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TiO, thin Films for Biofouling Applications
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This work presents a study of TiO, thin films prepared by sputtering, for using as protection
for biofouling action on marine structures. Titanium oxide thin films were prepared with different
amount of oxygen on the surface of regular 1020 steel, a structural material for marine technology.
The cristalline structure analysis evidenced the formation of anatase and rutile phases, as well as
an amorphous phase of titanium oxide. Roughness measurements shown that the surface finish can
contribute to the fixation of microorganisms. The crystalline TiO, thin films was evaluated as a potential
biofouling protective coating. Contact angle measurements revealed that under UV-C light, the material
evidenced a changing in wettability from hydrophobic to hydrophilic behavior, what is associated to
the activation of photocatalytic reactions that is nocive for living beings on its surface. The effect of
marine ambient on sample corroborates this conclusion, where after 6 months of exposure it was not

sufficient for growing of biofouling on surface.
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1. Introduction

Biofouling is defined as the process resulting in the
accumulation of microscopic organisms, plants and animals
on abiotic surfaces, both natural (rock and wood) and artificial
structures (piers, platforms, ship hulls, etc), when immersed
in liquid environment like rivers, lakes and the ocean'>3.

The biofouling process has negative impact in various
marine activities, highlighting product contamination, energetic
losses related to increase of friction, resistance added to heat
transfer and pressure losses, leading to significant losses
for global industry*°.Besides that, the biofouling process
is harmful also for oil platforms, marine pipes and cooling
systems in nuclear power plants.

The strategies for biofouling prevention in marine
industry are traditionally dominated by the fields of chemistry,
with the use of biocides in antifouling paints, which retard
biofouling by the use of toxic substances*. Between those
substances, the most efficient are the paints based on Tri-
Butil-Tin (TBT), that besides its very high efficiency there is
a highly toxic component, leading to several damages to the
environment nearby*¢. Those paints are currently forbidden
by the International Maritime Organization (IMO) for using
in marine structures in general’. Due to this, environmental
friendly solutions that minimize the effects of biofouling,
or facilitate its removal, becomes potentially favorable for
applications in the marine industry.

*e-mail: viviane.s@ufsc.br

Recent research points to titanium dioxide (TiO,) for the
reduction or control of the growing of microorganisms. Such
materials, when exposed to ultraviolet (UV) light irradiation
decompose organic matter, following a photocatalytic
process, exhibiting bactericidal characteristics®*!°. Studies
demonstrates that the level of irradiation that reaches the
material interferes in the solution employed for the biofouling
process. Marine structures in general are naturally exposed to
UV light irradiation from de sun light, mainly near the surface,
preferential region for biofouling accumulation. Beside the
high interest on the bactericidal effect of TiO,, very few or
none attention is devoted for application as antifouling in
marine industry. This work has the main goal to evaluate
the antifouling characteristics of TiO, thin films, prepared as
coating for marine structure materials. For that, TiO, thin films
were obtained by the triode magnetron sputtering process with
different argon (Ar) and oxygen (O2) flow, on the surface of
AISI 1020 steel. The thin films were characterized structure
and morphologically, as well as its bactericidal action and
biofouling prevention were initially analyzed.

2. Experimental Procedure

The substrates were conventional AISI 1020 steel, obtained
from a 1 inch cylindrical bar sectioned in approximately 0.6 cm
thick discs. Previously of the deposition of thin films, the
surface of substrates passed through a polishing procedure,
consisting of a sequential steps in sandpaper with sizes 80,
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120, 320, 600 e 1200, and a finishing step with diamond
paste of 3 um and 1 pm.

Before the thin film deposition procedure, the surface
of the substrates were ultrasonically cleaned in acetone
and dried in heat air. The thin films were prepared with a
Triode Magnetron Sputtering (TMS) equipment!', using as
process parameters a voltage of 400 V to 500 V, an electric
current of 1,0 A, a substrate temperature of 200 + 5°C, and
total pressure of working gas of 3.0 mTorr. The control
parameter was argon and oxygen flow rates inside the
chamber, expressed in standard centimeter cubic per minute
(scem), used to prepare coatings at 5 different conditions.
In order to modify the oxygen content in each film, and
therefore the film properties, the O, and Ar flow inside the
chamber were changed. The individual value of flux for each
gaseous material was controlled in order to keep constant
the total pressure of working gas. No other special control
was performed with respect on the gas flow. The deposition
time in all depositions was 900 s. Table 1 shows the details
of the flow rate used in this study.

It can be observed from Table 1 that the condition S2
and S5 have similar ratio between the gases. However, in the
S5 condition the oxygen flow rate is higher in the deposition
chamber, leading to high deposition rates.

