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ABSTRACT

Natural rubber (NR) is an essential material due to its diverse properties and applications. Although combining it with synthetic fillers improves the mechanical
and physical properties of the compounds, the use of these synthetic reinforcements causes environmental problems due to their toxicity, high carbon footprint (CF),
and low microbial susceptibility. This study aims to produce bio-based NR compounds using wood flour (WF, 150-300 um), a byproduct of the forest industry, as a
renewable filler. The effect of different WF contents (in phr) on the physical and mechanical properties of the compounds was investigated. A life cycle assessment
(LCA) revealed that incorporating WF significantly reduces environmental impact. The carbon footprint decreases monotonically with increasing WF content,
showing a clear dose-response relationship. Without considering biogenic carbon, the reduction is up to 25%. When biogenic carbon storage is included, the relative
CF reduction reaches 132.4% for the 80 phr compound compared to the baseline (0 phr). Additionally, polyethylene glycol (PEG) into compounds with high WF
content (80 phr) improved their resilience, water absorption, and max. elongation. Biodegradation tests with white rot fungi on compounds with 80 phr showed a
maximum mass loss of only 2.29% after 50 days in vitro. Chemical and SEM characterization confirmed changes in chemical groups of wood, by degradation of
lignin. NR and NR/WF composites showed signs of damage on surface microstructure. For instance, these biocomposites achieve certain resistance to fungal
degradation even at high filler contents being promising for medium and long-term applications as a replacement for elastomers or synthetic foams. The results
confirm that NR-WF compounds are promising and sustainable alternatives, combining improved hardness and elongation with a drastic reduction in carbon footprint

and biodegradation potential.
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INTRODUCTION

Natural rubber (NR) is a significant raw material for industry. NR is a
fundamental polymer in the manufacture of consumer goods and is widely used
in sectors such as the automotive tire industry, sealing industry, and daily
necessities industry (1). NR matrices can be improved by adding fillers of
synthetic and/or natural origin. Synthetic fillers such as Carbon Black (CB) are
widely used due to their high performance physical and mechanical properties.
NR matrices can be improved by adding synthetic or natural fillers. Synthetic
fillers such as Carbon Black (CB) are widely used due to their high- performance
physical and mechanical (2,3). CB is an environmentally harmful filler due to its
difficulty in degrading and the toxicity it can generate, directly or indirectly (4
6). Furthermore, the depletion of fossil fuel resources and their continuing
environmental impact have increased interest in finding sustainable sources of
energy and raw materials (7).

On the other hand, plant biomass has been used to produce clean energy and
several other applications that support the increased use of waste (8), such as
using natural fibers (NF) such as wood flour (WF). Lignocellulosic fibers have
attracted attention as alternative reinforcements in rubber bio-based composites
due to their biodegradability, sustainability, availability, good mechanical
properties, low density, and low cost(9).. Compared to most synthetic fillers, they
also have high specific strength/density, high toughness, and low respiratory
irritation (10,11). NF is a reinforcing agent in rubber formulations that partially
replaces CB (12).

These bio-based composites have been extensively studied, and it is reported
that high percent bio-based compounds can be produced, reducing dependence
on fossil fuels. Due to their unique properties, NF-reinforced rubber compounds
can be used in various of applications (13).

Amidst tightening global climate policies, such as the European Union's
Carbon Border Adjustment Mechanism (CBAM) that imposes costs on carbon-
intensive imports, the development of low-carbon materials has become a critical
industrial and scientific objective. To ensure a credible assessment, this study
quantifies the carbon footprint of natural rubber composites filled with wood
flour using standardized, cradle-to-gate Life Cycle Assessment (LCA) (14). The
methodology aligns with the GHG Protocol for corporate accounting and
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integrates principles from the 1ISO 14040/14044 standards for LCA, following a
trend towards harmonized global accounting frameworks. Specifically, for
managing and monitoring emissions at the product level, the work draws on the
integrated model for product carbon footprinting that combines ISO 14040 with
1SO 14064, as detailed in the Journal of Cleaner Production (15). This approach
allows for the systematic evaluation of how substituting conventional rubber with
a forestry by-product, across a loading range of 0 to 80 phr, reduces the
composite's net greenhouse gas emissions, contributing to the design of
sustainable elastomeric materials. Data on the estimated carbon footprint for NR
and WF has been found in the literature. In previous work, it was reported that 1
kg of block rubber (99% dry rubber content) is responsible for kg CO,eq/kg. The
majority of the emissions, 0.27 kg CO,eq/kg, come from the farming stage with
the rest, 0.12 kg CO2e/kg, produced during the manufacturing phase (16). In the
other hand, authors report that 1 kg of wood flour is responsible for 1.03 kg
COqeq/kg (17).

