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ARTICLE INFO ABSTRACT

Handling Editor: Dr P. Vincenzini In the present study, we report the synthesis and application of ZnFe;04/SiO»-TiO2 nanocomposites with non-
stoichiometric content of Fe to Zn used for the first time for the preparation of new generation trifunctional
paints with self-cleaning, biocidal and magnetic properties. Currently, there are no compositions on the market
for obtaining protective coatings in the form of paint, which simultaneously exhibit biocidal, magnetic and self-
cleaning - photocatalytic properties. The effect of Zn:Fe content on the antimicrobial, magnetic and self-cleaning
properties of obtained modified paints was investigated. Furthermore, the non-stoichiometric zinc ferrite in
combination with TiO, allowed to create of a surface that inhibits microorganisms’ growth. Self-cleaning
properties were studied in the reaction of dye - neutral red degradation. The commercial white paint was not
photocatalytic active. Paint modification with nanocomposites based on ZnO/ZnFez04 and TiO resulted in the
effective degradation of natural red dye. The highest dye removal efficiency was observed for the sample con-
taining ZnFey04/Si0-TiO, particles with a non-stoichiometric 1:2 (Fe: Zn) molar ratio. Trifunctional paints with
photocatalytic, magnetic and biocidal properties are a novelty in building products. The composition can be
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applied to protective and decorative layers, giving magnetic, biocidal and self-cleaning properties.

1. Introduction

In the last few decades, indoor air quality IAQ (Indoor Air Quality)
has become one of the most important factors determining health,
comfort and well-being because people spend most of their daily time
indoors, where they are routinely exposed to indoor pollutants.

According to World Health Organization (WHO), around a third of
the global population is exposed to dangerous levels of household air
pollution while using inefficient stoves fuelled by kerosene, biomass and
coal [1]. The indoor air quality is influenced by outdoor pollutants
associated with vehicular traffic and industrial activities, which can
enter by infiltrations and ventilation systems. Moreover, indoor pollut-
ants originate inside the building from cleaning products, furnishings,
central heating, electronic equipment, and kinds of activities undertaken
by users, such as cooking, frying, using candles and incense, smoking
tobacco, and burnings fuels [2,3]. Making buildings more energy effi-
cient will contribute to the sealing of windows and doors and result in
the accumulation of indoor pollutants and air stagnation; as a
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consequence increase in IAQ is observed.

The most abundant groups of indoor air pollutants are chemical
compounds (e.g., nitrogen oxides, carbon oxides, volatile organic com-
pounds, formaldehyde, phthalates, nitrosamines, polycyclic aromatic
hydrocarbons, particulate matter) or biological agents, including vi-
ruses, bacteria, fungi in particular filamentous fungi (mould), parasites
or parts of a plant, which can induce adverse human health impacts [4,
5]. Some toxigenic moulds growing in damp indoor spaces also pro-
duced mycotoxins — secondary metabolites with diverse structures. All
of them pose a health hazard to humans and animals [6]. The chemical
and biological contaminants contribute to sick building syndrome (SBS),
defined as a condition in which occupants in a building suffer from
symptoms such as irritation of the eyes, nose, and throat, headache,
dizziness, and fatigue [7]. Prolonged exposure to indoor air pollutants
can trigger symptoms of asthma or allergies. Moreover, air pollution is
the cause and aggravating factor of many respiratory diseases like
chronic obstructive pulmonary disease (COPD), lung, laryngeal or
nasopharyngeal cancer and skin diseases, e.g. mycoses. A higher
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proportion of individuals presenting mentioned symptoms are infants,
the elderly, a person with chronic disease, and most urban dwellers of
any age [8]. Therefore, the removal of indoor air pollutants is crucial to
prevent health issues.

Furthermore, microorganisms growing on building materials cause
physical and chemical damage referred to as biodetortiation. The highly
susceptible to microbial growth are organic building materials con-
taining cellulose, e.g., paints, varnish coatings, and plasters [9,10]. The
best biocides are chemical compounds with a broad spectrum of activity
on various species of microorganisms, such as bacteria, fungi or other
microorganisms [11]. The nanotechnology, and more specifically,
nanocomposite formulations with strictly defined sizes and shapes of
nanoparticles, resulted in the preparation of nanomaterials with anti-
microbial properties [12-15]. The first reports on nanoparticles appli-
cation in paint to prevent the settlement and growth of different
biofouling organisms with a reduced negative effect on the environment
appeared in 2006 when Nyden et al. received a patent on a method for
application of Cu, ZnO, TiOs, CuO nanoparticles as biocides in paints
[16]. The paint consists of a composition based on imidazoles bound to
metallic nanoparticles with a developed surface area for the adsorption
of pathogenic microorganisms.

