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Abstract: In this work, TiO2 and ZnO nanoparticles of different sizes and crystallographic configura-
tion were used to protect wood surfaces against UV radiation. The sizes and levels of photoactivity
of the nanoparticles were measured in vitro by transmittance electron microscopy and electron
paramagnetic resonance spectroscopy, and then they were impregnated into radiata pine samples.
The production of aromatic radicals, absorbance of UV and visible light, and chemical and color
changes of treated and untreated wood surfaces were assessed after UV irradiation. Results show that
nanoparticles that were less photoactive were better at reducing the production of organic radicals
and the chemical and color changes on wood surfaces subjected to UV. Similarly, smaller nanoparti-
cles (40 nm) were better at reducing photochemical reactions than larger (100 nm) nanoparticles. In
terms of the crystallographic configuration of nanoparticles, differences in the production of phenoxy
radicals were verified only for short-term exposure. Previous research revealed that certain levels of
photoactivity in TiO2 nanoparticles may contribute to decreases in the photodegradation of wood
surfaces possibly by an electron sink mechanism. Our observations indicate that this is unlikely to
occur in the presence of highly photoactive nanoparticles.
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1. Introduction

The exposure of wooden elements to the action of environmental factors significantly
modifies their surface structure, this effect is known as weathering [1]. Solar radiation has
been identified as the most damaging factor during weathering of wood. Solar radiation is
absorbed by all wood’s constituent polymers, but particularly by lignin, which is severely
affected [2–4]. The critical wavelengths to break the most important chemical bonds in wood
polymers are 346, 334, and 289 nm. These wavelengths are found in the UV component of
solar radiation and affect the carbon–carbon, carbon–oxygen and carbon–hydrogen bonds,
respectively [3,5].

Exposure to UV radiation and other environmental factors adversely affects the sur-
face properties of wood and the performance of coatings [1–3,6]. Hence, there has been
significant interest in the development of treatments to photostabilize wood and also on
the evaluation of the photoprotective effects of wood modification or treatment of wood
with biocidal preservatives [3,6–8]. Surface treatments that are the most effective at im-
proving the performance of coatings are transition metal compounds that photostabilize
lignin [6,9–11], organic UV absorbers and hindered amine light stabilizers [6,12,13], and re-
flectors and pigments [14,15]. More recently, there has been significant interest in inorganic
nanoparticles (NPs) as photoprotective treatments for wood surfaces [16].
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NPs can effectively reduce color changes due to photodegradation when applied
directly or in combination with coating systems to wood surfaces [17]. It is commonly
accepted that NPs protect wood against UV radiation because of their ability to block,
scatter, and absorb UV [18]. However, their modes of action have not been fully explored.
For example, at nanoscale, the absorption of UV radiation by inorganic NPs involves the
production of radical species in the presence of oxygen and water [19–23]. This effect
is known as photocatalysis, and there is no general agreement on whether such species
resulting from the presence of NPs can induce or accelerate chemical changes on wood
surfaces during UV exposure [24–26].

The level of photoactivity of inorganic nanoparticles can be tailored by including
different elements in their composition and by the synthesis of particular nanostructures of
different sizes. For example, highly efficient photocatalytic NPs have been experimentally
produced and used for the degradation of dyes and pollutants, achieving activation even
under visible light with different principles of action [27–29]. The high efficiency of these
photosensitizers produces large concentrations of radical species that are highly effective at
degrading organic materials such as lignin on wood surfaces.

In our previous work, we suppressed the photocatalytic activity of TiO2 NPs prior
to testing their effects on wood surfaces exposed to artificial UV radiation (340 nm). We
assessed whether the suppression of free radical production due to photocatalysis had a
significant effect on the final color and chemical stability of wood surfaces. Surprisingly, we
found that the suppression of photocatalytic activity increased the level of aromatic radicals,
measured by electron paramagnetic resonance (EPR), and color changes during long-term
UV exposure. We theorized that, without modifications that could suppress its photoactive
nature, the ability of TiO2 to act as an electron sink in its rutile phase might explain these
results. More specifically, the holes and excited electrons that migrate to the surface of the
nanoparticles when irradiated with UV may interact with the aromatic radicals caused by
the UV degradation of lignin, interrupting further oxidative reaction with other wood’s
components, hence slowing color changes. Additional research is necessary to test this
hypothesis [30].

