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Siloxanes are a group of substances characterized by Si-O-Si functional group.
Siloxanes can react with alcohols to form Si-O-C bond. Siloxanes have been
widely used as crossing linking agents and graft copolymers as well as additives
for plastics. Lignin contains both phenolic and aliphatic hydroxy groups which
have the potential to instigate bonding with siloxane compounds. However,
there has not been any attempt to apply siloxanes as crosslinking agents for
biobased composite formation. This manuscript presents the first study of
applying siloxanes compounds to lignin and Cellulose nanofibers (CNF) with
respective PLA, PETG, and HDPE to prepare biocomposites. Both Tetramethyl
Tetraphenyl Trisiloxane (TTT) and Tetraethoxysilane (TEOS) were used as cross-
linking agents. We have successfully incorporated 20 wt% lignin and 10 wt%CNF
into the biocomposite filaments. The tensile properties of ensuing biocomposite
were investigated. The objective of this work is to demonstrate the potential
of lignin and CNF as a sustainable co-polymer to improve the properties of
PLA/PETG/HDPE-based materials for 3D printing. This paper will also discuss
the challenges and opportunities associated with the use of lignin in 3D
printing, including the effect of lignin and CNF content on the mechanical and
thermal properties, the compatibility of lignin and CNF with PLA/PETG/HDPE,
and the potential for further optimization of the cross-linking chemistry using
TTT and TEOS.
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1 Introduction

Additive manufacturing, commonly known as 3D printing, stands as a rapidly
advancing technology that facilitates the efficient creation of intricate geometric structures
with unparalleled freedom. Among the various techniques within additive manufacturing,
fused deposition modeling (FDM) emerges as the foremost and versatile technique in
which a solid thermoplastic filament is used as a feedstock (Nguyen et al., 2018a; Wasti
and Adhikari, 2020). In FDM, a solid thermoplastic filament serves as the raw material,
passing through an extruder where it undergoes melting. Layer by layer, the meltedmaterial
is deposited on the build platform, gradually solidifying into the desired object. To give
an example, Nguyen et al. (2018a) have extensively investigated the FDM-printability and
rheological behavior of polymer and lignin composites.Their study found that the structural
units of lignin correlate to the rheological properties to prepare renewable 3D-printable
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materials that exhibit outstanding printability and mechanical
performances. This offers a quantitative measure of the material’s
printability, which was determined based on viscosity change with
temperature and shear rate. This illustrates that the lignin type
plays a role in printability. Also, by applying melt rheology Nguyen
et al. determined compositions for lignin-based, fiber-reinforced
composites demonstrate extraordinary mechanical properties and
superior 3D printability by FDM.

Commonly used thermoplastics employed in this process
include polylactic acid (PLA), Polyethylene Terephthalate Glycol
(PETG), High-Density Polyethylene (HDPE), and acrylonitrile
butadiene styrene (ABS), the majority of which are derived
from petroleum (Wasti and Adhikari, 2020). These petroleum-
based polymers find widespread usage in industries such as
packaging, automobiles, and construction (Mimini et al., 2019).
However, the extensive reliance on these materials has given rise
to environmental challenges, notably an increase in greenhouse
gas emissions. In response to the environmental repercussions
stemming from the overuse of petroleum-based plastics and the
global shift towards a circular economy from a single-use paradigm,
researchers are actively engaged in the development of bio-based
sustainable materials. These materials are poised to serve as
viable alternatives to their petroleum-based counterparts, aiming to
mitigate environmental impact while meeting the evolving needs
of society.

