
 
 

Delft University of Technology

Document Version
Final published version

Licence
CC BY

Citation (APA)
Apostolidis, D., Jayaraman, P., & Kumru, B. (2026). Interplay of Fiber Surface Properties and Processing on the
Performance of Sustainable Bamboo-Reinforced Bio-Polycarbonate Composites. Advanced Sustainable Systems,
10(3), Article e01376. https://doi.org/10.1002/adsu.202501376

Important note
To cite this publication, please use the final published version (if applicable).
Please check the document version above.

Copyright
In case the licence states “Dutch Copyright Act (Article 25fa)”, this publication was made available Green Open
Access via the TU Delft Institutional Repository pursuant to Dutch Copyright Act (Article 25fa, the Taverne
amendment). This provision does not affect copyright ownership.
Unless copyright is transferred by contract or statute, it remains with the copyright holder.
Sharing and reuse
Other than for strictly personal use, it is not permitted to download, forward or distribute the text or part of it, without
the consent of the author(s) and/or copyright holder(s), unless the work is under an open content license such as
Creative Commons.
Takedown policy
Please contact us and provide details if you believe this document breaches copyrights.
We will remove access to the work immediately and investigate your claim.

This work is downloaded from Delft University of Technology.

https://doi.org/10.1002/adsu.202501376


Advanced Sustainable Systems

www.advsustainsys.com

RESEARCH ARTICLE

Interplay of Fiber Surface Properties and Processing on the
Performance of Sustainable Bamboo-Reinforced
Bio-Polycarbonate Composites
Dimitrios Apostolidis1 Prajwal Jayaraman1 Baris Kumru1,2

1Aerospace Structures & Materials Department, Faculty of Aerospace Engineering, Delft University of Technology, Delft, The Netherlands 2School of Energy
Science and Engineering (ESE), Vidyasirimedhi Institute of Science and Technology (VISTEC), Wangchan Valley, Rayong, Thailand

Correspondence: Dimitrios Apostolidis (d.apostolidis@tudelft.nl) Prajwal Jayaraman (prajwal.jay03@gmail.com) Baris Kumru (b.kumru@tudelft.nl)

Received: 2 October 2025 Revised: 10 February 2026 Accepted: 19 February 2026

Keywords: circular buildings | circular composites | natural fibre composites | renewable composites | renewable matrix

ABSTRACT
This study explores the development of sustainable bamboo fiber-reinforced bio-based polycarbonate (BF-PC) composites.
Prepreg laminates were fabricated using solvent-based impregnation and compression molding. The effects of chemical surface
modifications—alkali and silane—on bamboo fiber properties, interfacial bonding, and composite performance are studied and
supplemented by comprehensive characterization, including FTIR, SEM, fiber density, single fiber tensile testing, cross-sectional
microscopy, void fraction analysis, and tensile and flexural testing. Results revealed that 2 g/L silane-treated fibers showed the
highest improvements in mechanical properties and interfacial adhesion, achieving tensile and flexural strengths of 162 MPa and
184 MPa, respectively. In contrast, alkali treatments failed to improve bonding and resulted in lower composite performance. In
summary, surface chemistry of natural fibers and circular buildings, circular composites, natural fibre composites, renewable
composites, renewable matrixcomposite processing play a crucial role in renewable polycarbonate matrix composite engineering.
1 Introduction

The development of sustainable, high-performance composites is
a critical focus in modern materials science, driven by increasing
environmental concerns and the need to reduce reliance on
fossil-based materials [1, 2]. Natural fiber-reinforced thermo-
plastic composites (NFRCs) have gained traction as potential
alternatives to conventional composite systems. Natural fibers
are renewable, biodegradable, and often require significantly
lower energy inputs for production and processing. Moreover,
their relatively low density and favorable specific mechanical
properties make them suitable for a range of semi-structural and
technical applications [3, 4]. Additionally, the sustainability of
the polymer matrix is among the major factors that influence
the composite circularity [5]. As for the case of thermoplastic
This is an open access article under the terms of the Creative Commons Attribution License, which perm
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matrices, potential for recycling and reuse render thermoplastic
composites as attractive candidates for the circular composites
industry [6].

