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Abstract

This study assesses the durability of self-cleaning and antimicrobial activities of dishcloths
made of 100% cotton woven fabric modified with TiO, nanoparticles (NPs) and zinc
pyrithione particles (ZnPt). The self-cleaning properties were measured as the ability to
decompose staining particles via photocatalytic action under UV /VIS light irradiation and
confirmed by colour measurements (K/S values, colour differences, and colour changes AL*,
Aa*, Ab*). The SEM micrographs confirmed the long-term durability of the modification
process, and ICP-OES analysis confirmed the presence of Ti and Zn elements on and
within the fabric. The amounts of TiO, and ZnPt decreased by 2.2-2.5 times after the
first 5 washings and by 2.1-1.2 times after the subsequent 45 washings. Antimicrobial
activity was tested against Staphylococcus aureus ATCC 6538, Escherichia coli ATCC 11229
and Candida albicans ATCC 10231. The results indicate that the material maintains excellent
self-cleaning properties and good antimicrobial activity for up to 50 washings; however,
activity against E. coli remains weak after 30 and 50 washings.

Keywords: photocatalytic; antimicrobial activity; self-cleaning cotton dishcloths; titanium
dioxide; zinc pyrithione

1. Introduction

Dishcloths, due to their high moisture absorption, relatively low cost, wide availability,
and common use, are predominantly made of cotton. They are used to wipe dishes, hands,
countertops, and other work surfaces. Cotton contains hydrophilic groups (such as hy-
droxyl groups) that can absorb moisture. Therefore, kitchen dishcloths, being particularly
exposed to moisture and food residue, provide ideal conditions for microbial growth,
especially for foodborne bacteria. Coliform, Escherichia coli (E. coli), Staphylococcus aureus
(S. aureus), Staphylococcus spp., Salmonella spp., and Listeria monocytogenes are predomi-
nantly isolated from household dishcloths [1-3]. Thus, dishcloths are among the most
microorganism-contaminated items in the kitchen and may contribute to the transfer of
microorganisms to other surfaces and food, as well as to foodborne infections. Several de-
contamination methods for kitchen cloths are known, including hypochlorite and peroxide
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disinfection, high-temperature washing, soaking in vinegar or lemon juice, and microwav-
ing, with microwaving being the most effective disinfection method [1]. Additionally,
antimicrobial treatment can be used to prevent microbial growth on the dishcloth.

Moreover, kitchen dishcloths used in household conditions are often stained by var-
ious coloured liquids, such as coffee, tea, and fruit juices. Removing such stains poses
many difficulties and often requires special cleaning methods, such as hypochlorite or
peroxide discharge or high-temperature washing with a bath containing active oxygen
stain removers. Unfortunately, some stains, especially on coloured kitchen cloths, may
sometimes be impossible to remove. The problems associated with the formation and
removal of coloured stains can be addressed by modifying textile surfaces with substances
imparting self-cleaning properties. Ideally, the kitchen dishcloth would possess a sur-
face characterised by both antimicrobial (to prevent bacterial growth) and self-cleaning
properties (to remove coloured stains).

Zinc pyrithione (ZnPt) is a complex of zinc and pyrithione. ZnPt has antibacte-
rial activity toward E. coli, S. aureus, Klebsiella pneumoniae, Enterococcus faecium, and
Enterococcus faecalis [4] and antifungal activity toward Pityrosporum ovale and Pityrospo-
rum pachydermatis [5]. ZnPt has been extensively used as an antifungal agent in shampoos,
skin care products and in technical applications worldwide [6,7]. However, due to its
classification as a substance of concern, ZnPt has been prohibited in cosmetic products in
the European Union (EU) since 2022 [8,9]. The regulatory approaches differ globally. ZnPt
may still be permitted outside the EU, such as in the United States [10,11]. In the European
context, the current regulatory status of ZnPt in technical and industrial applications is
complex and application-dependent, requiring consideration of specific legal frameworks.

