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Abstract— The demand for antibacterial fabric surfaces is 

increasing day by day. With the covid-19 pandemic situation, 

there is attention to antibacterial and antiviral nonwoven 

fabrics which can be used towards the development of personal 

protective wear. To reduce the environmental pollution caused 

by disposable and non-biodegradable polymer-made personal 

protective wear can be replaced by biodegradable polymers like 

poly(lactic) acid (PLA), which is quite similar to polypropylene, 

but biodegradable. In this study, the non-thermal plasma 

treatment method is used to increase the surface reactivity of the 

PLA nonwoven polymer surface. On the activated nonwoven 

surface copper nanoparticles are in-situ synthesized by chemical 

treatments. After 30 minutes of plasma treatment, better copper 

nanoparticle distribution and higher yield were achieved. 

Fourier transformed infrared spectroscopy (FTIR) and 

Scanning Electron Microscopy (SEM) were used to characterize 

the treated PLA nonwoven fabric surfaces. 
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I. INTRODUCTION 

Copper has been widely studied for its antiviral properties 
and it is proven that the antiviral and antibacterial activities of 
copper derivatives are considerably higher than solid-state 
silver, which is the most commonly used antibacterial agent. 
Copper compounds including chloride (CuCl), iodide (CuI), 
sulfide (Cu2S), and oxide (Cu2O) are highly capable of 
inactivating viruses, and a combination of silver and copper 
compounds has markedly shown lesser antiviral activities [1].  

S. L. Warnes, E. N. Summersgill, and C. W. Keevil have 
stated that copper could target the viral genome, particularly 
encoding genes that are essential for viral infectivity [2]. 
Cyclic redox reactions between Cu+ and Cu2+ are known to 
produce highly reactive hydroxyl radicals (ROS). The reaction 
between ROS and biomolecules can damage proteins and 
nucleic acids, leading inactivation of bacteria. K. Sunada, M. 
Minoshima, and K. Hashimoto have found that due to the 
denaturation or degradation of biomolecules, viruses can be 
inactivated when they come to contact with copper 
compounds [1] [3]. P. Bleichert, C. E. Santo, M. Hanczaruk, 
H. Meyer, and G. Grass studied bacterial and viral inactivation 
by metallic copper. There, gram-negative biothreat bacteria 
were inactivated rapidly and completely. Further, they have 
studied the behaviour of monkeypox virus and vaccinia virus 
(orthopoxviruses) to metallic copper, which has been 
inactivated within 3 min of contact. And it was tested for 
stainless steel which has led to no significant viral inactivation 
[4]. Copper oxide (CuO) nanoparticles have shown a good 
inhibition of Herpes Simplex Virus Type 1 (HSV-1), with an 

83.3% of reduction in viral load has been achieved by 100 
µg/ml of CuO nanoparticles [5]. Another copper oxide 
incorporated face mask has been developed and tested for 
human influenza A virus (H1N1) and avian influenza virus 
(H9N2), and above 99.85% of aerosolized viruses were 
filtered when it was challenged with both viruses [6]. S. L. 
Warnes and C. W. Keevil reported that copper alloys with 
60% copper can inactivate the murine virus rapidly at room 
temperature, whereas there is no inactivation shown by 
stainless steel [7].  

