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ARTICLE INFO ABSTRACT

Keywords: The high-value utilization of landscaping waste to produce wood-plastic composites provides a promising

L'ﬁmdscang waste approach to waste management, yet remains a challenge. In this study, wood-plastic composites were prepared

2‘“""‘“1 using landscaping waste and polylactic acid (PLA) through an extrusion-molding process, with biochar (BC) as
omposites

the reinforcing material. First, the effects of biochar content (0.5 %, 1 %, 2 %, 3 %, 4 %) and particle size
(100mesh, 300mesh, 800mesh, 1200 mesh) on the physico-mechanical and dynamic thermo mechanical prop-
erties of the composites were analyzed. A multivariate nonlinear model was employed to fit the flexural prop-
erties of the composites. Additionally, the water absorption properties were investigated under immersion
conditions at three different temperatures (20°C, 35°C, 50°C). The results demonstrated that biochar signifi-
cantly improved the interfacial compatibility between landscaping waste and PLA, enhancing the mechanical
properties of this composite. When the biochar content was 1 % and particle size was 100 mesh, flexural strength
reached 25.16 MPa, respectively, representing increases of 19.20 % over composites without biochar, while the
change in impact strength was small. In addition, the water absorption process of composites with 1 % BC were
well fitted by Fick’s law. SEM morphology observation indicated that interfacial bonding was reduced after water
absorption, which was consistent with the test results. Combined with Arrhenius equation and Fick’s law, the
water absorption model of the composites at each water immersion temperature was obtained, which can predict
the water absorption behavior at 60°C.

Mechanical properties
Water absorption

1. Introduction sustainable waste treatment. Regarding LW, the development of new
biodegradable composites has become a key research focus and is
attracting constant interest.

In this context, wood plastic composites (WPC), a new type of green

Waste management and utilization are cornerstones of urban land-
scaping. In recent decades, the rapid growth of garden waste has become

a major sources of municipal solid wastes, causing increasingly serious
environmental problems. Green waste includes shrub prunings, fallen
leaves, dead branches, and pine straw (Bai et al., 2010). Effective and
systematic garden greening can help alleviate environment stress, and
benefit human health (Song, 2020). Currently, there are two traditional
treatment methods, landfill or incineration (An, 2020; Mglgaard, 1995).
Landfill takes up a lot of land. Moreover, the precise mechanisms by
which biochemical and microbial reactions occur are not yet well un-
derstood. Researchers have shown that traditional composting treat-
ment can utilize landscaping waste (LW), but is limited by technology,
offers low added value, and is difficult to market (Mokhtar et al., 2022).
Therefore, there is an urgent need for more environment friendly and
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and recyclable material based on natural plant fibers, will meet the eco-
friendly requirements They are manufactured with fiber fillers and
thermoplastic polymer materials through various processing methods,
such as melt extrusion, thermopressure compounding, and injection
molding (Friedrich, 2021; Xian et al., 2022). Because it retains the
appearance of plant fibers and high performance, it is now widely used
in landscape architecture(Ratanawilai and Srivabut, 2021), jetty
(Fortini, 2018) ornamental (Zhang et al., 2021)and other fields. Tradi-
tional WPCs typically contain polyethylene PE, polypropylene PP and
other non-degradable plastic products (Ma et al., 2024). Instead, poly-
lactic acid PLA is a biocompatible and sustainably processable material.
Its wide availability and durable properties have sparked great interest
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in research and application.(Jamshidian et al., 2010; Rajeshkumar et al.,
2021). According to previous reports, however, the use of PLA has the
disadvantage of low thermal stability and high costs (Chong et al., 2021;
Martinez Villadiego et al., 2022). In addition, poor interfacial compat-
ibility within plant fibers has limited the application of PLA-based wood
composites. To address these issues, many researchers are working on
modification methods to improve performance. Saeed et al. reported
that fusabond (FB)was utilized as an interfacial modifier to reinforce
composites based on PLA and jute fiber (JF), the blending of 30 % JF and
3 % FB significantly improved tensile strength and other
thermo-mechanical properties, as well as interfacial adequacy between
PLA and jute fibers (Saeed et al., 2023). Similarly, Ramesh et al.
investigated PLA, Aloe vera fibers and montmorillonite clay to produce
compression-molded reinforced nanobiocomposites, where montmoril-
lonite clay at 1 % by weight enhanced tensile strength over control
group (Ramesh et al., 2020). Howerver, montmorillonite tended to
aggregate and had poor dispersion, limiting its application and
performance.