Self-cleaning finishes can be split into three main categories: (1) superhydrophobic
finishes, (2) superhydrophilic finishes and (3) photocatalytic finishes. Water droplets
on superhydrophobic surfaces assume nearly perfect spherical shapes, allowing them
to roll off and carry away all contaminants. Superhydrophobic finishes are achieved
through the synergistic action of substances giving the fabric low surface tension and
materials that create a complex, rough surface structure. On the contrary, the wettability
of a superhydrophilic surface is extremely high. Water lies flat on the surface rather
than forming droplets, cleaning the surface alongside the photocatalysis process [12,13].
Superhydrophobic finishes, due to their lack of surface wettability, cannot be used for
finishing cotton fabrics intended for domestic textiles, such as cloths or kitchen towels.
Self-cleaning finishes with superhydrophilic properties rely on the photocatalytic properties
of semiconductors, which additionally exhibit photo-induced superhydrophilicity.

Photocatalysis is a process in which the rate of a chemical reaction changes under the
action of ultraviolet, visible, or infrared radiation in the presence of a photocatalyst [14].
Semiconductors used in the photocatalytic processes are metal oxides (TiO,, Zn, SnO,,
WOs3, CeOy, ZrO,, FepO3), sulphides (Cd, ZnS, PbS, MoS,), selenides (CdSe) and tellurides
(CdTe) [15]. TiO, is the most widely used photocatalytic material in surface coatings such
as glass, paint, cement, ceramics, textiles, etc. [16]. TiOp occurs naturally in three crystalline
forms: anatase, rutile, and brookite, where the anatase form shows the highest photocat-
alytic activity [17]. TiO, NPs, under exposure to light (mainly UV light), are converted
into positively charged holes (h*) and negatively charged electrons (e ™). Electrons during
contact with oxygen form a superoxide anion radical (O,_ ), whereas holes in the presence
of water form hydroxyl radicals (OH) [18]. Generated reactive oxygen species (ROS)
decompose organic contaminants, including coloured stains, through oxidation.

Recent studies [19-23] show an increasing interest in multifunctional textiles that
combine self-cleaning properties, antimicrobial activity, and UV protection. However,
most of these works focus on the initial performance of the materials, while industrial
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application and long-term durability are often omitted [23]. Many developed systems rely
on laboratory techniques, such as sol-gel processing or in situ growth. These techniques
are difficult to implement on an industrial scale [23]. Therefore, there is still a need to
evaluate coatings produced using industrial finishing techniques under realistic conditions
of use [23].

In previous studies, authors described the photocatalytic and antimicrobial activities
of 100% cotton terry fabric finished with TiO, N-doped NPs, ZnO NPs, and a binder
system to improve durability. The material was characterised by significant antibacterial
and antifungal activities, as well as greater photocatalytic efficiency, up to 15 washing
cycles [21,22].

The aim of the present study is to evaluate the durability of the antimicrobial and
self-cleaning properties of 100% cotton woven fabric and dishcloths made from it. The mod-
ification process was conducted under industrial conditions using a continuous padding-
squeezing method in a bath containing dispersions of commercially available TiO, nanopar-
ticles (NPs) and zinc pyrithione particles (ZnPt). Particular attention was given to the
retention of functional properties after multiple domestic washing cycles (up to 50 washes)
and under selected conditions simulating domestic use (repeated washing cycles). To the
best of our knowledge, few studies have addressed the long-term durability of TiO, /ZnPt
systems applied using industrial techniques in real textile products, such as dishcloths.

2. Materials and Methods
2.1. Textile Modification

A 100% cotton woven fabric with a diagonal weave and a surface mass of 200 g/ m?2,
made from chemically bleached and optically brightened cotton yarn, was purchased from
ZWOLTEX Sp. z 0.0., Zduriska Wola, Poland. TiO, NPs (anatase crystal structure, average
crystallite size of 10 nm and specific surface area > 250 m?/g) as a 20-22% water dispersion
and zinc pyrithione particles (ZnPt) (high-fine particles) as a 48% water dispersion were
purchased from Cinkarna (Celje, Slovenia) and The Thomson Research Associates Group
(Canada), respectively. The crystalline structure of the TiO; NPs in the commercial disper-
sion was verified by XRD analysis, conforming to the specification. No further structural
analysis was performed, as both dispersions were used as received.

