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Abstract: In this study, atmospheric-pressure plasma (APP) was used to modify the surface of
polyester–cotton fleece knitted fabrics to improve their anti-hairfalling properties. A series of treated
samples were obtained by changing the power of plasma and treatment time. Scanning electron
microscopy (SEM) and the surface roughness results reveal that the APP treatment can increase the
roughness of fibers. The withdraw force and hairiness length of fibers results indicate that increasing
withdraw force and decreasing hairiness length of fabrics can reduce hairfalling of the fibers. The
values of weight loss rate confirm APP-treated powers and times can influence anti-hairfalling
properties of fabrics. In addition, the best APP-treated time and electric power for the anti-hairfalling
properties of the treated fabrics are respectively 15 s and 1.0 kW. Under this condition, the anti-
hairfalling properties of the treated fabrics are improved by 48.3%, the contact angle decreased by
39.7%, and the wicking height increased by 18.3% compared with the untreated fabrics. It is notable
that APP treatment does not affect the handle and tensile properties of fabrics.

Keywords: APP treatment; polyester–cotton fleece knitted fabrics; anti-hairfalling properties

1. Introduction

The plasma surface treatment of fabrics is a dry technique that has the advantages of
being an energy-saving, clean and sustainable method [1–6]. It has been increasingly used
in many industrial applications such as material processing, pollution control, sterilization
of medical instruments, plasma display panels, Ozone production, etc. [7–11]. In addition,
plasma is the fourth state of matter, which is a gas composed of ions, free electrons, photons,
neutral atoms, and molecules in the ground and excited states [12–15]. Studies have
shown that plasma technology has been considered as an i excellent method of surface
modification because it can functionalize the surface of the material while maintaining its
original physical properties [16]. Plasma treatment has been used to modify the surface of
various fabric materials and fibers [17–22], including the polymer substrate [23–27]. Among
these applications, plasma can be also used for anti-hairfalling finishing of fabrics [28–31].
These studies show that the reactive species in the plasma can interact with the surface of
the materials and modify some physical and chemical characteristics such as roughness,
oxidation, etching, etc. [32–34].

Fleece knitted fabrics have relatively high mass and thickness and are widely used
as an outdoor garment for activities and sportswear [35]. However, the twist of the fleece
yarn on the surface is low which leads to the low cohesion of the fibers, thus reducing the
withdraw force between the fibers in the yarn. The low withdraw force and long hairiness
of fiber can lead to hairfalling. Therefore, it is necessary to improve the anti-hairfalling
properties of polyester–cotton fleece knitted fabrics. Notably, the surface of polyester
fiber is smooth without hairiness, thus improving the withdraw force between the cotton
fibers and hairiness of fiber and reducing hairiness of fibers are the key factors in solving
the problem of hairfalling. Nevertheless, there are few works of literature regarding the
influence of APP on the anti-hairfalling of polyester–cotton fleece knitted fabrics.
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In this study, polyester–cotton fleece knitted fabrics was subjected to APP surface
modification to improve anti-hairfalling property of the fabrics. We have investigated the
morphological changes and withdraw force of hairiness of fibers that take place on the
surface of polyester–cotton fleece knitted fabrics using SEM (scanning electron microscope),
Wool HandleMeter, magnifier, millimeter-scale and Electronic Fabric Strength Tester when
the fabric is exposed to APP. In addition, the anti-hairfalling properties changes at the
surface of the fabric are further confirmed by an intensive study of the effect of various APP
treatment parametric, and thereby determine the optimal APP anti-hairfalling treatment
process. In addition, the wettability, handle, and mechanical properties of the treated fabrics
are characterized by the contact angle, wicking height, handle, and tensile properties.

2. Experimental
2.1. Materials

The samples of polyester–cotton fleece knitted fabrics were provided by Taiju Textile
Co., Ltd., Shanghai, China. The yarn of fleece knitted fabrics does not have sizing agent
added in the manufacture of the fabric. The process parameters of the fabrics are as follows:
the face yarn count is 19 tex, which is made of 50% cotton, 25% recycled polyester, and 25%
viscose; the ground yarn count is 8 tex, which is made of 100% recycled polyester; the fleece
yarn count is 49 tex, which is made of 70% cotton and 30% recycled polyester. In addition,
the weight of the fabric is 300 g/m2. The deionized water used in this study is purified by
the reverse osmosis water treatment system.

