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Abstract: Due to the deteriorating state of surface waters and the resulting reduction in their
availability for the population, efforts have been undertaken to develop a biodegradable or
compostable water filtration system capable of reducing the amount of harmful bacteria in this
environment. The aim of this research was to develop nonwovens using the classic needle-punching
method with commercially available polylactide (PLA) polymer, and subsequently, to select
appropriate concentrations of modifiers to create systems with antibacterial properties. The
resulting composites could potentially serve as filtration materials for the purification of surface
waters. Nanoparticles such as zinc oxide, titanium dioxide, and silver were employed in this
research. These compounds exhibit antibacterial properties and are insoluble in water. To confirm
the bactericidal activity of the additives, biological tests were conducted, and the distribution of
these additives on the structure of the filtration material was examined using scanning electron
microscopy (SEM) equipped with an energy dispersive spectroscopy (EDS) detector.

Keywords: nonwoven of PLA; titanium (IV) oxide; zinc oxide; nano-Ag; antibacterial activity test;
SEM/EDS

1. Introduction

Contamination of surface waters by Gram-positive and Gram-negative bacteria poses a
significant threat to human health, animals, and aquatic ecosystems [1]. The classification of bacteria
into Gram-positive and Gram-negative is based on differences in their cell wall structures, affecting
their response to antibiotics, disinfectants, and their pathogenicity. Gram-positive bacteria include
species such as Staphylococcus aureus, Bacillus anthracis, and Enterococcus faecalis, while Gram-negative
bacteria include Pseudomonas aeruginosa, Salmonella spp., and Escherichia coli [2,3]. These bacteria can
cause food poisoning, leading to symptoms such as diarrhea, nausea, and vomiting [4], as well as
skin and soft tissue infections, fever, muscle, and joint pain [5,6]. The sources of these bacteria are
varied, including industrial processes, municipal wastewater [7], agriculture, and urban runoff [8,9].
High concentrations of bacteria, especially from fecal contamination, can adversely affect water
quality and aquatic life, leading to reduced biodiversity and excessive algal growth, which can cause
eutrophication [10]. To prevent these outcomes, various measures are undertaken to improve surface
water quality. Key actions include wastewater treatment through urban and rural sewage treatment
plants, and the increasingly common use of small household treatment plants in agricultural areas.
Additional measures include water disinfection through chlorination, UV irradiation, or ozonation,
and the maintenance and expansion of natural purification systems, such as phytoremediation and
constructed wetlands [11-13].

© 2024 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202409.1592.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 22 September 2024

Additionally, filtration mats are used for water purification, removing contaminants such as
solid particles, chemicals, microorganisms, and other pollutants that may affect the health of humans,
animals, and aquatic ecosystems [14,15]. These mats can be classified based on the type of material
used or their intended application. They include mats made from synthetic fibers, such as
polypropylene (PP) or polyethylene terephthalate (PET), which are primarily used for removing
larger solid particles from surface waters due to their good mechanical properties. Ceramic mats are
used in advanced filtration systems because of their high resistance to chemicals and their high
filtration efficiency at the micro- and nano-levels. Natural fiber mats (cellulose, coconut) are also
employed, typically as filters to trap contaminants or as components in composite filters. Finally,
composite mats incorporate materials like activated carbon, which absorbs chemical pollutants
including heavy metals, pesticides, and organic compounds, or nanomaterials (ZnO, TiO,) that are
primarily used for removing microorganisms [16-19].

The continuous development of materials engineering and technological advancements in
recent years have led to the achievement of wastewater and surface water treatment techniques such
as precipitation, filtration, adsorption, flocculation, and ozone treatment [20]. One potential
alternative to the currently used composite mats, whose matrix consists of petroleum-derived
synthetic polymers, is the use of biodegradable or compostable polymers from renewable sources.
These include PLA, which is derived from corn starch, making it a more environmentally friendly
solution than currently used plastics. Compared to other polymers, PLA has a relatively lower
processing temperature and exhibits good mechanical properties [21-23].

PLA has some natural resistance to microorganisms, but this property is not strong enough to
effectively prevent bacterial growth under various conditions. Research into the modification of PLA
using different nanomaterials, such as zinc oxide (ZnO), titanium dioxide (TiO,), and silver (Ag), has
shown that these can significantly enhance the antibacterial properties of PLA, thereby expanding it
is applications and improving its effectiveness [24,25].

Titanium (IV) dioxide (TiO;) is a white-gray solid with no odor, occurring naturally in three
different crystalline forms: anatase, rutile, and brookite [26,27]. Some of its key properties include
environmental neutrality, high chemical resistance, non-toxicity, hydrophilicity, and antibacterial
activity [28,29].

