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Abstract

Wood flour, a landscaping byproduct, poses disposal challenges due to its poor degrad-
ability, despite its potential as a sustainable material. This study modified wood powder
by synergistically incorporating fly ash and TiO,, followed by curing it with polyamide
and epoxy resin to produce high-performance wood powder-based composites suitable
for outdoor furniture applications, it can solve the environmental problems caused by fly
ash. The research findings indicated that as the TiO; content increased, the material’s pore
size diminished, structural strength improved, and it demonstrated enhanced hydrophobic
properties and UV absorption capabilities. The optimal UV absorption performance was
observed at a TiO; content of 1.5%. The combination of TiO, and fly ash led to the formation
of more stable Si-O-Ti and Si-O-5i bonds, which further strengthened the material. Water
contact angle and water repellency tests indicated that the 1.5% TiO, composite showed
a 12% increase in compressive strength and a water contact angle of 100.6°, indicating
improved hydrophobicity. The addition of TiO, reduced the number of free-OH groups
within the matrix, thereby improving the composite’s hydrophobicity. Outdoor chairs
fabricated by mixing 1.5% TiO,-modified wood powder with PET for demolding exhibited
excellent structural stability while also being safe and environmentally friendly. This study
proposes a feasible preparation strategy for wood powder, enhancing durability through
improved mechanical strength, water repellency, and UV shielding. Furthermore, it offers
valuable insights into the material modification of wood powder-based materials for the
production of outdoor garden furniture.

Keywords: wood flour modification; high strength; UV absorption; hydrophobicity; out-
door furniture

1. Introduction

Wood flour is a common biomass waste generated in landscaping. It is rich in cellulose
and lignin and can serve as one of the few non-petroleum aromatic carbon sources [1].
This material is not only inexpensive but also environmentally friendly [2]. However, it is
difficult for the material to degrade naturally.

Some researchers have developed methods to decompose lignin by designing easily
cleavable bonds in the main chain of lignin polymers [3]. Nevertheless, the vast majority of
wood powder is either incinerated as low-value fuel or sent to landfills [4,5], causing signifi-
cant environmental pollution. Therefore, finding high-value applications for lignocellulosic
biomass is critical not only for reducing carbon dioxide emissions but also for addressing
the degradation challenges associated with the accumulation of solid waste [6,7]. Currently,
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the utilization of wood powder-based composite materials in the production of outdoor
garden furniture can effectively mitigate the difficulties in processing wood powder [8].
Additionally, the acquisition of wood powder is both convenient and rapid, aligning with
the goals of low carbon emissions and environmental protection.

While outdoor furniture made from wood powder is aesthetically pleasing, natural,
and environmentally friendly, it inevitably faces challenges such as susceptibility to decay,
oxidation, and poor stability [9], which shorten its service life. Prolonged exposure to
outdoor conditions significantly diminishes its overall performance, leading to issues
such as cracking, deformation, fading, aging due to ultraviolet radiation, and surface
peeling [10,11]. Consequently, enhancing the light aging resistance and mechanical strength
of wood powder-based materials has become a focal point of research in outdoor furniture
applications. To improve the mechanical properties of wooden furniture, researchers have
conducted extensive studies, including the addition of preservatives to wood powder and
the use of ball-milled graphene to reduce fiber size and increase specific surface area for
wood modification [12,13]. These improvements primarily arise from the introduction of
new functional groups and physical treatment methods aimed at enhancing the mechanical
properties and stability of wooden furniture. However, long-term exposure to light can
still lead to the aging and degradation of glycosidic bonds in wood fibers, resulting in a
significant reduction in strength [14]. Therefore, appropriate modification methods are
necessary to further enhance the strength of wood powder-based composite materials. At
the molecular level, Donath et al. [15] utilized alkoxysilane and hydroxyl groups in wood
cellulose as reaction sites to modify wood, resulting in the formation of more stable Si-O-
Si bonds, which improved the material’s performance. Mosadeghzada et al. [16] mixed
10% NaOH-treated wood powder with unsaturated polyester resin (UPR) to enhance the
bonding between the materials, thereby improving the mechanical properties of the mixture
through surface treatment and filler loading. Novosel et al. [17] incorporated carbon fiber
into pressed wood boards. By leveraging the high tensile strength of carbon fiber, they
created local bridge-like connections that reduced bending deformation, consequently
increasing the effective stiffness (EI) of the board by 4% to 94% and the ultimate failure
load (ULF) by 2% to 106%. Furthermore, fly ash, another type of solid waste that has not
been extensively recycled, is commonly utilized for reinforcing and modifying composite
materials. Its main components are SiO, and Al,O3 [18,19]. The controllable porosity,
thermal stability, and chemical inertness of SiO; render it a highly stable, acid- and alkali-
resistant non-metallic oxide [20]. Fly ash can improve the mechanical strength and stability
of wood materials, thus achieving reinforcement and modification. Zygmunt et al. [19]
applied modified fly ash to polyurethane foam to enhance the applicability of composite
materials, with the modified fly ash polyurethane material silanized with 1% and 2%
silane solutions demonstrating optimal performance. Cao et al. [21] introduced SiO,
coatings to improve the hydrophobicity of wood, thus enhancing the overall strength of the
substrate. While wood flour composites have been explored, few studies have addressed
their simultaneous mechanical, UV, and water resistance limitations using industrial waste
materials. The fly ash produced by industry can generate dust, pollute the atmosphere,
and pose great harm to human health and the environment. Therefore, using fly ash to
modify wood powder can not only improve the performance of composite materials, but
also solve the environmental problems caused by fly ash.

