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ARTICLE INFO ABSTRACT

Keywords: Development of lightweight and strong structural material using fast-growing poplar wood is promising for green
WO‘)d and sustainable engineering. Herein, the overall performances of fast-growing natural poplar wood (NPW) are
Si0, . significantly enhanced via delignification, in situ growth of SiO, followed by densification. The SiO,/compressed-
x:}:zil:tzlnzbusmess delignified-wood (SiO/CDW) nanocomposite obtained exhibits outstanding mechanical properties including a
Water resistance bending strength of 395.6 MPa, a tensile strength of 253.4 MPa, and a toughness of 7.1 MJ/m?, which is improved
Wear resistance by 1548 %, 240 % and 590 %, respectively compared with NPW. In addition, the ignition time and burning time
of SiO2/CDW nanocomposite are prolonged by 700 % and 112 % compared to those of NPW. Moreover, the
specific wear rate of SiOo/CDW is 18 x 107% mm?/Nm, which is 72.6 % lower than that of NPW. Moreover, the
spring-back ratios of SiO2/CDW in 95 % and in water are 45.2 % and 66.7 %, which are lower than those of CDW
(64.6 % and 92.4 %). The SiO2/CDW nanocomposite with enhanced mechanical, flame/water retardant and wear

performances are promising to meet the needs of modern engineering as green and sustainable materials.

1. Introduction

In recent years, climate warming, depletion of oil resources and other
crises severely threaten the green and sustainable development of human
society. In this regard, the utilization of biomaterials, such as wood, is of
great significance to the environmental protection and resource conser-
vation [1-4]. Owing to the fast growth rate and high afforestation sur-
vival rate, fast-growing wood has great potential for wide applications,
whereas its flammability and poor mechanical properties restrict their
up-scale engineering applications [5,6]. Therefore, it is necessary to
enhance the fire resistance and mechanical robustness of fast-growing
wood, which is critical for improving the added value of fast-growing
wood and decreasing the consumption of unsustainable resources. In
addition, the friction and wear behaviors of woods have received much
attention because they are likely to exhibit surface deformation behav-
iors under the coupling effects of poor working conditions, unsatisfactory
lubrication conditions, and uneven impact forces in various engineering
fields [7].
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It is well known that impregnating polymer into the hierarchical
porous structure of wood is effective to enhance its mechanical properties
[8]. Such as, Frey et al. reported that the specific stiffness and strength of
wood are dramatically enhanced by infiltrating epoxy into scaffold
delignified wood followed by densification [9]. Yano et al. fabricated a
wood/phenol formaldehyde composite by the combination of delignifi-
cation, resin infiltration, and densification [10], which shows a higher
Young's modulus and a two-fold increasement in flexural strength
compared with natural wood. Meanwhile, impregnating polymer into
wood is also effective to enhance its wear resistance. Such as, Kim et al.
developed a wood/polyethylene glycol composite, which shows 20 %
and 50 % reduction in specific wear rate and friction coefficient,
respectively [11]. Liu et al. fills the pores of wood with lubricating oil to
reduce its friction, resulting in a 50 % reduction in coefficient of friction
and a stable friction process even after long-time friction [12]. Never-
theless, the utilization of petrol-based polymers loses the intrinsic envi-
ronment friendliness of nature wood. Importantly, the introduction of
polymers may further raise the fire safety concern of wood, because the
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flammable nature of most of polymers.

Compared with petrol-based polymers, many inorganic materials are
non-combustible, environmentally friendly, and abundant in nature,
which can be employed to improve the fire retardancy of wood. Gan et al.
reported a fire-resistant wood based on the combination of densification
and boron nitride nanocoating treatments, which exhibits a twofold in-
crease in ignition delay time and a 25 % decrease in maximum heat
release rate [13]. Inspired by matrix-mediated biomineralization, Merk
et al. developed a strategy to enhancing the fire resistance of wood by
deposition of CaCOs into the wood cell lumen [14,15]. Fu et al.
impregnated the delignified balsa wood with colloidal montmorillonite
clay to form a nanostructured wood hybrid, which also shows high
flame-retardancy [16].

