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Effects of chemical composition and physicochemical properties of poplar
biomass on the performance of 3D printed poplar-reinforced PLA materials

This research demonstrated how chemical pretreatments of poplar biomass
impact the final performance of 3D-printed biocomposites. By systematically
correlating biomass characteristics with composite mechanical and thermal
behaviour, the key structure-property-performance relationships were
revealed. This study highlighted both the potential of untreated wood as a
sustainable filler and the value of tailored pretreatments for tuning composite
performance, providing a foundation for engineering renewable,
high-performance materials for sustainable additive manufacturing.
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4478 the performance of 3D printed poplar-reinforced
PLA materials
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Lignocellulosic biomass has been well-acknowledged as a filler for making 3D printed composites. The
technical performances of composites were influenced by the characteristics of the components. The
correlations between poplar biomass properties and the mechanical and thermal performances of the
3D printed poplar-plastic composites were investigated. The characteristics of poplar were modified by
different pretreatment methods, including using hot water, dilute acid, and organic solvent (organosolv),
and each treated poplar biomass was applied as a filler in a polylactic acid (PLA) polymer matrix to
produce eco-friendly materials. These solvent pretreatments increased the hydrophobicity and surface
area of poplar. Organosolv treated poplar showed the highest cellulose content and significantly
increased Young's modulus of its biocomposites. Principal component analysis revealed that the specific

surface area and water contact angle of biomass contributed to the thermal stability of biocomposites.
Received 6th May 2025

Accepted 17th August 2025 Additionally, the degree of polymerization of cellulose and xylan content within the biomass correlated

] with the biocomposites' break stress. Notably, the crystallinity of biocomposites impacted the modulus
DOI: 10.1039/d55u00327j of these materials. The reported relationships between biomass characteristics and 3D printed

rsc.li/rscsus composite behaviors provide guidance for optimizing biomass processing in biocomposite applications.

Sustainability spotlight

The heavy use of petroleum-based plastics has led to a global energy and environmental crisis. To address this problem, researchers shifted towards green,
renewable, and environmentally friendly biopolymers and their composites. Lignocellulosic biomass has been applied to reinforce a variety of bioplastics.
However, the complexity and heterogeneity of biomass limit their composite applications. This study investigates how the physicochemical properties of
woody biomass, modified through various processing methods, affect the performance of 3D printed wood-reinforced PLA composites. Our findings
highlight the relationship between biomass characteristics and 3D printed composite behavior, offering guidance for optimizing biomass processing in
biocomposite applications. By demonstrating the potential to replace conventional plastics with biomass-based composites in 3D printing, the results in
this study support the advancement of sustainable manufacturing practices in line with the United Nations Sustainable Development Goal 9: Industry,
Innovation, and Infrastructure.
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1 Introduction

Three-dimensional (3D) printing is a manufacturing technique
that is defined as the process of joining materials layer upon
layer to make objects from 3D-model designs." It is a promising
material-efficient additive manufacturing technology that
allows the production of complex shapes. Several 3D printing
methods, such as selective laser sintering (SLS), stereo-
lithography (SLA), fused deposition modeling (FDM), and inkjet
printing, have been applied for printing metals, ceramics,
polymers, and concrete. Among these technologies, FDM is one
of the most common additive manufacturing methods because
of its low cost, high printing speed and simplicity, as it uses
easy-to-use filaments. FDM can also be operated without
complex computer knowledge.*?

Commercially available thermoplastic materials such as
acrylonitrile butadiene styrene (ABS), polypropylene (PP), poly-
carbonate (PC), polylactic acid (PLA), and polyetherimide (PEI)
are commonly used in the FDM process. Among them, PLA is
a renewable and biocompostable thermoplastic. Its monomer,
lactic acid, is a biomass-derived platform chemical obtained
through fermentation of carbohydrates. Due to the depletion of
fossil fuels and the increasing environmental issues, lignocel-
lulosic biomass has been a well-acknowledged alternative
resource in many applications, such as bio-based fuels, chem-
icals, and materials.

