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Abstract

The use of nanomaterials to functionalise textiles offers new opportunities for chemical modification of textile
fibres’ surfaces to achieve multifunctional protective properties. In this study, novel coatings were tailored
on cotton fabric by embedding a mixture of TiO, and ZnO nanoparticles (NPs) of different molar ratios into
a chitosan polymer matrix. The excitation energies of the TiO,+ZnO composites generated in the coatings
ranged from 3.20 eV to 3.25 eV, indicating that the photocatalytic performance of the functionalised cotton
was driven by UV light. The presence of TiO,+ZnO composites increased the UV protection factor (UPF) of the
cotton fabric from 4.2 for the untreated sample to 15-21 for the functionalised samples. The UPF values of the
coatings slightly decreased after repeated washing. The ZnQO in the TiO,+ZnO composites conferred biocidal
activity to the coatings, which were resistant to washing at higher ZnO concentrations. In addition, the TiO,
in the TiO,+Zn0 composites was responsible for the enhanced photocatalytic self-cleaning of the function-
alised cotton, which was observed during the initial period of illumination at lower ZnO concentrations in
the composite. The main advantage of these TiO +ZnO composite coatings is their multifunctionality, which
cannot be provided by single-component TiO, or ZnO coatings. Moreover, these coatings have wide-ranging
practical applications, as they were composed of commercially available nanomaterials and were applied using
conventional pad-dry-cure equipment.

Keywords: titanium dioxide, zinc oxide, chitosan, coating, cotton, UV protection, antimicrobial activity, photo-
catalytic self-cleaning

[zvlecek

Uporaba nanomaterialov za funkcionalizacijo tekstilij ponuja nove moznosti kemijske modifikacije povrsine tekstilnih
viaken za dosego multifunkcionalnih zas¢itnih lastnosti. V raziskavi je bila na bombazni tkanini oblikovana nova
previeka z vgraditvijo mesanice nanodelcev (ND) TiO, in ZnO razlicnih molarnih razmerij v matrico hitozana. Energije
za vzbujanje oblikovanih kompozitov TiO,+ZnO v previeki so bile med 3,20 eV in 3,25 eV, kar pomeni, da je za fotoka-
talitsko delovanje funkcionaliziranega bombaza potrebna UV-svetloba. Prisotnost kompozita TiO,+Zn0 je povecala
UV zascitni faktor (UZF) s 4,2 za neapretiran bombaz na 15-21 za funkcionalizirane vzorce. Vrednosti UZF-previek so se
koncentracijah ZnO pri pranju obstojna. TiO, je kompozitu TiO +ZnO zagotovil izboljSano fotokatalitsko samocistilnost
funkcionaliziranega bombaZa, ki je bila opazna pri zacetnih casih osvetlievanja in pri nizjih koncentracijah ZnO v
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kompozitu. Glavna prednost kompozitnih previek TiO +ZnO je njihova ve¢funkcionalnost, ki je zenokomponentnimi
previekami TiO, ali ZnO ni bilo mogoce doseci. Prevleke imajo Siroko prakticno uporabo, saj vkijucujejo komercialno
dosegljive nanomateriale in so nanesene s konvencionalno opremo za impregniranje, susenje in kondenziranje.

Kliucne besede: titanov dioksid, cinkov oksid, hitozan, previeka, bombaz, UV-zascita, protimikrobna aktivnost, fotoka-

talitska samocistilnost

1 Introduction

In the last decade, the use of nanomaterials for the
functionalisation of textiles has greatly increased, as
they have advantages over classical finishing agents,
including a high surface-to-volume ratio, which sig-
nificantly increases their chemical reactivity and
functionality, even at low concentrations. As inor-
ganic nanomaterials, TiO, and ZnO nanoparticles
(NPs) are of great importance due to their excep-
tional physicochemical and optical properties; they
confer multifunctionality to textile fibres, including
the functions of photocatalytic self-cleaning, anti-
bacterial activity, UV protection, and thermal sta-
bility [1-9]. Both NPs are characterised by thermal,
chemical, and photochemical stability, non-toxicity,
biocompatibility, and a low price.