Another topic of interest and great importance is the study of the degradation
of these biocompounds, specifically biological degradation. Wood-rotting fungi
play a critical ecological role in terrestrial ecosystems, capable of breaking down
wood into its initial components (18). These organisms use their biochemical
mechanism: cellulase-type enzymes for cellulose compounds and oxidative
enzymes (oxidoreductases) involved in the degradation of lignin (19,20).

The study of the degradation of biocompounds, particularly biological
degradation, is an important and interesting topic. Wood-rotting fungi have a
crucial ecological role in terrestrial ecosystems as they are the only organisms
capable of breaking down wood into its initial components (18). These organisms
use cellulase-type enzymes to break down cellulose compounds and oxidative
enzymes (oxidoreductases) to degrade lignin (19,20).

As known, the biodegradation of NR compounds involves a detoxification step
(21), and in order to explore it, fungal biodegradation was studied in this work,
since the ability of fungal species to colonize these materials can be associated
to detoxification step. Hence, two species, Pleorotus ostreatus and Trametes
versicolor, were evaluated for their ability to colonize and degrade natural rubber
composites by white rot fungi (WRF) measuring the weight loss, chemical
(FTIR) and morphological (SEM) characterization.
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METHODOLOGY
Materials

Natural rubber SGR-10 was supplied by Quimica Miralles SA (Santiago,
Chile), and Cloisite 20 A was supplied by BYK Additives and Instruments
(Wessel, Germany).

Zinc oxide (ZnO), stearic acid, powdered sulfur, N-cyclohexyl-2-
benzothiazole sulfonamide (CBS), bismuth (111) oxide nanoparticles (size < 100
nm), and polyethylene glycol (PEG 1500, molar mass = 1500 Da) were
purchased from Sigma Aldrich (St. Louis, Mo, United States). All reagents were
ACS grade (>95%).

Conditioning and preparation of fillers and bio-based composites

These compounds were mixed in an open mixer manufactured by Zhongli
Instrument Technology Co. Ltd (Guangdong, China)using the formulations
shown in Table 1.

Table 1. Materials, reagents, and their quantity in the preparation of a
conventional vulcanization (CV) system.

Ingredients Parts per 100 grams of rubber

(phr)
Natural rubber (SGR-10) 100
Stearic acid 2
Sulphur 2.1
CBS 0.42
Zinc oxide (ZnO) 5

NR bio-based composites filled with WF/PEG/NC

Wood flour (WF) was obtained from Pinus radiata sawdust from the
Araucania region of Chile. The sawdust was crushed using a stainless-steel
electric mill and filtered through standard sieves of 150 pm and 300 pm, as per
A.S.T.M. E-11 standards. The resulting WF was dried in a Memmert model
UF55 oven at 105 °C for two hours and stored. Poly(ethylene glycol) 1500 g/mol
from MERCK Co (Rahway NJ, USA) and CLOISITE 20 A nanaclay (NC) were
used to create the final bio-based composites. The vulcanization of bio-based
composites was performed in a Zhongli Instrument Technology Co. Ltd (China)
hydraulic heated platen press at 160 °C and 120 kg/m3 pressure.

Table 2. Mixtures and ratios of natural rubber SGR-10 and wood flour (WF),
PEG and NC filler content.