Among the various lignocellulosic fibers explored, bamboo fiber
stands out due to its exceptional growth rate, high cellu-
lose content, and hierarchical structure that imparts promising
mechanical performance [7]. Mechanically extracted bamboo
fibers typically exhibit tensile strengths in the range of 200–
500 MPa and elastic moduli above 20 GPa, depending on
species, processing, and test conditions [8]. The fiber’s low
density (∼1.3 g/cm3), combined with its abundant availability
and mechanical resilience, offers a viable route to the develop-
ment of lightweight bio-composites. However, the heterogeneous
surface chemistry and hydrophilic nature of bamboo fibers pose
its use, distribution and reproduction in any medium, provided the original work is properly
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SCHEME 1 Chemical interactions during alkali treatment of cellulosic fibers.

SCHEME 2 Chemical interactions during silane treatment of cellu-
losic fibers.
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significant challenges to effective reinforcement when embedded
in polymer matrices [9, 10].

Interface properties of natural fibers are handled via surface
treatments to tailor their surface energy, topography, and chemi-
cal functionality. Alkali treatment (NaOH) is a well-established
method that removes amorphous constituents such as lignin
and surface impurities, increases fibrillation, and roughens the
fiber surface—thus promoting mechanical interlocking with
the matrix [11]. However, aggressive alkali concentrations can
degrade cellulose crystallinity and reduce fiber strength. Silane
coupling agents, typically alkoxysilanes, react with hydroxyl
groups on the fiber surface while providing matrix-reactive
end groups. The resulting siloxane network enhances chem-
ical adhesion, improves dispersion, and suppresses moisture
uptake [12]. While these treatments have been widely applied
in bio-composite systems, their effectiveness depends strongly
on concentration, processing method, and the specific polymer
matrix used [13].

Polycarbonate (PC) is an engineering amorphous thermoplastic
with a favorable balance ofmechanical strength, thermal stability,
and ductility. It is widely used in demanding applications requir-
ing impact resistance, dimensional accuracy, and transparency
[14, 15]. The polymer backbone contains carbonate linkages,
which introduce polarity, but its overall surface energy remains
insufficient for spontaneous bonding with untreated natural
2 of 12
fibers [16]. PC exhibits highmelt viscosity and requires processing
temperatures typically ranging from 200◦C to 230◦C—close to
or beyond the degradation onset of most lignocellulosic fibers
[17]. These factors contribute to interfacial incompatibility and
hinder effective stress transfer across the fiber–matrix boundary.
Additionally, studies by Zhang et al. and Maheshwari et al. have
shown improved fiber-matrix adhesion between lignocellulosic
fibers and polycarbonate matrix by bridging the polarity gap
between them [18, 19].

In the context of polycarbonate-based NFRCs, the literature
remains limited with respect to systematic evaluations of fiber
surface treatments and their influence on fiber morphology,
interfacial adhesion, and overall composite performance. Fur-
thermore, due to the temperature sensitivity of natural fibers,
conventional melt-processing techniques often compromise fiber
integrity [20]. An emerging alternative involves the use of solvent-
assisted prepreg, wherein the polymer is dissolved in a suitable
solvent and impregnated into the fiber bed at low temperature
[21]. After solvent evaporation, the prepregs can be consolidated
via compression molding at controlled temperatures and pres-
sures. This method facilitates improved fiber wetting and matrix
distribution while mitigating thermal degradation, resulting in
composites with enhanced microstructural homogeneity and
reduced void content [21].

This work explores the influence of alkali and silane treat-
ments on the morphology, chemical structure, and density of
bamboo fibers, as well as their performance in polycarbonate-
based composites. Treated and untreated fibers were processed
into unidirectional laminates using a solvent-based prepreg
method followed by compression molding. Detailed charac-
terization was carried out at both fiber and composite levels
using Fourier-transform infrared spectroscopy (FTIR), scanning
electron microscopy (SEM), fiber density, single-fiber tensile
testing, and mechanical testing of laminates in tension and flex-
ure. Additional microstructural analysis included cross-sectional
imaging and quantification of voids and fiber–matrix bonding
efficiency.