In recent years, researchers have focused on biomass appli-
cations via 3D printing technology.* Previous studies reported
that the addition of wood to plastic polymers increased their
stiffness and bending properties.>® Incorporating biomass as
a reinforcing agent in biocomposite materials offers a prom-
ising strategy for reducing the environmental impact of 3D
printed products. For example, Oh et al. demonstrated that even
unconventional food-derived biomass, such as recycled
tempura powder debris, can be successfully incorporated into
biodegradable polymers for 3D printing, supporting the
broader vision of sustainable additive manufacturing through
biomass utilization.” Biomass is typically degraded more rapidly
compared to the current plastic resins; thus, its addition
shortens the degradation time of end-of-life products, leading
to sustainable waste management practices.® However, the
relatively low compatibility between biomass and typical
commercial plastic resins often results in insufficient
mechanical performance.® Additionally, the complexity and
variability of biomass structure and composition, along with its
physicochemical properties such as infusibility and insolubility
in common solvents, limit its use in 3D printing.*

In recent years, significant efforts have been made to incor-
porate wood into PLA to fabricate sustainable and compostable
composites with enhanced mechanical and thermal perfor-
mance. However, most studies have been conducted with
a single pretreatment method or randomly selected feedstock,
which are not directly comparable to explain how various
chemical or physical treatments impact both biomass proper-
ties and composite performance. In this study, to elucidate the
impacts of biomass characteristics such as chemical

© 2025 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Sustainability

composition, surface properties, hydrophobicity, and structural
properties on the printed biocomposite materials, three chem-
ical modification methods: liquid hot water (LHW),"* dilute acid
(DA),"? and organosolv**** pretreatments were applied to modify
the biomass. Such a modification has not been carried out on
biomass for the purpose of manufacturing 3D printed
composites. Previous studies have shown that both LHW and
DA selectively removed hygroscopic hemicellulose and
increased the surface area, while organosolv pretreatment
effectively removed amorphous components such as hemi-
cellulose and lignin. The treated poplar was then used as
a reinforcing filler in a PLA matrix, followed by extrusion and
fabrication of 3D printed specimens via the FDM method. Also,
we applied principal component analysis (PCA) to correlate
these biomass characteristics with the mechanical and thermal
properties of the resulting PLA composites. This multivariate
statistical approach enables a more comprehensive under-
standing of structure-property—performance relationships,
which have not been extensively explored in previous PLA/wood
composite studies.

2 Materials and methods

2.1. Materials

Poplar was provided by Oak Ridge National Laboratory. The air-
dried poplar chips (moisture content: 3.78%) were Wiley-milled
to a 30-mesh and kept in a sealed plastic bag prior to the
chemical modification and characterization. Sulfuric acid
(72%), ethanol (100%), and dioxane (99%) were purchased from
RICCA, Pharmco, and J. T. Baker, respectively. Polylactic acid
(4043D, Ingeo Biopolymer) was procured from Natureworks LLC
(Minnetonka, MN).

2.2. Thermochemical modification of poplar biomass

The milled poplar was treated by three thermochemical
methods according to the literature (LHW," DA,"” and organo-
solv**'*). In brief, LHW pretreatment was conducted with
deionized water at 200 °C for 20 min, and DA pretreatment was
performed with 0.5% (w/w) H,SO, at 160 °C for 10 min. Orga-
nosolv pretreatment was conducted with 1.25% (w/w) H,SO, in
50% (v/v) ethanol at 180 °C for 1 h. The treated biomass was air-
dried overnight and placed in a 105 °C oven for 8 h to remove
the moisture. The untreated biomass and treated biomass were
then ball-milled with two stainless-steel jars after nitrogen
purging in a cold room (4 °C) for 6 h with a 30 min interval every
hour.