In this work, we extend our previous research by testing inorganic NPs of different
types (TiO2 and ZnO), sizes (40 to 280 nm), and crystallographic configuration (anatase
and rutile). The NPs were characterized for their size and level of photoactivity in vitro by
transmittance electron microscopy (TEM) and electron paramagnetic resonance (EPR), and
then they were impregnated into wood samples. During the experiments, the production
of aromatic radicals, and chemical and color changes of the treated and control surfaces,
was assessed upon UV exposure (340 nm). In addition, surfaces were tested for their ability
to absorb UV and visible light after UV irradiation.

As a biomaterial made of different organic polymers, wood represents a complex
substrate. Therefore, the generation of new insights into its photochemical behavior,
particularly in the presence of NPs with different levels of photocatalytic activity, is vital
for the development of new and more effective photoprotective treatments.

2. Materials and Methods
2.1. Nanoparticles

ZnO and TiO2 NPs (>99% purity) were acquired from US Research Nanomaterials, Inc.
The NPs were white, semi-spherical, and varied in size from 40 to 280 nm. We used ZnO
35–45 nm (ZnO35), ZnO 80–200 nm (ZnO80), TiO2 anatase 40 and 100 nm (A40 and A100,
respectively), and TiO2 rutile 50 and 100 nm (R50 and R100, respectively). Anatase and
rutile are the two most widely used mineral forms of titanium dioxide in material science
and industry [31].

2.2. Photoactivity Tests on Nanoparticles

A Bruker EMX micro with ER 4119HS cavity electron paramagnetic resonance (EPR)
equipment was used to test the photocatalytic activity of ZnO and TiO2 NP. The kinetics
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of adducted OH radical intensity were assessed during 60 min of direct irradiation with
artificial UV light at 340 nm [17]. In the experiments, 2.5 mL (0.01 mol·L−1) of 5,5-dimethyl-
1-pyrroline N-oxide (DMPO, Sigma-Aldrich) was added to 1.23 × 10−4 mol of active NP.
The dispersions were then sonicated and exposed to UV light under stirring; aliquots were
taken after 5, 7.5, and 10 min of exposure. Thereafter, sampling was carried out every ten
minutes until completion of 60 min of exposure. Concentration of ·OH radical intensity was
measured by adjusting the magnetic field to the dominant peaks of the adduct spectrum.
The change in the absorption in such a field was measured as the ·OH concentration, since
the height of this peak is proportional to the amount of DMPO/OH [32].

A different EPR experiment was carried out to look for free radicals in wood surfaces
treated with NPs and exposed to UV radiation. Radiata pine (Pinus radiata D. Don) samples
(1 × 1 × 10 mm3) were prepared from a sapwood board previously conditioned to 12%
moisture content. Different samples (n = 3) were immersed, under stirring, for 5 h in ethanol
dispersions (1%) of the different NPs and then dried at room temperature (24 h). These
NP-impregnated wood samples were then exposed to artificial UV radiation of 340 nm.
After 120, 1440, and 2800 min of exposure, samples were collected and inserted in the EPR
equipment to measure the intensity of free radicals produced.

All EPR measurements were performed at 2000 mW microwave power, 100 kHz
modulation frequency, 3515 G center field with a sweep width of 200 G, and receiver gain
of 20 dB with 30 s sweep time.

2.3. Treatment of Wood Samples with Nanoparticles

Wood samples (n = 3) were cut and planed to 10 × 40 × 80 mm3 (tangentially oriented)
from conditioned defect-free radiata pine boards. Ethanolic dispersions of different NPs
were prepared at a concentration of 1% and then vacuum impregnated into wood samples
(−0.1 MPa, 30 min). Vacuum impregnation allowed a shorter treatment time, while en-
suring the penetration of nanoparticles into sub-surface wood cells (checked by scanning
electron microscopy, Figure S1). The experiment involved the application of one type of
nanoparticle to individual samples and also included control samples without treatment.
Control and treated samples were dried at room temperature for 24 h, and then conditioned
(21 ◦C, 65% relative humidity) for two weeks in a dark room before their exposure to UV
radiation. Weight gain due to the impregnation process was determined in additional
samples by contrasting the anhydrous weight of samples before and after impregnation.

2.4. UV Exposure

Control and treated wood samples were exposed to 340 nm-UV radiation in a custom-
built exposure unit located in the “Wood Protection Laboratory”, Facultad de Ciencias
Forestales, Universidad de Concepción, Chile, according to Hernandez et al. (2015 and
2020) [30,33]. The exposure unit contained 4 UV tubes (48 inches in length), 40 W (Q-Lab
Corp., Cleveland, OH, USA). Temperature and irradiation doses were 40 ◦C and 2.65 W/m2,
respectively, while the distance between the surfaces and tubes was maintained at 50 mm.
Samples were randomly sorted for exposure and re-arranged every 24 h until the end of
the exposure period. After 120, 1440, and 2880 min of exposure, samples were collected,
and the color and chemical changes at their exposed surfaces were measured.

