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Abstract: Addressing the need for sustainable materials amid growing environmental concerns,
this study investigates the development of biodegradable composites from landscaping waste
(LW) and polylactic acid (PLA), enhanced with biochar (BC). The primary focus is on evaluating
the impact of BC addition (0.5-4wt%) on the mechanical performance and hygrothermal aging
(water absorption and color stability) of LW/PLA composites. Furthermore, BC incorporation
effectively mitigates aging: increasing BC content and exposure time lead to lower thickness
swelling, reduced color fading, and less surface deterioration compared to BC-free composites.
Water absorption kinetics followed the Fickian model, and saturation significantly degraded
mechanical properties, primarily due to fiber swelling, interfacial micro-cracking, and debonding.
Dynamic mechanical analysis confirmed that moisture saturation increased the loss factor and
impaired interfacial stress transfer. This work demonstrates that BC, particularly at 1%, is a highly
effective modifier for enhancing the performance and durability of sustainable LW/PLA

composites.

Keywords: Biochar; Landscaping waste; Biodegradable composites; Water absorption aging;
Mechanical performance; Dynamic mechanical analysis

1 Introduction

The rapid development of industrialization has driven an escalating demand for
non-renewable energy sources, such as oil and coal, contributing to severe global environmental
challenges. Concurrently, global forest resources are diminishing, while China's demand for wood
resources continues to rise annually. In 2020 alone, over 390 million tons of plastics were
produced for applications spanning industrial and residential construction, transportation, and
other sectors. However, improper disposal and the non-biodegradable nature of these plastics have
significantly exacerbated global pollution (Shih et al., 2024; Zhao,You, 2024). To mitigate these

pressing issues, the development of sustainable materials is urgently needed.

Wood-plastic composites (WPCs) present a promising alternative. They are manufactured by
combining plant fibers (e.g., wood flour, rice husk, bamboo powder) with synthetic resins (e.g.,



polyethylene, polypropylene, polyvinyl chloride) through processes like hot pressing, extrusion, or
injection molding (Espinachet al., 2024; Lv et al., 2018; Shirinbayan et al., 2024). WPCs integrate
the advantages of both wood fibers and plastics, offering benefits such as good dimensional
stability, resistance to cracking, and tolerance to acids and alkalis (Bazliet al., 2022;Siakeng et al.,
2019). Consequently, they are gaining significant traction in diverse industries including
aerospace, home decoration, and logistics, demonstrating considerable application potential
(Kamarudin et al., 2022).

A critical factor influencing WPC durability is the inherent incompatibility between the
hydrophilic surfaces of natural fibers, rich in polar groups, and the typically non-polar
thermoplastic matrices (Jubinville et al., 2024; Mohammed et al., 2022; Xie et al., 2010; Zhou et
al., 2016). To address this, researchers often incorporate high-performance fillers like carbon
nanotubes, graphene, or carbon fiber (Y. Zhang et al., 2020). Bamboo charcoal (BC), sharing
unique functionalities with carbon materials like carbon fiber and carbon black, has recently
emerged as a widely used filler in composites. Studies on BC-reinforced composites have
demonstrated its effectiveness in improving interfacial adhesion and enhancing the
structural-mechanical properties of WPCs and polylactic acid (PLA) composites (Das et al., 2015,
2016; X. Li et al., 2014; Ho,Lau, 2014; Ho et al., 2015;). Furthermore, research has investigated
the properties of biodegradable polymer composites by analyzing factors such as BC loading and
particle size, revealing reinforcement mechanisms primarily involving the polymer matrix
embedding into BC pores to form an interlocking structure that enhances interfacial interaction
and composite performance (Naeem et al., 2017; S. Li et al., 2018; Q. Zhang et al., 2020). BC has
also been shown to improve the electrical conductivity and electromagnetic shielding properties of
biomass/HDPE composites (Yang et al., 2018).