2.3. Filament manufacturing and specimen 3D printing of
PLA and poplar biomass

The overall process flow, including filament manufacturing and
specimen FDM 3D printing, is illustrated in Fig. 1. In brief, ball-
milled poplar (untreated and treated) and 2 mm knife-milled
PLA were mixed at a 2 : 8 (w/w) ratio at room temperature. The
well-mixed sample was kept in a vacuum oven at 80 °C for 8 h in
order to remove moisture. A filament extruder (Filabot EX2,
Filabot, Barre, VT) equipped with an air-path and spooler and
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Fig. 1 Schematic diagram of the additive manufacturing process for producing PLA/poplar composites.

Lulzbot TAZ Workhorse 3D printer with a 0.5 mm SE Tool Head
(FAME 3D, Fargo, ND) were used for filament formation and 3D
printing. A Filabot EX2 single-screw extruder (length/diameter
ratio of 12, 1.5875 cm screw diameter, 1.27 pitch, compres-
sion ratio of 2.5:1) was used to extrude the PLA/biomass fila-
ments at 210 °C. Pure 2 mm knife-milled PLA was extruded to
clean the extruder before starting each different extrusion run.
After cleaning, the PLA/poplar mixture was loaded into the
loading chute. The filament was then manually guided with no
applied force and fan cooling. The filament produced by the
first extrusion was then cut into ~1 c¢cm long cylindrical pellets
and knife-milled through a 2 mm screen (mini Wiley mill,
Thomas Scientific). Milled powder was kept in a vacuum oven
under the same conditions mentioned above. After 8 h of
drying, the powder then underwent extrusion for the second
time (the exact same way as the first extrusion) to produce
a filament 1.6 mm in diameter for 3D printing. In order to avoid
cross-contamination by the leftover from previous materials in
the extruder barrel, a 1.5 m length of the initial filament was
discarded.

The ASTM D638 Type V** 3D printed test specimens were
designed in FreeCAD 0.18.4. G-code and produced in Cura
3.6.21 Lulzbot Edition for a Lulzbot TAZ Workhorse (0.5 mm SE
tool head and glass/PEI print surface using only perimeter
filling (0% infill), 0.3 mm layer height, 0.6 mm line width, 230 °
C printing temperature, 20 mm s~ ' print speed, constant 40 °C
build plate temperature, 160 °C probe, soften and wipe
temperature, 3 mm s~ ' retraction speed, 1 mm retraction
distance, 10 mm s~ ' nozzle switch retraction speed, 100% flow
rate, 175 mm s * travel speed, 15 mm s ' skirt speed with 3
skirts, no print cooling, 35 °C part removal temperature). The
printing layer was started at the corner of the tensile shape grip
end and printed one sample at a time with each PLA/poplar
sample in triplicate. All extrusion and 3D printing parameters,
including extrusion temperature, printing temperature, bed
temperature, printing speed, and layer height, were kept
constant for all samples to ensure consistency in processing

4480 | RSC Sustainability, 2025, 3, 4478-4491

conditions. Further detailed manufacturing and 3D printing
information is available in the previous study.