As metal oxides, TiO, and ZnO are semiconductor
materials with photocatalytic activity under UV ir-
radiation [10-12]. The absorption of UV radiation
is related to the UV protection properties of TiO,
and ZnO. At the same time, the excitation of sem-
iconductors enables the formation of reactive ox-
ygen species (ROS) on the surface of semiconduc-
tors; these are very important for the degradation of
various organic compounds and the antimicrobial
activity of TiO, and ZnO. All of these functional
properties are directly affected by the particle size,
morphology, and concentration. In addition, the
photocatalytic efficiency of semiconductors could
be significantly enhanced and moved into the vis-
ible range through various surface and interface
engineering strategies, including coupling with oth-
er semiconductors to create semiconductor-sem-
iconductor heterojunctions [13, 14]. This offers the
possibility for the chemical modification of textile
fibres with a composite TiO, and ZnO heterojunc-
tion, which would improve the photocatalytic per-
formance of the coating.

The major drawback in tailoring textiles’ function-
alities by using inorganic NPs is their low affinity
to textile fibres. Therefore, in order to increase the
adsorption capacity of NPs and enhance their ad-
hesive force, various approaches have been pur-
sued, such as anchoring NPs to textile fibres with

crosslinking agents or incorporating NPs into the
polymer matrix formed on the fibre surface [15-19].
As a nanocomposite matrix, chitosan has already
attracted attention due to its exceptional properties,
such as its natural origin, non-toxicity, biocompat-
ibility, biodegradability, and low cost [20]. Several
amino and hydroxyl groups in the chitosan polymer
structure are capable of creating electrostatic attrac-
tive and hydrogen bonds that enable the embedding
of various NPs into the polymer matrix [21-32]. The
ability of chitosan to embed semiconductor metal
oxides can make it an effective platform for pho-
tocatalytic performance [21, 28, 32, 33]. Moreover,
since chitosan is known as an absorbent that can
absorb different organic substances by attracting
-OH and -NH, functional groups, this could great-
ly improve the adsorption-photocatalysis process
[32, 34-36].

Considering all of these aspects, the aim of this re-
search was to develop a novel multifunctional coat-
ing on cellulose fibres by embedding a TiO,+ZnO
composite into a chitosan matrix and applying it
to a cotton substrate with the facile pad-dry-cure
process. Recently, the quaternary ammonium chi-
tosan Schiff base was already synthesised and used
for the in-situ synthesis of TiO, and ZnO NPs from
the corresponding precursors with the ultrasonic
irradiation process [37], which limited this research
to the laboratory level. Our idea was to extend this
research by using commercial products and con-
ventional application equipment, thus providing
the possibility for the functionalisation of textiles
at the industrial level, which is of great practical
significance. To investigate the influence of the ra-
tio of concentrations between TiO, and ZnO in
the composite on the functional properties, the
concentration of TiO, was kept constant while the
concentration of ZnO was varied. To determine the
possibility of the formation of a TiO,+ZnO hetero-
junction in the coating, the optical properties of the
composites were investigated. In addition, special
attention was paid to the UV protection, antibacte-
rial activity, and photocatalytic self-cleaning of the
coatings.
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2 Experimental

2.1 Materials

Woven fabric made of 100% cotton in plain weave
with a mass per unit area of 119 g/m? was kindly pro-
vided by Tekstina d.o.o. (Ajdovscina, Slovenia). The
fabric was pre-scoured, bleached, and mercerized.
Commercially available TiO, anatase nanopowder
with a particle size of less than 25 nm and ZnO nan-
opowder with 30 nm particles were purchased from
Sigma Aldrich. Chitosan solution with a viscosity of
159 mPa and a deacetylation degree of 95% was pur-
chased from Chitoclear (Primex, Iceland).

2.2 Functionalisation of the cotton fabric

The chitosan solution was prepared at a concentra-
tion of 0.2% in deionized water in the presence of
1.0% acetic acid. The solution was left for 24 hours
with constant stirring. Then, the TiO, and ZnO
NPs were dispersed in the chitosan solution in the
appropriate ratios by sonicating them for 30 min-
utes with a UP 200St ultrasonicator (Hielscher,
Germany). For this purpose, the concentration
of the TiO, NPs remained constant at 1.0%, while
the concentration of the ZnO NPs varied between
0.5% and 2.0%. For comparison, a single component
of TiO, at 1.0% and 3% and a single component of
ZnO at 3% were dispersed in the chitosan solution,
and a mixture of 1.0% TiO, and 2.0% ZnO was dis-
persed in deionized water without chitosan.