Lignin, a natural polymer found in plant cell walls, is a promising
candidate for blending with PLA due to its abundance, low cost, and
potential to improve mechanical properties. It is the second most
abundant renewable bio-resource after cellulose and is considered as
awaste product in several industrial processes (Tanase-Opedal et al.,
2019; Wasti et al., 2021). Lignin is a renewable and biodegradable
material that can be extracted from various sources such as
wood, grasses, and agricultural residues (Liu et al., 2016;Kun and
Pukánszky, 2017 Nguyen et al., 2018b). Incorporating lignin into
3D printing filaments improves the mechanical properties of the
printed products, making them more environmentally friendly
and biodegradable. Blending thermoplastics with lignin to produce
composite filaments for 3D printing is a promising bio-based option
that could increase lignin utilization rather than burning it for
heating energy. The use of lignin as a feedstock in biopolymer
manufacturing helps its valorization. Several studies were carried
out regarding incorporating lignin with PLA, PETG, and HDPE
to form composite filaments for 3D printing, making it evident
that lignin’s addition often leads to decreased tensile strength
and elongation Liu and Wang, 2010; Kun and Pukánszky, 2017;
Szabó et al., 2017; Romhányi et al., 2018; Ajay Kumar et al., 2020;
Amjadi and Fatemi, 2020; Zhang et al., 2022). Filaments with poor
properties will be the death of successful commercialization efforts.
There is still a lack of studies done regarding the enhancement of
PLA/PETG/HDPE-lignin composite filaments’ properties. Various
strategies were found in literature to enhance the properties of
polymer-lignin composite filaments, such as modifying lignin,
adding cross-linking agents, and carbon fibers.

Cellulose nanofibers (CNF) are an emerging class of
nanomaterials derived from renewable sources such as wood
pulp, cotton, and agricultural waste. CNF has received significant
attention as a potential reinforcement agent for biodegradable
polymers such as polylactic acid (PLA). The addition of CNF to

thermoplastic polymers has been shown to significantly enhance
the mechanical properties of the resulting biocomposite materials,
including improved strength, stiffness, and toughness (Kun and
Pukánszky, 2017;Nguyen et al., 2018b; Zhang et al., 2022).However,
the combination of cellulose fiber and PLA exhibited poor interfacial
compatibility due to the presence of hydrophilic groups in cellulose
and hydrophobic groups in PLA. Therefore, the hydrophobic
modification of cellulose using some adhesive such as lignin is
often necessary to promote the interfacial compatibility of cellulose
and the PLA matrix, which can improve the physical properties
(Jonoobi et al., 2010; Fortunati et al., 2014; Zhang et al., 2021).

In this study, lignin and CNF were blended with PLA, PETG,
andHDPE in varying amounts to obtain biocomposite filaments.We
were successfully able to incorporate 20 wt% lignin and 10 wt%CNF
in the biocomposite filaments. The tensile properties of produced
biocomposite filaments were studied. The objective of this work is
to explore the potential of lignin and CNF as a sustainable additive
to improve the properties of PLA/PETG/HDPE-based materials
for 3D printing. This paper will also discuss the challenges and
opportunities associated with the use of lignin in 3D printing,
including the effect of lignin and CNF content on the mechanical
and thermal properties, the compatibility of lignin and CNF with
PLA/PETG/HDPE, and the potential for further optimization of the
cross-linking agents Tetramethyl Tetraphenyl Trisiloxane (TTT) and
Tetraethoxysilane (TEOS).

2 Materials and methods

2.1 Materials

The study encompasses three polymer matrices—PETG, HDPE,
and PLA—chosen for their diverse properties. PETG (Polyethylene
terephthalate glycol) is a thermoplastic polyester that has significant
chemical resistance, durability, high impact resistance, and is better
suited to higher temperatures. HDPE (High Density Polyethylene)
is a thermoplastic polymer made from petroleum and is known for
its outstanding tensile strength, high impact resistance, and melting
point. PLA (Polylactic acid) is a thermoplastic polymer derived
from renewable sources such as corn starch or sugar cane. PLA
demonstrates high mechanical strength, good processing ability
with low shrinkage, and is completely biodegradable. PETGandPLA
pellets were purchased from 3DXTECH (Grand Rapids, MI, United
States). HDPE pellets were purchased from Premier Plastic Resins
(Lake Orion, MI, United States).