In addition to improving mechanical strength, wood powder-based materials also need
to exhibit strong resistance to photooxidation. However, conventional chemical and thermal
treatment methods are often insufficient in preventing the oxidation of wood furniture
due to poor photodegradation when exposed to UV and visible light [22]. Common UV-
protective coatings include organic absorbers such as benzophenone [23] and inorganic
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absorbers like TiO, and ZnO [24-26]. Milos et al. [27] prepared a transparent coating using
caffeine and TiO, nanoparticles that effectively resists UV radiation and mold erosion.
Ghamarpoor et al. [28] investigated the impact of TiO, nanoparticles of varying sizes on
UV protection, demonstrating that titanium dioxide can filter all types of UVA and UVB
rays. Bulcha et al. [29] treated cotton textiles with zinc oxide nanoparticles, improving
their ultraviolet protection factor (UPF). Benzophenone and its derivatives have also been
frequently employed to filter ultraviolet radiation [30]. In contrast, TiO, exhibits high
chemical stability and an excellent UV absorption capacity. Moreover, the active free
radicals generated by light exposure can exert antibacterial effects [31-33]. Consequently,
TiO, serves as an outstanding modification material for enhancing the photooxidation
resistance and UV-shielding properties of wood powder.

Building on this research background, the present study employs a synergistic doping
modification strategy combining fly ash and TiO,. By leveraging the stability of SiO; in
fly ash and the strong ultraviolet absorption capacity of TiO,, along with the active free
radicals generated, we aim to produce wood powder-based composite materials with en-
hanced stability and light oxidation resistance while carefully controlling the addition of the
materials. The microscopic morphology, bonding structure, and performance enhancement
mechanisms of the composite material were analyzed using scanning electron microscopy
(SEM), X-ray photoelectron spectroscopy (XPS), Fourier-transform infrared spectroscopy
(FTIR), and UV-Vis spectroscopy. Finally, the wood flour-based composite material was
fabricated into a garden outdoor chair to explore its practical application, providing the-
oretical support for the use of wood flour in outdoor furniture and the development of
green, environmentally friendly products.

2. Materials and Methods
2.1. Experimental Raw Materials

The materials and drugs used in this experiment include fly ash (5iO,, Al,O3, Fe;Os3,
MgO), wood flour (poplar powder, particle size 30 um, purchased from Shandong Province,
China), HySO4 (98%, Sinopharm Reagent, Beijing, China), C;HsOH (AR, Sinopharm
Reagent, Beijing, China), C4HgO (THF, Aladdin, Shanghai, China), EP (Toughened epoxy
resin, Sinopharm Reagent, Beijing, China), TiO, (Spherical particles of white powder, >99%,
Aladdin, Shanghai, China), PA (Aladdin, Shanghai, China), and PET (Aladdin, Shanghai,
China). All reagents were of analytical grade and used directly without further purification.