2.4. Characterization of untreated and treated poplar
biomass

Carbohydrate and lignin contents of biomass before and after
pretreatment were measured according to the NREL standard
procedure.”” The hydrolysate from this procedure was used to
analyze the carbohydrates and acid-soluble lignin. Carbohy-
drates were analyzed using a Young-Lin YL 9100 (Republic of
Korea) high performance liquid chromatograph (HPLC),
equipped with a Bio-Rad Aminex HPX-87H column and
a refractive index detector, with 5 mM H,SO, solution as the
mobile phase at a constant flow rate of 0.6 mL min~". The acid-
soluble lignin was measured by using a UV-vis spectrometer to
obtain the absorbance at 240 nm wavelength and 25 Lg " cm ™"
was used as absorptivity of poplar for calculation.
Morphological properties of the biomass powder prior to
ball-milling were analyzed using Scanning Electron Microscopy
(SEM, JEOL-JSM-IT100LA). The sample was vacuum dried,
mounted on an aluminum stub with carbon tape and sputter
coating with gold/palladium prior to the analysis. The particle
size of ball-milled biomass was measured by using a laser
diffraction analyzer (Malvern S$3500). Each sample was
measured in triplicate, using a reflecting particle setting,
irregular shape, and 20 s ultrasonication. The Brunauer-
Emmett-Teller (BET) specific surface area of the ball-milled
biomass was measured by using an Autosorb Station (Quan-
tachrome Instruments) under vacuum drying at 40 °C and an
outgas time of 12 h using nitrogen. Water contact angle
measurements were carried out on a Drop Shape Analyzer
(Kruss Scientific) by the sessile drop method at 23 °C.
Cellulose Degree of Polymerization (DP) of the biomass was
measured by using a gel permeation chromatography (GPC)
SECurity 1200 system. o-cellulose was isolated from the biomass
based on the previous studies.'”® The weight-average degree of

© 2025 The Author(s). Published by the Royal Society of Chemistry
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polymerization (DPy) of cellulose and number-average degree of
polymerization (DP,) of cellulose were calculated from the
measured cellulose molecular weight divided by the tri-
carbanilated cellulose repeating unit (519 g mol '). Fourier
transform infrared spectroscopy (FTIR) analysis of untreated and
treated poplar was conducted using a Spectrum One FTIR Spec-
trometer (PerkinElmer, Wellesley, MA, USA) equipped with
a universal attenuated total reflection (ATR) accessory. The spectra
were measured between 4000 cm " and 600 cm ™" with an average
of 16 scans per sample. Thermogravimetric analysis (TGA) was
performed from room temperature to 600 °C at 10 °C min~* on
a Q500 (TA Instruments) under an airflow of 40 mL min . The
onset temperature (decomposition temperature) of the sample
was obtained from the curve based on ASTM E2550.*

2.5. Characterization of 3D printed specimens with PLA and
poplar biomass

The tensile properties of 3D printed test specimens prepared as
described above with PLA and poplar biomass were character-
ized by using a custom-built calibrated universal tensile tester.
A load of 907.185 kg was used, and samples were secured onto
an axial extensometer using rubber bands and then held using
manual or hydraulic grips. Testing was conducted using
a custom-made LabView program at 0.0254 mm s~ * strain rate,
21 °C and 20 data points per s. Ultimate tensile stress, break
stress, and Young's modulus were measured as described in the
previous study."®

The morphological properties of the 3D printed specimens
were also characterized by SEM (JEOL-JSM-IT100LA) as
described above. The water contact angle of the 3D printed
specimens was investigated on a Drop Shape Analyzer (Kruss
Scientific) as described above. Differential scanning calorimetry
(DSC) analysis was performed in the heat/cool/heat mode on
a Q200 instrument (TA Instruments). The testing specimens
were ramped from 0 °C to 180 °C, followed by cooling to 0 °C
and then heated up back to 180 °C at a ramping rate of 10 °
C min . The glass transition temperature (T,), cold crystalli-
zation temperature (7..), and melting temperature (7,) were
determined from the second heating curve. The degree of
crystallinity (X.)*® was calculated using eqn (1):

_ AH, — AH,

.= 1
wx AH? )

where AH,, is the melting enthalpy of the sample, AH, is the
crystallization enthalpy of the sample, AHy, is the melting
enthalpy for 100% crystalline PLA (taken as 93 J ¢ ), and w is
the weight fraction of PLA in the sample.

TGA was performed from room temperature to 600 °C at 10 °
C min~" on a Q500 (TA Instruments) under an airflow of 40
mL min~'. The onset temperature (decomposition tempera-
ture) of the sample was obtained from the curve based on ASTM
E2550.%°

2.6. Principal component analysis

PCA was conducted using Origin 2021 to determine the main
variables among the multivariate data regarding biomass

© 2025 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Sustainability

properties and analyze the correlation among biomass compo-
sition, particle size, specific surface area, water contact angle,
cellulose DP, and the performance of biocomposites. Parameter
scores in the first two principal components were plotted to
present the PCA results.”