The cotton woven fabric was submitted to a functionalization process under industrial
conditions using a continuous padding-squeezing method. The fabric was padded and
squeezed in open-width form using the Bianco M15/2019 Padder Model RW2800/2600
FWMM (Bianco S.P.A., Alba, India) in a bath containing 10 g/L of nano TiO, and 2.9 g/L of
ZnP. The pressure of the squeezing shafts was 3 atm. Subsequently, the fabric was dried at
150 °C for 5 min in open-width form using the continuous tumbler dryer Penteck Energy
X-Stream 3000/2800 (Penteck Textile Machinery Srl, Alba, Italy). All finishing processes
were carried out in ZWOLTEX Sp. z o0.0., Zduriska Wola, Poland. The finishing process
is protected by Polish patent No. 235990. Next, a 50 x 70 cm dishcloth was made from
modified cotton fabric.

Textile Material Characterisation

Changes in the surface topography of finished fabric before and after laundering were
estimated using a Scanning Electron Microscope (SEM) VEGA3-SBU (Tescan, Brno, Czech
Republic). The distribution of the elements on the fabric’s surface was estimated before and
after 5 washings. The procedure for sample preparation and measurement was described
in our previous works [21,22].

The durability of the obtained properties was tested after multiple washing and drying
cycles. A household automatic washing machine (Indesit, Italy) with a 5 kg load capacity
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and typical commercial washing powder for white goods from a reputable company was
used to carry out the washing process. A single washing and drying process was as follows:

e  Washing powder concentration of 5 g/L;

e  Washing temperature 60 °C, time 30 min, multiple rinses in cold water, spinning at
1000 rpm, ready-to-use washing machine program for cotton goods;

e  Air-drying by hanging.
The dried fabric was subjected to the subsequent washing and drying process.
The designations of the tested cotton woven fabrics are shown in Table 1.

Table 1. Designations of the tested dishcloths.

Washing Sample Description

Control-0  control dishcloth made of 100% cotton woven fabric (without modification)
0 dishcloth made of 100% modified cotton woven fabric (before washing)
5 dishcloth made of 100% modified cotton woven fabric (5 washings)
10 dishcloth made of 100% modified cotton woven fabric (10 washings)
20 dishcloth made of 100% modified cotton woven fabric (20 washings)
30 dishcloth made of 100% modified cotton woven fabric (30 washings)
50 dishcloth made of 100% modified cotton woven fabric (50 washings)

The ability of a cotton fabric surface functionalised with photocatalytic compounds to
decompose staining particles was tested. To evaluate the self-cleaning properties, blackcur-
rant nectar containing 25% blackcurrant juice (Hortex Sp. z o0.0., Warszawa, Poland) was
selected. The self-cleaning properties were evaluated according to a procedure described
previously [21,22].

The light reflectance R (%) was measured over a range of 400-700 nm. The self-cleaning
action was evaluated by comparing the RK/S values, colour differences (E*), and colour
changes (AL*, Aa*, Ab*) between irradiated and unirradiated stained samples. K/S values
were determined according to the well-known Kubelka-Munk equation [24]. Finally, the
K/S reduction (Rk/s) values were calculated using the following formula:

R/s) =[1 = (K/S)aw /(K/S)pw)] - 100%

where (K/S)pyy is the value measured for stained samples before UV /VIS light irradiation,
and (K/S)aw is the value measured for stained samples after UV /VIS light irradiation.

Quantitative determination of titanium (Ti) and zinc (Zn) concentrations in the modi-
fied goods before and after multiple washing/drying processes was carried out using the
Inductively Coupled Plasma—-Optical Emission spectrometer ICP-OES (PlasmaQuant PQ
9000, Analytik Jena, Jena, Germany). Before the measurements, 0.2 g of fabric samples were
digested in a two-step procedure using an Anton Paar Multiwave 3000 microwave reaction
system (Anton Paar GmbH, Graz, Austria). The first step was digestion with a mixture of
concentrated acids HNO3 and HF applied together with HyO, (30%) (3:1:1, v/v). The next
step was complexation with a saturated H3BOj3 solution, which complexes free fluoride
ions and facilitates the dissolution of precipitated fluorides.

Based on the Ti and Zn concentrations, the content of the modifier per single modified
dishcloth was calculated according to the following formulas:

Ti02 =1.33- CTi *Myc

ZnPt=4.86 - Cz, - myc

% Rrioa@znpt) = [1 — (TiO2(ZnPt)aw / TiO2(ZnPt)y,y, )] - 100
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where

TiO, and ZnPt are the calculated contents of modifier particles (TiO; or ZnPt) in the
fabric, respectively.