2.2. Preparation of Wood Flour-Based Composite Materials
2.2.1. Pretreatment of Fly Ash

Because fly ash contains a high concentration of metallic impurities, it must be treated
for harmlessness before composite material preparation. An appropriate amount of fly
ash is placed in a 1.5 mol/L sulfuric acid solution with a solid-to-liquid ratio of 1:6. The
mixture is then stirred at room temperature for 2 h and filtered to obtain a residue. The
filtered fly ash is then washed three times with anhydrous ethanol, oven-dried at 60 °C for
12 h, and ground to a 200-mesh size for later use.

2.2.2. Preparation of Wood Flour-Fly Ash-TiO;

Preparation of the wood flour—fly ash material: 8 g of wood flour was weighed and
placed in a beaker. 200 mL of tetrahydrofuran and 3 g of treated fly ash were then added
to the beaker and ultrasonically dispersed for 10 min. The mixture was then heated to
70 °C in a water bath and stirred for 8 h to obtain a wood flour-modified dispersion. The
resulting dispersion was centrifuged at 5000 rpm for 10 min, washed and centrifuged three
times, and dried to obtain the wood flour—fly ash composite material.
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Preparation of the wood flour—fly ash-TiO, material: Weigh 22 g of epoxy resin into a
beaker, add the resulting wood flour—fly ash composite, and add 0.5% TiO;, by mass. Also,
add 5 g of polyamide as a curing agent. After stirring thoroughly, place the mixture into a
mold, shake repeatedly on a shaker, and let it stand at room temperature for 24 h to cure
before demolding. This process was repeated three times, varying the TiO, content for
comparative experiments: 0%, 1%, and 1.5%. The summary table of the formulations and
experimental flow is shown in Table 1 and Figure 1.

Table 1. Summary table of the formulations.

Epoxy

Materials Fly Ash Wood Flour TiO, Resi Polyamide
esin
0% TiO, 3g 8¢g 0% wt 22g 5g
0.5% TiO, 3g 8g 0.5% wt 22¢g S5¢g
1.0% TiO, 3g 8¢g 1.0% wt 2g 5g
1.5% TiO, 3g 8g 1.5% wt 2g 5g
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Figure 1. Flowchart of preparation of wood powder-based composite materials. (a) Pretreatment
of Fly Ash. (b) The mixture of Flyash and Wood flour. (c) The synthesis of Wood flour/Flyash
composite.

2.3. Material Analysis

Scanning electron microscopy (SEM, Hitachi Regulus 8100, Tokyo, Japan) was used
to characterize the microstructure of the wood powder-fly ash-TiO, composites and ob-
serve the micromorphology of the composites after loading with fly ash and TiO,. X-ray
photoelectron spectroscopy (XPS, PHI-5000versaprobe III, Tokyo, Japan) was used to an-
alyze the bonding structure and binding energy changes of Ti, O, and Si elements in the
materials. Fourier transform infrared spectroscopy (Nicolet Nexus 470, Madison, WI, USA)
was used to analyze changes in the molecular structure and groups on the material sur-
face. The spectral resolution was 0.4 cm ™!, and the scanning range was 400-4000 cm 1.
Ultraviolet-visible spectrophotometry (UV) and thermogravimetric analysis (TGA) were
used to analyze the UV resistance and thermal stability of the composite material. The
UV scanning range was 200-800 nm. The TGA test was performed at a temperature range
of 30-800 °C at a rate of 10 °C/min in a nitrogen atmosphere. The hydrophobicity of the
material was tested using a water contact angle test, using pure water as the test solution.
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3. Results and Discussion
3.1. Analysis of Structure and Performance of Wood Flour-Based Composite Materials

The microscopic morphology of the prepared wood powder-based composite materials
was analyzed using scanning electron microscopy (SEM, Hitachi Regulus 8100, Hitachi,
Tokyo, Japan). The results indicate that the surfaces of all four samples exhibited slight
agglomeration (Figure 2); however, the overall structure remained relatively dense. The
sample without TiO, showed numerous internal pores. This occurrence can be attributed
to uneven local liquid dispersion caused by the small fly ash particles during the stirring
process, as well as the bubbles generated during mixing. As the TiO, content increased, the
number of pores within the material gradually decreased, and the pore size also diminished.
This improvement is due to the excellent dispersibility of TiO,, which facilitates a more
uniform distribution of fly ash and effectively suppresses bubble formation. Additionally,
TiO; fills the voids, thereby reducing the internal stress of the material, increasing the
interaction force at the contact surfaces, and enhancing both the strength and stability of
the composite material’s internal structure. Consequently, the addition of a small amount
of TiO, results in a structurally stable wood powder-based composite material, thereby
improving its service life and suitability for outdoor applications.

