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Abstract: The use of TiO, nanoparticles for photoprotection comprise a side effect due to the
photocatalysis of the nanoparticles under UV radiation. In this work we studied how the suppression
of TiO, photocatalytic activity may affect the production of phenoxy radicals and the color of
wood surfaces exposed to UV radiation. The experimental work considered the modification of
TiO, nanoparticles to reduce its photoactivity and the use electron paramagnetic resonance to
test free radical production. Wood samples were treated with the different TiO, nanoparticles
and the radical production and color changes were evaluated after UV exposure. Experimental
results showed that in wood samples exposed to UV radiation the use of TiO, with suppressed
photoactivity yielded increased amounts of phenoxy radicals, in comparison to samples treated with
photoactive TiO,. Similar results were obtained in terms of color change, where samples treated
with suppressed photoactivity TiO, showed significantly higher color changes values, after 2000 h
of UV exposure, than samples treated with photoactive TiO,. These results suggest that in wood
surfaces, the photocatalytic effect of TiO, may be crucial on the performance of the nanoparticles as
photoprotective treatment.

Keywords: free radicals; photocatalysis; TiO,; UV radiation; wood photodegradation; wood surface
color change

1. Introduction

The use of TiO, nanoparticles (NP) has resulted in important technological advances for material
protection. In wood surfaces, which are highly susceptible to photodegradation, the use of TiO, NP is
effective at reducing color changes due to photodegradation when applied directly onto the surface or
in combination with coating systems [1,2]. The effectiveness of TiO, as a photoprotective treatment
is related to its ability to block, scatter and absorb UV radiation [3]. UV radiation can break down
carbon—carbon, carbon-oxygen and carbon-hydrogen bonds present in the different polymers that
form part of wood, inducing undesirable color changes due to photo-oxidative reactions [4].

At nano-scale, the absorption of UV radiation by TiO, comprises a complex process in which
highly reactive radical species are produced in the presence of oxygen and water [5-9]. The inherent
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potential of these radical species to induce chemical changes have drawn concerns on the secondary
effect of photoprotective treatments with photocatalysts such as TiO, [10-12]. For instance, it has
been suggested that inorganic photo-sensitizers may generate reactive oxygen species (ROS) that can
contribute to the discoloration of wood [13,14]. Similarly, hydroxy radicals (OH), which are produced
during the photocatalysis of TiO,, are also involved in the photo-oxidative process of wood and have
been reported during the first stages of wood decay [15,16]. Despite the conditions for photocatalysis
in wood surfaces treated with TiO, NP being present during natural and artificial exposure to UV,
color changes or damage attributable to photocatalysis are rarely reported, hence the question about the
role played by the photocatalytic effect of TiO, on the protection of wood surfaces against UV radiation.

In polymeric films, the suppression of TiO, NP photocatalytic activity has resulted in improved
photoprotection and increased lifetime of the product; such an effect can be achieved by the addition of
a mineral layer onto the surface of the nanoparticles [3]. In this work, we studied how the suppression
of the photocatalytic activity of TiO, NP may affect its photoprotective action against UV radiation
on wood surfaces. The study considered the modification of highly photoactive rutile TiO, NP with
tetraethyl orthosilicate (TEOS) to generate a silica cover aimed to prevent the interaction of free
radicals with the substrate. Modified and unmodified TiO, NP were studied on the ability to produce
‘OH radicals in vitro by using spin-trapping electron paramagnetic resonance (EPR) spectroscopy.
The nanoparticles were then impregnated into small wood samples, and after irradiation with UV
light, EPR spectroscopy was used to study the presence of phenoxy radicals. These radicals are readily
produced in wood due to the photolysis of lignin in presence of UV radiation [17]. Finally, in a different
experiment, the color change in wood surfaces treated with modified and unmodified TiO, NP was
evaluated after a long-term exposure to UV radiation.