Natural Wood

e fDber  four  pec  CLOISITEZ0A
(NR) (WF) (phr) (phr)
(phr) (phr)

NR/WF-0 0

NR/WF-10 10

NR/WF-20 20

NR/WE-40 40

NR/WF-80 100 80

NR/WF-80/P 80 6.0

NR/WF-

80/P/NC-10 8 6.0 10

Characterization of biocomposites

The wvulcanization parameters were determined by using a mobile die
rheometer from Zhongli Instrument Technology Co. Ltd (China). The abrasion
resistance of composites was determined using from small cylindrical
vulcanizates samples (1.6 x 0.8 cm). The rotary drum was prepared for a rotation
equivalent to 40 meters. The weight of each specimen was registered before and
after the abrasion test to calculate the weight loss. The mass loss was calculated
by recording the mass of each mold before and after the test. Four replicates were
made for each compound.

The hardness of the vulcanizates was determined using rectangular molds
(11.5x 13 x 0.2 cm). To measure the hardness of each compound, each mold of
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each compound was individually placed under the durometer and its hardness
was recorded in quadruplicate. Resilience was measured on four vulcanizations
of each compound. They were cured in large cylindrical molds (2.8 x 1.2 cm).
Resilience or rebound was recorded as a percentage.

Mechanical properties were determined by tensile tests using a Shimadzu EZ-
X L 200 V instrument with a 0.5 kN load cell according to A.S.T.M. D412
(2016).

The samples correspond to pieces obtained from the disks of the WF-0 and
WEF-80 blends before and after biological degradation by P. ostreatus and T.
versicolor.

The viscoelastic properties of the WF-0 and WF-80 blends before and after
biological degradation by P. ostreatus and T. versicolor were determined using
a Netzsch® DSC 214 differential scanning calorimeter.

In addition, dynamic mechanical analysis in temperature ramp (T-DMA) of
NR-0 and NR/WF-80 and NR/WF-80/P were measured using rectangle samples
with a length of 40 mm, a width of 10 mm and a thickness of 2.5 mm in an
Modular Rheometer MCR 703 MultiDrive (Anton-Paar, Austria). The
temperature range was -60 to 50 °C.

Water uptake test

One liter of distilled water was added to a container, followed by the
vulcanizates from the large cylindrical molds were added in quadruplicate. The
mass of the vulcanizates was recorded approximately every 2-4 days for 41 days.

Biodegradation of NR/WF bio-based composites

The dry mass of each vulcanizate (1.6 x 0.2 cm) was recorded. These disks
were sterilized and placed in Petri dishes with YMGA culture medium (yeast
extract 4%, malt extract 1%, glucose 0.4%, agar 2%). The white rot fungi used
were Trametes versicolor (T. versicolor) and Pleurotus ostreatus (P. ostreatus)
var. columbinus, incubated at 24 °C for 50 days. Finally, the final dry mass of
each rubber disk was recorded. This was done in triplicate.

Carbon footprint analysis of natural rubber compounds with wood flour.

The total carbon footprint (CF) per kilogram of compound is calculated using
Equation 1:

Equation 1:
CF total = CF materials + CFprocess
The composite contribution is calculated using Equation 2:
Equation 2:
CF materials = X(wi X CFi)

Where:

® w; = weight fraction of composite in the compound (kg material/kg
compound)

® CF; = carbon footprint intensity of material i (kg CO-eq/kg material)

®  CFprocess = carbon footprint of the manufacturing process (kg CO:zeq/kg
compound)
The biogenic carbon stored in wood flour is calculated using Equation 3:

Equation 3:
Carbon storage = % wood flour X 1.83 kg CO,eq/kg

The factor 1.83 kg COzeq/kg represents the CO: equivalent of carbon stored in
wood flour (assuming 50% carbon content by mass and using the standard IPCC
conversion factor).

Additional assumptions:

Production efficiency: 100% (no scrap or waste in calculations)
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Table 3. Carbon Footprint Intensity of Raw Materials

Carbon Footprint (kg
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Table 4 shows the parameters obtained from the vulcanization curve obtained
with the mobile die rheometer. The values corresponding to the minimum torque
(ML), maximum torque (M), scorch time (ts;) and optimum curing time ty are