However, the long-term performance of WPCs in practical applications is significantly
challenged by hygrothermal aging, which adversely affects mechanical properties, dimensional
stability, and service life. Water absorption in WPCs is influenced by fiber content, plastic matrix
type and content, fiber size/shape, interfacial compatibility, and the presence of fillers (Duigou et
al., 2009;Hao et al., 2020; Stark et al., 2004; ). Comparative durability assessments under identical
environmental conditions revealed that wood fiber reinforced PLA composites (both
semi-crystalline and amorphous) exhibit higher moisture absorption and more significant
dimensional changes and mechanical property degradation than short carbon fiber reinforced ABS
(CF/ABS) (Saavedra-Rojas et al., 2024). While treatments like drying or coupling agents can
improve the anti-aging properties of plant fiber composites (Q. Li et al., 2022), temperature and
wood flour content remain critical factors influencing WPC water absorption (W. Wang et al.,
2020). Recent findings suggest that optimal BC addition can enhance thermal stability, flame
retardancy, and reduce water absorption and thickness swelling in composites (Hoang et al., 2024;
Zhu et al., 2020), as evidenced by improvements in epoxy resin and sisal-reinforced vinyl ester
composites (Dahal et al., 2023; Sivamurugan et al., 2024).

Despite these advances, conventional WPCs predominantly rely on non-biodegradable
polymers (e.g., PE, PP) and virgin wood fibers, raising concerns regarding environmental
persistence and resource sustainability. Although biodegradable alternatives, such as PLA-based
WPCs, have been explored, critical research gaps persist: 1) abundant and low-cost resources like



landscaping waste (LW) are rarely employed in WPCs; ii) PLA/LW composites suffer severe
hydrolytic degradation and mechanical decay under wet conditions due to poor interfacial
adhesion; iii) existing strategies to enhance durability (e.g., chemical treatments) often
compromise biodegradability. To address these gaps, this study proposes BC as a multifunctional
eco-modifier derived from carbon-negative processes. We hypothesize that BC can: (i) upgrade
LW into a value-added reinforcement, (ii) strengthen PLA/LW interfaces, and (iii) mitigate
water-driven aging while preserving full biodegradability.

This study aims to systematically elucidate the synergistic optimization mechanism of
gradient-regulated BC addition (0.5%-4%) on the hygrothermal aging resistance of PLA-based
WPCs incorporating LW. Through multi-dimensional characterization-assessing mechanical
properties (flexural strength, impact strength), hygroscopic behavior (water absorption, thickness
swelling rate), apparent color stability, and dynamic thermomechanical properties, we will
quantitatively analyze the intrinsic relationship between moisture absorption kinetics and
interfacial structure evolution using Fickian diffusion models. This research will elucidate the
dual-pathway mechanism by which BC enhances aging resistance through interface reinforcement
and moisture diffusion inhibition. Ultimately, the quantitative relationship between BC loading
levels and composite performance responses will be established, providing theoretical and
technical foundations for developing eco-friendly WPCs with improved weather resistance and

reduced environmental sensitivity.
2 Materials and methods

2.1 Materials

Landscaping Waste (LW): Raw materials consisting of dead and pruned branches (primarily
poplar wood) were collected from landscaping activities at Shanxi Agricultural University in
2024. The poplar-based LW primarily contains cellulose (42.35%), hemicellulose (24.45%), lignin
(23.27%). The collected branches were processed through crushing, sieving, and grinding to
obtain wood powder with a particle size of 100 mesh. The physical appearance of LW before and
after grinding is illustrated in Figurel. Polylactic Acid (PLA): PLA resin (grade 4032D) was
supplied by Dongguan Huachuang Plastic Products Company. Biochar (BC): Bamboo-derived
biochar (particle size: 100 mesh; specific surface area: 7462.52 m?/g; pore volume: 5.6976 mL/g;
average pore size: 3.0540 nm) was procured from Fujian Xinsen Carbon Industry Co., Ltd.

