hardness—were considered as outputs.
The linear regression model was expressed as:

Y=080+8,P (8)

where Y represents the mechanical response, P is porosity (%), and 3, and (3, are
the intercept and slope coefficients determined by least-squares fitting. This regression
analysis served as a parsimonious structure—property model to quantify the influence
of densification on mechanical performance within the experimental porosity domain
(2.4-3.9%).

To assess predictive robustness, Leave-One-Out Cross-Validation (LOOCV) was
applied to the regression models. In LOOCY, each of the nine specimens is withheld in
turn, the model is re-fitted on the remaining eight observations, and the withheld speci-
men is predicted. The cross-validated coefficient of determination was calculated as:

Z (yz - ?/J\i,cv)z
> (yi- 9 )

Rty =1- 9)

/
where ¥; c,denotes the out-of-sample prediction for specimen i, and ¥is the global
mean of the full response vector. Using the global mean baseline ensures consistency

with standard LOOCYV practice and allows direct comparison with training R* values.

2.12 Life Cycle Assessment (LCA) Methodology

A cradle-to-gate life cycle assessment (LCA) was conducted to evaluate the environ-
mental impacts associated with the production of rPET—jute composites reinforced with
untreated (UT), NaOH-treated (NT), and silane-treated (ST) fibres. The assessment
focused on global warming potential (GWP, kg CO,-eq) as the selected impact category.
The methodological framework followed the principles of ISO 14040 and ISO 14044,
including goal and scope definition, life-cycle inventory compilation, impact assessment,
and interpretation. All calculations were performed using a custom Python-based cal-
culation framework implemented in the Spyder Integrated Development Environment
(IDE) within Anaconda 2024 (Python 3.11 environment).

The functional unit was defined as 1 kg of finished composite material, enabling direct
comparison among the three fibre-treatment conditions. The system boundary was
defined as cradle-to-gate and included: (i) collection and preparation of post-consumer
PET water bottles, (ii) washing, shredding, and pelletising of recycled PET, (iii) jute fibre
extraction and surface modification, (iv) melt compounding using a twin-screw extruder,
and (v) injection moulding of the composite specimens. The use phase and end-of-life
stages were excluded, as the objective of this study was to evaluate manufacturing-stage
environmental impacts associated with recycled composite production.

Experimentally measured material compositions were used directly as model inputs.
Each composite formulation consisted of 80 wt% rPET and 20 wt% jute fibre. The experi-
mentally produced specimen mass (approximately 50 g) was linearly scaled to the 1 kg
functional unit. Fibre surface-treatment inputs were modelled based on laboratory-scale
consumption, including approximately 5 g NaOH for alkali treatment and an additional
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3 g silane coupling agent for the ST condition. These quantities were proportionally
scaled to the functional unit and incorporated into the life-cycle inventory.

Energy consumption for extrusion and injection moulding was included using stan-
dard laboratory-scale values representative of small-batch composite processing. Energy
requirements of 1.8 kWh/kg for extrusion [28] and 1.2 kWh/kg for injection moulding
[29] were adopted based on reported values in recent material processing LCAs [30]. The
cradle-to-gate emission factor for rPET was set to 0.45 kg CO,-eq/kg, consistent with
published LCA inventory data for rPET feedstock production [31, 32] (see Supplemen-
tary Table S1 for full inventory inputs and emission factors). All experimental processing
was conducted in Chennai, India; therefore, electricity-related emissions were calculated
using an India-specific Combined Margin grid emission factor of 0.71 kg CO,-eq kWh™,
based on the Central Electricity Authority (CEA), CO, Baseline Database for the Indian
Power Sector [33]. To evaluate sensitivity to grid intensity assumptions, an alternative
lower-intensity scenario was also assessed.

Energy consumption for bottle washing, shredding, and pelletisation was not directly
metered and is therefore not explicitly included in the base-case model. This limitation is
acknowledged as part of the screening-level, laboratory-scale cradle-to-gate estimation.
Chemical treatment energy was assumed negligible, as fibre modification was performed
at room temperature without active heating. Transportation impacts were included
using a default distance of 50 km for raw material transport, representing local recycling
and fibre supply conditions.

The total GWP was calculated using a deterministic mass—energy summation model:

Total GWP = Z(mL x EF;) + (Electricity x EFgiq) + Transport (10)

where mi represents the mass of each material input and EFi its corresponding emis-
sion factor expressed in kg CO,-eq per unit mass, Eelectricity is the total electricity
consumption (kWh), and EFgrid is the grid emission factor. All emission factors were
applied directly in 100-year GWP (GWP100) terms. Supplementary information is avail-
able and includes the life-cycle inventory (Table S1) and analysis scripts/data used for
regression/LOOCYV and LCA calculations.