The prepared dispersions were applied to cotton
fabric by using the pad-dry-cure method. The coat-
ing procedure involved the complete immersion of
the cotton samples in the appropriate dispersions at
room temperature, followed by squeezing on a two-
roll padder (Mathis, Switzerland) for a wet pickup
of 85% * 5%, drying at 100 °C for 3 minutes, and
curing at 150 °C for 2 minutes. The samples were

Table 1: Sample codes according to the coatings

then rinsed with distilled water to remove the un-
bound coatings. After rinsing, the functionalised
cotton samples were air-dried. The sample codes
corresponding to the applied coatings are listed in
Table 1.

2.3 Washing procedure

The functionalised cotton samples were washed five
times in a Gyrowash (James Heal, UK). The wash-
ing bath consisted of 2 g/L of nonionic detergent at
a goods-to-liquor ratio of 1:20. Each washing cycle
was performed at 40 °C for 30 minutes. After each
washing cycle, the samples were rinsed twice with
the same amount of distilled water as for the wash-
ing process and left to dry.

2.4 Analyses and measurements
2.4.1 Scanning electron microscopy (SEM) and
energy-dispersive X-ray spectroscopy (EDS)
The morphological characteristics of the studied
cotton samples were examined with a JSM 6060 LV
scanning electron microscope (JEOL, Japan). Prior
to the examination, the samples were coated with a
thin layer of gold to ensure conductivity. The sam-
ples were scanned at a magnification of 2000x.
EDS analysis was performed by using a field-emis-
sion scanning electron microscope (FEG-SEM
Thermo Scientific Quattro S ThermoFischer
Scientific, USA). Sample analysis was performed by
using an Oxford Instruments Ultim Max 65 ener-
gy-dispersive detector (EDS) and the AZtec soft-
ware. The samples were coated with a thin carbon
layer prior to the analysis to provide conductivity
and, thus, improve the quality of the images.

2.4.2  Fourier transform infrared (FT-IR) spectroscopy
Chemical changes in the cotton samples after func-
tionalisation were observed by using an FT-IR

Sample code Functionalisation procedure

CO_UN Untreated cotton sample

CO/Ch+Til Cotton sample functionalised with a mixture of 0.2% chitosan and 1% TiO,
CO/Ch+Til+Zn0.5 | Cotton sample functionalised with a mixture of 0.2% chitosan, 1% TiO,, and 0.5% ZnO
CO/Ch+Til+Zn1 Cotton sample functionalised with a mixture of 0.2% chitosan, 1% TiO,, and 1.0% ZnO
CO/Ch+Til+Znl1.5 | Cotton sample functionalised with a mixture of 0.2% chitosan, 1% TiO,, and 1.5% ZnO
CO/Ch+Til+Zn2 Cotton sample functionalised with a mixture of 0.2% chitosan, 1% TiO,, and 2.0% ZnO
CO/Ch+Ti3 Cotton sample functionalised with a mixture of 0.2% chitosan and 3% TiO,
CO/Ch+Zn3 Cotton sample functionalised with a mixture of 0.2% chitosan and 3% ZnO
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Spectrum 3 spectrometer (Perkin Elmer, UK).
Spectra were recorded between 4000 cm™ and
600 cm™ with a resolution of 4 cm™ and an average
of 120 spectra per sample.

2.4.3  UV-Vis spectroscopy and determination
of the optical band-gap energy )

The transmission spectra of the untreated and func-
tionalised cotton samples were recorded by using
a Lamda 850+ UV/Vis spectrophotometer (Perkin
Elmer, United Kingdom) that was equipped with a
reflection module—a 150 mm integration sphere—
and fully controlled by a computer running the
WinLab 6 UV software. Transmittance (T) was
measured in the wavelength range of 200-800 nm.
Three measurements were made for each sample at
different angles of warp alignment, and the average
value of T at each wavelength was calculated. The
transmission spectra were converted into absorp-
tion spectra by using the following equation:

A= —logT 1)
where A is the absorbance.