2.2 Preparation of composite materials

LW powder was drying at 80°C for 24 hours to achieve a moisture content below 2%. The
dried powder (100 mesh) was then compounded with polylactic acid (PLA) and biochar (BC). BC
was incorporated at loading levels of 0.5-4 wt%. The constituent materials (poplar powder, PLA,
BC) were precisely weighed using an analytical balance (+0.001 g accuracy) to ensure accurate
weight fractions. The dry-mixing process was repeated three times to verify homogeneity.

The mixture was subsequently melt-compounded using a single-screw extruder. To mitigate
the inherent brittleness of PLA, the extrusion temperature profile was carefully controlled to avoid
thermal degradation and ensure uniform melting. The extruder screw velocity was precisely
regulated at 30 rpm to minimize shear-induced chain scission and preserve molecular weight. The
extruder barrel comprised three temperature zones set at 50 °C (feed zone), 145 °C, and 155 °C



(die zone). The extruded strands were pelletized using a strand pelletizer, resulting in granules
with an average length of 2-3 mm and a diameter of 2 mm.

The compounded pellets were then molded into test specimens using a hot press (plate
vulcanization machine) under typical conditions (temperature 170 °C, and pressure 10 MPa for 10
minutes).

A control composite without BC addition (LW/PLA only) was also prepared following the
same procedure. The overall composite manufacturing workflow is illustrated in Figure 1. The
detailed composition design of BC-reinforced LW/PLA composites are provided in Table 1.

Figure 1 Manufacturing workflow for BC-reinforced LW/PLA composites

Table 1 Composition design of BC-reinforced LW/PLA composite

2.3 Mechanical properties test

While flexural and impact properties are critical for assessing composite performance in
structural applications, this study focused on these two tests due to their relevance to real-world
loading conditions. Flexural characterization was conducted per ASTM D790-10 using a
three-point bending fixture with 60mm support span. Tests employed 5 mm/min crosshead
displacement on specimens (80 x 12.7 x 2.2 mm?®). Five replicates yielded mean flexural
properties.

Impact strength was determined by the Charpy impact test (simply supported beam method)
according to ASTM D6110-10. Specimen dimensions were 127 x 12.7 x 2.2 mm?. Five replicates
yielded are reported as the average value.

2.4 Water absorption test

Water absorption behavior was characterized per ASTM D 570-98 using rectangular
specimens 76.2 mm % 25.4 mm x 2.2 mm. Prior to testing, all LW/PLA composite specimens
underwent 8-hour conditioning at 110°C in a forced-convection oven. Initial dry mass (my) was
recorded via analytical balance (precision: +0.01g). Specimens with varying BC content were
subsequently immersed in distilled water maintained at 25°C. At predetermined immersion times
(t), specimens were removed from the water. Surface moisture was carefully blotted off using
filter paper. The mass (m;) was immediately weighed, and the material thickness was measured at
pre-marked positions on the specimen surface. The average thickness at each time point (H;) was
calculated. The initial average thickness (Hy) was determined by measuring the pre-marked
positions on dry specimens prior to immersion. Thickness swelling (TS, %) and water absorption
(WA, %) were quantified via Equations (1) and (2) respectively. Measurements continued
periodically from immersion until saturation was reached. For each material group, five replicate
specimens were tested, and the average values of TS and WA are reported.

TS = (H:—Ho)/Ho x 100% QP

WA = (m;—mp)/mp x 100% (2)



2.5 Color difference analysis

Specimens measuring 25 mm x 25 mm were sectioned from the composite material. The
color of the aged surface was measured using a colorimeter. Untreated specimens served as the
reference standard. Color indices (L*, a*, b*) were then measured on specimens subjected to
different aging durations. Triplicate measurements at strategically distributed positions on each
specimen yielded mean values. The total color difference (AE™) was derived from Equation (3)
following CIE LAB conventions:

AE* = \[(L] — L§)? + (@] — ap)? + (b — by)? = /(AL*)? + (4a*)? + (4b*)? (3)

Where AE™ is the total color difference, L™ represents lightness (0 = black, 100 = white),
a* represents the red-green axis (positive = red, negative = green), b*represents the yellow-blue
axis (positive = yellow, negative = blue). AL*, Aa®, Ab* are the differences in the respective
color coordinates between the aged specimen and the untreated reference specimen.