2.2. APP Treatment

Firstly, the fabrics were placed in the dark at 20 ± 2 ◦C temperature and 65 ± 5%
humidity for 24 h before APP treatment. Secondly, the treatment was carried out in
PG-10000F APP equipment (Suman Co., Ltd., Nanjing, China). The device consists of
two electrodes, two rubber rollers, an air compressor, and a control host. In addition,
atmospheric gas was the working gas and the working power range of the device was
0–9.9 kW, the jet distance was 20 mm, the electrode length was 1550 mm, and the moving
speed of fabrics were 5.5 cm/s. The fleece surfaces of polyester–cotton fleece knitted fabrics
were modified under the conditions of APP treatment with electric power of 1.0 kW at
treatment time of 15–90 s and of APP treatment with treatment time of 15 s at electric
power of 1.0–4.0 kW. The optimized APP condition was determined by the weight loss
rate of polyester–cotton fleece knitted fabrics experiments. As shown in Figure 1a, the
APP treatment was carried out in a conditioned environment (temperature 20 ± 2 ◦C and
relative humidity of 65 ± 5%).

2.3. Morphologies

The surface morphology of the fleece surface of the polyester–cotton fleece knitted
fabrics was scanned by scanning electron microscopy (SEM, Phenom ProX, Phenom Sci-
entific Instruments Co., Ltd., Shanghai, China) before and after the treatments. A Wool
HandleMeter (AWTA Co., Ltd., Kensington, Australia) was used to evaluate the handle
and roughness of the samples. The index of roughness was chosen as the main parameter
to evaluate the change of morphology caused by the APP treatment. These fabrics were cut
into three samples in the same circular shape with a diameter of 113 mm and then put into
the test chamber, and tested following the standard specified by Zhao et al. [36]. Average
values for the handle measure values were then obtained from these three measurements.
The hairiness length of the samples was characterized by a magnifier and millimeter scale.
The fabrics were cut into 60 mm × 60 mm samples and then half was brushed in the
transverse direction with the hairiness facing outwards. We used a magnifying glass to
locate the hairiness and a millimeter scale to measure the length of the hairiness. The
measurement was repeated ten times at different positions of the samples. Average values
for the hairiness length of fleece surface were then obtained from these ten measurements.
The withdraw force of the hairiness of the samples was characterized by the YG065H series
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Electronic Fabric Strength Tester (Laizhou Electronics Co., Ltd., Laizhou, China). The fabrics
were cut into 60 mm × 60 mm samples and then fled in half in the transverse direction with
the hairiness facing outwards. The upper gripper of the YG065H series Electronic Fabric
Strength Tester held a thin wire with a tension clip at one end. The tension clip gripped
the plush hairiness, and the lower gripper gripped the fabrics, as shown in Figure 1b. The
distance between the upper and lower grippers was 80 mm and the stretching speed was
set as 40 mm/s. The measurement was repeated ten times at different positions of the
samples. The maximum value recorded during the test was set as the withdraw force value.
Average values for the withdraw force were then obtained from these ten measurements.

Figure 1. (a) Schematic diagram of the APP treatment technology; (b) Schematic diagram of the
withdraw force of hairiness test.

2.4. Anti-Hairfalling Property

The samples treated by APP were subsequently subjected to weight loss tests to
further evaluate the anti-hairfalling property of the polyester–cotton fleece knitted fabrics.
The three individual samples were put into the YG502 series Fabric Fuzzing and Pilling
Instrument (Laizhou Electronics Co., Ltd., Laizhou, China) for 500 friction tests, in which
the test pressure was 790 cN. After the friction process, the samples were weighed, and
the weight loss rate of the samples were calculated according to Equation (1). Normally, a
larger value of the weight loss rate of the fabrics indicates worse anti-hairfalling property
of the fabrics.

P =
M2−M1

M0
×100% (1)
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where, P, M0, M1 and M2 are the weight loss rate of fabric in percentage, effective constant
weight for fabric test in g, fabric weight before friction test in g, and fabric weight after
friction test in g, respectively.

2.5. Wettability

The wettability of the treated samples was evaluated. The contact angle and wicking
property were the two parameters employed to analyze the wettability of fabrics obtained
under optimal treating conditions before and after APP treatment. Contact angle measure-
ments were performed using the PGX Goniometer (Sindin Precision Instrument Co., Ltd.,
Dongguan, China) to test following the DB44/T1872-2016 Standard. The measurement was
repeated ten times at different positions of the samples. Average values for the contact an-
gles were then obtained from these ten measurements. The wicking property measurement
were performed using the YG(B)871 series Wicking Effect Tester (Fangyuan Instrument
Co., Ltd., Wenzhou, China). The fabrics were cut into three 200 mm × 20 mm samples and
tested following the FZ/T01071-2008 Standard. The average capillary height within the
range of 1 and 30 min were then obtained from these three measurements.