From the absorption spectra, the E, values of the
TiO,, ZnO, and TiO,+ZnO coatings on the cotton
samples were determined by using the Tauc rela-
tion, in which the energy-dependent absorption co-
efficient, «, is related to the incident photon energy,
h-v (Reddy 2002, Karkare 2015). This relationship is
expressed by the following equation [38]:

(ahW)™ =K (hv— Ey) )

where K is the absorption constant, h is the Planck
constant, v is the frequency of light, and n is an
index characterizing the optical absorption pro-
cess. The latter is equal to two for the direct band-
gap transitions proposed for TiO, and ZnO [38].
According to the Tauc method, the value of E, was
graphically determined from the Tauc plot as the
value of the photon energy obtained when the linear
part of the plot was extrapolated to a = 0.

2.4.4 UV protection properties

The UV protection properties of the untreated and
functionalised cotton samples were determined
according the EN 13758-1: 2001 standard by meas-
uring the UV transmission spectra (Section 2.4.3).
The main values of T were calculated at wavelengths

of 315-400 nm (UVA), 290-315 nm (UVB), and
290-400 nm (UVR). The ultraviolet protection fac-
tor (UPF) was calculated as follows:

UPF = LINEWN) - e(D) - AL

ORI E) - e(A) - T(A) - AL &)

where E(A) is the solar spectral irradiance, €()
is the relative erythemal effectiveness, A(A) is the
wavelength interval, and T(A) is the spectral trans-
mittance at the wavelength A. The UPF rating and
protection categories were determined from the
UPF values, which were calculated according to
the Australian/New Zealand Standard for Sun-
Protective Clothing—Evaluation and Classification
(AS/NZS 4399, 2020), where UPF values of 15- cor-
respond to the “minimum protection” category,
UPF values of 30- correspond to the “good protec-
tion” category, and UPF values of 50- correspond to
the “excellent protection” category.

In addition, the reflection (R) of the samples in the
wavelength range of 250-450 nm was also recorded.

2.4.5 Antibacterial activity
The antibacterial activity of the untreated and func-
tionalised cotton samples against the Gram-positive
bacteria Staphylococcus aureus (S. Aureus; ATCC
6538) and the Gram-negative bacteria Escherichia
coli (E. Coli; ATCC 25922) was evaluated by using
the AATCC 100-2012 method. First, the samples
were cut into a circular shape of 4.8 + 0.1 cm in di-
ameter. Then, a sufficient number of samples were
used for the complete uptake of 1 mL of inoculum.
After 24 hours of incubation at 37 °C, the samples
were washed with neutralizing solution and vig-
orously shaken for one minute. Serial dilutions of
the liquid were then prepared and spread on nutri-
ent agar. After incubation, the number of bacterial
colonies per sample was determined. The bacterial
reduction (R) was calculated by using the following
equation:
r=59 100 )
B
where B is the number of bacterial colony-forming
units (CFU) recovered from the inoculated untreat-
ed control samples in the jar at an incubation time
of 24 hours, and C is the number of bacteria recov-
ered from the inoculated functionalised test sam-
ples in the jar at an incubation time of 24 hours.
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2.4.6 Photocatalytic self-cleaning activity

The photocatalytic self-cleaning activity of the
untreated and the functionalised samples was
determined based on the photodegradation of a
Rhodamine B (RhB) dye under simulated sunlight.
For this purpose, the samples were immersed in
the RhB solution for 30 seconds and then air-dried
and illuminated for five hours at 35 °C and 70%
humidity in a Xenon Alpha device (Atlas, USA)
equipped with a visible xenon arc lamp (radiation
attitude: 0.8-2.5 kVA; extended radiation range:
300-400 nm). Before and after each hour of illumi-
nation, the colour coordinates L* a* b* and Y in the
CIELAB colour space were determined for the stud-
ied samples by using a Datacolor Spectro 1050 spec-
trophotometer (Datacolor, USA). Measurements
were performed with a 9 mm aperture under D65
illumination and an observation angle of 10°. Ten
measurements were performed for each sample, and
the colour difference (AE;) was calculated by using
the following equation [39]:

AE}, = +/(AL)? + (Aa*)? + (Ab*)? (5)

where AL*, Aa* and Ab* are the differences in the
lightness, green-red, and blue-yellow colour coor-
dinates, respectively, calculated between the illumi-
nated and non-illuminated samples. Colour fading
in the samples due to the photodegradation of the
RhB dye was also estimated from the Y coordinate,
which was the luminance and represented the per-
ceived brightness. The efficiency of colour fading
was calculated as the ratio of Y/Y,, where Y, and Y,
represent the Y coordinates before and after a cer-
tain irradiation time, respectively.

