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Abstract
This research explores the mechanical enhancement of thermoplastic biocomposites
by altering the surface of natural fiber reinforcements using biodegradable acids, with a
particular focus on flax and jute fibers treated with 2% potassium hydroxide (KOH)
and various percentages (0%, 1.2%, 1.8% and 2.4%) of bio-based acids (tannic acid and
gallic acid). These processed fibers were incorporated into a methyl methacrylate
(MMA)-based thermoplastic matrix using hand layup followed by the compression
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molding to fabricate a composite to achieve 1.97 mm thickness. Surface character-
isation using FTIR and TGA demonstrated successful modification of fiber surfaces,
improving fiber-matrix bonding. A series of mechanical tests evaluating tensile,
flexural, impact, and abrasion behavior demonstrated significant property improve-
ments in the composites. The most consistent and favorable outcomes were achieved
with a 1.8% acid treatment, which enhanced critical metrics including tensile strength
(60.57 MPa), flexural modulus (5.91 GPa), and impact resistance (8.34 kJ/m2). Finite
element analysis (FEA) provided a corroboration for these experimental findings with
simulations and the errors obtained when comparing results of maximum stress are
approximately 1-3%. Collectively, this evidence positions biodegradable acid treat-
ments as a viable and sustainable method for advancing the performance of natural
fiber-reinforced composites toward practical use.

Keywords
Thermoplastic biocomposites, surface modification, mechanical properties, finite
element analysis, abrasion resistance, sustainable materials

Introduction

The rising global concern over non-degradable synthetic materials has positioned re-
newable fibers as promising alternatives in composite applications, primarily because of
their biodegradability and lower ecological impact.1,2 Among them, flax and jute are bast
fibers extracted from the stems of Linum usitatissimum and Corchorus plants, respec-
tively. These natural fibers serve as a sustainable substitute for synthetic reinforcements,
requiring less energy to produce and resulting in fewer greenhouse gas emissions.3,4 They
also present distinct practical and economic advantages, characterized by their low cost,
minimal weight, natural biodegradability, and wide availability. A primary obstacle to
their wider adoption, however, is their natural affinity for water. This hydrophilic ten-
dency results in absorbed moisture that causes the fibers to swell, weakens their bond with
the matrix, and induces dimensional instability in the final composite, all of which
deteriorate its mechanical properties.5 Although these issues currently limit natural fibers’
capacity to displace synthetics,6–12 targeted surface modifications present a viable so-
lution.13 Such treatments strengthen the fiber-matrix bond, significantly improving the
composite’s mechanical strength and wear resistance.14,15 When implementing surface
modification techniques, careful consideration of chemical compatibility, treatment
duration, processing conditions, and material handling is essential.16–18 Surface modi-
fications of natural fibers have two fundamental approaches: physical and chemical.19

Physical methods alter only the surface morphology and properties without changing the
chemical composition such as plasma, UV/irradiation, heat treatment, and surface
fibrillation.20–22 Chemical treatment techniques which change the crystallinity, surface
chemistry and introduce new functional groups include mercerization (alkali treatment),
silane, benzoylation, and acetylation etc..23 For instance, alkali treatment improves
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natural fibers by roughening the surface and removing impurities.24 However, traditional
sodium hydroxide (NaOH), especially at elevated temperatures, often damages the fiber
structure and weakens its mechanical properties. In contrast, potassium hydroxide (KOH)
has emerged as a promising, milder alternative. By carefully controlling processing
parameters, KOH treatment removes impurities without significantly compromising the
cellulose integrity, resulting in less fiber degradation and enhanced mechanical perfor-
mance.25 Therefore, chemical treatments indicate a highly recommended strategy for
addressing the deficiencies of biocomposites.26

Gallic acid (GA), a single-molecule phenolic acid,27 and tannic acid, its complex
polyphenolic derivative, have both emerged as promising bio-based agents for improving
the mechanical performance of biocomposites, serving as sustainable partial replacements
for petroleum-based phenol.28 As an eco-friendly alternative, natural and abundant gallic
acid molecule has the ability to enhance a slight increase in mechanical integrity of
biocomposites specifically stiffness’ and tensile strength, backing immobilization of iron
phenlyphosponate on flax fiber along with thermal properties.29 Raja et al. found that
incorporating higher amount of GA in poly (butylene adipate-co-terephthalate) (PBAT)
composite film enhanced the mechanical strength, oxygen barrier properties, hydro-
phobicity and antibacterial activity.30 Derivates of GA in polymeric composite films
improve their stability by limiting their swelling and degradation, which is attributed to
increase the physical interactions and hydrogen bonding.31 In the work of M. Zhang et al.,
which resulted in 78.7% enhancement in interfacial shear strength in carbon fiber re-
inforced polymer composites with bio-based GA derivates.32 A. M Croitoru et al., re-
searched on the fabrication of fibers with various concentrations of GA for evaluating
antimicrobial, mechanical and their compatibility with other materials.33 In a study by Liu
et al., it demonstrated a marked improvement in the mechanical properties of carbon fiber/
epoxy composites with GA derivates increasing interlaminar shear strength by 14%,
flexural modulus by 13%, and flexural strength by 27%.34 Research by B. Pishva et al.
demonstrated the immobilization of GA derivatives on polycaprolactone (PCL), resulting
in a scaffold that integrates the structural integrity of PCL nanofibers with the bioactivity
of GA.35 S. Chen et al. developed gallic-acid based epoxy resin (GA-ER) and found better
tensile and impact properties of composites than their pure counterparts, positioning it a
viable alternative to common epoxies.36

By altering the chemistry of natural fibers, the polyphenolic molecule tannic acid (TA)
acts as an effective agent for improving strength, adhesion, and composites durability.37

