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ABSTRACT  9 

Wooden objects of cultural heritage are susceptible to photochemical deterioration when exposed 10 

to UV radiation in outdoor environments, which results in the loss of their beauty and historical value. 11 

There is increasing interest in the field of wood conservation in studying biopolymers and bio -12 

nanocomposite materials that have better characteristics and more compatibility with the wood 13 

components, thus, are more likely to give positive long-term conservation outcomes. This article 14 

focuses on the preparation of organic-inorganic bio-nanocomposite thin film coatings from 15 

hydroxypropyl cellulose (HPC), nanocrystalline cellulose (CNCs), and cerium nanoparticles (CeO2) 16 

applied using solution blow spraying (SBSp) to protect wood surfaces outdoors. 17 

The uniform coating of nanocomposites and the thin film formation of this novel bio-18 

nanocomposite on the wood surface were characterized by SEM imaging. The FTIR spectra of the 19 

films show that not only do CNCs improve the stability of HPC against UV radiation, but adding CeO2 20 

nanoparticles further optimized the UV resistance of the bio-nanocomposites.  ATR analysis of treated 21 

wood surfaces shows a decrease in the formation of hydroxyl groups due to photo-oxidation for both 22 

HPC/CNC treatments and the organic-inorganic bio-nanocomposite HPC/CNCs/CeO2 NPs. These 23 

results were also verified by colorimetric analysis. The UV-Vis spectra of the bio-nanocomposites 24 

showed that they absorb primarily in the UV-A and UV-B regions. Furthermore, the band gap was 25 

narrowed by adding CeO2 NPs to the HPC matrix, leading to enhanced UV resistance thin films. 26 

KEWORDS: Wood, Bio-Nanocomposite Coatings, Nanocellulose, Nano Cerium, UV Resistance, 27 

Wettability. 28 

1. INTRODUCTION 29 

Wood is the most versatile and widely available renewable resource, which has been utilized 30 

throughout history as a structural material, and for wooden artifacts1-4. Although wood is a durable 31 

material, unprotected wood is subject to surface degradation and photo-oxidation due to its biological 32 

nature 5-6. While wooden objects in controlled museum environments benefit from specific lighting 33 

and humidity settings, there exists a significant challenge in preserving larger heritage structures and 34 

outdoor wooden artifacts exposed to uncontrolled environments. Photodegradation is the fastest  and 35 

most powerful environmental deterioration of wood7 and short-wavelength light is absorbed by a 36 

number of wood components, particularly lignin (between 295 and 400 nm), which becomes yellow 37 

and brown due to degradation of chromophoric structures and formation of secondary chromophoric 38 

ones 7. This is where our proposed material plays a crucial role, offering protection against 39 
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photodegradation and environmental factors. Different wood modification methods are used to 40 

improve wood surface properties such as thermal and chemical modification, which result in a change 41 

to the chemical nature of the wood8-9. Furthermore, many of these chemical treatments are not 42 

reversible and/or are too harsh on already fragile wood components to be considered for application 43 

on historical wooden artifacts. For instance, thermal treatment may affect the cell wall structure, in 44 

particular the crystalline part of the cellulose in soft and hardwoods 10, limiting its potential use in 45 

wood conservation.  46 

Polymer-based coatings, primarily poly(ethylene glycol), epoxies or acrylics, are frequently applied 47 

as superficial wood treatments or through impregnation to delay the processes of wood degradation 48 

caused by UV light, moisture, and environmental factors 11-13. However, transparent coating 49 

techniques that maintain the natural properties of wood such as color, and texture have a limited life 50 

span when subjected to uncontrollable outdoor conditions 14. In particular, acrylic-based wood 51 

coatings, such as Paraloid-B72, reveal poor durability under outdoor light exposure 15.  Preparations 52 

of polymeric-nanocomposites and nanoparticles dispersed in the polymer matrix are gradually 53 

emerging as viable alternatives to pure synthetic polymers and commercial polymeric coatings 15. 54 

