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Abstract The vacuum impregnation assisted sol—gel
technique is a promising and environmentally-friendly
method for the inorganic modification of wood by the
formation of wood-inorganic composites. However,
vacuum impregnation is relatively cumbersome and
time-consuming. In this study, SiO,—wood composites
were prepared by an ultrasonic-assisted sol—gel
method, which is an innovative and simple method.
Using this method, we found an increase in the degree
of silicon incorporation into the cell walls of the wood.
The impregnation of silica inside the cell walls were
verified by Fourier-transform infrared spectra, X-ray
diffraction, scanning electron microscopy and energy
dispersive spectrometry. Leaching test proved that the
internal cross-linking silica is stably bonded to the
wood cell walls. This modified method significantly
reduced the hygroscopicity of the wood and conse-
quently improved the mechanical performance of the
modified wood. Thermogravimetric and differential
thermal analyses showed that the incorporation of
silicon retards thermal decomposition and the
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complete combustion of the wood matrix and it
enhances the thermal stability of wood.
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Introduction

Wood is ideal for indoor and outdoor construction and
decoration because of its excellent material properties
and desirable environmental characteristics such as
sustainability and renewability. However, wood is
greatly influenced by the environment and it has some
natural drawbacks (Rowell 2012). Due to its organic
components (cellulose, hemicellulose and lignin)
which comprise abundant hydroxyl group, wood
incline to uptake moisture when exposure to water,
leading to swell, shrink, and rupture. Biological
destruction such as rot, infestation, and mildew,
caused by the invasion of microorganisms, fungi and
insects, also easy occur in humid environments.
Besides, flammability and poor mechanical properties
(strength, hardness, etc.), particular for fast-growing
wood, must be greatly improved.

Many techniques have been used to modify wood
and overcome its disadvantages. These techniques
include thermal treatment, acetylation, furfurylation,
N-methylol (DMDHEU), water glass, resin and oil
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treatments, wax treatment, chitosan treatment, and
treatments involving organic silicon compounds
(silanes, siloxanes, and silicons etc.) (Hill 2007,
Esteves and Pereira 2009; Ansell 2011, 2012; Maggini
et al. 2012; Pries and Mai 2013; Cappelletto et al.
2013; Girardi et al. 2014). While these treatments have
inherent advantages, they also have several limitations
such as active principles, low effectiveness, expensive
operation and optimization, and negative environmen-
tal and human health impacts.

Wood-inorganic composite with inorganic modifi-
cation by the sol-gel method is a promising and
environmentally-friendly method of enhancing the
properties of wood (Mabhltig et al. 2008; Donath et al.
2004; Mai and Militz 2004a, b). Saka and his research
group (Sakaet al. 1992; Saka and Ueno 1997; Miyafuji
et al. 1998; Miyafuji and Saka 2001) first studied the
sol-gel method and subsequently undertook several
investigations in this area. Tetraethoxysilane (TEOS)
was used as a primary precursor for pretreated wood
via the vacuum-pressure impregnation technique. The
wood-inorganic composites produced by the sol—gel
method exhibit strong fire resistance and retain the
porous characteristic structure of wood. The same
authors then combined TEOS with other reagents as
precursors for the preparation of P,Os—B,03-SiO,
wood-inorganic composites and Na,0O-SiO, wood-
inorganic composites. Their results showed that this
method can significantly enhance the fire resistance of
wood-inorganic composites. This research has been
followed up by many other research groups. Recent
studies have focused on inorganic-wood composites
with silicon alkoxides and silicon alkoxide derivatives
(Donath et al. 2006, 2007; Rosenthal and Bues 2010;
Palanti et al. 2012; Mahr et al. 2012b; Unger et al.
2013), titanium alkoxides, and titanium alkoxide
derivatives (Hiibert et al. 2010; Qin and Zhang 2012;
Wang et al. 2012; Mabhr et al. 2012a, b, 2013) as basic
precursors. Results have shown that the incorporation
of inorganic components into the wood cell wall
produces wood-inorganic composites that enhance the
wood’s properties. These properties include fire resis-
tance, dimensional stability, and mechanical proper-
ties; reduced moisture and water uptake; and
noticeable efficacy against fungi (soft, white and
brown rot) and termites.

