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Abstract: This study investigates the effects of atmospheric plasma treatment on the surface
properties of polylactic acid (PLA)/nanocrystalline cellulose (CNC) composites, aiming to
improve their wettability and mechanical properties. The research utilizes a twin-screw extrusion
process for fabricating PLA/CNC biocomposites, followed by surface modification using a
custom-built, with a tenfold high-voltage atmospheric plasma system. The motivation of this
treatment was to improved surface wettability and potential for enhanced adhesive bonding in
ecological applications. These findings contribute to developing more sustainable composite
materials by providing a method to improve the functionality of biodegradable polymers without
compromising their environmental benefits.

Keywords: Biodegradable polymers; Polylactic acid; Nanocrystalline cellulose; Atmospheric
plasma treatment; Surface wettability

1. Introduction

Plastic deposition in oceans remains a pressing global concern, with millions of tons being

introduced annually (Plastics in the Ocean - Ocean Conservancy, n.d.). This influx encompasses

diverse sources, from urban litter like stray plastic bags and straws to substantial volumes of
mismanaged plastic waste from burgeoning economies. Such extensive plastic accumulation
profoundly impacts marine ecosystems. Biodegradable materials refer to high polymers capable of
undergoing degradation through the action of microorganisms in the natural environment. These
polymers maintain good performance during use and, upon disposal, do not pose environmental
hazards; instead, they are broken down or digested by natural microorganisms, yielding carbon
dioxide and water (Akbar et al., 2024; Makruf et al., 2024; Nurdin et al., 2023; Oktaviani et al.,
2023). The literature distinguishes between two concepts: biobased polymers and biodegradable

polymers. From a raw material perspective, polymers derived from biomass are termed biobased
polymers, contrasting with those derived from petroleum resources, termed petro-based
polymers. From a material property perspective, polymers that can decompose by
microorganisms are referred to as biodegradable polymers, in contrast to non-biodegradable

polymers. Common biodegradable polymers include cellulose (Rahmadiawan & Shi, 2024; Shi et
al., 2020; Shi & Huang, 2018; Shi & Wu, 2018), chitosan (Shi, Lu, et al., 2024; Shi & Chang,
2022), and polylactic acid (PLA) (Chou et al., 2021, 2023; Rahmadiawan, Abral, Ilham, et al.,
2023; Rahmadiawan, Abral, Shi, etal., 2023).

Extensive research has been conducted on nanocellulose derived from natural sources to enhance
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biodegradable polymers' mechanical and tribological properties (Shi, Tsai, et al., 2024; Shi &

Tsai, 2022). Cellulose, the world's most abundant renewable resource, boasts an annual

production of 830 million metric tons via photosynthesis. This surge in research is propelled by
various factors, including concerns over fossil fuel scarcity, escalating costs, heightened
environmental consciousness, and burgeoning green energy (Rahmadiawan et al., 2024; Shi,
Ouyang, et al., 2024; Shi & Chen, 2023). Meanwhile, the application scope of PLA has continued
to evolve since its inception in the early 1980s, initially targeting human organ repair materials

like surgical sutures and tissue engineering scaffolds (Agrawal & Ray, 2001). With the rising

environmental awareness, the second generation of PLA emerged in the early 2000s, aiming to
supplant conventional plastics in short-term-use items and disposable packaging applications.

Recent advancements in nanotechnology and surface engineering have presented potential
solutions to these challenges (Koizhanova et al., 2023). Nanocellulose, derived from the abundant

natural polymer cellulose, has been explored extensively for its capacity to enhance the
mechanical and tribological properties of biodegradable polymers. Furthermore, the application
of atmospheric plasma treatments has been identified as a promising approach to modify and
improve the surface characteristics of these materials, notably their wettability. Such treatments
can alter the surface energy of biodegradable polymers, thereby improving their adhesion
properties—a critical factor in many industrial and biomedical applications.