3 Results and discussion

3.1. Characteristics of poplar biomass after different
pretreatments

3.1.1. Changes in the chemical composition of poplar
biomass. The composition of biomass, including cellulose,
hemicellulose, and lignin, is important in determining the
properties of biocomposite materials,* so it is an essential
property to explain the technical performance of the bi-
ocomposites. In this study, three different pretreatments (LHW,
DA, and organosolv) were applied to modify the chemical
composition of poplar by removing or reducing the amorphous
components like lignin and/or hemicelluloses. Fig. 2 presents
the chemical composition (glucan, xylan and lignin) of
untreated and treated poplar. For the untreated poplar, glucan
content was the highest at 46.6%, followed by xylan at 14.2%
and lignin at 24.7%. LHW treated poplar showed a higher
glucan content at 63.6% and lignin content at 37.3% than
untreated poplar, while a significant reduction of xylan content
to 0.6% was observed. DA pretreatment resulted in a similar
chemical composition to LHW (glucan content at 65.6%, xylan
content at 0.2%, and lignin content at 33.0%). Organosolv
treated poplar had the highest increase in glucan content at
78.8% but showed less lignin content (14.0%) and minimal
xylan content (0.6%). The relative lignin contents were
increased after LHW and DA pretreatments due to the selective
removal of hemicellulose and the possible formation of pseudo-
lignin during these pretreatment processes.*>** Both LHW and

DA pretreatments selectively and effectively removed
80 4 OGlucan 72‘_8
OXylan
70 {1 OLignin 636 65.6
S + i
c 60 -
Rel
8 50 { 46.6
Q' =
€
8 40 37.3
(_g ™ 33.0
'€ 30 -
& 24.7
5
201 | ha. 14.0
10 ~
0.6 0.2 0.6
0
Untreated LHW DA Organosolv

Fig. 2 Chemical composition (glucan, xylan, and lignin) of untreated
and treated poplar.
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hemicellulose (97.4% and 99.3% of xylan removal, respectively),
while lignin content was not effectively extracted. However,
organosolv pretreatment was effective in the removal of both
hemicellulose and lignin from poplar and resulted in 98.1%
xylan removal and 75.3% delignification. These results are
consistent with the results in the previous studies.'***** The
solid recoveries after LHW, DA, and organosolv pretreatments
were 65.0%, 59.0%, and 43.6%, respectively.

3.1.2. Specific surface area and particle size of poplar
biomass. Particle size is another crucial biomass characteristic
that can affect the mechanical properties of polymeric
composites.>*® Zhao et al. reported that the reinforcement with
<180 um of poplar biomass in the PLA-based composites led to
better tensile properties than poplar samples with larger sizes.?
The authors explained the improved mechanical properties
with a higher surface area, surface porosity, and surface-to-
volume ratio, which can be related to a better dispersion of
poplar fiber with PLA. Specific surface area (SSA), which was
obtained by BET analysis, can significantly impact the stiffness
and strength of the composites.”

Table 1 shows the SSA and mean particle size of the ball-
milled untreated, LHW treated, DA treated, and organosolv
treated poplar. The untreated poplar had an SSA of 3.56 m* g~ *
and a particle size of 39.49 uym. LHW pretreatment increased
the SSA of poplar to 4.12 m* g " and decreased the particle size
of biomass to 17.11 pm. A similar trend was observed by DA
pretreatment, which resulted in a further increased SSA of 4.35
m® ¢' and a slightly smaller particle size of 16.72 pum. In
contrast, the organosolv treated poplar showed an SSA of 3.90
m® ¢~ and a larger particle size of 28.19 um. The results indi-
cated that all pretreatments decreased poplar particle size and
increased SSA, which is consistent with the previous studies.?®*™°
Compared to other treated poplars, organosolv treated poplar
showed lower SSA and higher particle size mean. As mentioned
previously, the ball-milling process was conducted after the
pretreatment processes. The organosolv pretreatment led to
a higher cellulose fraction, which has a more crystalline struc-
ture, possibly resulting in larger particle sizes in the ball-milling
process. Compared to the amorphous components such as
lignin and hemicellulose in poplar, which are more readily
fractured, cellulose resists further size reduction during the
ball-milling process due to its resilient nature.**?