Polymeric nanocomposites, with their heightened UV stability due to integrated nanoparticles, offer a 55 

resilient shield against wood degradation in uncontrolled outdoor settings. Their potential lies in 56 

significantly prolonging the stability of wood treatments, ensuring enduring protection against the 57 

detrimental impact of unpredictable light exposure. 58 

 One innovative treatment approach involves organic-inorganic nanocomposites, a class of 59 

materials showing great potential for conservation applications due to their enhanced durability, high 60 

performance in mechanical and thermal properties, and versatility 16-17. In the context of cultural 61 

heritage preservation, there is growing interest in incorporating both inorganic and organic 62 

nanoparticles into polymer matrices. In cultural heritage preservation, nanoparticles in polymer 63 

matrices serve functions beyond acid neutralization and anti-bacterial properties, including UV 64 

protection, hydrophobicity, mechanical reinforcement, self-cleaning, thermal stability, and color 65 

retention. Various nanoparticles, including calcium (Ca), magnesium (Mg), silver oxide (Ag2O), 66 

copper (I) oxide (CuO), zinc oxide (ZnO), and titanium dioxide (TiO2), have been explored in the 67 

literature 18-19. Recent studies have highlighted the effectiveness of nano-ZnO in enhancing 68 

weathering resistance and water absorption of wood 20. Furthermore, nano-ZnO has been used as an 69 

additive in Paraloid B72, leading to improved hydrophobicity of the consolidant 21. Combining nano-70 

ZnO with Ag NPs has also demonstrated protection against UV irradiation, microbial infestations, and 71 

increased mechanical stability 22. 72 

 Cellulosic materials have risen in prominence in recent years due to their biodegradability, low 73 

environmental impact, biocompatibility, customizable optical properties, and stable performance, 74 

aligning with the growing demand for eco-friendly products 23. Cellulose derivatives, primarily 75 

obtained from biomass through cost-effective chemical modification, hold promise in various 76 

applications. Cellulose derivatives like hydroxypropyl cellulose (HPC) are favored for wood 77 

conservation due to their biocompatibility, and they have found application as effective consolidants, 78 

adhesives, and coating materials for a range of organic materials such as wood 24, paper 25, and leather 79 

26.  HPC is notable among cellulose derivatives because it can dissolve in both water and organic 80 

solvents, making it versatile for various applications. Its hydrophilicity, ease of processing, and unique 81 
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phase behavior contribute to its wide range of uses 27. However, HPCs weak mechanical properties 82 

pose challenges for conservators dealing with highly damaged artifacts 28-29. Incorporating CNCs 83 

into the HPC significantly enhances the coating’s strength, rigidity, and dimensional stability 30. The 84 

wood structure is reinforced and its overall durability and resistance to environmental factors, such as 85 

UV radiation and moisture, are augmented by the penetration of nano-sized fibers of CNCs. 31-32. 86 

However, considering outdoor applications, CNCs do not provide optimal resistance to UV-induced 87 

degradation processes. To enhance UV-blocking capabilities and overall wood conservation for 88 

outdoor settings, the integration of cerium oxide nanoparticles (CeO2 NPs) is a promising strategy. 89 

CeO2 NPs possess the ability to absorb and scatter UV radiation, providing an additional layer of 90 

defense against the detrimental effects of ultraviolet light on wood surfaces 33-36. However, potential 91 

toxicity issues associated with CeO2 NPs must be considered. Existing research indicates that the 92 

toxicity of these nanoparticles can vary significantly based on concentration, exposure time, and the 93 

specific cell lines studied. As the focus lies on optimizing the concentration of CeO2 NPs for effective 94 

UV protection, a comprehensive toxicity assessment will be integral to further study. 95 

This study was initiated to assess the potential of CNCs and CeO2 NPs, and combinations of the 96 

two, as additives to enhance the properties of HPC, creating an organic-inorganic bio-nanocomposite 97 

treatment for the protection of wood surfaces in uncontrolled, primarily outdoor, environments. The 98 

treatments were applied on wood surfaces using a new technique known as solution blow spraying 99 

(SBSp). Proposing the use of SBSp to gently apply a polymer-based nanocomposite onto any surface. 100 

SBSp, known for its versatility, offers a convenient method to coat and treat surfaces. By spraying the 101 

polymer solution or suspension onto the desired surface, you can control the amount applied, 102 

regulating the thickness of the deposited material. Additionally, SBSp, especially in solution spraying 103 

techniques, has proven effective in producing polymer-based nanocomposites with an even dispersion 104 

of nanoparticles37. 105 

The subsequent sections detail the experimental setup, materials, and SBSp methodology, followed 106 

by an analysis of results showcasing the synergistic effects of CNCs and CeO2 NPs. The study's 107 

outcomes contribute insights into developing advanced bio-nanocomposite treatments for wood 108 

protection, emphasizing SBSp's efficacy and the promising potential of CNCs and CeO2 NPs. 109 