The American Society for Testing and Materials (ASTM) defines substances capable of bonding
various materials together, whether similar or dissimilar, by utilizing adhesion to surfaces as
adhesives. Adhesives undergo three stages during the bonding process: liquid (adhesive), wetting
(on the adherend surface), and curing (adhesive layer). The wettability of material surfaces
involves the chemical and physical properties of the interface, determining the ultimate strength
of adhesion. Wettability is of paramount importance in adhesive engineering. The paper
hypothesizes that atmospheric plasma may cause surface damage, affecting surface roughness.

When adhesives adhere to a surface, mechanical interlocking enhances the shear strength of the

adhesive (Jorda-Vilaplana et al., 2015; Prolongo et al., 2010).

2. Material and Methods

Polylactic acid (PLA) is a renewable thermoplastic aliphatic polyester derived from sources such
as corn starch. This research employed extrusion-grade PLA polymer (IngeoTM biopolymer
2003D from NatureWorks LLC). Nanocrystalline celluloses (CNCs) are rod-like or whisker-
shaped particles obtained via the acid hydrolysis of materials like wheat flour, pea starch, and
various cellulose forms. CNC powder, supplied by CelluForce (product name: CelluForce
NCC™), was utilized to augment PLA's mechanical properties and thermal stability. The
nanocrystalline cellulose (CNC) / polylactic acid (PLA) biocomposite material was synthesized
through twin-screw extrusion. Post-extrusion test specimens were fabricated via injection
molding following ASTM standards. The atmospheric plasma equipment utilized in this study
consisted of a laboratory-designed and assembled jet-type low-temperature atmospheric plasma
system. The power supply comprised a high-voltage alternating current power source custom-
made by Taiwan Plasma Corporation, amplified tenfold by a high-voltage coil (input voltage: 220
V/60 Hz, output voltage: 1 kV10 kV/1 kHz10 kHz).

The plasma nozzle was also mounted on a three-axis linear stage, with movement paths
programmed using MaterCAM to achieve standard numerical control. The nozzle material was
polytetrafluoroethylene (PTFE), with an internal electrode consisting of a 1.6 mm copper
tungsten electrode needle. Parallel airflow was introduced through a 4 1/min supply of high-
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purity argon gas while an alternating current voltage of 8 kV/10 kHz was applied. Finally, a stable
plasma jet was emitted from a 2.8 mm inner diameter quartz tube, with a distance of 15 mm
between the copper tungsten electrode and the ground electrode.

The surface morphology after atmospheric plasma treatment was measured using a Laser Scanning
Confocal Microscope (VK9700, Keyence, Osaka, Japan), and measurement results for surface
properties such as Ra, Rq, Rsk, and Rku were obtained using VK-viewer. A cutoff value of 0.8
mm was employed to ensure that the Ra falls within the standard range.

3. Results and discussion
Sulface morphology after atmospheric plasma treatment

The 2D roughness profiles of PLA/CNC surfaces before and after plasma treatment were
measured using 3D laser scanning, as shown in Figures 1 and 2. Since the mold undergoes
polishing before injection molding, the cutoft value should be selected as 0.8 mm, ensuring that
the final surface roughness falls within the standard range. Table 1 indicates that there is not much
difference in surface roughness parameters between pure PLA and PLA with 1, 3, and 5 wt.%
CNC. Even if the Ra values in the parameters are the same, it does not mean that the surface
shapes are identical. Therefore, further investigation and quantification of the comprehensive
surface parameters Rsk and Rku changes due to plasma etching were conducted.