Material References
CO2eq/kg) given in Table 2.
Block Natural rubber (NR) 0.39 (16) . i i i
Table 4. Vulcanizing parameters obtained from NR/WF bio-based composites.
Wood flour 1.03 a7
i i Sample ts2 (min) t90 (min) ML MH
Stored biogenic carbon -1.83 (22) p (Nm) (Nm)
NR/WF-0 3:05+0:09 | 5:15+0:24 | 0.046+0.028 | 0.391 +0.063
Equation 4 (WOOd flour percentage): NR/WF-10 2:52 £ 0:03 5:50 £ 0:18 0.053 £ 0.003 0.564 +0.018
NR/WF-20 2:42+0:13 | 6:13+0:41 | 0.070+0.018 | 0.756 + 0.077
% wood flour = (phr wood flour / (100 + phr wood flour)) x 100
NR/WF-40 2:35+0:02 | 6:41+0:06 | 0.068+0.000 | 1.029 +0.009
Equation 5 (natural rubber percentage):
NR/WF-80 2:33+0:04 | 7:37£0:04 | 0.142+0.024 | 1.743 +0.202
% rubber = (100 /(100 + phr wood flour)) x 100 NR/WF-80/P 1:39+0:03 | 6:46+0:06 | 0.262+0.053 | 1.760 +0.43
Relative variation vs 0 phr composite (%) NR/WF-80/P/NC-10 0:43+0:00 | 3:48+0:19 | 0.140+0.052 | 1.948 +0.259

Equation 6.
(CF composite_X — CF composite Ophr) / (CF compuesto Ophr) * 100

Composites microstructure characterization

The morphology of the failure points of NR/WF (0-80) composite samples and
biodegradation after 50 days of NR-0 and NR/WF.80 discs were analyzed using
a GeminiSEM 360 Gemini 1 (Carl Zeiss, Oberkochen, Germany) field emission
scanning electron microscope (FESEM).

Chemical characterization by FTIR analysis

Pure mycelium of P. ostrateus, T. versicolor, wood, NR and biocomposites
disks after biodegradation assays were characterized using a model FT/IR-4X
spectrometer, Jasco (Tokyo, Japan), for infrared analysis in attenuated total
reflection mode (FTIR-ATR).

RESULTS AND DISCUSSION

The results of this study correspond to two steps: the development,
characterization and performance of elastomeric bio-based composites and, on
the other hand, the analysis of their fungal degradation. This study was carried
out to know the behavior of a forestry by-product, Pinus radiata wood sawdust,
to be used as a filler in the matrix of natural rubber, and to study its degradation
in vitro by white rot fungi.

Rheometry of the composites

Figure 1 presents the vulcanization curve profile of different composites
prepared.
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Figure 1: Vulcanizing curve profile of NR/WF bio-based composites.

The results of Figure 1 and Table 4show that increasing the filler content,
whether wood microparticles (WF) and nanoclay, leads to an increased
maximum torque (Nm max.), indicating a strengthening effect due to the fillers.
However, there is no significant change in vulcanization times (t90), suggesting
that the increase in filler content does not affect the curing process. When
comparing these t90 results with those of the study by Hong et al. (2011), it is
evident that increasing the filler content leads to longer cure times in both cases.
However, in the NR/WF-80/P blends, a reduction of 51 s in t90 is observed, and
in the NR/WF-80/P/NC-10 blend, a decrease of 3:49 min is observed due to the
addition of PEG-1500 and nanoclay.

Physical and Mechanical Properties
Abrasion resistance index, hardness, and resilience of composites

Figure 2 shows the Abrasion Resistance Index (ARI) of vulcanized NR and
NR/WF-containing rubber compounds.
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Figure 2: Representation of the Abrasion Resistance Index (ARI) test results
obtained for the NR/WF bio-based composites.

The data shows that adding 10 phr WF significantly decreases the ARI by 36.8
points. Furthermore, by increasing the WF content in the blends from 20 to 80
phr and adding PEG-1500 with and without clay content of 10 phr, there is a
gradual loss of ARI. In the studies of Jiang et al. (23) report a lower loss by
increasing the content of crystalline nanocellulose in the rubber matrix to 10 phr,
indicating a better performance of this filler by having a particle size that can
favor intermolecular interactions and a better affinity for the filler preparation.
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The Shore A hardness of wvulcanized NR and WF-containing rubber
compounds is shown in Figure 3.
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Figure 3: Representation of the hardness (Shore A) of the bio-based
composites made from natural rubber (NR) and wood flour (WF).

