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A B S T R A C T   

Wood is a versatile and renewable resource utilized in a wide range of applications, including tools, furniture, 
construction, and advanced engineering structures. However, certain inherent properties of wood, such as 
moisture and ultraviolet (UV) degradation, impose limitations on its long-term durability and dimensional sta
bility for outdoor applications. This research investigates the weathering durability of cross-laminated timber 
(CLT) blocks surface-treated with titanium dioxide (TiO2) nanoparticles synthesized via liquid-precursor flame 
spray pyrolysis (FSP), directly deposited onto the surface of CLT blocks, and thereby resulting in a porous TiO2 
coating. This coating endows the CLT surface with superhydrophobic properties evidenced by a water contact 
angle of ≥150◦. Results from scanning electron microscopy and X-ray diffraction show the coating to be 
comprised of crystalline, sub-100 nm individual and aggregated TiO2 particles with significant porosity. Even 
after an 8-week accelerated weathering test, a portion of the crystalline TiO2 particles remains on the CLT 
surface. The TiO2-treated CLT demonstrates enhanced resistance to discoloration and gloss change over 8-weeks 
of accelerated weathering conditions, which are evidenced by a total color difference (ΔE) that is 3–4 times lower 
than that of the untreated CLT in the initial two weeks, and 58% lower after 8 weeks of weathering. Furthermore, 
the TiO2-treated CLT exhibits fewer weathering defects, such as splits and cracks, than the untreated CLT. The 
enhanced weathering durability of the TiO2-treated CLT is attributed to reduced lignin degradation, which is 
supported by the Fourier-transform infrared spectroscopy analysis. The findings of this study suggest that the 
TiO2 coating by FSP offers a viable and cost-effective method for modifying engineered wood products for 
improving hydrophobicity and protecting against the deteriorating effects of UV irradiation and moisture 
exposure.   

1. Introduction 

Wood and wood-based products are well established as building and 
construction materials due to their appealing properties, including 
lightweight nature, high specific strength, low thermal expansion, and 
environmentally friendly and aesthetically pleasing attributes. 
Compared with other building materials such as steel, concrete, and 
masonry, wood is capable of sequestering carbon and has lower 
embodied energy, i.e., the total energy used in the construction pro
cesses of a building, making a positive contribution to the building’s 
carbon footprint. [1,2] However, one of the major drawbacks of wood is 
its outdoor degradation, typically described as weathering. Wood 

weathering leads to the deterioration of surface properties such as 
discoloration, heightened roughness, and the formation of cracks. 
Furthermore, weathering may cause changes in wettability, strength, 
and chemical compositions of wood, consequently diminishing its value 
as a building material. [3,4]. 

Weathering of wood is caused by photodegradation and photooxi
dative degradation of the wood cell wall polymers (cellulose, hemi
celluloses, and lignin) and low molecular weight organic compounds 
known as extractives. When wood is exposed to natural light, which 
would penetrate wood up to ~200 µm, it generates free radicals that 
degrade lignin—an excellent UV absorber—and depolymerize the other 
organic components in wood. [5] It is important to note that due to the 
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limited penetration depth of light, the weathering of wood is predomi
nantly a surface phenomenon. There are numerous practices intended to 
mitigate the outdoor degradation of wood and wood-based products 
used as building materials. [6] These practices encompass surface 
treatments utilizing UV absorbers and radical scavengers, [7] solutions 
of inorganic metal compounds, [8] deposition of inorganic thin films, [9, 
10] and chemical grafting. [11] Treatments may also involve bulk 
modification of wood such as impregnation with thermosetting resins, 
[12] in-situ polymerization, [13] and thermal modification within the 
temperature range of 180–240 ◦C. [14] Among these approaches, there 
is an increasing focus on the use of nanomaterials to protect wood from 
outdoor weathering. [15] A promising strategy for enhancing the UV 
durability of wood and wood-based products involves incorporating 
metal oxide nanoparticles, such as TiO2, ZnO, CeO2, and Fe2O3, into 
clear exterior wood coatings. [6,8,16]. 

The application of inorganic nanoparticles onto the surface of wood 
can be achieved mainly by two methods: 1) the incorporation of the 
nanoparticles into conventional wood coating formulations, and 2) 
direct deposition of a thin film made of the nanoparticles onto wood 
surfaces. [6] The first method involves adding the nanoparticles, typi
cally metal oxides as UV absorbers in colloidal form, to traditional wood 
coatings such as paints, varnishes, stains, and water repellents, which 
are commonly used to protect wood from outdoor weathering. Metal 
oxide nanoparticles are usually dispersed in the wood coating formu
lations, such as acrylic and polyurethane resins, which are subsequently 
applied onto wood surfaces by roller coating, brushing, or other appli
cators. [17–19] One advantage of incorporating nanosized metal oxides 
in the wood coatings is that the coatings remain clear, which would meet 
market expectations that rely on the intrinsic aesthetics of wood. 
However, the wood coatings incorporating metal oxide photostabilizers 
still lack durability and longevity, thereby restricting their use in out
door woodwork unless regular maintenance is undertaken. [8]. 