Heterogeneous photocatalysis is one of the most promising methods
of air pollutants degradation and surface disinfection [17,18]. At pre-
sent, titanium (IV) oxide is the most extensively studied and widely
applied material with photocatalytic properties because it is relatively
inexpensive and has a high oxidation potential [14]. It is also worth
mentioning the excellent photostability, photoactivity and super-
hydrophilicity compared to other materials [19]. Photocatalytic TiOa--
based products, such as plasters, coatings, paints, concretes, floors, and
tiles, have wide applications in many construction market segments
[14]. The materials mentioned above possess the properties of air
pollution removal and self-cleaning [15,17,20-22].

However, TiOy exhibits one fundamental disadvantage - it can be
activated only by UV light due to its absorption edge below 400 nm.
Therefore, over the past few decades, many modifications like dye
sensitisation and doping with metal and metal oxide or non-metal anions
have been proposed to improve TiOy activity and sensitivity under
visible light [23-25]. Overcoming the limitations of titanium (IV) oxide
has led to broadening the scope of offered products. Jiang et al. [25]
obtained nano-TiO; coated glasses modified by doping with N, F, and Fe
ions. The slides prepared were used for the degradation of air pollutants
in visible light. The TiOp-modified glass exhibited superhydrophilic
properties for self-cleaning applications. New generation of photo-
catalytic paints for indoor applications could help improve air quality
and allow the creation of surfaces that kill or inhibit the growth of mi-
croorganisms. Analysing the construction market, one can notice a gap
in which hybrid paints are missing, with the property of simultaneously
removing indoor air pollutants, magnetic and biocidal properties.

In this regard, the aim of the present study was the synthesis and
application of ZnO/ZnFe;04/Si0,-TiO, nanocomposites used for the
first time for the preparation of trifunctional paints with self-cleaning,
biocidal and magnetic properties. The photoactivity and biocidal prop-
erties of two new TiOg-based paints and one commercial under natural
indoor light were investigated. The method of preparation of magnetic
photocatalytic composites with a controlled core-interlayer-coating
structure allows the functionality of a magnetic core with a silica
interlayer and a TiOy photocatalytic layer. The ferrite particle may
interact with silica, while TiO5 nanoparticles may interact with silica
particles embedded in the ferrite core [26]. The application of zinc
compounds, which are safe for humans and animals and widely used in
pharmacy [27] and cosmetology [28], provided the composite with
biocidal (ZnO) and magnetic (ZnFeyO4) properties. Furthermore,
ZnFe;04 as a zinc spinel ferrite at the nanoscale reveals super-
paramagnetic properties, providing the coating magnetic properties
[29]. Introducing a silica layer in the ZnO/ZnFe;04/Si02-TiO2 com-
posite structure enhanced paint dispersion and increased the adhesion of
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pollutant particles on the surface of the self-cleaning layer, enabling
photodegradation of the organic pollutants and microorganisms. The
effect of Zn: Fe content on the antimicrobial, magnetic and self-cleaning
properties of obtained modified paints was investigated.

2. Materials and methods
2.1. Materials

Commercial TiO5 P25 (mixture of the crystalline phases: anatase and
rutile, Sggr = 50 ng’l, particle size: 20 nm) was provided by Evonik
(Germany). Zinc (II) chloride, iron (II) sulfate heptahydrate, and sodium
hydroxide were purchased from Aldrich.

2.2. Synthesis of ZnFe;04

Firstly, to obtain zinc ferrite particles, FeSO407H>0 and ZnCly were
dissolved in non-stoichiometric 1:2 (Fe: Zn) and 1:1.5 (Fe: Zn) molar
ratio in deionised water under stirring (500 rpm) for 30 min. Afterwards,
the metals were precipitated from the homogenous solution by adding 5
M NaOH at room temperature to a pH of 10. The reaction mixture was
hydrothermally treated in an autoclave at 200 °C for 5 h. Subsequently,
the solid product of the reaction was magnetically separated and puri-
fied with deionised water several times. The final product was dried to
dry mass. The proposed method of synthesis allows to obtain hybrid
nanocomposites of nanometric sizes.