Figure 1: SEM images of the untreated (a) and functionalised cotton samples: CO/Ch+Til (b), CO/Ch+Til+Zn0.5

3 Results and discussion

3.1 Morphological and chemical properties
The morphological properties of the untreated and
functionalised cotton samples are shown in Figure
1. In the SEM images, it is evident that compared
to the untreated cotton sample, the application
of TiO, and ZnO NPs increased the roughness of
the fibres, as there were visible agglomerates of
both TiO, and ZnO NPs on the fibre surface. It is
also evident that the number of NPs on the fibre
surface increased when the concentration of ZnO
NPs in the dispersion was increased from 0.5%
to 2%. The comparison of the CO/Ch+Ti3 and
CO/Ch+Zn3 samples showed that at the same con-
centration of 3.0% in the dispersion, the loading of
ZnO NPs was higher than that of TiO, NPs, with
agglomerates of a smaller size being uniformly
distributed in the chitosan matrix on the surface
of the cotton fibres. The presence of TiO, and ZnO
NPs on the surface of the cotton fibres was con-
firmed by the EDS analysis (Figure 2), as character-
istic peaks were observed at 0.5, 4.5, and 4.9 keV for
TiO, and at 1.0, 8.6, and 9.4 keV for ZnO in the CO/
Ch+Til+Zn2 sample.

The chemical characteristics of the untreated and
functionalised cotton samples were investigated by
using FT-IR analysis, and the results are shown in
Figure 3. The ATR spectra of all samples, regard-
less of the chemical modification, exhibited the
bands characteristic of the fingerprint of cellulose
fibres and adsorbed water [40, 41]. Thus, the band
at 2890 cm™ was attributed to the valence vibration
of the CH, and CH, groups, the band at 1640 cm™!
corresponded to the deformation vibration of the

b <
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(c), CO/Ch/Til+Znl (d), CO/Ch+Til+Znl.5 (e), CO/Ch/Til+Zn2 (f), CO/Ch+Ti3 (g), and CO/Ch/Zn3 (h)
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Figure 2: EDS spectrum (a) and element mapping images of C, O, Zn, and Ti (b) in the CO/Ch/Til+Zn2 sample

OHO groups, the band at 1160 cm™ correspond-
ed to the asymmetric valence vibration of the C-C
groups, the band at 1100 cm™ was attributed to the
asymmetric valence vibration of the C-O-C groups,
the band at 1052 cm™ was attributed to the asym-
metric stretching of the glycosidic ring, the bands
at 1025 cm™ and 997 cm™ were attributed to the
valence vibration of the C-OH groups of the sec-
ondary and primary alcohols, respectively, and the
band at 900 cm™ corresponded to the asymmetric
valence vibration of the C-O-C, groups. For the
functionalised CO/Ch+Ti3, CO/Ch+Zn3, and CO/

Ch+Til+Znl samples, no characteristic bands of
TiO, and ZnO were detected, indicating the ab-
sence of chemical interactions of these NPs with the
functional groups of cotton cellulose [41]. For these
samples, the typical band of N-H bending of the
amino groups of chitosan at 1580 cm™ could not be
detected, as the concentration of chitosan was too
low (0.2%). Moreover, the band at 1601 cm™, which
was characteristic of the C=0 group of the amide
group, was blurred by the vibrations of the cellulose
macromolecules [40].
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Figure 3: IR ATR spectra of the untreated cotton sample (CO_UN) and the chemically modified
CO/Ch+Til+Znl, CO/Ch+Ti3, and CO/Ch+Zn3 samples in the spectral region of 4000-600 cm™*
(a) and in the spectral region of 1700-1180 cm™ (b)
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3.2 Optical properties