Polylactic acid (PLA) is a thermoplastic polymer that 
behaves similar to polyethene terephthalate (PET) and has a 
performance more similar to polypropylene (PP). A major 
importance of PLA is, that it can be derived from 100% 
renewable sources such as rice, corn, cellulose, and other 
polysaccharides (starch,  and sugar) [8]–[11]. Interestingly, 
many properties such as gas permeability, stiffness, and 
strength of petrochemical-based polymers can be found in 
PLA too [12]. Furthermore, PLA is a biodegradable polymer 
which degrades into carbon dioxide and water which are 
considered to be having low toxicity [8]. However, it should 
be noted that PLA degradation in seawater is still questionable 
[13]. A PLA film with a thickness of ~320 µm was immersed 
in artificial seawater at 250C and did not show a significant 
weight loss after one year [14]. Furthermore, there has been a 
study conducted on both hydrolytic and biodegradation of 
PLA 3-ply disposable face masks [15]. And the hydrolytic 
degradation was observed against different pH conditions for 
8 weeks and the degradation rate is higher in basic conditions 
and no significant change was observed in acidic and neutral 
conditions. Even though, under basic conditions, they 
concluded that there was no full degradation of the mask over 
the duration since the weight loss observed was only 27%.  On 
the other hand, biodegradation observations of the PLA masks 
in sewage sludge under room temperature showed that over 
70% of the mask material was remaining after 4 weeks [15]. 
Even though PLA has a slow degradation in selective 
environments, its eco-friendly nature, environmental 
sustainability added with good physical properties and 
biocompatibility of PLA had grabbed the attention of the 
scientific community leading to an increase in its applications 
in many fields [16] [17].  

Plasma is a mixture of electrons, radicals, ions, and 
neutrals. In nature, plasma can be generated under lighting or 
aurora borealis, usually called “northern lights”. In 
laboratories, electric energy or thermal energy can be supplied 
to a neutral gas or atmospheric air and form plasma [18]. 
Mainly, plasma treatments can be divided into two categories: 
thermal and non-thermal plasma (hot and cold plasma). Non-
thermal plasma is more suitable for biodegradable polymers SRC (Senate Research Committee) Funding: SRC/LT/2021/06. 



since thermal degradation can be avoided because of operating 
at room temperature [19].  In the plasma treatment process, 
when the substrate interacts with ions, radicals, and electrons, 
the substrate material can be subjected to plasma cleaning, 
etching, plasma activation, plasma grafting, and 
polymerization [19]. Apart from that, highly reactive plasma 
species can quickly remove contaminants and clean the 
surface without major deviations to the underlying surface 
[20]. Furthermore, with higher power and/or increased 
treatment time, plasma can etch the top layer of the substrate 
incorporating a nano-roughness to the surface [19] [20]. The 
charged particles in the plasma enable surface activation of the 
sample by introducing radical sites or functional groups, but it 
does not change the chemical and physical properties of the 
bulk material. Also, non-thermal plasma can be used as an 
initiation medium for polymerizing thin films [19]. These 
interactions mostly happen with the substrate's topmost 
surface, as oligomers that predominate on the surface have 
weak bonds with the macromolecules of the bulk, and easily 
create functional groups on the surface [23]. 

Few advantages of plasma treatment for polymers are 
highly substrate-independent, ultra-thin film deposition, 
chemically and physically durable surface improvements, 
continuous industrial process, good adhesion to the substrate 
material, and zero waste generation [22] [23]. There are 
several studies where PLA has been treated under different 
plasma treatments targeting surface modifications both 
physically and chemically [22] [24] [25]. After comparing 
surface modifications done for PLA by chemical treatments, 
plasma, and laser methods, it was found that plasma is the 
most beneficial method of surface treatment [23]. 

Considering the antibacterial and antiviral properties 
reported in copper nanoparticles, along with comparatively 
higher biodegradability of PLA, this study focuses on 
investigating the in-situ synthesis of copper nanoparticles onto 
surface activated PLA nonwoven surface by atmospheric 
pressure cold plasma method to develop a more environment 
friendly, antibacterial PLA nonwoven fabric. The in situ 
synthesis of the Cu nanoparticles onto the surface activated 
PLA nonwoven has not been investigated before imparting 
improved antibacterial properties to PLA nonwoven fabrics.  