2.3. Synthesis of ZnFe204/Si05-TiO2 nanocomposite

In the next synthesis step, the nanoparticles were re-dispersed in a
mixture of 0.1 M Triton X-100, cyclohexane, isopropanol and water.
Then, tetraethyl orthosilicate (TEOS) was added to the suspension to
obtain a silica layer and ammonia water as a precipitating agent. The
molar ratios of TEOS to ZnFe204 and NH40H to TEOS were equal to 8:1
and 16:1, respectively. The pH of the mixture was reduced below 5, and
TiO4 P25 was added. The content of zinc spinel ferrite to TiO2/SiO5 was
20 % by weight. Then, the obtained suspension was magnetically
separated, washed with acetone and deionised water, and dried at 70 °C
to dry mass. The obtained ZnO/ZnFe;04/SiO»-TiO, composite was
calcined at 400 °C for 2 h.

2.4. Preparation of bio-photo-magnetic paint

Bio-Photo-Magnetic paint was prepared according to the scheme
presented in Fig. 1. The commercial white paint and powder composite
of ZnO/ZnFe504/Si0,-TiO, were mixed with a mechanical stirrer in the
proportion of 3 g of composite for 50 dm® of paint.

2.5. Characterisation of materials

Firstly, the phase structure of the ZnO/ZnFe504/Si02-TiO2 compos-
ites was analysed with the powder X-ray diffraction (XRD) method using
Rigaku MiniFlex 600 X-ray diffractometer (Rigaku Corporation, Tokyo,
Japan). The patterns were obtained in step-scanning mode (A20 =
0.01°) in the range from 10° to 80° 26. Nitrogen adsorption-desorption
isotherms were analysed using the Micromeritics Gemini V instrument.
Diffuse reflectance spectra (DR) in the 300-800 nm range were
measured using ThemoScientific Evolution 220 Spectrophotometer
(Waltham, MA, USA) equipped with PIN-757 integrating sphere. The
composite surface morphology was examined by scanning electron mi-
croscopy (SEM) using SEM Microscope FEI Quanta FEG 250. The mag-
netic properties of coated ferrite nanocomposites were investigated
using the Physical Properties Measurements System (Quantum Design,
San Diego, CA, USA) at 293 K and in the range of 0-3 T.

The surface area was determined using the BET isotherm method
(Brunauer, Emmett and Teller) using the Micromeritics Gemini V
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Fig. 1. Schematic illustration of the preparation method of bio-photo-magnetic paint.

apparatus. The analysed samples, weighing 0.3 g, were degassed for 2 h
at 200 °C in the Micromeritics FlowPrep 060. Then, the amount of
adsorbed nitrogen on the surface of the photocatalysts was determined.
Adsorption occurred at a temperature of 77K, the boiling point of liquid
nitrogen. The carrier gas in the system was helium. Changes in the
thermal conductivity of the gas mixture reflect changes in the adsorption
and desorption processes. From the determined adsorption isotherm
using the Brunauer, Emmett and Teller equation, the specific surface
area of the tested nanocomposites was calculated according to the
equation:

x 1 K-1

a(l —x) amK+ a,K .

where: x - relative pressure in the range of 0.04-0.05; am - capacity of
the absorption monolayer, K - adsorption equilibrium constant.

2.6. Self-cleaning properties of trifunctional paints

Transparent plastic foils, in the shape of squares with a side of 5 cm,
were covered with zinc ferrite (sample S1 and S2), modified paints
containing nanocomposite particles (samples S3 and S4), and a sample
of white paint (sample SO, which served as a reference sample). The
samples prepared in this way were placed in the dye solution for 45 min,
dried at 40 °C and irradiated. Photocatalytic degradation of natural red
dye was performed using a 300W Xenon lamp emitting UV-vis light. The
degradation of the dye was calculated from the reduction in absorption
intensity of natural red dye in the concentration ¢ = 0.02 % at a fixed
wavelength kpaxy = 550 nm. The degradation efficiency was then
calculated as given in PD = %* 100%, where Cj is the initial con-
centration of the natural red and C is the concentration after irradiation
at given time intervals. The total irradiation time was 120 min.