The Python script calculated total CO,-equivalent emissions by summing contribu-
tions from raw materials, fibre-treatment chemicals, transport, and processing electric-
ity. The script functions solely as a transparent computational tool based on referenced
emission factors and does not constitute an independent LCA database. Separate sce-
narios were generated for UT, NT, and ST composites, enabling clear comparison of the
environmental implications of increasing fibre-treatment intensity. The Spyder-based
framework allowed transparent parameter definition, direct integration of experimen-
tally measured data, and rapid sensitivity analysis without reliance on specialist com-
mercial LCA software.

Sensitivity analysis was conducted by varying electricity-related emissions by +30%
relative to the baseline grid emission factor. This scenario evaluation was implemented
parametrically within the Python framework to assess the robustness of comparative
conclusions under different electricity carbon-intensity assumptions. The resulting
model outputs provide quantitative insight into the environmental trade-offs between
fibre surface modification and mechanical property enhancement, thereby supporting
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Fig. 2 (a) XRD pattern and (b) FTIR spectra of untreated, NaOH-treated, and silane-treated jute fibres

Table 1 Crystallinity index (Cl) and crystallite size (D) of jute fibre

Fibre |00 (counts) laMm (counts) Cl (%) D (nm)
UT-J 54.50 26.53 513 4.02
NT-J 68.77 26.25 61.8 451
ST 60.08 26.03 56.7 4.50

the broader objective of developing mechanically improved yet environmentally respon-

sible recycled polymer composites.

3 Results and discussion

3.1 XRD and FTIR

The XRD patterns of UT-], NT-], and ST-] jute fibres are presented in Fig. 2a and the
CI and D values for all three fibre conditions are presented in Table 1. All three fibres
display characteristic cellulose I peaks at 20~15.8° ((1-10)/(110)) and 22.4° (200) along
with a weak reflection near 34.5° (004), confirming the retention of the native cellulose I
polymorph across all treatment conditions. The untreated fibre (UT-]) exhibits a broad,
low-intensity (200) peak, indicating a mixed amorphous—crystalline structure with con-
siderable presence of hemicellulose and lignin. The amorphous hump between 16-19°
reflects significant disorder in the cellulose network, yielding the lowest crystallinity
index (CI=51.3%) and the smallest crystallite size (D=4.02 nm) among the three fibre
conditions (Table 1). After NaOH treatment (NT-J), the (200) peak becomes markedly
sharper and more intense, while the amorphous hump weakens substantially, signifying
removal of non-cellulosic surface constituents and rearrangement of cellulose microfi-
brils into a more ordered packing. This structural reorganisation produces the highest
CI of 61.8% and the largest crystallite size (D=4.51 nm), reflecting stronger intermo-
lecular hydrogen bonding and tighter fibril alignment. The silane-treated sample (ST-J)
retains a sharp (200) reflection with an intermediate CI of 56.7% and a crystallite size
(D=4.50 nm) essentially identical to that of NT-]. The slight reduction in CI relative to
NT-J is consistent with the mechanism of silane treatment: the coupling agent func-
tionalises the hydroxyl-rich fibre surface through Si-O-C bond formation, improving
surface orientation and reducing moisture adsorption, but without the bulk delignifi-
cation achieved by NaOH and therefore without the same degree of crystalline enrich-
ment. Importantly, no new crystalline peaks appear in the ST-] pattern, confirming that
the silane treatment preserves the cellulose I polymorph without inducing polymorphic
transformation. The CI and D values for all three fibre conditions, determined from
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Segal’s method and the Scherrer equation respectively, are compiled in Table 1. Over-
all, the trend UT-J<ST-J<NT-]J in CI, alongside the overall increase in D from 4.02 nm
(UT-]) to 4.51 nm (NT-]), reflects the mechanistically distinct roles of the two treat-
ments: alkali treatment acts on the bulk fibre by stripping hemicellulose and lignin, while
silane treatment operates primarily at the fibre surface, functionalising exposed hydroxyl
groups without comparable bulk crystalline reorganisation.

