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Abstract: In this study, TiO2 films were deposited via the doctor blade technique on fiber-cement
surfaces. Two types of nanoparticles (TiO2-P25 from Degussa and TiO2-PC105 from Tronox) were
used to produce films. Scanning electron microscopy (SEM) and atomic force microscopy (AFM)
images revealed films with homogeneous and nanoparticulated morphology. The TiO2 PC105 film
presented a lower roughness parameter (RMS) in relation to that of the TiO2 P25-based film. Both
films exhibited high hydrophilicity when exposed to UV-A radiation (contact angle θ < 6◦). The
photocatalytic activity of the films was evaluated by standardized methylene blue dye degradation
assays under UV-A irradiation (1.0 mW/cm2). The TiO2-PC105 film showed a photonic efficiency of
ξ = 0.1%, while for the films obtained with TiO2-P25, ξ = 0.08%. The cement surface modified with the
PC105 film was evaluated for antimicrobial activity through the use of multiple pathogens commonly
found in hospitals. A considerably high efficiency was measured with visible light. Growth inhibition
rates of 99.0% ± 0.2, 99.1% ± 0.2, 99.1% ± 0.2, 97.5% ± 0.5, 98.0% ± 0.5 and 98.0% ± 0.5 were found
for Staphylococcus aureus, Klebsiella sp., Escherichia coli, Rhizobium sp., Fusarium sp. and Penicillium sp.,
respectively. The results show the self-cleaning ability and their potential use for protection, by
preventing contamination of the fiber-cement surface and opening new possibilities for the use of
this building material.

Keywords: self-cleaning films; functional surfaces; photocatalysis; antimicrobial activity

1. Introduction

The increasing number of infections acquired in hospital environments has drawn
attention in recent decades, especially due to the possibility of association with so-called
“superbugs”, which proliferate due to the poor cleaning procedures used in such envi-
ronments [1]. As a consequence, the search for new hygiene techniques for hospitals and
other environments has intensified, such as the use of plasma, UV and photocatalytic
systems [2–4]. Among these innovations, the possibility of applying photocatalytic films
on the surfaces of different construction materials stands out. Such films have the potential
to eliminate the fungi and bacteria that are deposited on them [3]. Among the various
construction materials used globally, we highlight cementitious plates (fiber cement), which
are used in the steel framing sealing system [5].

Among the microorganisms present in hospital environments, one is Klebsiella pneumo-
niae, a gram-negative, lactose-fermenting bacillus capable of producing serious infections in
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patients with weakened immune systems, and which is frequently reported in the scientific
literature for its adaptability and natural resistance to bactericidal agents [6]. Another
opportunistic microorganism is the Escherichia coli bacterium, a gram-negative bacillus
capable of causing colic, diarrhea, vomiting, renal failure, and in severe cases leads to
the death of the patient [7]. The Staphylococcus aureus bacterium, also a very common
microorganism in hospital environments, is a gram-positive bacillus that is capable of
causing simple infections such as acnes, boils, and cellulitis, as well as serious infections
such as pneumonia, meningitis, endocarditis, sepsis, and others [8].

In addition to bacterial infections, the worldwide incidence of fungal infections has
been increasing over the years, especially in patients undergoing solid organ transplanta-
tion, hematopoietic stem cells, and others [9,10]. In this scenario of increased fungicidal
infections, the multidrug-resistant Fusarium sp. can be highlighted. Contamination from it
may occur by the inhalation of airborne spores. In patients with compromised immune
systems, it can cause respiratory, hepatic, renal, neurological, and other problems [9].
The fungus Penicillium sp., also grows in various environments (mainly in dark and airy
places), in foods (such as bread, biscuits, and oranges), and is capable of producing mold and
biodegradable organic matter, causing infections and poisoning in animals and humans [11].

TiO2 is a stable semiconductor that has several technological applications [12], and its
band gap energy is approximately 3.2 eV, therefore being activated by UV-A light, which
leads to the formation of the so-called electron-hole pair (e−/h+) [13]. These charge carriers
are very reactive and can recombine with each other or react with molecules adsorbed
on the surface, such as water, oxygen, and (NOx, SO2). Under excitation, TiO2 is capable
of forming hydroxyl radicals and other reactive species which can degrade polluting
molecules such as dyes [14], biomass-derived compounds [15], air pollutants [16], and
inhibit microbial activity [17,18]. Thus, TiO2 coatings have been extensively investigated for
their antimicrobial activity, with potential promising applications resulting from their high
physicochemical stability, non-toxicity, wide availability, and photocatalytic efficiency [19–21].