2. Materials and Methods

2.1. Nanoparticles

TiO, NP, rutile 99% purity, was purchased from US Research Nanomaterials, Inc. According to
the manufacturer the nanoparticles had white appearance, almost spherical morphology, a size of
100 nm and a density of 4.23 g/cm>. TiO, NP with reduced photocatalytic activity were produced
by using the method proposed by Chia and Leong [18]. The procedure consists on the deposition of
a silica layer onto the surface of the NP, which prevent the migration of free radical from the NP to
the substrate in condition of UV irradiation. In brief, 26 mg of TiO, NP were dispersed in 60 mL of
ethanol/isopropanol (2:1; v/v, Merck, Darmstadt, Hesse, Germany). Then 5 mL of nano-pure water
and 1.5 mL of NHj (28%, Merck) were added to dispersion. The obtained dispersion was sonicated
for 30 min, at room temperature, and in the following 8 h 400 pL of tetraethyl orthosilicate (TEOS,
Sigma-Aldrich, St. Louis, MO, USA) were added under stirring conditions. The resultant product,
called TiO,-Si NP, was centrifuged (6000 rpm) for 10 min and the supernatant discarded. TiO,-S5i NP
were then washed with nano-pure water and dried at room temperature. All reagents were technical
degree and were used without further purification.

2.2. Photoactivity Tests on Nanoparticles

TiO, NP and TiO,-Si NP were tested on their photocatalytic activity by using a Bruker EMX
micro with ER 4119HS cavity, electron paramagnetic resonance (EPR) equipment. The EPR device
was used to assess the kinetic of abducted-OH radicals intensity during 50 min of direct irradiation
with artificial UV light 340 nm. Experiments considered the addition of 1.23 x 10~* mol of active
NP in 2.5 mL of 5,5-Dimethyl-1-pyrroline N-oxide (DMPO, Sigma-Aldrich) (0.01 mol-L™!). After that
the dispersion was sonicated and exposed to UV light under stirring. Aliquots were taken from the
dispersion almost every minute during the first ten minutes of the test, and then every ten minutes
until complete 60 min. Obtained aliquots were injected into the EPR equipment to perform the measure
of OH radicals intensity. In these experiments the magnetic field was adjusted to the dominant peaks
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of the adduct spectrum, and the change in the absorption at this field was used as a measure of the
concentration of the adduct and thereby of the-OH radicals. The amount of DMPO/OH produced is
proportional to the height of this peak [19].

In a separate experiment, wood splinters (1 X 1 x 10 mm?®) were prepared from the sapwood
portion of a radiata pine board, previously oven dried to 12% moisture content. The splinters were
immersed for 5 h in either TiO, NP or TiO,-5i NP ethanol dispersions (1%), under stirring, and then
collected and dried at room temperature for 24 h. Nanoparticles impregnated wood splinters were
subsequently exposed to artificial UV radiation, 340 nm for 120 min and inserted in the EPR cavity to
measure the intensity of free radicals produced.

In both experiments, EPR measurement were conducted at a microwave power of 2000 mW,
frequency modulation of 100 kHz, the center field was fixed at 3515 G with a sweep width of 200 G.
The receiver gain was set at 20 dB with a sweep time of 30 s.

2.3. Application of Nanoparticles on Wood Surfaces

A factorial experiment was prepared to test the effect of TiO, NP and TiO,-Si NP on the surface of
radiata pine samples. In the experiment radiata pine samples (1 = 3) were prepared from 12% moisture
content wood boards, without defects. The samples were cut and planed to 10 x 40 x 80 mm3 with
their grain longitudinally oriented. Dispersion of TiO, NP and TiO,-5i NP were prepared in ethanol
to a concentration of 1%, respectively, and then applied onto the samples in four consecutive layers
by brushing. The experiment considered the application of one type of nanoparticle per samples,
plus control samples without treatment. Treated and control samples were dried at room temperature
for 24 h, prior to their exposure to UV radiation.

2.4. UV Exposure

Treated and control wood samples were exposed to UV radiation 340 nm in a chamber prepared
at the “Wood Protection Laboratory”, Facultad de Ciencias Forestales, Universidad de Concepcion,
Chile. The exposure chamber contained 4 UV tubes, 40 W (Q-Lab Corp., Cleveland, OH, USA),
48 inches length. Distance between exposed surfaces and tubes was kept on 50 mm and temperature
and irradiation dose during the exposure were 40 °C and 2.65 W/m?, respectively. Samples were
randomly located on the exposure tray and randomly re-assorted every 200 h, until completing 2000 h
of exposure.