The FTIR spectra of untreated (UT-]), alkaline-treated (NT-J), and silane-coupled
(ST-J) jute fibres, shown in Fig. 2b, reveal systematic chemical transformations arising
from the sequential surface-modification treatments. The untreated jute fibre exhibits
characteristic absorption bands at ~3300 cm™ (O-H stretching of hydroxyl groups),
~2920 cm™ (C—H stretching of aliphatic chains), ~1600 cm™ (aromatic C=C stretch-
ing of lignin), and ~1050 cm™ (C-O-C glycosidic vibrations of cellulose), consistent
with the intact multiphase composition of cellulose, hemicellulose, and lignin. Follow-
ing alkaline treatment with NaOH, the marked reduction of the lignin-characteristic
band at ~1600 cm™ indicates the efficient removal of amorphous lignin and hemicel-
lulose components from the fibre surface. Concurrently, the enhanced relative intensity
of the cellulose-associated peak at ~1050 cm™ in the NT-J spectrum compared to UT-]
demonstrates increased cellulose purity and accessibility due to partial delignification
and dehemicellulization. In contrast, the silane-coupled ST-J sample exhibits distinct
spectral changes characteristic of successful surface functionalization. A pronounced
enhancement around ~1040 cm™, corresponding to overlapping Si—O-Si stretching
vibrations from the siloxane network and cellulose C—O-C bonds, is consistent with the
formation of covalent siloxane linkages on the jute fibre surface. The broad increase in
absorbance within the 1000-1200 cm™ region further reflects the development of a con-
densed siloxane layer during the silane grafting process. Importantly, the retention of the
characteristic cellulose bands and the absence of any new degradation-related absorp-
tions suggest that the silane treatment preserves the structural integrity of the under-
lying cellulose framework. Overall, these FTIR findings support the interpretation that
sequential alkaline and silane treatments effectively remove non-cellulosic constituents,
enrich cellulose crystallinity, and introduce a reactive siloxane interphase on the fibre
surface. This dual modification not only enhances the chemical purity of jute fibres but
also establishes a robust interfacial bridge, promoting improved adhesion and stress
transfer in polymer composite systems.

3.2 Density and porosity analysis

The theoretical and experimental densities of the rPET—jute composites, together with
the calculated porosity, are presented in Table 2. The theoretical density remained
almost constant at 1.27 g/cm® for all composites, as it depended on the known propor-
tions of fibre and matrix used during fabrication. In contrast, the experimental density
varied slightly with surface treatment, increasing from 1.22 g/cm?® for the UT compos-
ite to 1.23 g/cm® for the NT and 1.24 g/cm? for the ST composite. This steady increase

Table 2 Density and porosity of rPET-jute composites

Composite Sample p:(g/cm?) p. (g/cm®) Porosity (%)
uT 1.27 1.22 39
NT 127 123 3.1

ST 127 1.24 24
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in measured density indicated improved fibre—matrix compaction after surface modi-
fication. The calculated porosity decreased significantly from 3.9% (UT) to 3.1% (NT)
and 2.4% (ST). The higher porosity in the untreated composite was mainly due to poor
interfacial bonding and fibre surface impurities such as wax and lignin, which trapped
air pockets during injection moulding. Alkali treatment partially removed these impuri-
ties and enhanced fibre roughness, allowing better matrix wetting and reduced void for-
mation. The lowest porosity observed in the silane-treated composite reflected a more
uniform and compact microstructure resulting from strong interfacial adhesion and
chemical bonding between the fibre and matrix.

The progressive decrease in porosity and increase in experimental density with surface
modification reflected a denser and more uniform composite structure. Similar observa-
tions were made by Ramamoorthy et al. [34], it was reported that effective fibre surface
treatment reduced void content and improved matrix infiltration in natural fibre—rein-
forced polymers. These findings suggest that both alkali and silane treatments contrib-
uted to improved structural consolidation and reduced internal defects in the rPET—jute

composites.

3.3 Mechanical properties

The mechanical properties of the rPET—jute composites reinforced with UT, NT, and ST
fibres were compared with those of the neat rPET matrix. The results revealed a consis-
tent improvement across all measured parameters—tensile strength, flexural strength,
SBSS, and hardness—following fibre surface treatment.

3.3.1 Tensile Behaviour of rPET-Jute Fibre Composites

The tensile properties of the neat and fibre-reinforced rPET composites are shown in
Fig. 3. The results indicated a clear improvement in strength and stiffness with fibre sur-
face treatment, reflecting better bonding and load transfer between the jute fibres and
the rPET matrix. The neat rPET showed a mean tensile strength of 32.08 MPa, which
represents the base strength of the recycled polymer without reinforcement. When
untreated jute fibres were added, the tensile strength increased to 38.78 MPa, giving a
rise of about 20.9%. This improvement was mainly due to the higher stiffness of the jute
fibres, which limited the deformation of the polymer under load. However, the untreated
fibres still contained surface impurities such as waxes, lignin, and hemicellulose, which
reduced adhesion with the matrix. This weak interfacial bonding led to fibre pull-out

60 . . . . 55 —————————r
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Fig. 3 (a) Tensile strength and (b) stress—strain curves of rPET-jute composites
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and poor stress transfer, causing premature fracture, as reflected by the lower slope and
reduced elongation in the stress—strain curve. After alkali treatment, the tensile strength
increased to 45.02 MPa, around 40.3% higher than the neat matrix. The NaOH treatment
removed amorphous surface components, exposing cellulose microfibrils and increas-
ing surface roughness [35, 36]. This improved the wettability and interlocking between
the fibre and matrix. The stress—strain curve of the NaOH-treated composite showed a
longer linear region, indicating a higher elastic limit and more uniform stress distribu-
tion before failure. The density results supported this trend, showing that NaOH-treated
composites (density =1.23 g/cm?®) had lower porosity (3.1%) than untreated ones (3.9%),
suggesting improved packing and reduced void formation, which in turn aided better
stress transfer.

