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ARTICLE INFO ABSTRACT

Keywords: This study presents a novel approach to fabricate wood composites with exceptional flame retardancy, superior

Wood strength and toughness, as well as superhydrophobic/self-cleaning properties. The fabrication process involves

Flame retardant densifying delignified wood pre-impregnated with a nitrogen-phosphorus flame retardant via hot-pressing, fol-

;Zi:gz:;ﬁhomc lowed by an adhesive-free, self-curing superhydrophobic dip-coating. The resulting wood exhibits remarkable

Dip-coating synergistic performance: exceptional flame retardancy, with peak heat release rate (pHRR) and total heat release
(THR) decreased by 77.7 % and 63.6 %, respectively, compared with pristine wood; superhydrophobicity/self-
cleaning with a water contact angle (WCA) of 161.2° and sliding rolling off angle (SA) of 3.9°; and outstanding
mechanical performance with a tensile strength of 439 MPa and fracture toughness of 8.7 MJ/m®. Notably, this
innovation addresses two critical challenges in fire-retardant wood technology—preventing flame retardant
leaching and eliminating flammable adhesives—thereby offering a scalable method for the commercial pro-
duction of high-performance wood composites suitable for applications in green architecture, transportation, and
safety—critical infrastructure.

Introduction

Sustainable economic development mandates to find sustainable
alternatives to energy and carbon intensive materials in buildings and
constructions [1]. Wood is one of the most abundant plant-based
renewable materials on Earth and has been used for construction his-
torically [2]. Nonetheless, wood is highly flammable. The wildfires in
Los Angeles, California, USA, in January 2025 destroyed more than
16,000 structures, citing the flammability of wooden homes and furni-
ture as the main cause [3].

Incorporating flame retardants into wood can be an effective
approach to enhance wood fire resistance [4]. However, impregnating
halogenated flame retardants into wood cannot meet the health re-
quirements for modern buildings due to the risk of bioaccumulation in
human bodies [5]. In recent decades, intumescent flame retardants,
composed of acid, gas, and char-forming agents, have gained consider-
able attention due to their high efficacy, low smoke emission, and low
toxicity [6-8]. Ammonium polyphosphate (APP), a nitrogen-
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phosphorus intumescent compound, decomposes upon heating to form
a dense phosphorus-rich char layer on wood surface that can physically
insulate heat and oxygen to prevent direct flame-wood contact [9].
Polyethyleneimine (PEI), a hyperbranched nitrogen-rich cationic poly-
electrolyte, significantly enhances flame retardancy by not only scav-
enging free radicals such as H" and OH™ from wood combustion to
interrupt combustion chain reactions, but also forming covalent bonds
with APP via cation exchange reactions. This chemical interaction sta-
bilizes APP within the matrix, improves its dispersion, and creates a
synergistic P-N-C network that promotes the formation of a more ther-
mally stable char layer [10]. However, the inherent hygroscopicity of
wood inevitably can leach water-soluble flame retardants such as PEI in
practical applications, thereby compromising the long-term durability
of flame-retardant performance [11,12].

Inspired by the liquid-repellent surfaces of various natural materials,
we hypothesize that superhydrophobic coatings with self-cleaning
properties can mitigate the loss of flame retardants from hygroscopic
wood through leaching by hindering water permeation [13]. To
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Fig. 1. A schematic flow diagram shows the processes employed for producing an exception flame-retardant, super strong/tough, and superhydrophobic/self-

cleaning wood.