Cri and Cgz, are the quantitatively determined concentrations of Ti or Zn in the fabric,
respectively.

my, is the mass of one dishcloth with dimensions of 50 x 70 cm.

% Rriop(znpy) is the percentage release of modifier particles (TiO; or ZnPt) from the
fabric.

bw and aw refer to measurements taken before washing and after washing, respectively.

Antibacterial and antifungal properties were tested at the Laboratorium Badan
Widkienniczych Wyrobéw Medycznych, Instytut Widkiennictwa, Poland. Antibacte-
rial activity was assessed using the absorption method in accordance with PN-EN
ISO 20743:2013-10 [25] while antifungal activity was assessed in accordance with AATCC
Test Method 100-2004 [26]. S. aureus (ATCC 6538) and E. coli (ATCC 11229) were used for
antibacterial tests, and C. albicans (ATCC 10231) for antifungal tests.

3. Results and Discussion

The objective of the study was to evaluate the durability of self-cleaning and biological
activities in 100% cotton woven fabrics. Cotton fabric was surface functionalised under
industrial conditions using a patented finishing technology and commercial dispersions of
TiO, and ZnPt particles. The concentrations of commercial modifiers were selected after
preliminary studies.

Scanning electron microscopy (SEM) enables observation of the topography of modi-
fied cotton fabric before and after multiple washing and drying cycles. Figures 1 and 2 show
the SEM micrographs (with a magnification of x10,000) of untreated and functionalised
cotton fabric, respectively.

Figure 1. SEM image of untreated fabric (magnification x10,000).

High-magnification SEM imaging of natural fibres, such as cotton, is highly susceptible
to electron-beam-induced thermal degradation and structural loss. To preserve the integrity
of the observed fibre morphology and prevent the formation of artificial artefacts caused
by beam damage, we maintained a magnification level that ensured the most realistic
representation of the surface.

Additional material can be observed on the surface of all modified fabrics (Figure 2a—f)
compared to the unmodified fabric surface (Figure 1). It results from the deposition of
TiO, and ZnPt particles onto the surface of cotton fibres during the padding-squeezing
finishing process. Dozens of particles, almost homogeneously distributed, are observed on
the surface of the modified material before and after 5 washing and drying cycles. However,
the irregular morphology of particle grains may be a consequence of the agglomeration of
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individual modifier particles. As expected, a decrease in the number of modifier particles
on the fibre surface is observed after subsequent washing cycles (from 10 to 50 washings—
Figure 2c—f), resulting from particles leaching out during laundering processes. Several
modifier particles of different sizes and shapes can be seen on the surface of selected fibres
after 10 and 20 washing cycles, whereas only single particles are present on the fibres’
surface after 30 and 50 washing and drying cycles. Also, partial damage to the cotton fibres’
surface can be seen (Figure 2e,f). Unfortunately, the SEM’s magnification did not allow the
entire set of modifier particles present on the fibre surface to be shown.

Figure 2. SEM images of modified fabric (magnification x10,000): (a) before washing, (b) after
5 washing/drying cycles, (c) after 10 washing/drying cycles, (d) after 20 washing/drying cycles,
(e) after 30 washing/drying cycles, and (f) after 50 washing/drying cycles.

To verify the distribution of modifiers on the fibre surface, EDX analysis was per-
formed. Elemental mapping (Figure 3(1,a—c)) confirmed the presence and relatively uni-
form distribution of Ti, Zn, and S across the analysed area of unwashed samples. The Ti
signal showed local areas of higher intensity, which are compatible with the presence of
TiO, agglomerates observed in SEM images.

Quantitative EDX analysis showed surface concentrations of approximately 3.6 wt%
Ti, 0.2 wt% Zn, and 0.2 wt% S for the unwashed sample (Figure 3(2)). After repeated
washing cycles (Figure 3(3)), the surface concentration of Ti decreased significantly (to ca.
0.4 wt%), while S remained at 0.1 wt%, and Zn was below the detection limit. This indicates
significant removal of ZnPt from the fibre surface.