The ST composite showed the highest tensile strength of 48.29 MPa, representing a
50.5% improvement over the neat matrix and 24.5% over the untreated composite. The
silane coupling promoted chemical bonding between hydroxyl groups on the fibre sur-
face and functional groups of the silane, forming Si—O-C and Si—O-Si linkages. These
bonds strengthened the interfacial region, reduced microvoids, and delayed crack prop-
agation under tension [18]. The stress—strain curve of the ST composite displayed the
steepest slope and highest yield point, suggesting increased stiffness and interfacial sta-
bility. This improvement was in line with the higher density (1.24 g/cm?®) and the lowest
porosity (2.4%), indicating a denser and more compact structure that provided effective
load transfer during tensile loading. The improvement trend of ST >NT >UT > Neat was
consistent across all samples, suggesting that combined alkali and silane treatment was
most effective in promoting strong interfacial bonding and efficient stress distribution
between the fibre and polymer. These results agree well with earlier studies by Hong et
al. [37] for silane-modified jute fibre PP composites. It can therefore be concluded that
surface treatment of jute fibres had a major influence on the tensile performance of rPET
composites. The improved behaviour was closely linked with the observed reduction in
porosity and increase in experimental density, suggesting better structural integrity and
bonding. The removal of impurities, increased roughness, and formation of chemical
linkages promoted efficient stress transfer and reduced early fibre pull-out.

3.3.2 Flexural and Short Beam Shear Behaviour of rPET-Jute Fibre Composites
The flexural and short beam shear test (SBSS) results are presented in Fig. 4. Fibre sur-

face modification had a strong influence on the bending and interfacial performance of
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Fig. 4 Flexural strength and SBSS of rPET-jute composites
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the rPET—jute composites, showing a trend consistent with but distinct from the tensile
results. Both flexural strength and SBSS increased progressively from the neat rPET to
the ST composite, suggesting that surface treatment improved stress transfer across the
fibre—matrix interface and reduced failure at the interphase during bending and shear
loading. The neat rPET exhibited a flexural strength of 47.24 MPa, typical of a ductile
thermoplastic with limited bending resistance. The addition of untreated jute fibres
slightly increased this value to 50.30 MPa, an improvement of about 6.5%. The increase
was mainly attributed to the inherent stiffness of jute fibres, which limited matrix defor-
mation. However, incomplete wetting and the presence of surface impurities led to fibre
debonding and crack initiation under flexural stress, preventing further improvement.
After alkali treatment, the flexural strength increased markedly to 62.78 MPa, which was
32.9% higher than the neat polymer. The NaOH treatment removed waxy layers, lignin,
and hemicellulose from the fibre surface, resulting in a rougher texture that promoted
better mechanical interlocking and adhesion. This enhanced bonding enabled more
uniform stress distribution and delayed delamination under bending. The higher exper-
imental density (p. = 1.23 g/cm®) and lower porosity (3.1%) observed in the NT compos-
ite supported this behaviour, indicating a more compact structure with reduced voids.

The ST composite achieved the highest flexural strength of 68.84 MPa, representing
improvements of 45.7% over the neat matrix and 36.9% over the untreated composite.
The silane coupling agent acted as a chemical bridge between the hydroxyl-rich jute fibre
surface and the rPET matrix, forming Si—O-Si and Si—-O-C bonds that enhanced inter-
facial adhesion and compatibility. This chemical bonding reduced microvoids, increased
fibre anchoring, and delayed crack propagation, which collectively improved bending
resistance. The slight rise in p. (1.24 g/cm®) and the lowest porosity (2.4%) further sup-
ported the improved interfacial consolidation and compact microstructure.

A consistent improvement trend was also observed for SBSS. The neat rPET showed
an SBSS of 9.90 MPa, which increased to 11.74 MPa for UT (+18.6%), 13.05 MPa for
NT (+31.8%), and 14.66 MPa for ST (+48.1%). This steady rise is consistent with the
interpretation that surface treatment improved shear load transfer and reduced inter-
facial slippage. The NT composite exhibited improved adhesion due to the removal of
weak boundary layers, while the ST composite showed the strongest interface, attributed
to covalent bonding between silane and cellulose hydroxyl groups. The reduced poros-
ity and increased density observed for these treated composites correlated with their
higher SBSS, indicating a denser interphase and stronger bonding. The overall order
ST>NT>UT>Neat reflected the gradual improvement in interfacial integrity with
treatment. The reduction of voids and improved matrix infiltration supported stronger
interfacial bonding and more stable shear response.