Lignin, a natural polymer commonly found in plant cell walls, is
a renewable and biodegradable material that can be extracted from
various sources such as wood, grasses, and agricultural residues.
The lignin used in this study was extracted from pine wood by
deep eutectic solvent (DES), the steps of which can be found in
our previous work (Alvarez-Vasco et al., 2016; Lin et al., 2023). DES
is a mixture of two or more chemicals acting as either hydrogen-
bond donors (HBD) or hydrogen-bond acceptors (HBA). In this
study, the DES was prepared using a 2:1 M ratio of lactic acid and
choline chloride (La-ChCl). A 10:1 mass ratio of DES and pine
wood (16–40 mesh) are then mixed and treated at 145℃ for 6 hours
in a Parr reactor in nitrogen atmosphere. After DES treatment,
anhydrous ethanol was added to the Parr reactor to separate the
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FIGURE 1
TGA profile of lignin sample.

remaining solid from the DES and dissolved organics. The ethanol
soluble fraction containing dissolved lignin and hemicellulose was
collected after filtration. Then deionized water was added to this
filtrate to precipitate lignin. Following air drying, the lignin was
grounded into particles with a size of 16–40 mesh. The pine wood
biomass was provided by Idaho Forest Group (Coeur d’Alene, Idaho,
United States). Based on the characterizations, the DES lignin has a
total -OHnumber of 4.94 mmol/g including aliphatic -OH, phenolic
-OH, and carboxylic -OH. The peak molecular weight (Mp, Da)
of DES lignin is 762.12. In addition, TGA profile proceeds to
provide insights into the thermal behaviors of lignin samples. As
illustrated in Figure 1, the initial phase within 80ºC–120°C reflects
the mass associated with volatilization of free and bound water.
When the temperature rises toward 275°C, further mass loss is
detected which is primarily due to the cleavage and release of labile
side groups including -OH, -COOH, -OCH3, or possible breakdown
of residual ether bonds. At a higher temperature, 375ºC–425°C,
the weight loss is caused by thermal degradation. In our previous
work, we have studied the behaviors of technical lignin and DES
lignin in biopolymers, DES lignin showed a better performance in
ensuing biocomposites (Pawale et al., 2022). Regarding the price,
in our recent study (Lin et al., 2023), we did Techno-Economic
Assessment (TEA) for DES lignin production. The results show that
the Minimum Selling Proce (MSP, $/kg) of DES lignin is $1.41/kg,
which is comparable to the technical lignin such as alkali lignin
available in market. This is mainly due to the lower prices or higher
recycling ratio of the reagents used in DES lignin extractions. As
thus, only the DES lignin is selected to prepare the biocomposites
in present work.

Two cross-linking agents are incorporated to enhance the
three thermoplastic polymers properties. 7044B vacuum diffusion
oil (Tetramethyl Tetraphenyl Trisiloxane (TTT)) is a commercial
silocone oil that has a strong attraction to both lignin and the
polymer matrix. Tetraethoxysilane (TEOS) is silane compound
which forms bonds with hydroxyl groups found in both lignin
and the polymer matrix. TTT and TEOS were provided by BSEL

(Richland,WA,United States). Cellulose nanofibers (CNF) aremade
from wood-derived fiber (pulp) that has been micro-refined to the
nano level. CNF retains most of the characteristics of cellulose
with low density, biodegradability, and biocompatibility, but also
possesses other excellent properties such as high specific surface
area, large aspect ratio, high crystallinity, and high surface activity.
A dried, powdered form of CNF was purchased from Sappi (Boston,
MA, United States). Sappi has reported the length of the fibers to be
between 70nm–5 μm, the diameter between 4–30nm, the modulus
of elasticity to be 70 GPa, and the tensile strength to be 700 MPa
(Sappi Global, 2024).