2.7. Antimicrobial properties of trifunctional paints

The antimicrobial properties of paints were determined using Gram-
negative bacteria Escherichia coli K12 (ATCC 29425) and Gram-positive
bacteria Staphyloccocus epidermidis (ATCC 49461). The test microor-
ganisms were cultivated in two types of liquid media — nutrient broth
(NB) for E. coli and Brain-Heart Infusion (BHI) for Staphylococcus epi-
dermidis and incubated for 24 h at 37 °C Then test culture was diluted
using 0.85 % sterile sodium saline buffer to the final concentration 0.5 in
McFarland standard to a final concentration approx. 1.5 x 10° CFU/ml
The experiments were carried out according to ASTM E2149-01: Stan-
dard test method for determining the antimicrobial activity of antimi-
crobial agents under dynamic contact conditions with some
modifications [30]. For the antibacterial performance examination, the
sheets of paper covered by paints or sheet paper (as negative control)
were cut into small pieces and 1.0 + 0.1 g were transferred into a sterile
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250 mL screw-cap Erlenmeyer flask for each treated (paper covered by
paints) and untreated specimen (uncovered by paints). Then, 50 + 0.5
mL of working dilution of bacterial inoculum prepared flask. The flasks
were placed on the wrist-action shaker and were shaken for 1.0 h + 5
min. The experiments were carried out under visible (one bulb 300 W,
OSRAM Ultra Vitalux, Poland) irradiation placed about 15 cm from the
flask and under dark conditions. The radiant flux was monitored with a
radiation intensity meter LB901 (Lab-EL, Poland) equipped with CM3
and PD204AB Cos sensors. Immediately serial dilute and plate each
sample out in triplicate, as was done for the “0” contact time subgroup.
The samples were collected after 0.5 and 1.5 h. Serial tenfold dilutions
using 0.85 % sodium saline solution were made, and 0.25 ml were plated
on appropriate solid media: Standard Plate Count Agar (PCA) for E. coli
and Brain-Heart Infusion Agar (BHI) for S. epidermidis. The inculcated
plates were incubated at a temperature of 37 °C for 24 h. Then the visible
colonies were counted and shown as log CFU/mL. The antimicrobial
activity was expressed as bacterial survival rate after contact with the
painted paper and control sample.

The trifunctional paints were coated on paper using a K-paint coater
at a speed of 1 cm/min and 2 pm. The samples were dried for at least 48
h before antimicrobial analyses. The coated papers were cut to 1.5 cm X
1.5 cm squares. The agar plate method was used for the evaluation of
antimicrobial effect of the coatings. Gram-positive Staphylococcus aureus
(ATCC 6538) and gram-negative Escherichia coli (ATCC 10536) were
used to test the antibacterial activity of modified paints. For disc diffu-
sion sensitivity tests, the semi-liquid medium was inoculated with 10°
cells/ml of an overnight culture of microbial cells, poured into Petri
plates and left for solidification. The paint samples were placed on the
agar medium surface. Plates were incubated for 24 h at 37 °C. The zones
of inhibition were measured.

3. Results
3.1. Characterisation of ZnO/ZnFe204/SiO2-TiO2 composites

The magnetic properties depend on the preparation method, grain
size, cation distribution and calcination temperature. Bulk ZnFe30,4 is a
normal spinel, where Fe3' cations antiferromagnetically coupled
occupy octahedral (B) sites, and Zn?* cations (non-magnetic) are pref-
erentially located at the tetrahedral A positions [31]. However, at the
nanoscale, zinc ferrite nanoparticles exhibit cationic inversion between
octahedral and tetrahedral sites and the occurrence of mixed states (i.e.,
Fe®' cations in both B and A sites) is noticed [29]. The M—H curves of
ZnFey04 NPs and composites are presented in Fig. 2. The hysteresis loop
can be used to read the magnetic parameters such as saturation mag-
netisation (Ms), coercivity (Hc), and remanent magnetisation (Mr). The
values are presented in Table 1. At RT, these values for S1 were 44
emu/g, 0.02 kOe, and 7.6 emu/g, respectively. The saturation
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Fig. 2. Magnetic hysteresis loops of magnetic core ZnFe,O4 and nano-
composites of ZnO/ZnFe 504/Si05-TiO».