2. EXPERIMENTAL 110 

2.1. Materials 111 

Fir wood (Abies alba), with dimensions of 100 × 35 × 20 mm³ (in the radial, tangential, and 112 

longitudinal directions, respectively), served as the substrate. The wood surfaces were sanded with H 113 

240 grit sandpaper. Subsequently, they were placed in a controlled environment at a temperature of 20 114 

± 2 ◦C and a relative humidity (RH) of 67 ± 5 % until they achieved a stable weight, indicating an 115 

equilibrium water content of approximately 12 % by weight. 116 

 Hydroxypropyl cellulose, Klucel G, produced by C.T.S Spain was used as the polymer matrix. 117 

Cerium Oxide nanopowder (CeO2, 99.97%, 10-30 nm, CAS No: 1306-38-3) supplied by US Research 118 

Nanomaterials, Inc, and nanocrystalline cellulose (CNCs) in the form of 2.5% aqueous gel, (20–40 119 

nm, purity ≥99.5 %), chemically synthesized by Nanonovin (Iran) were employed as the filler. 120 
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2.2. Samples Preparation and coating method  121 

HPC, 2 wt.% was prepared in distilled water. Aqueous suspensions of 2 and 3 wt.% CeO2 NPs with 122 

a constant amount of 5 wt.% CNCs were subjected to ultrasound for 1 h. The NP/CNC suspension was 123 

added into the 2 wt.% HPC suspension in distilled water and stirred at room temperature for 30 min to 124 

fabricate the bio-nanocomposites. A volume of 2 mL of the bio-nanocomposite suspensions were 125 

applied on each wood specimen by a commercial airbrush and compressed air as presented in Figure 126 

1,a) The Solution Blow Spraying (SBSp) process was conducted under the following conditions: 127 

nozzle diameter = 0.5 mm; fluid cup capacity = 5 cm³; pressure = 2 bars, with a working distance of 128 

approximately 6 cm. Additionally, thin films were cast to investigate the optical properties, which were 129 

analyzed using UV-Vis spectrometry. Figure 1, b) displays cast pure HPC, and S2 shows HPC+CNCs 130 

films, which are nearly transparent. Addition of cellulose nanoparticles (CNCs) to the HPC matrix 131 

does not appear to reduce transparency to any great degree. However, when CeO2 nanoparticles are 132 

added to the polymer, there is a noticeable reduction in film transparency (S3, S4). 133 

 134 

 135 
Figure1. Scheme view of HPC /CNCs/CeO2 bio-nanocomposites applied by SBSp method on wood and 136 

thin films obtained by casting method. 137 

2.3. Microscopic Investigation 138 

A LEO 440-I scanning electron microscope (SEM), Carl Zeiss (Jena, DE), was utilized to assess 139 

the wood surface coating achieved through the SBSp method. This analysis also focused on examining 140 

the morphology and distribution of the nanocomposite coatings on the wood substrate. 141 

2.4. UV resistance tests 142 

To evaluate the UV protection effectiveness of the composite coating applied to wood specimens 143 

measuring 100 × 35 × 20 mm³, an irradiation source featuring UV-A lamps (wavelength of 370 nm) 144 

(Philips, Narva, LT 18w/073) was employed. All samples were positioned at a distance of 15 cm from 145 

the lamp and exposed at room temperature for a total duration of 240 h. Bio-nanocomposite films were 146 

exposed to UV light for 480 h under the same conditions as the wood samples. 147 
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2.5. Color measurements 148 