Biochar has proved to be a multifunctional carbon material with a
high specific surface area, and low cost. It is formed by the high-
temperature pyrolysis of biomass waste, such as poultry manure,
wood wastes, and agricultural residues (Wang et al., 2023; Yi et al.,
2020). George et al. produced a polylactic acid/polybutylene
adipate-co-terephthalate composites with biochar for antistatic appli-
cations, and found that 1 wt% biochar increased the tensile strength of
PLA/PBAT materials (George et al., 2023). In another study, the
researcher used bamboo charcoal (BC) as a reinforcing material. The
biochar formed strong interfacial interactions that improved the com-
posite’s flextural properties (Li et al., 2014).These research offered a
new perspective to explore all types of biochar in wood-plastic com-
posites. However, limited research addressed the difference in the
composite mechanical behaviors from PLA and LW after biochar
treatment.

As mentioned above, the addition of biochar has a positive effect on
the performance enhancement of WPC composites and can improve the
strength of the composites, but the influence of biochar content and
particle size may have a negative impact on the performance of the
composites. At present, the performance optimization of composites is
mainly carried out through repeated experiments, which is a time-
consuming and laborious process and wastes raw materials, so the re-
searchers established a prediction model through the relationship be-
tween some production parameters and properties of composites. Sun
et al. used the genetic algorithm and artificial neural network to predict
the properties of WPC composites, and the results showed that the
optimized model could effectively predict the properties of the com-
posites (Sun et al., 2012). Xu et al. studied the changes of mechanical
properties of WPC composites when the different sizes of wood fibers
were mixed by combining experiment and numerical modeling. The
results show that the Rule of Mixtures (ROM) model has higher pre-
diction accuracy (Xu et al., 2023). Feng et al. studied the influence of
molding process parameters on the properties of WPC using finite
element method, and found that wood powder content had the greatest
influence on its properties, followed by temperature, coupling agent
content and screw speed (Feng et al., 2023). Ozturk et al. used artificial
neural network (ANN) to optimize the molding process and properties of
wood veneer/polystyrene composite (WPCP), and analyzed the influ-
ence of hot pressing process parameters on the mechanical properties of
the composite (Ozturk et al., 2022). Khamtree et al. used the response
surface method to optimize the molding process parameters of WPC
composites, and used multivariate nonlinear regression to predict the
influence of different raw material ratios on the strength of the com-
posites. The results found that the difference between the experimental
results and the predicted values was less than 5 %, which proved the
accuracy of the model (Khamtree et al., 2023). However, there is no
literature report on the prediction model between the reinforcement
phase parameters (content and particle size) and the properties of
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prepared composites.

Hence, it is crucial to investigate the different biochar contents and
particle sizes on the mechanical properties of new types of LW/PLA
composites, as well as possible mechanisms. First, LW and PLA were
manufactured as a composite matrix. Biochar content and particle size
were used as variables. Then, changes in mechanical properties, dy-
namic thermo mechanical analysis and morphological properties were
explored. A prediction model for mechanical properties was established,
which can better guide the selection of biochar content and particle size.
Moreover, the effects of three different temperatures (20°C, 35°C and
50°C) on the water absorption behaviour were investigated. Finally, the
microstructure and interface behaviour of composites were analyzed.
This study will further our understanding of biochar applications in LW/
PLA composites, and provide basic data for their use in sustainable
development practice.

2. Materials and methods
2.1. Materials

The LW were collected from a campus program (Shanxi Agriculture
University, China). It is mainly poplar branch. Polylactic acid PLA,
4032D was purchased from Huachuang Plastic Products Company
(Guangzhou, China). The biochar was purchased through Fujian Xinsen
Charcoal (Fujian, China). Four different particle size were labeled as BC-
100 (particle size 100 mesh), BC-300 (300 mesh), BC-800 (800 mesh),
and BC-1200 (1200 mesh).

2.2. Composites preparation

First, LW was prepared by crushing, sieving 100 mesh and drying.
PLA, BC and pretreated LW were thoroughly mixed at high speed for 60 s
(The ratio of LW to PLA is 4:6, and the ratio of biochar is the percentage
of the sum of the two). Then, the homogeneous mixture was passed
through a SJ35 single-screw extruder (Jiangyin Lianli Plastic Machinery
Company, China), at a speed of 30 r/min. The extruder had three tem-
perature control zones set at 50 °C/145 °C/155 °C. The extruded ma-
terial was sheared into pellet size, molded on a flatbed vulcanizing
machine,and then cut into samples using a miniature table saw.