Kamaludin et al., worked on the fabrication of TA treated biocomposites using com-
pression molding, resulted in improved tensile, thermal, water absorption, and structural
properties.38 In the study on biocomposites, Shibata et al., reported a significant im-
provement in tensile strength, and tensile modulus following treatment with TA under
different conditions.39 Scientific results obtained by Kim et al., employing a TA-based
epoxy in carbon fiber reinforced plastic (CFRP) fabrication improved the interfacial
bonding between the constituents, resulting in better mechanical properties.40 Hu et al.,
worked on the enhancement of interfacial adhesion of carbon fiber reinforced composites
using ferric ion and TA treatment, achieving 80% improvement in interfacial shear
strength.41 Xiang et al., researched on modified basalt fiber-reinforced polymer (BFRP)
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composites through TA and aminopropyltriethoxysilane (APS), obtained interfacial shear
strength (IFSS) increases by 65.3%, contributing to improvement of 38.1% in flexural
strength, 31.6% in flexural modulus, and 20.9% interlaminar shear strength, respec-
tively.42 According to Singh et al., integration of tannic acid treated bamboo micron fibers
(TBMFs) as a hybrid component in glass fiber reinforced plastics (GFRP) resulted in a
substantial enhancement of mechanical properties, with yield strength (σy) and elastic
modulus (E) increasing by 48% and 55%, respectively, over the untreated composite.43

Liu et al. strengthened and toughened the bamboo fibers reinforced poly (lactic acid) (BF/
PLA) biocomposites evaluating mechanical performances such as tensile strength, impact
strength, thermomechanical properties utilized a TA-crosslinked epoxidized soybean oil
(TA-ESO).44 This study investigates a novel chemical approach for enhancing bio-
composites, focusing on the unexplored effects of KOH treatment combined with tannic
acid-treated jute and gallic acid-treated flax in an MMA-based thermoplastic matrix. The
research comprehensively evaluates mechanical properties (tensile, flexural, impact,
abrasion), thermal behavior and microstructure, supported by computational modeling of
experimental data. Future work will focus on scaling up the fabrication process and
evaluating the long-term durability of these composites under real-world environmental
conditions.

Materials and methods

Raw materials

Natural reinforcements such as plain-woven jute and flax were obtained from the De-
partment of Mechanical Engineering, KTU, Kaunas, Lithuania, while liquid reactive
MMA thermoplastic resin (Elium151 XO/SA), supplied by Arkema, Colombes, France.
Some of the physical and mechanical properties of natural fibers flax and jute are
summarised in Table 1, Table 2, respectively.

The apparent modulus measures the fabric’s stiffness in its woven form. The
Elium151 XO/SA resin system comprises three components: 151 XO resin, 151 SA
accelerator, and a peroxide initiator. Upon the integration of all three parts, radical
polymerisation starts, resulting in a poly (methylmethacrylate) (PMMA) thermoplastic

Table 1. Physical and mechanical properties of woven flax fabrics.

Properties/Features Value

Fiber density 1.45 ± 0.02 g/cm3

Areal density 212.5 g/m2

Elongation at break 1.3%
Water contenta 5–7%
Apparent modulus 58 ± 2 GPa

aValid under the following conditions: 22°C, 50% RH.
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matrix. The initiator employed in this research was Butanox M-50, a medium-reactive,
general-purpose methyl ethyl ketone peroxide (MEKP) solution in dimethyl phthalate,
procured from Ecocompósitos, SA, Faro, Portugal. The typical cured non-reinforced
Elium resin properties are detailed in Table 3.

Potassium hydroxide (KOH), acetone and distilled water were used for the cleaning
and washing of fabrics. To enhance the fiber-matrix bonding interaction tannic acid (TA)
and gallic acid (GA) was obtained from Sigma-Aldrich (reagent grades: CAS# 1401-55-4,
Mol. Wt.1701.20 for TA and CAS# 149-91-7, Mol. Wt.170.12 for GA), St Louis,
MO, USA.

Surface treatment and sampling sequence of natural fiber reinforcements

Reinforcement layers of both flax and jute, measuring 6“ × 6”, were cut and washed with
distilled water to eliminate intrinsic impurities. The layers were distinctively etched in a
2% KOH solution [25] at 40°C for 80 minutes and then rinsed with distilled water before
oven drying. After drying, the jute specimens were subjected to tannic acid (TA) treatment
based on their weight, utilising various concentrations and durations, while the flax
specimens underwent gallic acid (GA) treatment under similar conditions, as detailed in
Table 4, employing mild sonication. The treatment was conducted at room temperature,
maintaining a pH of 8 throughout the process.

Table 3. Properties of typically cured non-reinforced Elium151 XO/SA polymer.

Properties/Features Value

Heat deflection temperature 75.90°C
Tensile strength 47.00 MPa
Tensile modulus 2.6–2.70 GPa
Tensile elongation at break 4.3–4.6%
Flexural strength 80.00–81.50 MPa
Flexural modulus 2.6–2.7 GPa
Flexural elongation 4.42%

Table 2. Physical and mechanical properties of woven jute fabrics.

Properties/Features Value

Fiber density 1.45 ± 0.03 g/cm3

Areal density 259.5 g/m2

Elongation at break 1.5–2.0%
Water contenta 8–10%
Apparent modulus 30 ± 2 GPa

aValid under the following conditions: 22°C, 50% RH.
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Fabrication of hybrid biocomposites

The tannic acid treated jute and the gallic acid treated flax fabrics were incorporated in
the fabrication of four-ply laminated hybrid biocomposite materials through hand
layup and compression molding methods for mechanical testing including tensile,
flexural and Charpy pendulum impact tests as shown in Table 5. Thermoplastic
polymer was applied, and four plies (Jute/flax/Jute/flax) were assembled in a 600 × 600

configuration for each specimen using hand layup. Subsequent to hand layup, these
plies were positioned in the hot plates of a compression molding machine to cure the
bio-composites at 60°C under an initial pressure of 2 kN for 10 minutes, followed by an
increase to 12 kN for 40 minutes. The hot press was permitted to cool to ambient
temperature while under applied pressure. For abrasion test of composites, 2 layers
biocomposites were prepared, and method of fabrication was the same using hand
layup and compression molding. Figure 1 shows the comprehensive approach and
photographs captured throughout the process.