An increase in hardness is observed as the micropatrticle filler content increases
from 10-80 phr. The last two blends (NR/WF-80/P and NR/WF-80/P/NC-10)
show no variation for NR/WF-80, although they correspond to different
formulations. This increase suggests that the hardness is determined by
whichever filler is present in a more significant proportion. It is pertinent to
mention that the hardness performance of NR/WF-10 and NR/WF-20 blends is
comparable to the work of Hong et al. (24), where they used NR sheets blended
with poplar microparticles of 100-400 um and obtained a Shore A hardness of
48 and 52 in blends of 10 and 20 phr, respectively. In addition, Ismail et al. (25)
explore the use of SMR-L natural rubber blended with 180-270 um bamboo
particles, where they report Shore A hardnesses of 41 and 49 for 10 and 20 phr,
respectively.

Figure 4 shows the average resilience of vulcanized SGR-10 natural rubber
and rubber compounds containing wood microparticles.
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Figure 4: Results obtained for the Resilience (%) obtained in natural rubber
(NR) and wood flour (WF)bio-based composites.

An increase in WF content in the NR/WF-0 blend up to the NR/WF-80 blend
results in a gradual decrease in resilience. This decrease is due to the reinforcing
effect of the WF fillers, which proportionally reduces the resilience as the filler
content increases. However, the incorporation of PEG-1500 increased the
resilience of NR/WF-80/P and NR/WF-80/P/NC-10 by 9.1 and 7.1 respectively.
This increase can be explained by the effect of the hydrophilic chains of PEG-
1500, which have a higher affinity with the wood particles; furthermore, Cui et
al. (26) report that thanks to the use of hydrogels combined with PEG, better
resilience results are obtained in the combinations that had a higher amount of
PEG.
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Mechanical properties of composites

To determine the mechanical properties of the biocompounds of NR/WF
blends, stress-strain tests of the rubber samples were performed.

Figure 5 and 6 shows the results of the stress-strain tests of the samples of NR
compounds containing wood microparticles.
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Figure 5: Stress-strain graph obtained from the natural rubber (NR) and wood
flour (WF)bio-based composites (0-40 phr).

The graph shows that, as in the case of the nanoclay series, there is a decrease
in deformation proportional to the increase in WF filler content. This decrease is
attributed to the hydrophilic and polar nature of the filler, whereas the polarity of
natural rubber, an apolar compound, is the opposite (27).
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Figure 6: Stress-strain graph obtained from the natural rubber (NR) and wood
flour (WF) bio-based composites.

Increasing the filler loading from 40 phr to 80 phr significantly reduces the
deformation in the NR/WF-80 blend. However, the addition of the PEG-1500
compound to the blend significantly increases the deformation. This effect is
because PEG-1500 has an affinity to wood and natural rubber components
through ether bonds and carbon single bonds (26). The curves of NR/WF-80/P
and NR/WF-80/P/NC-10 suggests that the behavior is similar to thermoplastic
elastomers, which coud be attributed to the presence of PEG, which enhances the
affinity between filler and polymer matrix.

Figure 7 presents the dynamic mechanical analysis of the materials and it is
observed that the presence of fillers produces important changes in their
performance. Although the glas transition temperature (Tg) is comparable
between them, reaching values for NR-0, NR/WF-80 and NR/WF-80-P of -
51.32°C, -50.91°C and -50.51°C respectively, al parameters such as storage
modulus (E’), loss modulus (E’’) and loss factor (Tand) were modified,
especially above glass transition temperature. This indicates that the fillers hinder
the mobility of polymer backbone imparting stiffness to the system.

6551



J. Chil. Chem. Soc., 71, N°2 (2026)

10000 10000 10

——NR-0 —NR-0 —NR-0

—— NR/WF-80 —— NR/WF-80 —— NR/WF-80

—— NR/WF-80-P 1000 —— NR/WF-80-P —— NR/WF-80-P
T 10004 3
g g
=3 < 1004 14
2 3 -
2 1004 8 1] =
2 = s

- 8
[} [%]
[=2] o
@ 2 14 01
i)
» 104
014
1 T T T T T T T 0,01 T T T T T 0,01 T T T T T T T T T T
60 50 -40 -30 -20 -10 O 10 20 30 40 50 -60 -40 -20 0 20 40 60 50 -40 -30 20 -10 O 10 20 30 40 50
A Temperature (°C) Temperature (°C)
@ (b) ©