2.6 DMA analysis

In this paper, DMA analysis of LW/PLA composites was performed using a NETZSCH
DMA 242 instrument (Germany). Tests employed dual cantilever mode at 25°C with rectangular
specimens (60 mmx8 mmx2.2 mm). Temperature sweeps from ambient to 120°C were executed

at 1 Hz oscillation frequency and 30 pm strain amplitude.
2.7 SEM analysis

Scanning electron microscopy (SEM) characterized topographical evolution and
microstructural alterations in composites pre- and post-hydration. Specimen surfaces were
gold-sputtered to mitigate charging effects prior to imaging. Observations employed 3.0 kV
accelerating voltage. The SEM micrographs were used to qualitatively assess the dispersion
uniformity of BC particles within the PLA matrix and to identify the presence of voids,
agglomerations, and interfacial defects.

3 Results and discussion
3.1 BC contents on mechanical properties in composites
3.1.1 Static mechanical properties

Figure 2 delineates BC content-dependent variations in mechanical performance of LW/PLA
composites under hygrothermal aging. Notably, Figure 2a reveals the elastic modulus increased by
14.90%, 10.52%, 13.47%, 12.95%, and 7.07% compared to the BC-free composite. Although the
flexural modulus increased with BC addition compared to the BC-free composite, the modulus at
1% BC was slightly lower than that at 0.5% and 2% BC. This may be attributed to the optimal
dispersion and interfacial bonding at 1% BC, which enhances toughness but slightly compromises
stiffness compared to higher BC loadings where rigid filler dominance increases modulus. At 1%



BC content, the flexural strength peaked at 25.16 MPa, representing a 19.20% increase over the
control group. However, further increases in BC content led to a decline in flexural strength.
While BC’s inherent rigidity enhances composite stiffness, excessive content promotes particle
agglomeration. This agglomeration overrides the reinforcement mechanism where molten PLA
infiltrates BC micropores during processing, forming encapsulated structures that enable efficient
stress transfer via mechanical interlocking — as reported for PLA and other thermoplastics  (Shah
et al., 2023; Wei et al., 2022; C. Das et al., 2021). At 1% BC, peak flexural strength arises from
synergistic bridging of poplar cellulose microfibrils by well-dispersed BC particles, optimizing
stress distribution through the PLA matrix. In contrast, 4% BC composites exhibit
agglomerate-induced failure: particle clustering disrupts the cellulose-BC network and creates
weak interfaces, particularly in lignin-rich regions where poor BC adhesion initiates premature

fracture.

Following equilibrium water absorption at room temperature, both flexural strength and
modulus decreased by over 50%. The degree of mechanical property degradation initially
increased then decreased with rising BC content, with the most significant reduction observed at
2% BC. Hygroscopic aging likely weakens the fiber-PLA interface bond due to plant fiber
expansion/shrinkage, promoting micro-crack and pore formation (Bao, 2018; José et al., 2016;
Oliveira et al., 2022). Concurrently, water penetration swells and softens the resin matrix,
potentially disrupting molecular chains, chemical crosslinking, and the material's network

structure.

Figure 2 Flexural and impact properties of composites in dry versus water-saturated states:
(a) flexural properties (b) impact properties.

As depicted in Figure 2b, the impact strength of dry composites initially rose then fell with
increasing BC content. A 1% BC addition yielded peak impact strength (2.63 kJ /m?, +3.06%).
Subsequent reductions suggest that excessive BC increases material rigidity while diminishing
toughness, adversely affecting impact performance (Qingfa et al., 2021). After water absorption
saturation, impact strength generally decreased, except for the 2% BC formulation.