In this study, The LW/PLA composites without biochar was mixed
using the same process, and served as a control. The composites prep-
aration process is illustrated in Fig. 1. The formulation of LW/PLA
composites is shown in Table 1.

2.3. Mechanical properties testing

Flexural properties were measured at a speed of 5 mm/min on an
STD-500 electronic universal testing machine (XiaMen YiShiTe In-
struments Co., Ltd. China) according to the ASTM D790-10. Rectangular
specimens with 80 mm X 12.7 mm x 2.2 mm were tested. Impact
strength were performed on an XJJ5 beam impact testing matchine
(Chengde Kecheng Testing Machine,China) according to the ASTM
D6110-10. The test samples were 125 mm x 12.7 mm x 2 mm. All tests
were measured at an room temperature of 20°C. Tests were measured
five times, and mean values were obtained.

2.4. Water absorption test

Water absorption test of the composites was conducted (ASTM D
570-98), and the sample size was 76 mmx25 mmx2 mm. Firstly, the
specimen was dried in a blast oven at 110°C for 8 hours, and the initial
mass (mg) was weighed. Then the composites were immersed into the
water bath at 20°C. The specimens were taken out after every certain
time, and wiped off with filter paper and weighted. Test were repeated,
until the composite material is saturated with water absorption. The
water absorption percentage (M) was calculated using Eq. (1):
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Fig. 1. Preparation process of biochar reinforced LW/PLA composites.

Table 1
Formulation of LW/PLA composites.

Number PLA (%) LW (%) Biochar (%) Biochar particle size (mesh)
1 60 40 0 -
2 59.5 40 0.5 100
3 59 40 1 100
4 58 40 2 100
5 57 40 3 100
6 56 40 4 100
7 59 40 1 300
8 59 40 1 800
9 59 40 1 1200
M, ="""0 1 100% @
mo

Where my is the weight of the specimen before water absorption at t = 0;
m is the weight of the specimen for t time after immersion.

The water absorption thickness swelling (TS) was calculated using
Eq. (2):

TS = (H, — Hy) x 100%/Hy( %) 2

Where: TS is the expansion rate of water-absorbing thickness at time t;
Hy is the thickness of the specimen before water absorption (mm); Hy is
the thickness of the specimen at time t after immersion (mm).

The water absorption behaviour of wood composite is closely related
to the environment temperature. Therefore, the diffusion law of LW/
PLA composites with 1 % BC was investigated at different temperatures
(20°C, 35°C and 50°C). Briefly, all these specimens were also immersed
in three different water baths, respectively. Five specimens from every
group were measured, and the mean values were retained.

2.5. Dynamic thermomechanical analysis (DMA)

Dynamic thermal mechanical behaviour of samples were conducted
by DMA TAQS800 (TA, USA). The energy storage modulus (E), loss

modulus (E") and loss angle tangent (tand) of the composites were
measured. Tests were carried out using the temperature sweep mode
with a constant frequency of 1 Hz. The temperature range was from 25
°C to 150 °C.

2.6. SEM analysis

The morphology and fracture surfaces of composites were charac-
terized using scanning electron microscopy (Zeiss, Sigma-300, Ger-
many), at an operating voltage of 3.0 kV. For SEM observation, all
specimen were gold sputtered on the surface before examination. The
micro structure of composite samples were observed before and after
water absorption.

3. Results and analysis

3.1. Effect of biochar content and particle size on mechanical properties
of LW/PLA composites

The composites without BC were used as the control, and different
BC contents on the mechanical properties of LW/PLA composites is
shown in Fig. 2.

The incorporation of biochar enhanced the flexural properties of the
composites compared to control group without BC addition (Fig. 2a).
With 1 % BC addition, the flexural strength reached 25.16 MPa, an
increased of 19.20 % and an increase in the elastic modulus by 10.52 %,
compared to the control composites without BC addition. Biochar had a
certain degree of stiffness and rigidity, composites with a higher BC
proportion exhibited greater stiffness and incresed flexural strength.
From the Fig. 3, It has been demonstrated that biochar can fill PLA
materials after high temperature melt blending, and then form me-
chanical interlock, that effectively transfers stresses. This was consistent
with the results of previous studies (Arrigo et al., 2020; Shah et al., 2023;
Sheng et al., 2022; Wei et al., 2022). As biochar contents increased, both
flexural strength and modulus decreased. The excess BC particles led to
an uneven dispersion, caused by agglomeration, and impacted the
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Fig. 2. Influence of biochar content on the mechanical properties of composites: (a) Flexural Properties (b) Impact Strength.

