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ABSTRACT: We deposited bare TiO, and TiO,/ZnO thin films 10
to study their antimicrobial capacity against Fusarium oxysporum f. \
sp. dianthi. The deposit of TiO, was performed by spin coating and ~ **] \
the ZnO thin films were deposited onto the TiO, surface by \\g
plasma-assisted reactive evaporation technique. The character- . | % Q
ization of the compounds was carried out by scanning electron © o] &
microscopy (SEM) and powder X-ray diffraction techniques. o
Furthermore, density functional theory (DFT) and time-dependent %1 I
DFT (TDDFT) calculations were performed to support the ‘
observed experimental results. Thus, the removal of methylene blue ¢~ %
(MB) by adsorption and posterior photocatalytic degradation was

studied. Adsorption kinetic results showed that TiO,/ZnO thin

films were more efficient in MB removal than bare TiO, thin films,

and the pseudo-second-order model was suitable to describe the experimental results for TiO,/ZnO (g, = 12.9 mg/g; k, = 0.14 g/
mg/min) and TiO, thin films (q. = 12.0 mg/g; k, = 0.13 g/mg/min). Photocatalytic results under UV irradiation showed that TiO,
thin films reached 10.9% of MB photodegradation (k = 1.0 X 10~ min™"), whereas TiO,/ZnO thin films reached 20.6% of MB
photodegradation (k = 3.9 X 10~ min™"). Both thin films reduced the photocatalytic efficiency by less than 3% after 4 photocatalytic
tests. DFT study showed that the highest occupied molecular orbital—lowest unoccupied molecular orbital (HOMO—LUMO)
energy gap decreases for the mixed nanoparticle system, showing its increased reactivity. Furthermore, the chemical hardness shows
a lower value for the mixed system, whereas the electrophilicity index shows the biggest value, supporting the larger reactivity for the
mixed nanoparticle system. Finally, the antimicrobial activity against F. oxysporum f. sp. dianthi showed that bare TiO, reached a
growth reduction of 68% while TiO,/ZnO reached a growth reduction of 90% after 250 min of UV irradiation.
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1. INTRODUCTION

The advanced oxidation process (AOP) is a group of
physicochemical techniques (e.g., 0,;/UV, 0,;/H,0,, UV/
H,0,, Fenton, heterogeneous catalysis, electrochemical
oxidation, photolysis, radiolysis, cavitation, and y radiation)1
that has proven its effectiveness for partial or complete
mineralization of different pollutants. Heterogeneous photo-
catalysis is commonly implemented in various processes to
remove organic pollutants present in aqueous and gaseous
media. Thus, heterogeneous photocatalysis is an AOP that has
proven its effectiveness in treating polluted effluents, such as
air and water. This process presents advantages like a wide
range of working pH and the easy recovery of the catalysis
(e.g, compared with the Fenton process).” Heterogeneous
photocatalysis allows the removal of different organic
pollutants (e.g., phenols, chlorinated organic compounds,
pharmaceuticals, pesticides,’™ dyes,” phenolic,” organic
compounds,® and antibiotics,” among others). Furthermore,
heterogeneous photocatalysis is considered as a “green
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process” for water treatment.'’ Currently, microbial contam-
ination has become an important public issue because different
microorganisms affect the environment and human life."" The
antimicrobial resistance of different microorganisms (e.g.,
parasites, bacteria, and fungi) is a global issue. Developing
strategies to solve microbial resistance is a requirement for
sustainable progress. Specifically in the agriculture field, losses
associated with pesticide resistance were estimated at 1.5
billion USD/year, only in the United States.'” The Fusarium
oxysporum f. sp. dianthi (FOFspd) is a complex and adaptative
species of Eumycota fungi species. The Fusarium genus fungi
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Figure 1. FOFspd in the PDA and SA culture media (T = 298 K at 50 rpm in darkness).