2.2 Methods

2.2.1 Sample preparation
PLA, PETG, and HDPE pellets were pre-dried in the Fisher

Isotemp Vacuum Oven (Model 281) at 60℃ for 3 hours before
being mixed with the lignin, CNF, and cross-linking agents. The
composition of the filaments that were prepared in this study is
presented in Table 1. As shown, different ratios of lignin, CNF,
and cross-linking agents blended with filaments. The pellets were
first manually mixed with the lignin and cross-linking agents
before feeding into the twin extruder (20 mm Twin Screw Extruder
LTE20, CA, United States). The twin-screw extruder has ten
temperature zones, and they were set as follows from zone 1
to 10 for PLA: 154.44 ℃, 165.56 ℃, 168.33 ℃, 168.33 ℃,
168.33 ℃, 168.33 ℃, 171.11 ℃, 171.11 ℃, 171.11 ℃, 172.78
℃. PETG was set to 204.44 ℃ and HDPE was set to 254.44
℃ for all ten zones. The screw speed starts at approximately
20 rpm (revolutions per minute) to push the material to the front
of the extruder and was decreased to approximately a speed of
13–14 rpm. Reducing the rpm in the twin extruder slows the
rotation of the two screws and enhances material mixing, ensuring
a more homogeneous blend. The lowered rpm minimizes shear
stress, preventing uneven melting and degradation, contributing to
a smoother and more uniform extrusion process. Also, the reduced
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TABLE 1 Filament composition prepared and sample code.

Sample code PLA (wt%) PETG (wt%) HTPE (wt%) Lignin (wt%) CNF (wt%) TTT (μl) TEOS (μl)

PLA 100 - - - - - -

PLA_L20 80 - - 20 - - -

PLA_L20_CNF 70 - - 20 10 - -

PLA_L20_TTT 80 - - 20 - 42 -

PLA_L20_CNF_TTT 70 - - 20 10 42 -

PLA_L20_TEOS 80 - - 20 - - 42

PLA_L20_CNF_TEOS 70 - - 20 10 - 42

PETG - 100 - - - - -

PETG_L20 - 80 - 20 - - -

PETG_L20_CNF - 70 - 20 10 - -

PETG_L20_TTT - 80 - 20 - 42 -

PETG_L20_CNF_TTT - 70 - 20 10 42 -

PETG_L20_TEOS - 80 - 20 - - 42

PETG_L20_CNF_TEOS - 70 - 20 10 - 42

HDPE - - 100 - - - -

HDPE_L20 - - 80 20 - - -

HDPE_L20_CNF - - 70 20 10 - -

HDPE_L20_TTT - - 80 20 - 42 -

HDPE_L20_CNF_TTT - - 70 20 10 42 -

HDPE_L20_TEOS - - 80 20 - - 42

HDPE_L20__CNF_TEOS - - 70 20 10 - 42

Note: PLA- polylactic acid, PETG- polyethylene terephthalate glycol, HTPE- high density polyethylene, L-Lignin, CNF- cellulose nanofibers, TTT- tetramethyl tetraphenyl trisiloxane, and
TEOS- tetraethoxysilane.

rpm facilitates improved temperature control, allowing for a more
even distribution of heat and preventing localized overheating.
The filaments obtained were varying diameters ranging from
1.70 mm to 1.80 mm.

2.2.2 3D printing of filaments
A3DCADmodel for dynamicmechanical analysis (DMA)were

prepared using Solidworks. A dog bone sample following the ASTM
D638 type V dimensions was prepared. The Solidworks files were
converted into. STL files and imported into the Prusa software for
3D printing. Filament with a diameter in the range of 1.4–1.8 mm
were selected and used for 3D printing using the Prusa MK3S+
(Prague, Hlavni mesto Praha, Czech Republic). The printer had a
nozzle diameter of 0.4 mm and was set at a temperature of 200℃
for PLA, 260℃ for PETG and HDPE.

2.2.3 Characterization methods
Differential Scanning Calorimetry (DSC) was performed using

a 214 Polyma (NETZSCH, Selb, Bayern, Germany), operated under
a nitrogen atmosphere at the flow rate of 40 mL/min. The samples,
weighting from 5–10 mg, were first heated to 300 ℃ from room
temperature at a heating rate of 10 ℃/min and then were cooled
from 300℃ to 40℃ at a cooling rate of 10℃/min. The functional
groups on the lignin and foam samples were characterized by
Fourier-transform infrared spectroscopy (FT-IR, Shimadzu).
Mechanical properties of filaments were measured using a
Tensile/FlexuralMachine assembled in lab.The loading cell usedwas
model MLP-750 with a capacity of 750 Lbs (Transducer Techniques,
Temecula, CA, United States). The tensile tests were carried out
on five specimens for each composition, and the average values
were reported.
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TABLE 2 Differential Scanning Calorimetry (DSC) test of sample
composites.