Fig. 3. SEM of LW/PLA composites with different biochar contents (a) 0 %,
() 1 %.

flexural properties. Das et al. also concluded that biochar-reinforced
polymer composites have excellent mechanical properties (Das et al.,
2021). From Fig. 2b, There was no significantly difference in impact
strength for sample.The sample treated with 1 % biochar achieved an
impact strength of 2.63 kJ/m?, 3.06 % higher than the control. Overall,
the addition of small amounts of biochar (0.5 %BC, 1 %BC) beneficially
increased the material stiffness and reduced the toughness, while too
much biochar (2 %BC, 3 %BC, 4 % BC) was unfavorable for the impact
strength.

The mechanical properties of the composites for different biochar
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particle size (BC-100, BC-300, BC-800 and BC-1200) are shown in Fig. 4.
From Fig. 4a, the flexural strength and modulus of the LW/PLA samples
were lower with increasing particle size. The flexural strength and
modulus of samples with BC-1200 were reduced by 9.38 % and 12.14 %,
compared with the composites made with BC-100. The number of
smaller BC particles is greater for the same mass, which may form ag-
glomerates leading to non-uniform dispersion and formation of new
stress defects, resulting in reduced composite strength and stiffness.
From Fig. 4b, the impact strength of composites decreased with smaller
biochar particle size. For BC-1200 composite impact strength was
reduced by 26.12 % over BC-100.This was mainly due to the fact that
larger biochar particles tend to have a more microporous structure (He
et al., 2018). As with the flexural properties, although smaller biochar
can fill the pores between LW and PLA better, it was also more suscep-
tible to agglomeration and inhomogeneous dispersion. It is noteworthy
that the BC-100 composite had the best mechanical properties. This
suggests that 100 mesh biochar could be added into the molten LW/PLA
to form a better interfacial connection.

The current study examined how different biochar contents and
particle size affect mechanical properties using a single variable exper-
imental approach. In the first experiment, the effect of biochar content
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Fig. 4. Effect of biochar particle size on the mechanical properties of composites: (a) Flexural Properties (b) Impact strength.
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with a constant mesh size (BC100) was investigated. The results showed
there was a nonlinear relationship between BC content and flexural
strength of the LW/PLA composites. In the second experiment, LW/PLA
was combined with 1 % biochar of varying particle sizes. The results
showed that BC particle size had a linear relationship with flexural
strength. In practical application, there was an interaction between
content and particle size. Therefore, a regression model based on these
two variable results was investigated to predict the mechanical behav-
iour of LW/PLA/BC composites. First, a linear regression of flexural
strength (Y) versus BC particle size levels (X) was established. Then, the
binary nonlinear model was transformed into a linear Eq. (5b) by using
Eq. (5a) on the basis of the mechanical property results.

YZO{(rHXl1X1+(121X2+0112X%+(122X%+(111 «22X1X2+® (5a)

2

Let g = 011, 0t = 021, O3 = 012, ¥4 = 0lpg, 05 = 011 X 22, X3 = X7, X4 =
X3, and X5 = X31X5, which translated into a five-element linear regression
equation as follows:

Y=00+01 X1+ 02X2+03X3+q4 x4+ 05X5+® (5b)

Where Y is the regression value, i.e., flexural strength, X; and Xy are
the two independent variables, i.e., content of BC and particle size,
respectively. og, o1, otp, @3, a4, and ag are the biased regression co-
efficients, and o is the random error, with a mean value of zero.

Table 2 shows the raw and linearly transformed data for biochar
content and particle size versus flexural strength of composites. The
middle data group (group 5) was randomly taken as the validation
group, and the other 7 groups of data were brought to build the model.
The SPSS results indicated the regression model between composite
flexural strength (Y), biochar content (X;) and particle size (X3) as
shown below.