fabricate super liquid-repellent layers, two essential features are
generally required: a micro- or nanostructured surface texture and a
nonpolar surface chemistry [14]. Nano-silica is commonly employed to
fabricate hierarchical nanostructures on wood substrates, working in
tandem with low-surface-energy polydimethylsiloxane (PDMS) to create
a superhydrophobic surface [15,16]. Notwithstanding, the incorpora-
tion of epoxy resin and curing agents is often necessary to improve
coating durability [17]. However, the flammable nature of epoxy resin
can compromise the flame-retardant performance of the resultant wood.
It is known that tetraethyl orthosilicate (TEOS) has self-curing proper-
ties and can form gel with the backbone of PDMS in-situ via hydrolysis
and condensation under ammonia catalysis [18]. The process was
demonstrated on textile cellulose fibers [19] but not on wood that
contains lignin. Here we propose an innovative approach: utilize the
self-curing and gelation properties of TEOS with PDMS to generate an
interpenetrating superhydrophobic nano-silica network structure on
wood surface without either epoxy resins or curing agents, in stark
contrast to using adhesives to fix superhydrophobic silica coating on
wood surface. Our approach eliminates the use of flammable organic
components and addresses the flame retardancy durability and issues
associated with traditional flammable epoxy-based systems.

With this approach as schematically shown in Fig. 1, our study is to
demonstrate immobilizing flame retardants on wood through mechan-
ical hot-pressing to densify delignified wood pre-impregnated with
flame retardants followed by chemical adhesive-free self-curing super-
hydrophobic dip-coating of PDMS/TEOS. This addressed two critical
challenges: flame retardancy degradation caused by flammable adhe-
sives in conventional superhydrophobic coatings and hygroscopicity-
induced flame-retardant leaching. Delignified wood was first impreg-
nated with PEI/APP and then hot-pressed to physically and chemically
immobilize flame retardants. The resultant densified wood was dip-
coated with PDMS/TEOS to form an adhesive-free self-curing super-
hydrophobic layers through ammonia-catalyzed sol-gel reactions to
generate a superhydrophobic PDMS-silica coating layer. This dual
strategy resulted in a multifunctional wood with exceptional flame
retardancy, outstanding mechanical strength, and durable super-
hydrophobic surface even after mechanical abrasion, and acidic or
alkaline chemical corrosion.

The novelties of the present study are: (1) Proposing a dual-strategy
(mechanical hot-pressing for flame retardant immobilization and
adhesive-free self-curing superhydrophobic dip-coating) that has not
been reported in PEI/APP-related wood flame-retardant research to

133

simultaneously address flame retardant leaching and flammable adhe-
sives in conventional coatings. (2) Utilizing TEOS self-curing property
under ammonia catalysis to construct an interpenetrating network with
PDMS for improving coating stability and enhancing both super-
hydrophobic durability and flame retardancy, very different from
traditional PEI/APP applications using flammable adhesives such as
epoxy resin. (3) Systematically demonstrating that combining hot-
pressing and self-curing dip-coating can significantly mitigate flame
retardant loss in high-humidity environments, providing a novel solu-
tion for long-term durable fire safety of wood structures in high-
humidity environments, in contrast to existing methods focusing only
on short-term flame-retardant effects using PEI/APP. (4) Densifying
wood through hot-pressing which also resulted in a wood of outstanding
mechanical performance in addition to exceptional flame retardant,
never reported in existing fire retardant wood literature but needed as
flame retardant wood often has a low mechanical strength [12].

Results and discussion
Wood chemical characteristics and mechanical strength

Wood samples are labelled using the abbreviations of the processes
applied to facilitate discussion, i.e., impregnation with flame retardant
PEI/APP as R, densification through hot-pressing as D, dip-coating with
the adhesive-free superhydrophobic solution as S. Therefore, the R-
wood refers to delignified wood impregnated with flame-retardants
without densification. The D-wood is simply the densified delignified
wood without flame-retardant impregnation and superhydrophobic dip-
coating. RDS-wood stands for flame retardant impregnated and densi-
fied superhydrophobic wood. RD-wood and DS-wood stand for densified
wood samples without dip-coating with superhydrophobic coating, and
superhydrophobic wood without flame retardant impregnation,
respectively.