2 Materials

Bamboo fibers (with an average length of 21 cm and a diameter
of 256.6 ± 112 mm) were supplied by Bambooder and bio-
based polycarbonate resin (Durabio) sourced in pellet form from
Mitsubishi Chemicals. Acetic anhydride (≥99%), perchloric acid
(60%), 3-aminopropyltriethoxysilane (≥99%), sodium hydroxide
Advanced Sustainable Systems, 2026
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SCHEME 3 Processing Steps for BF-PC Composite Laminate.
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(≥98%, pellet form), and tetrahydrofuran (≥99%) were obtained
from Merck Sigma-Aldrich. Acetic acid (≥99.8%) and denatured
ethanol (96%) were sourced from the CentralWarehouse of L&M.
Toluene (≥99.85%) was procured from Thermo Fisher Scientific.

3 Methodology

3.1 Equipment

Fourier transform infrared (FTIR) measurements are performed
using a Spectrum 100 Optica FT-IR Spectrometer equipped with
an attenuated total reflectance (ATR) accessory and a diamond
crystal. The spectra are recorded in the range of 4000 to 550 cm−1

with a resolution of 1 cm−1 and 16 scans. Data processing is
carried out using Origin software. Fiber density was measured
using an Anton Paar Ultrapyc 5000 helium pycnometer as per
ASTMD8171—Standard Test Method for Density Determination of
Flax Fiber [22]. Fiber surface morphology was examined using
a JSM-7500F Scanning Electron Microscope (SEM). Composite
sample manufacturing was performed utilizing a 1000 kN Joos
hot press at 5 bar pressure at 200◦Cwith an initial dwell at 105◦C.
Mechanical tests for the individual fibers and the composite
samples were conducted using a 10 kN and 20 kN Universal
Testing Machine (Zwick) equipped with a 100N and 20 kN load
cell, respectively, at a crosshead speed of 1 mm/min. Optical
images were taken using a Keyence VK-X1000 confocal scanning
microscope

3.2 Chemical Treatments

All bamboo fiber samples were pre-dried in a vacuum oven at
80◦C for 1 h to eliminate surface and loosely bound moisture.
For all treatments, a fiber-to-solution concentration of 60% w/v
was maintained to ensure consistency in reagent exposure and
treatment conditions across all batches. Following chemical treat-
ment, all fibers were thoroughly rinsed 3–4 times with ethanol
and distilled water to remove residual reagents. Rinsing was
continued until a neutral pH (≈7) was reached. The fibers were
then dried in a vacuum oven at 80◦C for 20 h to ensure complete
Advanced Sustainable Systems, 2026
moisture elimination prior to subsequent characterization and
composite processing.

3.3 Alkali Treatment

Alkali treatment was performed using sodiumhydroxide (NaOH)
solutions at concentrations of 2%, 5%, and 8% (w/v). Solutions
were prepared by dissolvingNaOH in distilledwater, and bamboo
fibers were immersed at room temperature for 2 h. This aligns
with current practices, where NaOH concentrations range from
0.5% to 10% and treatment durations from 20 min to 8 h [23–25].
The schematic showing the chemical interactions taking place
during the alkali treatment of lignocellulosic fibers can be seen
in Scheme 1.

3.4 Silane Treatment

A coupling solution of 3-aminopropyltriethoxysilane (APTES)
was prepared using an 80:20 (v/v) mixture of denatured ethanol
and distilled water. The pH was adjusted to 5 by the addition of
acetic acid and acetic anhydride to promote hydrolysis. Silane
concentrations of 2, 5, and 8 g/L were employed. Bamboo fibers
were immersed in each solution for 2 h at ambient temperature
[12, 26, 27]. The schematic showing the chemical interactions
taking place during the alkali treatment of lignocellulosic fibers
can be seen in Scheme 2.