magnetisation for sample S2 was slightly lower and equalled 40
emu-g~'. The decrease in the magnetisation of S2 could be related to
different cation distribution or the occurrence of some amount of the
sample non-ferrimagnetic (ZnO). At 300 K, the coercivity was close to
zero, which shows that samples S1 and S2 are superparamagnetic. This
is well expected, as for a superparamagnetic system, the coercivity is
zero [32, 33]. In addition, besides the cation distribution, the magnetic
properties of nanostructured ferrites depend on microstructures such as
crystallinity and crystallite size. For magnetic spinel ferrites, the critical
size is around 30-40 nm [34,35]. When the particle size is reduced
below the critical size, it becomes superparamagnetic, with zero coer-
civity. Due to a crystallite size of about 8-9 nm, the obtained ferri-
magnetic zinc ferrite particles can behave superparamagnetically at RT.
After coating with TiO» and silica layer, the magnetisation of the
nanocomposite decreased from 44 to 40 emu-g~* to 23-24 emu-g L. The
decrease in magnetisation should be related to the mass contribution of
the SiOy and TiO, coating. It was expected since ZnFey04 is a small
fraction of the final material (calculated to 5 wt %). As revealed by the
XRD analysis, TiO» and SiO, are predominant in both S3 and S4 samples,
and therefore the magnetisation decrease should be proportional to their
content.

The physicochemical characteristics of the composites, e.g., crystal-
lite sizes, indirect band gap values, BET surface areas, are presented in
Table 1. The BET surface area of both zinc ferrite samples (S1 and S2)
was about 20 m? g’l. The specific surface area of nanocomposites coated
wigh Si05-TiO5 was about 52 m> g’l, similar to that of TiO5 P25 (50 m?
g ).

The XRD patterns of zinc ferrite particles (samples S1 and S2) and
Zn0/ZnFe»04/Si02-TiOy composites (samples S3 and S4) are presented
in Fig. 3. The formation of ZnFe;O4 was confirmed by the presence of
signals at 20 29.8°, 35.2°, 42.8°, 53.1°, 56.5° and 62.1°, according to
JCPDS No. 82-1042. Moreover, due to the non-stoichiometric content of
Fe:Zn during the synthesis, the characteristic diffraction peaks for pro-
duced in situ hexagonal wurtzite structure of ZnO at 20 32.6°, 36.0° and
62.8° can be noticed (JCPDS card no. 36-1541). The diffraction peaks at

Table 1
The physicochemical characteristics of ZnFe,O4 and ZnFe;04/Si02-TiOx.
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20 25.3°, 36.9°, 48.0° and 53.9° corresponds to the of anatase TiOq
(JCPDS No. 89-4203). Deposition of both SiO3 and TiO; layers resulted
in visible weakening of ZnFe,0,4 signals at 20 35.2° for samples S3-S4.
Crystallite sizes of zinc ferrite and TiO, (anatase) particles were deter-
mined using the Scherrer equation and equalled 8-8.5 nm and 20 nm,
respectively.

The optical absorption properties of the nanomaterials are presented
in Fig. 4. The analysed samples absorb UV light due to the sp-
d interaction between valence band electrons of O and d electrons of
Ti or Zn/Fe atoms in TiO, and ZnFeyO4 structures, respectively. The
higher absorption properties of S2 than S1 resulted from the presence of
a higher amount of ZnO in the heterostructure. Obtained spectra were
transformed into the Kubelka-Munk function, and the Tauc trans-
formation was used to determine the band gap values. The band gap for
the two samples S1 and S2 was in the range of 1.75-1.85 eV. Different
synthesis methods and different parameters of zinc ferrite synthesis
result in the various energy band values of zinc ferrite nanoparticles.
Lemine al [36]. reported the band gap of ZnFe,04 of about 2.23 eV. Gao
et al. [37] reported a band gap energy of 1.9 eV for nanocrystalline
ZnFe504 synthesised with a polymer complex.

The morphology of the samples was examined by scanning electron
microscopy and transmission microscopy analyses, and the results are
presented in Fig. 5. The zinc ferrite particles grow in situ on the surface
of ZnO, forming a special 3D flower-like structure [38,39]. For magnetic
photocatalysts of ZnO/ZnFe04/Si0,-TiO5 the spherical morphology of
the particles can be noticed due to the coating of zinc ferrite with a
protective SiOy and TiO; layer. Based on TEM analysis, the particle size
for sample S4 was about 50 nm. The different values of particle size of
TEM and crystal size of XRD analysis result from the structural proper-
ties and lattice strain as a result of clustering of the nanoparticles. The
average particle size of the samples is larger than the crystallite size
calculated based on the Scherrer equation. However, the obtained re-
sults suggest that the zinc ferrite core (~8 nm) is coated with a SiO2-TiO4

. e anatase  * rutile
] ZnFe204 A ZnO

Intensity (a. u.)