2.5. Wood Surface Color Change Measurements

The color of wood samples exposed to artificial UV radiation was measured after 120,
1440, and 2880 min of exposure using a spectrophotometer (Konica-Minolta CM-5). Color is
expressed using CIE L*a*b* coordinates. Differences in the color components corresponding
to lightness (∆L*), greenness–redness (∆a*) and blueness–yellowness (∆b*) were calculated
by subtracting the color value before exposure from the color value after exposure. A unit
of change in any component represents a perceptible difference for objects having uniform
coloration under ideal lighting [34]. In addition, digital images of the samples before and
after the exposure were taken with a desktop scanner Epson Perfection V370 Photo.
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2.6. Chemical Changes on Wood Surfaces

Chemical changes, before and after 2880 min of exposure on untreated and NP-
treated surfaces, were evaluated by Fourier transform infrared spectroscopy–attenuated
total reflectance (FTIR–ATR). FTIR–ATR spectra were acquired by using a single-bounce
attenuated total reflectance accessory (Bruker Optic Pvt. Ltd., Billerica, MA, USA). Acquired
spectra represented 36 accumulations, at 4 cm−1 resolution, in the fingerprint region from
1500 to 500 (cm−1). All spectra were baseline corrected and normalized to 2100 cm−1.

2.7. UV Absorbance of Exposed Surfaces

UV–Vis absorption spectra of wood surfaces treated with NPs and untreated con-
trols were collected over a wavelength range of 200–1100 nm using a spectrophotometer
(Evolution 260, Thermo Fischer, Waltham, MA, USA) equipped with a diffuse reflectance
accessory for solids. Diffuse reflectance (DR) of the samples was measured at a bandwidth
of 2 nm, integration time of 0.15 s, and scan speed of 400 nm min−1. After measurements,
the data were normalized in order to establish a valid comparison. All measurements were
performed in triplicate after 2880 min of UV (340 nm) irradiation.

2.8. Transmission Electron Microscopy and Scanning Electron Microscopy

TiO2 and ZnO NPs were examined using transmission electron microscopy (TEM)
prior to their use. TEM observations at 4 Å resolution were made in a JEOL-JEM trans-
mission electron microscope (1200EX-II, Tokyo, Japan). The presence and distribution of
NPs on wood surfaces after UV exposure were examined by scanning electron microscopy
(SEM) with energy dispersive spectroscopy (EDS) analysis. Five by five mm2 samples, cut
from parent samples, were fixed with nylon nail polish to aluminum stubs. Fixed samples
were stored over silica gel for 5 days and then coated with a gold layer (10 nm) with a
sputter coater. SEM and EDS mapping images were obtained using a JSM scanning electron
microscope (JSM-6380, Tokyo, Japan) at 20 kV accelerating voltage and 40 µm spot size.

2.9. X-ray Diffraction Analysis

After exposure, an X-ray diffraction analysis (XRD) was conducted on the samples to
observe possible changes in their crystallographic configuration. A portion of each exposed
surface was ground and sieved to 60 mesh and then analyzed in a D4-Endeavor X-ray
diffraction analyzer (Bruker Optic Pvt. Ltd., Billerica, MA, USA) at λ = 0.154 nm, 2◦ s−1,
300 rpm, and 2θ between 2◦ and 70◦.

3. Results

The sizes and shapes of NPs, observed by TEM (Figure 1), are consistent with informa-
tion provided by the manufacturer. The presence and distribution of NPs on wood surfaces
after UV exposure were confirmed by SEM and EDS mapping analysis (Figure 2). Weight
gain percentage in wooden samples ranged from 0.45 to 0.97% (rutile 50 nm and rutile
100 nm, respectively).