3.5 Single Fiber Sample Preparation

Single fiber tensile testing was conducted as per the ASTM
C1557—Standard Test Method for Tensile Strength and Young’s
Modulus of Fibers [28]. Individual fibers were mounted on paper
tabs using an adhesive at a gauge length of 80 mm. Care was
taken to select only single fibers, which were verified under a
microscope. Fiber diameters were measured prior to testing to
enable accurate strength calculations. The average diameter was
used, as minimum or maximum values could significantly alter
the results. Before testing, the fiber-tab assemblies were dried in
an oven at 50◦C for 30 min. Tabs were then carefully slit at the
3 of 12
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FIGURE 1 (a) Images of treated Bamboo fibers, (b) their respective density.

FIGURE 2 Removal ofO─HandC─Hbonds of lignin between 3500
and 2750 cm−1 and reduction in C═C bond at ≈1600 cm−1.

FIGURE 3 Removal of O─H and C─H groups of lignin and
presence of various Si-groups between 1750 and 1000 cm−1.

4 of 12
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center to free the gauge length. A strain rate of 0.25 mm/min was
employed to capture fiber behavior. A sample size of 10 specimens
was used to improve statistical reliability. The average tensile
modulus, 𝐸𝑓 , was calculated using:

𝐸𝑓 =
Δ𝜎

Δ𝜀

where stress and strain were taken from the linear region of the
force-displacement curve.

3.6 Composite Processing

A solution-based prepreg method was employed for composite
manufacturing. Acetone, initially tested for its accessibility and
low toxicity [29], led to a turbid solution, indicating incomplete
dissolution of the polymer. Tetrahydrofuran (THF)is then selected
and achieves complete dissolution under stirring at room temper-
ature. A saturation study determined the weight-to-weight (w/w)
solubility limit of PC in THF by incrementally adding solvent to
a fixed polymer mass until equilibrium, which was reached at
30 wt.% polycarbonate (PC)–THF solution Scheme 3.

Fiber bundles were pre-weighed for matrix mass fraction esti-
mation, then arranged into unidirectional (UD) mats and fixed
with tape. Stem ends were excluded from impregnation and
trimmed postdrying. Fiber mats were immersed, drained, and
air-dried at room temperature to allow slow solvent evaporation
and afford uniform PC deposition within the fibrous network.
Excess solution was recovered for reuse. After 24 h of drying,
the prepregs became rigid, improving handling but limiting fiber
distribution during molding. Dried prepreg mats were placed
flat into the aluminum mold for consolidation. Despite fiber
hardening after prepreg formation hindering perfect unidirec-
tional alignment, an ideal UD distribution was assumed in all
calculations. To achieve a 60 wt% matrix content, additional PC
films were interleaved between fiber layers. The PC films were
manufactured by compression-molding pellets into films using a
custom aluminummold. A predwell at 105◦C facilitated moisture
removal, followed by pressing at 200◦C and 5 bar. This tem-
perature was selected to prevent bamboo fiber degradation and
maintain consistency in composite processing. Approximately
Advanced Sustainable Systems, 2026
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FIGURE 4 SEM images of treated and untreated bamboo fibers with NaOH (b)–(d) and with Si (e)–(g) showing the morphological evolution after
chemical treatment (scale bar corresponds to 10 µm).

FIGURE 5 Specific tensile properties of individual bamboo fibers.

TABLE 1 Summary of Fiber Tensile Properties.

Property Untreated 2-NaBF 5-NaBF 8-NaBF 2-SiBF 5-SiBF 8-SiBF

Strength (MPa) 110.64 ± 64.24 249.51 ± 129.28 205.92 ± 136.21 148.47 ± 64.22 161.70 ± 87.63 194.24± 98.18 168.06 ± 99.72
Elongation at
Max Strength
(mm)

0.71 ± 0.23 0.88 ± 0.28 0.89 ± 0.28 0.89 ± 0.36 0.54 ± 0.19 1.04 ± 0.40 0.85 ± 0.22

Modulus (GPa) 16.21 ± 12.10 24.59 ± 8.76 20.43 ± 11.16 22.34 ± 3.89 23.74 ± 8.76 15.99 ± 4.96 17.49 ± 7.24
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33 g of usable film was obtained from 100 g of input, with
significant loss due to bleed-out.