II. EXPERIMENTS 

A. Materials and Instruments 

PLA spun-bonded nonwoven fabric with 30 GSM (Grams 
per square meter) was purchased from Dongying Gaolart 
Import & Export co., ltd, China. Sodium Alginate powder 
(pure), Cupric Sulphate extra pure (99.5%), and Sodium 
Borohydride (98%) were purchased from Sisco Research 
Laboratories Pvt. Ltd, India. Eltech ARC atmospheric plasma 
instrument in the Food Technology Section of Industrial 
Technology Institute, Sri Lanka was used for the plasma 
treatment 

B. Plasma Treatment on PLA Nonwoven Fabric Surface 

 PLA nonwoven fabric samples were cut into 2×1 cm2 four 
specimens. Each specimen was treated under the plasma 
emitting nozzle by moving the sample holder only in the 
length direction as shown in Fig.1 for 5, 10, 15, and 30 
minutes. The distance between the nozzle tip to the fabric 
sample was adjusted to 6 cm. The voltage and frequency of 
the plasma instrument were kept at 15 kW and 50 Hz 
respectively. 

C. Chemical Synthesis of Copper/ Copper Oxides 

Nanoparticles on to Plasma Treated PLA Nonwovens 

Fabric Samples 

Chemical modifications were done according to a 
previous study which was conducted on copper nanoparticle 
in-situ synthesis onto a polypropylene nonwoven fabric [28]. 
2 w/v% alginate solution was prepared by dissolving sodium 
alginate in distilled water using the mechanical stirring 
method. The plasma-treated (5, 10, 15, and 30 min) and non-
treated PLA nonwoven fabric samples were immersed in 50 
ml of alginate solutions separately for 1 hour at room 
temperature. Afterwards, fabric samples were squeezed and 
dried at 1000C for 10 minutes. The dried samples were dipped 
in 50ml of 20mM CuSO4 solutions separately for 2 hours at 
room temperature and the nonwoven samples were rinsed 
with distilled water thereafter. To reduce the Cu2+ ions 
adsorbed onto the nonwoven surface, the 
PLA+alginate+CuSO4 nonwovens were dipped in 0.4M 
NaBH4 (Sodium Borohydride) for 20 min. Afterwards, the 
fabric samples were kept in a desiccator for 24 hours to dry 
(Fig. 2). 

 

Fig. 2. Schematic diagram of the experimental steps. 

 
Fig. 1. Schematic diagram of the plasma treatment process. 
 



III. RESULTS AND DISCUSSION 

A. Fourier transformed infrared spectroscopy (FTIR) 

spectrums of treated and nontreated PLA Nonwoven 

Fabric Surface. 

The surface of the PLA nonwoven fabric samples was 
characterized by FTIR spectroscopy before plasma treatment 
(0 min) and after 5, 10, 15, and 30 minutes of plasma treatment 
and the FTIR spectrum are shown in Fig. 3. Fig. 4 indicates 
the spectrums of non-plasma treated and 30 min plasma-
treated specimens.  

The two sharp peaks at 1748 cm-1 and 1180 cm-1 which 
correspond to C═O stretching in the ─CO─C─ group and 
─CH─O─  stretching respectively. A decrease in the 
intensity of the peak at 1748 cm-1 has been reported, which 
implies that there is a decrease in the C═O stretching in the 
PLA polymer chain. This can be further confirmed with the 
intensity of the peak at 1748 cm-1  in Fig. 4, which was 
decreased with the increase of the plasma treatment time, 
indicating lesser infrared absorbance.  The broad peak at 1078 
cm-1 confirms the C─O stretching in the ─CO─O─ group. 
Since it has decreased, it can be concluded that there was a 
change in the ─CO─O─  group in the polymer chain. 
Medium absorbance peak at 1448 cm-1 is corresponding to ─
CH3 group bending and 1299 cm-1 to C─H deformation and 
bending [26]. After each plasma treatment, a very small O─
H absorbance from 3650 to 2500 cm-1 appeared and this can 
be seen in Fig. 4. This could be attributed to the formation of 
─OH groups while oxidation.  