Notably, the reduction in impact strength post-absorption was less severe than for flexural
strength. This divergence arises because water molecules act as a plasticizer within the cellulose
network. Penetrating the amorphous regions, they increase polymer chain mobility and reduce
deformation resistance. Although this irreversibly disrupts hydrogen bonding-compromising
stiffness and flexural strength, it simultaneously enhances toughness and energy absorption
(Dhakal et al., 2007; Randhawa et al., 2021). Consequently, the composite retains higher impact
resistance despite water saturation. Impact strength involves high-energy, single-event loading,
making it less sensitive to plastic deformation effects than sustained flexural loading. Composites
with 2% BC exhibited the lowest flexural and impact strengths after absorption. This is likely due
to their higher water uptake and poorer interfacial compatibility. Severe hydrolysis damage at the
interface early in aging may prevent effective diffusion and transmission of impact stress,

explaining the consistently low impact strength and the poorest flexural performance in this group.

3.1.2 Dynamic thermo-mechanical properties



Figure 3 and Table 2 compare the glass transition temperature (7,) and tan & peak behavior of
composites in dry versus water-saturated states. For LW/PLA composites reinforced with varying
BC content, the storage modulus (£') of dry samples was significantly higher than that of

hygroscopic samples.

In the dry state, £' increased with BC addition compared to the BC-free composite. At 1%
BC content, E' reached a maximum of 3018.84 MPa, representing a 186% increase over the
BC-free composite (1055.46 MPa). This enhancement in E' is attributed to synergistic
mechanisms induced by BC, including rigid filler reinforcement, interfacial strengthening
(facilitated by its high specific surface area and porous structure), regulation of PLA crystalline
structures (acting as nucleating agents), and restriction of molecular chain mobility (via physical
crosslinking). These mechanisms collectively improve the composite's elastic response and
structural rigidity under dynamic loading.

As shown in Figure 3a-f, upon reaching equilibrium water absorption, the glassy-state E'
decreased by 61.97%, 48.25%, 72.32%, 73.23%, 72.08%, and 73.41%, respectively. This trend
aligns with the degradation observed in static mechanical properties (impact and flexural
strength). Water absorption induces molecular chain scission within the composite system,
reducing material rigidity and accelerating the degradation of both static and dynamic mechanical

properties.

For dry samples, the tan & peak value decreased with increasing BC content. Compared to the
BC-free composite,The tan & peak in BC-free composites indicates heterogeneous mobility of
hemicellulose-bound polymer chains. tan & decreased by 66.67% at 1% BC content. Beyond this,
tan O values varied minimally among BC contents but remained consistently lower than the
control. The overall tan 6 trend before and after hygroscopic aging was similar: tan § increased
slowly at lower temperatures, rose rapidly near ~60 °C to a peak, then declined. In some samples,
tan O plateaued in the final stage. The tan & peak reflects the magnitude of energy dissipation
during dynamic deformation, with its corresponding temperature indicating the material's 7.

After water absorption, the tan o peak shifted to lower temperatures across all samples.
Concurrently, the peak height of wet specimens consistently exceeded that of their dry
counterparts. As indicated in Table 2, a clear downward trend in 7, was observed. This reduction
in is attributed to disruption of the polymer crosslinking network integrity within the resin matrix
(Jagadeesh et al., 2023). and depressed 7, confirm the plasticization effect of water molecules on
the polymer network (Célino et al., 2013). The increase in tan & peak height post-absorption
primarily stems from hygrothermal aging: differential thermal and hygroscopic expansion
coefficients between fibers and resin generate interfacial shear stress, weakening interfacial
bonding strength (Wu et al.,, 2021). Concurrently, water molecules plasticize the polymer
crosslinked network, reducing resistance to molecular chain movement and further elevating the

tan o peak.

Figure 3 Dynamic thermo-mechanical properties of composites in dry versus water-saturated
states: (a) LW/PLA-0 (b) LW/PLA-0.5 (¢) LW/PLA-1 (d) LW/PLA-2 (e) LW/PLA-3 and
()LW/PLA-4.