Y=27.491-2.846X,+0.406X3-1.528E-6X3 6)

The fit of the above regression equation was tested. The R? value of
0.971 indicated that the regression equation fits the data well. From
Table 3, P value was less than 0.05, which means that the regression
equation was significant, i.e., the establishment of the regression
equation was meaningful. Additionally, Table 4 shows significance level
of the coefficients a1, a3, and a4 were all below 0.05, indicating that the
variables BC content(X;) and particle size (X3) had a significant effect on
the composite flexural strength (Y).

The predicted and experimental values of flexural strength calcu-
lated based on the above regression model are shown in Table 5. The
relative errors between predicted and actual values were all controlled
within 2 %. The smallest deviation was only 0.22 %, indicating that the
prediction model had good credibility. The data from the validation
group (0.5 % BC content, 100 mesh particle size) were brought into the
regression equation, and the predicted flexural strength was 26.15 MPa.
Notably, the actual flexural strength value was 24.42 MPa, with a
relative error of 7.1 %, indicating a good prediction.

Table 2
Original data and linear transformation data of biochar content and particle size
and flexural strength of composites.

Number  BC Particle X3 Xy Xs Flexural
content sizes Xp strengthY
X1(%) (mesh) (MPa)

1 1 100 1 10000 100 25.16

2 1 300 1 90000 300 24.8

3 1 800 1 640000 800 24.2

4 1 1200 1 1440000 1200 22.8

5 0.5 100 0.25 10000 50 24.42

6 2 100 4 10000 200 23.14

7 3 100 9 10000 300 22.86

8 4 100 16 10000 400 225

Industrial Crops & Products 223 (2025) 120163

Table 3

Analysis of variance of multivariate linear regression equation.
model Sum of degree of Mean F Significance

Squares freedom Square @

Regression 6.635 3 2.212 33.452 0.008
Residual 0.198 3 0.066
Total 6.833 6

Table 4

Regression coefficient test of multivariate linear regression equation.

coefficient t Significance (P)
o 79.762 <0.001
oz (X1) —4.882 0.016
a3 (X3) 3.399 0.042
ay (X4) —6.824 0.006
Table 5

Actual and predicted values of composites with different particle sizes and
contents.

Biochar Flexural strengthY (MPa) Relative error
BC content X; Particle sizes X5 Actual Predicted o)

(%) (mesh) value value

1 100 25.16 25.04 0.47

1 300 24.80 24.91 0.44

1 800 24.20 24.07 0.54

1 1200 22.80 22.85 0.22

2 100 23.14 23.41 1.17

3 100 22.86 22.59 1.18

4 100 22.50 22.59 0.40

3.2. Effect of biochar content on water absorption properties of LW/PLA
composites

To gain a deeper understanding of the long-term dimensional sta-
bility of LW/PLA composites in aqueous environments, the water-
absorption rate and water-absorption expansion rate in the thickness
directions were investigated. From Fig. 5, the water absorption of LW/
PLA composites increased progressively with increasing immersion time
in water. However, the slope gradually decreased, indicating that the
growth rate tended to flatten out. From Fig. 5a, all BC addition reduced
water absorption, compared to the control sample without biochar. In
the 1 % BC composite sample,water absorption was reduced by 6.14 %
compared to the control composites. This reduction was mainly because
BC particles filled the tiny pores in the interfacial bond between LW/
PLA, with the BC addition. From Fig. 5b, the thickness expansion of
water absorption gradually decreased with increasing BC content and
was lowest at 4 %. This indicated that biochar positively affected the
dimensional stability of LW/PLA composites. On the one hand, the BC
strengthened the matrix interfacial bonding, and allowed fewer water
molecules to penetrate into their interior. On the other hand, the water
absorption deformation of wood fiber was inhibited by PLA and BC,
these enabled the composite to resist swelling better in the thickness
direction after water absorption (Hoang et al., 2024). However, the
water absorption rate of LW/PLA composites were not increase as
significantly with the addition of biochar as the thickness expansion
rate. This could be due to that excessive amount of BC cannot be uni-
formly distributed within the LW/PLA composites, resulting in
agglomeration of BC particles. The internal porosity of the composites
increased, allowing water molecules to penetrate more easily. In terms
of cell structure, this was due to that poplar fibers have more vessel,
larger cell cavities and thinner cell walls, which allows free water to
easily enter the cell cavity for storage and to bind to hydroxyl groups on
the cell wall (Pan et al. 2024).
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3.3. Effect of biochar content on dynamic thermo-mechanical properties
of composites