Silicon, which makes up about 25 % of the earth's crust, is the second
most abundant element after oxygen. It is naturally found in form of
mineral silicates, which mainly consist of polymeric SiO,, which dem-
onstrates a great potential for wood modification and protection [17]. Li
et al. developed a wood/SiO2 nanocomposite by in situ growth of
nano-SiO; and densification of the wood substrate, which shows super-
hydrophobicity and good mechanical performance [18]. Dong et al.
proposed a wood-based nanocomposite with higher specific strength and
satisfactory durability by in situ generation of organic—inorganic hybrid
polymer within wood via a sol—gel method [19]. Although surface
coating and in situ growth of inorganic nanomaterials are effective in
improving the fire resistance of wood, which are less effective in
enhancing the mechanical properties of wood. It is clear that the wood
modification strategies reported usually are effective for enhancing one
specific property, while simultaneously enhancing the mechanical
robustness, wear, water and fire resistance of wood remains a challenge.

In this work, as shown in Fig. 1a, a top-down strategy including
delignification, in situ growth of SiO, followed by densification is pro-
posed to fabricate wood-based nanocomposite. Firstly, nature poplar

Nano Materials Science xxx (xxxx) Xxxx

wood (NPW) is treated by NaOH & Na,SOj5 solution to selectively remove
lignin and hemicellulose, generating higher porosity in wood scaffold
and exposing more hydroxyl groups [20]. Then SiO5 nanoparticles are in
situ synthesized in the delignified-wood scaffold by an sol-gel method.
Finally, the delignified-wood with SiO; is densified with hot-pressing,
and named as SiOs/compressed-delignified-wood (CDW) nano-
composite. Compared with NPW, the SiO,/CDW nanocomposite shows a
70 % reduction in thickness and displays significant improvement in
mechanical properties, flame retardant and wear resistant performances
simultaneously (Fig. 1b and c), which has a broad prospect in developing
the green and sustainable society.

2. Experimental SECTION
2.1. Materials

Poplar wood is purchased from Luoyang timber market (Henan,
China). The wood samples with a dimension of 90 x 10 x 20 mm? are
dried at 103 + 2 °C to minimize the water content. Sodium hydroxide
(>97 %) and sodium sulfite (>98 %) are supplied by Aladdin Chemistry
Co. Ltd. (Shanghai, China). Ethanol and tetraethyl orthosilicate (TEOS)
are purchased from Chron Chemicals Co. Ltd. (Chengdu, China). y-ami-
nopropyltriethoxy silane (KH550, 98 %) is purchased from Yuanye Bio-
Technology Co. Ltd. (Shanghai, China). Ammonium hydroxide solution
(NH3-H20) is purchased from Chuandong Chemical Co. Ltd. (Chongqing,
China).

2.2. Preparation of SiO2/compressed-delignified-wood nanocomposite

Firstly, nature polar wood (NPW) is immersed in the boiling aqueous
solution dissolved with 2.5 M NaOH and 0.4 M NaySO3 for 12 h, followed
by rinsing with boiling deionized water and freeze drying. Secondly, the
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Fig. 1. (a) Schematic illustration of the fabrication process of SiO,/CDW. (b) Dimension changes of CDW and SiO,/CDW compared with NPW after treatment. (c) LOI,

strength, and specific wear rate for NPW and SiO,/CDW.
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delignified and freeze-dried wood is placed in a chamber with constant
temperature and humidity (30 °C, 80 + 5 % relative humidity) for 12 h.
Meanwhile, the SiO, precursor solution is obtained by mixing of TEOS,
ethanol, and KH550 with a molar ratio of 1: 4: 0.1, and its pH is adjusted
to 9 by the addition of NH3-H20 using a pipette drop by drop. Then the
SiO, precursor solution is infiltrated into the delignified wood scaffold.
Finally, the SiO/compressed-delignified-wood (SiO2/CDW) nano-
composite is obtained by hot-pressing of the delignified wood scaffold
containing SiO, at 100 °C and 15 MPa for 8 h. In addition, compressed-
delignified-wood (CDW) is prepared for comparison by hot-pressing of
the delignified wood at the same condition.