The self-cleaning properties of the finished fabric were evaluated. The colour changes
between irradiated and unirradiated samples were assessed using R s, colour changes
(AL*, Aa*, Ab*) and the colour differences (AE*). The AL* value refers to the difference
in lightness from darker (—AL¥) to lighter (+AL*), whereas Aa*and Ab* values refer to
red/green differences from greener/less red (—Aa*) to redder/less green (+Aa*) and yel-
low /blue differences from bluer/less yellow (—Ab*) to yellower/less blue (+Ab*), respec-
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tively. The K/S value is linearly related to colourant concentration in the fabric, and AE*
determines the total colour differences (the higher the AE* value, the greater the colour
difference). The organoleptic observation of colour changes is not straightforward, as
each observer’s perception of colour is unique. It can be assumed that a typical observer
perceives the colour difference as follows: 0 < AE* < 1 no notice of the colour difference;
1 < AE* < 2 the colour difference noticed by a qualified observer, 2 < AE* < 3.5 the colour
difference is noticed by an unqualified observer, 3.5 < AE* < 5 notice of a clear colour
difference, AE* > 5 impression of two different colours.

B Map Sum Spectrum
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Figure 3. EDX-mapping of modified fabric before washing, (1)—modified fabric, (a)—titanium,
(b) zinc, and (c) sulfur; and EDX spectra of (2)—modified fabric before washing and (3)—modified
fabric after 5 washings.

The results of self-cleaning properties are shown in Table 2. It is indicated, based
on Rg /s and AL* estimations, that all stained samples became lighter after exposure to
UV/VIS light (AL* assumes positive values). It should be noted that all samples modified
after light exposure are considerably lighter than the unmodified ones. An almost 70% K/S
reduction (Rg/g) was observed in the finished fabric after 5 washing cycles, compared to
a ca. 46% reduction on the unwashed modified sample. Enhancement of photocatalytic
properties may result from the removal of larger particles from the fabric surface. The Rg /s
values for all modified samples are ca. 10 times greater (ranging from 9.2 for sample 2 to
13.9 for sample 3) than that of the control one, confirming the decomposition of colour
compounds. Significant colour changes are observed in all samples, but the light-exposed,
modified samples (before and after washing) appear to be two different colours (AE* > 5).
Immense hue shifts from red to yellow (negative a* and positive b* values), resulting from
the photocatalytic degradation of colour compounds, are shown for all finished samples.
On the contrary, the untreated fabric shows only a slight colour difference after UV/VIS
light exposure (AE* ca. 1.8), indicating a lack of photocatalytic properties. However, colour
measurements indicated that the sample was slightly darker, less red, and yellower after
UV/VIS irradiation.
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Table 2. Self-cleaning properties.
Washing Ryg/s (A =540 nm) (%) AE* AL* Aa* Ab*
Control-0 5.0 1.781 -0.707 —0.138 1.629
0 46.15 14.514 4.626 —1.363 13.690
5 69.44 14.760 9.540 —-3.727 10.629
10 53.85 10.507 6.953 —2.335 7.524
20 64.29 13.579 8.973 —4.147 9.311
30 55.26 11.907 7.067 —2.011 9.063
50 55.0 10.487 7.193 —1.434 7.495

Figure 4 shows images of stained samples (control and modified) before and after 2 h
and 15 min of UV /VIS light exposure.

cC

1 | 1-2 1 1-2 1-2

Figure 4. Pictures of stained samples before (top) and after (bottom) UV /VIS light exposure. BI—
before irradiation, A2l—after 2 h and 15 min of irradiation, CC—the degree of change in colour.

Prominent shade changes (significantly yellower and much less red) are visible in
all light-irradiated modified samples, even in fabric subjected to 50 washing/drying cy-
cles. However, the unwashed modified sample appears more lime-green, while samples
subjected to 30 and 50 washes appear bluer. In contrast to AL* estimation, the irradi-
ated stained control sample appears slightly lighter, with a slight shift toward less red,
according to organoleptic assessment. The degree of change in colour (CC) for stained
irradiated samples, according to greyscales, was calculated from colour measurements.
It allows us to eliminate the inaccuracy of organoleptic assessment. The CC parameter
was calculated as the degree of greyscale from 1 (great change in colour—excellent self-
cleaning properties) to 5 (no colour change—lack of self-cleaning properties). The CC for
all finished samples ranged from 1 to 1-2, indicating strong self-cleaning properties of the
modified fabric. In contrast, the CC of the control sample, estimated at 4, indicates a lack of
self-cleaning properties.

Table 3 shows the average concentration of Ti and Zn in cotton fabric determined by
ICP-OES measurements, as well as the calculated amount of modifier in one dishcloth and
the amount of modifier washed out from one dishcloth after washing cycles.