2.5. Wood Surface Color Change Measurements

The color of wood samples exposed to artificial UV radiation was measured periodically.
Samples were removed from the exposure chamber every 200 h during the first 1000 h of exposure,
and then a final measurement was taken at the end of the exposure (2000 h). Color expressed in CIE
L*a*b* coordinates was measured using a spectrophotometer Konica-Minolta CM-5. CIE L*a*b* color
difference or color change (AE) was calculated for every sample by contrasting color measurements
before and after exposure (Equation (1)).

AE =[(Ly — L1)? + (a3 — a1)* + (by — by)2]2 0

where:
L = lightness; a = greenness-redness; and b = yellowness-blueness.
Subscript (1) and () represented color reading before and after exposure, respectively.

2.6. Chemical Changes of Untreated Wood Surfaces

Fourier transform infrared spectroscopy-attenuated total reflectance (FTIR-ATR) was used
to evaluate the effectiveness of the exposure setup prepared for this experiment. Wood samples,
measuring 20 mm (width) X 60 mm (length) X 8 mm (thickness) were sawn from untreated samples,
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before and after UV exposure, and stored for 5 days in a vacuum desiccator over silica gel. FTIR-ATR
spectra of exposed surfaces were obtained using a single-bounce attenuated total reflectance accessory
(Bruker Optic Pvt. Ltd., Billerica, MA, USA). Spectra of the fingerprint region 4000 to 400 (cm™')
represented 36 accumulations at 4 cm™! of resolution. Attempts to measure chemical changes by
FTIR-ATR in treated samples were unsuccessful due to the intense reflect effect of the nanoparticles
deposited onto the surface of the samples.

2.7. Transmission Electron Microscopy

Transmission electron microscopy (TEM) was used to examine the TiO; NP and TiO,-5i NP prior
their use. TEM observations were made to resolution of 4 A in a JEOL-JEM 1200EX-II, Tokyo, Japan,
transmission electron microscope.

2.8. Scanning Electron Microscopy

Scanning electron microscopy (SEM) was used to examine wood surfaces treated with TiO, NP
and TiO,-Si NP after UV exposure. Small samples measuring 5 X 5 mm?, were cut from the parent
sample and glued to aluminium stubs using nylon nail polish as an adhesive. The stubs containing the
pieces of wood were stored for 5 days in a vacuum desiccator over silica gel. The stubs were coated
with a 10 nm layer of gold using a sputter coater and then examined using a JSM-6380, Tokyo, Japan,
scanning electron microscope, at an accelerating power of 20 W and a spot size of 40 pm.

3. Results

The modification of TiO, NP with TEOS resulted in an increment in the size of the nanoparticles.
The modification of NP with TEOS generate a silica cover layer, which can affect the photocatalytic
activity of the nanoparticles [18]. The increment in the size of the nanoparticles was observed by TEM
microscopy (Figure 1). The size of unmodified and modified TiO; NP, measured by image analysis,
was 101 (£12) nm, with a symmetrical distribution and 576 (+43) nm with a right-skewed distribution,
respectively. In both cases, it was also observed that nanoparticles were prone to form aggregations.
The presence of Si on modified nanoparticles was confirmed by energy-dispersive X-ray spectroscopy
(EDS). Size distribution and EDS analyses are available as supplemented data. Nanoparticles modified
with TEOS were called TiO;-5i NP. EPR spectroscopy revealed that TiO, NP were capable of generating
important amounts of -OH radicals in the presence of UV light within the range of solar radiation
(340 nm). The intensity of -OH radicals in TiO; NP increased over time, and the EPR signal was lower
the limit of detection (LOD) at the beginning of reaction, increasing linearly to 6.4 (arbitrary units,
a.u.), after 60 min of UV exposure. At the same sampling time and reaction conditions, the TiO,-5i
NP showed activity under the LOD. In this way, the photoactivity was completely suppressed in
TiO,-5i NP, demonstrating the effectiveness of the treatment with TEOS (Figure 2). A supplementary
method was also used to test the photocatalytic effect of TiO, nanoparticles and the suppression of
such effects due to the TEOS treatment. In a batch system, safranin and methylene blue solutions
were exposed to UV radiation in the presence of TiO, and TiO,-Si NP, respectively. The experiment
demonstrated the potential of the TiO; nanoparticles to induce photochemical changes in the presence
of organic molecules, as the solutions containing unmodified nanoparticles were almost completely
degraded after UV exposure. Conversely, the passivation of the TiO,-Si nanoparticles was also
confirmed, as the solutions containing these nanoparticles remained practically undegraded after
exposure (Supplementary Data).
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Figure 1. Transmission electron microscopy (TEM) images of TiO, unmodified (A) and modified