Table 5. Details of fabricated hybrid biocomposites for mechanical testing including tensile,
flexural and Charpy pendulum impact tests.

Sample
code Reinforcement

Alkaline
treatment

Jute ply acid
treatment

Flax ply acid
treatment

JFTG0 2 layers of jute, 2 layers of flax
(J/F/J/F [0/90/0/90])

2% KOH Nil Nil

JFTG1.2 2 layers of jute, 2 layers of flax
(J/F/J/F [0/90/0/90])

2% KOH 1.2% TA 1.2% GA

JFTG1.8 2 layers of jute, 2 layers of flax
(J/F/J/F [0/90/0/90])

2% KOH 1.8% TA 1.8% GA

JFTG2.4 2 layers of jute, 2 layers of flax
(J/F/J/F [0/90/0/90])

2% KOH 2.4% TA 2.4% GA

Table 4. Treatment performed with tannic and gallic acids for jute and flax fabrics at different
concentrations and processing times.

Sr No. Fabric type Treatment group Acid type Acid concentration Processing time

1 Jute Untreated N/A N/A N/A
2 Jute Treated Tannic acid 1.2% 10 min
3 Jute Treated Tannic acid 1.8% 15 min
4 Jute Treated Tannic acid 2.4% 20 min
5 Flax Untreated N/A N/A N/A
6 Flax Treated Gallic acid 1.2% 15 min
7 Flax Treated Gallic acid 1.8% 20 min
8 Flax Treated Gallic acid 2.4% 70 min
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Characterisation of fabrics/reinforcements

The fabric characterisation of both reinforcements was conditioned in a standard atmo-
sphere (20 ± 2°C temperature and 65 ± 4% relative humidity) according to LST EN ISO
139:2006 for 24 hours prior to testing. Fabrics tensile strength was measured following the
strip test method in accordance with LST EN ISO 13934-1:2013, and the fabric weight in
grams per square meter (GSM) was determined following LST EN 12127:1999. Tensile
tests were conducted on the SDL Atlas M350-10AX universal testing machine (SDL Atlas
Ltd, USA). Abrasion tests were assessed on the James H Heal N-Martindale 404 abrasion
tester for fabrics under standard LST EN 1SO 12947-2:2017. Sample cutting for shrinkage
was performed using the standard LST EN ISO 3759:2011. Fabric shrinkage, post-washing
was assessed according to ISO 5077:2008 WASCATOR FOM71MP, FTMC, Kaunas,
Lithuania. Washing (40 ± 3°C) at normal agitation and line drying (vertical) operation
carried out employing the standard method LST EN 6330: 2022. Performing the standard
process, Fourier Transform Infrared (FTIR) spectroscopy was executed out by an IRTracer
100 spectroscope (Shimadzu, Columbia, MD, USA) to assess the impact of chemicals on
fabrics. Thermogravimetric analysis (TGA) was performed on a STA 449 F3 Jupiter at
Lithuanian Energy Institute (LEI), Kaunas. The weight loss of the control and fabrics was

Figure 1. Scheme of biocomposites showing various steps during reinforcements treatment,
fabrication process, and testing.
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recorded from room temperature to 900°C at a heating rate of 10°C/min under nitrogen
atmospheres. These standardised methodologies presented the uniform and precise
description of the materials for subsequent studies.

Evaluation, testing and modeling of composites

The mechanical behaviour of the composites was evaluated through tensile, flexural, and
impact testing in Fibrenamics Association – Institute for Innovation in Fibrous andComposite
Materials, Portugal. Tensile tests were evaluated using a universal testing machine at an
extension rate of 2 mm/min accordance with ASTM D3039, employing specimens of
152.4 mm × 25 mm. Flexural properties were determined using a three-point bending setup
at a crosshead speed of 1 mm/min following ASTM D7264, with specimen dimensions of
120 mm × 13 mm. Charpy impact testing was performed on samples measuring 100 mm ×
10 mm at an impact velocity of 3.7 m/sec according to ISO 179-1. Thermogravimetric
analysis (TGA) was carried out in a nitrogen atmosphere at a constant heating rate to assess
thermal stability and weight loss behaviour. Fracture morphology and damage mechanisms
were examined using an FEI Nova 200 NanoSEM (FEG/SEM) at the SEMAT facility,
University ofMinho, Portugal. Numerical simulation using ANSYS software were employed
to validate the experimental tensile and flexural responses of the composites.

Results and discussion

Characterisation of biocomposite reinforcements

FTIR spectroscopy for fabrics. The FTIR analysis of jute fabric processed with various
concentrations of tannic acid (TA) and flax fabric treatedwith gallic acid (GA) as indicated in
Figure 2 provide details on the chemical alterations induced by these processing. Key
functional groups, such as the OH stretching (3334 cm�1), C = C stretching (2334 cm�1),
C = O stretching (1598 cm�1) demonstrated the tannic and gallic acids adherence to the fiber
surfaces (approximately 1500 and 2000 cm�1), and C-O-C stretching (1164 cm�1), identify
the interactions between the respective bio-acids and the constituents of natural fibers.
Various bonds such as ester and ether are formed, and a change in the intensity of peaks
observed after the application of tannic acids with jute fabric and gallic acids with flax fabric.
These results propose that both tannic and gallic acids successfully crosslink with cellulose,
enhancing the fibers structural integrity by creating new chemical bridges.