FTIR and XPS were employed to characterize the surface chemical
structure of wood. For RD-wood, the infrared band at 1650 em~! cor-
responds to the amide I band (C=O stretching vibration of —CONH—
groups), while the band at 1100 cm ™ is assigned to the C—N stretching
vibration in amide linkages. The peaks at 1258 cm ! and 1020 cm ™! are
stretching vibration of P—O and P—O—C, respectively (Fig. 2a) [20].
For DS-wood, the infrared band at 1080 cm™! is attributed to the
stretching vibration of Si—0, and the band at 800 cm ™ is due to the
stretching vibration of Si—C [21] (Fig. 2a). All these bands of RD-wood
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Fig. 2. FTIR and XPS spectra of wood samples (a) FTIR spectrum. (b) XPS spectrum.

and DS-wood were also detected in RDS-wood as shown, suggesting both
flame-retardant and superhydrophobic modifications were successfully
implemented on RDS-wood.

Results from XPS analysis can reveal the surface chemical charac-
teristic of the wood samples produced in this study. As shown in Fig. 2b.
Peaks observed at 533, 401, 287, 134, and 103 eV were attributed to
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Ols, N1s, Cls, Si2p, and P2p orbitals, respectively [22]. In the Ols
spectrum (Fig. 2b1), three peaks at 533.7 eV (C=0), 532.8 eV (C—0),
and 532.2 eV (P—O or P=0) were identified. The N1s spectrum
(Fig. 2b2) exhibited peaks at 401.8 eV and 399.8 eV, corresponding to
NHF and N—C groups, respectively. In the P2p spectrum (Fig. 2b3),
peaks at 134.4 eV and 133.6 eV were assigned to P—0 and P—O bonds.
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Fig. 3. SEM images of wood samples (a—c) Pristine wood. (d—f) D-wood. (g-i) RDS-wood. (j-1) EDS mapping of RDS-wood.

Finally, the Si2p spectrum (Fig. 2b4) displayed peaks at 103.6 eV (Si—O)
and 102.2 eV (Si—C), confirming the presence of a crosslinked siloxane
network on the wood surface.

Both FTIR and XPS spectra confirmed the effective incorporation of
flame-retardant and hydrophobic components into RDS-wood. SEM
imaging (Fig. 3) further revealed the successful formation of a super-
hydrophobic nanolayer on the RDS-wood surface (Fig. 3h). Further-
more, energy dispersive X-ray spectroscopy (EDS) mapping
demonstrated the uniform distribution of PEI, APP, and SiO5 within the
wood substrate (Fig. 3j-1). FTIR analysis indicated potential hydrogen-
bonded crosslinking networks between amino groups in PEI/APP and
hydroxyl groups in cellulose, hemicelluloses, and residual lignin, as
suggested by the weakened-OH peak in the spectra of the modified
wood compared with pristine wood. Meanwhile, the characteristic peaks
corresponding to -CONH- and P-O-C groups indicate the formation of
covalent linkages, attributed to hot-pressing-induced polycondensation
reactions between the flame retardants and wood polymeric compo-
nents, which are important to immobilize flame retardant. These syn-
ergistic interactions not only enhanced wood rigidity by restricting the
viscoelastic deformation of polymeric chains with RD-wood tensile
strength of 480 + 8 MPa, but also mitigated flame-retardant leaching by
chemically anchoring APP and PEI within the wood’s three-dimensional
microstructure (Fig. 3g and i). However, the subsequent super-
hydrophobic modification might have disrupted pre-formed hydrogen
bonds and weakened intermolecular forces to result in a slightly
decrease in the mechanical strength of RDS-wood to 439 + 9 MPa.
Despite this decrease, RDS-wood exhibited a strain of 3.5 % and a
toughness of 8.7 MJ/m°>, 26 times that of the pristine wood (Fig. 4a).
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Superhydrophobicity of RDS-wood