2-Theta (°)

Fig. 3. XRD patterns of samples S1-S4.

Sample Molar ratio ~ Ms (emu-g™')  Hc(T)  Mr (emu-g )

BET (m?>g~!)  Pore volume (cm®/g)  Eg Crystallite Size (nm)

Anatase Rutile Zinc Ferrite

S1 ZnFe,04
S2 ZnFe,04
S3 ZnFe;04/Si0,-TiO,
S4 ZnFe;04/Si04-TiO,

Fe:Zn 1:1.5 44
Fe:Zn 1:2 40
Fe:Zn 1:1.5 24
Fe:Zn 1:2 23

0.002 7.6
0.018 5.4
0.002 1.43
0.010 2.9

20 0.0021 1.75 - - 8.0
21.5 0.0103 1.85 - - 8.5
49 0.0017 1.9 20 32.5 8.0
52 0.0011 2.1 20 31.0 8.5
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Fig. 4. Diffuse reflectance spectra of sample S1-5S4.

shell (~30 nm).

Furthermore, the SEM images of white commercial paint, ZnFe;O4
modified paints and ZnO/ZnFe;04/Si02-TiO2 modified paints are pre-
sented in Fig. 6. The powder modifier is located on the upper surface,
which allows for full activation of the composite components respon-
sible for the trifunctional properties of the paint.

3.2. Photocatalytic properties of trifunctional paints

The images of paint coatings are presented in Fig. 7. The paint
samples, after modification with ZnFe;04 and ZnO/ZnFe304/Si05-TiO4
were different shades of beige (S1-S4). The SO sample is a reference
sample coated with commercial white paint.

The self-cleaning properties of ZnO/ZnFe;04/SiO2-TiO2 — modified
paint (sample S4) are presented in Fig. 8. After the dyeing process, the

Ceramics International 50 (2024) 819-828

sample was uniformly red colour (Fig. 8a). Furthermore, the photo-
degradation process led to efficient dye degradation and the sample
returned to its original colour (Fig. 8b). The photocatalytic activity of
paint layers (self-cleaning properties), including the un-modified com-
mercial paint (sample S0), are presented in Fig. 9. For the reference
sample SO, the photodegradation was not observed, which is a natural
phenomenon for unmodified paint. For samples S1 and S2 of paint
modified with zinc ferrite nanoparticles with a non-stoichiometric Fe:Zn
content, the dye degradation efficiency was about 47.5% and 56.6%,
respectively. Paint modification with nanocomposites based on ZnFe;04
and TiOs resulted in the effective degradation of natural red dye. The
highest photodegradation efficiency of about 93% was observed for
sample S4 containing ZnO/ZnFey04/Si02-TiO2 composite with Fe:Zn
ratio of 1:2. For sample S3 the observed self-cleaning properties were
slightly lower, and the efficiency of decolourisation of the surface
reached about 86.2%. The difference results from the increased content
of ZnO in ZnFey04/Si0,-TiO;, (sample S4, Fe:Zn equalled to 1:2) com-
posite structure, which is a consequence of the photocatalyst synthesis
method.

3.3. Antimicrobial properties of trifunctional paints

Photocatalytic inactivation of Escherichia coli and Staphylococcus
epidermidis was analysed on paper sheets covered by commercial and
modified with ZnO/ZnFe;04/Si05-TiO; composites paints according to
ASTM E2149-01 recommended for testing antimicrobial additives. All
tests were conducted in dark conditions or under visible light. Fig. 10 a-b
shows the photocatalytic inactivation of E. coli and S. epidermidis bac-
teria. The inactivation of bacteria on control paper sheets was signifi-
cantly lower (almost 100% of survival bacteria), independently from
lighting conditions.

These study showed that for activation of ZnO/ZnFe304/Si02-TiO;
also, visible light (indoor light) can be used. The paints containing ZnO/
ZnFe504/Si02-TiO particles showed good antimicrobial activity against
both tested bacteria under visible light conditions. After 1h of

Fig. 5. Microscopy SEM images of samples S1 (a), S2 (b), S4 (c), and TEM image of ZnO/ZnFe,;0,4/Si0,-TiO, composite (sample S4).
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Fig. 6. The morphology (SEM images) of white commercial paint SO without additives (a), modified paints with ZnFe;04 (S1-S2) (b,c) and ZnO/ZnFe;04/Si05-TiOy

(S3-S4) samples (d,e).