After UV (340 nm) exposure, the photocatalytic activity of TiO2 and ZnO NPs was
measured in vitro as intensity of ·OH radicals in arbitrary units (arb. Units) by using DMPO-
OH adduct [32]. After 30 min of exposure (Figure 3), radical activity was undetectable in
the presence of R50 (rutile 50 nm), R100 (rutile 100 nm), and A40 (anatase 40 nm), while
the intensity was very small in the presence of A100 (anatase 100 nm). On the other hand,
intensity was noticeable in the presence of ZnO (35 and 80), but ZnO80 produced the
highest intensity for both ZnO NPs that were tested (near of 75% greater intensity). The
entire data set for these results is shown in Figure S2 (Supplementary Data). These results
show the photocatalytic effect of each type of nanoparticle with respect to its size. It can
be seen that ZnOs are the most photoactive NPs, and larger-sized ones have a greater
photocatalytic effect. On the other hand, none of the TiO2 NPs exceeded the signal intensity
of the DMPO-OH adduct, and only A100 was able to show a signal which was lower than
both ZnO NPs.
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Figure 2. SEM images of wood surfaces treated with (A) anatase 40 nm, (B) anatase 100 nm, (C) rutile
50 nm, (D) rutile 100 nm, (E) ZnO 35–45 nm, and (F) ZnO 80–200 nm and (G) untreated control. EDS
mapping images of wood surfaces treated with (A’) anatase 40 nm, (B’) anatase 100 nm, (C’) rutile
50 nm, (D’) rutile 100 nm, (E’) ZnO 35–45 nm, and (F’) ZnO 80–200 nm and (G’) untreated control,
showing in red, purple, and green the distribution of Ti, Zn, and C, respectively. Images obtained
after UV exposure.
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irradiation, as measured using electron paramagnetic resonance (EPR) spectroscopy.

Radical activity on wood surfaces was measured on untreated and NP-treated surfaces,
before and after UV exposure (Figure 4), in the EPR experiment that used smaller-sized
radiata pine samples. On wood surfaces treated with the NPs, EPR tests revealed different
signal intensities. This parameter is directly proportional to free radical concentration. In
Figure 4, it can be observed that before UV exposure, radical activity was only detected
in samples treated with ZnO NPs with no visible changes in color. This activation prior
to irradiation may be due to the significant photoactivity of these NPs, possibly activated
by ambient light in the laboratory. After 120 min of UV exposure, samples treated with
ZnO35 showed the highest level of aromatic radical activity, followed by the untreated
control, samples treated with A100, and then samples treated with ZnO80. Noticeably
lower radical activity was detected for samples treated with R50 and R100, and even lower
radical activity was found for samples treated with A40. After 1440 min of exposure, all
samples showed increased intensities of phenoxy radicals. Trends observed initially, except
for samples treated with ZnO NPs, were maintained. Samples treated with ZnO increased
their level of aromatic radical activity, reaching the highest values of all samples. They were
followed by control samples, then by samples treated with A100, R50, and R100. Again, the
lowest intensity of radicals was observed for samples treated with A40. After 2880 min of
UV exposure, the radical activity of samples treated with ZnO was still the highest among
all samples, while the radical activity of all TiO2-treated samples was distinctly lower than
that of the untreated control samples. It is worth noting that after such UV irradiation
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(2.65 W/m2), radical activity of TiO2 in rutile- and anatase-treated samples was similar in
terms of intensity and behavior.
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Figure 4. Radical activity in wood samples detected by electron paramagnetic resonance (EPR) for
untreated control and samples treated with anatase 40 nm (A40), anatase 100 nm (A100), rutile 50 nm
(R50), rutile 100 nm (R100), ZnO 35–45 nm (ZnO35), ZnO 80–200 nm (ZnO80), and untreated samples
(control); before and after 120, 1440, and 2880 min of UV exposure (340 nm).

Chemical changes evaluated by FTIR-ATR at the surface of samples before and after
exposure are shown in Figure 5. Untreated samples (control) showed noticeable changes
in peaks at wavenumbers of 1600, 1508, and 1261 cm−1, corresponding to C=C and C-O
stretching in lignin [35,36]. These peaks decreased over time, indicating degradation of
lignin with increasing exposure. Changes in peaks related to lignin were also observed in
samples treated with NP, although depending on the treatment, photo-oxidative reactions
occurred at different levels. Thus, changes in peaks at 1600, 1508, and 1261 cm−1 could
be discerned in samples treated with R100 and ZnO80; changes in peaks at 1508 and
1261 cm−1 could be discerned in samples treated with ZnO35 and changes in peaks at 1600
and 1508 cm−1 could be discerned in samples treated with A100. All the above-mentioned
samples also showed an increase in the peak at 1737 cm−1, corresponding to the stretching
of C=O groups and acetal groups in hemicelluloses [37], possibly due to the generation of
carbonyl groups resulting from photo-oxidation. In contrast, samples treated with A40 nm
were highly resistant to chemical changes due to UV radiation. Peaks at 1737, 1600, 1508,
and 1261 cm−1 remained unchanged after 2880 min of exposure. FTIR-ATR measurement
on samples treated with R50 showed no changes at peaks related to lignin after 120 min of
UV irradiation. All attempts to obtain readings at these surfaces after 1440 and 2880 min of
exposure were not successful.