Sample code Tg (℃) Tc (℃) Tm (℃)

PLA 60.4 94.6 150.2

PLA_L20 58.9 106 151.4

PLA_L20_TTT 58.3 107.4 151.9

PLA_L20_TEOS 57.8 106.8 151.5

PETG 84.3 - 257.3

PETG_L20_TTT 83.7 - 256.7

PETG_L20_TEOS 83 - 258.3

HDPE 133.4 114.7 130.2

HDPE_L20_TTT 159.8 116.4 129.1

HDPE_L20_TEOS 158.2 118.4 131.4

Note: Tg- Glass Transition Temp., Tc–Crystallization Temp., Tm- Melting Temp.

3 Results and discussion

As shown in Table 2, it can be seen that after incorporation
of lignin, there was a slightly lower Tg for both PLA and PETG
composites. However, this is contrary to HDPE composite, the Tg
of which increased to around 160°C from about 133°C. Figure 2
illustrates the FT-IR spectra of three composites. The broad troughs
between wavenumber 2900–3,000 cm-1 (carboxylic -O-H) and
ranging around 3,300–3,500 cm-1 (alcoholic -O-H) are missing
completely, which indicates they go to form ester linkage. As shown,
the C=O double bond stretch in ester functional group is located at
around 1745 cm-1. The peak seen ranging from 1,150–1,250 cm-1 is
the asymmetric C-C-O stretch. The vibration shifts in the range of
1,050–1,100 cm-1 representing the asymmetric O-C-C stretch. For
both pre- and post-addition of lignin, all the adsorption peaks fall
into the same range of chemical shifts, which indicates that addition
of lignin has slight effect on the cross-linking in forming PLA
composites. The CNF is rich in hydroxyl groups, so CNF addition
leads to an increased density of ester bonds, which can be proved by
the sharper peaks appearing in FT-IR spectra.

The results of mechanical testing of PLA, PETG, and HDPE
composites with the incorporation of lignin, CNF, and the cross-
linking agents are presented in Figure 3, Figure 4, Figure 5. On
the whole, according to the results, adding more than 10 wt%
CNF in PLA showed poor mechanical properties even though
we successfully produced filaments. Therefore, two different cross-
linking agents, a 704BB vacuum diffusion pump oil Tetramethyl
Tetraphenyl Trisiloxane (TTT) and Tetraethoxysilane (TEOS), were
added in with the blending process of the three thermoplastics.
TTT is a silicone-based substance that stands out for its strong
attraction to both lignin and the polymer matrix (Ransom et al.,
2019; AZoM.com, 2023). When added to the polymer blend, it
forms networks through physical entanglement and weak chemical
interactions. This process enhances the material’s toughness, impact

FIGURE 2
FT-IR spectra comparison of three selected composites.

resistance, and elongation properties. Also, the compatibility of
this oil with lignin helps evenly disperse lignin particles within
the polymer matrix, further improving mechanical properties
and ensuring a uniform structure. TEOS is a silane compound
which forms bonds with hydroxyl groups found in both lignin
and the polymer matrix. This chemical bonding creates a strong
network that improves thermal stability, chemical resistance, and
dimensional stability of the material (Shweta and Jha, 2015; Shweta
and Jha, 2016; Liu et al., 2022). Additionally, the silica-rich nature of
TEOS cross-linking enhances the material’s fire resistance, making
it a promising choice for applications where safety is a top priority.

The results in Figure 3; Figure 4; Figure 5 indicate that with
the addition of lignin in PLA, PETG, and HDPE, the tensile
strength of the composites decreases. There is an approximate
30% decrease in the tensile strength with a 20 wt% addition of
lignin. With the addition of 10 wt% of CNF the tensile strength
increases for all thermoplastics, averaging 44 MPa, which is stronger
than both pure PLA and pure HDPE. The positive impact of the
nanofibers, especially in the composite strength indicates that the
used nanofibers have good mechanical properties and that there is
an interaction between the PLA/PETG/HDPE and the CNF.