2.3. Characterization

The microstructure of NPW, CDW and SiO/CDW is imaged with a
scanning electron microscope (SEM, Phenom, XL). The X-ray diffraction
(XRD) pattern is obtained using a Rigaku RAPID II with a Cu Ka detector
(4=0.154 1 nm) at 40 kV, 30 mA. The Fourier-transform infrared (FTIR)
spectrum is recorded using a FTIR spectrometer (Thermo Nicolet, NEXUS
670). The mechanical properties of samples are tested using a universal
testing machine (SANS, China). The tensile and three-point bending tests
are performed at a loading rate of 5 and 2 mm min !, respectively. The
sample dimensions for tensile and bending tests are 90 x 10 x 3 mm® and
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50 x 10 x 3 mm?, respectively. Toughness is calculated by the integra-
tion of tensile stress-strain curve [21]. Nanoindentation test is conducted
with a Nano Indenter G200 system (Agilent Technologies). A Berkovich
indenter is employed for the measurement based on a load-control
method (400 mN). The dimension of sample for burning behavior test
is 10 x 10 x 3 mm®. Butane flame is used to ignite the wood sample. The
thermogravimetric analysis (TGA) of NPW, CDW and SiO,/CDW is per-
formed by Netzsch-TG 209 F3 with a heating rate of 10 °C/min in Ny
atmosphere. Limited oxygen index (LOI) of wood samples is measured by
a JF-3 oxygen index meter according to GB/T 2406.2-2009 with a
dimension of 90 x 10 x 4 mm®. The wear behavior of wood samples is
evaluated by a wear test machine (Mazau, TRM 1000) in pin-on-disc
configuration, according to the standard of ASTM G99-2005. The
normal pressure, sliding velocity and sliding distance in wear test are set
as 1 MPa, 1 m/s and 2 500 m, respectively. The sample is immersed into
DI water or kept in a constant temperature and humidity box with 95 %
relative humidity (RH) at 25 °C for 5 d to evaluate their water resistance.
The size of the sample within 5 days is recorded. The spring-back ratio
(SPR) is calculated according to the following equation:

SBR = (-ho)(ho/r)

where h, is the thickness of the sample after treating for x h, hy is the
untreated thickness after compression, and r is the compression ratio of

Fig. 2. Photographs: (a) NPW, (d) CDW and (g) SiO,/CDW. SEM images: (b) NPW, (e) CDW and (h) SiO,/CDW in radial direction; (c) NPW, (f) CDW and (i) SiO»/

CDW in growth direction. The insert of (h) is the morphology of nano-SiO,.
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CDW and SiO,/CDW with respect to NPW.
3. Results and discussion

The macroscopic and microscopic structures of NPW, CDW, and SiOy/
CDW are presented in Fig. 2. The NPW sample has a slight brown color of
nature wood, an initial thickness of about 10 mm (Fig. 2a), and a density
of 0.37 g/cm®. Meanwhile, a hierarchical porous structure is well
observed in the radial direction of NPW (Fig. 2b). While many tubular
channels with pits on the cell wall are seen in the tree growth direction
(Fig. 2c), which would act as the mass transportation paths of SiO, pre-
cursor. CDW sample is prepared by delignification treatment and hot-
pressing process. As shown in Fig. 2d, the CDW obtained shows a deep
brown color and a 70 % reduction in thickness compared with NPW. At
the same time, as demonstrated in Fig. 2e and f, the CDW nanocomposite
in the tree growth direction and radial direction both exhibits a highly
densified structure due to the hot-pressing treatment. As a result, the
density of CDW is increased to 1.26 g/cm® (Fig. S1). Furthermore, the FT-
IR spectra show that, after delignification treatment, the characteristic
peaks of NPW at 1 235 cm™! and 1 736 cm™! corresponding to hemi-
cellulose are disappeared, and the peak at 1 505 cm™* corresponding to
aromatic skeleton of lignin are weakened (Fig. S2), indicating that the
hemicellulose and lignin in wood components are partially removed
[22].