nanoparticles (B). Size increment on modified nanoparticles can be attributable to the accumulation of

a Silica on their surface.
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Figure 2. Intensity in arbitrary units (a.u.) of abducted hydroxyl radicals (OH) produced by TiO, (A) and

TiO,-5i (B) at different times of exposure to UV radiation, measured by electron paramagnetic resonance
(EPR) spectroscopy. LOD (limit of detection).

On the other hand, EPR experiments on wood samples without spin trappings revealed the
presence of a characteristic signal of uncoupled spin at control and nanoparticle-treated samples
exposed to UV radiation (Figure 3). Based on the chemical changes detected in lignin by FTIR in
control samples (Figure 4), this signal was attributed to the phenoxy radicals delocalized on the
aromatic rings (uncouples spin) that are readily produced due to the photolysis of lignin under UV
light [14,17,20]. FTIR-ATR test in control samples after UV exposure, showed an increment in the
transmittance at wavelengths 1261 cm

-1

, assigned to C-O stretching vibration in lignin [21] and
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1508 cm™!, assigned to aromatic skeletal vibrations lignin [21,22]. Conversely a decrease in the peaks
at wavelengths 1611 cm™, assigned to C=C unsaturated linkages [23] and 1736 cm~!, corresponding
to C=0 stretching, which occurs due to oxidative degradation by UV [24]. Pathways for lignin
photo-oxidation involve several routes in which phenoxy radicals react with oxygen and other radicals
in the system to generate the chromophore compounds responsible for the color change in wood
surfaces in the presence of UV radiation [25-29].
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Figure 3. EPR radical signal detected in untreated wood samples, and treated with TiO, and TiO,-Si,
after 120 min of exposure to artificial UV radiation 340 nm.
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Figure 4. Normalized FTIR-ATR spectrum of control wood samples, exposed and unexposed to 2000 h
of artificial UV radiation 340 nm.

In the wood samples, the intensity of the signal detected by EPR (quantitative EPR technique) was
recorded after 120 min of UV exposure (Figure 5). Phenoxy radical intensity was considerably higher
in control samples, showing the strong and well documented photo-oxidative effect of UV light over
lignin [14]. However, this intensity decreased significantly in the presence of TiO,-5Si nanoparticles and
decreased even further in the presence of TiO,. These results were confirmed at long-term exposure,
in an experiment that considered wood surface color changes as an indicator of chemical changes due
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to photo-oxidative reactions. In this experiment, the analysis of variance showed a significant effect of
the NP treatment used on the samples and the time of exposure (Table 1). The level of photoprotection
provided by TiO, and TiO,-5i was noticeable in comparison to untreated control samples. Nevertheless,
the level of protection of TiO, was always superior to TiO,-5i, i.e., samples depicted always a lower
color-change value, and the differences between both treatments increased significantly after 1000 h
of exposure (p-value < 0.05) (Figure 6), hence demonstrating the superior performance of TiO, over
TiO,-Si to decrease color changes in long-term UV exposure. SEM images of wood samples treated
with TiO, and TiO,-Si nanoparticles showed that the treatment formed a discontinuous layer on the
wood surfaces, with zones where the nanoparticles were completely absent and zones where they
formed aggregations (Figure 7).
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Figure 5. Intensity of EPR signal detected in wood samples treated with TiO, and TiO,-5i, and untreated
(control), after two hours of exposure to artificial UV radiation 340 nm.