2.6. Tensile Test

By testing the tensile properties of the fabrics obtained under the optimal anti-hairfalling
treatment conditions before and after APP treatment, the effects of APP treatment on the
mechanical properties of the fabrics were analyzed. Tensile property measurements were
performed using the YG065H series Electronic Fabric Strength Tester. The fabrics were cut
into 300 mm × 50 mm samples and tested by a YG065H series Electronic Fabric Strength
Tester following the GB/T3923.1-2013 Standard. The average values of breaking strength
and elongation measurements were then obtained from these five measurements.

3. Results and Discussion
3.1. Surface Characteristic
3.1.1. Morphology

The SEM of untreated polyester–cotton fleece knitted fabrics are illustrated in Figure 2a.
Smooth fiber surfaces can be observed. As the SEM images of the APP-treated fibers
(displayed in Figure 2b–h at different powers and times) show, cracks and pits emerged on
the fiber surface after the APP treatment. At higher power (3.9 Kw) and long time (90 s) the
surface pattern surface pattern became more prominent. The reason is that the high-energy
plasma hits the surface of the fiber, so that the surface obtains greater kinetic energy, and the
impurities on the surface of cotton fiber are degraded and volatilized. At the same time, the
continuous covering state of wax on the surface of cotton fiber is oxidized and destroyed,
so that the fiber surface is etched. In addition, surface failure phenomena such as pits and
cracks appear on the surface of fabric fibers, indicating that in addition to etching, plasma
will also cause crack on the fiber surface, or bombard the fiber surface to fragment.

3.1.2. Surface Roughness

The roughness indexes of untreated and APP treated polyester–cotton fleece knitted
fabrics reflect the different roughness of fabrics. Table 1 and Figure 3a show that the
relationship between the surface roughness of the fabrics when untreated and when treated
with APP electric power of 1.0–4.0 Kw, with APP treatment time set at 15 s. Table 2 and
Figure 3b show that the relationship between the surface roughness of the fabrics untreated
and treated with APP electric time of 15–90 s when APP treated power is 1.0 Kw. These
images clearly show that the surface roughness of fabric increases when APP treatment
time and power are increased. The SEM photographs indicate that APP treatment can
increase roughness of the fibers surface by etching it. Therefore, the increase of fibers and
fabrics surface roughness causes the increase of the friction between fibers, which may
impact the withdraw force between fibers and fiber hairiness.
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Figure 2. The SEM images of the samples treated under different conditions.

Figure 3. (a) Effect of APP treatment power on roughness of fabrics; (b) effect of APP treatment time
on roughness of fabrics.

Table 1. The roughness of fabrics under different APP-treated power.

Untreated
Fabric 1.0 Kw 1.3 Kw 1.6 Kw 1.9 Kw 2.0 Kw 2.3 Kw 2.6 Kw 2.9 Kw 3.0 Kw 3.3 Kw 3.6 Kw 3.9 Kw 4.0 Kw

2.08 2.10 2.37 2.41 2.43 2.46 2.49 2.56 2.59 2.60 2.71 2.73 2.75 2.81

Table 2. The roughness of fabrics under different APP-treated time.

Untreated Fabric 15 s 30 s 45 s 60 s 75 s 90 s

2.08 2.10 2.22 2.49 2.52 2.61 2.74
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3.1.3. Hairiness Length and Withdraw Force