The thickness reduction of SiO,/CDW nanocomposite is the same

a b
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with that of CDW, while the color of SiO,/CDW nanocomposite is rela-
tively whiter than that of CDW, indicating the successful formation of
SiO; (Fig. 2g). The SEM images show that SiO,/CDW nanocomposite also
exhibits a highly densified structure consistent with CDW. Meanwhile,
homogeneously distributed bright areas are well observed on the fracture
surface of SiO,/CDW nanocomposite (Fig. 2h and i), and the magnified
SEM image reveals that the bright areas are SiO, nanoparticles aggre-
gated in the collapsed cell lumina, indicating the formation of a unique
inorganic/organic hybrid structure. Organic components (cellulose) can
act as the nucleation sites for SiO, growth. Compared with CDW, the
density of SiO,/CDW is slightly increased to 1.3 g/cm® due to the
introduction of silica. The composition of SiO/CDW is further investi-
gated. Results show that the weight content of SiO5 is about 8.8 wt% and
its volume fraction is about 5.2 vol%. SEM-EDX mapping indicates that Si
element is uniformly distributed in wood scaffold and its weight per-
centage is about 2.5 wt% (Fig. S3).

As shown in the FTIR spectrum (Fig. S2), the characteristic peaks of
SiO,/CDW at 1050 cm ™! to 1100 em ™! and 460 cm ™! are corresponding
to the stretching and bending vibration of Si-O-C and Si-O-Si, respec-
tively, which indicate the formation of covalent bonding between SiO,
and cellulose [17,23]. In addition, as shown in Fig. S4, three peaks
located at 16.5°, 22.5°, and 34.6° are observed from the XRD pattern of
NPW, which are attributed to the cellulose's crystalline planes of (101),
(002), and (040), respectively. In addition, XRD patterns of CDW and
SiOo/CDW are identical with that of NPW, indicating that the crystalline
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structure of wood cellulose does not change because of the retainment of
cellulose I crystal structure in delignification without cellulose regener-
ation [24].

The effects of delignification, densification and in situ growth of SiO;
on the mechanical properties of wood are investigated, and the tensile
stress-strain curves of NPW, CDW and SiO,/CDW are shown in Fig. 3a.
The tensile strength of CDW reaches 313.6 MPa, which is increased by
619 % than that of NPW (43.6 MPa), and the tensile strength of SiOy/
CDW is 253.4 MPa, which is increased by 481 % than that of NPW.
Meanwhile, the bending stress-strain curves of NPW, CDW and SiOy/
CDW are shown in Fig. 3b. The ultimate bending strength of CDW is
402.9 MPa, which is increased by 1579 % than that of NPW (24.0 MPa),
and the bending strength of SiO,/CDW is 395.6 MPa, which is increased
by 1 548 % than that of NPW. The remarkable improvement in me-
chanical properties of CDW and SiO5/CDW originates from delignifica-
tion, densification and promoted hydrogen bonding. It should be pointed
out that the mechanical properties of SiO,/CDW are comparable to those
of CDW, which indicates that the introduction of SiOy nanoparticles has
negligible effect on the mechanical properties of wood. As shown in
Fig. 3c, the toughness of CDW and SiO,/CDW is about 9.9 MJ/m? and
7.1 MJ/m?3, respectively, which is increased by 1000 % and 689 %,
respectively, compared with that of NPW (0.9 MJ/m?>). It is clear that the
delignification and densification treatment is highly effective in
improving the strength and toughness simultaneously, which is a long-
term challenge in designing engineering materials [25]. Moreover,
static nanoindentation tests are conducted to evaluate the hardness of
woods, and the load-depth curves of NPW, CDW and SiOy/CDW are
shown in Fig. 3d. It can be seen that SiO5/CDW displays the lowest depth
of 8.8 ym, which is obviously lower than that of CDW (15.8 pm) and NPW
(19.6 pm). As presented in Fig. 3e, the hardness of SiO,/CDW is 89.6
MPa, which is 5.2 and 2.1 times higher than that of NPW and CDW,
respectively.