DMA was utilized to characterize the dynamic thermo-mechanical
properties of the materials. From Fig. 6a, the storage modulus of all
LW/PLA composites increased after adding the biochar. This indicated
that the addition of biochar in the composite material increased the
material’s load-bearing capacity. Also, increasing the temperature led to
an increase in the storage modules. Earlier studies showed that the
molecular activity of the PLA chain increased at higher temperatures
(Esmizadeh et al., 2019; Hassan et al., 2019). After 1 %BC addition, the
E'(max) reached 3018 MPa, 65 % higher than the pure LW/PLA com-
posite. From Fig. 6b, the results exhibited a similar trend to the storage
modulus results. Samples with 1 %BC had the highest loss modulus
value. As mentioned above, a strong interfacial bonding was formed
after 1 %BC addition, which could effectively transfer stress and
improve toughness (Essabir et al., 2018). The changes in loss factor tand
of all the composites are shown in Fig. 6¢. The loss coefficient reflects the
viscosity characteristics of materials and the mobility of polymer seg-
ments. Among them, the larger the peak value of tans, the greater the
internal friction of the material, and the poorer the internal bonding
strength of the corresponding material, and vice versa(Ornaghi et al.,
2010). More biochar addition led to a restriction or narrowing of the
polymer segments, which affected the mobility and Ty value of polymer
segments. After adding BC, the peak values of BC composites decreased,
the glass transition temperature shifted to the right. The T; value
increased compared to the composites without BC, which indicated that
the internal friction of the composites with BC was low, and the internal
bonding strength was higher than that of the samples without BC.

3.4. Study of water absorption behavior of LW/PLA composites

The mechanical properties of composites during water absorption
are influenced by the environmental temperature and immersion time.
The water absorption behavior of LW/PLA samples with 1 % BC was
analyzed at 20°C, 35°C and 50°C, respectively. From Fig. 7, the satu-
rated water absorption (Mp,) of the composites in 50°C water was
significantly higher than in 20°C and 35°C water, indicating higher
temperature led to increased My, value. At temperatures of 20°C and
35°C, the water absorption rate of LW/PLA samples initially increased.
In the second phase, it then decreased significantly, with the weight
increasing slightly, until equilibrium was reached. Conversely, at 50°C,
the composites exhibited faster water absorption.
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Fig. 7. Weight gain curves of LW/ PLA composites at 20°C, 35°Cand 50°C.
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Moisture diffusion primarily follows Fickian diffusion, non-Fickian
diffusion (irregular diffusion) or a combination of both (Scida et al.,
2013). The moisture diffusion law of a material can be described by the
kinetic equation (Assarar et al., 2011):

M,

. = ke @

Where: M; is the weight gain of the material at moment t, My, is saturated
water absorption, k and n are diffusion kinetic parameters.

When the value of n is about 0.5, it is found that the diffusion
behavior of water molecules within the material follows Fickian’s
diffusion law (Espert et al., 2004; Petchwattana et al., 2013). Then,
taking the logarithms on both sides of equal Eq. (7), it can be described
by the following equation:

log (ﬂ) = log(k) + nlog(t) ®
Mm

Figs. 8 and 9 show the fitted water absorption data for LW/PLA
samples and their comparison with the Fickian model. It was note that,
the n value of the diffusion kinetic parameter for LW/PLA composites
were close to 0.5 at all three water temperatures, indicating that the pre-
absorption behavior of LW/PLA composites followed Fickian water ab-
sorption model (Saikia, 2010). Following that, the diffusion coefficient
(D) and Mp,, can be calculated as Equation (Cheng et al., 2021):

P M, x h\*  7k?
D= = 9
(4M;,)? 8 ( Vi ) (4M,)* ©

Where: h is the thickness of the specimen (mm); the coefficient k * is the
slope of the linear part of the curve M; = f(v/t /h).

The water diffusion coefficients D of LW/PLA composites at 20°C,
35°C and 50°C are shown in Table 6. The diffusion coefficient increased
from 3.26x10~® mm?/s (20°C) to 3.83x10~® mm?/s (50°C). In general,
the higher the diffusion coefficient, the weaker the adhesion interface
between resin and fiber, and the more difficult it was for water to diffuse
in the composite. Higher temperatures reduced the adhesion between
LW/PLA and biochar, and the equilibrium time of water uptake
decreased accordingly.