0% TiO5-Board - 025% T10,-Board

e

WD 102mm NONE

Figure 2. Microstructure and sample picture of wood powder based composite materials.

Subsequently, X-ray photoelectron spectroscopy (XPS) tests were conducted on the
wood powder-based composite material to investigate changes in the internal bonding
structure during the TiO, modification process. The results are presented in Figure 3. Peak
fitting of the Si 2p orbital (Figure 3a) reveals that, in the absence of TiO,, a characteristic
peak of binding energy appears at 103.67 eV, attributed to the Si-O bond. This indicates
that a small amount of SiO; in the fly ash is combined with the wood powder. Upon the
addition of 0.5% TiO,, a new characteristic peak at 105.18 eV emerges, corresponding to
the Si-O-Ti bond (silicon—titanium linkages that enhance structural integrity). As the TiO,
content increases, the Si-O bond gradually shifts to a lower binding energy position, while
the Si-O-Ti bond shifts to a higher binding energy position, with the peak area increasing.
This suggests that the electron cloud density increases. The additional electrons in SiO, will
have a stronger shielding effect on the inner layer electrons, weakening the attraction of
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the atomic nucleus to the inner layer electrons and enhancing electron transfer. Indicating
charge transfer on the Si-O surface and the formation of more Si-O-Ti bonds [34,35], which
enhances the structural strength of the wood powder-based composite material. The
narrow spectrum analysis of the Ti 2p orbital shows that the Ti 2p orbital splits into
two components: Ti 2p; s, and Ti 2p3,, (Figure 3b). For the sample with 0.5% TiO,, two
characteristic peaks appear at 455.61 eV and 461.34 eV, with a binding energy difference
of 5.73 eV attributed to TiO; [35]. As the amount of TiO, increases, the binding energy
difference of the prepared wood powder-based composites remains essentially unchanged,
indicating that the TiO, and wood powder are well mixed and evenly dispersed. The
high-resolution XPS spectrum of the O 1s orbital is shown in Figure 3c. In the absence of
TiO,, peak fitting reveals two characteristic peaks at binding energies of 529.12 eV and
530.83 eV, corresponding to lattice oxygen (Or, Si-O and Ti-O) and free -OH, respectively.
With increasing TiO, content, the -OH group shifts toward higher binding energies, and
the peak area gradually decreases, enhancing the material’s hydrophobicity, this is because
the holes inside TiO, particles adsorb the -OH reaction in the lignin structure of water.
Simultaneously, a characteristic peak appears at 530.59 eV, attributed to adsorbed oxygen
(Oa)- TiO; is a typical n-type semiconductor with a large bandgap of approximately 3.2 eV.
It reacts with surface adsorbed substances such as water and oxygen, causing electrons to
rapidly migrate to the surface of titanium dioxide particles, generating numerous active
free radicals that enhance the antioxidant and UV resistance of the wood powder-based
composite, thereby improving its durability in outdoor environments.

(a) [0%TiO,-Board sizp| (b) [0%TiO,Board Ti2p]  (c) [0%TiO,Board Ols
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Figure 3. High-resolution XPS spectra of wood powder-based composites: (a) Si 2p orbital, (b) Ti 2p
orbital, (c) O 1s orbital.

To further investigate the changes in the molecular structure of the composite material
during the TiO, modification process, particularly regarding the bonding modes and
functional groups of wood powder, TiO,, and polyamide, infrared spectroscopy analysis
was performed, with the results depicted in Figure 4a. The infrared spectrum of pure
phase wood powder shows an absorption peak at a wavelength of 3368.2 cm~!, which
corresponds to the stretching vibration of hydroxyl (-OH) groups in structural water. The
absorption peak of fly ash at 1102.8 cm ™! is attributed to the bending vibration of Si-O
bonds, while the peak for TiO, at 689.9 cm™~! corresponds to the vibration of Ti-O bonds.
In the TiOy-Board (1.5%), a stretching vibration peak for -CO-NH- appears at 1181.4 cm ™!,
and -CH, bonds form at wavelengths of 2856.5 cm~! and 2927.9 cm~!. This is due to the
reaction between polyamide and lignin in the wood powder, resulting in the formation of
ester bonds, which enhances the structural strength of the composite material. A sharp
Si-O-Si absorption peak appears at 1031.7 cm~!, indicating that the SiO, in the fly ash