3.3.3 Fracture analysis

To further understand the failure behaviour associated with the mechanical results,
scanning electron microscopy (SEM) was carried out on fractured specimens after
mechanical testing. Representative images of neat rPET, the untreated fibre composite
(UT), and the NaOH-treated composite (NT) are shown in Fig. 5. The fracture surface of
neat rPET (Fig. 5(a)) showed a relatively smooth appearance with limited fibrillation and
little crack deflection. This type of morphology is typical of semi-crystalline PET, where
failure mainly occurs through crack initiation and growth within the polymer matrix.
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Fig. 5 SEM fracture surfaces of (a) neat rPET, (b) UT composite showing interfacial debonding and cracks, (¢) NT
composite showing fibre pull-out and matrix deformation, and (d) ST composite exhibiting strong fibre-matrix
bonding; (e) untreated jute fibre surface and (f) NaOH-treated jute fibre surface

Energy absorption mechanisms were therefore limited, and the fracture was largely con-
trolled by the matrix behaviour. In contrast, the UT composite (Fig. 5(b)) showed clear
signs of fibre—matrix debonding and crack growth along the fibre surface. Gaps were vis-
ible around several embedded fibres, indicating weak interfacial bonding. These features
suggest that stress transfer between the hydrophilic jute fibres and the rPET matrix was
not fully effective. Similar interfacial debonding has been reported in untreated natu-
ral fibre thermoplastic composites, where poor adhesion leads to early crack formation
and reduced load transfer efficiency. The presence of interfacial voids and crack coales-
cence in the UT specimens is consistent with the lower tensile and short-beam shear
strength values measured for this condition. Although severe crack formation was not
observed in the NT and ST composites, localised fibre accumulation and fibre pull-out
were evident in several regions. The NT composite (Fig. 5(c)) showed reduced interfa-
cial separation compared with UT, together with matrix deformation around the pulled-
out fibres. Alkali treatment removes surface components such as hemicellulose, lignin,
and waxes. This process increases surface roughness and exposes cellulose hydroxyl
groups on the fibre surface. As a result, mechanical interlocking between the fibre and
the matrix can improve. The features observed in Fig. 5(c) indicate closer fibre—matrix
contact in the NT specimens compared with the untreated composite. Figure 5(d) fur-
ther shows regions of strong fibre—matrix bonding in the ST fibre composite, where fibre
fracture rather than pull-out is observed, along with cracks propagating through the
matrix. This indicates improved interfacial adhesion and more effective stress transfer
between the fibre and matrix. In both NT and ST conditions, the modified fibre surfaces
likely reduced interfacial separation, improved wetting of the fibre by the polymer melt,
and limited crack growth along the interface. These interfacial changes support more
efficient stress transfer from the matrix to the fibres. The higher tensile, flexural, and
shear strengths measured for the NT and ST composites are therefore consistent with
the improved interfacial interaction achieved through alkali and silane treatments.

3.3.4 Hardness Behaviour of rPET-Jute Fibre Composites
The hardness results of the rPET—jute composites are presented in Fig. 6. The hard-
ness increased gradually with fibre addition and surface treatment, indicating that
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Fig. 6 Hardness of rPET-jute composites

the presence of well-bonded fibres restricted local deformation of the polymer during
indentation. The neat rPET showed a hardness value of 72.67 Shore D, further incorpo-
ration of untreated jute fibres increased the hardness to 77.00 Shore D, an improvement
of about 6%. This increase was mainly due to the higher stiffness of the jute fibres, which
reduced matrix mobility during the indentation process. However, the interface between
untreated fibres and the polymer was weak, and small interfacial voids likely caused non-
uniform load transfer, limiting the improvement. The NaOH-treated composite exhib-
ited a higher hardness of 79.00 Shore D, showing an 8.7% increase compared with the
neat sample. The alkali treatment removed impurities and exposed cellulose microfibrils
on the fibre surface, which led to better mechanical anchoring with the polymer matrix.
The improved interlocking reduced the tendency for local yielding of the matrix near the
fibre—polymer interface. Similar effects were reported by Rajeshkumar et al. [38], it was
found that alkali-treated Bauahini Purpurea L fibre epoxy composites displayed higher
surface rigidity due to improved fibre—matrix contact.