Table 1 shows positive Rsk values before plasma treatment, indicating that the surfaces primarily
comprise peaks. From the 2D roughness profiles in Figure 1, it can be observed that the ratio of
roughness peaks to valleys is smaller, and Rku is greater than 3, indicating a peaked shape of the
rough curves. The surface morphology parameters after plasma treatment at a nozzle distance of
12 mm from the specimen are listed in Table 2. Although Ra shows no significant change, Rp and
Rv are influenced by plasma micro-etching. Compared to Figure 1, Figure 2 shows no apparent
peaks on the surface because when free electrons bombard the polymer surface, they erode the
peaks on the surface, leaving only valleys. From this surface morphology perspective, the Rsk
values after plasma treatment all decrease, even becoming negative for 1~5 wt.%, indicating that
the peaks on the surface are removed or deep valleys are generated. Additionally, the values of
Rku decrease due to the influence of plasma micro-etching, resulting in a surface with multiple
low peaks and small deep valleys.

The surface after plasma treatment exhibits excellent wetting effects primarily due to Changes in
surface morphology, enhancing the mechanical anchoring effect of the liquid. Secondly, this is

attributed to the contribution of hydrophilic functional groups generated on the surface.

Table 1. Surface roughness result for untreated surface

hensi
(”m) Amplitude Parameters (g G
Parameters
Sample R, R, R, R, R, Ry Ry
Pure 8.45 3.19 11.64 0.45 0.64 2.55 26.5
1wt% 5.06 4.91 9.97 0.35 0.45 0.24 16.2
3wt% 7.84 7.35 15.20 0.61 0.84 0.99 17.3
S5wt% 2.84 7.20 10.04 0.25 0.35 1.84 19.9
Average 6.05 5.60 11.71 0.41 0.57
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Table 2. Surface roughness results for plasma-treated surface
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Figure 2. 2D surface roughness profiles and 3D surface topography of the plasma-treated surface

CNC Influence on the Surface Free Energy of PLA

Pure PLA contains polar groups in its main chain, making it partially hydrophilic. However, its
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hydrophilicity is relatively low, with an average water contact angle of 64.2° before plasma
modification. With the addition of CNC, the contact angle of PLA/CNC decreases slightly
compared to pure PLA. This phenomenon is mainly attributed to the presence of hydroxyl groups
on the surface of CNC, which is expected to improve the wetting properties of PLA.
Consequently, PLA/CNC composite materials exhibit higher hydrophilic characteristics on the
surface, thus enhancing the hydrophilic effect of the samples. However, when the content reaches
5 wt.% CNC, the contact angle increases to 64.7°, as shown in Figure 3. This may be due to the
aggregation of CNC within the PLA.
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Figure 3. Contact angles of various contents (a) before and (b) after plasma modification

The polar and non-polar contributions to the surface free energy were calculated using the
Owens-Wendt equation, and the measurement results are listed in Tables 3 to 6. The average
surface free energy is approximately 37.2 mJ/m?’, and there is no significant change in surface free
energy due to the introduction of CNC. However, it can be confirmed that the polar interaction
force increases with CNC content, reaching a maximum value of 30 mJ/m” at 3 wt% CNC. The
surface free energy decreases to 27.5 mJ/m’ when the CNC content reaches 5 wt.%, further
confirming that excessive CNC aggregation leads to a decrease in surface free energy.
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Figure. 4 Surface free energy (a) before and (b) after plasma treatment
Subsequently, after surface treatment with plasma, the average contact angle of each content

decreases by approximately 20%, as shown in Figure 4a. The polar and non-polar surface free
energy results are listed in Tables 7 (For pure PLA surfaces after atmospheric plasma), Table 8
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(For PLA/1 wt.% CNC surfaces after atmospheric plasma modification), Table 9 (For PLA/3
wt.% CNC surfaces after atmospheric plasma modification), and Table 10 (For PLA/5 wt.%
CNC surfaces after atmospheric plasma modification). The comparison of the changes in surface
free energy is shown in Figure 4b. After plasma treatment, the surface free energy of each content
increases on average to 54.2 mJ/m’. The results at 3 wt.% CNC shows that the surface free
energy after plasma treatment is the highest, indicating that the polar interaction force yp of 3
wt.% CNC performs the best among the overall data.