are widely distributed around the world and have become a
serious health risk as they generate toxic metabolites that put at
risk the integrity of humans, animals, and plants."”” This
microorganism can attack the carnation flower (Dianthus
caryophyllus), a very important species in floriculture around
the world. Only for Valentine’s Day, nearly 600 million stems
were exported worldwide. Colombia is the second producer of
flowers in the world with a 16% share in the world market, and
its main consumer is the United States, with a market share of
approximately 78%. The control of plant pathogens present in
different crops is a strategic issue. This control can be carried
out by chemical, biological, and physical methods.'*"
However, these methods are not completely effective and
present side effects to plants and the environment.
Heterogeneous photocatalysis is an environmentally safe and
low-cost alternative against phytopathogens. Previous studies
have demonstrated that semiconductors have the ability to
eliminate or inactivate pathogenic microorganisms.'®>" The
effectiveness of heterogeneous photocatalysis relies on the
semiconductor excitation using electromagnetic radiation to
produce. The electron—hole pairs can react producing reactive
oxygen species (ROS) (e.g, OH®, 03,). Finally, ROS can react
with different molecules and destroy them.”' Currently in the
area of photocatalysis, TiO, is one of the most studied
semiconductors due to its photocatalytic activity and high
chemical and physical photostability. Furthermore, TiO, is
considered harmless to the environment.””**> ZnO is another
semiconductor commonly implemented in heterogeneous
photocatalytic systems.”*** Both of them (TiO, and ZnO)
are photocatalytically active only under UV irradiation due to
their high band gap value. Various strategies have been
implemented to improve photocatalytic activity (e.g, dop-
ing,m27 sensitization,”®*’ quantum dots,*>*' heterostructures
with other semiconductors with smaller band gap,’”** and
anion vacancies’"). The heterostructures have the advantage
that can improve the photocatalytic activity and reduce the
charge recombination rates.>*® Also, Rajkumar et al. reported
that ZnO nanoparticles show activity against Bacillus sp.,
Escherichia coli, Staphylococcus aureus, Vibrio cholerae, Cor-
ynebacterum sp., and Salmonella sp., and the bacterial
deactivation was associated with destruction of cellular walls
by actions of the reactive oxygen spices (ROS).” In the case of
TiO,, the activity against P. aeruginosa PAOIL strain was
reported by Kubacka et al.’® As traditional treatments for
phytopathogens are toxic to the environment and put at risk
the health of the direct handler, it is necessary to look for a
chemically inert alternative reduction of contaminants method
that is mechanically stable and highly durable. Heterogeneous
photocatalysis is an environmentally safe and low-cost
alternative against phytopathogens. With this aim, in this
work, we study the antimicrobial capacity of TiO,/ZnO
against FOFspd under UV irradiation. Furthermore, density

functional theory (DFT) and time-dependent DFT (TDDFT)
calculations were performed to support the experimental
results.

2. MATERIALS AND METHODS

2.1. Thin Film: Synthesis and Characterization.
Degussa powder (P25) was used as a source of TiO,; 20 g
of TiO, was mixed with 30 mL of isopropanol, S0 mL of
distilled water, and 10 g of poly(ethylene glycol) (PEG) 1000.
The obtained slurry was stirred for 20 min at 1000 rpm until
suspension stabilization. Afterward, a thin film was deposited
by spin coating.” The thin films were sintered at 500 °C. The
ZnO thin films were deposited by plasma-assisted reactive
evaporation technique as previously reported.*” The structural
properties of the thin films were determined by X-ray
diffraction measurements and scanning electron microscopy
(SEM) assays.

2.2. FOFspd Culture. The culture medium and growing
conditions were performed according to the following
procedure: (i) 70 mL of Sabouraud broth (0.5 cm X 1/2
cm) with fungus is brood at 25 °C for 15 days at S0 rpm. (ii)
We used a sterile SEFAR PCF nylon mesh (pore diameter = 22
um; brand SEFAR, Switzerland) to filter the spore. (iii) We
concentrated the spore solution by centrifugation at 4000 rpm
for S min. (iv) The solid was suspended in Sabouraud broth.
(v) The spore counting was carried out in a Neubauer camera
(2.5 x 10° spore/mL). Figure S1 shows the process of
collection and counting of FOFspd spores. During the study, a
strain of FOFspd was collected in Sabouraud agar (SA) and
potato dextrose agar (PDA). Figure 1 shows the FOFspd in the
two-culture medium.