Sustainability 2025, 17, 9235

7 of 15

g—
)
N

Intensity (a.u.)

reacts with the -OH groups in the wood powder to form a more stable Si-O-Si structure,
thereby strengthening the interaction between the materials. Furthermore, the addition of
TiO, weakens the peak intensity of free hydroxyl groups (-OH), effectively inhibiting water
absorption and improving the hydrophobicity of the composite material, which aligns with
the XPS findings.

—— Wood Flour
—— Pure TiO
—— Flyash

— 1.5% TiO2-Board g of Ti.9

-CO-NH-

(b) 0% TiOBoard | (C) 100
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Figure 4. (a) FTIR spectrum, (b) UV-visible absorption spectrum, and (c) thermogravimetric curve of
wood powder-based composite materials.

Outdoor furniture is subject to prolonged exposure to ultraviolet radiation. To evaluate
the shielding ability against UV rays, we measured the average absorbance of the prepared
composite material at wavelengths ranging from 200 to 800 nm. Figure 4b shows the
ultraviolet—visible light absorption spectrum of the material with varying TiO, content.
The 0% TiO;-Board partially absorbs UV light in the 275-300 nm range, attributable to the
large amount of lignocellulose in wood flour, which contains numerous free and etherified
phenolic hydroxyl groups with a UV absorption peak at 280-290 nm. Thus, wood flour
possesses a certain degree of UV absorption capacity. When TiO; is added, the composite
material’s UV absorption effect in the 275-300 nm range remains similar, indicating that
the addition of TiO, does not significantly alter the UV absorption for UVB (275-320 nm).
However, compared to the material without TiO,, the UV absorption peak of the composite
material in the 325-400 nm range becomes noticeably narrower with the addition of TiO,.
This is because TiO; is a wide bandgap semiconductor that can absorb photons with
wavelengths less than or equal to 387 nm (corresponding to ultraviolet light). This is
because TiO; acts as a filler and photocatalyst, reducing porosity and generating active
radicals that improve UV resistance [36]. Additionally, TiO, exhibits a high refractive index
and strong scattering and reflection capabilities for ultraviolet rays (particularly UVA and
UVB), contributing to the excellent UV resistance of the composite material.

Figure 4c displays the thermogravimetric curves of the four samples. It is evident
that all four materials experience slight mass loss from 0 to 200 °C, primarily due to the
evaporation of water within their internal structure. As the temperature rises above 300 °C,
a significant mass loss rate is observed, mainly attributed to the thermal decomposition of
organic matter such as phenolic hydroxyl groups and benzene rings in the wood cellulose
present in the wood powder. Concurrently, the large-scale decomposition of epoxy resin at
350 °C accelerates the material loss rate. All materials reach a stable state at approximately
450 °C. At 500 °C, the sample without TiO, exhibits the lowest residual mass fraction,
approximately 11.6%. In contrast, after adding TiO,, the residual mass fractions of the
composites remain similar, reaching 13.4% for the 1.5% TiO,-Board. This suggests that
the addition of a small amount of TiO; has a minimal effect on the thermal stability of the
composite; however, the overall stability is improved.

Natural wood powder contains a significant amount of phenolic hydroxyl groups
and structural water, along with numerous pores, which leads to its high water absorp-
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tion capacity. This characteristic makes it susceptible to mold and corrosion in humid
environments, severely affecting its service life. To evaluate the waterproof ability of the
sample, the prepared material was tested for contact angle and the physical ruler is 2
mm, the results are shown in Figure 5. The water contact angle of the material without
TiO, is approximately 85.7°. This can be attributed to the reaction between polyamide, fly
ash, and cellulose in the wood powder, which forms -CO-NH- and Si-O-Si bonds, thereby
reducing the amount of free -OH groups in the material. Additionally, the epoxy resin
enhances hydrophobic properties after curing. Following the addition of TiO,, the water
contact angle of the composite material gradually increased, reaching 100.6° for the 1.5%
TiO,-Board composite, further enhancing its hydrophobicity. This improvement is due to
TiO, effectively filling the pores within the composite material and forming stable Si-O-Ti
bonds on the surface, which reduces water penetration and enhances the waterproofing
properties of outdoor furniture.