After 2880 min of irradiation with UV (340 nm), a diffuse reflectance test was per-
formed on wood samples to see changes in absorbances on wood surfaces. The test was
carried out at wavelengths between 200–1100 nm. Similar profiles were obtained for all the
samples. Figure 6 depicts the absorbance of wood surfaces between 300 and 500 nm. The
full set of data is available in Figure S3 (Supplementary Data). In Figure 6, it is possible
to observe the differences in the visible region of the spectrum. In the case of untreated
wood (control), it showed a significant, and the largest, absorption band near 400 nm after
UV irradiation. As described in the literature, this band is characteristic of the oxidation of
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lignin-containing materials when irradiated with shortwave UV (λ < 385 nm) [38]. More
specifically, the appearance of oxidized chromophore components of lignin is usually de-
tected near this region at 400 nm [39]. Meanwhile, it was observed that for NP-treated
samples, this absorption band decreased. However, ZnO35- and R100-treated samples still
exhibited high absorbance in this region, but no new component developed. The opposite
occurred with A40, so far the least photoactive NP, which showed the lowest absorbance in
the 400 nm region. This indicates that when this NP is applied, fewer changes associated
with the generation of chromophores on wood surfaces leading to color changes should
be expected.
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Figure 5. FTIR-ATR spectra of wood samples treated with anatase 40 nm (A40), anatase 100 nm
(A100), rutile 50 nm (R50), rutile 100 nm (R100), ZnO 35–45 nm (ZnO35), ZnO 80–200 nm (ZnO80),
and untreated samples (control); before and after 2880 min of UV exposure (340 nm), except R50, for
whose spectra were obtained after 120 min of exposure.
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Changes in color of irradiated wood surfaces expressed using the CIE L*a*b* system
are shown in Figure 7. The ∆L* value (change in lightness) remained close to 0 from 0
to 2880 min, indicating that most color changes in samples were due to reddening and
yellowing. The ∆L* in most samples treated with NPs increased initially, from 0 to 120 min,
and then decreased from 120 to 2880 min. This trend was not observed in samples treated
with ZnO80. In this case, ∆L* decreased throughout the exposure period, indicating
darkening of the surface. The ∆a* increased near 1 color unit for untreated control samples
from 0 to 2880 min of exposure. Similar increases were also observed in samples treated
with ZnO80 and R100. Less pronounced changes occurred in samples treated with ZnO35
and R50, and even smaller changes were detected in samples treated with A40 and A100.
The ∆b* values also increased in most samples over time. The highest increase, about 5 color
units from 0 to 2880 min of exposure, occurred in untreated control samples, followed by
R100, ZnO35, and then by Z80 and A100. A small increase in ∆b* was observed in samples
treated with R50. These samples showed an increase in their blueness–yellowness values
from 120 to 1440 min, but after that ∆b* remained constant during exposure. The opposite
trend was observed for samples treated with A40, which in contrast to all other samples
turned bluer rather the yellower during UV exposure. The macroscopic appearances of the
treated and control samples are shown in Figure 8.
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Figure 9 shows the XRD patterns of wood samples treated with the nanoparticles
after exposure. In all samples, peaks related to the diffraction angles of cellulose crystal
planes (11.9◦, 24.0◦) can be observed [40]. In samples treated with TiO2, no sharp peaks
were found in samples treated with anatase, but changes in the curve can be discerned at
diffraction angles 38◦, 48◦, and 54.7◦, which correspond to crystalline anatase. Conversely,
samples treated with rutile showed more defined peaks at the diffraction angles 27.4◦, 36.1◦,
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41.3◦, and 54.4◦, which have been reported for crystalline rutile [41]. In samples treated
with ZnO, several peaks described for wurtzite (31.11◦, 34.13◦, 35.56◦, 47.03◦, 56.01◦, 62.12◦,
67.29, and 68.28◦) were observed [42]. These results suggest that no major changes in the
crystallinity of the nanoparticles occurred due to UV exposure.
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Figure 8. Appearance of wood samples treated with anatase 40 nm (A40), anatase 100 nm (A100),
rutile 50 nm (R50), rutile 100 nm (R100), ZnO 35–45 nm (ZnO35), ZnO 80–200 nm (ZnO80), and
untreated control samples before and after UV exposure.
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rutile 50 nm (R50), rutile 100 nm (R100), ZnO 35–45 nm (ZnO35), and ZnO 80–200 nm (ZnO80). All
readings were performed after UV exposure.
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4. Discussion