Mass-based stacking and symmetrical film placement ensured
compositional uniformity, with fiber orientation alternated to
Advanced Sustainable Systems, 2026
balance trimmed stem offsets. The stack was preheated at 130◦C
(near PCs Tg) [30] for 30 min to soften fibers and allow minor
realignment. Final consolidation was performed at 200◦C and
5 bar, following the same protocol as for film preparation,
ensuring consistency across laminates.
5 of 12
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FIGURE 6 Tensile Strength and Specific Tensile Stiffness of BF-PC composites.
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3.7 Composite Characterization Methods

Tensile testingwas performed in accordancewithASTMD3039—
Standard Test Method for Tensile Properties of Polymer Matrix
Composite Materials [31]. Tests were conducted on a 20 kN Zwick
universal testing machine equipped with a 20 kN load cell at
a crosshead speed of 1 mm/min, as specified by the standard.
Strainmeasurements were obtained using a clip-on extensometer
mounted directly on the specimen surface.

Due to constraints in fiber length, the specimen dimensions
were adapted within the permissible limits for unidirectional
composites, with a total length of 140 mm and a width of
15 mm. A grip-to-grip gauge length of 90 mm was used to
ensure proper clamping andprevent slippage. The chordmodulus
of elasticity was determined between strain values of 0.001
and 0.003, as recommended by ASTM D3039, using E1a =
Δσ/Δε with σ corresponding to stress and ε corresponding to
strain.

The experimentally measured tensile properties were compared
to predictions obtained via the Rule of Mixtures (RoM) to assess
the efficiency of the composite reinforcement by calculating the
bonding efficiency [32]. The longitudinal tensile modulus of the
composite was estimated using the density-adjusted RoM:

𝐸1𝑡 =

(
𝐸𝑓𝑤𝑓

𝜌𝑓

)
+
(
𝐸𝑚𝑤𝑚

𝜌𝑚

)
𝑤𝑓

𝜌𝑓
+ 𝑤𝑚

𝜌𝑚

& 𝐸𝑚

=
[{

𝐸1𝑎

(
𝑤𝑓

𝜌𝑓
+
𝑤𝑚

𝜌𝑚

)}
−
(
𝐸𝑓𝑤𝑓

𝜌𝑓

)]
∗
𝜌𝑚
𝑤𝑚

where Ef is the fibermodulus, measured from the single fiber ten-
sile tests, 𝐸𝑚 is the matrix modulus, which was back-calculated
using the experimentally determined tensile modulus E1a of
the laminate reinforced with untreated fibers and the RoM, ρf
and ρm are the fiber and matrix densities, respectively, which
were taken from the experimental measurements and wf and
wm the fiber and matrix mass fraction, respectively, where for
all calculations a fiber-to-matrix mass fraction of 40:60 was
utilized. Given the processing conditions, the fibers or matrix did
not undergo any thermal degradation and maintained constant
6 of 12
properties. To isolate matrix-void effects, both the experimentally
measured modulus and the Rule-of-Mixtures were normalized
by their respective laminate densities, yielding the specific
moduli.

Specif ic 𝐸1a =
𝐸1a
𝜌a

& Specif ic 𝐸1𝑡 =
𝐸1𝑡
𝜌𝑡

𝑘 =
Specif ic 𝐸1𝑎
Specif ic 𝐸1𝑡

Flexural tests were conducted according to ASTM D7264–
Standard Test Method for Flexural Properties of Polymer Matrix
Composite Materials [33] using a 20 kN Zwick universal testing
machinewith a 1mm/min crosshead speed. A four-point bending
(4 PB) configuration was chosen over three-point bending to
eliminate shear effects and ensure a constant bending moment.
Due to laminate thickness variations, span lengths were adjusted
based on a 32:1 span-to-thickness ratio. Failure modes—such
as fiber pull-out, matrix cracking, and delamination were ana-
lyzed. Stress and strain were calculated using the standard
equations:

𝜎 = 3𝑃𝐿

4𝑏ℎ2
&𝜀 = 48𝛿h

11𝐿2

Mid-span deflection (δ) was derived from the displacement at the
loading points as

𝛿 = 3

2
𝛿𝑛𝑜𝑚𝑖𝑛𝑎𝑙

4 Results and Discussion

4.1 Fiber Studies

The influence of chemical treatment type and concentration
on the skeletal density of fibers is shown in Figure 1. At
lower concentrations (2%), both NaOH and silane treatments
resulted in a reduction in skeletal density. This effect is
attributed to the partial removal of lignin and surface waxes,
which increases internal porosity. However, as NaOH con-
centration increased, more extensive delignification and wax
Advanced Sustainable Systems, 2026
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TABLE 2 Summary of Composite Mechanical Properties.

Untreated 2-NaBF 5-NaBF 8-NaBF 2-SiBF 5-SiBF 8-SiBF

Tensile
Strength
(MPa)

121.32 ± 8.59
124.80± 14.75

89.24 ± 24.34 49.31 ± 13.77 162.37 ± 11.61 161.79 ± 7.92 154.45 ± 11.75

Elongation at
Max Strength
(mm)

0.59 ± 0.09 0.61 ± 0.07 0.48 ± 0.10 0.71 ± 0.09 0.32 ± 0.06 0.50 ± 0.04 0.57 ± 0.08

Modulus
(GPa)

18.62 ± 2.88 12.16 ± 3.28 12.85 ± 6.70 13.14 ± 3.74 18.63 ± 6.44 19.77 ± 4.54 19.99 ± 2.47

Flexural
Strength
(MPa)

154.20 ± 8.05 165.71 ± 7.80 126.15 ± 16.52 112.76 ± 19.71 184.89 ± 11.95 157.31 ± 7.00 154.00 ± 6.30

Modulus
(GPa)

12.62 ± 1.24 10.97 ± 0.74 7.96 ± 0.93 10.17 ± 2.11 11.65 ± 1.77 10.30 ± 0.39 10.41 ± 0.93

FIGURE 7 Cross-sectional microscopy images of the laminates treated with NaOH (b)-(d) and with Si (e)-(g), highlighting voids (in red),
misaligned and degraded fiber (in green), and entrapped moisture (in blue).
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removal likely led to collapse of the internal pore structure
and fiber compaction, thereby increasing the skeletal density
[34]. A similar trend was observed with silane treatments,
although the underlying mechanisms differ. The 5% silane
treatment yielded the highest density among all silane con-
centrations, which may have contributed to pore filling and
surface coating. At 8% silane, however, excessive degradation
of binding components may have led to pore collapse and
reduced the uniformity of silane coverage, slightly decreasing the
density.

FTIR, density determination, and surface morphology of the
fibers through SEM verified the chemical modifications induced
by the treatments, as can be seen in Figures 2 and 3. The
FTIR spectra of alkali-treated fibers exhibited notable changes
indicative of lignin removal. A broad decrease in absorbance
Advanced Sustainable Systems, 2026
between 3500 and 2750 cm−1 corresponded to the reduction
of O─H and C─H stretching vibrations, typically associated
with lignin. Additionally, diminished intensity near 1600 cm−1,
corresponding to C═O and C═C functional groups, further
supported the removal of lignin. Minimal changes were observed
in other regions, suggesting that the alkali treatment selec-
tively targeted lignin with limited impact on other fiber
components.

In the case of silane-treated fibers, similar reductions in
O─H and C─H bands were observed. However, the C═O
region near 1600 cm−1 remained largely unchanged as no
changes in lignocellulosic carbonyl groups are expected.
Furthermore, new absorbance bands emerged around 1000 cm−1

(C─O─C vibrations) and between 1750 and 1000 cm−1,
corresponding to various Si─O and Si─C bonds. These
7 of 12
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FIGURE 8 Optical (scale bar corresponds to 1207 µm) and SEM images (scale bar corresponds to 100 µm) of fracture surfaces of tensile tested
samples.

FIGURE 9 Bonding Efficiency of BF-PC composites.
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features confirm successful silane grafting onto the fiber
surface.