The wear resistance of woods is critical for their application in floor
and other friction related fields. Thus, the tribological behavior of NPW,
CDW, and SiO5/CDW are studied, and their friction coefficient and spe-
cific wear rate are calculated. Considering the anisotropy of wood, the
friction and wear behaviors in the tree growth direction and the radial
direction are investigated, respectively. The friction coefficient-sliding
distance curves of NPW, CDW, SiO5/CDW along the tree growth direc-
tion are shown in Fig. 3f. There is a period of running-in time before the
state of steady friction due to the geometrical effect, deformation and
material transfer [26]. NPW and CDW samples have pronounced
running-in time in the range of 0 m to 100 m, and the friction coefficient
value tends to stabilize subsequently. By contrast, SiO2/CDW nano-
composite exhibits a longer running-in time up to 500 m. As displayed in
Fig. 3g, in the steady state, the friction coefficient of NPW in the tree
growth direction is 0.94. The high friction coefficient of NPW is attrib-
uted to its rough and porous structure. Compared with NPW, the friction
coefficient of CDW is dropped to 0.4, because its highly densified struc-
ture results in a smooth friction surface. While the friction coefficient of
SiO5/CDW is further increased to 0.78 due to the increase of surface
roughness caused by the introducing of SiO5 nanoparticles. In addition,
the CDW exhibits a specific wear rate of 37.8 x 10~® mm®/Nm, which is
reduced by 42.5 % than that of NPW (65.79 x 10~® mm?3/Nm) due to the
lower friction coefficient and higher hardness of CDW. Importantly, the
specific wear rate of SiO,/CDW nanocomposite is as low as 18 x 107°
mm®/Nm, which is reduced by 72.6 % than that of NPW. The SiO,
nanoparticles generated by in situ growth not only greatly improves the
hardness, but also can heal the cracks produced by friction, which are
responsible for the excellent wear resistance of SiOy/CDW [27]. As
shown in Fig. 3h, the friction coefficient-sliding distance curves of wood
samples in the radial direction show the same tendency to that of in the
tree growth direction. Similarly, the densification process reduces the
friction coefficient of NPW (Fig. 3i), while in situ growth of SiO3 nano-
particles increases the friction coefficient of CDW. Furthermore, the
specific wear rate of SiO,/CDW is 20.7 x 107® mm®/Nm, which is far
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lower than those of NPW and CDW, demonstrating the effectiveness of
SiO9 nanoparticles in enhancing the wear resistance.

To evaluate the flame retardancy, the combustion behavior of NPW,
CDW, and SiO/CDW under the butane flame are qualitatively studied.
As shown in Fig. 4a, NPW is ignited within 2 s after being exposed to the
flame, then burned violently with a strong flame, and extinguished at 33 s
(Movie S1). After being exposed to the flame, CDW is ignited within 9 s,
and the burning process is lasted to 47 s (Fig. 4b). Compared with NPW,
the ignition time and burning time of CDW is prolonged to 9 s and 47 s,
respectively, which attributes to the densified structure of CDW. It is
known that char layer would be formed on the surface of burning wood
[13]. Benefited with densified structure, the char layer of CDW is denser
than that of NPW and the pyrolysis rate of CDW is lower than that of NPW
concluded from the DTG curves (Fig. S5), which hinders the diffusion of
oxygen and heat into the inner part of CDW, results in a delayed time to
ignition and a prolonged burning time [28]. Noticeably, as shown in
Fig. 4c and Movie S2, the SiO,/CDW nanocomposite exhibits further
delayed ignition time of 9 s and burning time of 70 s with
self-extinguishing behavior. It is obvious that the inorganic SiO3 nano-
particles formed by in-situ growth are incombustible, which can work as
a flame retardant to improve the fire resistance of SiOy/CDW
nanocomposite.