The hairiness length and the withdraw force on the fleece surface of the fabrics before
and after APP treatment were also analyzed. The relationship between the hairiness length
of fleece surface of fabrics before and after treatment with APP electric power of 1.0–4.0 kW
is shown in Figure 4a. The relationship between the hairiness length of the fleece surface
of fabrics and the treatment times after 15–90 s and without APP treatment is shown in
Figure 4b. The relationship between the withdraw force of the hairiness of the fabrics before
and after treatment with APP electric power of 1.0–4.0 kW is shown in Figure 4c. The
relationship between the withdraw force of the hairiness of the fabrics and the treatment
times after 15–90 s and without APP treatment is shown in Figure 4d. It can be observed
that increasing the electric power and prolonging the treatment time of APP treatment will
reduce the length of the hairiness of fleece surface of fabrics, and that the withdraw force
of the fabrics decreased with the increase in line. The change in the values of withdraw
force can be attributed to the different degrees of etching of fibers. The number of particle
collisions on the fabric also increased when APP electric power was enhanced to improve
the degree of fiber etching [37]. At higher power the fibers of fleece surface of fabrics
will be broken or carbonized, resulting in the weakening of the withdraw force between
the hairiness of fibers. Meanwhile, prolonging the APP treatment time will increase the
number of collisions between the plasma and the fabrics surface [32], thereby weakening
the fiber strength in the fabrics. Interestingly, the hairiness of fibers becomes shorter at
higher power and longer times. The change in the hairiness of fibers is due to the breaking
and carbonizing in APP atmospherics. Overall, increasing withdraw force and decreasing
hairiness of fabrics can prevent hairfalling of the fibers.

Figure 4. (a) Effect of APP treatment power on the hairiness length of fleece surface of fabrics;
(b) effect of APP treatment time on the hairiness length of fleece surface of fabrics; (c) effect of APP
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treatment power on the withdraw force of the hairiness of fabrics; (d) effect of APP treatment time on
the withdraw force of the hairiness of fabrics.

3.2. Anti-Hairfalling Results

The changes in withdraw force and hairiness of fibers after the APP treatment indi-
cated that the anti-hairfalling properties of polyester–cotton fleece knitted fabrics will be
influenced by APP treatment parameters. Therefore, the effect of APP-treated power and
time on the anti-hairfalling properties of the APP treated polyester–cotton fleece knitted
fabrics was explored systematically. The weight loss rates and the optic images of fabrics
treated with different APP treatment electric powers are shown in Figures 5a and 5b, respec-
tively. The lowest weight loss rate of the fabrics (0.48%) was recorded when the power was
1.0 kW. It is 48.4% lower compared with the untreated fabrics (with a loss rate of 0.93%).
However, the weight loss rate of the fabrics tended to increases when the APP treatment
power was increased. The change in the values of weight loss rate can be attributed to the
different degrees of etching of fibers. The higher the energy of the active particles in the
plasma atmosphere, the stronger the degree of fiber etching [37,38]. In addition, overdosed
fiber etching can cause carbonization of the fibers and weakening of the withdraw force of
the hairiness of the fabrics, leading to higher chance of hairfalling. Similarly, the weight
loss rates and SEM images of fabrics treated with different APP treatment times are shown
in Figures 5c and 5d, respectively. It can be observed that increasing the treatment times
with APP contributed to a relatively linear aggravation in weight loss rates of fabrics. The
weight loss rate of the fabrics increases when the APP treatment time was exceeds 15 s.
The bombardment of energetic species for a longer time causes breaking and carbonizing
of fibers, resulting in the decrease of strength of the fibers reflected by the weakening
of withdraw force of the hairiness of fiber and the increase in weight loss rate of fabrics.
Meanwhile, plasma operated at high power and long reaction times has been reported
to adversely affect the mechanical properties of the fabrics due to extensive surface etch-
ing [39]. Therefore, prolonging the time of APP treatment will weaken the anti-hairfalling
properties of the fabrics. Overall, the anti-hairfalling properties of polyester–cotton fleece
knitted fabrics treated under the conditions of APP treatment with electric power of 1.0 kW
and treatment time of 15 s can be improved by 48.3% compared with the untreated fabrics.

3.3. The Property of the Fabrics after APP Treatment
3.3.1. Chemical Characterization

The FTIR of untreated and plasma-treated fabrics are shown in Figure 6. It can be
observed that there is no significant difference in the FTIR of the fabrics before and after
plasma treatment. At 1714.89 cm−1, it is the telescopic vibration peak of C=O in the ester
group, the telescopic vibration peak of C-H at 2940.40 cm−1. Comparing the infrared
spectra of plasma treated and untreated fabrics, the characteristic peak intensity of C=O
and C-H decreases, indicating that the C=O and C-H in the fabric were fractured after
plasma treatment, which improved the surface properties and surface activity of the fabric
fibers. Thus, plasma treatment can improve the hydrophilic properties of the fabrics to
certain extent.