The quantitative results of modifiers concentration in the cotton fabric, as expected,
show a reduction in the content of both modifiers (TiO, and ZnPt) after the subsequent
washing and drying cycles. It can be stated that ca. 54% and ca. 60% of the modifier
particles (TiO, and ZnPt, respectively) deposited on and into cotton fibres were released
from dishcloths during the first 5 washings. Based on our long-term experience with
the evaluation of silver-finished textiles [27,28], we can assume that most of the modifier
particles were released during the 1st washing cycle. We observed similar results during
our previous work [22]. The level of ZnPt particles release (Figure 5) remains almost stable
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(almost no release of ZnPt) from the 20th to 50th washings, whereas a small amount of TiO,
is still leaking out from the cotton fabric during the 5th to 50th washings. The total loss of
TiO, NPs from the dishcloth across all 50 washing cycles is ca. 0.45 g, which represents ca.
78% of the total amount of TiO, introduced into cotton fibres during the finishing process.
In the case of ZnPt, total release amounted to ca. 0.11 g, which constitutes ca. 70% of
the total ZnPt amount in the cotton fabric. Average loss of TiO, NPs and ZnPt modifiers
during subsequent 50 washing and drying cycles throughout a single washing amounts to
ca 0.009 g/1 dc for TiO, NPs and ca. 0.002 g/1 dc for ZnPt. It must be underscored that
the average release of both modifiers during a single wash after the 5th wash amounts
to ca. 0.003 g/1 dc. It should be emphasised that only a small amount of TiO, NPs (ca
0.27 g/m?—amount after 50 washes) gives the fabric surface extremely strong self-cleaning
properties. Although laundering is a major source of NPs emissions into the environment,
the potential impact of sweat and mechanical friction (e.g., Martindale test) remains an
important direction for future evaluation. The duration of skin contact with the kitchen
dishcloth differs from that of direct-wear garments, thereby reducing the potential risk of
exposure. The application of binders or cross-linking agents during the finishing process
could improve the fixation of NPs with the textile structure. This would reduce initial NPs
leaching and extend the lifetime of the items under repeated laundering cycles. Future
research should explore such strategies.

Table 3. Average concentration of Ti and Zn in the cotton fabric as stated by ICP-OES measurement
(mean + SD; n = 3), as well as the calculated amount of modifier in one dishcloth and the amount of
modifier washed out from one dishcloth after repeated washing cycles.

Titanium Zinc
Washing 1 og) 02 R Zn (gikg)  ZOF R
11858 (g/1do) n (gfks (g/1do)

Control-0 0.016 - - 0.012 - -
0 6.20 £ 0.05 0.581 - 0.46 £ 0.01 0.161 -
5 2.84 +£0.12 0.266 0.315 0.19 £ 0.01 0.063 0.098
10 241 +0.01 0.224 0.042 0.23 +0.03 0.077 ~0
20 2.12 +0.03 0.196 0.028 0.12 £ 0.01 0.042 0.035
30 1.68 4+ 0.01 0.154 0.042 0.11 £ 0.01 0.042 0
50 1.36 + 0.01 0.126 0.028 0.13 £0.01 0.049 ~0

R is the amount of modifier released from one dishcloth, calculated after each selected washing cycle relative to
the previous measurements. 1 dc means one dishcloth.

gﬂ 0.50 % ____ iz :é
g 040 % -~ ’ wzZZA TiO, (g/1 dc) %0 %
% 0.30 / EOZP (g/1 dc) 20 g
2 e e
g 0.20 % L 30 §
- 0.10 % [ ?T:

o:oo % % % ;O )

Washing

Figure 5. TiO; NP and ZnPt concentrations on and in the cotton fibres, as stated by ICP measurements
and percentage release of modifiers from textile goods.
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The release of NPs requires a careful evaluation of their environmental and regu-
latory implications. NPs incorporated into commercial products are released into the
environment, and their effects on living organisms, such as plants, should be thoroughly
investigated [29,30]. Their impact depends on particle properties, plant species, and ex-
posure conditions, leading to both beneficial and adverse outcomes [31-33]. While low
concentrations of TiO; can promote seed germination and enhance photosynthesis [34,35],
the negative effects at high levels cannot be neglected and require further investigation [36].