exposition, almost half of the bacteria were inactivated (Fig. 10 a-b). The
experiment indicated a synergy between the molar ratio of Fe: Zn and
antibacterial properties. The higher concentration of zinc effectively
inhibited the growth of bacteria Gram negative E. coli and Gram positive
S.epidermidis due to in situ formation of ZnO/ZnFe,04 particles. Gram
negative bacteria were more sensitive than Gram positive. E. coli showed
a higher log;o reduction in colony-forming units (CFU/mL) than the
S. epidermidis after 1 h. The efficiency of both bacteria inactivation for
ZnFe304/Si02-TiO3 (Fe:Zn 1:2) paint under visible light activation was
comparable to commercial paint. As presented in Fig. 11, based on XRD
analysis, the presence of Zn was confirmed in the commercial paint
structure.

However, due to the paint composition being only known to the
producer, it was impossible to specify inhibition or stimulation agents.
The maximum reduction of E. coli bacteria under vis irradiation was:
3.26 log for ZnFe;04/Si0,-TiO; (Fe:Zn 1:2) paint, 3.2 log for

commercial paint and 1.16 for ZnFe304/Si0,-TiO5 (Fe:Zn 1:1.5). In the
same conditions for S. epiderimidis the reduction rate was 2.62, 2.82 and
0.92 respectively. As reported by Zuccheri et al. the photocatalytic agent
in commercial paints is used at a very high concentration in the range of
15 vol % - 80 vol % [40]. Moreover a significant bacterial inactivation of
about 90 % (investigated only against E. coli) was reached only after 48 h
of irradiation with UV lamp. It is well known that the antibacterial ac-
tivity of photocatalytic products such as paints is related to efficiency in
generating ROS under light irradiation [40-42]. Both tested in this study
bacteria are facultative anaerobic organism that causes higher sensi-
tivity to oxygen exposure and have weaker mechanisms of ROS neu-
tralisation (in contrast to aerobic organisms) [43]. Another possible
explanation was demonstrated by Hochmannova and Vytrasova [44].
The authors concluded that zinc-containing formulations (paints)
exhibit a few times higher antimicrobial efficiencies than nano TiOy
paints. In an aqueous solution, Zn?" ions can damage the cytoplasmic
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final product determines the antibacterial efficacy of a surface [51].

Finally, the inhibition zones against microorganisms for zinc ferrite
modified paints with a non-stoichiometric Fe:Zn content were analysed
and compaed with the inhibition zones of stoichiometric zinc ferrite
(ZnFey04) modified paint and white paint without additives as refer-
ence. In Table 2, the diameters of zones of inhibition for modified paints
are presented. The labels in the first column are the same as in
Figs. 7-11, and are related to zinc ferrite modified paints and ZnO/
ZnFe04/Si0,-TiO, modified paints. The best antimicrobial activity was
observed for samples S1 and S3 prepared using non-stoichiometric
ZnF6204.

The zones of inhibition against St. aureus and E. coli were observed
for samples of paints S1, S3 and S5. Our results are in good agreement
with others. Mandal et al. reported that zinc ferrite nanoparticles
revealed similar biocidal properties to known antibiotics on many bac-
terial colonies [52]. Garcia-Cruz et al. demonstrated the activity of zinc
ferrite nanoparticles against phytopathogenic bacteria [53]. The highest
antibacterial activity was observed for S3 and S1. However, broad in-
Fig. 7. Paint samples modified with ZnFe;04 (S1-S2), ZnFe;04/Si0>-TiO> (S3- hibition zones of the growth of both bacterial colonies for S1 and S3
$4) and SO-white paint before the dying process. samples are clearly visible. The observed inhibition zones are twice as

membrane and act as an inhibitor of the glycolytic enzyme through the
thiol group oxidation [45]. It is noteworthy that ZnO/ZnFe304/SiO2--
TiO, modified paints also revealed excellent antimicrobial properties in
darkness (Fig. 10).