Direct deposition of metal oxide nanoparticles onto the surface of 
wood allows for the formation of a thin film, resulting in an effective 
metal oxide coating on wood surfaces. For instance, several methods, 
including cold plasma spraying, [9,10] magnetron sputtering, [20] the 
sol-gel process, [21,22] and the hydrothermal process, [23,24] have 
demonstrated successful growth of ZnO, TiO2, and CeO2 films on the 
surface of wood. While certain wood substrates treated with metal ox
ides have shown improved durability against weathering, the practical 
implementation of such coatings on wood may not be feasible for 
commercial applications due to their complex nature, and the re
quirements for capital-intensive equipment and specialized process 
conditions. 

Over the past two decades, there has been an increased interest in 
sustainable green building materials, which has led to extensive research 
in this field. As a result, the demand for wood has increased, prompting 
the development of innovative engineered wood products. Among these 
products, cross-laminated timber (CLT) has gained popularity due to its 
advantages over sawn timber, such as consistent strength and reduced 
variation across different products [2,25]. According to an international 
market report, the global CLT market is projected to reach $1.46 billion 
by 2024. [26] To further expand the use of CLT and compete with other 
building materials like concrete, steel, and masonry, certain challenges 
related to manufacturing standards, quality, and durability, need to be 
addressed. Additionally, CLT produced from wood is susceptible to 
degradation when exposed to UV radiation and moisture. When CLT 
panels are delivered to the construction site, they must be properly 
stored and adequately protected against weather elements. Wrapping or 
covering CLT panels with a tarpaulin is a standard practice in the con
struction industry for this purpose. However, contractors often fail to 
completely protect CLT panels on-site, resulting in some wood surfaces 
to become discolored or soiled during construction. [27] Therefore, 
protecting CLT from outdoor weathering, even if only temporarily, is 
crucial and requires comprehensive investigation. One effective 
approach to protect CLT from weathering by UV radiation and moisture 

can be the application of a TiO2-based coating onto its surface. 
The aim of this research is to examine weathering durability of CLT 

treated with TiO2 nanoparticles by using liquid-precursor flame spray 
pyrolysis (FSP) against UV radiation and moisture under accelerated 
weathering conditions. FSP is a versatile technique capable of altering 
the surface properties of a wide range of materials, enhancing their 
resistance to wear, corrosion, and environmental factors. [28] In 
particular, the FSP process allows for the deposition of TiO2 nano
particles on cellulose-based heat-sensitive substrates such as paper and 
paperboard, improving their surface-wetting properties. [29,30] In this 
study, CLT samples treated with TiO2 through FSP were subjected to 
accelerated weathering conditions for eight weeks. The surface 
morphology and wetting properties of the TiO2-treated CLT were 
examined before and after the weathering, and the degree of discolor
ation and lignin degradation was investigated by using scanning elec
tron microscopy (SEM) equipped with energy-dispersive X-ray 
spectroscopy (EDX), water contact angle (WCA), CIE L*a*b* color and 
gloss measurements, X-ray diffraction (XRD), and Fourier-transform 
infrared spectroscopy (FTIR). 

2. MATERIALS AND METHODS 

2.1. Sample preparation 

CLT samples were cut from a larger three-ply CLT panel supplied by 
SmartLam, LLC (Whitefish, MT, USA) manufactured with Hem-fir. The 
size of the cut samples was 6.4 cm×6.4 cm×11 cm, selected as being 
suitable for the liquid-precursor FSP process and the accelerated 
weathering test, consisting of two outer layers having the same orien
tation and a perpendicular core layer. The longest sample dimension was 
that for the panel thickness, encompassing all three plies. A total of 
twenty-six samples, consisting of 10 samples as untreated CLT control, 
and 16 as TiO2-treated CLT, were selected for the study based on the 
absence of any defects such as cracks, knots, resin pockets, and end 
joints. The face layer of each sample, a tangential surface, was sanded 
using a series of progressively finer grits of sandpapers from 100 to 3000 
and cleaned with a brush. The sanded samples were then air-dried in an 
environmental chamber to a constant weight at 24 ◦C and a relative 
humidity of 66% until an equilibrium moisture content of 12% was 
achieved. 