The color parameters L* (representing lightness), a* (indicating redness), and b* (reflecting 149 

yellowness), along with the color change indices (ΔL*, Δa*, Δb*, and ΔE*), were quantified in each 150 

sample both prior to and following the aging process, utilizing the CIE LAB color system. The overall 151 

color change, denoted as ΔE*, was assessed using the following Eq 38: 152 

ΔE = √(ΔL ∗)2 + (Δa ∗)2 + (Δb ∗)2      (1). 153 

2.6. Wetting Capability 154 

The evaluation of the wettability of the wood surface coated with the bio-nanocomposites under 155 

investigation involved measuring the static contact angle. This assessment was conducted using a 156 

water contact angle device (JIKAN-CAG-10, Iran). The static contact angle analysis was performed 1 157 

s after releasing a 10 µl droplet of deionized water onto the wood surface. 158 

2.7. Optical properties 159 

The ultraviolet-visible (UV–Vis) spectra of the films were captured using an Avantes UV-VIS 160 

spectrometer (AveLight-DH-S-Bal, Netherlands), spanning the wavelength range of 200 – 800 nm. 161 

To calculate the direct and indirect optical band gaps based on the UV−Vis Spectra, the Tauc 162 

technique was employed. The optical band gap is determined using the absorption coefficient (α) and 163 

the incident photon energy (hν) and can be expressed by following Eq. 39: 164 

(αh𝜈)1/𝑛  = 𝐵(h𝜈 − 𝐸𝑔)      (2). 165 

Where α, is the absorption coefficient; h is Planck’s constant (6.626·10-34 J·s); ν the photon’s 166 

frequency (in seconds); Eg the band gap energy; B is a constant number. The factor n depends on the 167 

nature of the electron transition and is equal to ½, for the direct transitions or 2 for the indirect transition 168 

band gaps 39. 169 

To calculate the energy band gap (𝐸𝑔) of the samples, the absorption coefficient (𝛼) is calculated 170 

by Eq 40: 171 

𝛼 = 2.303 (
𝐴

𝐿
)       (3). 172 

Where A, is absorbance and L, thickness of thin films. 173 

The values of energy (h) and, so the values of the energy band gaps were calculated using the 174 

following expression 41: 175 

𝐸 (𝑒𝑉) =
1240 (𝑒𝑉·𝑛𝑚)

𝜆 (𝑛𝑚)
        (4). 176 

To obtain the energy band gap, the straight-line portion of the curve of (αhv)2 vs hν for the direct band 177 

gap and (αhν)1/2 vs hν for the indirect band gap was extrapolated. 39 . 178 

2.8. Chemical characterization by FTIR 179 

Fourier transform infrared (FTIR) spectroscopy of the films was conducted using a JASCO 680-180 

plus spectrometer, with a spectral resolution of 4 cm⁻¹ and an average of 32 scans. For the chemical 181 

characterization of the treated wood surface following UV aging, attenuated total reflectance 182 
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Fourier transform Infrared (ATR-FTIR) analysis was employed. This was performed using a 183 

JASCO 4700 spectrometer (USA) with an averaging of 32 scans and a resolution of 4 cm⁻¹. 184 

3. RESULT AND DISCUSIONS 185 

Figure 2, a) presents a comparison between the wood surfaces before and after treatment with 186 

the bio-nanocomposites under investigation, control treatments and an uncoated sample. It is 187 

noteworthy that, from an initial perspective, the wood surface appears to have been successfully 188 

coated with a transparent HPC/CNCs/CeO2 bio-nanocomposite film, and no alterations in the 189 

appearance of the wood specimens were detected. In Figure 2, a) the lower portion of the image 190 

showcases wood samples subjected to UV aging, demonstrating treatment with both pure HPC and 191 

its respective nanocomposites. The CIE L*a*b*color space coordinates were measured to monitor 192 

the color changes of the wood surfaces after 240 h of UV irradiation. In order to obtain more 193 

accurate results, the colorimetric values of each sample were individually compared with the 194 

parameters of the same sample before exposure to UV irradiation, as shown in Table 1. Figure 2, 195 

a) illustrates the colorimetric changes in wood samples before and after exposure to UV light. The 196 

untreated wood sample and the wood sample treated with pure HPC undergo significant color 197 

changes, becoming darker and more yellow compared to the others. The Δa* parameter of the 198 

HPC-coated sample showed a slight increase compared to uncoated wood. This change can be 199 

attributed to the simultaneous color shift of both polymer and wood to red. The yellowing of the 200 

exposed, uncoated wood surface occurs due to the formation of secondary carbonyl groups 201 

including quinoids, aromatic ketones, and aldehydes. This occurs as a result of lignin 202 

photodegradation, but it is limited to a depth of only 0.15 mm 42-44. Notably, the total color 203 

difference, denoted as ∆E*, decreased with the addition of 5% CNCs, approaching that of HPC 204 

alone. A comparison of the ∆E* values between the 2% HPC/5% CNCs/3% CeO2 and 2% HPC/5% 205 