Previous studies into vacuum-impregnated sol—gel
wood-inorganic composites have been undertaken to
improve the amount of impregnation during the
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reaction. This method efficiently improves the pre-
cursors that are impregnated in the wood. However,
vacuum impregnation is relatively cumbersome and
time consuming. To date, no other impregnation
technique has been reported for wood sol-gel mod-
ification. Ultrasonic irradiation can create extraordi-
nary physical and chemical conditions (Doktycz and
Suslick 1990; Suslick and Price 1999; Gedanken
2004; Yunus et al. 2010; Katepetch et al. 2013) and it
has been widely used in wood industry (Bucur 2005;
Keunecke et al. 2007; Katz et al. 2008; Sinn et al.
2005; Luo et al. 2014). However, there are only a few
work about the usage of ultrasonic irradiation to treat
wood (Chen et al. 2013; Yunus et al. 2010; Busse-
maker et al. 2013; Dhyani and Kamdem 2012; He
et al. 2013) and seldom reports concerning the
combination of ultrasonic irradiation with sol-gel
technique for the inorganic modification of wood
materials. We expected that, when used to assist the
sol-gel method, ultrasonic irradiation would shorten
the reaction time and promote hydrolysis and con-
densation (Yi et al. 2006; Paulusse et al. 2007,
Neppolian et al. 2008; Prasad et al. 2010; Yuan et al.
2012). It would increase the efficiency of wood
impregnation by inorganic precursor through cavita-
tion, microagitation, microstreaming, shock waves,
and radiation pressure. As ultrasonication may be a
simple, time-saving method of impregnation during
the sol-gel modification of wood, our work focused
on increasing the degree of silicon incorporation into
the cell walls of wood.

In this study, we applied the ultrasonic-assisted sol—
gel method to prepare wood—-SiO, composites and we
evaluated their moisture absorption behavior as well
as their thermal and mechanical performances.

Experimental
Materials

Wood specimens of 20 mm (radial) x20 mm (tan-
gential) x5 mm (longitudinal) in size were obtained
from the sapwood portions of fast-growing Chinese fir
(Cunninghamia, a softwood from Jiangsu, China),
which is one of the most popular types of timber in
China. All specimens were oven-dried (18 h, 103 °C)
to obtain initial masses before impregnation to enable
a calculation of the weight percentage gain (WPG).
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Preparation of precursor solutions and wood
treatment

The precursor solutions were produced using TEOS in
ethanol by acid-catalyzed hydrolysis and condensation
at a molar ratio of HO/TEOS = 2 using the following
reagents: >98.5 % TEOS (Shanghai Sinopharm
Chemical Reagent Co., Ltd., China), >98.5 % ethanol
(Shanghai Sinopharm Chemical Reagent Co., Ltd.,
China), 38 % HCI for catalysis (Hengyang Kaixin
Chemical Reagent Co., Ltd., China), and deionized
water from Milli-Q. A pH of 2-3 was maintained by
the addition of concentrated HCI and monitoring was
by a pH meter.

To increase the degree of solution impregnation
into the wood, all oven-dried specimens were impreg-
nated with precursor solutions under ultrasonic oscil-
lation for different irradiation times at a power of
50 W using an ultrasonic container (80 kHz, KQ-
100TDE, Kunshan Ultrasonic Instrument Co., Ltd.,
China). After impregnation, the specimens were stored
in a climate box at approximately 20 °C under normal
pressure and a relative humidity (RH) of approxi-
mately 99 %. The specimens were then dried for
3-5 days and cured at 103 °C for 18 h. The process of
drying and curing were carried out to ensure that the
precursor solutions were hydrolyzed and condensed
completely and incorporated into the wood specimens
to form stable composite structures.

Characterization

The WPG value of each wood specimen was calcu-
lated from the oven-dried masses obtained before and
after treatment divided by the initial mass of the
impregnated specimen. Moisture sorption was mea-
sured to determine the water uptake of the wood
specimens. To evaluate moisture sorption, wood
specimens were stored at 25 °C and under atmo-
spheric pressure in closed glass desiccators for several
months, and the RH was maintained at 99 % using
saturated solutions of KNOj. The relative mass gain
during the storage period was calculated for time ¢, as
shown in following equation, by measuring the oven-
dried mass of the impregnated cured specimen at the
beginning of storage (1) and the oven-dried mass of
the specimen at time ¢ (m,) (Hiibert et al. 2010; Unger
et al. 2013).