The air-dried samples were then subjected to the liquid-precursor 
FSP process, which deposited TiO2 nanoparticles onto the top sanded 
surface of the 6.4 cm × 6.4 cm CLT. In liquid-precursor FSP, a liquid- 
phase precursor is sprayed through a pressure-assisted nozzle into a 
combustion source, a torch with propane gas as fuel in this study, 
turning the liquid precursor into vapor and subsequently into solid 
particles through pyrolysis. [28] A precursor solution consisting of 15 wt 
% titanium (IV) isopropoxide (TTIP) (>98% purity, Acros Organics) in 
isopropyl alcohol (IPA) was fed into an airbrush equipped with a 0.3 mm 
needle (Master airbrush model G22) operated by compressed air at a 
pressure of 8 – 10 psi (Master air compressor model TC-20). As shown in  
Fig. 1a, the angle between the airbrush and the propane torch was 
maintained at ~10◦, while the distance between the airbrush and the 
CLT sample was set at 12.5 cm. [31] The CLT samples were mounted on 
a custom-made motorized stage operated by two stepper motors 
(DMX-JSA-17, Arcus Technology, USA), whose X and Y axis movement 
was programmed and controlled through a Windows graphical user 
interface. To ensure a uniform deposition of TiO2 particles, the stage 
moved along a predetermined path at a speed of 1.5 cm/s that covered 
the entire surface of each mounted sample. Throughout the FSP process, 
the airbrush and the torch remained stationary (see Fig. 1b). A series of 
FSP deposition times of 5, 10, 20, and 30 minutes were employed to 
investigate the influence of this variable on weathering durability. Four 
replicate samples were prepared for each deposition time. The TiO2-
treated CLT samples were stored in the dark prior to the accelerated 
weathering test to minimize the photocatalytic activity of TiO2. 
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2.2. Accelerated weathering test 

Accelerated weathering testing was conducted using a custom-made 
weathering chamber that simulated UV radiation and moisture/rain 
conditions. The chamber was equipped with two 300 W UVA-340 lamps 
(OSRAM Vitalux) and a water spray. Following ASTM Standard 
G154–16, [32] the top surface of the CLT samples was exposed to an 
alternating cycle of 8-hour UV irradiance at 40 ◦C, followed by a 4-hour 
water spray at a rate of 0.36 liter/min for a total duration of 8 weeks. 
The layout of the samples in the weathering chamber is shown in Fig. 2. 

2.3. Characterization: surface properties, crystallinity, and weathering 
degradation 

WCA measurements were carried out by using the “drop-test plugin” 
available in ImageJ with a picture of a water droplet on the TiO2- 
deposited CLT surface. A pipette was used to dispense a single droplet 
(about 3 – 5 μl) of deionized water on the coated surface. The picture of 
the droplet was taken after 2 s from a distance of 3 – 5 cm using the 
macro lens of a Samsung S22 ultra 1.0 smartphone. The surface 
morphology of the CLT samples before and after weathering was 
examined by SEM (JSM-6500 F, JEOL USA). Prior to imaging, thinly 
sliced CLT samples (1 – 1.5 mm) were mounted on an aluminum stub 

and sputter-coated with a 30 nm-thick layer of platinum. EDX elemental 
mapping was employed to compare the atomic weight percentage of 
carbon, oxygen, and titanium elements before and after the weathering 
exposure. To ensure the presentation of representative and unbiased 
SEM images for assessing changes to sample surfaces following FSP 
treatments and subsequent weathering, multiple slices were taken from 
at least two different CLT samples of the same kind. Images were 
captured at magnifications from 100x to 50,000x using at least two 
different spots sampled on each slice. The field of view for each image 
collected was carefully chosen in a way to accurately depict the average 
morphology of the respective sample. The images included were chosen 
considering focus, representativeness, and noise level. XRD spectra were 
obtained by a Rigaku Smartlab X-ray diffractometer equipped with Cu 
Kα radiation (λ = 1.54056 Å) over the 2θ range of 10 – 60◦ at a scan 
speed of 0.02◦/min, to investigate the crystallinity of cellulose in wood 
and the TiO2 particles deposited on CLT before and after the weathering 
exposure. Sample collection involved the use of a 1.5 mm thick wood 
slice for untreated CLT, while scraped particles were used for the TiO2- 
treated CLT samples. FTIR was used to evaluate changes in the surface 
functional groups of wood after weathering. Thin surface slices of wood 
were collected with a razor blade from weathered samples and the 
reference without weathering. FTIR spectra were recorded using a 
Perkin-Elmer Spectrum Two spectrophotometer equipped with an 
attenuated total reflectance (ATR) accessory (single reflection diamond, 
Spectrum Two Universal ATR); spectra were collected over the range of 
400–4000 cm− 1 with a resolution of 4 cm− 1 to determine the degrada
tion of organic components in the wood. 