In the case of ZnPt, it should be noted that it is a biologically active substance with
a complex regulatory status in the EU [9]. While its use in cosmetics is prohibited [8], its
application in textiles and industrial applications remains subject to strict regulation. The
present study focuses on material durability rather than on regulatory compliance. As
only the total zinc content was determined, no direct conclusions can be drawn regarding
extractable zinc, which limits the assessment of dermal exposure and compliance with
certification schemes based on extractable substances. However, the observed reduction in
ZnPt content after initial washing cycles suggests the removal of loosely bound particles,
which may be beneficial from a safety perspective.

Our results show the durability of the coating. However, further studies on extractabil-
ity, washing-induced release, and long-term environmental impact are required to fully
assess the safety of this technology.

The antimicrobial properties of functionalised dishcloths, before and after several
washings, are presented in Table 4. The antimicrobial efficacy was assessed as a biostatic
activity A and is interpreted according to ISO 20743 (Annex F) as follows: A < 0.5—lack
of activity; 0.5 < A < 2—slight activity; 2 < A < 3—significant activity; and A > 3—
strong activity. A value of A =1 corresponds to a one-log reduction in the microbial
population [21].

Table 4. Antimicrobial properties against S. aureus and E. coli bacteria strains and C. albicans fungi.

Bacteria Strains

Washing : C. albicans
S. aureus E. coli
0 5.3 4.6 3.6
5 4.0 5.3 3.8
10 52 5.3 35
20 5.3 5.0 3.6
30 2.76 0.69 3.9
50 2.97 1.27 3.5

The modified cotton dishcloths exhibit strong antimicrobial activity against S. aureus
and E. coli strains for up to 20 washing cycles at 60 °C. While significant antibacterial
activity was maintained against S. aureus after 30 to 50 wash cycles, the efficacy against
E. coli weakened significantly (A = 0.69 and 1.27). It must be noted that all functionalised
dishcloths (before and after washings) show strong activity against C. albicans. Furthermore,
at a concentration of only ca. 50 mg ZnPt/1 dc, the system enables strong to excellent
antimicrobial activity against S. aureus and C. albicans, but only slight activity against E. coli.

This study focuses on the assessment of hybrid finishing applied under industrial con-
ditions, rather than on analysing the action of individual components (coatings consisting
solely of TiO, or ZnPt). This approach is important for evaluating functional durability in
an industrial context.

The antimicrobial activity appears to result from two complementary pathways: the
light-induced oxidative stress caused by TiO, and the “dark-active” inhibitory effect of ZnPt.
This combination enables sustained control of microorganisms even when photocatalytic
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activity is limited by light availability. Although the quantitative contribution of each
pathway remains to be determined, the results indicate the presence of a dual-action
mechanism effective in textile applications.

Furthermore, the assessment of the antimicrobial activity of photocatalytic systems
involves methodological challenges that may limit the direct evaluation of photocatalyt-
ically induced antimicrobial effects [37]. In the present study, the standard test methods
(ISO 20743, AATCC 100) do not allow for direct assessment of the antimicrobial activity
induced by photocatalysis. Therefore, while ROS-related processes may contribute to the
overall efficiency of the system, their contribution cannot be directly distinguished under
the experimental conditions used.

4. Conclusions

The results of the study indicate that the deposition of TiO, NPs and ZnPt particles
using the padding-squeezing technique is a simple and effective approach to achieving
photocatalytic and antimicrobial properties in 100% cotton woven fabric and the dishcloths
made of it.

SEM micrographs confirmed that both modifiers (TiO; and ZnPt) remain on the fabric
surface after multiple washing and drying cycles (even after 50 washes). ICP analysis also
validated the presence of modifier particles on and in the cotton fibres. The amounts of
TiO; and ZnPt decreased by 4.6 and 3.3 times, respectively, compared to the initial level.

The results indicate that TiO, /ZnPt finishing provides durable self-cleaning prop-
erties and partial antimicrobial activity after repeated washing cycles. However, antimi-
crobial effectiveness, particularly against E. coli, decreases with increasing numbers of
washing cycles.

From an application perspective, further optimisation is required to improve particle
retention and balance functional performance with safety and environmental considera-
tions. In particular, additional studies on extractable Zn and washing-induced release are
necessary to assess the suitability of ZnPt-treated textiles for practical use.
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