During exposure to UV and visible light, the chemical components of wood absorb
radiation at different wavelengths, and photodegradation of wood occurs [3]. In the
presence of NPs, absorption of radiation can be altered by reflection and scattering, but
photodegradation is also affected by the photocatalytic properties of NPs [43]. Hence, the
combination of these effects will alter the outcome of UV exposure. In our experiment,
the results of UV exposure differed according to the NPs used to treat wood. Thus, after
UV irradiation, the organic radical production, typically phenoxy radicals, was the highest
on wood surfaces treated with ZnO, followed by untreated surfaces, and then by surfaces
treated with TiO2. In conditions of direct exposure, TiO2 nanoparticles appear more stable
than ZnO in terms of photocatalytic activity [44,45]. The higher intensity of phenoxy
radicals detected by EPR in wood samples treated with ZnO in comparison with that of
samples treated with TiO2 hints at the possible contribution of the radical species produced
by the photosensitizer to the photodegradation of wood.

Several photochemical routes to phenoxyl radicals have been proposed, however,
the formation and reactivity of phenoxyl radicals in the lignin matrix is not well under-
stood. Several photochemical studies using model compounds in solution or adsorbed
on solid supports have provided some insights into the factors influencing the proposed
pathways. Direct irradiation studies on lignin model compounds have provided evi-
dence for the involvement of hydrogen abstraction reactions from phenols, β-cleavage of
substituted a-aryloxyacetophenones, and the cleavage of ketyl radicals formed by photore-
duction in aromatic ketones or hydrogen abstraction from arylglycerol β-aryl ethers in the
photo-yellowing of lignin [38,46,47]. A summary of the main reaction pathways that were
identified for the photo-yellowing of wood surfaces is shown in Figure S4 (Supplementary
Material) [48–50]. Only the β-aryl ethers (β-O-4 linkages) were considered, because they
are the most abundant linkages in lignin of hardwood and softwood (>45%) [46].

The literature suggests that one way to follow the photo-oxidation of wood is to study
the yellowing produced at irradiated wood surfaces [3]. This approach can follow three
main pathways: (1) absorption of UV/VIS radiation by photoactive groups in lignin;
(2) formation of intermediates (mainly radicals); and (3) formation of chromophores.
Notwithstanding, other pathways that do not include phenoxy radicals may also be in-
volved in the photodegradation of lignin and resulting color changes. For example, previ-
ous reports have stated that oxygen (O2), in particular singlet oxygen (1 O2), is involved in
the photodegradation of wood, producing phenoxy radicals and hydroperoxides [51–53].
Radical activity in wood samples exposed to UV radiation has been mainly attributed to
phenoxy/semiquinone radicals generated from the photolysis of lignin [49,54–56]. Phenoxy
radicals are readily produced from phenolic hydroxy groups by the action of light. Other
species, such as peroxy-radicals are typically short-lived due to their chemical reactivity,
and therefore might be not accumulated at detectable concentrations by EPR [52].

The experimental results show that the ZnO NP produced the highest intensity of
·OH species in vitro. These radicals in excess may also interact with the substrate, enhanc-
ing lignin depolymerization, leading to color changes, and even driving the microbial
degradation of wood [51,57,58]. These results agree with previous reports that indicate
that an excess of ·OH radicals on aromatic substrates leads to the formation of hydroxy-
cyclohexadienyl radicals that subsequently lead to phenoxy radicals [52,55]. Thus, there
is a relationship between the photoactivity of the NP to produce ·OH radicals with the
increased degradation of lignin on the surface of wood.

The EPR signal shown in Figure 4 indicates strong formation of further C-centered
semiquinone radicals generated through photolysis of wood treated with ZnO NP. The
lifetimes of these radicals extended well beyond the illumination period [55]. In presence
of TiO2 NPs, the oxidation of lignin compounds was considerably lower, particularly on
surfaces treated with smaller-sized NPs, in accord with the ability of TiO2 in its rutile
and anatase forms to photostabilize wood surfaces. However, the fact that the intensity
of phenoxy radicals at all surfaces treated with TiO2 NPs was practically the same after
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2880 min of exposure indicates that at such a point, photochemical reactions were well
advanced and, possibly, the surfaces were near to their chemical equilibrium. According to
Feist and Hon 1984 [1], photodegradative reaction occurs at early stages of UV irradiation
with the accumulation of resultant products on wood surfaces. During natural exposure
to solar radiation, these products are removed by rain or become a carbon source for
microorganisms [53].