Figure 4 shows the morphology of the fibers along the differ-
ent treatments performed. Untreated fibers exhibited a rough,
heterogeneous surface with visible surface impurities, waxes,
and retained lignin, consistent with the typical morphology
of lignocellulosic fibers [23]. Alkali treatment progressively
enhanced surface smoothness with increasing NaOH concen-
tration. At lower concentrations, partial delignification and
8 of 12
superficial debris removal led to a visibly smoother surface. At
higher concentrations, more extensive removal of lignin and
waxes exposed the underlying microfibrillar structure, which
increases surface area available for matrix interaction.

Silane treatment also induced notable morphological changes.
At 2% concentration, partial removal of waxes and surface
lignin was apparent, though surface heterogeneity persisted. In
contrast, the 5% and 8% silane-treated fibers displayed smoother,
more consolidated surfaces, with evidence of pore filling and a
continuous silane-derived coating. This coating likely reduced the
presence of exposed fibrils while promoting a chemically reactive
interface.

Figure 5 presents the specific tensile properties of chemically
treated bamboo fibers, normalized by skeletal density for direct
comparison. Corresponding absolute values and fiber metrics
are summarized in Table 1. All treatments led to improvements
over the untreated baseline in both absolute and specific tensile
properties.

2-NaBF showed the highest gains, attributed to partial removal of
noncellulosic components, improved microfibril alignment, and
reduced density from increased porosity. In 5-NaBF, although
the absolute modulus remained high, increased fibrillation intro-
duced defects and slightly raised density. At 8-NaBF, excessive
degradation reduced both absolute and specific performance due
to cellulose breakdown, microcracking, and pore collapse.

Silane-treated fibers also exhibit improved tensile properties, with
5-SiBF showing enhanced specific properties due to reduced
Advanced Sustainable Systems, 2026
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density and smoother fiber surfaces. However, 8-SiBF exhibited
decreased performance, potentially due to brittle surface layers
introduced by silane grafting.

4.2 Composite Studies

The tensile strength and modulus of the composites were signifi-
cantly influenced by chemical treatment type and concentration,
as shown in Figure 6. Untreated laminates displayed a tensile
strength of 121.3 MPa and a modulus of 18.62 GPa. All treated
specimens exhibited a brittle failure mode under tensile loading,
characterized by sudden fracture with the dominant failure
mechanism being fiber fracture combined with partial fiber–
matrix debonding. A slight improvement in tensile strength was
observed for the 2-NaBF sample. However, higher concentrations
(5% and 8%) led to a notable decrease in strength that falls
below that of the untreated laminate. This decline aligns with
an increase in void content, seen in Figure 10, as also evident
in the specific tensile strength values—8-NaBF showed the poor-
est performance overall, with failure occurring predominantly
along the fiber–matrix interface rather than within the fibers.
In contrast, silane-treated laminates demonstrated enhanced
tensile properties, particularly at 2% and 5% concentrations, and
primarily exhibited fiber-dominated failure—an indication of
better adhesion. The 2-SiBF sample exhibited the highest tensile
strength, accompanied by a relatively low void content. Both
5-SiBF and 8-SiBF samples also retained high strength levels. Ten-
sile modulus followed a similar trend. Silane-treated composites,
especially 5-SiBF and 8-SiBF, achieved values approaching 20GPa
as seen in Table 2.

All specimens showed brittle failure with sudden fracture and
nearly identical maximum and breaking loads. Most exhibited
mixed fibre fracture and fibre–matrix debonding, while 8-NaBF
showed dominant interfacial failure due to poor adhesion. Silane-
treated samples displayed fibre-dominated failure, indicating
improved bonding as seen in the microscopy and SEM imaging
in Figure 7.