Natural fibers contain a chain of cellulose, and such treatments of acids with the fibers
strengthen and stabilise it making a new chemical bridge. Because of this crosslinking
process, natural fibers gains enhanced mechanical properties including higher tensile
strength and resistance to deformation. The comparative analysis of both natural fibers
highlights the significant influence of acids on structural property changes, emphasizing
their role in enhancing the fibers’ functional characteristics. In general, the FTIR
spectrum shows that alkaline treatment with KOH successfully cleans the fiber surfaces
by eliminating impurities like lignin, hemicellulose, and waxes, while maintaining the
integrity of cellulose. These modifications improve the surface properties of flax and jute
fabrics, making them more compatible with polymer matrices in composite applications.
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Thermal analysis of reinforcements

Thermo gravimetric analysis (TGA) and derivative thermo gravimetric analysis (DTGA)
were carried out to examine the degradation of natural fibers like jute and flax when
treated with different concentrations of acids, with results shown in Figure 3. The thermal
data obtained for fibers presents a potential enhancement in the stability of materials after
acids treatment. The results demonstrate clearly the mass loss for the treated natural
fibers thermal resistance and it’s been improved. For flax fibers, increasing the con-
centration of GA improved thermal performance, resulting in less mass loss at higher
temperatures. Thermal stability has a dependence on the higher concentrations of TA
acids treatment with jute such as those processed with 1.8% and 2.4% exhibit greater
thermal stability. Treatment of natural fibers with tannic acids and gallic acids facilitates
the formation of bonds with the polymer and make the surface active and is attributed to
the functionalisation of fibers. In parallel, these bonds are more resistant to breaking,
leading to a higher degradation temperature. These findings highlight that both TA and
GA treatments may improve the thermal stability of natural fibers, making them more
viable for use in high-temperature composite material applications.45,46

Physical, tensile and abrasion properties of composite preform

Table 6 lists the physical properties of flax and jute fabrics in both warp and weft,
comparing values before (F-BT, J-BT) and after (F-AT, J-AT) treatment with 2% KOH,
respectively. Treatment with 2% KOH compacted both fabrics evidenced by shrinkage in
flax (7.92% warp, 11.4% weft) and jute (5.09% warp, 3.5% weft) consistent with the

Figure 2. FTIR spectra of jute woven and flax fabrics treated with various concentrations of tannic
acid and gallic acid.
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removal of surface waxes, hemicellulose, and portions of lignin that promotes closer yarn
packing and higher inter fiber friction. This structural tightening was accompanied by
reduced ply strength: flax declined from 826 to 817 N (warp) and 964 to 845 N (weft), and
jute from 629 to 551 N (warp) and 682 to 621 N (weft), changes attributable to the loss of

Figure 3. TG (a) and DTG (b) curves for jute and flax fabrics with different concentrations of acids
treatment.
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non-cellulosic “cementing” constituents and partial cellulose I to II conversion that
increases amorphous regions and microdefects. When normalised by areal density, the
concept is clear: untreated flax carried more load per unit mass than jute (≈3.9–4.5 vs 2.4–
2.6 N.m2. g�1), and all treated states were lower than their untreated analogues. Elon-
gation at break increased after treatment (flax: 15.8 to 20.6% warp; 5.3 to 14.8% weft;
jute: 7.1 to 10.3% warp; 4.2 to 6.7% weft), consistent with decreased yarn crimp and
softer bundles; this may aid drape during lay-up but implies a lower initial modulus.
Abrasion resistance (9 kPa) also deteriorated, more strongly in flax (18,000 to
9000 cycles) than in jute (9500 to 8000 cycles), indicating greater fibrillation and handling
sensitivity.

Collectively, the data show that 2% KOH enhances surface readiness and fabric
compactness for subsequent composite fabrication but compromises a slight change in
intrinsic tensile and wear performance, with the trade-off being more pronounced for flax;
for tensile-critical laminates, milder alkali better preserve cellulose integrity while
maintaining adhesion. Furthermore, the normalised tensile strength (N.m2.g�1) as shown
in Figure 4 is determined using the formula provided in equation (1):

Normalised tensile strength ¼ Tensile strength

Areal density
(1)

Characterisation of biocomposites

Tensile properties. The tensile properties of untreated and phenolic acid-treated jute/flax
hybrid biocomposites with different concentrations have been compared in Figure 5. The

Figure 4. Normalised tensile strength of untreated (F-BT, J-BT) and treated (F-AT, J-AT) flax and
jute reinforcements.
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untreated sample (JFTG0) exhibited a tensile strength of 49.87 MPa and a modulus of
2.99 GPa, reflecting limited interfacial bonding between the untreated natural fibers and
the Elium thermoplastic matrix. When the fibers were treated with tannic acid (TA) and
gallic acid (GA), both properties improved noticeably, confirming the effectiveness of the
surface modification. The enhancement can be attributed to improved fiber-matrix ad-
hesion resulting from hydrogen bonding and possible esterification between the phenolic
groups of TA/GA and the hydroxyl groups present on the cellulose surfaces of the fibers.
Stress transfer ability between the polymer and the natural fibers has been enhanced due to
the chemical interaction.

A biocomposite with 1.8% (JFTG1.8) concentration achieving a tensile strength of
60.57 MPa and a modulus of 4.20 GPa. This determines the moderate concentration and
duration of TA and GA (1.8%) provides an optimal balance between surface activation
and fiber integrity, improving wettability and load distribution with no degradation.
Tannic and gallic acids alter the natural fibers structure by interacting with cellulose
hydroxyl groups. This process has a dual effect. On one hand, it builds crosslinks that act
as reinforcements within the cellulose network, significantly boosting the fiber’s me-
chanical strength. On the other hand, it causes the fibers to clump together. If this
clustering becomes excessive, the fibers lose their flexibility and become brittle, ulti-
mately degrading their overall strength. While the treatment concentration reaches 2.4%,
the material’s strength and stiffness begin to deteriorate. At high level, the treatment itself
starts to damage the fibers. This could either cause tiny structural flaws or make the fibers
so rigid that the resin can’t seep in properly, ultimately compromising the bond between
them. As shown in Figure 6, the fractured surfaces of the tensile-tested specimens reveal
that all samples experienced cross-grain fracture patterns.