Rough surface structures can amplify the intrinsic hydrophobicity of
a material according to the Wenzel model [23] and the Cassie-Baxter
model [24]. The hierarchical structures generated via TEOS hydrolysis
acted synergistically with the low-surface-energy PDMS layer. This in-
situ formation of an interpenetrating network (IPN) between TEOS-
derived silica and PDMS significantly enhanced the super-
hydrophobicity of the resultant wood surface. This synergistic effect was
evidenced by a remarkable increase in the water contact angle as shown
in Fig. 4b, where nearly spherical droplets were observed on both DS-
wood and RDS-wood surfaces. Notably, the initial water contact angle
(IWCA) of the pristine wood was 91.7°. After delignification, the IWCA
of the densified D-wood decreased to 54.4°, primarily due to the removal
of relatively hydrophobic lignin and the increase in the smoothness of
the wood surface. With PEI/APP impregnation, the IWCA of RD-wood
increased to 78.9° as a result of tighter wood cell wall structures and
decreased micropores/defects on the surface. Following the construc-
tion of a rough, low-surface-energy layer, the IWCA reached 159.5° on
DS-wood and further increased to 161.2° on RDS-wood. The infiltration
of flame-retardant agents repaired both internal and external surface
defects of the wood, contributing to the enhanced surface hydropho-
bicity. This result outperforms silsesquioxane-grafted lignin-coated
wood (WCA: 158°) [25] and PDMS/M-SiO,—sprayed wood (WCA:
154°) [15].

The sliding rolling off angle of RDS-wood was extremely low (3.9°),
enabling water droplets to roll over easily, which can carry away surface
pollutants such as dust to exhibit self-cleaning behavior (Fig. 4d vs c).
Moreover, the nanoscale superhydrophobic layers were quite stable
under mechanical abrasion and chemical corrosion. Even after 80 cycles
of sandpaper abrasion and immersing in acid, alkali, and salt solutions
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Fig. 6. Schematic illustration of the flame-retardant mechanisms of the RDS-wood.

for 24 h, the superhydrophobicity of the surface remained outstanding
(Fig. 4e and f). This stable nano-rough layer with low surface energy can
prevent the migration and leaching of impregnated flame retardants in
high-humidity or wet environments [26].

Exceptional flame retardancy of RDS-wood

Thermal stability is a critical indicator of wood fire resistance [27].
As shown in Fig. 5a & b, RDS-wood exhibited lower initial and
maximum degradation temperatures compared with the pristine wood,
partly because the P-containing groups in the RDS-wood introduced by
PEI/APP infiltration degraded at relatively low temperatures. The
released acidic substances catalyzed the aggregation of small woody
fragments to form a compact flame-retardant carbonaceous layer that
inhibited further degradation at elevated temperatures [28]. The greater
yield in carbon residue of 40.9 % from RDS-wood also acted as an effi-
cient barrier to heat transfer and oxygen diffusion to inhibit combustion,
thereby enhanced flame retardancy.