After Cu NP synthesis chemical treatments, FTIR 
spectrums were taken and peaks can be identified in each 
sample in the range of 500-400 cm-1. Among them, 421 cm-1 
is due to the vibrational mode of Cu─O bonds. Peaks near 
467 and 421 cm-1 stand for the IR active modes for Cu(OH)2 
[29]. Peaks around 430 cm-1 can be assigned to the Cu─O 
bond in CuO particles [30]. Only Cu NPs cannot be identified 
by FTIR spectrums since there are not any chemical bonds 
between atoms.   

B. Scanning Electron Microscopic (SEM) Observations. 

Figure 5. (a1) shows the plasma non-treated PLA 
nonwoven fibre surface. Comparing that with Fig. 5: b-1, c-
1,d-1, and e-1 images, it can be seen that the polymer surface 
is etched and as a result, the surface roughness has been 
increased. Despite the plasma treatment and treatment time, 
some copper nanoparticles can be seen in Fig. 5: a-2, b-2, c-2, 
d-2, and e-2  SEM images taken after the copper particle 
synthesis process. Fig. 5. (e2) is taken by backscattered 
electron mode. Therefore, it can be clearly distinguished that 
the copper particles are deposited in certain areas of the fibre 
surface as they appear bright in colour compared to other 
areas. 

The elemental map of copper distribution was observed by 
the Energy Dispersive x-ray Spectroscopy (EDS) mode of 
SEM (Fig. 6). A significant increase in copper nanoparticle 
intake percentage and their even distribution could be seen in 
30 min plasma-treated specimen (Fig. 6(e)). Up to 15 min of 
plasma treatment, the percentage of copper is at 2-3% and it 
was increased to 5% when the treatment time was increased to 
30 min. Thus, the influence of plasma treatment depends on 
the treatment time, hence the active sites which help to bond 
with sodium alginate and then copper nanoparticles. 

IV. CONCLUSION 

By plasma treatment, O─H and ─highly reactive COOH 
groups are expected to be formed on the PLA surface. Since 
there is a slight increment in the 3650-2500 cm-1 region it can 
be concluded that O─H groups have been introduced during 
the plasma treatment. However, an increase in ─COOH 
groups can be due to two reasons. First, due to surface 
oxidization as the expectation of plasma treatment, or due to 
PLA polymer chain depolymerization. Since there is not much 
change in methyl groups, most of the ─COOH sites can be 
due to depolymerization. Also, the C─O stretching in ─CO
─O─ group in the PLA polymer chain has been reduced and 
thus could be considered as evidence of the deformation of the 
polymer chain due to depolymerization. 

Plasma non-treated PLA specimen also shows some 
copper nanoparticles on its surface. Furthermore, for up to 15 
min, the plasma treatment had no significant influence on the 
amount of copper nanoparticles deposited on the surface. 
However, 30 min treatment of plasma has enabled an 
increment in the nanoparticle percentage from 2-3% to 5%. 
Hence, it can be concluded that more time is needed to 
introduce more active sites due to the plasma treatment 

 

Fig. 3. FTIR spectrums of (a) 0 min, (b) 5 min, (c) 10 min, (d) 15 min, and 

(e) 30 min plasma treated PLA nonwoven specimens. 

Fig. 4. FTIR spectrums of (a) 0 min, and (e) 30 min plasma treated PLA 

nonwoven specimens. 



method and surface activation by plasma treatment could 
increase the copper nanoparticle yield. 

It would be more effective if the plasma treatment could 
be conducted in an oxygen or argon gas atmosphere in a 
chamber treatment unit. Furthermore, the used plasma unit 
had one nozzle hence, to obtain a homogeneous treatment, the 
specimen size had to be reduced which restricts this method to 
be used in the bulk treatment process. Since copper 
nanoparticles can inactivate the viruses, this research could be 
improved to develop nonwoven fabric-based personal 
protective wear. The biodegradability of PLA is an added 
advantage since almost every nonwoven-based PPE is 
disposed of after a single use, hence contributing towards 
reducing environmental pollution. 
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