In summary, the results clearly show that controlled bio-based acid treatment enhances
the tensile performance of natural fiber-reinforced Elium composites. A treatment level

Figure 5. Influence of tannic and gallic acid concentration on the tensile properties of jute and flax
biocomposites.
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around 1.8 wt% of TA and GA maximises fiber-matrix adhesion and mechanical effi-
ciency while maintaining the structural integrity of the reinforcement.

Figure 6 highlights the fractured surfaces of tensile characterised specimens for
JFTG0 and JFTG1.8. A similar behavior observed for JFTG1.2 and JFTG2.4.

Flexural properties. Flexural properties of biocomposites are shown in Figure 7, indicating
an improvement following the TA and GA treatment, compared to the untreated sample.
These enhancements clearly reflect the influence of treatment concentration on fiber-
matrix interfacial bonding. The untreated sample (JFTG0) exhibited a flexural strength of
61.66 MPa and a modulus of 3.31 GPa. The 1.2% acid treatment (JFTG1.2) resulted in a
flexural strength of 74.66 MPa and a modulus of 4.47 GPa, demonstrating a significant
enhancement in performance. These figures correspond to a roughly 21% gain in flexural
strength and a 35% gain in modulus. The optimal concentration was 1.8% (JFTG1.8),
which achieved the highest recorded values of 89.96 MPa for strength and 5.91 GPa for
modulus. This marks a substantial gain of about 46% in strength and 79% in modulus
compared to the untreated material. However, a slight downturn in properties at the 2.4%
concentration (JFTG2.4) points to the beginnings of over-treatment.

The consistent improvement up to the 1.8% mark stems from the combined action of
the alkali pre-treatment and the subsequent polyphenolic modification. The initial KOH
stage cleans the fiber surface by stripping away lignin, hemicellulose, and waxy sub-
stances. This step successfully exposes more hydroxyl (–OH) groups and scours the
surface to make it rougher. The follow-on application of tannic and gallic acids further
strengthens the interface. These polyphenols act as a bridge, forming hydrogen bonds and
potential ester linkages between the cellulose on the fiber and the carbonyl groups in the
polymer matrix. This upgraded chemical interaction allows for more efficient stress
transfer from the matrix to the fibers, leading to a composite that has fewer weak points at

Figure 6. Tensile fractured specimens (a) JFTG0, and (b) JFTG1.8.
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their junction. The optimal performance at 1.8% confirms that this concentration strikes
the right balance between activating the fiber surface and preserving its inherent structure.
When concentrations rise beyond this level, the fibers become overly coated with phenolic
material and may even begin to degrade, leading to a loss of flexibility. In essence,
optimising polyphenolic modification successfully strengthens the bond between the
fibers and polymers. This approach directly produces tougher, more rigid bio-composites
that maintain strong recyclability.

As Figure 8 illustrates, the success of this chemical bonding is visible in the uniform,
tightly bound fracture surface. This specific morphology stems from the strong adhesion,
which directly provides the composite with its enhanced structural integrity and ability to
resist fracture.

Impact properties. Charpy impact testing was introduced to explain the fracture toughness
of the hybrid biocomposites, quantifying the energy they absorb during a sudden fracture
event. As shown in Figure 9, the application of tannic and gallic acid treatments con-
sistently enhanced the material’s impact property across all concentrations tested.

For the untreated JFTG0 specimen, the impact test measured an energy absorption
of 7.71 kJ/m2, presenting the performance baseline. Sample JFTG1.2, increased the
energy absorption to 8.62 kJ/m2, revealing an initial improvement in the strength
between the fibers and the polymer. A further increase was recorded for the
JFTG1.8 specimen, which registered 8.34 kJ/m2. The most substantial performance
gain was seen at the highest concentration, with the JFTG2.4 sample achieving an
impact strength of 10.56 kJ/m2. This peak in toughness implies that elevated acid levels
foster superior interfacial adhesion, which in turn suppresses failure modes like fiber
pull-out and debonding. This suppression of key failure modes allows the composite to

Figure 7. Influence of tannic and gallic acid concentration on the flexural properties of jute and flax
biocomposites.
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endure greater energy absorption before cracking. This consistent rise in impact energy
with increasing acid concentration directly supports the earlier tensile and flexural data.
The treatments are responsible for this increased toughness, having created a more
resilient interface through superior mechanical anchoring and chemical bonding. A

Figure 8. Top-surface flexural failure of various biocomposites (a) JFTG0, (b) JFTG1.8,
(c) JFTG1.2, and (d) JFTG2.4.

Figure 9. Impact strength of untreated and treated biocomposites.
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direct consequence of this strong bond is the efficient transfer of stress during high-
speed impact.

The fracture surfaces in Figure 10 show the visual proof of this mechanism. Here,
morphology shows a dual effect: the treatments successfully increase toughness, but at
peak concentration, a trend toward brittleness emerges, changing the characteristic
failure mode.

Surface and cross-sectional morphology of biocomposites via SEM. SEM analysis after Charpy
pendulum impact test shows that the untreated laminate (JFTG0) exhibits a rough surface
with micro-debris, fibre pull-outs, and weak interfacial consolidation, whereas tannic-acid
and gallic-acid treatments (JFTG1.2, JFTG1.8, JFTG2.4) progressively produce a denser,
more uniform surface with improved matrix coverage and reduced voids, especially at
higher magnification (20 μm) as shown in Figure 11. Cross-sectional fracture obser-
vations as indicated in Figure 12 after Charpy impact further distinguish the samples:
JFTG0 displays smooth fibre pull-out and interfacial debonding typical of brittle failure,
while treated composites show rougher, more fibrillated fracture surfaces with stronger
resin adhesion, fibre bridging, and reduced pull-out. The most pronounced interfacial
integrity and energy-absorbing features such as matrix shear deformation and damaged
fibre lumens appear in JFTG2.4, consistent with its improved impact strength. Overall, the
morphological evolution with increasing acid concentration confirms that surface
modification enhances fibre matrix bonding, minimises defects, and promotes tougher,
more energy-dissipative fracture behaviour, directly supporting the observed improve-
ment in impact resistance.