2.4. Color and gloss measurements 

The color parameters of the CLT samples were measured by using a 
handheld color spectrophotometer (CM-2300d, Konica Minolta, Osaka 
Japan). On a weekly basis, five readings were taken using the same spot 
during each measurement with a measurement diameter of 8 mm. The 
CIELAB 1976 color space was used to determine the discoloration of CLT 
samples. [33] This color system consists of three parameters, L*, a*, and 
b*, which are three-dimensional representation of color as three values: 
L* for luminance, and a* and b* for the color pairs of red/green and 
yellow/blue, respectively. The total color difference, ΔE, was calculated 
as a function of the accelerated weathering time according to the 
equation below, 

ΔE =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(
L∗

t − L∗
0

)2
+
(
a∗

t − a∗
0
)2

+
(
b∗

t − b∗
0

)2
√

where L∗
0 represents the luminance value before the weathering and L∗

t 

Fig. 1. . Photographs showing a liquid-precursor FSP process including a motorized stage.  

Fig. 2. An accelerated weathering chamber with CLT samples placed hori
zontally and on a holding platform at a 45◦ angle to UV bulbs. 
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denotes the luminance after a certain number of hours of weathering. A 
box plot was created by using OriginPro 2021, version 9.8. 

The surface luster of CLT samples was measured by using a gloss
meter (ETB-0686) following ISO 2813. [34,35] Three measurements 
were made on the same spot in the CLT sample used for the color 
measurement on a weekly basis. Readings were based on a specular gloss 
value of 96 gloss units (GU), scaled relatively to the perfect condition 
under identical illumination and view conditions of a highly polished, 
black glass standard with a defined refractive index of 1.567. To ensure 
consistent UV and moisture exposure conditions, the position of the CLT 
samples inside the weathering chamber was randomly rotated and 
mixed after each weekly measurement. The changes in color and gloss 
values were monitored to assess the weathering durability of the CLT 
samples. 

3. RESULTS AND DISCUSSION 

3.1. WCA 

Table 1 shows the WCA of untreated and TiO2-treated CLT samples as 
a function of FSP deposition time and storage days in the dark. Initially, 
the untreated control CLT sample exhibited a WCA of 83◦, which 
significantly rose to >120◦ after the TiO2 treatment by FSP. Upon storing 
the treated CLT samples in ambient darkness for 7 days, their WCAs 
reached a superhydrophobic threshold of ≥150◦, while the WCA of the 
untreated CLT remained unchanged after the same period of storage in 
the dark. The increase in WCA remained consistent irrespective of the 
FSP deposition time (from 5 to 30 min). The enhanced hydrophobicity of 
the treated CLT can be attributed to a porous microstructure resulting 
from the deposition of TiO2 particles on the wood surface, which will be 
further discussed in the SEM section below. The deposition of the 
nanosized particles on a surface not only augments its surface roughness, 
but also reduces the contact area between the surface and water drop
lets, thus promoting surface hydrophobicity. [36] Baxter and Cassie 
suggested that WCA increases as the contact area between a surface and 
water droplets decreases. [37] Superhydrophobicity of the TiO2-treated 
CLT can be ascribed to the substitution of chemisorbed OH groups on the 
wood surface with oxygen from the air, as well as the accumulation of 
organic contaminants such as low-molecular-weight hydrocarbons. 
[38–41] The increase in WCA was initially rapid in the first few days of 
dark storage, which saturated as the WCA approached the super
hydrophobic threshold. No significant further increase in WCA for the 
treated CLT samples was observed after 7 days of storage in the dark. 

The WCA of both untreated and treated CLT samples decreased 
significantly following the weathering test, regardless of the duration of 
FSP deposition time. Specifically, the 8-week accelerated weathering 
turned all untreated and treated CLT samples into superhydrophilic 
surfaces (WCA ~0◦), causing the rapid penetration of water droplets 
into the wood surface. Similar findings have been reported in previous 
studies, in which untreated and TiO2-coated wood surfaces exhibited a 
decline in WCA after exposure to UV radiation and water spray for 
960 hours. [42] This change in wettability can be attributed to the 
impact of UV exposure on the weathering of wood surfaces, which is 
often associated with discoloration, cracking, as well as changes in wood 

properties such as surface roughness, strength, wettability, and chemical 
changes of the organic components in wood. [3,43] The reduction in 
WCA observed in the TiO2-treated CLT samples may also be associated 
with a morphological change in the TiO2 particles on the CLT surface 
following the weathering test, as further discussed in the SEM section 
below. 