The ST composite showed the highest hardness of 81.00 Shore D, representing an
11.45% increase over the neat rPET. The improvement was mainly attributed to chemical
bonding between the silane coupling agent and the hydroxyl groups of cellulose, form-
ing Si—O-Si and Si—O-C linkages. These bonds provided a strong interfacial region that
enhanced load transmission and reduced indentation-induced deformation. The dense
fibre—matrix network also restricted the local movement of polymer chains, produc-
ing a stiffer and more compact structure. The consistent increase across the UT, NT,
and ST samples suggested that both physical roughness and chemical compatibility
contributed to the surface strengthening of the composites. The result trend followed
ST>NT >UT > Neat, which is consistent with the view that combined alkali and silane
treatment was the most effective approach for improving surface hardness. The treated
fibres limited plastic deformation of the polymer during indentation and enhanced local
stiffness through stronger interfacial bonding. These improvements indicate that sur-
face-engineered jute fibres can effectively increase the wear and indentation resistance
of recycled polymer composites, improving their potential for use in structural and
semi-structural applications.
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Table 3 ANOVA for mechanical properties of rPET-jute composites

Property F-statistic p-value Significance Best Performer  Lowest Per-
(n? (Mean) former (Mean)
(a=0.05)

Tensile Strength 22.11 0.0003 Yes (0.89) ST (48.29 MPa) Neat (32.08 MPa)

SBSS 10.28 0.004 Yes (0.79) ST (14.66 MPa) Neat (9.90 MPa)

Flexural Strength 68.76 <0.0001 Yes (0.96) (68 84 MPa) Neat (47.24 MPa)

Hardness 1344 0.002 Yes (0.83) ST (81 Neat (72.67)

Table 4 Tukey HSD pairwise comparison summary (p < 0.05)

Property Significant Pairs Statistical Effect Interpretation

Tensile Strength Neat & NT Significant improvements over Neat ST composites exhib-
Neat < ST for NT and ST treatments; UT«ST also  ited the highest tensile
UT o ST significant strength due to optimal

interfacial coupling

SBSS Neat <& NT Significant improvements over Neat  Silane coupling signifi-

UT & ST for NT and ST treatments; UT«ST also  cantly enhanced fibre-
significant matrix adhesion

Flexural Strength Neat <& NT Significant improvements across most  Maximum flexural
UT < ST pairs; only Neat«UT not significant strength observed in ST
NT « ST composites

Hardness Neat < NT Only Neat«>NT and Neat<ST signifi-  Progressive densification
Neat « ST cant; adjacent-treatment differences  and load-bearing surface
— not significant integrity with treatment

3.4 One-Way ANOVA and Tukey HSD Post-Hoc Analysis

A one-way ANOVA was conducted for each mechanical property to examine the influ-
ence of fibre surface treatment on the rPET—jute composites. As summarised in Table 3,
all F-statistics exceeded the critical threshold (F >3.11) with p <0.05, indicating that fibre
treatment had a statistically significant effect on the strength, stiffness, and hardness of
the composites.

The subsequent Tukey HSD post-hoc analysis (Table 4) identified specific group pairs
contributing to these differences. ST composites consistently exhibited superior per-
formance in tensile, SBSS, flexural, and hardness properties, followed by NT and UT
composites. The improvements in the ST group were attributed to enhanced interfa-
cial bonding facilitated by silane coupling, resulting in more efficient stress transfer and
reduced interfacial defects.

The ANOVA and Tukey HSD analyses indicate that all measured properties were sig-
nificantly influenced by surface treatment (p <0.05). The tensile and flexural strengths of
the silane-treated composites (48.29 MPa and 68.84 MPa, respectively) showed notable
improvements of 50.5% and 45.7% over the neat matrix. Similarly, SBSS and hardness
increased by 48% and 11.45%, respectively, consistent with enhanced fibre—matrix bond-
ing. These statistical outcomes align closely with the experimental findings, support-
ing the interpretation that chemical and silane surface treatments effectively reinforced
the interfacial performance of rPET—jute composites. The Tukey HSD post-hoc analy-
sis (Table 3) showed that statistically significant pairwise differences were concentrated
in larger treatment-step comparisons (Neat<>NT, Neat<ST, and UT«ST across most
properties), while most adjacent-step pairs were not significant at n=3. Large effect
sizes (n* = 0.79—-0.96) indicate that fibre treatment explained a substantial proportion of
the total variance; these results are best interpreted as establishing comparative perfor-
mance trends rather than definitive material property values. In particular, the hardness
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trends while statistically significant according to ANOVA (p<0.05, n*> = 0.83) should be
interpreted as preliminary comparative indicators rather than definitive material con-
stants, given the inconclusive Shapiro—Wilk normality results for the UT and NT groups
arising from tied values at 7 =3.