Abrasion properties. The 2-layer circular biocomposite laminates were fabricated from
Elium resin and natural fibers, with a final diameter of 100 mm to meet the specifications
of the Martindale abrasion tester. For the evaluation, a 26 mm head fitted with 400-grit
sandpaper was used as the abrading surface. The mass loss (precision balance) and
thickness change (vernier calipers) recorded at set intervals (Table 7) served as the basis
for calculating the Abrasion Index (Ra) using equation (5). This metric provides a

Figure 10. Impact characterised fractured samples (a) JFTG0, and (b) JFTG2.4.
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Figure 11. Surface analysis via SEM for various biocomposites.
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quantitative measure of wear resistance by accounting for both volumetric losses derived
from mass and thickness changes and surface degradation. Where constant k is 0.25.

Mass loss ð%Þ ¼
�
mi � mf

mi

�
× 100 (2)

Since the abrader diameter = 26 mm, the contact area A0 is:

A0 ¼
�
πr2

� ¼ �
3:14 × 132

� ¼ 530:93mm2 (3)

Area loss ¼ 530:93 ×
h0 � hf

h0
(4)

Ra ¼ k ×

��
mi � mf

�
h0
�

�
mi × 530:93 ×

�
h0 � hf

�� (5)

Across all samples, Ra increased as shown in Figure 13 with cycling, confirming
progressive material removal during repeated abrasive contact. The data reveals a clear

Figure 12. Cross-sectional analysis via SEM for various biocomposites.
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performance gap: flax-Elium (FF) biocomposites generally offered better abrasion re-
sistance than jute-Elium (JJ) ones, as evidenced by their lower Ra values. For the jute
series, increasing the treatment level (e.g., JJ1.8, JJ2.4) correlated with higher Ra, in-
dicating diminished abrasion stability. The FF2.4 specimen was a clear outlier, beginning
with a high Ra value that steadily dropped. This pattern is consistent with the early-stage
removal of a fragile surface layer, followed by the exposure of a more wear-resistant core.
The FF0 and FF1.2 samples, however, showed the greatest consistency, with their Ra
values changing very little between the initial and final measurements.

Thermal behavior of biocomposites. The TGA curves as shown in Figure 14 of the Elium-
based hybrid biocomposites exhibit a small mass loss below∼120°C attributed to removal
of absorbed moisture and low-molecular volatiles, followed by a single major degradation
step between ∼300 and 430°C. The onset of significant degradation (≈5 % mass loss)
occurs around 290-300°C for all laminates and is slightly shifted to higher temperature for
the acid-treated samples (JFTG1.2 to JFTG2.4), indicating a marginal improvement in
thermal stability compared with the untreated composite (JFTG0). DTG traces show a
shoulder at ∼250-280°C due to hemicellulose degradation and a main peak at ∼360-
380°C corresponding to the simultaneous decomposition of Elium matrix and the
cellulose/lignin fractions. The treated composites, particularly JFTG1.2 and JFTG1.8,
present slightly higher Tmax and peak intensities together with a modest increase in char
residue (∼8 to 10 wt% at 600°C), which can be related to enhanced fiber-matrix in-
teractions and the additional aromatic char from tannic/gallic acids, without changing the
overall degradation mechanism.

Figure 13. Progression of surface roughness (Ra) as a function of abrasion cycles for 2-layer
thermoplastic biocomposites.
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Numerical simulation and model validation

In this work, numerical modeling of the fundamental mechanical properties of natural
fiber-reinforced thermoplastic composites, both untreated and chemically treated with
tannic and gallic acids, was performed, and the results were validated against

Figure 14. TG (a) and DTG (b) curves for untreated and treated biocomposites with different
concentrations of acids.
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experimental data. Numerical 3D modeling was performed in Ansys LS-DYNA Suite
R16.1 Student program, which is limited to a maximum total number of 128 × 103 nodes/
elements. Tensile and three-point bending tests were conducted, the schematic of which
are illustrated in Figure 15.

The specimens and the indenter were modeled with shell elements (fully integrated
shell element ELFORM = 16) using the finite element method. One end of the tensile
specimen was fixed as immovable. A coarser mesh of 2.5 × 1.25 mmwas selected in the
grip regions, while a uniform mesh of 1.25 × 1.25 mm was applied elsewhere. The
tensile specimen consisted of a total of 2800 elements (2961 nodes). Seven integration
points through the specimen thickness were selected (NIP = 7). In contrast, the bending
specimen was modeled with a uniform finite element mesh of 1.3 × 1.25 mm. The
bending specimen consisted of 960 elements (1067 nodes), with nine integration points
selected (NIP = 9). The indenter consisted of 480 elements (512 nodes), and the two
supports together consisted of 960 elements (1024 nodes). All directions of movement
of the indenter were restricted except for vertical movement, and the supports were
fully constrained in all degrees of freedom. In contrast, the composite required no
additional restraint as it was compressed from above by the indenter while resting on
both supports from below. Frictional forces acted between the metal surfaces and the
test specimen.

AUTOMATIC_SURFACE_TO_SURFACE contact was selected for the bending
test. The following friction coefficients were adopted: static and dynamic friction
coefficients μs = 0.5 and μd = 0.35, respectively, and exponential decay coefficient
DC = 7.52.