3.2. SEM and EDX 

Top-surface SEM images of the untreated (Fig. 3a) and TiO2-treated 
CLT samples (Fig. 4a, b, e, and f) show that the FSP process successfully 
deposited TiO2 particles on the wood surface, creating a coating-like 
morphology. Regardless of the deposition time, there were fine sub- 
100 nm TiO2 particles deposited on the surface along with some ag
gregates, which is a natural nanoparticle phenomenon, making dis
tinguishing individual particles from aggregates difficult. SEM images at 
higher magnification (Fig. 4b and f) show that the sub-100 nm TiO2 
particles created a highly porous morphology effectively covering a 
large surface area. A seemingly thicker and denser TiO2 layer was 
observed for 20-min FSP sample than 10-min FSP. Several studies re
ported a similar porous structure for TiO2 coating on a wood surface by 
plasma, hydrothermal, and solvothermal treatments. [24,44,45]. 

Comparing the SEM images for control samples before (Fig. 3a) and 
after weathering (Fig. 3b), the formation of several cracks and voids on 
the surface was observed after weathering the samples. These defects 
can be related to the weakening of the cell walls and the development of 
longitudinal macro- and micro-cracks in the weathered cell wall, 
resulting from the degradation of wood components such as lignin. [39] 
The SEM images of the TiO2-treated CLT samples in Fig. 4c, d, g, and h 
reveal that some TiO2 particles were present on the sample surface even 
after 8 weeks of accelerated weathering, which will be further discussed 
in the context of the EDX analysis. However, the porous microstructure 
of the TiO2 layer was observed to be changed. In particular, SEM images 
at higher magnification for TiO2-CLT after weathering (Fig. 4d and h) 
show the microstructure to be significantly less porous with dense and 
aggregated clusters of TiO2 particles. This change could result from some 
TiO2 particles being stripped and/or washed away during the weath
ering process and possibly be related to the decrease in wettability 
properties due to the changes in the microstructure and roughness of the 
wood. 

Fig. 5 shows SEM images of untreated and treated CLT samples 
before and after weathering along with the corresponding EDX mapping 
and spectra with atomic mass percentages thereof. The EDX mapping 
and spectra of titanium (Ti) associated with the TiO2-treated CLT sam
ples (Figure 5c4 – c5, d4 – d5, e4 – e5, and f4 – f5) further confirm the 
presence of TiO2 particles and their uniform distribution on the wood. 
An identical trend was observed for the treated CLT samples, both before 
and after the accelerated weathering test, as observed in the SEM images 
of Fig. 4 and Fig. 5. Notably, the atomic% of titanium increased with the 
FSP deposition time, corroborating the presence of the denser and 
thicker TiO2 layer observed in the 20-min FSP sample compared to the 
10-min sample, which is clearly seen in the SEM images in Figs. 4a – b 
and 4e – f. After weathering, all the samples exhibited a decrease in the 
atomic% of carbon accompanied by an increase in the atomic% of ox
ygen, indicating the occurrence of oxidation that seemed to be consis
tent regardless of the TiO2 treatment. The atomic% of titanium for the 
TiO2-treated samples was expected to decrease after weathering, which 
was observed only in the 20-min FSP sample. Weathering of wood would 
lead to the formation of micro- and macro-cracks, making it challenging 
to perform a quantitative analysis of the atomic% of titanium using EDX 
data. 

3.2.1. XRD 
Fig. 6 exhibits the XRD data for untreated and TiO2-treated CLT 

samples before and after the accelerated weathering test. The untreated 
CLT showed the peaks at 2θ = 15–16.5◦, 22.3 – 22.4◦, and 32.3 – 34.3◦, 

Table 1 
WCA of untreated and TiO2-treated CLT samples as a function of FSP deposition 
time and days stored in the dark.  

Days in 
dark 
storage 

Untreated 
CLT 

TiO2-CLT, 
5-min FSP 

TiO2-CLT, 
10-min 
FSP 

TiO2-CLT, 
20-min 
FSP 

TiO2-CLT, 
30-min 
FSP  

1 83◦ 121◦ 125◦ 121◦ 122◦

3 83◦ 133◦ 139◦ 134◦ n/a  

7 83◦ 150◦ 150◦ 150◦ 151◦
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which are assigned to the crystalline planes of (101) and (101), (002), as 
well as (004) from the typical cellulose I structure in wood according to 
JCPDS data 03–0289. [46] The position, intensity, and overall shape of 
these peaks remained the same regardless of the weathering. TiO2-
treated CLT samples before the weathering test showed characteristic 
peaks for the anatase phase in TiO2 at 2θ = 25.35◦, 37.9◦, and 48.1◦

corresponding to the crystalline planes of (101), (004), and (200). In 
comparison, the peaks for the rutile phase were observed at 2θ = 27.5◦, 
36.2◦, 41.3◦, and 54.4◦ corresponding to the crystalline plane of (110), 
(101), (111), and (211). All the peaks were identical to the standard 
spectra to JCPDS data 88–1175 and 84–1286. This supports the suc
cessful deposition of crystalline TiO2 particles on the surface of CLT. 
After the weathering test, these characteristic peaks corresponding to 
the anatase and rutile phases were still present in TiO2-CLT with reduced 
intensity. Notably, TiO2-CLT samples after weathering in Fig. 6b con
tained peaks attributed to cellulose crystals, suggesting the sample 
collection method involving surface scraping of TiO2-CLT after weath
ering included a significantly higher proportion of wood compared to 
TiO2-CLT before weathering. It is probable that weathering contributed 
to the removal and erosion of some TiO2 particles from the surface of 
wood. Nevertheless, the XRD spectra of TiO2-CLT after weathering 
indicate that the deposited TiO2 on CLT retained its original crystalline 
structure after the weathering test. 