The bonding efficiency (BE) values for the various treatments can
be seen in Figure 8. The untreated laminate shows a high BE,
which is expected since the matrix modulus was back-calculated
using the tensile modulus of this sample. Consequently, the
experimentally measured modulus closely aligns with the theo-
retical Rule of Mixtures (ROM) prediction. The slight deviation
is attributed to void content, which reduces the actual laminate
density used in specific modulus calculations. Therefore, this BE
value serves only as a reference baseline andnot a true indicator of
interfacial bonding for the untreated sample. Among the treated
fibers, NaBF-treated laminates display significantly lower BE
values reflecting weak fiber-matrix bonding. In contrast, SiBF-
treated laminates demonstrate a steady increase inBEwithhigher
silane concentrations. Notably, the 5-SiBF and 8-SiBF samples
exhibit particularly high BE values, which arise from improved
interfacial adhesion.

The flexural strength and modulus results, shown in Figure 9,
further highlight the contrast between NaOH and silane treat-
ments. The untreated laminate exhibited a flexural strength
of 154.2 MPa and a modulus of 12.62 GPa. Treatment with
Advanced Sustainable Systems, 2026
2% NaBF resulted in a slight increase in strength; however,
higher concentrations led to a noticeable decline. This decrease
correlates with increased void content, which likely compro-
mises the matrix-dominated nature of flexural performance.
In contrast, silane-treated laminates showed enhanced flexu-
ral strength, with a peak value of 184.89 MPa for the 2-SiBF
sample. Although a slight reduction was observed at higher
concentrations, both 5-SiBF and 8-SiBF maintained flexural
strengths above 150 MPa as seen in Table 2. This improvement
is attributed to enhanced fiber–matrix compatibility and better
wetting afforded by the silane treatment, along with lower void
content. Flexural modulus values, however, were generally lower
for the treated specimens. This may suggest a more gradual load
transfer between fiber and matrix as a result of the chemical
treatments.

As seen in Figure 11, most flexural specimens fracturedwithin the
loading span, with silane-treated samples showing mainly fibre
rupture and strong interfacial adhesion. NaOH-treated speci-
mens, especially 5-NaBF and 8-NaBF, exhibited severe debonding
and fragmented failures. Higher NaOH concentrations degraded
the fibre-matrix interface.

5 Conclusions

The integration of natural fibers with renewable polymer
matrices is of critical importance to the circular composites
industry. In this work, focus is placed on bamboo fibers and
biobased polycarbonate matrix to manufacture sustainable
composites, where fiber surface properties and process
conditions are studied to monitor composite quality. At
the fiber level, both alkali and silane treatments altered
chemical functionality, density, and morphology, with notable
improvements in tensile properties—especially at intermediate
concentrations. Alkali treatment enhanced fibrillation and
surface area but was highly sensitive to concentration,
with higher NaOH levels compromising mechanical
integrity.

At the composite level, silane-treated fibers consistently out-
performed alkali-treated and untreated counterparts. The 2 g/L
silane treatment emerged as the most effective, producing the
highest tensile and flexural strengths (162 MPa and 184 MPa,
respectively), reduced void content, and effective interfacial adhe-
sion. These improvements were supported by increased bonding
efficiency and more favorable fiber failure modes, suggesting
successful chemical interactions at the fiber–matrix interface. In
contrast, higher concentrations of alkali treatment led to fiber
embrittlement, elevated void fractions, and diminished bonding
efficiency.

Natural fiber surface functionalities play a crucial role in com-
posite performance, especially at the interface level. In this
case, bamboo fibers treated with silane offer a suitable route
for biobased polycarbonate composite manufacturing through
prepreg formation. We believe that so-formed composites are
among the highest Tg natural fibre reinforced engineering ther-
moplastic composites reported in literature, and such advanced
composites will pave the way for important applications such as
circular aircraft interiors. This work serves as a vital contribution
9 of 12
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FIGURE 10 Specific Flexural Strength and Specific Flexural Stiffness of BF-PC composites.

FIGURE 11 Optical (scale bar corresponds to 1207 µm) and SEM (scale bar corresponds to 100 µm) images of fracture surfaces of flexural tested
samples.
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towards furthering the UN’s Sustainable Development Goals
12 (Responsible consumption and production) and 13 (Climate
Action) by promoting the use of bio-based, recyclable systems that
can reduce dependence on fossil fuels andminimize the life-cycle
greenhouse gas emissions.
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