The influence of the presence of the coatings on
the optical properties of the functionalised cotton
samples is shown in Figure 4. From the absorption
spectra (Figure 4a and 4b), it can be seen that the ab-
sorption of UV radiation was significantly increased
for all of the functionalised samples compared to the
untreated cotton sample, which was attributed to the
presence of TiO, and ZnO NPs, which are known to
be effective UV absorbers. A comparison of the CO/
Ch+Til and CO/Ch+Ti3 samples (Figure 4a) shows
that increasing the TiO, concentration from 1% to
3% in the dispersion did not significantly change
the absorbance of the functionalised cotton sam-
ples. Moreover, a comparison of the CO/Ch+Ti3 and
CO/Ch+Zn3 samples with the same 3% NPs in the
dispersions reveals that the absorption efficiency of
TiO, in the UVA region from 320 to 400 nm was
significantly lower than that of ZnO. For the cotton

2.01
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=t 1.0
0.5 -
0.0 T T T |
250 350 450 550 650
A (nm)
--CO UN —— CO/Ch+Til
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= = CO/Ch+Til+Zn2 = = CO/Ch+Ti3
~— CO/Cht+Zn3

9]

samples with TiO,+ZnO composites (Figure 4b), the
absorption in the entire UV region was lower than
that of the samples with single-component TiO, or
ZnO coatings. It is also evident that increasing the
concentration of ZnO NPs in the TiO,+ZnO com-
posite beneficially affected the absorption efficiency
of the samples in the UVA region.

The Tauc plots (Figure 4c) and the calculated values
of Eg (Figure 4d) show that the excitation energies of
TiO, and ZnO were 3.25 eV and 3.20 eV, respective-
ly, and that the energies required for the excitation
of the TiO,+ZnO composites were between 3.20 eV
and 3.25 eV. All of these estimated excitation ener-
gies were those of UV rays, and there was not a ba-
thochromic shift in the absorption of the TiO,+ZnO
composites to visible light. This clearly indicated that
the simple mixing of TiO, and ZnO NPs in the dis-
persion was not sufficient to form a heterojunction
with visible-light-driven photocatalytic performance.
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Figure 4: Absorption spectra of the untreated and functionalised cotton samples (a, b);
Tauc plots of the representative samples (c) and E, values of the functionalised cotton sample
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3.3 UV protection properties

Since the UV protection properties were directly
related to the transmission of UV rays through the
cotton fabric, the transmission and reflection spec-
tra of the untreated and the functionalised cotton
samples were recorded, and the results are presented
in Figure 5 and Table 2. The results clearly show that
the presence of all coatings significantly reduced the
transmittance and the reflectance of the cotton fab-
ric. Since the transmittance of the CO/Ch+Ti3 and
CO/Ch+Zn3 samples was very similar in the UVB
region (280-320 nm), the transmittance in the UVA
region of the CO/Ch+Zn3 sample was much low-
er than that of the CO/Ch+Ti3 sample, which was
beneficial for UV protection. In addition, the CO/
Ch+Ti3 sample also exhibited lower transmission
of UV rays than that of all cotton samples with the
TiO,+ZnO composites. Since the lower transmission
of UV rays through the functionalised cotton sam-
ple was accompanied by lower UV light reflection,
this indicated that the UV-blocking mechanism of
TiO, and ZnO was based on the absorption of UV
rays. These results are in good agreement with the
absorption spectra (Figures 4a and 4b).

The lower the transmittance of the cotton fabric for
UV rays, the higher the UPF value. The results in
Table 2 show that the UPF value of the untreated
cotton sample was very low, indicating insufficient
protection against UV radiation. The CO/Ch+Til,
CO/Ch+Ti3, and CO/Ch+Zn3 samples provided
good protection against UV radiation, with UPF
values of 32.3, 32.4, and 39.2, respectively. Since
the transmission of UV rays through the samples
with the coatings of the two-component TiO, and
ZnO NPs was generally high compared to that of
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— ~ CO/Ch+Til+Zn2 - - CO/Ch+Ti3 —— CO/Ch+Zn3
a)

the cotton samples with the single-component TiO,
or ZnO coatings, their UPF values were lower—as
expected—and were in the range of 15-25, which
is described as providing minimum protection.
After five repetitions of washing, the UPF values
of all functionalised samples decreased, indicating
that the functionalisation of the cotton fibres was
not permanent, that the chitosan matrix did not
chemically bind the TiO, and ZnO NPs to the cot-
ton fibres, and that they gradually released from the
samples during the washings. These results are con-
sistent with the results of the FT-IR analysis.