3.3.2. The Effects of APP Activation on Wettability

The contact angle measurements are shown in Figure 5e. It can be observed that the
contact angle (89.2◦) of the polyester–cotton fleece knitted fabrics treated with APP treat-
ment decreased by 39.7% when compared to the untreated polyester–cotton fleece knitted
fabrics (the contact angle is 148.1◦). The surface of the untreated polyester–cotton fleece
knitted fabrics is hydrophobic. The reason is that cotton fibers contain more impurities,
such as gum, grease, wax, pigments, oil stains, and minerals stained during spinning and
weaving. These impurities seriously affect the wettability of cotton fibers, making the sur-
face of untreated fabrics become hydrophobic. The decrease in the contact angle of treated
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fabric is caused by plasma etching. The etching will produce cracks on the fiber surface and
increase the contact area between water droplets and fibers. Meanwhile, plasma treatment
makes the pectin, wax, and other impurities on the surface of cotton fiber become oxidized
and decomposed into gas and thus removed, and the etching effect is generated to make
the surface of the fabric rough and so that the fiber pores increase, which is conducive to
the full contact between water droplets and the fiber surface; In addition, the chemical
bonds of the fiber surface molecules are opened and combined with free radicals such as
oxygen and nitrogen in the plasma to form hydrophilic groups which is -OH on the fiber
surface, thereby significantly improving the surface energy and the transportation ability of
the fibers to water. Thus, the contact angle of the treated fabrics to water is decreased. The
wicking height changes of water for untreated and treated fabrics are shown in Figure 5f.
The wicking height increases linearly with the rising time for the untreated fabrics and
reached 122.3 mm within 30 min. However, the wicking height increased rapidly to more
than 121.0 mm at 15 min and then gradually increased with time for all APP treated fabrics.
The wicking height at 15 min, 20 min, and 25 min APP treated fabrics are 121.0, 131.0,
and 139.3 mm, respectively. Meanwhile, the wicking height of the APP treated fabrics
are increased by 18.3% compared with untreated fabrics at 30 min. The reason why APP
etching can form pits and cracks that could help in faster wetting of fabric is due to the
capillary transport of water, and is sufficient for the maximum measurable improvement in
wetting time [40]. It can be concluded from the contact angles and wicking heights that
APP treatment enhances the wettability of fabrics. The increase in wettability of fabrics
after the APP treatment can be also confirmed by SEM images and the roughness of fabrics.

3.3.3. Handle

The value of seven indexes employed to evaluate the handle of samples and their
overall ratings are presented in Figure 5g and Table 3. The values of indexes in Figure 5g
show that treated fabrics have an overall score close to that of the untreated fabrics, in-
dicating that APP treatment of fabrics has a limited effect on the handle of the fabrics.
Notably, the Clean/Hairy index of treated fabrics shifted towards the threshold of Clean.
The reason is that active and energetic species are generated at a higher glow discharge
power in the plasma region, which results in effective physical bombardments or various
chemical modifications on size fabrics and/or even on the fiber surfaces. In addition, the
plasma physical and chemical etching effects resulted in the increased tendency of fabric
weight loss through enhanced gas vaporization, ablation, and the effective carrying away
of broken size particles and other impurities from the fabrics directly [6]. Therefore, the
surface of treated fabrics is smoother and cleaner than untreated fabrics. This change in the
smoothness of treated fabrics is reflected by the shifts of corresponding indexes towards
the thresholds of Smooth and Clean in Figure 5g. Overall, plasma treatment can clean
the surface of fabrics, and affects only the surface (up to several tens of nm) of the treated
material while the bulk properties of the materials remain unchanged [41,42]. Thus, the
overall handle of the treated fabrics is not distinctly affected.

Table 3. The handle index of the fabrics.

Handle Index Grey Fabrics Treated Fabrics

OVERALL 3.53 3.41
ROUGH/SMOOTH 2.08 2.10

HARD/SOFT 4.64 4.68
LOOSE/TIGHT 5.50 5.49
LIGHT/HEAVY 5.75 5.79
CLEAN/HAIRY 7.50 6.82
COOL/WARM 7.42 7.45
GREASY/DRY 8.70 8.66
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Figure 5. (a) Variation in weight loss rate of fabrics with APP treatment electric powers at 15 s;
(b) different APP treatment electric powers to treat fabric loss hair condition at 15 s; (c) variation in
weight loss rate of fabrics with APP treatment times at 1.0 kW; (d) different APP treatment time to
treat fabric loss hair condition at 1.0 kW; (e) the contact angle of fabrics; (f) effect of wicking height of
APP-treated and untreated fabrics; (g) effect of handle of untreated fabrics and APP-treated fabrics.