Table 1. Effect (p-value) of nanoparticle, exposure time, and interaction between both factors, on the
color change of wood samples treated with TiO,, TiO,-Si, and untreated controls, exposed to artificial

UV radiation 340 nm.
Factor p-Value
A: Nanoparticle treatment
B: Time of exposure <0.0001
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Figure 6. Color change of wood surfaces treated with TiO, (Wood + TiO5,), TiO,-Si (Wood + TiO,-Si)
and untreated control (wood), after 2000 h of exposure to artificial UV radiation 340 nm.
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Figure 7. Scanning electron microscopy (SEM) images of TiO, treated wood surfaces. (A) surface treated

with unmodified nanoparticles and (B) surface treated with modified nanoparticles.
4. Discussion

In this work, we focused our attention on the photoactivity of TiO, nanoparticles as a factor that
may influence its performance as photoprotective treatment for wood surfaces. TiO, offers protection
against UV radiation due to its ability to block, scatter and absorb UV radiation [3]. Nevertheless,
the absorption of UV photons comprises the migration of electrons in the valence band towards
the conduction band, creating holes that can migrate with the excited electrons to the surface of the
nanoparticles [12,30]. In the presence of water and oxygen, these electrons and holes generate hydroxy
and superoxide radicals that can readily interact with the electron donor and accept compounds
in a process known as photocatalysis [5,7,31]. The photocatalytic effect of TiO, NP has been well
documented in polymeric materials, in which the use TiO, NP with suppressed photocatalytic activity
has resulted in improved photoprotection and increased lifetime of the product [3]. At wood surfaces,
reports shown contradictory evidence. For instances, Rassam et al. [32] reported no damage due to
deposited TiO, nanoparticles on wood surfaces after UV exposure, but Zheng et al. [33] described
the peeling and degradation of wood surfaces and coatings because of the photocatalytic effect of
TiO, nanoparticles. Our experimental results show that the suppression of photocatalytic activity,
i.e., the use of TiO,-Si to treat wood surfaces, resulted in an increment in aromatic radicals and color
changes at long-term UV exposure. This outcome, opposite to the original hypothesis of this study,
may be explained by the ability of TiO, to act as an electron sink agent at its rutile phase. In the
commercial preparation of TiO,, i.e., Degussa P25 rutile, acts as an electron sink agent extending the
lifetime of trapped holes [34]. Under such a principle, the holes and excited electrons that migrated to
the surface of the nanoparticles after the absorption of UV photons may be interacting with the aromatic
radicals produced in wood, interrupting further oxidative reaction with other wood components
(Figure 8), hence decreasing color changes at wood surfaces. For this hypothesis to occur, close contact
of the nanoparticles with the substrate may be necessary, which is given due to the high surface
area and size of the nanoparticles and the small, deep penetration of UV radiation on wood [35].
In support of this, SEM images revealed that the treated with TiO, and TiO,-5i nanoparticles formed a
discontinuous layer at wood surfaces, with gaps where nanoparticles were absent and zones where
they formed aggregations (Figure 7). This indicates that the mechanism of photoprotection may not
be only associated with the blocking or scattering effect of the nanoparticles, but also with possible
interactions between charged nanoparticles and the radical species produced at the wood surfaces,
as evidently UV photons still could reach wood surfaces. Further testing is required to confirm these
assumptions. These tests may include the use of nanoparticles with different levels of photoactivity
and sizes; the quantification of the electron sink effect of these nanoproducts and the inclusion of
chemical compounds that may act as a competitor against the aromatic radical formed in wood for the
active sites on the photo-excited nanoparticles. In addition, the inclusion of other wood species for
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testing could be implemented. Variations in lignin and extractives” composition and concentration can
also affect the photo-degradation of wood surfaces, therefore leading to slightly different results in

terms of color change.
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Figure 8. Scheme of action of TiO, on wood protection. (A) photo-oxidation of wood surfaces and
aromatic radical production and oxidation leading to color change in wood surfaces. (B) action of
TiO, nanoparticles blocking UV radiation and absorbing UV photons, where reduced amounts of
aromatic radicals interact with charged nanoparticles, preventing further oxidative oxidation with
the substrate. (C) modified TiO, nanoparticles; to reduce their photoactivity, aromatic radicals are
prevented to interact with the charged nanoparticles, leading to further oxidative reaction with the
substrate and color change in wood surfaces.