3.3. Color and gloss before and after weathering 

Fig. 7 shows the photographic images of untreated and TiO2-treated 
CLT samples with varying FSP deposition time (5 – 30 minutes) under 
the weathering exposure period of up to 8 weeks. The untreated sample 
shown in the top row in Fig. 7 exhibited rapid discoloration within the 
first week, leading to substantial darkening. This discoloration can be 
linked with lignin degradation on the surface of wood, leading to the 
formation of chromophoric substances such as carboxyl and carbonyl 
groups. Additionally, the discoloration is believed to be related to ex
tractives moving from the inside to the surface of wood. [5,7,47] As the 
weathering went on from week 2–8, the darkening appeared to gradu
ally diminish, resulting in a somewhat whitish hue in the untreated 
sample. It is known that the prolonged duration of weathering increases 
the likelihood of not only chromophoric substances leaching away with 
water, but also the extractives undergoing further degradation. This 
process would result in a whitish surface appearance on wood, charac
terized by a higher concentration of cellulose and hemicellulose. [48]. 

When examining TiO2-treated CLT samples with the FSP deposition 
time of up to 30 min, we observed significantly reduced initial 

discoloration and associated darkening during the first week compared 
to the untreated CLT. Except for the 5 and 10 min TiO2-treated samples, 
the discoloration within the first week of weathering was so marginal 
that it was hardly even distinguishable from the photographs presented 
in Fig. 7. Given that TiO2 is a well-known UV absorber that will reduce 
photo-induced degradation of lignin and extractives in wood, we believe 
that the TiO2 treatment on CLT created a protective layer, thereby 
enhancing the weathering durability of CLT. [42,49–51] Notably, 
cracking was less pronounced in the TiO2-treated samples compared to 
the untreated one, indicating an overall improvement in weathering 
durability after the TiO2 treatment. 

Figs. 8a – 8d shows the color parameters (L*, a*, and b*) and gloss 
values for the untreated and TiO2-treated CLT samples during the 
accelerated weathering test up to 56 days (8 weeks). Ten individual 
samples for the untreated CLT and four individual samples for the TiO2- 
CLT with 5, 10, 20, and 30 minutes of FSP deposition times were 
measured. An individual data point represents each week’s average 
measurement from 0 (before weathering) to 8 weeks. 

The untreated CLT samples showed a substantial darkening with an 
18% reduction in L* during the first week (Fig. 8a). In contrast, a* and b* 
increased by 28% and 27%, respectively, indicating a color shift towards 
reddish and yellowish hues (Figs. 8b and 8c). However, these initial 
changes in L*, a*, and b* were rapidly subdued as weathering continued. 
Specifically, L* gradually rose from 62.4 after the first week to 66.3 after 
eight weeks, while a* and b* kept decreasing after week 1. The gloss 
value also followed a similar trend to L*. This trend aligns with the 
discoloration of the untreated CLT sample shown in Fig. 7, in which the 
rapid darkening and an increase in yellowness in the first week were 
followed by a more gradual color change in the subsequent weeks. 

The TiO2-treated CLT samples exhibited a comparable pattern in L*, 
a*, b*, and gloss to the untreated CLT with considerably subdued values 
in all these parameters. We note that before weathering the TiO2-CLT 
exhibited higher L* and lower a*, b*, and gloss when compared to the 
untreated CLT, probably due to the reflection and/or scattering of light 
by the deposited TiO2 nanoparticles. During the first week, the reduction 
in L* for the TiO2-CLT was 8.1%, 8.4%, 5.8%, and 6.8% for 5, 10, 20, and 
30 min FSP samples, respectively, which was more than twice as low as 
the initial L* reduction for the untreated CLT. The reduced initial 
darkening of the TiO2-CLT suggests the TiO2 treatment effectively 
mitigated the degradation of lignin and low-molecular-weight extrac
tives. The decrease in L* continued until week 8 for all TiO2-CLT, while 
the untreated CLT ceased to decrease after week 3, and its values started 
to rise. Notably, the untreated CLT exhibited a 9.1% increase in L* be
tween weeks 3 and 8, which may result from a gradual reduction of the 