The application of TiO2 films as hydrophilic and self-cleaning coatings has been
extensively investigated, especially when deposited on glass surfaces [22–24], ceramic
surfaces [25–28], and others. However, with regard to cement surfaces (fiber cement)
studies in the scientific literature are scarce to date [29–32]. In this scenario, this study
aimed to evaluate the photocatalytic activity of TiO2 films deposited on cementitious
surfaces (fiber cement) and their ability to inhibit the growth of various pathogens causing
hospital infections and losses in the food industry.

2. Results and Discussion
2.1. Characterization of TiO2 Powders

The crystalline phases of the TiO2 powder samples (P25 Degussa and PC105 Tronox)
were characterized by X-ray diffraction (XRD) analysis, as shown in Figure 1. The data
confirm previous reports [33] and the manufacturer’s information showing that TiO2-PC105
are formed by an anatase (ICDD 21-1272) crystalline phase, while for TiO2-P25, both anatase
and rutile (ICDD 21-1276) crystalline phases were observed.

The average crystallite diameters were estimated using the Scherrer equation [34,35]
at the anatase (101) and rutile (110) diffraction peaks. The percentages of crystalline
phases were estimated using the Spurr & Myers equation [36]. The specific surface areas
were obtained from an N2 gas adsorption isotherm by the Brunauer-Emment-Teller (BET)
method [37]. The results are shown in Table 1, and agree well with previous results for the
TiO2 nanoparticles [38,39].
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Table 1. Characteristics of TiO2 samples: specific surface area, average crystallite diameter, and
percentage of phases.

Material Specific Surface
Area–(m2/g)

Average Crystallite Diameter–(nm) Percentage of Phases–(%)

Anatase Rutile Anatase Rutile

TiO2-P25 49.32 23.0 41.0 80.0 20.0

TiO2-PC105 78.56 18.0 - 100.0 -

2.2. Characterization of TiO2 Films

TiO2 films were deposited on fiber cement surfaces by the Doctor Blade technique, as
described in Section 4.2. Raman scattering is a technique that allows for the obtaining of
information on the dynamics of the phonons characteristic of TiO2, identifying whether the
crystalline phase is anatase, rutile, or both [40]. The presence of the crystalline phases of
TiO2 in the films were analyzed by Raman vibrational spectroscopy, as shown in Figure 2.
In the TiO2-PC105 film, the presence of the anatase phase was verified through the active
vibrational modes at 144 cm−1, 399 cm−1, 519 cm−1, and 639 cm−1, respectively [41,42]. In
the TiO2-P25 film, the presence of the anatase phase was verified in the active vibrational
modes at 144 cm−1, 399 cm−1, 519 cm−1, and 639 cm −1, respectively [41–43], and rutile
was verified at 443 cm−1 and 610 cm−1, respectively [42,43]. As expected, the methodology
employed for thin film deposition did not lead to changes in the TiO2 particles. From the
Raman data, there is no sign that any component of the fiber-cement substrate chemically
reacts with the photocatalyst.

Scanning electron microscopy images, shown in Figure 3a, showed that both films are
homogeneous and formed by aggregates of nanoparticulates. The TiO2-PC105 film presents
itself as a cluster of overlapping particles with an uneven distribution, completely covering
the substrate. The film formed by TiO2-P25 shows very homogeneous and densely packed
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particles. However, some cracks were observed on the surface of the film, as also reported
in other studies [44–46].
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Atomic force microscopy images, as shown in Figure 3b, showed that both films were
nanoparticulated and that the surfaces were relatively rough. The TiO2-P25 film presented
a roughness parameter (RMS = 264 nm) slightly higher than that for TiO2-PC105 film
(RMS = 217 nm).