Figure 7. Dynamic mechanical parameters under a temperature ramp of neat FKM and FKM composites, consisting of (a) storage modulus; (b) loss modulus; and

(c) loss factor.
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Figure 8. SEM images of failure points after strain-stress test. Each image represents one sample of NR filled with WF particles. NR pure elastomer (a), NR/WF:
10 phr (b), 20 phr (c), 40 phr (d) and 80 phr (e). Regarding to (f) and (g) images, show the NR/WF-80/P and NR/WF-80/P/NC-10 samples, respectively.

In Figure 8, pure NR (Fig. 8a) can be seen as a homogeneous material with
small domains indicating areas of breakage. However, when 10 phr of WF is
added (Fig. 8b), the sample becomes clearly heterogeneous, with large pine wood
fibers visible, which also indicate areas of breakage, suggesting a reduction in
mechanical properties. This trend increases with the addition of WF (Fig. 8c-e),
reaching up to 80 phr. When PEG-1500 is added to the polymer matrix, the
maximum elongation of the materials increases. With the help of SEM images
(Fig. 8 f and g), more domains corresponding to breakage points in the polymer
matrix can be observed, indicating greater adhesion between the matrix and the
wood particles. In other words, there is a greater contribution from the polymer

in terms of mechanical strength. This evidence suggests that polyethylene glycol
acts as a plasticizer in the biocomposite.

Differential Scanning Calorimetry (DSC) Analysis

Table 5 presents the specific heat change and glass transition temperature (Tg)
determined by differential scanning calorimetry of natural rubber and rubber
blend samples (NR/WF-0 and NR/WF-80).

Table 5: Differential scanning calorimetry analysis parameters for NR and
NR/WF bio-based composites.
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Glass ransition Before Assay with | Assay with T.
temperature biodegradation | P. ostreatus. | versicolor.
NR/WF-0 T4(°C) -59,8 -59,0 -58,9
NR/WF-80 T4(°C) -59,9 -59,7 -59,2

The glass transition temperature (Tg) values in Table 5 show no significant
changes, fluctuating between -58.9 and -59.9 °C. This indicates that the
elastomeric properties of natural rubber are not affected by the filler content or
the effect of wood-degrading fungi.

Water Uptake Test

Figure 9 shows a time dependent water absorption test of natural rubber parts
and composites containing WF and/or clay.
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Figure 9. Representation of the average mass increase in percent during the 40
days of the experiment.

Figure 9 showed that as the WF content increases, the amount of mass gained
by water also increases proportionally due to the hydrophilic nature of WF (27).
Additionally, it is observed that the addition of clay to the blends (NC-10 and
WEF-80/P/NC-10) reduces the mass gain by water. However, the NR/WF-80/P
blend achieved the highest mass gain. This behavior is explained by the PEG-
1500 content added to the matrix (26). The lower water uptake of the rubber
composite with nanoclay content is due to the increased barrier properties of the

composites (28,29).
Carbon footprint analysis of natural rubber compounds with wood flour.

Table 6. Detailed carbon footprint calculation for NR/WF formulations

WE NR WE CF without CF with carbon Relative CF
(ohr) %) %) carbon storage storage (kg vs. 0 phr
P ° | (kg COzq/kg) COseq/kg) composite
0 95.2% 0.0% 0.37 0.37 0.0%
10 87.0% 8.7% 0.44 0.28 -24.3%
20 80.0% | 16.0% 0.50 0.19 -48.6%
40 69.0% | 27.6% 0.59 0.05 -86.5%
80 51.3% | 41.0% 0.69 -0.12 -132.4%

*Carbon storage: 1.83 kg COzeq/kg.

The carbon footprint decreases monotonically with increasing wood flour
content, demonstrating a clear dose-response relationship. When biogenic carbon

storage is considered, the 80 phr compound shows a 132.4 % reduction compared
to the O phr baseline in relative CF.

Biodegradation assays

J. Chil. Chem. Soc., 71, N°2 (2026)

Figure 10 presents the biodegradation assays of the different materials.