3.3.4. Tensile Property

The tensile test of the untreated and APP treated fabrics are shown in Table 4. The
values of breaking elongation and breaking elongation index of APP-exposed polyester–
cotton fleece knitted fabrics mentioned in the table clearly indicate the reduction in breaking
elongation and breaking elongation index. The fabrics were exposed to APP for 15 s. The
bombardment of energetic species causes etching at the surface of fibers that results in
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the decreases in breaking elongation and breaking elongation index value as compare to
untreated fabrics. Generally, APP treatment of fabrics has a limited effect on the tensile
properties of the fabrics. Thus, the APP treatment can functionalize the surface of the
material while the original physical properties of the fabrics did not deteriorate much after
the treatment.

Figure 6. FTIR analysis of plasma treated fabrics and untreated fabrics.

Table 4. Tensile property of fabrics.

Fabric Type Breaking Strength/
N

Breaking Elongation/
mm

Untreated fabrics 153 72.8
Treated fabrics 150 64.6

4. Conclusions

The APP treatment significantly modifies the anti-hairfalling of polyester–cotton fleece
knitted fabrics. The APP treatment can etch fiber which can form cracks and pits on the
surface of fibers and decrease hairiness length of fabrics. The roughness formed at the
surface of fiber and fabrics enhances withdraw force between the fibers and hairiness of
fibers. Increasing withdraw force and decreasing hairiness length of fabrics can reduce
hairfalling of the fibers. It has been observed that the hairfalling of the fabrics reduces
substantially after being APP-treated. The anti-hairfalling properties of polyester–cotton
fleece knitted fabrics are the best (the weight loss rate is 0.48%) when the anti-hairfalling
property of the polyester–cotton fleece knitted fabrics is improved by 48.3% compared with
the untreated fabrics (the weight loss rate is 0.93%) under the conditions of APP treatment
with electric power of 1.0 kW and treatment time of 15 s. The contact angle is reduced by
39.7% and the wicking height is increased by 18.3% compared with the untreated fabrics
under the same conditions. In addition, the handle and tensile properties of the APP-
treated fabrics clearly showed that the fabrics of APP treatment have a limited effect on
the handle of the polyester–cotton fleece knitted fabrics and physical properties. Therefore,
the APP treatment is a feasible method for preventing hairfalling of polyester–cotton fleece
knitted fabrics.
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preparation, Z.C. and J.W.; writing—review and editing, Z.C. and J.W.; supervision, Z.C and Z.Z. All
authors have read and agreed to the published version of the manuscript.



Polymers 2023, 15, 2097 11 of 12

Funding: This research was funded by [Taiju Textile Co., Ltd. Shanghai, China] grant num-
ber [192156].

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Acknowledgments: The author would like to acknowledge Taiju Textile Co., Ltd. Shanghai, China
(Grant No. 192156) to provide financial support.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Wang, D.; Di, Z.; Feng, K.; Zhang, X.; Liu, D.; Yang, S. The cold and atmospheric-pressure air surface barrier discharge plasma for

large-area sterilization applications. Appl. Phys. Lett. 2011, 98, 1. [CrossRef]
2. Liu, W.; Chen, X.; Lei, X.; Bian, H.; Wang, Y. Surface Processing of Polyester Canvas using Atmospheric Pressure Air Glow

Discharge Plasma. Plasma Chem. Plasma Process. 2016, 37, 465–474. [CrossRef]
3. Gorjanc, M.; Mozeti, M. Modification of Fibrous Polymers by Gaseous Plasma; Principles, Techniques and Applications; LAP Lambert

Academic Publishing: Saarland, Germany, 2014; ISBN 978-3-659-61460-6.
4. Kan, C.W.; Cheung, H.F.; Chan, Q. A study of plasma-induced ozone treatment on the colour fading of dyed cotton. J. Clean. Prod.