At early stages of UV exposure, after 120 and 1440 min, it was observed that the
intensity of phenoxy radicals on surfaces treated with anatase 100 nm was equal to that
of untreated control samples, while surfaces treated with anatase 40 nm always showed a
lower intensity. The chemical analysis of irradiated surfaces revealed that chemical changes
were more evident in surfaces treated with 100 nm anatase and almost absent in surfaces
containing 40 nm anatase. In addition, under in vitro conditions, 40 nm anatase did not
show photocatalytic activity, while 100 nm anatase produced the highest intensity of ·OH
radicals of all TiO2 NPs tested. The higher photoactivity of anatase 100 nm, shown in vitro,
might explain the organic radicals present on wood surfaces treated with this NP during
the early stages of UV irradiation. Therefore, it seems that the absence of photocatalytic
activity under UV excitation, in addition to reflection and scattering, might be responsible
for the photoprotective effect of anatase 40 nm observed here.

No differences in the production of organic radicals were detected between the surfaces
treated with the two types of rutile NPs. Moreover, surfaces treated with rutile NPs always
showed an intensity of organic radicals lower than that of surfaces treated with ZnO,
irrespective of exposure times. In addition, surfaces treated with rutile NPs showed fewer
organic radicals than surfaces treated with 100 nm anatase but higher than those of surfaces
treated with 40 nm anatase both after 120 and 1440 min of UV exposure. As indicated
above, after 2880 min of exposure, all TiO2 NP-treated samples showed similar intensities
of organic radicals. Despite these similarities, color changes, UV–Vis light absorbance
profiles, and chemical changes show that rutile 50 nm was more efficient at preventing
photodegradation than rutile 100 nm. It can be inferred that rutile 50 nm was more efficient
at blocking and scattering UV radiation, or was able to act as an electron sink to neutralize
the effect of organic radicals, as proposed by Hernandez et al. in 2020 [30].

Several differences between anatase and rutile are described at a functional level. For
instance, anatase has higher absorbance affinity for organic compounds than rutile and a
lower recombination rate [59]. Similarly, due to band-gap differences, anatase is prone to
absorb radiation in the UV range, while the excitation wavelength for rutile can extend
into the visible spectrum. Hence, anatase is regarded as more photochemically active due
to the effect of lower recombination rates and higher surface adsorptive capacity and, in
mixtures of anatase–rutile, anatase is considered the active component, while rutile takes a
passive role, acting as an electron sink [60]. In our experiment, differences in the level of
photoactivity of anatase and rutile upon excitation with UV light at 340 nm seemed more
related to their size than to their crystallographic configuration.

Several studies have addressed the problem of photodegradation of wood surfaces
due to UV radiation by treating wood with nanoparticles. These studies normally examine
the use of NPs as components of coatings or explore novel methods to deposit NPs on wood
surfaces, avoiding agglomerations and discontinuous layers. Direct treatment of wood
surfaces with NPs is not very common, mainly due to potential leaching of the NPs when
wood is exposed to moisture. However, Nair et al. (2018) [61] studied the photostabilization
of Wrightia tinctoria (Pala Indigo) with different concentrations of ZnO 65–90 nm, TiO2
26–38 nm, and CeO2 15–25 nm nanoparticles, which were applied onto surfaces in propy-
lene glycol suspensions and thereafter extensively irradiated with artificial UV radiation
at 340 nm. Our results confirm the trends observed by these authors. In their study, all
treatments successfully decreased wood photodegradation, with a clear influence of the
initial concentration of the nanoparticles applied and resulting photoprotective effects. The
greater ability of TiO2 to suppress photodegradation, color, and chemical changes com-
pared with ZnO was observed, and the darkening of surfaces treated with ZnO and bluer
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surfaces after UV exposure in samples treated with TiO2 were also noted. Unfortunately, no
information on the level of photoactivity of the nanoparticles was reported by the authors.