@

(b)

©

Figure 10. Photographic images of biodegradation assays with white rot fungi,
Pleurotus ostreatus (upper left Petri dishes) and Trametes versicolor (upper right
Petri dishes) after O days (a), 3 days (b) and 10 days (c) of incubation. Control
tests can be seen at the bottom of each image.
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The experiments showed the correctly mycelium growth for environmental
temperatures of approximately 25 °C, typically resulting in the petri dishes being
covered with a fine layer of mycelium after 10 days in the case of T. versicolor
petri dishes (Figure 10c). This behavior can be explained by what is reported in
the literature Chulikavit et al.(30), which indicates that the growth of P. ostrateus
is superior to that of T. versicolor in PDA medium.

Quantitative biological test

Figure 11 shows the average mass loss of natural rubber and rubber composite
samples exposed to fungal cultures in Petri dishes for 50 days.
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Figure 11. Average mass loss of the NR/WF-0 to WF-80 mixtures due to the
effect of the fungal organisms P. ostreatus and T. versicolor after 50 days of
incubation in Petri dishes.

As shown in Figure 11, P. ostreatus promoted higher mass losses than T.
versicolor for the NR/WF-80 sample. Although previous biodegradation studies
of rubber compounds in other research (31) have been conducted by burying the
rubber pieces in soil (soil burial test), it is not certain which organisms are
involved in the degradation, as there are a variety of microorganisms such as
actinobacteria and fungi in these substrates. Therefore, it is clear from these
results that white-rot fungi degraded a fraction of the NR compounds mixed with
WEF. For example, Sareena et al. (31) reported a mass loss of approximately
0.25% to 0.4% in natural rubber mixed with 10 phr coconut flour after 50 days.
They also report mass loss of 0.3% and 0.5% with 40 phr filler after 50 days of
degradation. Therefore, the method used in this study has superior yields. P.
ostreatus was the fungus with the best performance in degrading rubber discs
from blends with 80 phr WF.
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Figure 12. FTIR spectra of NR 0 phr (black), Pinus radiata wood flour (green),
Pleurotus ostreatus (red) Trametes versicolor (blue) pure mycelium.
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The FTIR analysis revealed that both species share a similar spectral profile,
characterized by five fundamental regions: the broad N-H/O-H stretching band
(3700-3000 cm ™), the C-H stretching bands (30002800 cm™), the amide region
(primarily the C=O stretching of amide | between 1750-1500 cm™), the
polysaccharide fingerprint region (1200-950 cm™), and the band attributable to
vibrations of the anomeric carbon in glycosidic C-O-C linkages (900-750 cm™")
(30).

The FTIR analysis of radiata pine wood exhibits the characteristic bands of
lignocellulosic materials, reflecting the superposition of its three main
components. An intense broad band is observed around 3000-3600 cm™,
attributed to the O-H stretching of the numerous hydroxyl groups involved in
hydrogen bonding, predominant in cellulose. In the region of 2950 and 2800
cm™!, sharp bands appear corresponding to the C-H stretching of carbon chains.
The presence of hemicellulose is clearly identified by the carbonyl (C=0) band
at approximately 1735 cm™, while lignin shows its diagnostic aromatic ring
bands near 1595 and 1470 cm'. The most complex and intense region between
1160 and 900 cm™ is primarily associated with the C-O-C stretching of the (-
1,4) glycosidic bonds in cellulose and other polysaccharides.
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Figure 13. FTIR spectra of NR 0 before biodegradation (black) and after
biodegradation with Pleurotus ostreatus (red) and Trametes versicolor (blue).

The FTIR analysis revealed that the fungi did not produce significant changes
in the rubber materials, as the characteristic functional groups of natural rubber
(NR) were clearly observed. These were identified by their respective absorption
peaks at 2960 cm™, 1662 cm™, 1444 cm™, 1374 cm™, and 839 cm’,
corresponding to the vibrational modes of the CHs, C=C, CHz, and CH groups.
The presence of cis-polyisoprene was more specifically confirmed by the bands
at 2960 cm™! (C-Hs stretching) and 1444 cm! (C-H deformation).
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Figure 14. FTIR spectra of NR/WF 80 phr before biodegradation (black) and