The baseline tensile strength of pure PLA was measured at
42.54 MPa. Introducing lignin into PLA significantly decreased
tensile strength, with an average value of 25.89 MPa, representing a
reduction of approximately 39%. This decrease can be attributed to
the incompatibility of lignin with PLA, which disrupts the polymer
matrix, creating weak points and reducing overall strength. Wasti
et al. reported a 25% decrease in tensile strength with a 20 wt%
addition of lignin (Wasti et al., 2021). This result was attributed to
a decrease in the effective load-bearing cross-section of PLA in the
presence of lignin (Kumar Singla et al., 2016). TTT as a coupling
agent alongside lignin resulted in a notable increase in tensile
strength, reaching an average of 49.50MPa, representing an increase
of approximately 92%. TTT acts as a coupling agent, improving
the adhesion between lignin and the PLA matrix, which enhances
the interfacial bonding and, subsequently, the tensile strength. The
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FIGURE 3
Maximum tensile strength of PLA composites.

FIGURE 4
Maximum tensile strength of HDPE composites.

combination of lignin, cellulose nanofibers (CNF), and TTT within
the PLA matrix exhibited the highest tensile strength at 56.39
MPa, showcasing the synergistic enhancement achieved by adding
multiple reinforcing agents. When tetraethoxysilane (TEOS) was
introduced in the PLA composite with lignin and CNF, the highest
tensile strength was recorded, with an average value of 57.16 MPa.
TEOS likely played a role in forming a silica-based network within
the composite, strengthening the material, and further improving
the tensile strength. Bang et al. observed the resulting PLA/SiO2
hybrids showed improved phase compatibility capable of creating
covalent bonds between the organic and the inorganic phases. This
strong bonding resulted in homogeneousmicrostructures with silica
nanoparticles dispersed in the PLA matrix (Bang and Kim, 2012).
Incorporating CNF with PLA, along with the cross-linking agents

TTT and TEOS, enhances the tensile strength of the composite.
This improvement can be attributed to the reinforcing effects of
CNF, which bridges and strengthens the polymer matrix, ultimately
enhancing load transfer and stress distribution within the material.
In Jonoobi et al. (2010) PLA was mixed with 1,3, and 5 wt% of
CNF and observed an increase in tensile strength and modulus of
about 20% in all cases. Santos et al. and Suryanegara et al. reported
similar improvements for PLA-CNF with 5 wt% fiber content
(Suryanegara et al., 2009; dos Santos et al., 2016).

The baseline tensile strength of pure HDPE was established
at 37.86 MPa. The introduction of lignin into HDPE decreased
tensile strength, with an average of 28.04 MPa, representing a
reduction of approximately 26%. In this case, lignin disrupts the
HDPE matrix, creating weaknesses that result in decreased tensile
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FIGURE 5
Maximum tensile strength of PETG composites.

strength. However, including TTT as a coupling agent alongside
lignin increased tensile strength to 39.25 MPa, representing an
increase of approximately 40%. TTT serves as a coupling agent,
improving the adhesion between lignin and the HDPE matrix,
strengthening the interfacial bonding, and improving tensile
strength. The combination of lignin, CNF, and TTT within the
HDPE matrix demonstrated the highest tensile strength at 50.84
MPa, highlighting the role of TTT in reinforcing interfacial
interactions and representing an increase of approximately 81%.
The enhancement in tensile strength can be attributed to the
synergistic effects of CNF and TTT, where CNF strengthens the
matrix, while TTT improves interfacial adhesion. Incorporating
TEOS into HDPE with lignin led to an average tensile strength
of 40.95 MPa, indicating an increase of approximately 7.4%
compared to the composite without TEOS. TEOS likely formed a
silica-based network, contributing to improved material strength,
and the composite containing lignin, CNF, and TEOS which
reached the highest tensile strength at 53.38 MPa, representing
an increase of approximately 40% compared to the baseline.
The addition of TEOS complemented the reinforcing effects
of CNF and TTT, resulting in further improvement in tensile
strength. In Ma et al. they observed that, when the TEOS
dosage in their HDPE hybrid material was linearly increased, the
tensile strength linearly increased as well, finding an approximate
31% increase in their tensile strength with the addition of
TEOS (Ma et al., 2014).