Fig. 3. . SEM images of untreated CLT samples: (a) before and (b) after accelerated weathering test.  
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chromophoric compounds on the CLT surface, as well as further 
degradation of extractives that would leave a whitish hue. [48] In 
contrast, all TiO2-CLT showed only a marginal decrease in L*, less than 
2.8%, during the same period, suggesting that the TiO2 treatment pro
vided extended protection against darkening from UV exposure of 
accelerated weathering. It is worth noting that the standard deviation in 
L* was most pronounced for 5 min FSP among the TiO2-CLT samples. We 

believe a longer FSP time resulted in a more uniform deposition of TiO2 
nanoparticles, contributing to overall reduced fluctuation in L*. After 
week 8, L* values appeared to converge for all samples, regardless of the 
TiO2 treatment and the FSP time. 

Similar to L*, the values of b* and gloss for the TiO2-CLT exhibited a 
substantial reduction in their initial changes after the first week 
compared to the untreated CLT. Subsequently, they gradually 

Fig. 4. SEM images of TiO2-treated CLT samples: (a, b, e, f) before and (c, d, g, h) after accelerated weathering test.  
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approached values similar to those of the untreated CLT by week 8. It is 
worth mentioning that the gloss values for the TiO2-CLT remained much 
lower than that of the untreated CLT. Within the first week, the un
treated CLT showed a 26.8% increase in b* and a 36.7% reduction in 
gloss, whereas the TiO2-CLT showed only up to a 14.0% increase in b* 
and up to a 16.8% reduction in gloss during the same period. Although 
the a* values were consistently lower in the TiO2-CLT than the untreated 
CLT, the relative change in a* remained similar between the untreated 
and TiO2-treated CLT samples. 

During the photo-induced discoloration of wood, luminance, L*, 
generally undergoes more significant changes than the chromaticity 
indices, a* and b*, [52] which is also evident in the L*a*b* changes 

illustrated in Figs. 8a – 8c in our study. Thus, a change in L* tends to 
correlate strongly with the total color difference, ΔE. 

Fig. 8e shows ΔE of the untreated and TiO2-treated CLT samples over 
the course of 8 weeks of accelerated weathering. The untreated CLT 
exhibited a high ΔE of up to 20 during week 1 and 2, indicating intensive 
early discoloration. Given that ΔE ≈ 2.3 corresponds to a just noticeable 
difference (JND), [53] in which an observer can detect a color difference 
with the naked eye only after a certain threshold of JND, the early 
discoloration of the untreated CLT was extensive. As weathering 
continued, ΔE gradually reduced to 12 by the end of week 8. In contrast, 
the TiO2-CLT showed ΔE values that were 3–4 times lower than the 
untreated CLT in week 1 and 2, demonstrating superior weathering 

Fig. 5. SEM images of untreated CLT (a1) before and (b1) after weathering and the corresponding EDX mapping of: (a2, b2) carbon, (a3, b3) oxygen, and (a4, b4) 
EDX spectra with atomic mass percentages. SEM images of 10-min FSP TiO2-treated CLT (c1) before and (d1) after weathering and the corresponding EDX mapping 
of: (c2, d2) carbon, (c3, d3) oxygen, (c4, d4) titanium, and (c5, d5) EDX spectra with atomic mass percentages. SEM images of 20-min FSP TiO2-treated CLT (e1) 
before and (f1) after weathering and the corresponding EDX mapping of: (e2, f2) carbon, (e3, f3) oxygen, (e4, f4) titanium, and (e5, f5) EDX spectra with atomic mass 
percentages. 
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performance, particularly in terms of early discoloration. We also note 
that ΔE values of the TiO2-CLT were lower with reduced fluctuations 
when subjected to the FSP process lasting longer than 5 minutes, as 
evidenced by the substantially narrower 2 interquartile ranges (2IQR) 
observed for TiO2-CLT samples at 10, 20, and 30 min FSP treatments 
(Fig. 8f), which suggests the FSP process exceeding five minutes is 
desirable. As weathering continued, the difference in ΔE between the 
untreated and TiO2-treated CLT gradually diminished. Nonetheless, by 
the end of week 8, the ΔE values of the TiO2-CLT remained considerably 
lower than that of the untreated CLT. Specifically, ΔE for the TiO2-CLT, 
20 min FSP after week 8 was 7.8, which was 58% lower than ΔE of the 
untreated CLT. Since ΔE values appeared to stabilize around week 6 or 7 
for both the untreated and TiO2-treated CLT samples, we anticipate that 
the TiO2-CLT would potentially exhibit superior long-term discoloration 
resistance compared to the untreated CLT, which deserves further 
investigation. In terms of the total color difference up to 8 weeks of 
accelerated weathering, the TiO2-CLT with 20 min FSP performed the 
best, given its median and mean ΔE values as well as its reduced 

statistical dispersion illustrated in Fig. 8f. 