3.5 Regression-Based Response Modelling

The regression analysis revealed a consistent and physically meaningful relationship
between porosity (P) and the mechanical properties of the rPET-jute composites.
Because p. and P are mathematically dependent (porosity is computed directly from
experimental density), a single-predictor model using porosity was adopted to avoid
multicollinearity. For all four properties, the regression slope coefficients were negative,
indicating that reduced porosity corresponded to improved tensile strength, flexural
strength, short-beam shear strength (SBSS), and hardness. The derived regression equa-
tions are presented in Table 5. In each case, the ST composite, which exhibited the low-
est porosity (2.4%), showed the highest predicted mechanical performance, consistent
with the experimental observations.

The multiple linear regression (MLR) model achieved R* values of 0.631-0.916
(adjusted R* 0.578-0.904) and MAPE values of 1.44—4.66% across the four properties.
Flexural strength exhibited the strongest linear dependence on porosity (R* = 0.916;
adjusted R? = 0.904), while hardness showed the weakest (R*> = 0.631; adjusted R*> =
0.578). The adjusted R* values account for the limited sample size (n=9) and indicate
that the models remain internally consistent within the experimental domain.

The predicted versus experimental plots (Fig. 7) demonstrate reasonable alignment
across all properties, supporting the adequacy of the single-predictor regression model
within the investigated porosity range (2.4—3.9%). Given that only three discrete poros-
ity levels were experimentally examined (UT, NT, ST), the use of higher-order polyno-
mial models would not be statistically justified and could introduce artificial curvature
unsupported by the data. The moderate R* values should be interpreted in the context of
specimen-level mechanical scatter, which inherently reduces model fit relative to group-
mean trends.

To assess predictive robustness, Leave-One-Out Cross-Validation (LOOCYV) was per-
formed. Cross-validated R* values were 0.576 (tensile strength), 0.861 (flexural strength),
0.503 (SBSS), and 0.391 (hardness), indicating that the training metrics were not severely
inflated and that the observed relationships are not artefacts of overfitting. Flexural
strength retained strong cross-validated predictability, consistent with the known sensi-
tivity of bending performance to void distribution. Tensile strength and SBSS exhibited
moderate cross-validated performance (R* ~ 0.50-0.58), indicating that while porosity is
a dominant factor, interfacial bonding mechanisms not fully captured by bulk porosity
also contribute. Hardness showed the weakest cross-validated dependence (R* = 0.391),
reflecting its greater sensitivity to surface chemistry rather than bulk void content.

Table 5 Derived regression equations and performance indicators (n=9 specimens)

Property Regression Equation R? MAPE (%) R*adj
Tensile Strength Y=—-6.37P+64.00 0.749 423 0.714
Flexural Strength Y=-1244P+99.61 0916 3.18 0.904
SBSS Y=—-194P+19.22 0.725 4.66 0.686

Hardness Y=-2066P+87.34 0.631 144 0.578
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3.6 Life Cycle Assessment (LCA) Results

The cradle-to-gate LCA quantified the carbon footprint associated with the production
of 1 kg-equivalent rPET—jute composite for all three-fibre surface-treatment conditions
(UT, NT, and ST). The results are summarised in Fig. 8; Table 6. The total carbon foot-
print values were low and closely grouped, ranging from 2.49 to 2.51 kg CO,-eq, indicat-
ing that fibre surface modification introduces only a marginal additional environmental
burden relative to untreated fibre composites under the defined laboratory-scale pro-
cessing conditions. The UT composite exhibited a total carbon footprint of 2.4912 kg
CO,-eq, with electricity consumption during twin-screw compounding and injection
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Table 6 Detailed LCA breakdown (kg CO,-eq per functional unit)

Composite Total CF Electricity rPET Jute Fibre NaOH Silane Transport
uT 24912 2.1300 0.3600 0.0012 0.0000 0.0000 0.0000
NT 24972 2.1300 0.3600 0.0012 0.0060 0.0000 0.0000
ST 2.5095 2.1300 0.3600 0.0012 0.0060 0.0123 0.0000

Transport contribution = (1 kg / 1000) x 50 km x 0.0002 kg CO,-eq tonne™' km™' = 0.00001 kg CO,-eq; displayed as 0.0000
at four decimal places

moulding contributing 2.1300 kg CO,-eq (approximately 85.5%). Contributions from
rPET flakes were 0.3600 kg CO,-eq (EF=0.45 kg CO,-eq kg™, mechanical recycling,
cradle-to-gate) and raw jute fibre contributing 0.0012 kg CO,-eq, highlighting the low
embodied carbon of recycled plastics and natural fibres. Transport impacts were negli-
gible (0.00001 kg CO,-eq; shown as 0.0000 in Table 6).