(a) (b)

(©) (d)

; ii“ﬂ'ii —

Figure 5. Contact angle test of wood powder-based composites (a) 0% TiO,-Board, (b) 0.5% TiO,-
Board, (c) 1% TiO,-Board, (d) 1.5% TiO,-Board.

The compressive strength of the four composite materials was also tested, four com-
pressive strength tests were conducted on each sample, and the average value was taken,
and the standards followed GB, with the results presented in Figure 6. The compressive
strength of the material without TiO, is 62.1 MPa, exceeding that of 32.5R cement by
32.5 MPa. Compared to Novosel et al. [17], our composite achieved a 10% higher com-
pressive strength with less filler content. This enhancement is due to the small amount of
SiO; in the fly ash, which forms stronger Si-O-5i bonds with lignin. Upon adding a certain
amount of TiO,, the compressive strength of the material gradually increased, with the
1.5% TiO,-Board achieving the highest compressive strength of approximately 69.8 MPa.
This improvement is attributed to the excellent dispersibility of TiO,, which inhibits bubble
formation, reduces internal porosity in the material, and enhances overall strength. Fur-
thermore, the addition of TiO, results in the formation of Si-O-Ti bonds, improving the
mechanical properties of the material and extending the lifespan of outdoor furniture.

To further assess the waterproof ability of the material, the sample was immersed
in water for 98 h, and its mass was recorded every 12 h. The water absorption curve is
depicted in Figure 7. All four materials experienced a slight increase in mass during the test,
with the 0% TiO,-Board exhibiting the greatest increase, from 15.27 g to 15.42 g, reflecting
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a weight gain of approximately 0.98%. As the TiO, content increased, the composite’s
water absorption gradually decreased. After 98 h of immersion, the weight gains for the
0.5% TiO,-Board, 1% TiO,-Board, and 1.5% TiO,-Board were 0.63%, 0.39%, and 0.33%,
respectively. This indicates that the addition of TiO, enhances the composite’s water
repellency, consistent with the previous water contact angle test results.
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Figure 6. Compressive strength of wood flour-based composites.
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Figure 7. Water absorption curve of wood powder-based composite materials.

3.2. The Application of Wood Powder-Based Composites in the Design of Outdoor Garden Benches

The primary function of outdoor garden seating is to provide resting spaces for
pedestrians and visitors in public areas. Different scenarios necessitate various sizes, styles,
and functionalities. Rust-resistant materials such as aluminum alloy, stainless steel, and
waterproof paint are recommended for use in humid and rainy conditions, while UV-
resistant materials like HDPE woven fabric are suited for areas exposed to direct sunlight.
Moreover, to better serve users, outdoor seating designs must meet specific requirements:
comfort, ergonomics, structural stability, a smooth, non-angular surface, safety, and ease
of maintenance and cleaning. Common seating materials like teak offer natural beauty
and corrosion resistance but can be expensive and require regular maintenance. Metal
materials, such as aluminum alloy and stainless steel, are durable and rust-resistant but
may feel cold in winter. Therefore, designing chairs that combine wood powder-based
composite materials with metal elements can provide the aesthetic texture of wood while
ensuring the stability of metal components. Finally, aesthetics should not be overlooked; the



Sustainability 2025, 17, 9235

10 of 15

chairs should harmonize with the overall style of the garden landscape design, adhere to
ecological protection principles, and feature smooth and unobtrusive curves to complement
the natural surroundings. These improvements suggest that the composite can significantly
extend the lifespan of outdoor furniture in humid and high-UV environments.

3.2.1. Design Analysis
(1) Seat design:

Based on the above experimental analysis, a wood flour-based composite material
prepared with a TiO, addition of 1.5% exhibits excellent UV and water resistance. There-
fore, this material was selected to create the seat of the modular outdoor garden chair
(Figure 8). The smallest unit of the modular outdoor garden chair is a 380 mm x 380 mm
x 50 mm square. The design process adhered to the principles of simplicity, comfort, and
ergonomics. PET was selected as the mold filler for the seat due to its clean, environmen-
tally friendly, non-toxic, odorless, smooth surface, and heat resistance, making it easy to
use and modularize.