3.4 Antibacterial activity

The reduction in bacterial growth in the functional-
ised cotton samples compared to the untreated cot-
ton sample is shown in Figure 6. It was found that
even at the highest concentration of 3% in the dis-
persion, TiO, could not provide a sufficient reduc-
tion in both the Gram-positive bacteria S. aureus
and the Gram-negative bacteria E. coli. Accordingly,
the CO/Ch+Til and CO/Ch+Ti3 samples did not
exhibit antibacterial properties. In contrast, the
addition of ZnO to the TiO, and ZnO mixture
dramatically increased the antibacterial activity of
the functionalised cotton samples and reduced the
growth of both bacteria by 100%, even at the low-
est concentration of 0.5% ZnO. Increasing the ZnO
concentration from 1.0% to 2.0% had a beneficial
effect on the durability of the antibacterial prop-
erties of the samples, resulting in a 100% bacterial
reduction after five repeated washings for the CO/
Ch+Til+Znl, CO/Ch+Til+Znl.5, and CO/Ch+
Til+Zn2 samples. Similar results were also ob-
tained for the CO/Ch+Zn3 sample. Although these
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Figure 5: Transmittance (a) and reflectance (b) versus wavelength for the untreated and chemically modified samples
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Table 2: The arithmetic mean of T in the UVA, UVB, and UVR ranges and the UVR protection categories for the
untreated and functionalised cotton samples according to the Australian/New Zealand Standard Sun-Protective
Clothing—Evaluation and Classification—before and after five repetitions of washing

Number of UVR protection
0, [V [V

Sample washings | T(UVA) (%) | T(UVB)(®%) | T(UVR)(%) | UPF catogory )

0 30.0 21.3 28.0 4.2 NR
CO_UN

5 28.2 18.6 24.8 5.8 NR

0 12.5 2.21 10.1 32.3 G
CO/Ch+Til

5 19.9 4.9 16.1 15.4 M

0 14.6 5.0 12.4 17.1 M
CO/Ch+Til+Zn0.5

5 17.8 4.7 14.7 11.7 NR

0 16.11 6.14 13.8 15.6 M
CO/Ch+Til+Znl

5 21.8 10.3 19.1 8.4 NR

0 12.7 4.5 10.8 18.7 M
CO/Ch+Til+Znl.5

5 22.1 10.5 19.5 8.2 NR

0 9.8 4.3 8.5 20.8 M
CO/Ch+Til+Zn2

5 18.5 8.2 16.1 10.5 NR

0 12.0 2.5 9.8 32.4 G
CO/Ch+Ti3

5 16.8 3.8 13.8 19.9 M

0 6.7 2.3 5.7 39.2 G
CO/Ch+Zn3

5 11.9 5.8 10.5 15.5 M

Y NR - non rateable, M - minimum protection, G - good protection, E - excellent protection

results could not be directly compared with those
obtained by Rafaee et al. [37], who synthesised two
TiO,/ZnO nanocomposites with different molar ra-
tios of TiO,:ZnO, a similar trend could be found, as
the ZnO-rich TiO,/ZnO nanocomposite provided
better antibacterial activity than that of the TiO,-
rich one. However, in that study, no single-compo-
nent nanocomposites were used as references.
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3.5 Photocatalytic self-cleaning