The wettability of the films was evaluated through contact angle measurements [47]
in triplicate, Figure 4. The fiber cement surface covered with acrylic paint, used as a
reference, presented a contact angle (θ = 65 ± 3 degrees), characteristic of a hydrophilic
surface, whereas the coverage with TiO2 films lead to contact angles of 9 ± 1 degree before
irradiation with UV-A light source, and <6 degree after irradiation with UV-A light source.
These values are characteristic of super hydrophilic surfaces and are compared to the
literature in Table 2.
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(b) TiO2 film-P25, (c) TiO2-PC105.

Table 2. Data of contact angle measurements of TiO2 films before and after UV-A irradiation.

Substrate
Contact Angle

Reference
Before UV-A Irradiation After UV-A Irradiation

Plate with acrylic paint 65 ± 3 65 ± 3 –

TiO2-P25 9 ± 1 <6 –

TiO2-PC105 9 ± 1 <6 –

Orthodontic Resin coated
with TiO2

80 ± 5 34 ± 1 [48]

Self-assembled TiO2 thin
films on FTO glass 12 ± 2 <5 [47]

TiO2 thin films on FTO 70 ± 5 <10 [49]

The photocatalytic properties of the films were evaluated by the degradation of the
methylene blue dye under UV-A irradiation after 60 min equilibration in the dark. Degra-
dation tests were performed in triplicate. Control photoirradiation experiments employing
the MB solution without any photocatalyst as well as the fiber-cement substrate itself
that were carried out lead to negligible (<2%) variations on the MB concentration within
240 min. Both films exhibited photocatalytic activity, and the concentration of methylene
blue decreased as a result of its decomposition in the presence of TiO2 [50], as illustrated in
Figure 5a. Differences in photocatalytic activity are related to several factors, including the
size of TiO2 nanoparticles [51–53], the composition of crystalline phases [54,55], the specific
surface area [51,53,56]; and film morphology [57–59].

The degradation rate constants (k) were obtained considering the degradation re-
action as a pseudo first-order kinetic, and the light photons as a constant concentration
reagent [50,60,61]. The degradation rate was estimated with Equation (1).

v =
k × (MB)0 × Vs

60
(1)
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where (k) is the degradation rate constant, in (min−1), (MB) the initial concentration of the
methylene blue solution in (mol/L), and (Vs) the volume of the methylene blue solution, in
(L). The photonic efficiency (ξ) was estimated using Equation (2), where (I0) the intensity of
the UV-A source, in (Einstein/s). The data found are shown in Table 3.
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Table 3. Data obtained from methylene blue dye degradation tests.

Parameter
Film

TiO2-P25 TiO2-PC105

Velocity constant–kobs (min−1) 3.21 × 10−3 3.48 × 10−3

Degradation rate–v (mol/s) 2.14 × 10−11 2.32 × 10−11

Source Intensity–I0 (Einstein/s) 2.45 × 10−8 2.45 × 10−8

Adsorption in the dark–(%) 17.7 ± 0.5 21.3 ± 0.5

Photodegradation after 3 h irradiation–(%) 36.3 ± 0.5 36.6 ± 0.5

Total removal–(%) 54.0 ± 0.5 57.9 ± 0.5

Photonic efficiency–ξ (%) 0.08 0.1

The adsorption of the films in the dark was evaluated from the reduction in absorption
values at 663 nm of the methylene blue solution. The TiO2-PC105 film showed a slightly
higher percentage of adsorption in the dark compared to the TiO2-P25 film. This small
difference may have occurred due to the specific surface area differences of the TiO2
nanoparticles (P25 Degussa and PC105 Tronox), see Table 1 [51,53]. The photodegradation
of the methylene blue dye was analyzed for a period of 180 minutes, evaluating the decrease
in the absorption values at 663 nm every 20 min. The photodegradation performance was
very similar for both films, despite the difference in the morphology and structure of the
materials, which leads us to infer that photocatalytic degradation of MB is being limited by
charge-transfer kinetics rather than surface area. Lastly, the TiO2-PC105 film showed better
photonic efficiency, and had its durability evaluated through three consecutive methylene
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blue dye degradation tests. The tests were performed every 24 h, always with the same
TiO2 film, but with new concentrations of methylene blue, following the methodology
described in item 3.4. The percentage of photodegradation remained practically constant
throughout the tests, as shown in Figure 5b. However, there was a slight decrease in the
percentage of adsorption in the dark, probably due to the agitation of the solution every
20 min, with a consequent slight decrease of around 3.4% in the percentage of total dye
removal, which was mainly due to the deposition of carbon residues onto the surface of
the film.