According to Hon et al. [13], photosensitizers and inorganic compounds in wood can be involved
in the production of singlet oxygen, contributing in this way to the chemical changes that led to its
discoloration. Similarly, hydroxy radicals have been regarded as one of the main non-enzymatic agents
involved in the first stages of brown-rot decay and, to a lesser extent, they have also been detected
during white-rot decay [15,16]. Considering this initial information, we selected a method consisting
of the passivation of the nanoparticles with a silica cover layer to test whether the suppression of the
hydroxy radical production influenced the level of photoprotection provided by the TiO, NP. Effects on
the oxidation potential of Si modified rutile have been reported for the substitutional Si to O-doped
TiO,. Yang et al. [36] reported that, for this substitution, the Fermi level is pinned in the conduction
band edge about 0.2 eV above the conduction band of pure rutile TiO,. As the electron transition
energy from the valence band to the conduction band above the Fermi level suggests a null decrease
due to the counteraction, improved absorption of visible light is not expected [36]. In the case of
substitutional Si- to Ti-doped rutile, Yang et al. reports that the valence band maximum has no shift,
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while the conduction band bottom has a decline of about 0.2 eV, compared with that of pure rutile
NPs. Therefore, a shift in absorption edge may also appear in the substitutional Si- to Ti-doped rutile
TiO;, [36,37]. Since the modification with Si implies no major changes in the oxidation potential of
TiO,, the role played by the Si as a physical barrier to avoid the interaction of radical species with the
substrate takes relevance. In this work, such an effect was observed as a decrease in the intensity of OH
radicals, measured by EPR, and the tapered capacity to degrade safranin and methylene-blue solutions
in the presence of UV radiation by TiO,-5i NP.

The photocatalytic effect of TiO, can be considered unimportant in certain materials, as the
reduction in the number of active photons due to TiO; absorption may be more relevant then the
photocatalytic effect of the nanoparticles [3]. Nevertheless, the results obtained in this work indicate
that, for wood surfaces, the photocatalytic activity of the TiO, may be crucial in the performance of the
photoprotective treatment.

5. Conclusions

It has been reported that the photocatalytic effect of TiO, NP can make a minor contribution to
the photo-oxidation of different polymeric materials. However, when these nanoparticles are used
to protect wood surfaces against UV radiation, such an effect is not often informed. In this work,
we studied how the suppression of the photocatalytic activity of TiO, NP may influence the color
change in wood surfaces after UV radiation. Experimental results showed that the addition of a silica
layer onto the surface of the nanoparticles is effective at suppressing the photocatalytic activity of
TiO,. In addition, contrary to the initial hypothesis of this study, the use of TiO, with suppressed
photoactivity was less effective at preventing color change than the treatment with photoactive TiO,
nanoparticles. The results suggest that, for wood surfaces, the photocatalytic activity of the TiO, may
be crucial on its performance as photoprotective treatment. Further experimentation is necessary to
confirm this assumption; such experiments may include the testing of nanoparticles with different
levels of photoactivity and the determination of their ability to act as an electron sink agent.

Supplementary Materials: The following are available online at http://www.mdpi.com/2079-6412/10/11/1033/s1,
Table S1, Figures S1 and S2: determination of TiO, and TiO,-Si nanoparticles size and distribution, Figures S3 and S4
showing degradation of safranin and methylene-blue in presence of TiO, and TiO,-Si, EDS Analysis
(Figures S5 and S6) of wood samples treated with TiO,-Si and TiO,.
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