CNCs/5% CeO2 samples indicates that, on the whole, the addition of CeO2 has effectively 206 

optimized color changes induced by UV radiation. Moreover, the increase in cerium content up to 207 

5% within the HPC polymer played a role in reducing the photochemical degradation of wood 208 

surfaces treated with this innovative nanocomposite.  209 

 210 
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Figure 2: a) visual representation of the wood surfaces initial appearance before and after exposure to UV aging 211 

and b) Changes in Lightness (ΔL*), Redness (Δa*), Yellowness (Δb*), Total Color (ΔE). 212 

Table 1. Colorimetric values (L*, a*, and b*), CIE of samples before and after irradiaion. 213 

 L* a* b* L* a* b* 

  Before   after  

Untreated 84.2 5.3 17 74.5 9.4 27.3 

2% HPC 80.6 6.9 20.5 71 11.6 31.6 

2% HPC / 5% CNCs 82.1 6.1 20.9 74.1 10.9 31.5 

2% HPC / 5% CNCs / 3% CeO2 81.1 6.8 20.5 73. 11.5 31.9 

2% HPC / 5% CNCs / 3% CeO2 81.5 6.3 19.5 74.6 10.5 30.2 

 214 

Figure 3 shows the surface morphology and deferent section view of wood surfaces treated with 215 

two bio-nanocomposite films. The wood coated with 2% HPC/5% CNCs is displayed at both low 216 

and high magnification (Figures 3a and 3b). This analysis unveiled a homogeneous nanocomposite 217 

layer on the wood surface, with a uniform dispersion of nanoparticles. When the wood is treated 218 

with the HPC/5% CNCs/5% CeO2 bio-nanocomposite, as illustrated in Figure 3c, it is evident that 219 

the nanoparticles are well embedded in the polymer matrix, providing comprehensive coverage of 220 

the wood surface. Since the bright spots corresponding to the CeO2 are uniformly distributed 221 

across the entire coated wood surface, it is reasonable to infer that the particles within the film used 222 

for wood coating are well-dispersed and homogeneous. Additionally, cross and radial section 223 

images of HPC/5% CNCs/5% CeO2 (Figures 3d-e) reveal the existence of a thin layer, measuring 224 

approximately 23 μm on the wood surface. This layer displayed notable homogeneity. 225 

Furthermore, in a high-magnification image (Figure 3f), it is apparent that the nanocomposite 226 

adhered securely to the wood surface.  227 

 228 

229 

  230 
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Figure 3: Scanning electron microscope images of (a-b) the surface of wood samples treated with 2% HPC/5% 231 

CNCs NPs, (c-f) surface, cross and radial section of coated wood with HPC/5% CNCs/5% CeO2. 232 

To examine the chemical changes in HPC and its bio-nanocomposites after extended UV exposure, 233 

FTIR spectra were recorded following 480 h of UV irradiation wavelength of 370 nm. Figure 4, a) 234 

depicts the comparative spectra obtained during accelerated UV aging. Notably, the bands within the 235 

1079-1175 cm-1 range, associated with -C-O asymmetric stretching, and the band at 1449 cm-1, 236 

signifying C=C stretching were observed to be dramatically increased in intensity. Furthermore, within 237 

the 1279 to 1344 cm-1 range, notable indications of heightened presence of -CH2- methylene bridges 238 

were observed, particularly in pure HPC samples 41, 45. Despite the reduction in the degree of 239 

photochemical degradation achieved through the preparation of polymer nanocomposites with 240 

cellulose and cerium, it's noteworthy that there was still a significant increase in the intensity of the 241 

sharp band at 1642 cm-1, corresponding to the stretching vibration of C=O of the conjugated ketonic 242 

group. The increase was particularly prominent in pure HPC after the aging process 45 and less 243 

pronounced in the bio-nanocomposite films. Furthermore, a redshift in absorption at 1642 cm-1 was 244 

observed. The enhancement in intensity at this particular band was comparatively lower in the HPC/5% 245 