To quantitatively evaluate the fire resistance of wood samples. The
LOI of NPW, CDW, and SiO2/CDW are tested. As displayed in Fig. 4d, the
LOI values of NPW and CDW are 19.1 % and 27.9 %, respectively.
Importantly, the LOI value of SiOp/CDW is up to 36.7 %, which is
increased by 130 % than that of CDW, and is the highest one among the
wood composites reported in previous works [29-31]. In addition, the
thermal stability of wood samples is evaluated by TGA. As shown in
Fig. 4e, the initial pyrolysis temperature of NPW, CDW, and SiO2/CDW is
272.3 °C, 250.2 °C, and 251.7 °C, respectively. At the same time, the
temperature at maximum pyrolysis rate of SiO5/CDW and CDW is 309.7
°C and 314.2 °C, respectively, which is also lower than that of NPW
(354.8 °C). The decrease of pyrolysis temperatures may be attributed to
the removal of lignin. DTG diagrams of NPW, CDW, and SiO/CDW
indicate that the pyrolysis temperatures and rates of SiO2/CDW and CDW
are lower than that of NPW (Fig. S5). However, the residue char rate of
CDW and SiO2/CDW is 21.4 % and 28.9 %, respectively, which increases
by 15.6 % and 56.2 %, respectively, compared with NPW (18.5 %),
demonstrating that the densified structure and introducing of SiO5 pro-
mote the formation char layer, and thus enhance the flame retardancy.

As structural materials, long term stability is critical in harsh envi-
ronment like water attack. The dimensional stability of CDW and SiOy/
CDW is comparably studied under two conditions including 95 % RH and
immersion in water. As shown in Fig. 5a, the thickness of CDW increased
from 3.02 mm to 6.09 mm after being kept at 95 % relative humidity for
120 h, and the swelling ratio was 102 %; after being completely
immersed in water for 120 h, the thickness increased by 3.15 mm, the
swelling ratio was 206 %. While the thickness of SiO,/CDW under the
conditions of 95%RH and immersion in water is increased by 1.69 mm
and 3.92 mm, respectively (Fig. 5b), the swelling ratio is 55.9 % and 129
%, respectively. In order to more accurately investigate the dimensional
stability of CDW and SiO2/CDW, we define the spring-back ratio to
describe restore degree. Fig. 5¢ and d recorded the spring-back ratio of
CDW and SiO2/CDW in 95 % RH or immersion in water for various pe-
riods of time, respectively. It can be seen that CDW shows a spring-back
ratio of 64.6 % at 120 h in 95 % RH. In contrast, the spring-back ratio of
SiO,/CDW is decreased to 45.6 % (Fig. 5¢). When immersed in water,
CDW quickly restored and stabilized. After 120 h, the spring-back ratio is
up to 92.4 % (Fig. 5d). In contrast, the spring-back ratio of SiO/CDW is
only 66.7 %, which is resulted from that inorganic SiO, framework can
act as a barrier to hinder the diffusion of water molecules inside wood
scaffold and reduce the water absorption rate. In summary, such excel-
lent water resistance of SiO2/CDW can remarkably improve the dimen-
sional stability of wood and reduce water absorption under wet
conditions.
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4. Conclusion

In summary, we develop a top-down strategy including delignifica-
tion, in situ growth of SiO, followed by densification to process fast-
growing NPW into a high performance SiO/CDW nanocomposite. The
delignification treatment increases the porosity of natural wood with
more hydroxyl groups exposed, which provides active sites for the
growth of nano-SiO». After hot pressing, the Si0»/CDW nanocomposite
prepared exhibits a highly densified structure composed of SiO nano-
particles and collapsed wood cell wall. As a result, the tensile and
bending strengths of SiO,/CDW are 253.4 MPa and 395.6 MPa, respec-
tively, which are improved by 580 % and 1650 % than those of NPW,
respectively. Moreover, the introducing of SiO5 nanoparticles and highly
densified structure endows excellent abrasion resistance and flame
resistance to SiO,/CDW. The specific wear rate of SiO,/CDW is 18 x
10~ °mm®/Nm, which is reduced by 72.6 % than that of NPW. When
exposing to an open flame, the ignition time and burning time of SiOz/
CDW are prolonged by 700 % and 112 %, respectively compared with
NPW. Moreover, the spring-back ratios of SiO2/CDW in 95 % and in
water are 45.2 % and 66.7 %, which are lower than those of CDW (64.6 %
and 92.4 %). In consideration of the mechanically robustness, wear, fire
and water resistance of SiO,/CDW, the top-down strategy developed in
this work is promising to process the fast-growing nature woods into
green, sustainable, and high-performance engineering materials.
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