During tensile testing, equivalent von Mises stresses were evaluated, while for more
complex bending deformation, strain energy density (SED) was additionally assessed.
SED equals the area under the stress-strain curve and represents the strain energy stored in
a material per unit volume (SI unit: J m�3)14,15:

Figure 15. Finite element mesh of the tensile specimen (a) and three-point bending test
configuration (b).
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SED ¼
Z εpeak F

0

σðεÞdε (6)

where εpeak_F denotes the strain at maximum force.
The experimental and numerical tensile test curves are presented in Figure 16. As can

be seen, all composite tensile stress-strain curves coincide with numerical curves with
sufficient accuracy. The shape of the deformation curves is similar. Following a short
linear region, the curves bend and increase steadily until maximum load is reached. The
tensile stress-strain curves are relatively smooth. Uniaxial tension subjects the entire
gauge section to uniform tensile stress, which tends to produce more synchronized
damage accumulation and consequently smaller amplitude oscillations. The fiber pull-out
mechanism dominates. The weaker fiber-matrix interface allows fibers to be extracted
from the matrix rather than transferring stress efficiently until fiber fracture. As the load
increases, multiple fibers gradually disengage rather than experiencing the abrupt in-
terfacial shear failures characteristic of bending-induced stress concentrations. Matrix
microcracking contributes to the serrated behavior by creating sudden compliance
changes and localized stress redistributions.

Tensile curves of all specimens show largely brittle behavior (clear, sharp peak and
abrupt drop in load at fracture). Sample JFTG2.4 (Figure 16(d)) shows the largest strain-
to-failure (a bit more ductile) but still fails in a brittle-looking way (fiber fracture rather
than progressive pull-out). Tensile curves of sample JFTG0 (untreated) and sample
JFTG2.4 (highest TA/GA) are similar, sample JFTG2.4 has slightly higher strain-to-

Figure 16. The experimental and numerical tensile test curves (a) JFTG0, (b) JFTG1.2,
(c) JFTG1.8, (d) JFTG2.4.
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failure. However, flexural curves of JFTG0 and JFTG2.4 differ a lot across samples.
Meanwhile, samples JFTG1.2 and JFTG1.8 (intermediate TA/GA) doses) are like each
other in both tension and flexure, but they differ from JFTG0 and JFTG2.4. Such pattern
shows a bimodal response: JFTG0 and JFTG2.4 behave similarly in tension, while
JFTG1.2 and JFTG1.8 form a second group; flexural responses are more sensitive and
spread out. Amechanistic explanation reveals two different competing effects that TA/GA
acid can produce in a laminate: (1) interfacial strengthening and (2) fiber-matrix
modification or residual effects. Molecules adsorb onto fiber surfaces and improve
bonding to resin. This increases initial stiffness transfer and peak strengths. However,
depending on dose and processing, the treatment can (a) plasticize the adjacent matrix
(more ductile interphase), (b) locally stiffen (crosslink) the interphase (more brittle), or
(c) leave acid residues that affect cure or fiber integrity (damage/weakness). Because
these effects depend nonlinearly on concentration and deposition uniformity, a small
increase in dose may push the system from one regime to another explaining why mid
doses (samples JFTG1.2 and JFTG1.8) behave similarly to each other, but differently
from untreated (JFTG0) or high (JFTG2.4) dose. Two different physical routes can
produce similar tensile curves of sample JFTG0 (untreated) and sample JFTG2.4
(highest dose) in tension. Being chemically untreated, sample JFTG0 has lower in-
terfacial shear strength (IFSS), its peak in tension is lower and failure is dominated by
fiber pull-out (progressive failure).

When evaluating the maximum tensile stress (Table 8), regardless of the composite, the
numerical result differed from the simulation by 0.55-3.18%. Meanwhile, when eval-
uating the maximum flexural deformation, the result differed by 0.53-1.71%.

Flexural capacity is relatively lower but more gradual plasticity is observed. Sample
JFTG2.4 looks untreated in tensile, tensile curve is similar to sample JFTG0 in shape but
with slightly larger strain-to-break, which suggests matrix plasticization or non-
uniformity. This could be explained by two opposite effects: improved fiber bonding
vs. embrittlement/acid residue or plasticization. With higher TA/GA dose there is over-
coating or aggregation, meaning that excessive acids form thick, brittle surface layers or
aggregates that reduce effective interfacial bonding (heterogeneous and weak adhesion),
so load transfer is not uniformly enhanced effective macro response close to untreated.
Secondly, matrix plasticization could be dominating, meaning high dose diffuses

Table 8. Comparison of maximum stress σmax results obtained by experiment and numerical
modeling.

Sample

Tensile Flexural

Experiment Numerical Diff. % Experiment Numerical Diff. %

JFTG0 49.91 50.18 0.55 62.41 61.35 1.71
JFTG1.2 50.05 51.64 3.18 74.60 73.66 1.25
JFTG1.8 60.57 61.97 2.32 86.40 85.18 1.42
JFTG2.4 53.14 54.23 2.05 83.22 82.78 0.53
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(residues plasticize) the nearby matrix, lowering elastic stiffness locally and increasing
strain to failure. The peak stress ends up not much higher than untreated, but the failure
mode shifts, producing similar tensile curves with slightly higher strain-to-failure. In
contrast, under loading conditions other than pure tension, different behavior is observed.
The experimental and numerical test curves for bending are presented in Figure 17.

As observed, the flexural curves differ markedly (JFTG0 and JFTG2.4) even when the
tensile curves are similar (JFTG0 and JFTG2.4). The flexural response is matrix- and
interphase-dominated, governed by fiber buckling, kinking, and localized matrix flow.
Even minor variations in interphase toughness or matrix plasticity produce substantial
differences in flexural strain capacity and the shape of the flexural stress-strain curve. If
treatment induces matrix plasticization or causes incomplete cure due to residues as is
plausible in sample JFTG2.4 the flexural behavior may exhibit greater ductility (higher
strains) because the matrix yields and accommodates large deformations without cata-
strophic fiber kinking.

Samples JFTG1.2 and JFTG1.8 have improved peak strength and appear similar in
deformation behavior, both in tension and flexure. At 1.2% and 1.8% TA/GA the
chemistry and surface coverage may be in a similar regime: sufficient adsorption (more
uniform deposition) significantly increases IFSS, but not so much that the interphase
becomes embrittled or resin cure is affected. This results in samples JFTG1.2 and
JFTG1.8 showing similar deformation responses relative to untreated (higher peak, al-
tered post-peak). The interface hardening (fracture toughness) seems to be comparable
hence similar curves. If treatment stiffens interface, flexural load is carried more

Figure 17. The experimental and numerical bending test curves (a) JFTG0, (b) JFTG1.2, (c)
JFTG1.8, (d) JFTG2.4.
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effectively but failure can be more brittle (lower flexural strain to failure) or show different
hardening.