The baseline tensile strength of pure PETG was measured
at 50.52 MPa. The introduction of lignin into PETG reduced
tensile strength, averaging 39.96 MPa, representing a reduction
of approximately 21%. This reduction is often associated with
the incompatibility of lignin with PETG, weakening interfacial
interactions, and reducing the strength. However, when TTT was
added as a coupling agent alongside lignin, the tensile strength
increased to 49.81 MPa, indicating an increase of approximately
25%. TTT improved interfacial bonding between lignin and PETG,
enhancing tensile strength. The combination of lignin, cellulose

FIGURE 6
Proposed diagram for PLA based composite.

nanofibers (CNF), and TTT within the PETG matrix resulted
in the highest tensile strength at 54.29 MPa, demonstrating the
synergistic effect achieved by incorporating multiple reinforcing
agents and representing an increase of approximately 7.6%. CNF’s
reinforcing effect was crucial in this enhancement, while TTT
improved adhesion, contributing to increased tensile strength.
Additionally, incorporating TEOS into PETG with lignin led to
an average tensile strength of 52.18 MPa, indicating an increase
of approximately 30% compared to the composite without TEOS.
TEOS likely strengthened the material further by forming a silica-
based network. The composite containing lignin, CNF, and TEOS
exhibited the highest tensile strength at 55.45 MPa, representing
an increase of approximately 10.7% compared to the baseline.
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TEOS added to the synergistic effect of CNF and TTT, resulting in
enhanced tensile strength.

Based on the characterizations, we proposed the cross linking
diagram in PLA based composite. As depicted in Figure 6, the
incorporated lignin and CNF connect with the carbonyl groups
in PLA through hydrogen bonds. Similarly, the TEOS links to the
hydroxyl groups of lignin and CNF by both hydrogen and covalent
bonds. Whereas, neither the Si-O nor the Si-O-C adsorption peaks
were observed in FT-IR spectra in Figure 2.Thismight be because of
the small number of Si-O or Si-O-C bonds trapped in the fragment
of composite that were not detectable. The aliphatic fractions of
CNF and lignin incorporation may enable to increase the tensile
strength of composite.However, the aromatic fractions in ligninmay
decrease the tensile strength of PLA composite.

4 Conclusion

In our study, we initially compared the controls, which were
pure Polylactic Acid (PLA), Polyethylene Terephthalate Glycol
(PETG), and High-Density Polyethylene (HDPE) to establish
baseline tensile strengths. Among the controls, PLA exhibited
a tensile strength of 42.54 MPa, HDPE had a tensile strength
of 37.86 MPa, and PETG showed the highest tensile strength
at 50.52 MPa. This initial comparison highlights the inherent
differences in mechanical properties among these polymers, with
PETG demonstrating superior tensile strength compared to PLA
and HDPE. We then explored the impact of various additives
on these polymer matrices. The introduction of lignin into the
polymers initially led to decreased tensile strength, suggesting
incompatibility and potential weakening of the matrix. However,
adding cellulose nanofibers (CNF) alongside lignin positively
affected tensile strength, indicating the potential for reinforcement
through CNF addition. This observation suggests that CNF
significantly enhances mechanical properties and could serve as
a precursor for cross-linking. We incorporated Tetraethoxysilane
(TEOS) and Tetramethyl Tetraphenyl Trisiloxane (TTT) into all
three polymers to test the cross-linking hypothesis. The results
supported our hypothesis, as adding TEOS and TTT significantly
improved the tensile strength in all cases. This indicates that the
cross-linking effect of TEOS and TTT successfully enhanced the
mechanical properties of PLA, HDPE, and PETG.

To explore the potential replacement of PETG and HDPE with
PLA-based composites, we compared the tensile strengths of PLA-
Lignin and PLA-Lignin-CNF composites. The addition of lignin
initially led to decreased tensile strength in PLA. However, the
subsequent inclusion of CNF, known for its reinforcing properties,
significantly improved tensile strength. This finding suggests that
PLA-based composites, with the right combination of additives like
CNF, can potentially replace PETG and HDPE while maintaining or

enhancing tensile properties. This indicates a promising direction
for sustainable and high-performance polymer composites in
various applications.
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