2016, 112, 3514–3524. [CrossRef]
5. Kumari, N.; Jassal, M.; Agrawal, A.K. A facile method for the phosphorylation of cellulosic fabric via atmospheric pressure

plasma. Carbohydr. Polym. 2021, 256, 117531. [CrossRef]
6. Wang, L.; Xiang, Z.Q.; Bai, Y.L.; Long, J.J. A plasma aided process for grey cotton fabric pretreatment. J. Clean. Prod. 2013, 54,

323–331. [CrossRef]
7. Pappas, D. Status and potential of atmospheric plasma processing of materials. J. Vac. Sci. Technol. A Vac. Surf. Film. 2011,

29, 020801. [CrossRef]
8. Chang, J.S. Recent development of plasma pollution control technology: A critical review. Sci. Technol. Adv. Mater. 2001, 2,

571–576. [CrossRef]
9. Matsui, K.; Ikenaga, N.; Sakudo, N. Effect of Sterilization Process Using Plasma-Excited Neutral Gas on Materials of Medical

Instruments. IEEJ Trans. Sens. Micromach. 2016, 136, 6–11. [CrossRef]
10. Boeuf, J.P. Topical Review: Plasma display panels: Physics, recent developments and key issues. J. Phys. D Appl. Phys. 2003,

36, R53. [CrossRef]
11. Rahardian, A.; Masfufah, M.; Maftuhah, S.; Yulianto, E.; Nur, M. Effective medical ozone production using mesh electrodes in

double dielectric barrier type plasma generators. In Proceedings of the 2nd International Conference on Chemical Process and
Product Engineering (ICCPPE) 2019, Semarang, Indonesia, 25–26 September 2019.

12. Shishoo, R. Plasma Technologies for Textiles; Woodhead Publishing: Cambridge, UK; CRC Press: Boca Raton, FL, USA, 2007.
13. Cech, V.; Prikryl, R.; Balkova, R.; Grycova, A.; Vanek, J. Plasma surface treatment and modification of glass fibers. Compos. Part A

Appl. Sci. Manuf. 2002, 33, 1367–1372. [CrossRef]
14. Moosburger-Will, J.; Lachner, E.; Löffler, M.; Kunzmann, C.; Greisel, M.; Ruhland, K.; Horn, S. Adhesion of carbon fibers to

amine hardened epoxy resin: Influence of ammonia plasma functionalization of carbon fibers. Appl. Surf. Sci. 2018, 453, 141–152.
[CrossRef]

15. Khelifa, F.; Ershov, S.; Habibi, Y.; Snyders, R.; Dubois, P. Free-Radical-Induced Grafting from Plasma Polymer Surfaces. Chem. Rev.
2016, 116, 3975–4005. [CrossRef] [PubMed]

16. Narushima, K.; Yamashita, N.; Fukuoka, M.; Inagaki, N.; Isono, Y.; Islam, M.R. Surface Modifications of Polyester Films by
Ammonia Plasma. Jpn. J. Appl. Phys. 2007, 46, 4238–4245. [CrossRef]

17. Jie, S.; Lan, Y.; Gao, Z.; Peng, S.; Wang, C.; Qiu, Y. Surface modification of PET films by atmospheric pressure plasma-induced
acrylic acid inverse emulsion graft polymerization. Surf. Coat. Technol. 2010, 204, 4101–4106.

18. Kan, C.; Lam, C. Atmospheric Pressure Plasma Treatment for Grey Cotton Knitted Fabric. Polymers 2018, 10, 53. [CrossRef]
19. Huang, H.C.; Ye, D.Q.; Huang, B.C. Nitrogen plasma modification of viscose-based activated carbon fibers. Surf. Coat. Technol.

2007, 201, 9533–9540. [CrossRef]
20. Wang, G.J.; Liu, Y.W.; Guo, Y.J.; Zhang, Z.X.; Yang, Z.X. Surface modification and characterizations of basalt fibers with

non-thermal plasma. Surf. Coat. Technol. 2007, 201, 6565–6568. [CrossRef]
21. Liu, Y.C.; Xiong, Y.; Lu, D.N. Surface characteristics and antistatic mechanism of plasma-treated acrylic fibers. Appl. Surf. Sci.

2006, 252, 2960–2966. [CrossRef]
22. Zhang, C.; Wang, L.; Yu, M.; Qu, L.; Men, Y.; Zhang, X. Surface processing and ageing behavior of silk fabrics treated with

atmospheric-pressure plasma for pigment-based ink-jet printing. Appl. Surf. Sci. 2018, 434, 198–203. [CrossRef]