From the numerical tensile results, it can be observed that localized stress concen-
tration occurs at the specimen grip ends (small red zones), with stresses distributed
symmetrically at both ends. In the numerical model, the ends are ideally constrained,
whereas the actual constraint differs to some extent. Moreover, the actual specimen
exhibits fiber waviness, resin inhomogeneities, surface defects, microcracks, non-uniform
matrix-fiber adhesion, regions of varying specimen thickness, and similar imperfections.
In the numerical model, the specimen fails at either the fixed or moving end, whereas the
actual specimen may fail at the center if a weaker region develops there, even though
stress at the ends may be somewhat higher. Based on the deformation-strain tensile curves
and their agreement with the numerical results, when appropriate composite properties are
assigned, the mechanical behavior of such composites can be estimated with sufficient
accuracy. From Figure 18(c), it is evident that prior to failure, the von Mises stresses in
composite JFTG1.8 are the highest (peak ∼84.5 MPa), with the most uniform stress
distribution. This indicates that the composite is stiff and likely exhibits brittle (matrix-
dominated) behavior. In contrast, composites shown in Figure 18(a), (b), and (d) exhibit
lower and relatively similar stresses (60-64MPa). The maximum vonMises stresses σVM
for composites JFTG1.2 and JFTG2.4 are comparable (approximately 64 MPa), sug-
gesting that treatment with a higher acid concentration of 2.4% was not as effective as
treatment with 1.8% concentration regarding tensile strength. Treatment with 1.2% acid
concentration contributed only marginally to increased composite tensile strength. It
should be noted that this composite JFTG1.2 began to fail earliest (element deletion
started at 33.75 ms). The low acid concentration may have resulted in a suboptimal layer
and non-uniform coverage, which could explain the earliest failure time.

The von Mises stresses for bending specimens are illustrated in Figure 19. High strain
energy density (SED) values, distribution over a larger area, and moderate von Mises
stresses indicate good energy dissipation. As can be observed from Figure 19(a), the σVM
stresses are distributed over a relatively large area accompanying a high SED value
(236 kJ m�3). Thus, when deforming the chemically untreated composite JFTG0, energy
dissipates across a wide zone via matrix microcracking, fiber debonding, and pull-out.
This indicates good composite toughness and stable damage progression (ductile flexural
response). In contrast, when bending the composite JFTG1.2 with 1.2% treatment
(Figure 19(b)), the σVM stresses are relatively high (32.33 MPa) and concentrated.
Additionally, although the SED is moderate (160 kJ m�3), it is distributed in a very small
zone. This suggests that treatment at 1.2% is probably inconsistent or produces defects
(inhomogeneous interface), which lead to localized stress concentration and earlier
failure. The tensile strength (Figure 16(b)) is somewhat higher than that of the
JFTG0 composite (Figure 16(a)), indicating reduced ductility. Meanwhile, when bending
the composite treated with 1.8% (Figure 19(c)), the lowest SED value is obtained (72.6 kJ
m�3), although the σVM stresses are distributed over a large zone, like the untreated
composite. This composite has the highest tensile σmax (60.6 MPa) and very high von
Mises stresses in tension (84.4 MPa, Figure 18(c)). This indicates that chemical treatment
at this level maximized interfacial bonding and axial load transfer, causing fibers to break
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at higher loads (excellent tensile strength). However, the bending test results show very
low bending SED and brittle bending failure. This indicates that the treatment also had a
negative effect, as fiber pull-out/slip and energy dissipation were reduced. This could have
been influenced by the removal of amorphous, ductile constituents (hemicellulose), the
formation of a stiff and brittle interfacial layer (adsorbed phenolics), or the introduction of
micro-notches. In contrast, the composite with 2.4% treatment showed high tensile
ductility (largest strain to failure ε, Figure 19(d)), moderate-to-high SED (203.8 kJ m�3),
and relatively high σVM, though distributed over a smaller area. All of this indicates that

Figure 18. Equivalent von Mises stresses in SI units Pa at 0.01 ms before the start of failure (start of
element deletion) after dynamic tensile test simulation: (a) JFTG0 (39.26 ms), (b) JFTG1.2
(33.74 ms), (c) JFTG1.8 (37.88 ms), (d) JFTG2.4 (43.84 ms).
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Figure 19. Equivalent von Mises σVM stresses in SI units Pa at 0.01 ms before the onset of failure
(start of element deletion) after performing a dynamic 3-point bending test simulation: (a) JFTG0
(56.53 ms), (b) JFTG1.2 (31.06 ms), (c) JFTG1.8 (24.11 ms), (d) JFTG2.4 (40.54 ms). The top view is
rotated 20° from the viewer.

Ullah et al. 29



the highest concentration promotes good interfacial bonding, providing good strength and
good energy absorption.

Conclusion

This investigation establishes that treating natural fibers with biodegradable acids sub-
stantially improves the mechanical performance of thermoplastic biocomposites. Both
experimental tests and computer simulations identified 1.8% as the ideal concentration for
tannic and gallic acids, achieving maximum enhancement in tensile strength, flexural
modulus, and impact resistance while preserving fiber structure. Performance diminished
at 2.4% concentration, revealing that excessive treatment damages composite properties.
These outcomes verify that biodegradable acid treatments represent a viable eco-friendly
method for upgrading biocomposite performance suitable for sustainable applications
such as lightweight automotive interior panels, biodegradable consumer packaging, and
eco-friendly structural panels in building and construction. Subsequent work will pri-
oritize scaling production and verifying the material’s long-term performance under
actual operating conditions.
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