Cone calorimeter test data (Fig. 5c—d) revealed that the peak heat
release rate (pHRR) of RDS-wood decreased from 435.4 kW/m? to 97.3
kW/mZ, and the total heat release (THR) decreased by 63.6 %, from
48.1 MJ/m? to 17.5 MJ/m?. These significant decreases can be attrib-
uted to three synergistic mechanisms as shown in Fig. 6. First, the
degradation of P-containing groups at low temperatures released acidic
substances that promoted dehydration and cyclization of wood com-
ponents and catalyzed the formation of a compact, thermally stable char
layer (Table S2). This char layer, further reinforced by the silica
network, physically blocked heat transfer to the underlying wood and
restricted the diffusion of volatile combustible gases from pyrolysis
(Fig. S1). The peak smoke production rate (pSPR) and total smoke
production (TSP) were decreased from 0.019 m?/s to 0.013 m2/s, and
2.0 m? to 0.8 m?, respectively, due to the decreasing availability of fuel
for smoke formation (Fig. 5e—f). Second, the decomposition products
from PEI and APP in RDS-wood scavenged free radicals from wood
combustion to inhibit gas-phase combustion and further decreased
pHRR and THR. This radical-scavenging mechanism was critical to
interrupting the combustion cycle. In addition, the physical infiltration
of PEI, APP, and silica into the wood matrix decreased wood thermal
conductivity [18]. Specifically, the in-situ network formation between
TEOS-derived silica and PDMS constructed a hierarchically structured
matrix, which disrupted continuous thermal conduction paths. This
slowed heat transfer within the wood, thereby delaying the heating and
decomposition of internal woody materials and lowering pHRR and
THR. Overall, the synergistic effects of stable char layer formation, gas-
phase radical scavenging, and decreased thermal conductivity signifi-
cantly decreased heat release and smoke production during combustion
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of RDS-wood, thereby significantly improving its flame-retardancy
performance.

To conduct a more in-depth assessment of the flame retardancy of the
RDS-wood, limiting oxygen index (LOI) and vertical burning tests were
carried out (Fig. 7). Pristine wood was highly flammable, with an LOI
value of only 21.6 % (Fig. 7a). D-wood, on the other hand, had an LOI
value of 25.1 % and underwent a prolonged combustion process
(Fig. 7b). The small improvement in LOI of D-wood was attributed to the
densification process that eliminated the air-filled voids in the wood
fiber lumens and vessels to form a tightly packed laminal structure
(Fig. 3) and impeded oxygen infiltration into the material [29].

Notably, RD-wood and RDS-wood both exhibited remarkable resis-
tance to ignition in ambient. Upon exposure to a heat source, they
rapidly formed a carbon layer and self-extinguished once removed from
the heat source (Fig. 7c—d). The LOI value reached an impressive value
of 45.1 % for RD-wood. This significant improvement validated the
effectiveness of PEI/APP impregnation in enhancing flame retardancy.
After the subsequent TEOS/PDMS dip-coating, RDS-wood retained an
LOI value of 41.2 %, indicating that PEI/APP largely remained within
the RDS-wood matrix, as summarized in Table S3. Additionally, the
silica network formed through the hydrolysis and condensation of TEOS
decreased the heat transfer rate, effectively prevented the wood from
reaching its ignition temperature [30,31]. Meanwhile, the adhesive-free
self-curing superhydrophobic layer formed a multifunctional protective
barrier that played a crucial role in mitigating the migration loss of
flame retardants. In comparison, RD-wood without superhydrophobic
treatment became flammable - particularly at the edges — due to the
leaching of water-soluble PEI and APP after immersing in water for 48 h
as evidenced by a weight loss of over 10 % (Fig. 7e) and the decrease in
LOI to 33.5 %. In contrast, RDS-wood retained remarkable fire resistance
with a weight loss of less than 2 % (Fig. 7f) and a great LOI at 40.5 %
after water soaking (Fig. 7g). The LOI value of PEI/APP-impregnated
wood without hot-pressing (R-wood) was similar to that of D-wood,
exhibiting over 15 % weight loss after 48 h water soaking. Through the
synergistic integration of hot-pressing and adhesive-free self-curing
superhydrophobic dip-coating, the overall flame retardancy of RDS-
wood is substantially maintained, ensuring efficacy even in water-
exposed environments.

RDS-wood outperformed similar products reported in literature as
well as a commercial class A fire-resistant fiberboard in terms of flame
retardancy and hydrophobicity. Comparative analysis of RDS-wood
with literature studies and a commercial class A fire-resistant fiber-
board (A-MDF, ASTM E84-22) were carried out as listed in Table 1 and
shown in Fig. 8. In terms of flame retardancy, RDS-wood exhibited a
remarkable THR reduction of 65.6 % and an LOI of 41.2 %, significantly
better than many flame-retardant woods such as SH FR-wood [15] and
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Fig. 7. Burning test images and water-soaking photographs of wood samples. (a) pristine wood. (b) D-wood. (¢) RD-wood. (d) RDS-wood. (¢) RD-wood soaked in
water for 48 h. (f) RDS-wood soaked in water for 48 h. (g) Photographs of R-wood, RD-wood, and RDS-wood after water soaking.