The crystal structure identification of thin films was realized
by Grazing Incidence X Ray Difraction (GIXRD) technique, in
a Panalytical X'Pert PRO diffractometer, with monochromatic
radiation Cu-Ka, at 0-20 configuration. The spectra were
identified using databases of Crystallography Open Database
(COD), International Centre for Diffraction Data (ICDD),
and published papers'>!“. In order to investigate topography
of surfaces and roughness, a Confocal Microscope, Leica
DCM 3D, was employed. Contact angle and surface energy
were performed with goniometer Ramé-Hart InstrumentCo,
using distilled water and di-iodomethane as working drops,
with 1 pul volume. The contact angle was measured with and
without the incidence of light in the UV-C region for the
observation of photocatalytic activities.

The biofouling tests were performed by visual analysis of
samples exposed in marine environment. The samples were
allocated in a natural ambient with brackish water, about
30 cm deep from the surface, at a pier located at Marina
Cubatio, in the city of Joinville, Brazil. Water parameters
like salinity, dissolved oxygen, pH and temperature were

monthly monitored during all the experiment, which took
6 months.

3. Results

Figure 1 shows images of the samples prepared in
different conditions, described in Section 2. It can be seen
that samples has a common pattern, with blue to yellow
appearance and variable intensity along the surface, that
was attributed to thickness variation associated with relative
position of sample and the titanium target inside deposition
chamber. Such non uniformity in thickness is a regular
feature for vacuum techniques, and usually result in color
variations for oxide thin films. The only exception is sample
S5, which has a black appearance.

X-ray diffraction patterns spectra for samples S1, S2,
S3 and S5 are shown in Figure 2. With exception of sample
S5, the spectra reveals small peaks at 25° e 55° associated to
anatase phase of TiO,, and at 27° associated to rutile phase
of TiO,, as well as peaks associated to iron, main material
of substrate'>!%. Sample S5 presented only the pronounced
peak associated to the substrate, and a broad peak for the
thin film, that was associated to the formation of amorphous
titanium oxide'®. This last result is attributed to the higher
content of O, in the chamber during deposition procedure,
leading to higher deposition rates and the formation of the
amorphous phase'.

In order to visualize the topography and evaluate the
roughness of coated surfaces, relating it to the pining of
microorganisms by mechanical anchorage, optical confocal
microscopy was performed on everyone 5 samples. Figure 3
shows the images obtained by this technique, at a region of
300 pm. The images illustrates the topographies of samples,
that exhibited some rough morphology, but uniform. In some
cases it's possible to notice the action of final polishing of
substrate, like in samples S1 and S4.

Confocal Microscopy analysis allows to measure the
mean roughness of region. Figure 4 shows the values of
mean roughness for entire surface of images in Figure 3 (Ra).
The values measured, around tenths of mm, show roughness
much higher than the expected ones for the total thickness of
deposited thin films, around 500 nm, what indicates that the
observed topography is a reproduction of substrates surface,
and the deposited thin film has no influence in this parameter.

Table 1. Argon and oxygen flow and ratio during depositions of TiO, thin films on steel.

Gas Flow (sccm)

Ar o, Ratio Ar/ O, ID
0.28 2.23 0.125 S1
0.43 2.11 0.204 S2
0.93 1.05 0.886 S3
1.18 0.81 1.457 S4
1.39 4.93 0.282 S5
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Figure 1. Images of TiO, thin films deposited at different oxygen flow rates.

Figure 4. Mean roughness values for TiO, thin films on steel substrates.

Figure 2. XRD patterns of theTiO, thin films deposited at different
argon/oxygen flow rates.

Figure 3. Images of the TiO, thin films obtained by Optical Confocal Microscopy, in a region with 300 um length.
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Wettability is an important property for the characterization
of adhesion in surfaces, obtained by contact angle measurements,
and allows the calculation of surface energy. The surface
energy is directly related to the capability of material to
interact to other materials, being them in solid, liquid or
gas phase. Figure 5 shows the values of contact angle
measured using distillate water. Also in Figure 5, surface
energy values calculated using the contact angle measured
both with distillate water and di-iodomethane. The contact
angle values, around 95°, seems to doesn't change for films
prepared in different conditions, and can be associated to a
hydrophobic characteristic for the surfaces.

Figure 5. Contact angle and surface energy values of surfaces
coated with TiO, thin films.

The evaluation of photocathalitic properties of TiO, films
can be observed by wettability measurements as a function
of incidence of UV light irradiation. Figure 6 shows the
values of contact angle measured after an exposure in UV-C
light irradiation at different times, obtained using distilled
water, on the surface of sample S3. The experiment was
performed at 3 different positions on the surface of sample,
leading to the presented error bars. The values of contact
angle undergo a changing after 60 minutes of exposure to
UV-C light, stabilizing at around 50° after 180 minutes of
exposure, equivalent to a hydrophilic behavior, in opposite
to the initial hydrophobic condition.

The wettability changing with UV incidence, for a
hydrophilic state, is a consequence of the activation of
photocatalytic reactions in TiO,, as commonly observed in
literature®. Titanium dioxide is a semiconductor with band gap
around 3,0 eV, where light irradiation in UV region is used to
excite electrons from valence band (vb) to conduction band
(cb), and leading to two types of charge carriers, the electrons
(e,,) and holes (h ,*). Those carriers are the responsible for
the activation of chemical reactions as follows!®!”.