Table 3. Contact angles and surface free energy of pure PLA surfaces before plasma modification

Surface free energy (m]/ mz)

PLA ewater eGlycerol
Ys Ypolar Ydispersive

A 68.58 62.04 34.75 19.14 15.61
! 69.33 66.63 33.33 23.86 9.46
B 71.60 66.56 31.84 19.20 12.64
! 72.61 66.54 31.48 17.27 14.21
C 77.26 66.04 32.85 9.287 23.56
! 74.70 67.94 45.09 43.36 1.73
D 68.71 63.33 34.19 13.64 20.55
! 62.57 68.48 45.09 43.36 1.73
E 76.79 63.07 36.77 7.38 29.38
! 76 .41 63.70 35.44 27.07 8.36

Average surface free energy 36.83 22.35 13.72

Table 4. Surface free energy of PLA/1 wt.% CNC surfaces before plasma modification

Surface free energy (m]/ mz)

1 wt.%CNC Bwater 9Glycerol
Vs Vpolar Vdispersive

A 61.0 59.46 40.40 9.165 31.23
! 74.87 67.56 30.55 14.51 16.04
B 70.91 67.56 32.06 21.92 10.15
! 69.43 66.88 33.25 24.02 9.23
C 63.70 62.55 38.25 30.0 8.25
! 67.41 65.65 35.01 26.53 8.48
D 69.93 62.33 34.34 17.02 17.31
! 58.62 60.24 43.93 38.10 5.82
E 69.24 61.3 35.07 17.04 18.03
! 59.46 63.95 45.84 42.76 3.08

Average surface free energy 36.87 24.1 12.76
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Table 5. Surface free energy of PLA/3 wt.% CNC surfaces before plasma modification

Surface free energy (m]J/ mz)

0,

} WHACRE ewater eGlycerol Vs Ypolar Ydispersive
A 72.37 68.42 30.98 20.17 10.81
! 70.34 63.76 33.44 18.01 15.43
B 71.42 67.60 31.70 20.94 10.76
! 70.59 67.74 32.31 22.83 9.47
C 67.54 68.78 36.20 31.27 4.93
! 63.06 67.08 42.36 39.35 3.0
D 57.03 65.06 52.65 51.53 1.12
! 63.31 66.03 40.88 36.80 4.07
E 69.50 62.75 34.16 18.31 15.85
! 63.92 69.08 43.0 40.93 2.06

Average surface free energy 37.76 30.0 7.75

Table 6. Surface free energy of PLA/5 wt.% CNC surfaces before plasma modification

Surface free energy (m]/ mz)

5 wt.%CNC
ewater eGlycerol Vs Ypolar Ydispersive
A 78.2 72.2 27.3 14.0 13.2
! 69.3 75 .4 39.9 38.9 1.01
B 60.6 69.0 50.5 49.8 0.67
! 76.9 70.3 28.5 14.1 14 .4
C 69.6 74.9 38.5 37.0 1.41
! 71.3 72.0 32.6 5.04 27.6
D 76.7 70.1 28.7 14.3 14.3
! 76.2 66.2 32.0 10.9 21.0
E 72.7 74.6 32.3 27.7 3.63
! 77.0 76.8 27.7 22.6 5.1
Average surface free energy 37.4 27.5 9.7

Table 7. Contact angles and surface free energy of pure PLA surfaces after atmospheric plasma

modification
PLA Buarer emyceml Surface free energy (m]/ mz)
Ys Ypolar Y dispersive

A 43.8 40.8 54.1 41.1 13.0
! 50.9 61.2 60.8 60.1 0.7
B 53.3 49.8 46.4 33.5 12.9
! 49.3 50.2 51.2 43.2 7.9
C 52.4 51.7 47.8 38.4 9.3
! 49.5 53.4 53.2 48.3 4.9
D 49.9 57.9 57.8 55.9 1.8
! 49.8 47.9 49.5 38.4 11.1
E 47 .4 50.2 53.8 47 .4 6.3
! 50.3 50.2 59.8 40.8 8.9