PM-Fe3+/0A/wood [32]. In terms of hydrophobicity, RDS-wood has a
WCA of 161.2° and SA of 3.9° also better than other superhydrophobic
wood products such as HTEP/PFOES wood [17] and Mg-Al LDH-coated
wood [33]. Furthermore, RDS-wood had a tensile strength of 439 MPa,
substantially greater than those materials considered having great me-
chanical strength such as SS-TMESB bamboo [34]. Moreover, RDS-wood
also exhibited better performance in flame retardancy after water
soaking, in addition to greater mechanical strength and hydrophobicity
when compared with the commercial class A fire-resistant fiberboard (A-
MDF), as clearly demonstrated in the pie chart and radar chart in Fig. 8d.
This opens greater and new markets for the present RDS-wood for broad
structural applications in buildings, construction, automobiles, furniture
manufacturing, interior decorations, etc.
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Conclusions

This research demonstrated a dual-modification strategy that com-
bines mechanical hot-pressing with chemical adhesive-free self-curing
superhydrophobic dip-coating to mitigate the flame retardancy leach-
ing/losses of nitrogen-phosphorus impregnated wood. By engineering a
low-surface-energy hierarchical nanostructure and integrating nitrogen-
phosphorus synergistic flame-retardant chemistry, the resulting wood
surface exhibited superhydrophobicity and self-cleaning properties —
with a water contact angle of 161.2° and a sliding rolling off angle of
3.9° — along with a substantially improved fire retardancy, e.g., a 77.7 %
decrease in peak heat release rate and a 63.6 % decrease in total heat
release. This strategy effectively prevented flame retardant leaching and
ensured sustained long-term fire-retardant efficacy under high-
humidity/wet conditions. Furthermore, hydrogen and covalent cross-
linking between flame retardants and wood constituents through
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Table 1
Comparison of the properties of RDS-wood with established literature
techniques.

Wood Flame Hydrophobicity Tensile Ref.
retardancy: strength
THR (MPa)
Reduction LOI
RDS-wood(PEl/ 63.6 %41.2 % WCA: 161.2°SA: 439 This
APP/PDMS/ 3.9° work
TEOS)
SH FR-wood(ETA- 34.9 %31.0 % WCA: 154.4°SA: N/A [15]
APP/PER/PDMS/ 3.8°
M-SiO5)
PM-Fe3+/0A/wood  52.4 %38.6 % WCA: 154.9 N/A [32]
(MA/PA/Fe**/
OA)
Mg — AlLDH-coated  40.0 %39.1 % WCA: 152.0°SA:  N/A [33]
wood(Mg — Al 8.6°
LDH/TDFS)
SS-TMESB bamboo 21.0 %36.0 % WCA: 147.0° 125 [34]
(sodium silicate/
TEOS/TMES)
SH-wood(PDMS/PE)  33.8 %28.2 % WCA: 157°SA: N/A [35]
2.3°
Lig-wood(p-TsOH N/A WCA: 148°SA: N/A [36]
pretreatment and 20°
in-situ lignin
regeneration)
MP-3(PA/Urea/ 23.4 %39.1 % N/A N/A [371
MUF)
HT/EP/PFOES wood  34.5 %27.4 % WCA: 152.6°SA:  N/A [171
(HT/EP/PFOES) 5.4°
SPS/B-wood(SPS/ 24.5 %40.3 % N/A N/A [38]
H5BO5)
WSL10(SKL/ N/A27.4 % WCA: 158° N/A [25]
WAPMSS/Al
(OH)3)/H3P04)

*N/A = not available.

densification significantly enhanced wood mechanical strength with a
tensile strength of 439 MPa and fracture toughness of 8.7 MJ/m3. This
multifunctional wood has significant potential for applications in
buildings, constructions, transportation, and other industries with
stringent requirements for fire resistance, safety, weatherability, and
mechanical strength.