2.3. Antimicrobial Evaluation

Studies indicate that oxidative radicals generated during TiO2 photocatalysis are capa-
ble of decomposing organic molecules, and can interact with living microorganisms such as
bacteria, fungi, algae, and others, causing damage to cell membranes and consequent cell
death [20,62–65]. In 2012, Liu & Chang [66] suggested that the antibacterial mechanism of
TiO2 begins with the damage to the cell membrane, followed by the leakage of the internal
components of the cell, and finally the oxidation of cellular debris, thereby causing the
death of the bacterium [66]. In this study, the bactericidal activity of the TiO2–PC105 film
was evaluated by inhibiting the growth of bacteria (Staphylococcus aureus, Klebsiella sp.,
Escherichia coli) based on the number of colonies formed on a nutrient agar plate [67],
comparing the contact time of the film with the inoculum for 15 min and 60 min. The films
with the different inoculum were exposed to a fluorescent lamp typically found in indoor
environments. The percentage of bacteria growth inhibition was calculated by taking the
number of microorganisms found in the absence of TiO2 films as the basis, and the tests
were performed in triplicate. In the assays with a contact time of 15 min, the efficiency
(inhibition of bacterial growth) was above (99.0% ± 0.20), and with a time of 60 min the
efficiency was (99.90% ± 0.02) for the three strains of bacteria, which can be found on the
surfaces of hospital environments [68–70]. The results obtained showed a high efficiency of
the TiO2 film on the Gram-positive and Gram-negative strains of the bacteria, when excited
with indoor light. The results are shown in Figure 6a.
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The fungicidal activity of the TiO2–PC105 film was evaluated by inhibiting the growth
of fungi (Rhizobium sp., Fusarium sp., Penicillium sp.) based on the number of colonies
formed in Potato Dextrose Agar (PDA), comparing the contact time of the film with the
inoculum for 15 min and 60 min. The percentage of fungi growth inhibition in the absence
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of TiO2 films was normalized to 0%, and the tests were performed in triplicate. In the
assays with contact times of 15 min, the efficiency (inhibition of fungicidal growth) was
above (97.5% ± 0.5), and with a time of 60 min the efficiency was (99.0% ± 0.1) for the three
fungal lines, which can be found in the environment of food industries [71,72]. The results
obtained showed the high efficiency of the TiO2 film on the three fungi evaluated when
excited with indoor light. The results are shown in Figure 6b.

Existing studies in the literature evaluating the antimicrobial activity of TiO2 films
with light sources (UV-A, visible light, and dark), substrates (glass, stainless steel, ceramic
flooring, and cementitious composite), and pathogenic microorganisms (bacteria, fungi,
and algae) are shown in Table 4. The current study includes a robust investigation with
multiple pathogens (bacteria and fungi) on the cement surface (fibercement), therefore
being innovative in nature, and led to excellent results when compared to the results
reported for TiO2 films in different substrates.

Table 4. Photocatalytic performance of different TiO2-films deposited over different substrates
towards the inhibition of microorganism growth.

References Light Source Substrate Microorganisms Main Results

[73] Visible light Floor ceramic tiles Escherichia coli,
Staphylococcus aureus,

S. aureus ATCC 6538 and E. coli
ATCC 259 were reduced by 99

and 95%, respectively

[74] UV-A/Dark Glass Escherichia coli,
Staphylococcus aureus

>2.8 log decrease in E. coli and
>2.5 log decrease in S. aureus

viable cell counts after 4 h

[75] UV-A Cementitious composite Penicillium notatum,
Aspergillus niger

50.4% Penicillium notatum
inhibition after 3 days

of exposure

[76] UV-A/Dark Glass
Escherichia coli,

Staphylococcus aureus,
Pseudomonas aeruginosa

Near 100% killing of
Pseudomonas aeruginosa over 24 h

of irradiation

[77] UV-A Glass Escherichia coli,
Bacteriophage T4

Near 100% killing of
bacteriophage T4 after 2 h

of irradiation

[20] – Stainless steel Escherichia coli,
Staphylococcus aureus,

>5log reduction of Staphylococcus
aureus after 40 h of exposure

[78] UV-A Stainless steel Escherichia coli Near 100% killing of E. Coli in
less than 3 h