The physiochemical properties of TiO2 and ZnO are relevant to the ability of NP
compounds (semiconductors) to attenuate UV radiation [62,63]. For instance, the refractive
indexes of anatase and rutile, when forming polycrystalline films, have been reported
as 3.6 and 4.0, respectively [64], while in wurtzite, the most common state of ZnO, the
refractive indexes lies between 2.0 and 2.3 [65]. These differences explain why TiO2 pro-
duces a whitening of surfaces, while ZnO is essentially transparent [43]. This supports
the observations made on the lightness change results, which indicate that most samples
treated with NPs became lighter than untreated controls upon UV exposure, except those
treated with rutile 100 nm, which followed a lightness pattern similar to untreated controls,
and samples treated with ZnO 80–200 nm, which became darker than controls, possibly due
to the transparency of this NP. The band-gap energy for bulk anatase, rutile, and wurtzite
have been reported as 3.03, 3.20 eV, and 3.37 eV, respectively, at room temperature [64,66,67].
Consequently, it has been stated that TiO2 absorbs preferentially in the UV range while
scattering and reflecting visible light. However, the valence band of TiO2 is densely packed
with electron states, allowing many absorption possibilities. Therefore, TiO2 absorbs more
in the UVB range, while ZnO absorbs more UVA, although the band-gap energy of TiO2
is lower than that of ZnO [67]. Smilj and Pavel (2011) [43] have pointed out that not only
size-related optical particle properties can influence the ability of TiO2 and ZnO to attenuate
UV radiation but also the surrounding media. In this case, the deposition of NPs on wood
surfaces, and the agglomeration of NPs, could have affected the photoprotective properties
of the different NPs. In the same way, agglomeration could have affected the measurement
of photocatalytic activity in vitro, as smaller-sized NPs are expected to be more photoactive
due to their increased specific surface area [68]. This unexpected outcome requires further
research to be clarified.

In our previous work, based on the suppression of photocatalytic activity of rutile
NPs, we theorized that certain levels of photoactivity may make a positive contribution to
decreasing the photodegradation of wood surfaces via an electron sink mechanism [30].
In this work, our observations indicate that this is unlikely to occur in highly photoactive
NPs, such as ZnO of sizes 35–45 nm and 80–200 nm. Apparently, the excess of ·OH species
may favor the development of phenoxy radicals, leading to chemical and color changes on
wood surfaces. Thus, despite the transparency of ZnO, at nanoscale, this photosensitizer is
less effective than TiO2 at attenuating the effects of UV radiation on wood surfaces. The
size of the NP also appeared as a relevant factor, where smaller-sized NPs were the most
effective at preventing photochemical reactions, while being less photoactive in vitro. The
crystallographic configuration of the different TiO2 NPs tested does not seem to be so
relevant during longer-term exposure of treated surfaces to UV radiation.

In this study, the resources and the difficulties associated with the EPR readings on
wood surfaces limited the number of tested replicates. Therefore, in future research, it may
be appropriate to confirm the tendencies observed in the results section but also to explore
the effects of other factors that induce or accelerate photodegradation on wood surfaces.

5. Conclusions

We measured the photoactivity of ZnO and TiO2 NPs of different type, size, and crys-
tallographic configuration in vitro and examined the ability of these NPs to photostabilize
radiata pine wood samples exposed to 340 nm UV radiation. The experimental results
show that highly photocatalytic NPs enhance chemical changes due to photodegradation,
while less photoactive NPs are better at reducing chemical and color changes upon UV
irradiation. Thus, less photoactive TiO2 NPs were better on wood photo protection than
highly photoactive ZnO NPs. Similarly, smaller-sized NPs showed greater ability to reduce
photochemical reactions than larger-sized NPs. Hence, we conclude that in vitro mea-
surements of photocatalytic properties of NPs provide a useful guide to their short-term
performance as photostabilizers for wood. For long-term exposure difference between
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TiO2 NPs, anatase and rutile appeared less relevant. In a previous study, we observed
that certain levels of photoactivity in TiO2 NPs may make a positive contribution to de-
creasing the photodegradation of wood surfaces by an electron sink mechanism. In this
work, our observations indicate that this is unlikely to occur in the presence of highly
photoactive NPs.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/f13111922/s1, Figure S1: SEM image showing nanoparticles
inside wood after vacuum-assisted impregnation. Figure S2: Intensity of ·OH radicals in arbitrary
units by using DMPO-OH adduct. Figure S3: UV–Vis absorbance between 200–1100 nm of untreated
control and NP-treated samples. Figure S4: Summary of the main pathways reported in the formation
of phenoxy radicals in lignin.
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