Furthermore, it is also possible that electrostatic interactions of
nanoparticles play a crucial role in this process. Metal nanoparticles of
Cu, Ag and Zn are positively charged and can bind to the negatively
charged bacterial cell via electrostatic repulsion. It can cause direct
disruption of electron transport chain or even mechanical damage of cell
walls. Both these abnormalities can lead to bacteria death [46]. As
summarised Kirthika et al., metal and metal oxide nanoparticles (e.g.
ZnO, MgO CuO, TiO; etc.) are classified as active antimicrobial agents
(AAA), which means that they eradicate microbes completely by varied
mechanisms of action. In contrast, passive antimicrobial agents (PAA) 40
only prevent the growth of microbes [47]. Many of the listed above NPs
exhibit a biocidal activity against Gram-positive and Gram-negative
bacteria or microscopic fungi isolated from varied environments
(human body, water, air etc.), which was described in a wide range of
review papers [17,46-50]. Nevertheless, the mechanism of their anti-
microbial action is not fully known. On the one hand, it is due a variation
and evolution in microorganisms, but on the other, it is caused by rapid
progress in the method of synthesis of nanoparticles characterised by

100

80

60

Efficiency of dye removal (%)

their different size, shapes, composition or physical properties. Addi- 120
. . - . - P S4
tionally, in the case of self-cleaning and self-disinfecting building ma-
terials such as paints or coatings, the synergistic effect of NPs in Fig. 9. The results of photocatalytic degradation of dyes for paint samples S1-
combination with polymers and chemicals used as a component of the S$4 and control sample SO (white paint without modification).

Fig. 8. The images of sample S4 before the dye (natural red) photodegradation process (a) and after the photodegradation process (b). (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 11. XRD pattern of commercial white paint.
Table 2

The inhibition zones against microorganisms for trifunctional paints and com-
mercial paint.

Trifunctional paint Zone of inhibition (mm)

Sample Description Staphylococcus Escherichia coli
label aureus ATCC 10536
ATCC 6538
S0 white paint without additives 0 0
S1 non-stoichiometric ZnFe,04 21.3 32.9
(Fe:Zn 1:1.5) modified paint
S3 non-stoichiometric ZnFe,04/ 19.6 33.8
Si0,-TiO,
(Fe:Zn 1:1.5) modified paint
S5 stoichiometric 11.2 18.9

ZnFe,04 modified paint

wide compared to stoichiometric ZnFeoO4. The in situ generation of zinc
oxide into the structure of zinc ferrite markedly improved the original
biocidal properties of pure stoichiometric zinc ferrite.

4. Conclusions and discussion

In the present study, a composition containing an active agent - a
composite based on TiO3, ZnO and ZnFe;04 with a non-stoichiometric
Fe:Zn content and the method of producing this trifunctional paint
was for the first time reported.

826

Nanocomposites with biocidal, magnetic and self-cleaning properties
were characterised to confirm the effectiveness of the product in the
form of trifunctional paint concerning magnetic properties (analysis of
magnetisation saturation), biocidal properties (analyses concerning
Gram-positive Staphylococcus epidermidis and Gram-negative Escherichia
coli, and self-cleaning properties in the neutral red dye degradation
reaction.

The obtained ferrimagnetic zinc ferrite particles revealed super-
paramagnetic properties at room temperature. The formation of
ZnFe;04 was confirmed by XRD analysis. Moreover, due to the non-
stoichiometric content of Fe:Zn during the synthesis, the characteristic
diffraction peaks for hexagonal wurtzite structure of ZnO were noticed.
The composite with a surface area of about 50 m2.g™!, particles size 50
nm and UV-Vis light absorption properties possessed saturation mag-
netisation of 24 emu-g!, magnetic coercivity of 0.010 T and remanent
magnetisation of 2.9 emu-g™!. Furthermore, the self-cleaning properties
of ZnO/ZnFey04/Si05-TiO, were confirmed. Paint modification with
nanocomposites based on ZnFe;04 and TiO, resulted in the effective
degradation of natural red dye. The paints containing ZnO/ZnFe;04/
SiO4-TiO, particles showed high antimicrobial activity under visible
light conditions.

Currently, there are no compositions on the market for obtaining
protective coatings in the form of paint, which simultaneously exhibits
biocidal, magnetic and self-cleaning - photocatalytic properties. The
synthesised and characterised trifunctional compositions with photo-
catalytic, magnetic and biocidal properties are a novelty in building
industry products. The composite can be added at different stages of
paint formulation, confirming the high efficiency in the elimination of
pathogenic microorganisms, self-cleaning properties and the magnetic
effect that can be applied to different surfaces. The proposed product —
trifunctional paint, enriches the market offer in the broader building
products industry. One of the interesting and promising directions of the
practical application of obtained paints can be the ability for self-
decontamination to finishing materials, for instance, for medical es-
tablishments and premises of public buildings, where mass public
gatherings are observed.
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