CNCs and HPC/5% CNCs/5% CeO2 samples, in contrast to the pure polymer, indicating the prevention 246 

of the formation of carbonyl groups at 1734 cm-1 and 1642 cm-1. It is interesting to note that the addition 247 

of 5 wt.% CNCs demonstrated UV resistance nearly equivalent to that of 5% CNCs/5% CeO2. 248 

However, it's important to emphasize that the most effective protection against photochemical 249 

degradation is achieved with the lowest amount of cerium, underscoring the need to refrain from 250 

excessive CeO2 content in HPC. The catalytic activity of cerium nanoparticles plays a pivotal role in 251 

mitigating photochemical degradation by participating in reactions that neutralize UV-induced 252 

degradation pathways. Optimal dispersion and interaction at lower cerium concentrations enhance 253 

desired properties, but higher concentrations of nanomaterial can produce a large amount of radicals, 254 

consequently contributing to the degradation of the HPC matrix46.  255 

 Figure 4b compares the FTIR-ATR spectra of uncoated wood with HPC- and bio-nanocomposite-256 

coated wood before and after 480 h of UV exposure.  The band at 1506 cm-1, corresponding to lignin, 257 

in the untreated wood sample was significantly reduced compared to the wood control sample after 258 

exposure to UV irradiation. 42-43 Across the bio-nanocomposite treated samples, the absorption of this 259 

band decreases after treatment. Hence, if this band in treated samples is compared after aging, it can 260 

be seen that less lignin degradation occurred in the HPC/CNCs/3% CeO2 sample. 261 

In uncoated wood, the band intensity at 1734 cm-1 corresponding to non-conjugated aliphatic 262 

carbonyls was also significantly increased after exposure to UV irradiation, indicating the formation 263 

of strong carbonyl compounds. Interestingly, it appears that adding 5 wt.% CNCs to the HPC  is enough 264 

to prevent the formation of carbonyl groups. The bands at 1595 cm-1, corresponding to C=C 265 

unsaturated linkages, and 1653 cm-1, due to C=O stretching of conjugated or aromatic ketones, in the 266 

5% CNCs and 5% CNCs/5% CeO2 exhibit a slight increase in comparison to the uncoated wood and 267 

wood treated with HPC alone. It can be concluded that the incorporation  of  CNC nanofillers in HPC 268 

can protect  of the wood against photochemical degradation, and cerium nanoparticles further 269 

optimized the properties of the bio-nanocomposites. 270 
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 271 

Figure 4: a) FTIR spectra Analysis of HPC and its bio-nanocomposites films after subjecting to UV 272 

irradiation, b) Comparison of FTIR-ATR spectra between untreated and treated wood with HPC and bio-273 

nanocomposites after UV exposure. 274 

The optical properties of the bio-nanocomposite films, as depicted in Figure 5a, were analyzed using 275 

UV-Vis spectroscopy. The optical absorption was increased by adding CNCs and CeO2 nanoparticles 276 

as filler into the HPC matrix. In Figure 5a, it is evident that the HPC exhibits poor absorption at 277 

wavelengths between 200 and 800 nm. When CNCs were added to polymer, the intensity slightly 278 

increased and a small absorption peak was observed in the visible region between 400 and 500 nm. 279 

The addition of 3 wt.% CeO2 filler into HPC/CNC bio-nanocomposite films results in a significant 280 

increase in absorption of UV-A (320-400) and UV-B (280-320) radiation, which increases further 281 

when the CeO2 content is increased to 5 wt.% (2% HPC/5% CNCs/5% CeO2). This indicates its 282 

potential as an effective UV absorber in bio-nanocomposite films. These films act as protective layers, 283 

shielding cultural artifacts from the detrimental effects of UV radiation, which can lead to fading, 284 

discoloration, and structural degradation over time. 285 

The optical band gap energy obtained from the UV-VIS spectroscopy of films was determined using 286 

the Tauc method (Figure 5b). The bad gap energy is estimated to be 5.42 eV for pure HPC. This value 287 

is in accordance with the band gap energy that was reported in previous study of HPC 47. It was 288 

decreased to 5.19 eV by adding CNCs into the matrix and wide band gap of HEC tends to be slightly 289 

narrowed.  The band gap value is further reduced to 4.18 eV by the addition of 3 wt.% CeO2. The CeO2 290 

nanofiller causes narrowing of the band gap energy in the HPC/CNC bio-nanocomposites 48 and it was 291 

further optimized to 3.46 eV by increasing the CeO2 content in polymer matrix to 5 wt.%. It is noted 292 

that the absorbance and absorption coefficient in the UV–Vis range increase with a rise in the 293 

concentration of CeO2 nanoparticles in the film. The decrease in the optical bandgap can be attributed 294 

to the inclusion of the local energy levels in the bandgap structure by CeO2 structure.  295 