2.3. Kinetic Adsorption Study. Before the photocatalytic
process to remove a pollutant from aqueous samples begins,
the adsorption/desorption equilibrium must be reached.
Conventionally, before starting the photocatalytic process,
the sample and the photocatalyst are stirred under conditions
of darkness for 1 h. However, in this hour, it is possible to
determine the potential mechanism of the kinetic adsorption
process. We introduced an methylene blue (MB) solution with
a concentration of 30 mg/L in a batch reactor under
conditions of darkness. An aliquot was extracted at time zero
and every 5 min thereafter to track the kinetics of the process.
The MB concentration of each aliquot was determined by a
spectrophotometer at 665 nm. We apply three models to study
the MB adsorption on both thin film materials. We used the
pseudo-first, pseudo-second-order, and intraparticle diffusion
models to fit the kinetic results. Details of the three models can
be found in Section S1 of the Supporting Information.

2.4. Photocatalytic and Inactivation Study. As a
reference, we used MB as a pollutant model because it is
commonly used as a standard to compare photocatalytic results
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between different photocatalysts.”' Although it is applied in
medicine, MB represents a hazard for humans. The MB side
effects include confusion, shortness of breath, red blood cell
breakdown, and allergic reactions, among others.*” We study
the MB photocatalytic degradation and the activity of
microorganism loss using thin films separately. Thus, the
compounds were immersed in an MB aqueous solution (10
mg/L) inside the reactor, as shown in Figure 2. The UV-LED

Figure 2. Reactor configuration. A: UV-LED. B: Thin film. C: Input
air was pumped to the reactor. D: Spore suspension. E: Air pump. F:
DC adapter LED.

lamp with an emission maximum of 260 nm and 3 W pawer
was used for 250 min. The photocatalytic degradation was
followed by spectrophotometry at 665 nm and the micro-
organism activity loss by microscopy (Neubauer camera). In
the microorganism activity study, the compounds were
immersed in an aqueous solution of spores (2.5 X 10°
spore/ mL). Again, The UV-LED lamp with an emission
maximum of 260 nm and 3 W power was used for 250 min.
The obtained spore counting was carried out with a Neubauer
camera.

2.5. DFT Study. Density functional theory (DFT)
calculations were carried out with the Amsterdam Density
Functional package (ADF 2019.01)* using the zeroth order
regular approximation Hamiltonian (ZORA) including scalar
corrections.*”** Single polarized uncontracted type IV basis
sets using triple-{ accuracy sets of slater-type orbitals were
employed.” The generalized gradient approximation Perdew—
Burke—Ernzerhof (PBE) functional with nonlocal exchange
and correlation corrections was used for the optimizations.*®
Conductor-like Screening Model (COSMO) to simulate the
solvent was used, considering water as solvent.*” A time-
dependent DET (TDDFT) method"®*’ was used to simulate
the optical properties (absorption) of all compounds, using the
same level of theory as the geometry optimization procedure.

3. RESULTS AND DISCUSSION

3.1. Structural Characterization. Figure 3 shows the
powder X-ray pattern of the TiO, and ZnO thin films. TiO,
was polycrystalline in nature. Peaks located at 26 = 27.9 and
56.9° correspond to planes (110) and (220) of the rutile
structure (JCPDS #021-1276), respectively. Furthermore,
peaks located at 26 = 25.51 and 48.31° are assigned to planes
(101) and (200) in the anatase structure (JCPDS #021-1272),
respectively. Using the Scherrer equation,””' average
crystalline size of TiO, was estimated to be around 19 nm
using plane (101) for the anatase phase and 66 nm using plane
(110) for the rutile phase. This result is according to the
precursor used as the TiO, source. Figure 3 shows a
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Figure 3. Powder X-ray pattern for TiO, and ZnO thin films.

preferential orientation plane for the ZnO thin films deposited
by plasma-assisted reactive evaporation. The peaks located at
20 = 34.41 and 36.28° correspond to the crystalline planes
(002) and (101) in ZnO with hexagonal wiirzite crystalline
phase (JCPDS #036-1451), respectively. Using the Scherrer
equation, the ZnO average crystalline size was estimated to be
around 32 nm using the plane (002). The powder X-ray
pattern for TiO,/ZnO thin films only shows signals
corresponding to TiO,. However, the presence of ZnO on
these thin films was supported by an energy dispersive X-ray
(EDX) assay (see the next section).