Average surface free energy 53.4 44.7 7.7
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Table 8. Surface free energy of PLA/1 wt.% CNC surfaces after atmospheric plasma modification

Surface free energy (m]J/ mz)

1wt%CNC
ewater eGlycerol Ys Ypolar Ydispersive

A 45.6 51.1 57.6 53.3 4.3
! 48.8 51.3 52.6 46.2 6.3
B 43.8 52.2 62.4 59.9 2.4
! 50.4 51.1 50.1 42.1 8.0
C 48.8 60.1 64.0 63.5 0.5
! 45.0 50.3 58.0 53.5 4.4
D 42.6 46.8 58.6 52.7 5.8
! 48.4 49.9 52.2 44 .8 7.4
E 52.8 52.8 47.8 39.3 8.4
! 60.3 70.0 53.1 52.8 0.2

Average surface free energy 55.6 50.8 4.82

Table 9. Surface free energy of PLA/3 wt.% CNC surfaces after atmospheric plasma modification

Surface free energy (m]/ mz)

3wt%CNC
Owater eGlycerol Vs Ypolar Y dispersive

A 43.6 52.4 63.1 60.9 2.2
! 48.3 57.8 61.2 60.0 1.2
B 48.0 48.5 52.0 43 .4 8.5
! 48.9 57.4 59.0 57.4 1.7
C 55.5 45.7 46.2 23.9 22.2
! 52.0 61.0 56.7 56.7 1.1
D 49.7 58.1 58.4 56.6 1.7
! 47.9 53.7 56.2 52.5 3.6
E 49.7 48.8 49.9 40.0 9.9
! 44 .3 52.2 61.4 58.7 2.7

Average surface free energy 56.4 51.0 5.5

Table 10. Surface free energy of PLA/5 wt.% CNC surfaces after atmospheric plasma

modification
Surface free energy (m]/ mz)
S5wt%CNC ewater eclycero]
Vs Ypolar Y dispersive

51.9 60.1 56.7 55.1 1.5
’ 49.5 54.6 54.3 50.4 3.9
B 49.9 43.2 49.3 31.8 17.5
’ 54.0 53.9 46.8 38.4 8.3
C 49.9 54.5 53.6 49.2 4.3
’ 48.1 53.9 56.2 52.6 3.6
D 50.2 50.9 50.3 42.3 7.9
’ 51.9 47.5 47.5 33.4 14.1
E 52.3 47.2 47.2 32.0 1.51
’ 52.6 55.3 49.7 44.2 5.58
Average surface free energy 51.2 39.5 10.2
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4. Conclusion

Following atmospheric plasma treatment, the surface roughness of both pure PLA and PLA/CNC
composites decreases by 62% to 75%. This reduction enhances wetting properties, with optimal
effects observed in the PLA/3 wt.% CNC content consistent with the hypothesis. In future
composite material processing requiring adhesive bonding of PLA matrix biodegradable
composites, surface plasma treatment proves efficient and convenient for rapidly enhancing
wettability. However, this research is not without its limitations. The long-term durability of
these plasma-treated surfaces has not been assessed, posing questions about their stability and
performance over time. The experimental scale was relatively small, and scaling up the process
for industrial applications could introduce challenges, including maintaining treatment uniformity
and cost-effectiveness. Additionally, the focus on specific materials (PLA and PLA/CNC
composites) may limit the applicability of our findings to other biodegradable polymers, which
could respond differently to similar treatments. Environmental impacts of the plasma treatment
process itself, such as energy consumption and emissions, were also not evaluated, which is
crucial for a holistic assessment of the technology's sustainability. Lastly, the absence of
comparisons with other surface modification techniques leaves room for further research to
determine the most effective methods for enhancing the properties of biodegradable composites.
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