3.1.3. Water contact angle of poplar biomass. Due to the
hygroscopicity of the biomass particles, stress transfer can be
insufficient between the biomass powder and the hydrophobic
polymer matrix.>® Hence, different pretreatments were applied

Table 1 BET specific surface area and particle size mean of the ball-
milled untreated and treated poplar biomass

BET specific surface Particle size

Sample area (m* g ) mean (um)
Untreated 3.56 39.49
LHW 4.12 17.11
DA 4.35 16.72
Organosolv 3.90 28.19

4482 | RSC Sustainability, 2025, 3, 4478-4491
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to improve the hydrophobicity of the poplar biomass,
enhancing the compatibility between poplar particles and PLA.
To evaluate the hydrophobicity of pure PLA, a water contact
angle (WCA) measurement was conducted. The results revealed
that the contact angle of the pure PLA 3D printed sample is 98°
with a standard deviation of 3°, confirming its hydrophobic
characteristic. The WCA for untreated, LHW, DA and organo-
solv treated poplar was 28 + 3°, 50 & 2°, 76 £ 3°, and 44 £ 2°,
respectively. The contact angle of the water-biomass interface is
related to lignin due to its hydrophobicity.** Therefore, the
results indicated that these pretreatments increased the
hydrophobicity of poplar biomass via chemical modifications.
DA treated biomass showed the highest WCA compared to other
treated/untreated poplar biomass because of the high lignin
content and low hemicellulose content (Fig. 2). Also, hydro-
phobic pseudo-lignin formed during the DA pretreatment,
confirmed by the increased lignin content, could increase the
contact angle. Previous studies reported that pseudo-lignin,
which was mainly comprised of carbonyl, carboxylic, and
aromatic structures, was formed during dilute acid pretreat-
ment of biomass.**** According to the aforementioned chemical
composition of untreated and treated poplar, the organosolv
treated poplar biomass had the highest cellulose content
among the samples and the lowest lignin content. The higher
WCA of organosolv treated poplar compared to untreated
poplar could be explained by residual lignin redistribution from
bulk to the biomass surface which covered the cellulose fiber
and increased its hydrophobicity.*” For further verification of
this hypothesis, SEM was performed to see the surface of
organosolv treated poplar. As shown in Fig. 3, lignin (as indi-
cated by the arrow) was observed and partially covered the
organosolv treated fiber surface. This confirmed lignin redis-
tribution onto the biomass surface during the pretreatment,
leading to a higher water contact angle than that of untreated
poplar, even though its lignin content was lower than that of the
untreated one.

3.1.4. Chemical structure of biomass. The chemical struc-
ture of biomass can also be transformed by various pretreat-
ments. To understand the structural changes of poplar via
LHW, DA, and organosolv pretreatments, FTIR spectra of
untreated and treated poplar samples were analyzed (Fig. 4).
The broadband at around 3330 cm™?, attributed to O-H
stretching vibrations, and the peak near 2900 cm ™' (peak 1),
corresponding to C-H stretching vibrations, remain relatively
similar across all samples. The peak at 1730 cm ™' (peak 2),
attributed to C=O0 stretching vibrations in hemicellulose and
lignin, was reduced in treated biomass samples compared to
that in untreated poplar, primarily due to the hemicellulose
and/or lignin removals, as described in chemical composition
results (Fig. 2). Among the pretreatments, the organosolv
treated sample had the most significant reduction at peak 2,
indicating high delignification and hemicellulose removal. The
peak at 1610 cm ' (peak 3), corresponding to asymmetric
stretching of the carboxyl group of glucuronic acid in hemi-
cellulose and C=0 stretching in conjugated carbonyl of lignin,
became more obvious in the spectra of LHW and DA treated
biomass, which could be explained with the relatively increased