The water molecules in contact to the excited material
undergo a chemical reaction that forms hydroxyl radicals
(‘OH), following equation 1. Actually, oxygen molecules
exhibit affinity to electrons, reducing its character to reactive
oxygen (O,), following equation 2. The formation of hydroxyl

Figure 6. Contact angle measurements as a function of UV radiation
exposure, for sample S3 (Ar/O, = 0.886).

molecules on the surface of material is the responsible for
the contact angle variation, making it hydrophilic, and is
directly related to the incidence of UV-C light irradiation®'™'%.

h,, +H,0 - OH+H* )

e T0:—0,— )

The bactericide action of TiO, rises from the existence
of those reactive molecules on its surface, mainly hydroxyl.
The reaction of reactive species of oxygen, like ‘OH and
O,’, with organic compounds results in its decomposition.
This mechanism is the responsible of biocide action on TiO,
irradiated surface, and to its bactericidal action, that could
lead to decrease of the biofouling during aquatic immersion'.

The TiO, thin films were studied under marine natural
ambient as described in Section 2, during a period of 6
months, searching to visually evaluate antifouling capacity.
During this time, the accumulation of fouling was monitored
weekly, as well as some parameters of the water. Figure 7
shows images of the sample S3 after a 6 months exposure,
from the front of the sample, that contains the TiO, coating
(Figure 7a), and from the back of the sample, where the
surface was a regular plastic protective paint (Figure 7b).
The result for other conditions is not shown due to their high
state of substrate oxidation, unable to a visual evaluation of
biofouling quantity.

Figure 7 can be used to visualize the biofouling protective
characteristic of TiO, thin films. The thin film face shows a
region with the result of corrosion of steel substrate, orange
region and another region with no evidence of any growing
of biofouling on the surface and no corrosion products,
exposing the thin film surface. The corrosion is a result of
the oxidation of steel, by forming rust, probably caused by
the detaching of film under aquatic ambient. The back face,
for comparison, presented a high level of biofouling, in a
macrofouling level, with the growing of macroscopic living
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Figure 7. Sample S3 (Ar/O, = 0.886) after 6 months of exposure
to marine ambient, (a) face coated with TiO, thin film; (b) face
coated with plastic paint.

beings. This result evidences huge differences in terms of
microorganisms attaching between the TiO, surface and the
regular paint surface.

Table 2 shows some important parameters from the
aquatic ambient used in analysis of biofouling. From that,
especially for salinity evaluation, it is possible to characterize
the ambient as brackish water 2. The monitoring of such
parameters is important to relate the rate of growth of animals
as well as the biological species that are growing on surfaces.

Table 2. Physical-chemical analysis of the natural ambient during
period of biofouling analysis.

Parameter Value
OD (mg/L O,) 6.8
pH 6.52
Salinity (ppt) 1.6
Temperature (K) 291.2

4. Conclusion

The preparation of coatings of titanium oxide on AISI
1020 steel was performed by the deposition of thin films
by magnetron sputtering. Structure properties of the final
material can be changed by different deposition conditions,
involving the relative amount of argon and oxygen inside
the deposition chamber, and the total flow of gases. It was
possible to prepare two types of titanium oxide depending
on the deposition condition that is a crystalline mixture of
anatase and rutile phases of TiO,, and an amorphous phase
of titanium oxide. For purposes of biofouling protection,
the coexistence of the two phases of TiO, can have practical
positive characteristics, since there are results on the increase
of this activity for a mixture of phases in detriment of single
phase materials'S.

The bactericide potential of films is verified with contact
angle measurements under UV-C ligth irradiation incidence.
The changing of hydrophobic to hydrophilic behavior under
radiation, observed in crystalline TiO, thin films, informs
the activation of photocatalytic reactions, leading to reactive
species like OH', an usual property of the semiconductor TiO,.
This characteristic allows the material to have bactericidal
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properties that is indispensable for using as biofouling
protection, as the premises of this work.

The protection of samples for biofouling could be verified
in an experiment performed in natural marine ambient,
with brackish characteristics. For the sample containing
crystalline TiO,, after 6 months immersed in this ambient,
no trace of biofouling was noticed on its surface, while a
huge amount of macrofouling with natural living species
is observed on the surface with plastic paint protection.
This result demonstrates the capability of TiO, thin films
to act as biofouling protection, meaning the activation of
photocatalytic reactions under marine water. This activation
is attributed to solar radiation, that contains radiation with
the UV region of frequency, in range associated to UV-A,
UV-B and UV-C. Besides UV-C is predicted to be absorbed in
water, radiation in the UV-A is accepted to have transparency
properties, and have sufficient energy to overcome the energy
gap of TiO, as well.
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