(m; — mo)

Am = -100%

mo

Leaching test was carried out to evaluate the
structural stability of the SiO,—wood composite sys-
tem. The oven-dried ultrasonic sol—gel treated samples
were weighed (M) and divided into three groups. The
first group was soaked in cool water (room tempera-
ture) for 50 h, the second group was soaked in hot
water (90 °C) for 8 h, the third group was washed in
running water for 50 h, then all treated samples of the
three groups were oven-dried at 103 °C for 18 h and
measured their oven-dried masses respectively (M|,
M;, M3). The WPG value of the treated samples during
the leaching test was calculated according to the
following equation.

WPGy =

My — M,
(XMiO)-lOO%

0

Information about the microstructural morpholo-
gies of the tested wood and the distribution of the
impregnated sol-gel-based inorganic particles were
obtained by scanning electron microscopy (SEM,
SupraS5, Zeiss, Germany) and energy dispersive
spectrometry (EDS, Supra55, Zeiss, Germany). The
crystal structures of the wood samples were charac-
terized using X-ray diffraction (XRD, D/max-Ultima
III, Rigaku, Japan). The bonding force between the
silica and the tested wood was analyzed by Fourier-
transform infrared spectroscopy (FTIR, Nicolet 5700,
USA). The thermal properties of the control wood
samples and the tested composites were studied using
a thermal analyzer (TG-DTA, SDT Q600, TA, USA)
under air flow. The temperature was increased from 25
to 800 °C at a constant heating rate of 10 °C/min.
Thermal gravimetric analysis (TGA) and differential
thermal analysis (DTA) were simultaneously recorded
by a thermal analyzer. Wood specimens of 20 mm
(radial) x 20 mm (tangential) x 30 mm (longitudi-
nal) in size were used for mechanical characterization,
and their hardness was analyzed using a Brinell
hardness analyzer (HB-3000B-I, Jinan Times Test
Instrument Co., Ltd., China). The mechanical com-
pression behavior of the wood samples was deter-
mined in the longitudinal direction under specified
load conditions using a Universal Material Testing
Machine (Instron 1185, UK) at a constant speed of
10 mm/min.
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Fig. 1 WPG values of the control and treated samples obtained
under ultrasonic sol-gel treatment at different ultrasonic
irradiation times

Results and discussion
WPG and FTIR analysis

Figure 1 shows the WPG values of the control and
treated samples (the data are averages from 10
specimens). The WPG values of the SiO,-wood
composites obtained under ultrasonic sol-gel treat-
ment at different ultrasonic irradiation times are
shown in this figure. The WPG values increase and
then stabilize with an increase in ultrasonic irradiation
time. The mass of the SiO,—wood composites
increased from 12.6 to 30.3 % after curing. The
maximum WPG value was 30.3 % after 1 h. Scatter-
ing of the data was caused by the different densities of
the wood samples, as a naturally grown product.
Figure 2 shows typical FTIR spectra of the
control and treated wood samples. Figure 2a shows a
broad band at 3,353 cm™! (-OH stretching),
2,902 cm™! (—C—H asymmetric stretching vibrations),
and 1,605 cm™' (-OH bending). The fingerprint
region is dominated by bands at approximately
1,059 cm™!' attributed to various polysaccharide
vibrations (Devi and Maji 2011). The characteristic
peaks of the treated and untreated wood are shown
in Fig. 2a, b, respectively. The bands at 2,916 cm™!
(-C-H stretching) and 1,062 cm™" (various polysac-
charide vibrations) were almost unchanged. The peak
intensities of the bands at 3,388 cm™! (—OH stretch-
ing) and 1,652 cm™' (-OH bending) were slightly
lower and they shifted to higher wavenumbers
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Fig. 2 FTIR spectra of (a) the control wood sample and (b) the
treated wood sample (60 min)
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Fig. 3 XRD patterns of the wood specimens [control (a),
ultrasonic sol—gel treatment 30 min (b), 60 min (c)]