As mentioned above, heating can accelerate the diffusion process,
and the water molecules in LW/PLA/BC composites were the thermally
activated factor. For Fick diffusion, the diffusion coefficient versus
temperature can be expressed by the Arrhenius equation (Liu et al.,
2022), which is shown in (10):
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Fig. 8. Diffusion curve fitting of LW/PLA composites at 20°C, 35°C and 50°C.
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Table 6
Dynamic parameters and diffusion coefficients of WF/PLA composites at
different temperatures.

Type n k R? Dx10~° (mm?/s)
20°C 0.51364 0.05201 0.95656 3.26
35°C 0.55309 0.05681 0.98572 3.55
50°C 0.58491 0.05345 0.91486 3.83
_E
D = Ae RT (10)

where D is the permeability index (mm?/s), E is the activation energy of
the diffusion process (kJ/mol), and R is the ideal gas constant (8.314 J/
mol-K).

Taking logarithms on both sides of Eq. (10) yields:
InD = InA — 2 an

RT

LnD and (1/T) are linearly related, and the values of diffusion co-

efficients at different environmental temperatures are substituted into
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Fig. 10. Arrhenius logarithmic fitting curve of diffusion coefficient of LW/PLA
composites at 20°C, 35°C and 50°C.
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Eq. (11). Next, a one-way linear regression can be performed. The fitting
results are shown in Fig. 10, yielding the predictive model function
D=2.44x10"° exp (-435.31/T) for the water molecule diffusion coeffi-
cient of LW/PLA composites, which predicts the water diffusion coeffi-
cient D at any water immersion temperature.

Finally, the predicted value and experimental data for LW/PLA
composites at temperature 60 °C were tested. According to Fick’s law,
the diffusion coefficient D is 6.90x10~® mm?/s, and the prediction
model estimates D at 6.61x10°¢ mrnz/s, with an error of 4.45 %.

3.5. Scanning electron microscopy (SEM)

The microstructures of all LW/PLA samples under three different
temperature conditions are shown in Fig. 11. For the micro structure of
LW/PLA composites before water absorption (Fig. 11a), the cross-
section morphology was concave-convex and rough, and no cracks
were clearly visible. There was good interfacial compatibility between
the composite and BC, which effectively enabled stress transfer and
reinforcement by the BC particle. As shown in Fig. 11 b-d, water ab-
sorption caused local debonding within the particle matrix with small
fissures indicating weaken inter facial bonding. At 35°C, water absorp-
tion led to crack formation on the fracture surfaces, and as the fissures
expanded, more significant damage occurred at the interface within
LW/PLA composites. At temperature of 50°C, increased crack porosity
and deepened fractures were observed. The penetration of additional
water molecules led to molecular chain hydrolysis. With the combined
effects of oxygen and heat, higher water temperatures and longer du-
rations resulted in greater water absorption and an increased water
diffusion rate. In addition, the difference in expansion rates between the
LW fibers and PLA generated inconsistent forces at the interface.
Consequently, a weakened interfacial zone formed, which led to
increased cracking and degradation between the LW and the PLA matrix.

4. Conclusions

With varying biochar content and particle size, LW/PLA/BC were
manufactured using extrusion and molding process. The incorporation
of biochar enhanced the mechanical properties and reduced the water
absorption of the composites. A 1 % addition of biochar led to a 19.20 %
increase in flexural strength and a 3.06 % rise in impact strength.
However, excessive biochar content (2 %, 3 %,4 %) led to a decline in
mechanical properties. Then, a regression model was able to predict the
flexural strength based on biochar particle size and content, achieving
an accuracy of 99.37 %. Dynamic thermo-mechanical analysis revealed
that BC improved the storage modulus of LW/PLA samples, indicating
enhanced interfacial interaction between LW and PLA.

Water-absorption aging test was carried out on composites with
different biochar contents. Adding 1 % biochar significantly reduced
water absorption and effectively strengthened the bonding between LW
fibers and PLA matrix. Additionally, the initial water diffusion behav-
iour of the composites followed the Fickian diffusion mode, where
higher temperature accelerated water diffusion and increased the
equilibrium water absorption. SEM showed that higher temperature
resulted in more severe the damage at the interface of the composites,
indicating accelerated degradation of the composites. In combination
with the Arrhenius equation, a predictive model function was devel-
oped, to estimate the water diffusion coefficient D at various tempera-
ture. The proposed model function can better predict the water
absorption diffusion coefficient of this composite at 60°C water im-
mersion temperature.
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