3. Conclusions

The Doctor Blade deposition technique was successfully applied in the production
of TiO2 self-cleaning films on fiber cement surfaces. Both films exhibited a homogeneous
and nanoparticulated morphology. The wettability tests showed that the surfaces with the
films are superhydrophilic, even in the absence of UV-A irradiation. The antimicrobial
results showed a high efficiency (inhibition of pathogen growth) of the TiO2-PC105 film
against the Gram-positive and Gram-negative strains of bacteria, and also against fungi.
The results were promising and showed that the films can be applied on fiber cement
surfaces as protection, avoiding contamination, especially in hospital environments and in
the food industry.

4. Materials and Methods
4.1. Characterization of the Raw Material

The crystal structure and phases of TiO2 were investigated using an X-ray diffractome-
ter (XRD). XRD patterns were obtained using a Rigaku MiniFlex 600 diffractometer using
CuKα radiation (λ = 1.5406 Å), operating with a voltage of 40 kV and electrical current
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of 15 mA, in a range of 10 to 90◦ in 2θ mode, with a scanning speed of 0.5◦/min. The
Scherrer method [34,35] was employed to estimate the average size of the crystallite, using
the width of the half height of the peak of greater intensity (101), in the anatase phase
of TiO2. The percentages of anatase and rutile crystalline phases were estimated using
the Spurr & Myers method [36]. The specific surface area (SEA) was measured from the
adsorption/desorption of gaseous N2 by the Brunauer-Emmett-Teller (BET) method [37].
The tests were conducted on a Belsorp Max Microtrac MRB model. The samples were
pretreated under gaseous N2 flow for 24 h at 110 ◦C in order to remove adsorbed gases and
water. In the tests, approximately 0.18 g of sample and liquid N2 were used to maintain the
temperature of 77 K during the analysis.

4.2. The Production and Deposition of TiO2 Films

All raw materials were used without further purification. An amount of 1.0 g of
TiO2 was added into a previously homogenized solution containing 12.0 mL of ethyl
alcohol (99.5%), 0.4 mL of glacial acetic acid (99.9%), and 0.4 mL of Tween 20, forming a
homogeneous paste. Next, the paste was placed in an ultrasonic bath for 30 min at room
temperature (~25 ◦C). The paste was then placed under constant magnetic stirring for 24 h.
TiO2 films were deposited by the doctor blade method on fiber cement plates coated with
commercial acrylic paint (5.0 × 5.0 × 1.0 cm) that was previously subjected to a cleaning
process. After deposition, the films were treated at 100 ◦C for 1 h.

4.3. Characterization of TiO2 Films

The structural analysis of the films was investigated using Raman vibrational spectra.
The spectra were obtained using a Horiba brand LabRAM HR Revolution spectrometer
equipped with an excitation laser at 532 nm and a diffraction network with 600 grooves
mm−1, with a scanning speed of 43 cm/s. The morphology of the films was evaluated
by scanning electron microscopy (SEM) using a TESCAN model Vega 3 scanning electron
microscope equipped with a secondary electron detector. The images were obtained with
20 kV of acceleration voltage. The topography of the films was evaluated by atomic force
microscopy (AFM) using a Shimadzu model SPM-9600 microscope, in contact mode, with
a scan rate of 1.0 Hz, with the aid of an Olympuz OMCL-TR800PSA-1 model cantilever.
The wettability of the films was evaluated from measurements of the contact angle using
the sessile drop method before and after 30 min of UV-A irradiation. To perform the tests,
we used a Theta Lite optical tensiometer from Attension coupled to a OneAttension micro
CCD camera.

4.4. Photocatalytic Properties

The photocatalytic activity of the films was investigated through the methylene blue
dye degradation tests, following the setup reported in the technical standard ISO 10678 [79].
To carry out the tests, a glass cylinder of 3.4 cm diameter was fixed on the fiber cement
plate (using silicon sealant). In this system, the plate-cylinder was added to the aqueous
solution of methylene blue dye, with an initial concentration of 2 × 10−5 mol/L, until
reaching a height of 2.2 cm, as shown in Figure 7. Different from the recommendation of
ISO 10678, the films were allowed to be in contact with the methylene blue solution for
60 min prior to irradiation. Within this time, the MB adsorption by the two different films
was approximately 20%.