(Fig. 2b). The wood—OH reaction groups may have
combined with silica nanoparticles to form Si—O-Si or
Si—-O-C covalent bonds. The Si—-O-Si bonds gave
three characteristic FTIR absorption bands: a rocking
mode at around 459 cm ™!, a bending mode at around
806 cm™ ', and an asymmetrical stretching mode at
around 1,062 cm™' (Najafi et al. 2011). The Si—O-Si
symmetric stretching vibration absorption bands at
1,100-1,000 cm™" overlapped with the Si—-O—C bonds
(C-0O bonds in wood) (Liu et al. 2011).
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XRD analysis

The crystalline structures of the SiO,—wood compos-
ites and the control wood samples were analyzed by
XRD (Fig. 3). For all the samples, the XRD patterns
gave very similar results, with three peaks located at
20 values of 14.8°, 16.8° and 22.9°, corresponding to
the (1-10), (110) and (200) diffraction plane of
crystalline I form of native cellulose (French 2014).
Ultrasonic sol-gel treatment does not destroy or even
change the crystalline structure of wood samples. The
diffraction peak intensities and the relative crystallin-
ity decreased with an increase in WPG values. This
reduction can be attributed to the amorphous SiO,
present in the composites decreasing the degree of
crystallinity with an increase in WPG values.

SEM-EDX analysis

SEM investigations with EDS allowed us to determine
the morphology of the microstructure and the distri-
bution of silicon (Fig. 4). The SEM images shown in
Fig. 4a, ¢ show the anatomical characteristics of both
the transverse and radial sections of the treated wood.
The cell lumens were empty, and SiO, gel was not
observed. In terms of morphology (Fig. 4a, c), the
ultrasonic sol-gel method did not affect the porous
structure of the wood. Compared with the inorganic
gel that formed in the cell lumens, the gel in the cell
walls was more effective in enhancing the properties
of the wood (Unger et al. 2013). SEM-EDS images
(Fig. 4a—d) of the transverse and radial sections of the
treated wood clearly reveal the presence of abundant
silicon with an even distribution in the cell walls of the
SiO,—wood composites. Combining the SEM/EDS
data with FTIR and XRD data, we can infer that the
silica gel is linked and fills the microvoids within the
cell wall. The linked silica gel may interact with cell
wall components via weak hydrogen bonding or other
physical interactions. The silica gel may even be
chemically bonded to the wood components by
establishing covalent bonds with the hydroxyl groups
of the cell wall polymers and because of cross-linking
between several hydroxyl groups. The Si—O-Si units
thus connect to each other inside the cell walls.
Considering the presence of SiO, gel in the cell walls,
we can expect that various aspects of the properties of
the Si0,—wood composites will be changed to varying
degrees compared to the control wood.

Possible processes and mechanism of ultrasonic
sol-gel treatment

Figure 5 shows a schematic of the possible processes
of ultrasonic sol-gel treatment on the SiO,—wood
composites. The wood specimens were impregnated
with precursor solutions by ultrasonic oscillation.
Under ultrasonic oscillation, the impregnating solu-
tions can flow through wood cells and wet the cell wall
to some extent. The sol-gel reaction begins immedi-
ately, and the water in the cell wall initiates the
hydrolysis of alkoxysilanes and the sol-gel process
occurs within the cell wall. The silicon alkoxide
groups are hydrolyzed by water molecules to siloxanes
and this process is catalyzed by acids (Fig. 5a). The
hydrolysis and condensation processes are very com-
plex (Fig. 5a, b), and different degrees of hydrolysis
and cross-linking occur (Fig. 5c). Ultrasonic radiation
has an important function in these processes. Ultra-
sonication can increase the wood impregnation effi-
ciency of the silica precursor through cavitation,
microagitation, microstreaming, shock waves, and
radiation pressure. Microstreaming and shock waves
contribute external forces and energies. With large
kinetic energies and speeds accelerated by shock
waves and microstreaming, the silica precursor and
nanosol molecules can impregnate the cell wall of the
wood quickly, easily, and uniformly. Acoustic stream-
ing increases the amount of reactive surface area
collisions and mass transfer between the silica
precursor solution and the cell walls of the wood
during sonication. Therefore, sonication is beneficial
for the promotion of chemical reactions between the
OH groups of the silica species in the impregnation
solution and also between the OH groups of the silica
species in the impregnation solution and the OH
groups of the cell wall components. The main reaction
sites are the OH groups of the cell wall polymers,
which include cellulose, hemicelluloses, and lignin
(Fig. 5e).