3.2. Morphological Characterization. Figure 4 shows
the SEM images of TiO, and TiO,/ZnO thin films obtained in
this study. The results show that the thin films were
heterogeneous, porous, and composed of different sizes of
microaggregates. After ZnO was supported onto TiO, thin
films, the ZnO particles were not distinguished. However, the
presence of ZnO particles was supported by the EDX assay.
Thin films show spherical particle sizes (50—200 nm). This
characteristic in the morphology and particle size is typical of
TiO, deposited from slurry suspensions (e.g, Doctor-blade
and spin-coating techniques).””>> The final morphological
properties of thin films rely on the thin film deposition
experimental conditions.”* We supported the presence of ZnO
particles on the TiO, surface by the EDX assay. Figure 5 shows
the EDX spectrum of the TiO,/ZnO thin films. The EDX
assay indicated an atomic composition of Ti (25.01%), Zn
(4.44%), and O (70.54%). Despite the X-ray diffraction pattern
not showing signals to ZnO for the TiO,/ZnO thin films,
Figure S supports the fact that ZnO was deposited on TiO,
thin films after plasma-assisted reactive deposition.

3.3. Kinetic Study. Adsorption of the pollutant on the
catalyst’s surface is a previous requirement of the photo-
catalytic process. Figure 6 shows the fitting of three different
kinetic models, and Table 1 lists the results of those fittings.
The bare TiO, shows a removal capacity of 10.8 mg/g and
TiO,/ZnO shows a value of 12.3 mg/g. After the deposition of
ZnO onto the TiO, surface, the catalyst shows an increment in
the MB adsorption amount. This behavior can be explained by
the changes in the chemical and physical properties of the
surface. The TiO, surface was more heterogeneous after the
ZnO particle modification, which assists the MB water
remotion. Of the three kinetic models, the pseudo-second-
order model had the best fitting results (see Table 1). This
model has been reported before to describe the remotion of
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Figure 4. SEM images of (a) TiO, thin films and (b) TiO,/ZnO thin films. SEM HV: 20.0 kV.
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Figure S. EDX spectrum of TiO,/ZnO thin films. SEM HV: 20.0 kV.
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Figure 6. Fitting results for the kinetic models applied to the data of MB adsorption on (a) TiO, and (b) TiO,/ZnO thin films (catalyst dosage =

0.1 g/L; stirring rate = 150 rpm, temperature = 298 K, pH= 7.0).

many compounds on different catalysts.’>*® In this model, the
electrostatic interaction is the main chemical interaction
between sorbent and adsorbate during the adsorption process.
MB is a typical cationic dye; thus, the MB adsorption will be
favored if the charge of the semiconductor surface is negative.

31549

The isoelectric point of TiO, (Degussa P25) is 6.0.°” If the pH
of the solution is higher than 6.0 (we employed pH = 7.0), the
cation adsorption is assisted because the surface of the catalyst
is negatively charged.”® According to the kinetic results, the
electrostatic interactions (chemisorption) are present during

https://doi.org/10.1021/acsomega.4c01287
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Table 1. Fitting Results for the Kinetic Adsorption Models

model fitting parameters TiO, TiO,/ZnO
1st order q. (mg/g) 9.81 12.4
k; (min™') x 1073 74 114
R 0.938 0.927
ARE (%) 9.4 8.2
2nd order q. (mg/g) 12.0 12.9
k, (g/mg/min) X 107> 130 140
R 0.997 0.999
ARE (%) 5.1 24
intraparticle diffusion  C (mg/g) 1.57 6.51
kg (g/mg/min"/?) 1.37 0.952
R 0.933 0.798
ARE (%) 12.8 9.5

the adsorption of MB on the catalysts. Furthermore, it is
possible that this is the dominant interaction during the
adsorption process. For the heterostructure TiO,/ZnO, see
Figure 6, a synergic effect in the adsorption capacity of MB is
observed. This result could be explained by the changes in the
morphology after the deposition of ZnO onto TiO, thin films.