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 SEM image of organosolv treated poplar, and the arrow indicated the spherical balls.

lignin content in the treated biomass by the removal of hemi-
cellulose. In contrast, the spectrum of organosolv treated
biomass showed a major decrease in this peak, indicating
substantial lignin removal. Additional lignin-specific peaks at
1508 cm ™" (C=C-C aromatic ring stretching and vibration,
peak 4) and 1457 cm ' (C-H deformation in methyl and
methylene, peak 5) were significantly lower in the spectrum of
organosolv treated biomass, confirming its high delignification
efficiency. Moreover, the peaks at 1160 cm ' (peak 6) and
896 cm ™' (peak 7), attributed to C-O-C stretching in both
cellulose and hemicellulose, became sharper and more intense
with the organosolv treated biomass sample, reflecting an
increased relative cellulose content and possibly enhanced
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Fig. 4 FTIR spectra of untreated and treated poplar.
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crystallinity of poplar due to the removal of amorphous
components like lignin and hemicellulose.?®

3.2. Performance of 3D printed wood-reinforced PLA
biocomposites

3.2.1. Tensile properties of PLA/biomass biocomposites.
The aforementioned poplar samples were blended with PLA,
and then 3D printed to make composites by FDM. While PLA is
a promising biocompostable polymer, it suffers from limita-
tions such as brittleness, low thermal resistance, and poor
crystallization behavior, which restrict its practical applications.
We hypothesized that biomass pretreatments (i.e., LHW, DA,
and organosolv) could improve the compatibility of the biofiller
to the PLA matrix by increasing the specific surface area and
hydrophobicity. In addition, hydrogen bonding between the
hydroxyl group (-OH) in biomass and the carbonyl group (-C=
O) in PLA can enhance interfacial adhesion and load trans-
fer.*>** The enhanced compatibility and interfacial reactions of
biomass in the composites ensure a more uniform distribution
of stress across the biocomposite, enhancing its mechanical
properties. Thus, this strategy leverages the multifunctional
role of biomass to overcome inherent weaknesses of PLA and
broaden its utility in sustainable composite manufacturing.

Fig. 5 summarizes the ultimate tensile stress, break stress,
and Young's modulus of the composites. Pure PLA had the
highest tensile stress of 59.0 MPa and break stress of 53.1 MPa,
with a Young's modulus of 2.8 GPa, which were comparable
values with the results in Zhao et al.'s study.®

Compared to pure PLA composites, the introduction of
untreated poplar into PLA composites slightly reduced tensile
stress (49.8 MPa) and break stress (49.7 MPa), likely due to poor
interfacial adhesion between hydrophilic biomass and the
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Fig. 5 Tensile results of pure PLA, PLA/untreated and treated poplar
biocomposites.

hydrophobic PLA matrix. However, the composite stiffness
increased significantly, with Young's modulus increasing to
3.3 GPa, mainly due to the high crystallinity and aspect ratio of
cellulose enhancing the stiffness of biocomposites. The PLA/
LHW and DA treated poplar composites showed further
decreased tensile stress, 49.4 MPa for the PLA/LHW composite
and 49.6 MPa for the PLA/DA one, and break stresses, 47.3 MPa
for the PLA/LHW one and 47.2 MPa for the PLA/DA one, while
maintaining a similar Young's modulus to the untreated bi-
ocomposites (PLA/LHW at 3.3 GPa and PLA/DA at 3.1 GPa). This
suggests that although these pretreatments improved the
hydrophobicity of poplar and reduced hemicellulose content,
which could potentially aid dispersion,** these changes did not
translate into improved load-bearing capacity. For instance,
pseudo-lignin formed after DA pretreatment improved the
hydrophobicity of poplar, but it may not have a strong interfa-
cial bonding with structural biomass components like cellulose,
leading to a reduction in tensile stress.