Zinc sulfide (ZnS) is a chemical compound that occurs in two main crystalline structures:
sphalerite and wurtzite. ZnS is mainly used in electronics, optics, and nanotechnology [30,31]. ZnS
can be modified and incorporated into filtration nonwovens to improve their antibacterial and
catalytic properties. ZnS nanoparticles have the ability to destroy pathogens and assist in the
decomposition of organic pollutants. Therefore, they can be used in filtration materials for water
purification, providing better efficiency in eliminating microorganisms and toxic substances [32].

Silver nanoparticles (nano-Ag) are a form of silver with sizes ranging from 1 to 100 nanometers,
possessing unique physical, chemical, and biological properties different from bulk silver [33]. Due
to these properties, silver nanoparticles have found extensive applications in various fields such as
medicine, materials engineering, electronics, and particularly in areas related to combating bacteria,
including both Gram-positive and Gram-negative bacteria [34].

Contamination of surface waters with Gram-positive and Gram-negative bacteria poses a
significant threat to public health and ecosystems. Various sources, including wastewater, industrial
waste, and agricultural runoff, introduce bacteria into water bodies, which can lead to serious
diseases and environmental degradation. Effective monitoring, purification, and quality control of
water are crucial for protecting health and maintaining the cleanliness of surface waters.

The aim of this study was to develop an effective filtration system with bactericidal properties
against Gram-positive and Gram-negative bacteria, based on biodegradable nonwovens made from
PLA and permanently coated with ZnS, TiO,, and nano-Ag nanoparticles.

2. Materials and Methods
2.1. Materials

To implement the proposed concept, the following was utilized:
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e  Poly(lactic acid) - PLA 6202D from NatureWorks (Minneapolis, USA) (d=1.24 cm?3/g,
MFR=15-30 g/10min and Tm=155-170 C);

e acrylic acid - CsH4O2 from Sigma-Aldrich (Saint Louis, USA) ( d=1.05 g/cm?, Mn=72.06 g/mol,
1n=1,06 g/cm?3);

e  2,2-dimethoxy-2-phenylacetophenone — Cis His O3 from Sigma-Aldrich (Saint Louis, USA)
(pure 99%, Mn=256.30 g/mol);

e  pentaerythritol triacrylate — C1sH1sO7 from Sigma-Aldrich (Saint Louis, USA) ( d=1.18 g/cm3,
Mrn=298.29 g/mol);

e  zincsulfide — ZnS from Sigma-Aldrich (Saint Louis, USA) (nanopowder, <21 um primary
particle size (TEM), 299.9% trace metals basis);

e titanium (IV) dioxide — TiO: from Sigma-Aldrich (Saint Louis, USA) (nanopowder, <25 nm
particle size, 99.70% trace metals basis);

e nano-Ag from Amepox Microelectronics (Lodz, Poland) nanopowder, <25 nm particle size,
99.99% trace metals basis).

2.2. Methods

The microscopic structure was examined using a PHENOM ProX G6 scanning electron
microscope from (SEM) Thermo Fisher Scientific (Waltham, USA) with an EDS spectrometer and a
Q150R S sputter coater from Quorum Technologies (Laughton, UK).

Antimicrobial activity tests were performed using the ASTM E2149-13a “Standard Test Method
for Determining the Antimicrobial Activity of Antimicrobial Agents Under Dynamic Contact
Conditions” method.

3. Results and Discussion
3.1. Scanning Electron Microscopy — SEM/EDS

To confirm the presence of the employed nanofillers in the needle-punched PLA nonwovens, a
microscopic structural analysis was conducted using scanning electron microscopy (SEM) at a
magnification of 1000x with an EDS spectrometer. The following images (Figures 1-10) show the
surface of the PLA nonwovens without modifiers and with their presence. Using the EDS detector on
Figures 11-16, we can see the additives highlighted with colors.

Figure 2. SEM image, PLA nonwoven with 1.5% ZnS.
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Figure 7. SEM, PLA nonwoven with 4.5% Ag.
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Figure 10. SEM, PLA nonwoven with 4.5% TiO2.

The Figures 2-10, show that the used additives do not affect the structure of the modified
nonwovens. This is evidenced by the absence of visible voids, cracks, and thinning. Instead, we see
‘bright spots,” which originate from the additives, and as their percentage increases, their presence
on the fiber structure grows, though their distribution is uneven and chaotic. Comparing TiO, and
nano-Ag modified fibers with those containing ZnS, we can observe that zinc sulfide, unlike the other
additives, has a significant tendency to form large particle clusters, known as agglomerates.

o~

e \

Figure 11. EDS image of, PLA nonwoven with 4.5% ZnS.
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Figure 13. EDS image, PLA nonwoven with 4.5% Ag.