Table 2 T, and tand of samples before and after water absorption

3.2 BC contents on water absorption and diffusion behaviors in composites
3.2.1 BC contents on water absorption in composites

Accelerated water immersion testing quantified long-term dimensional stability of LW/PLA
composites in aqueous environments, measuring water absorption rate and thickness expansion
rate. Figure 4 shows that the water absorption rate gradually increased over time, but the slope of
the curve decreased, indicating a diminishing absorption rate. The rapid initial water uptake is

attributed to the hemicellulose content in LW, which readily forms hydrogen bonds with water.

Figure 4a demonstrates the barrier functionality of BC, suppressing water uptake in LW/PLA
composites relative to BC-free composite, while the overall absorption trend remained similar.
Consistent with this, Ho et al. (2015) reported that incorporating biochar into wood composites
decreased water uptake, with the extent of reduction depending on biochar particle size and
loading. At 1% BC content, water absorption decreased by 6.14% relative to the control. This
reduction is attributed to BC particles effectively filling microscopic pores and interfacial gaps
within the LW/PLA matrix. BC obstructs water-permeable pathways, particularly within
hemicellulose-rich regions of the wood flour. BC introduces non-polar surfaces that counteract the
inherent hydrophilicity of hemicellulose, thereby reducing capillary action and hydrogen bonding

with water molecules.

Figure 4b reveals an inverse correlation between BC loading and through-thickness swelling,
achieving minimal expansion at 4 wt% BC. This demonstrates BC's efficacy in enhancing
dimensional fidelity of LW/PLA composites, attributed to synergistic mechanisms: (1) intrinsic
hydrophobicity acting as moisture barrier, (2) optimized polymer-filler interfacial adhesion
suppressing hygroscopic stress, and (3) restricted molecular mobility reducing water

plasticization.

Figure 4b reveals an inverse correlation between BC loading and through-thickness swelling,
achieving minimal expansion at 4wt% BC. This demonstrates BC's efficacy in enhancing
dimensional stability in composites, likely due to its inherent hydrophobicity, improved interfacial
interactions with the polymer matrix, and enhanced water resistance. BC also strengthens the
wood fiber-polymer matrix interfacial bond, improving stress transfer efficiency and enabling

better resistance to thickness-direction swelling upon water absorption (Hoang et al., 2024).

However, Figure 4 and Table 3 reveal that BC addition had a less pronounced effect on
reducing water absorption than on thickness expansion. This discrepancy may stem from BC
agglomeration at higher contents, leading to non-uniform distribution within the composite.
Agglomeration increases internal porosity, facilitating water molecule penetration. Structurally,
poplar fibers-characterized by abundant vessels, large cell cavities, and thin cell walls—allow free

water to readily enter and bind to hydroxyl groups on cell walls (Bachchan et al., 2022).

Table 3 Water absorption and thickness expansion rate at saturation.



Figure 4 Water absorption properties of BC-reinforced composites (a) Water absorption (b)
Thickness expansion rate.

Three primary pathways govern moisture uptake in composites (Osa-uwagboe et al., 2024): 1)
Infiltration through defects (voids, micro-cracks) in the composite or matrix; ii) Matrix diffusion
(following Fick's diffusion laws); iii) Capillary action along the fiber/matrix interface. To further
investigate water absorption and diffusion behavior, the diffusion coefficient (D) of the LW/PLA
composite was determined. During the initial hygroscopic stage, water absorption rate correlates
positively with aging temperature under combined temperature and humidity effects. When
segmental relaxation rates are slower than diffusion rates, Fick's second law applies. At this stage,
moisture uptake can be expressed by Equation (4):

M; =Mp(1 + k\/f){l - eXp[ _7'3(%)0.75]

} (4)

Where M; represents the water absorption rate (%) at time t; My, is the equilibrium moisture
content (%); h is the thickness of the composite material (mm); k is the slope of the slant segment;
D is the diffusion coefficient (mm?/s).