3.4. Thin Film Photocatalytic Activity. Before testing the
antimicrobial activity against FOFspd, it was decided to study
the photocatalytic activity of the catalysts under UV
irradiation. Figure 7(a) shows the effect of UV irradiation
time on the thin film photocatalytic activity used in this study.
It is observed that after 60 min of UV irradiation, the TiO, thin
films reached 10.9% of MB degradation, whereas the TiO,/
ZnO thin films reached 20.6%. This behavior can be associated
with (i) the change in the morphological properties of the thin
films and (ii) the presence of heterojunction between ZnO and
TiO, might reduce the charge carrier recombination process
after UV irradiation on the semiconductor surface. The
difference between the redox potential of the TiO, and ZnO
conduction bands (CB) might assist the charge carrier
separation. Even though TiO, and ZnO have similar energy
band gap values, the CB of ZnO is located more positively than
the CB of TiO,, thus after UV irradiation a photogenerated
electron can be injected from the CBg,o into the CBryg,

reducing the possibility of a recombination process.”” We

applied the Langmuir—Hinshelwood kinetic model to
determine the kinetic parameters according to

n[MB]t = —kt

MBI, W
where k is the kinetic constant rate of the process and ¢ is the
time of irradiation. From this linear equation, we determined
the k value for each test. Results show a k = 1.0 X 107 min™"
for TiO, and k = 3.9 X 107> min~" for TiO,/ZnO (see Figure
S2 in the Supporting Information). After the modification, the
photocatalytic rate was 3.9 times faster than for bare TiO, thin
films. Both morphological and heterojunction formation might
explain this increment in the photocatalytic efficiency. The
TiO,/ZnO heterojunction acts as a scavenger of the
semiconductor photogenerated electrons. This property
reduces the recombination process and besides, the photo-
generated electron might generate ROS.°”®" The stability of
the catalyst is an important parameter in developing practical
applications. In this case, we carried out 4 consecutive
photocatalytic cycles with the same thin films. Figure 7(b)
shows the results of the recyclability tests. Both thin films were
active after 4 photocatalytic tests, and the photocatalytic
efficiency was reduced by fewer than 3% in both cases. This
result is associated with the great stability of the metal oxide
compounds (e.g., thermal, physical, and chemical).®>*
Furthermore, the compounds were deposited (as thin films)
on a soda-lime glass substrate, which is a rigid surface with
extreme physical and chemical stability.

3.5. Antimicrobial Activity against FOFspd. Monitor-
ing the concentration of FOFsdp by microscopic observation
and using the Neubauer chamber allowed us to determine the
decrease in concentration over time. Also the appearance of
cellular material residues from the spores destruction due to
the generated ROS. Both effects are attributed to the
photocatalytic process. The cell destruction causes initially
deterioration in the cell wall and later in the cytoplasmic
membrane. Figure 8 shows photographic evidence of FOFspd
deterioration after UV irradiation over the thin films. This
figure shows the loss of cell integrity and decrease in spore
concentration caused by photocatalytic treatment over time.
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Figure 7. (2) Thin film photocatalytic activity under UV irradiation. (b) Stability test of thin films after 4 photocatalytic cycles (catalyst dosage =

0.1 g/L; stirring rate = 150 rpm, temperature = 298 K, pH = 7.0).
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Figure 8. (A) Initial spore count (0 min of treatment), (B, C) 50 min of treatment, and (D) 250 min of treatment using TiO,/ZnO films under UV

irradiation.
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Figure 9. Culture of FOFsdp after photocatalytic treatment: (a) TiO, thin films, (b) TiO,/ZnO thin films. (c) Negative control: spore without

treatment.

The thin film effect is evidenced by the low number of
spores per quadrant (Figure 8C,D) and by the presence of
cellular material remains. The photocatalytic treatment effect
was determined by the culture of the FOFsdp fungi in PDA
and SA media after being irradiated with UV radiation over the
catalysts. One mL of the FOFsdp suspension (2.6 X 10° spore/
mL) of these treated spores was incubated in PDA and SA.
After 5 days of incubation at 25 °C, we determined the fungal
growth. Figure 9 shows FOFsdp growth slowly after photo-
catalytic treatment. Results showed isolated fungus colony
growth for the samples after the photocatalytic treatment. The
untreated spore (negative control) showed uniform growth
(Figure 9c). This result indicates that the photocatalytic
treatment affected the viability of the spores, reducing the
capacity of the fungi to grow. The spore treated under UV
irradiation onto TiO, thin films showed greater growth than
the spore treated with TiO,/ZnO thin films. The hetero-
junction between ZnO and TiO, might reduce the

recombination,”* improving the antimicrobial activity of the
catalyst.