3.4. FTIR spectroscopy 

The chemical changes in the surface of untreated and TiO2-treated 
CLT samples after weathering were evaluated by FTIR in Fig. 9. The 
impact of weathering was assessed by using the transmittance ratio, Ilig/ 
Icarb, representing lignin and carbohydrate (polysaccharide) components 
in wood. Specifically, the quantification of lignin degradation by 
weathering was based on the C––C stretching of the aromatic ring in 
lignin at 1510 cm− 1 and the C-H symmetric deformation in poly
saccharides at 1375 cm− 1. [19,54–57] These peaks were chosen due to 
their relevance in reflecting the photodegradation mechanism of the 
organic components in wood. Lignin, which is a strong UV absorber, 
undergoes degradation during weathering while cellulose remains 
relatively unaffected. In Fig. 9, the FTIR spectra for TiO2-treated samples 
showed that the shape and intensity of the lignin band at 1510 cm− 1 

remained unchanged after weathering, while those of the untreated 

Fig. 6. XRD spectra for untreated and TiO2-treated CLT samples (10 and 20 min FSP deposition times): (a) before and (b) after the accelerated weathering test.  

Fig. 7. Photographs of untreated and TiO2-treated CLT samples (5 – 30 min of FSP deposition) over an accelerated weathering period of up to 8 weeks.  
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sample were significantly affected and reduced. Conversely, the carbo
hydrate band at 1375 cm− 1 for both untreated and TiO2-treated samples 
seemed unaffected by weathering. Indeed, the transmittance ratio, Ili
g/Icarb, exhibited only marginal changes for the TiO2-treated samples 
after weathering, while the untreated sample showed a pronounced 
increase due to lignin degradation. The unchanged transmittance ratio 
for TiO2-CLT suggests that the TiO2 treatment by FSP mitigated and 
reduced the photodegradation of lignin in wood.  

4. Conclusions 

We demonstrate the enhanced weathering durability of CLT through 
a surface treatment with TiO2 nanoparticles, which were directly 
deposited onto CLT by using liquid-precursor flame spray pyrolysis 
(FSP). The TiO2 treatment on CLT blocks was performed under ambient 
conditions, after which the CLT samples were subjected to accelerated 
weathering for eight weeks. The FSP treatment on CLT rendered a 
porous, superhydrophobic layer consisting of crystalline, sub-100 nm 
TiO2 particles. TiO2-treated CLT exhibited significantly less discolor
ation than untreated CLT, in which the total color difference, ΔE, of 
TiO2-treated CLT was found to be up to 58% lower than that of the 

untreated CLT after 8 weeks of weathering. Improved weathering 
durability of TiO2-treated CLT is attributed to reduced lignin degrada
tion. The collective results suggest the TiO2 coating by FSP holds 
promise in enhancing the properties of engineered wood products and 
potentially extending their outdoor service life. Considering its portable 
and low resource-requirement nature, the FSP process has practical 
appeal beyond the CLT industry, potentially for providing temporary on- 
site protection of other types of wood-based products such as structural 
timbers. Building upon this initial investigation, further efforts will be 
made to integrate the TiO2 coating by FSP with a binder system that will 
aim to enhance longevity and durability. 
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B. Orel, Structural studies of TiO2/wood coatings prepared by hydrothermal 
deposition of rutile particles from TiCl4 aqueous solutions on spruce (Picea abies) 
wood, Appl. Surf. Sci. 372 (2016) 125–138. 

[25] S. Kurzinski, P. Crovella, P. Kremer, Overview of Cross-Laminated Timber (CLT) 
and Timber Structure Standards Across the World, JMass Timber Constr. J. 5 (1) 
(2022) 1–13. 

[26] ltd, R.; Markets, Cross-Laminated Timber Market: Global Industry Trends, Share, 
Size, Growth, Opportunity and Forecast 2023-2028. 

[27] CLT handbook: cross-laminated timber. U.S. edition ed.; FPInnovations: Pointe- 
Claire, QC, 2013. 
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Table 2 
The transmittance ratio of lignin to carbohydrate, Ilig/Icarb, before and after 
accelerated weathering test.  

Sample description Transmittance ratio of lignin to 
carbohydrate, Ilig/Icarb 

Change in Ilig/Icarb 

after weathering 

Untreated, before 
weathering 

1.05 8.2% 

Untreated, after 
weathering 

1.14 

10 min FSP, before 
weathering 

1.04 -0.5% 

10 min FSP, after 
weathering 

1.04 

20 min FSP, before 
weathering 

1.03 -3.1% 

20 min FSP, after 
weathering 

1.00  
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