Therefore, it can be explained that by increasing the nanoparticle concentration a narrower band 296 

gap is obtained, which leads to an enhancement of the photocatalytic activity40, 49. This improvement 297 

in photocatalytic properties could have significant implications for the preservation of wood artifacts 298 

exposed to uncontrolled environments. 299 
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 300 

Figure 5: a) UV-visible absorption spectra and b) band gap energy obtained from UV- visible spectroscopy of 301 

HPC and its bio-nanocomposite films.  302 

Figure 6 illustrates the static water contact angle measurements for untreated wood and samples 303 

treated with bio-nanocomposites. The water contact angle of untreated wood (a) significantly differs 304 

from that of the treated samples, which can be attributed to the greater availability of free hydrophilic 305 

hydroxyl groups on the wood surface 50-51. A contact angle of approximately 69º was measured for 306 

samples treated with HPC, while, for samples treated with HPC/CNCs, the angle was approximately 307 

64º. The addition of CNCs to HPC (c) resulted in a slight reduction in the water contact angle (WCA), 308 

indicating a modest decrease in surface hydrophobicity. The introduction of CeO2 into the HPC/CNC 309 

nanocomposite had the effect returning the contact angle to that observed for pure HPC (d), reducing 310 

wettability. Interestingly, as more CeO2 was incorporated into the nanocomposite (e), the WCA 311 

increased, leading to a reduced wettability, signifying enhanced hydrophobicity of the wood surface 312 

when coated with this novel organic-inorganic nanocomposite. The heightened hydrophobicity is 313 

beneficial, as it suggests improved water repellency, a desirable trait that may contribute to mitigating 314 

bacterial degradation and enhancing the overall durability of the treated material. 315 
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Figure 6: Water contact angle assessment of wood surfaces treated with HPC/CNCs/CeO2 nanocomposite 317 

compared to un and neat HPC. 318 

4. CONCLUSION 319 

In this study, organic (HPC/CNC) and organic-inorganic bio-nanocomposites (HPC/CNCs/CeO2) 320 

were investigated for the protection of wood surfaces housed in uncontrolled, outdoor environments. 321 

The application of thin bio-nanocomposite films onto the wood surface was achieved using the SBSp 322 

method. The SEM images highlight the positive results of this method, especially in the creation of 323 

uniform films. This is evident in the SEM analysis, where a thorough examination illustrates an even 324 

distribution of nanoparticles across the nanocomposite layer on the wood surface. 325 

The findings, as revealed by FTIR analysis, demonstrate a reduction in photo-oxidation rates and 326 

an optimization of the stability of the HPC matrix through the incorporation of CNCs and CeO2 327 

nanofillers. ATR spectra comparisons of the treated wood surfaces before and after UV irradiation 328 

indicate that HPC/CNCs can partially shield the surface from UV light, and this protective effect is 329 

enhanced by introducing CeO2 NPs into the bio-nanocomposite film. 330 

The results clearly indicate that the addition of CNCs as a nanofiller to the HPC polymer provides 331 

partial protection against photochemical deterioration. This protective feature can be significantly 332 

improved by incorporating CeO2 NPs into the matrix. The presence of CeO2 in the films results in a 333 

narrower band gap, further enhancing their UV resistance. Additionally, analysis of UV-Vis spectra 334 

demonstrates that the bio-nanocomposite films with CeO2 tend to absorb UV-A and UV-B regions 335 

more effectively than the pure organic matrices, contributing to their UV protection capabilities. 336 

Furthermore, the introduction of these new bio-nanocomposites results in reduced wettability of the 337 

coated wood, which may also contribute to a reduction in humidity induced wood degradation 338 

processes. 339 

In conclusion, the organic-inorganic bio-nanocomposites studied here showed significant promise, 340 

compared to purely organic matrices, as compatible and effective treatments for the safeguarding of 341 

wood surfaces, particularly when exposed to outdoor conditions. 342 
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