(2) Seatleg design:

The legs are made of 316 stainless steels, which is resistant to atmospheric oxidation
and corrosion. They are strong enough to withstand humid and coastal environments. The
legs are 50 mm x 80 mm in cross-section and 450 mm in length. To improve corrosion
resistance, the stainless steel is coated with an anti-corrosion paint, and the bottom of the
legs is affixed with rubber for added anti-slip and wear resistance.

(3) Connection method:

The stainless-steel legs are connected by welding, and the seat surface made of com-
posite material is overlapped on the stainless-steel frame and can be fixed with screws

by punching.
:' ________________________________________________________________ l
. s 1 |
| - P, !
I E |
! I
! I
1
| Od oy |
1 \ |
| 1.Synthesis Wood 2.Add 0% 0.5% 3. Make PET molds 4. Add the composite |
| flour/Flyash composite 1.0% 1.5% TiO, material and shake |
| < '
: > I
: Garden trees wood flour (50 mm x 80 mm x 450 mm) |
I
: = |
I (380 mmx380 mmx50 mm) (380 mmx380 mmx50 mm) |
! I
! P— I : I ’I !
I
| \ / 1
1
1 5. Curing 24 h molding 6. Cut and weld 7. Screw fastening 8. Assemble and complete :
! 316 stainless steel  composite formwork the seat installation l
! I

Figure 8. Seat production flow chart.

3.2.2. Seat Performance Analysis

Long-term use of outdoor chairs can lead to stability changes, discoloration due
to ultraviolet rays, and internal corrosion caused by rain. Therefore, after preparing
wood powder-based composite materials into outdoor chairs, their performance needs
to be analyzed to ensure their optimal suitability for practical environments, focusing
on weighing stability, water resistance, and safety. These multi-dimensional tests al-
low for a comprehensive assessment of the long-term practicality of outdoor chairs, en-
suring their safety and durability in various environments. This provides valuable in-
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sights into the application and promotion of wood powder-based composite materials in
outdoor furniture.

(1) Stability Test

To evaluate the stability of modular garden outdoor chairs made from wood powder-
based composite materials, this experiment tested and analyzed the chairs’ load-bearing
capacity, overall structural integrity, and mechanical stability. A weight of approximately
200 kg was placed on the chair for two days to assess load-bearing capacity and structural
stability, and place the chair in an outdoor environment to simulate human use of the
outdoor seat, Changes in the chair’s length, width, and height were recorded every 12 h
during the test, while the seat was observed for any bending, deformation, or fracture. The
results are presented in Table 2. The findings indicate that the chair’s dimensions remained
unchanged, and no fractures occurred, thereby maintaining overall structural stability. This
demonstrates that the chair is suitable for a variety of outdoor environments and possesses
a high structural strength that meets the demands of daily use.

Table 2. Dimensional changes of chairs during load-bearing test.

Experiment Length (mm) Width (mm) Height (mm)
Oh 380 380 500
12h 380 380 500
24h 380 380 500
36h 380 380 500
48 h 380 380 500

Outdoor garden seating is often exposed to humid environments such as southern
China, coastal areas, and regions with extreme rainfall, necessitating a certain level of
waterproofing. To simulate heavy rain conditions, wood boards made from wood powder-
based composite materials were immersed in water for 98 h. Fully immerse the seat surface
in water, using tap water for testing, simulating an environment soaked in heavy rain. The
weight of the boards was recorded every 12 h, and the total weight change before and after
immersion was noted to assess any surface expansion, deformation, or instances of paint
peeling or discoloration. The results are illustrated in Figure 9. After being soaked in water
for 98 h, the size of the chair seat remained unchanged, and no fading or surface peeling
was observed during the experiment. In addition, the mass increased from 2.81 kg to 2.82
kg before and after soaking, with a weight gain of approximately 0.36%. This indicates that
the wood powder-based composite material, prepared by synergistically doping fly ash
and TiO,, possesses excellent waterproof properties and is suitable for use in humid and
rainy outdoor environments.