For the NT composite, the carbon footprint increased slightly to 2.4972 kg CO,-eq,
primarily due to the addition of NaOH used during fibre modification (0.0060 kg
CO,-eq). This corresponds to an increase of approximately 0.24% relative to UT, indi-
cating that alkali treatment introduces only a minor environmental penalty while
enabling substantial improvements in tensile strength, flexural strength, and short-beam
shear performance. The ST composite showed the highest carbon footprint (2.5095 kg
CO,-eq), reflecting the combined contribution of NaOH and silane coupling agent. The
silane treatment contributed an additional 0.0123 kg CO,-eq, resulting in an overall
increase of approximately 0.73% compared with UT. Despite this increase, the absolute
environmental impact remains small relative to the experimentally observed enhance-
ments in mechanical properties, suggesting a favourable performance-to-impact balance
for surface-modified composites.

Across all composite variants, electricity consumption was the dominant contribu-
tor, accounting for approximately 84.9-85.5% of total emissions. Material-related con-
tributions (rPET, jute fibre, and treatment chemicals) accounted for approximately
14.5-15.1% of total GWP, while transport impacts remained negligible (0.00001 kg
CO,-eq, shown as 0.0000 in Table 6), consistent with the assumption of local raw-
material sourcing. These findings indicate that the environmental profile of rPET—jute
composites is governed primarily by manufacturing energy demand rather than fibre
treatment intensity. It should be noted that the electricity-related emissions reflect lab-
oratory-scale processing energy intensity and the use of a grid-average emission factor.
Laboratory-scale processing often exhibits lower energy efficiency than industrial-scale
production; therefore, the reported carbon footprint values should be interpreted as
screening-level cradle-to-gate estimates rather than full industrial lifecycle burdens. To
evaluate the robustness of these results, a sensitivity analysis was conducted by vary-
ing electricity-related emissions by +30%. As expected, the absolute global warming
potential (GWP) showed strong dependence on electricity consumption, ranging from
approximately 1.85 to 3.15 kg CO,-eq per kg of composite. However, the relative rank-
ing of the composites remained unchanged across all scenarios (UT <NT <ST), and the
incremental contribution of fibre surface treatments remained marginal. This indicates
that, although absolute carbon footprint values are sensitive to energy assumptions,
the comparative conclusions regarding fibre-treatment effects are robust. Overall, the
LCA results demonstrate that the modest increase in carbon footprint associated with
fibre surface treatment is substantially outweighed by the significant mechanical perfor-
mance improvements achieved. The integration of surface-engineered natural fibres into
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recycled PET therefore represents a mechanically effective and environmentally respon-
sible strategy for sustainable thermoplastic composite development.

It should be noted that the reported carbon footprint values represent a screening-
level, conservative lower-bound estimate of cradle-to-gate impact. Energy consumption
associated with bottle washing, shredding, and pelletisation was not directly measured
and was therefore excluded from the base-case model. As these steps can be energy-
intensive in industrial-scale mechanical recycling, their omission likely leads to a mod-
est underestimation of the absolute GWP of rPET-based composites. However, because
these pre-processing steps would apply equally to all three composite variants (UT, NT,
and ST), the comparative conclusions regarding the marginal environmental impact of
fibre surface treatment remain valid.

4 Conclusions

The present investigation confirmed that surface modification of jute fibres signifi-
cantly enhances the mechanical and structural performance of recycled PET compos-
ites. Experimental density increased from 1.22 g/cm?® in the untreated (UT) composite
to 1.24 g/cm® in the silane-treated (ST) composite, while porosity decreased from 3.9%
to 2.4%, indicating improved consolidation and reduced internal void content. Mechani-
cal performance improved consistently with fibre treatment. Tensile strength increased
from 38.78 MPa (UT) to 48.29 MPa (ST), representing a 24.5% improvement over the
untreated composite and a 50.5% increase relative to neat rPET (32.08 MPa). Flexural
strength rose from 50.30 MPa (UT) to 68.84 MPa (ST), while short-beam shear strength
increased from 11.74 MPa to 14.66 MPa. Hardness improved from 77 to 81 Shore D.
One-way ANOVA confirmed statistically significant differences (p<0.05), with large
effect sizes (n* = 0.79-0.96). Porosity-based regression modelling produced R* values of
0.631-0.916, with cross-validated R?* values of 0.391-0.861, confirming a strong inverse
relationship between void content and mechanical response within the 2.4—3.9% poros-
ity range. Life cycle assessment revealed low cradle-to-gate carbon footprints of 2.4912—
2.5095 kg CO,-eq kg™. It should be noted that these values represent a conservative
lower bound of the actual cradle-to-gate impact, as energy inputs for bottle washing,
shredding, and pelletising were excluded from the base-case model; inclusion of these
energy-intensive recycling steps would increase the reported GWP. The silane treat-
ment increased emissions by only 0.73% relative to UT, demonstrating that substantial
mechanical gains were achieved with minimal environmental penalty. Overall, surface-
engineered jute fibres provide a technically effective and environmentally viable route
for upgrading recycled PET into higher-performance composite materials.
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