Materials and methods
Materials

Wood veneer of Amur Linden (Tilia amurensis Rupr.) with dimensions
of 150 mm x 900 mm x 5 mm was obtained by cutting a tree trunk along
the direction of tree growth. Additionally, the knots were removed prior
to any treatment. Class A Fire-Rated (ASTM E84) Medium Density
Fiberboard (A-MDF) was supplied by Foshan Buylong Wood Industry
Co., Ltd. Polydimethylsiloxane (PDMS, Sylgard 184) was obtained from
Dow Corning Corporation. Benzyltrimethylammonium chloride (BMCl),
ethanolamine (EA), polyethyleneimine (PEL, MW = 1800), ammonium
polyphosphate (APP, n > 1500), tetraethyl orthosilicate (TEOS) and
other chemicals were supplied by Shanghai Aladdin Biochemical Tech-
nology Co., Ltd. (China) and were used without further purification.

Fabrication of flame-retardant, tough wood, and superhydrophobic/self-
cleaning wood

A wood veneer board was cut into pieces with dimensions of 100 mm
(axial) x 100 mm (radial) x 5 mm (tangential) and stored in plastic bags
at room temperature prior to treatment. Deep eutectic solvent BMCI/EA
was first heated in an oil bath to 100 °C with a molar ratio of 1: 6. Then
the prepared wood veneer samples were put into the solvent with a
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liquid/mass ratio of 10 (mL/g) and delignified for 4 h. At the end of the
delignification, the wood veneer was removed from the solvent and
washed several times with deionized water to remove residual chemicals
and dissolved compounds. The wood chemical compositions along with
delignification wood solid yield were listed in Table S1. Solvent BMCl/
EA exhibited outstanding delignification selectivity with lignin removal
of 44.3 % and glucan and xylan losses of 9.1 % and 21.1 %, respectively.

To prepare the flame-retardant solution, 11.25 g of poly-
ethyleneimine (PEI) was first dissolved in 100 mL of deionized water at
room temperature. 16.90 g of ammonium polyphosphate (APP) was
subsequently added. The mixture was then stirred at 40 °C for 3 h and
resulted in a transparent and stable PEI/APP solution. To prepare
superhydrophobic solution, 100 mL of ethanol, 8.0 mL of tetraethyl
orthosilicate (TEOS), and 4.0 g of polydimethylsiloxane (PDMS) were
thoroughly mixed in a beaker using a magnetic stirrer. Aqueous
ammonia was then added drop-wise to the suspension while continu-
ously stirring at 25 °C to adjust the pH to approximately 11.

The delignified wood was initially immersed in the flame-retardant
solution under ambient pressure for 12 h, followed by hot-pressing for
densification at 100 °C and 5 MPa for 6 h to immobilize the flame
retardant. The samples were then dip-coated with adhesive-free super-
hydrophobic TEOS/PDMS solution to fabricate the flame-retardant (R),
mechanically strong densified (D), and superhydrophobic (S) wood
composite, denoted as RDS-wood. The combined loading of the two
flame retardants (APP + PEI) was 25.0 &+ 3.0 wt% while the combined
loading of the hydrophobic agents (TEOS + PDMS) was 2.8 + 0.5 wt%,
as the mass of the RDS-wood composite, determining the by the weight
gains of the wood samples. The densified delignified wood without
flame-retardant impregnation and superhydrophobic dip-coating was
marked as D-wood. The delignified wood impregnated with flame-
retardant without densification was marked as R-wood. The deligni-
fied wood treated with flame-retardant impregnation and densification
was denoted as RD-wood. The densified delignified wood subjected to
superhydrophobic dip-coating without flame-retardant impregnation
was marked as DS-wood.