However, the PLA/organosolv treated poplar composite
exhibited a significant increase in Young's modulus to 3.7 GPa
(34% improvement compared to that of pure PLA composite)
with comparable tensile (48.8 MPa) and break stress (47.7 MPa)
to other composites. The enhanced stiffness could be attributed
to synergistic factors: (i) higher cellulose content (78.8%), which
increased the crystallinity of the PLA matrix as a nucleating
agent; and (ii) a more rigid fiber structure due to the removal of
amorphous components such as hemicellulose and lignin.
These structural advantages allowed the PLA/organosolv treated
poplar composite to resist deformation more effectively, thereby
enhancing the modulus without compromising strength.

Overall, all biomass composites showed a higher Young's
modulus than pure PLA composites, which indicated that the
addition of biomass as a filler improved the stiffness of the
biocomposite, which was also observed in the previous study."®
However, no significant difference was found among PLA/
poplar biocomposites in tensile stress and break stress,
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indicating that the effect of pretreatment was not significant on
the tensile stress of the biocomposites. For Young's modulus,
the PLA/organosolv treated poplar composites showed the
highest modulus. This result was attributed to higher cellulose
content because its crystalline structure provided stiffness to
biocomposites. In the previous study, the cellulose fibers
enhanced Young's modulus of biocomposites by providing
a crystalline structure that resists deformation.*> The high
aspect ratio of cellulose fibers also allows for effective load
transfer from the PLA matrix to the cellulose fibers, thereby
improving the overall stiffness of the composite.** These
previous observations align with the results in this study, sug-
gesting that cellulose content in biomass significantly affected
Young's modulus of the biocomposite.

Although the increased hydrophobicity of biomass through
pretreatment could improve stress transfer between the parti-
cles and the matrix, the tensile stress and break stress were not
improved. Thus, the tensile stress of PLA/poplar composites
appeared to be dependent on the content of biomass in PLA
rather than lignin modification.® Hence, the hydrophobicity of
biomass was not as significant as we hypothesized in the
determination of the mechanical performance of the 3D printed
biomass reinforced PLA composites. Instead, organosolv
treated biomass addition led to better stiffness of PLA/biomass
biocomposites than those of LHW and DA treated biomass.

In summary, the pretreatments (LHW, DA, and organosolv)
enhanced the surface properties of poplar (more hydrophobic
and hemicellulose removal) but did not significantly improve
tensile stress or break stress compared to PLA/untreated poplar
composites. However, the Young's modulus of the PLA/
organosolv treated composite was significantly increased (3.8
GPa), highlighting the potential of pretreatment to enhance
stiffness through improved crystallinity and cellulose content.
Notably, PLA/untreated poplar composites exhibited compa-
rable mechanical properties and even slightly higher tensile and
break stress than PLA/treated poplar composites. These find-
ings indicated that untreated poplar also has promising
potential as a filler in biocomposites without additional
chemical modification, potentially reducing processing costs
and simplifying production.

On the other hand, biomass pretreatment remains a valuable
strategy for modifying filler characteristics. As demonstrated by
organosolv treated biocomposites, tuning parameters such as
cellulose content and morphological properties can enhance
specific properties like stiffness (modulus). Therefore, by stra-
tegically altering biomass composition and structure, the
performance of biocomposites can be further optimized for
specific applications. Since the characteristics and behaviors of
biocomposites can be tailored through pretreatment parame-
ters such as severity, future studies focused on fine-tuning
pretreatment conditions, fiber size, and filler loading will be
essential to fully investigate the potential of PLA/biomass bi-
ocomposites across diverse applications.

To investigate the impact of cellulose on the mechanical
properties o