Figure 14. EDS image of Ag on nonwoven structure.
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Figure 15. EDS image, PLA nonwoven with 4.5% TiO2.

Figure 16. EDS image of Ti on nonwoven structure.

Analyzing the above images, we can observe that the studied nonwovens contain applied
additives, which have been marked with different colors. Zinc (Zn) is indicated in yellow, silver (Ti)
in teal, and titanium (Ag) in orange. Referring to the attached images (Figures 12, 14 and 16), we can
also see that silver and titanium dioxide have been more uniformly applied to the surface of the
modified nonwovens compared to ZnS.

3.2. Antimicrobial activity studies

The aim of the test was to quantitatively assess the antibacterial activity of modified needle-
punched nonwovens, treated with antibacterial modifiers (ZnS, Ag, TiO,). The test involved placing
samples in a suspension of standardized microorganisms (Staphylococcus aureus ATCC 6538 and
Escherichia coli ATCC 11229) at a precisely defined concentration, followed by incubation. The
incubation was carried out for 1 and 24 hours at 35°C. The following equations were used for
calculation and logarithmic reduction:

log reduction of bacterial =1og(C) - log (A)

where:
A — the number of cells in flasks containing modified nonwovens after 1 and 24 hours of contact;
C — the number of cells in flasks with modified nonwovens after 1 and 24 hours of incubation.

The results of the antibacterial properties are presented in Table 1.

Analyzing the above table (Table 1), it can be observed that the modified nonwovens exhibit low
(A<2), moderate (2<A<3), and strong (A>3) antibacterial activity against both types of bacteria used.
Logarithmic criteria for evaluating antibacterial properties based on the standard PN-EN ISO
20743:2021 [35] were adopted. Comparing the filtration materials used, it can be noted that the
nonwovens coated with nano-Ag show the best biocidal properties. These samples exhibit strong
antibacterial activity against both Staphylococcus aureus and Escherichia coli. After 1 hour, the
nonwovens containing Ag interact more effectively with Escherichia coli than with Staphylococcus
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aureus, but after 24 hours, the logarithmic reduction significantly increases for both bacteria, reaching
strong antibacterial activity. Observing the table, it can be seen that the additives nonwovens show
better antibacterial properties against Staphylococcus aureus. The PLA +1.5% TiO; system exhibits the
weakest antibacterial properties, while PLA +1.5% Ag shows the strongest.

Table 1. Antibacterial properties of modified nonwovens.

Eschericha coli Staphylococcus aureus

log reduction log reduction log reduction log reduction

after 1Th after 24h after 1Th after 24h

PLA 0,05 -0.92 1.73 1.85
PLA +1.5% ZnS 0.28 423 1.46 5.50
PLA +3% ZnS 0.48 4.82 1.48 3.74
PLA +4.5% ZnS 0.35 1.94 1.24 3.80
PLA +1.5% TiOz 0.67 -1.21 1.17 1.89
PLA + 3% TiO2 0.50 2.69 1.58 3.29
PLA +4.5% TiO:z 0.86 0.04 1.71 3.90
PLA +1.5% Ag 4.04 4.24 1.24 5.52
PLA +3% Ag 3.67 4.89 1.87 5.45
PLA +4.5% Ag 4.04 4.24 1.26 5.50

4. Conclusions

The Modification of PLA nonwovens with nanofillers to impart antibacterial properties is an
interesting area of research in the field of functional materials. The conducted studies have confirmed
the effective modification of the needle-punched nonwovens. SEM/EDS techniques allow observation
of the impact on the morphological properties of the fibrous structures and their distribution on the
material’s surface. Additionally, selecting the appropriate research methodology to determine
antibacterial effectiveness enables the replication of real-world conditions. The application of
nanofillers (nano-Ag, ZnS, TiO,), which are insoluble in water, facilitates effective combat against
bacteria that contaminate surface waters. The studies also showed that when water bodies are heavily
contaminated with various microorganisms, it is appropriate to use filtration materials based on
nano-Ag, which demonstrated the fastest and most effective action against both Gram-positive and
Gram-negative bacteria with a minimal amount of biocidal agent.

In summary, modifying PLA nonwovens with the used nanofillers to provide antibacterial
properties represents a promising direction for the development of more efficient and safer
biodegradable filtration materials, with potential impacts on various industries and health protection.
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