Equation (4) can be transformed to calculate D (Equation 5):

2
D = ;) (M, — M)/ (V& —vED] (5)

Here, M, and M, are the moisture content of the material at any time (t; and t;) of the linear
section for the hygrometric curve, respectively, so they are the slope of the initial section of the
M~ T2 /h curve.

Governed by Fick's second law and considering predominant diffusion through the thickness
direction (Chang et al. 2018), water absorption (M,) was plotted against t'>/h (Figure 5). The
initial linear region confirmed Fickian diffusion behavior, followed by an equilibrium plateau.

Figure. 5 LW/PLA composite water absorption (M,) vs t'/?/h curve.

As listed in Table 4, the BC-free composite exhibited the highest moisture diffusion
coefficient. Increasing BC content progressively reduced diffusivity, aligning with the water
absorption results. At constant temperature and diffusion medium, the diffusion coefficient relates
to material density. BC addition effectively bridges interfacial gaps within the LW/PLA
composite, increasing density and thereby reducing D. Generally, a lower diffusion coefficient
indicates stronger resin-fiber interfacial adhesion and greater resistance to water diffusion,
demonstrating BC's role in improving interfacial bonding. The non-monotonic variation in
diffusion coefficient (D) with BC content-particularly the increase at 2% BC-may be due to
localized agglomeration at intermediate loadings, which creates micro-voids and facilitates water
penetration. At higher BC contents (3-4%), The positive "physical clogging and path tortuosity"
effect once again surpasses the negative "defect-creation” effect, leading to a reduction in D.

Table 4 Diffusion coefficient (D)of BC-reinforced composites



3.2.2 BC contents on apparent color difference in composites

Color stability is a key indicator for evaluating composite aging resistance (Fabiyi et al.,
2008; Liu et al., 2017). Figure 6 displays the apparent color changes of LW/PLA composites after
240-hour water immersion aging at room temperature. The BC-free composite exhibited the
highest color difference (AE* = 11.55), while AE* decreased progressively with increasing BC
content, reaching a minimum (AE*=2.61) at 4% BC. ANOVA revealed a statistically significant
difference in color change for the BC-free composite due to water absorption (P < 0.05), but no
significant differences were observed among BC-containing composites (P> 0.05). Visually,
composites darkened after water absorption, though BC addition mitigated this color shift.

Figure. 6 Color difference (AE™) of LW/PLA composites in dry versus water-saturated states.
Table 5 Color difference parameters of LW/PLA composites after 240h water immersion.

As shown in Table 5, Aa* and Ab* absolute changes were minimal (<5), indicating these
parameters were not primary contributors to AE. Higher AE values correspond to more severe
fading and poorer aging resistance.

Figure 7a illustrates the brightness change (AL*) after water aging. Higher |AL| indicates
greater fading severity. All samples faded progressively with aging time, with the BC-free and
0.5% BC composites showing the most pronounced AL* changes. Increased BC content
significantly reduced AL* variation. Figure 7b shows the corresponding total color difference
(AE").

Figure 7 Color parameters of LW/PLA composites after water aging :(a)AL*; (b)AE*.

Comparison of Figures 7a and 7b reveals nearly identical trends and magnitudes between
AL* and AE*, confirming that brightness change dominates the overall color difference. Water
aging lightened composites, but appropriate BC addition effectively stabilized color. Higher BC
content yielded greater color stability, attributed to: i) High-temperature processing degrades
thermosensitive components in BC, leaving a chemically stable residue resistant to aging-induced
changes (Igalavithana et al., 2017; X. Wang et al., 2019); ii) BC interacts effectively with
composite components (consistent with Das et al.), improving overall stability and reducing
water-triggered discoloration.