The tests were performed using three Philips TL 8 W lamps that emit UV-A radiation
in the region between 300–390 nm with a maximum intensity at 365 nm, coupled to a
support with height regulation. The height of the lamps was adjusted so that the radiated
power was 1.0 mW/cm2. The power measurements were performed using an Ocean Optics
USB2000+ spectrometer equipped with an optical fiber and irradiance probe. Initially,
the samples were subjected to 1 h of adsorption in the dark, and they were subsequently
exposed to UV-A radiation for 3 h. Throughout the process, the suspensions were kept at
constant temperature (~25 ◦C), and were manually agitated every 20 min. The variation in
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the concentration of methylene blue dye as a function of irradiation time was evaluated
by measuring the absorbance of the solution at 664 nm every 20 min, with the aid of a
GTA-96S Global Analyzer UV-VIS spectrophotometer.
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4.5. Antimicrobial Tests

In order to evaluate the antimicrobial activity of TiO2 films, strains of bacteria (Staphy-
lococcus aureus, Klebsiella pneumoniae, Escherichia coli) and fungi (Rhizobium sp., Fusarium sp.,
Penicillium sp.) were used. TiO2-PC105 films showed better photonic efficiency results and
total removal of methylene blue dye compared to TiO2-P25, as shown in Table 3. They were
deposited on previously cleaned substrates using the doctor blade method, in an ultrasonic
bath for 10 min at room temperature (~25 ◦C) with 70% ethyl alcohol, and then dried in an
oven at 60 ◦C for 1 h. The films have a thickness of 6 × 10−3 cm and an area of 18.0 cm2.

For the preparation of the inoculum of the bacteria (initial count), the colonies of
bacteria were collected and placed in 9 mL of sterile saline (0.9%). This procedure generated
an inoculum of 1 × 106 CFU/mL, and this value was confirmed by the plating of 0.01 mL
of the suspension in nutrient agar (NA), and the subsequent counting of the colonies of
bacteria after incubation of the plates for a period of 24 to 48 h at a temperature of 37 ◦C.
For the bactericidal tests, the substrates with the TiO2 film were initially exposed to UV-A
radiation, with a power of 1 mW/cm2, for 30 min, after which they were placed in a 50 mL
Falcon tube, after which 45 mL of sterile saline water (0.1%) was added to the tube. An
amount of 1 mL of the inoculum of the bacteria was added, stirring in the vortex for 1 min.
After homogenization, the inoculum remained in contact with TiO2 film for 15 min and
60 min under indoor irradiation provided by a fluorescent lamp. Subsequently, 1 mL of
this sample was inoculated in a plate containing NA, and the plates were then incubated
at a temperature of 37 ◦ C for a period of 24 to 48 h. The counting was performed after
this period.

For the preparation of the fungal inoculum (initial count), the fungal colonies were
collected and placed in 9 mL of sterile saline (0.9%). This procedure generated an inoculum
of 1 × 106 CFU/mL, and this value was confirmed by the plating of 0.01 mL of the
suspension in Potato Dextrose Agar (PDA) and the subsequent counting of the fungal
colonies after incubation of the plates for a period of 7 to 10 days at a temperature of
28 ◦C. For the tests, the glass slides with the TiO2 film were initially exposed to UV-A
radiation, with a power of 1 mW/cm2, for 30 min, after which they were placed in a 50 mL
Falcon tube, and 45 mL of sterile saline water (0.1%) was then added to the tube. An
amount of 1 mL of the fungus inoculum was added, stirring in the vortex for 1 min. After
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homogenization, the inoculum remained in contact with TiO2 film for 15 min and 60 min
under indoor irradiation provided by a fluorescent lamp. Subsequently, 1 mL of this sample
was inoculated in a plate containing PDA. The plates were then incubated at a temperature
of 28 ◦C for a period of 5 days. The counting was performed after this period.

All inhibition growth percentages were calculated by taking the amount of the mi-
croorganisms observed for pristine substrates submitted to the same procedure as those
containing the TiO2 films.
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