Figure 10(a) shows the normalized spore concentration
FOFspd as a function of time irradiation with UV light. The
TiO, thin films reached a reduction of 67.5% in the spore
concentration of FOFspd while the TiO,/ZnO reached a
reduction of 90.1% after 250 min of UV irradiation. Two
aspects can explain this behavior: (i) both semiconductors
might generate ROS contributing to inactivate the FOFspd
growth and (ii) the heterojunction might act as a photo-
generated electron scavenger assisting the charge separation,
reducing the recombination process. This charge carriers’
transfer has been previously reported for other heterojunc-
tions.”® Figure 10(b) shows the proposed energy scheme of the
heterojunction.

3.6. DFT Results. To further understand the optical
properties shown by the studied materials (isolated and
mixed), DFT and TDDFT calculations were performed over a
reduced representation of the system. Thus, as shown in Figure
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11, the isolated nanoparticles show a geometrical structure
similar to that of the mixture of the materials. In the mixed
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Figure 11. EDDM and the geometrical structure of the studied
nanoparticles.

nanoparticle case, the M—O distances get slightly larger in the
case of ZnO, whereas they turn slightly shorter in the case of
TiO,. This might be due to the electron donation from TiO,
to ZnO, which would explain the photoinjection from ZnO to
TiO, and the improvement in the photocatalytic and
antimicrobial activity. Thus, to further understand the
antimicrobial activity mechanism, TDDFT calculations were
performed over the mixed TiO,/ZnO structure. Furthermore,
the electron density difference map (EDDM) isosurfaces were
plotted to perform a representation of the electron density
modification upon the transition, see Figure 11. As observed,
the EDDM shows the occupied MOs that are depopulated and
the unoccupied MOs that are populated due to the studied
transition. This charge separation would explain the anti-
microbial activity shown by the materials. As shown in every
case, the transitions start from the oxygen atoms of the
nanoparticles toward the d orbitals of the Ti atoms (when this
atom is present). In the case of the pure Zn nanoparticle, most
of the transition involves pi orbitals of the oxygen atoms, see
Table 2. Finally, the reactivity indexes of the three studied
models were calculated, see Table 3. The highest occupied

Table 2. Calculated Excitation Energies in nm, Active
Molecular Orbitals (MO) and Their Contributions in %

compound [ f contribution %
TiO, 376 0.436 Po dp 100
ZnO 364 0.046 Po Po 86
Po Pzn 14
TiO,/Zn0 395 0.022 Po dr, 42
Po Po 40
Po Pza 18

Table 3. DFT Results for Reactivity Indicators Calculated
for the Optimized Ground State Minima of the Metallic
Complexes

HOMO LUMO  GAP m* W we
TiO, —7.46 -394 352 =570 176 9.24
Zn0 —5.51 —223 327 387 1.64 457
Ti0,/ZnO —6.71 -383 287 527 144 967

“Chemical potential. *Chemical hardness. “Electrophilicity.

molecular orbital-lowest unoccupied molecular orbital
(HOMO—-LUMO) GAP decreases for the mixed nanoparticle
system, showing its increased reactivity. Furthermore, the
chemical hardness shows its lower value for the mixed system
and also the electrophilicity index has its largest value,
supporting the larger reactivity for the mixed nanoparticle
system.

4. CONCLUSIONS

In this study, the antimicrobial activity of TiO,/ZnO against
FOFsdp was studied. Furthermore, the removal efficiency and
the photocatalytic degradation study of MB were performed.
TiO,/Zn0O was more efficient in the MB removal from an
aqueous solution than bare TiO,. Furthermore, the TiO,/ZnO
thin films were more efficient in reducing the spore
concentration (90.1%) against FOFsdp than against bare
TiO2 (67.5%). By means of TDDFT calculations, it was shown
a mixed participation of both portions of the mixed
nanoparticles. Furthermore, the large reactivity observed for
the mixed nanoparticle can be attributed to the diminution in
the HOMO—-LUMO GAP and increased reactivity indexes.
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Finally, the mixture of ZnO with TiO, increases its biological
activity against FOFspd, showing that the materials studied
herein could be a great and cheap alternative for fungal
treatments.
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