(2) Safety Performance Test—Harmful Substance Detection

Due to the high organic content and wood cellulose in the prepared outdoor garden
chairs, safety testing was conducted to ensure their environmental friendliness. The chairs
were placed in a confined space for 48 h, during which the formaldehyde content in the
air and the phthalate content in the chairs were measured every 12 h. The room size is
about 10 m?, and there are no furniture or formaldehyde absorbing green plants in the
room. Formaldehyde testing method: Use a formaldehyde detection box for testing. Open
the self-test box and let it sit in a closed space for 30 min to allow formaldehyde in the
air to react with the absorbent. Subsequently, quickly pour the color developer into the
absorption box and gently shake it to mix evenly, allowing it to fully develop color. And
compare it with the standard color chart to find the closest color, and the corresponding
value is the approximate range of formaldehyde concentration. Phthalate testing method:
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Cut small fragments from the chair, place them in methanol, and dissolve phthalates from
the sample into the solvent using ultrasound. After appropriate dilution and filtration, the
extract was analyzed by gas chromatography-mass spectrometry (GC-MS). By comparing
the characteristic peaks of phthalates in the test sample with the retention time and mass
spectrum of the standard, the content of phthalates in the chair can be confirmed.

4.0 4
—a— Water Absorption

3.54
)
£ 3.0 1
= —0—0—0—0—0—0—0—0
.50
2 2.5-

2.0

0 20 40 60 80 100
Time (h)

Figure 9. Mass change curve of chair panel after being immersed in water.

The results are shown in Figure 10. The experimental results indicated that after 48
h, the indoor formaldehyde content in the chair was approximately 0.03 mg/m3, which
complies with the GB50325-2020 standard (0.08 mg/m?) [37]. Additionally, the phthalate
content in the chair was measured at 219 ppm, adhering to the standards for plastic products
outlined in GB 24613-2009 (<0.1%, or 1000 ppm) [38]. These findings confirm that chair
materials made from fly ash, TiO,, and wood flour are environmentally friendly and safe,
presenting no harm to human health and making them suitable for widespread outdoor
use. In addition, life-cycle assessment (LCA) of materials is also necessary in subsequent
work [39], which is an important indicator for evaluating material performance.
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Figure 10. Formaldehyde and phthalate test curves.

4. Conclusions

In this study, wood flour was modified through the synergistic doping of fly ash and
TiO; to create a high-strength wood flour composite with excellent oxidation resistance,
water resistance, and UV resistance. The composite was then applied to outdoor seat-
ing design. Based on the results and discussions presented, the following conclusions
were drawn:

(1)  Structural strength and stability: Mechanical Strength: Scanning electron microscopy (SEM)
and X-ray photoelectron spectroscopy (XPS) tests revealed that the composite material
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exhibited exceptional performance across all criteria when the TiO, content reached 1.5%.
As the TiO, content increased to 1.5%, more stable Si-O-Si and Si-O-Ti bonds were formed,
enhancing the material’s structural strength and dimensional stability.

(2) UV Resistance and hydrophobicity: As the amount of TiO, added increased, a large
amount of reactive free radicals (Op) were generated and the free -OH groups in the
composite material decreased, effectively improving the UV resistance and moisture
penetration inhibition of composite materials. The surface water contact angle gradu-
ally increased, reaching 100.6° for the 1.5% TiO;-Board, significantly improving its
hydrophobicity. This enhanced waterproof characteristic will increase the application
potential of outdoor seating in humid and rainy environments.

(3) Application in furniture design: The 1.5% TiO, composite demonstrated optimal per-
formance in strength, UV resistance, and hydrophobicity, validating its suitability for
outdoor furniture and enabling its use for the design of outdoor chairs. Actual testing
demonstrated excellent structural stability and waterproof performance. Moreover,
safety testing confirmed that the chair’s formaldehyde and phthalate emissions met
national safety standards, ensuring its environmental safety for outdoor use.

This study aims to develop a high-performance wood flour composite using fly ash
and TiO,, targeting improved mechanical strength, UV resistance, and hydrophobicity for
outdoor furniture applications. This strategy provides a new approach to modifying wood
flour-based materials for outdoor garden furniture and addresses the issue of solid waste
disposal generated by landscaping materials to a certain extent. The findings of this study
highlight the potential applications of modified wood flour in outdoor garden furniture
and sustainable material innovation. Future studies should explore long-term weathering
effects, biodegradability, and scaling up production for commercial applications.
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