after biodegradation with Pleurotus ostreatus (red) and Trametes versicolor
(blue).
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In the spectrum of the NR/WF-80 composite, the characteristic functional
groups of natural rubber (NR) were identified through their respective absorption
peaks at 2960 cm™!, 1662 cm™!, 1444 cm!, 1374 cm!, and 839 cm!, attributable
to the vibrational modes of the CHs, C=C, CHa, and CH groups. The presence of
cis-polyisoprene was more specifically confirmed by the bands at 2960 cm™ (C-
Hs stretching) and 1444 cm™ (C-H deformation). In a complementary manner,
the spectral signature of lignin was evidenced by key bands, notably a broad peak
around 3300 cm™ (associated with O-H stretching of hydroxyl groups), a peak at
2726 cm™' (characteristic of methoxy groups, O-CHs), and a band at 840 cm™
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(indicative of syringyl units)(32). These peaks represent the main functional
groups that define the structure of lignin within the composite.

After exposure to biodegrading fungi, the spectra showed notable changes,
particularly a significant increase in the intensity of the OH band around 3300
cm!, attributable to the hemicellulose components. Furthermore, the band at
1035 cm™, corresponding to C-O-C bond stretching, confirms the presence of
skeletal vibrations typical of pentose and hexose units, characteristic constituents
of hemicellulose(33).
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Figure 15. Scanning electron microscope images of the surface of NR 0 after biodegradation by P. ostrateus (Fig. 15a) and Trametes versicolor (Fig. 15b) and
images of the surface of NR/WF-80 after biodegradation by P. ostrateus (Fig. 15c and 15e) and T. versicolor (Fig. 15d and 15f).
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In 15a and 15b, a slight deterioration of the natural rubber (NR-0) surface can
be observed. This is more noticeable on the surface degraded by T. versicolor,
where cracks similar to those reported in the study by Rodrigues et al. can be
seen, in which they used an oxo-degradable plastic (34). Figures 15d and e show
the surface of the NR/WF-80 composites, where the hyphae adhere. The
difference in hyphae size between each fungus is notable, with those of T.
versicolor being smaller, nevertheless, in denser clusters. Figures 15e and 15f
show deterioration of the pine WF particles. In figure 15e we can observe a large
septate hypha of P. ostrateus. Specifically, this septate hypha is very similar in
shape and size to that reported by Hernandez et al. (35). Although finding hyphae
in P. ostrateus was challenging, this was not the case in the discs biodegraded by
T. versicolor. In Figure 15f, we can see that large clusters of small hyphae, typical
of the Trametes genus (30), were found on the surface of the biocomposite. It
could be concluded that T. versicolor has a greater affinity for these composites
due to the high adhesion and quantity of hyphae found on the surface, in addition
to the reported ability of these fungal organisms to withstand stressful conditions,
including treatments with arsenic (111) (36).

CONCLUSIONS

In this study, sustainable bio-based composites were prepared from natural
rubber using a lignocellulose-based filler. It was shown that the accelerator
system of vulcanization is not significantly affected by the presence of filler. Due
to the high filler content, the elongation at break was reduced, but the elastomeric
behavior was maintained. This was evidenced by the glass transition temperature
of the biocomposite at the same temperature of NR Tg. In addition, the use of
PEG 1500 as a compatibilizer between NR and WF improved the performance
in terms of resilience, water absorption and mechanical properties (stress-strain).

In vitro tests with white rot fungi for biodegradation of the composites with
WEF fillers showed up to 2.29% mass loss after 50 days of incubation, showing
the ability of these materials to resist fungal degradation even in high wood
content. In addition, chemical and SEM characterization confirmed changes in
the intensity and shape of the signals associated with certain chemical groups
corresponding to NR and WF; adhesion and biodegradation at the microstructure
level were also confirmed.

At last, the incorporation of WF into NR compounds significantly reduces the
carbon footprint through a dual mechanism: it displaces a fraction of the rubber
(which has a higher footprint) and stores biogenic carbon. With fillers, these
compounds achieve a footprint lower than that of common synthetic polymers,
offering a competitive bio-based alternative. Furthermore, by using a forest by-
product, the strategy aligns with the principles of the circular economy, adding
value to a material flow that might otherwise be underutilized.
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