The photocatalytic self-cleaning properties of the
functionalised samples were determined based on
the photodegradation of RhB dye in the function-
alised samples in comparison with the untreated
cotton sample after different illumination times
(Figure 7). The results show that increasing the il-
lumination time caused the photodegradation of
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Figure 6: Bacterial reduction, R, of the functionalised cotton samples against S. aureus (a)
and E. coli (b) before (0 W) and after five (5 W) washings
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the RhB dye in all samples, including the untreat-
ed one, resulting in an increase in the AE}, value
(Figure 7a), as well as a fading of the colour (Figure
7b). It can also be seen that the CO/Ch+Til and CO/
Ch+Ti3 samples exhibited the highest photocata-
lytic self-cleaning efliciency, resulting in a drastic
colour change in the RhB dye after the first hour of
illumination. The higher the TiO, concentration, the
greater the colour change. The results also showed
that the degradation of the RhB dye in the CO/
Ch+Til and CO/Ch+Ti3 samples was completed after
3 hours of illumination, which meant that the colour
could not fade further with a longer illumination
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time. Figure 7a also reveals that ZnO alone in the
CO/Ch+Zn3 sample did not show any photo-
catalytic performance. This was likely the rea-
son for why the presence of ZnO in the mixture
with TiO, hindered the photocatalytic self-clean-
ing of the coatings in comparison with the sin-
gle-component TiO, coatings. While photocata-
lytic self-cleaning properties were observed for the
CO/Ch+Ti1+Zn0.5 and CO/Ch+Til+Znl samples in
the initial phase of illumination, this phenomenon
was less pronounced for the coatings containing ZnO
in higher concentrations (the CO/Ch+Til+Zn1.5 and
CO/Ch+Til+Zn2 samples).
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Figure 7: The colour difference (A), (a), and Y coordinate ratio (b) between the samples stained with the RhB
dye and illuminated for different periods of time and the stained unilluminated samples

In contrast to all functionalised samples, the colour
change in the untreated cotton sample gradually
increased during the illumination period, resulting
in an increase in the AE}, value, which even exceed-
ed the AE}, value determined for the CO/Ch+Til
sample. However, a look at the digital images of the
samples in Figure 8 reveals that after five hours of
illumination, the untreated cotton sample (CO_
UN) stained with the RhB dye was more intense-
ly coloured than the CO/Ch+Til and CO/Ch+Ti3
samples, as well as the CO/Ch+Til+Znl and CO/
Ch+Til+Zn2 samples. To find the reason for these
AE;, and Y values in Figures 7a and 7b, the colour
coordinates CIE a* and CIE b* of the dyed samples
were examined (Figure 9). The results show that
both colour coordinates (CIE a* and CIE b*) of the
functionalised samples were significantly different
from those of the untreated sample even before il-
lumination and that after illumination, the differ-
ences in the CIE a* and CIE b* values were signif-

icantly smaller than those of the untreated sample.
This phenomenon was particularly evident for the
CIE b* coordinate, which represents the yellow-
blue axis. While the CIE b* value of the untreated
sample changed from more to less blue during the
illumination, the CIE b* coordinates of the CO/
Ch+Til and CO/Ch+Ti3 samples were negative and
very close to zero, and they hardly changed with
the illumination time. This indicated that the col-
our was more greyish, which was also consistent
with the Y coordinate, which actually decreased af-
ter three hours of illumination. This clearly affected
the value of AE},. Figure 8 also shows that the af-
finity of the RhB dye for the CO/Ch+Til and CO/
Ch+Ti3 samples was significantly higher than for
the untreated cotton sample and the samples with
coatings that included ZnO, resulting in a higher
colour yield. However, the colour of these samples
faded almost completely after only one hour of
illumination.
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CO/Ch+Ti1
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Figure 9: CIE a* (a) and CIE b* (b) of the samples stained with RhB dye
before and after different illumination times

4 Conclusion

In summary, a novel and facile method was developed
for the preparation of a multifunctional coating on a
cotton fabric consisting of a TiO,+ZnO composite
embedded in a chitosan matrix. Although the simple
mixing of commercial TiO, and ZnO NPs in a disper-
sion was not sufficient to form a heterojunction with
enhanced photocatalytic performance, the presence
of both TiO, and ZnO in the coating conferred mul-
tifunctional properties to the cotton fibres that could
not be achieved with single-component TiO,/chitosan
and ZnO/chitosan coatings. Namely, the coatings si-
multaneously exhibited the following functionalities:

o Minimum UV protection properties that were
less effective than those of the single-component
TiO,/chitosan and ZnO/chitosan coatings.

« Bactericidal activity due to the presence of ZnO,
which could not be achieved even at the high-
est TiO, concentration in the single-component
TiO,/chitosan coatings.

o The improved photocatalytic self-cleaning,
which was not as effective as that in the sin-
gle-component TiO2/chitosan coating but was
much more effective than that in the single-com-
ponent ZnO/chitosan coating.

The use of commercially available TiO, and ZnO

NPs, chitosan, and the pad-dry-cure application
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process with conventional equipment enables the
functionalisation of textiles on an industrial scale,
which is of great practical significance.
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