Wood characterizations

Attenuated total reflection-Fourier transform infrared spectroscopy
(ATR-FTIR, Nicolet iS10, Thermo Scientific, USA) spectra were collected
between 4000 and 650 cm ™! wavenumbers with 4 cm ™! resolution and
an average of 32 scans. The wood surface chemical states of the elements
were investigated by X-ray photoelectron spectroscopy (XPS, ESCA-LAB
250 X;j, Thermo Fisher Scientific, USA) using Al K, radiation. Morphol-
ogies of surface, cross-sectional, and axial sections of the wood samples
were characterized using a Scanning Electron Microscope (SEM, Nova
Nano SEM 450, Frequency Electronics Inc., USA) with an accelerating
voltage of 10 kV.

Mechanical properties of wood samples were tested by a SANS Model
E40 electronic universal testing machine (Metus Industrial Systems Co.,
LTD, USA) equipped with a 30 kN load cell at a cross-head speed of 5
mm/min according to the ASTM standard D638-10. The wood speci-
mens were cut into dumbbell-shape with a special die (R32022015,
Wuhan Qien Science and Technology Development Co. LTD, China). The
thermal stability of wood was analyzed using a thermogravimetric
analyzer (TGA, STA 449C3/G, NETZSCH Scientific Instruments Trading
Ltd., Germany) at a heating rate of 10 °C/min under a Ny atmosphere,
with the temperature ranging from 30 °C to 700 °C.

Flame retardancy of wood specimens (100 mm x 100 mm) was
evaluated using a cone calorimeter (VOUCH-6810, Suzhou Yangyi Volki
Testing Technology Co., LTD, China) according to ISO 5660-1: 2002
under 50 kW/m? external heat fluxes in an air atmosphere. Heat release
rate (HRR), total heat release (THR), smoke production rate (SPR) and
total smoke production (TSP) were measured. The limiting oxygen index
(LOI) of wood with a sample dimension of 80 mm x 6.5 mm was
measured according to the ASTM oxygen index method D2863 by a
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Fig. 8. Images of burning, water-soaking tests, and comparative analysis of A-MDF and RDS-wood. (a) A-MDF. (b) A-MDF soaked in water for 48 h. (c) Photographs
of RDS-wood and A-MDF after water soaking. (d) Comparative analysis of RDS-wood and A-MDF.

limiting oxygen index instrument (ZR-01, Qingdao Shanfang Instrument
Co., Itd., China). Duplicate runs of each test were carried out and the
averages were reported.

Water contact angles (WCA) were measured by a versatile optical
tensiometer (Theta Attension Tensiometer, Attension/Biolin Scientific,
Espoo, Finland). The sliding angle for droplet roll-off on wood samples
was measured using an adjustable angle tilting stage (MOKIN, MK-65,
Boston-Shenzhen Trading Co., Ltd., China). Mechanical and chemical
stabilities of superhydrophobic layer were conducted with sandpaper
friction and acid-alkali-salt corrosion. For the sandpaper abrasion test,
the surface of the RDS-wood was placed face-down on 1000 Cw sand-
paper under a pressure applied by a 100 g weight. The RDS-wood was
moved 10 cm across the sandpaper per cycle, and its contact angle was
measured after 20 to 80 friction cycles, respectively. In the acid-alkali-
salt corrosion test, the RDS-wood was immersed in HCI solution (pH
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= 2), NaOH solution (pH = 12), and NaCl solution (3.5 wt%) for 24 h.
During this period, samples were periodically retrieved from each so-
lution group, dried in an oven at 105 °C for 3 h, and subjected to mea-
surements of WCA tests. Each test was performed in duplicates, and the
reported results were the averages.
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