3.3 SEM analyze

The enhancement in hygrothermal aging resistance with BC addition indicates effective filler
dispersion, which is directly visualized in the SEM micrographs (Fig. 8). Furthermore, the Fickian
water absorption behavior and the concomitant mechanical degradation upon saturation are
attributed to the evolution of interfacial micro-voids and cracks, as revealed by the morphological
changes post-aging.

Figure 8 presents fracture morphologies in LW/PLA composites with varying BC contents
(0%, 1%, 4%). In the BC-free composite (Fig. 8a), numerous voids are evident, correlating with
reduced mechanical strength (20.33 MPa, Fig.2a) as these voids represent stress concentration



points. At 1% BC content (Fig. 8b), well-dispersed BC particles within the PLA matrix indicate
strong interfacial compatibility. This effective reinforcement mechanism explains the peak
flexural strength (25.16 MPa, Fig.2a) observed for this composition. However, at 4% BC (Fig.
8c), significant BC agglomeration creates weak interfaces. These agglomerates act as defects,
leading to premature failure and the subsequent decrease in flexural strength (Fig.2a) compared to
the 1% BC composite.

Figures 8d-f show fracture surfaces after water saturation. All samples exhibit rougher
morphologies with discernible fiber-matrix debonding gaps, indicating water-induced debonding.
This weakened interfacial bonding reduces stress transfer efficiency, explaining the observed
mechanical strength reduction after water immersion (Fig.2a). Notably, the 1% BC composite
maintained superior interfacial integrity compared to other formulations ((Figs. 8d & f). These
observations aligns with its better retention of mechanical properties after water exposure
(retained 42% strength vs. 38% for 0% and 35% for 4%), and is consistent with previous reports
on water-induced interfacial damage in WPCs (Butylina et al., 2010; Beg et al., 2008).

These SEM results conclusively demonstrate that optimal interfacial compatibility and
dispersion achieved at ~1% BC content, underpin the maximum dry flexural strength and the best
resistance to water-induced property degradation. Higher concentrations promote agglomeration,
while lower levels lack sufficient reinforcement. Therefore, maximizing PLA-fiber interfacial
bonding through optimal BC addition is critical to synergistically enhance the mechanical
performance and the hydrolytic stability of these composites.

Figure 8 Fracture surfaces micrographs of composites: (a-c) Dry state; (d-f) Post-water
saturation. BC content: (a,d) 0%; (b,e) 1%; (c,f) 4%.

4. Conclusion

This study systematically investigated the synergistic optimization mechanism of BC
addition (0.5-4 wt%) on the hygrothermal aging resistance of LW-PLA composite. The key

findings are:

1. A 1wt% BC loading maximized interfacial bonding through physical anchoring and polar
interactions, elevating flexural strength by 19.20% and impact resistance by 3.06% versus BC-free
systems. Concurrently, dynamic mechanical analysis confirmed enhanced interfacial

compatibility: 65.04% higher dry-state storage modulus and 66.67% reduced tan 6 peak intensity.

2. BC-induced pore-filling and tortuous diffusion pathways reduced water absorption
(123.35%), thickness swelling, and Fickian diffusion coefficients, mitigating moisture
plasticization effects (AT, = 1.2°C). Despite this, excessive BC (>1%) induced interfacial stress
concentrations, degrading performance. Post-aging, flexural properties exhibited greater moisture
sensitivity than impact properties (reductions of 60.25% vs. 39.57%), highlighting the preferential

disruption of fiber-matrix stress transfer by hygrothermal swelling.

3. The 1 wt% BC composite achieved optimal mechanical-hygroscopic balance, peak flexural

strength with minimal water uptake. This establishes a viable design paradigm for aging-resistant



sustainable building materials. These BC-reinforced LW/PLA composites, suitable for outdoor
applications like decking and fencing, utilize landscaping waste and biodegradable PLA to
provide a durable and eco-friendly alternative to conventional WPCs. To further advance this
field, future efforts will focus on BC surface functionalization and leveraging its inherent
multifunctionality for next-generation architectural composites.
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