http://doi.org/10.1063/1.3582923
http://doi.org/10.1007/s11090-016-9774-6
http://doi.org/10.1016/j.jclepro.2015.10.100
http://doi.org/10.1016/j.carbpol.2020.117531
http://doi.org/10.1016/j.jclepro.2013.05.003
http://doi.org/10.1116/1.3559547
http://doi.org/10.1016/S1468-6996(01)00139-5
http://doi.org/10.1541/ieejsmas.136.6
http://doi.org/10.1088/0022-3727/36/6/201
http://doi.org/10.1016/S1359-835X(02)00149-5
http://doi.org/10.1016/j.apsusc.2018.05.057
http://doi.org/10.1021/acs.chemrev.5b00634
http://www.ncbi.nlm.nih.gov/pubmed/26943005
http://doi.org/10.1143/JJAP.46.4238
http://doi.org/10.3390/polym10010053
http://doi.org/10.1016/j.surfcoat.2007.04.029
http://doi.org/10.1016/j.surfcoat.2006.09.069
http://doi.org/10.1016/j.apsusc.2005.05.002
http://doi.org/10.1016/j.apsusc.2017.10.178


Polymers 2023, 15, 2097 12 of 12

23. Chan, C.-M.; Ko, T.-M.; Hiraoka, H. Polymer surface modification by plasmas and photons. Surf. Sci. Rep. 1996, 24, 1–54.
[CrossRef]

24. Egitto, F.D.; Matienzo, L.J. Plasma modification of polymer surfaces for adhesion improvement. Ibm J. Res. Dev. 1994, 38, 423–439.
[CrossRef]

25. Mrsic, I.; Buerle, T.; Ulitzsch, S.; Lorenz, G.; Chassé, T. Oxygen plasma surface treatment of polymer films-Pellethane 55DE and
EPR-g-VTMS. Appl. Surf. Sci. 2021, 536, 147782. [CrossRef]

26. Lin, F.; Li, W.; Tang, Y.; Shao, H.; Su, C.; Jiang, J.; Chen, N. High-Performance Polyimide Filaments and Composites Improved by
O2 Plasma Treatment. Polymers 2018, 10, 695. [CrossRef] [PubMed]

27. Muzammil, I.; Li, Y.; Lei, M. Tunable wettability and pH-responsiveness of plasma copolymers of acrylic acid and octafluorocy-
clobutane. Plasma Process. Polym. 2017, 14, 1700053. [CrossRef]

28. Leng, C. A Study on the Plasma Surface Modification of Rabbit Hair. J. Chang. Univ. Technol. 1992, Z1, 179–184.
29. Lin, L. Researches on Plasma Surface Modification of Rabbit Hair. J. Text. Res. 1999, 1, 29, 46–49.
30. Wu, J.; Liu, X.; Niu, A.; Peng, S.; Wang, T. A study on the plasma treated Angora rabbit hair in light of the scale field-angle. Int.

J. Adhes. Adhes. 1999, 19, 381–385.
31. Danish, N.; Garg, M.K.; Rane, R.S.; Jhala, P.B.; Nema, S.K. Surface modification of Angora rabbit fibers using dielectric barrier

discharge. Appl. Surf. Sci. 2007, 253, 6915–6921. [CrossRef]
32. Kuo, Y.L.; Chang, K.H.; Hung, T.S.; Chen, K.S.; Inagaki, N. Atmospheric-pressure plasma treatment on polystyrene for the

photo-induced grafting polymerization of N-isopropylacrylamide. Thin Solid Film. 2010, 518, 7568–7573. [CrossRef]
33. Poletti, G.; Orsini, F.; Raffaele-Addamo, A.; Riccardi, C.; Selli, E. Cold plasma treatment of PET fabrics: AFM surface morphology

characterisation. Appl. Surf. Sci. 2003, 219, 311–316. [CrossRef]
34. Ma, C.; Wang, L.; Nikiforov, A.; Onyshchenko, Y.; Morent, R. Atmospheric-pressure plasma assisted engineering of polymer

surfaces: From high hydrophobicity to superhydrophilicity. Appl. Surf. Sci. 2020, 535, 147032. [CrossRef]
35. Badr, A.A.; El-Nahrawy, A. Moisture properties of raised 3-thread fleece fabric knitted with different face and fleecy yarns. Alex.

Eng. J. 2016, 55, 2881–2892. [CrossRef]
36. Zhao, Z.; Hurren, C.; Zhou, L.; Sun, L.; Wu, J. Effects of gallic acid grafted chitosan on improving light fastness of cotton fabric

dyed with gardenia yellow. J. Text. Inst. 2020, 112, 1954–1964. [CrossRef]
37. Podgorski, L.; Bousta, C.; Schambourg, F.; Maguin, J.; Chevet, B. Surface modification of wood by plasma polymerisation. Pigment.

Resin Technol. 2002, 31, 33–40. [CrossRef]
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