The acoustic cavitation produced by ultrasonic
waves decreases the average particle size of the SiO,
sols produced by the reaction with prolonged ultra-
sonic irradiation time. The average particle size of the
Si0;, sols decrease, which indicates that the SiO, sols
sufficiently migrate into the pores of the wood cell
walls. With prolonged ultrasonic sol-gel treatment,
the gels are formed at the same time. In a subsequent
step, siloxanes condense into polysiloxanes (Fig. Sc,

@ Springer



4398 Cellulose (2014) 21:4393-4403

Fig. 4 SEM micrographs Si Kal
and silicon X-ray maps & : 2 s,

taken in the same areas of
the treated wood: a,

b transverse section of the
treated wood; ¢, d radial
section of the treated wood

Si Kal

f100um’

T\ /
oS ~on
HO OH /
o \S A
H,O +HCl1 /\o/s'\o/\ -H,0 0/“\?Oﬂ

1EOS m i ultrasonic \\ ( (

ethanol  ultrasonic HO—Si—OH o’

[a] ;
%o -nH,0 e (SiOy)n
| %
P /s,'\oﬁ Po:ycondensation

Ho .
o ultrasonic . . Lo
A S1-O-Si cross-linking

T

ESTORWR  Polycondensation

ultrasonic

ultrasonic

Fig. 5 Schematic of SiO,—wood composite formation by ultrasonic sol-gel treatment

d). Some of the wood—OH groups can react with the gel reaction can also be carried out in the lumen of the
OH groups of = Si—OH and can react with = Si- wood. However, the aperture of the lumen is consid-
OC,H;s to form = Si—-O-wood (Fig. 5e, f). The sol- erably larger than the size of the cell wall pores. The
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deposited SiO, gel is not stable in the cell lumens
because of the acoustic cavitation effects of
ultrasound.

After ultrasonic sol-gel treatment, the samples
were stored in a climate box for drying, and the final
samples were transferred into a drying oven for final
curing to ensure complete hydrolysis and condensa-
tion. SiO, gels and the Si—O-Si cross-linking frame-
work in wood cell walls are obtained by a gel-
formation reaction (Fig. 5g), and some = Si-O-
wood bonds may be established (Fig. Sh).

Moisture sorption and leaching resistance

Water uptake data are presented in Fig. 6a as a
function of time. Both the control and the treated wood
samples clearly absorb water quickly within the first
10 days of storage. In most cases, equilibrium values
were reached after 15-20 days, and the sample masses
remained nearly constant upon further storage in air.
The gains in mass during storage in humid air (RH
99 %, room temperature, and atmospheric pressure) of
the control samples corresponded to a saturation of
approximately 22 % after 2 months. In contrast,
moisture sorption by the ultrasonic sol-gel treated
SiO,—wood composites was considerably less. The
saturation levels of the mass gain were approximately
12.5 % (ultrasonic sol-gel treatment for 30 min) and
9.5 % (ultrasonic sol-gel treatment for 1 h), respec-
tively, after 2 months. The hygroscopicity of the
treated wood clearly increased with an increase in
WPG. Only SiO, particles that were incorporated into
the cell wall were expected to influence the moisture
uptake of the wood (Donath et al. 2004; Unger et al.
2013; Wang et al. 2012). As confirmed by our SEM-
EDS, FTIR, and XRD analyses, SiO, gels can flow
into microvoids within the cell wall as fillers and
reduce the pore size. Therefore, a limited amount of
space was available within the cell wall for water
adsorption. An effective blockage of the OH groups of
the cell wall polymers may also occur by the formation
of covalent bonds with the OH groups of the silica
species to avoid the sorption of water during the
hydrolysis and polycondensation of the TEOS precur-
sor. Additionally, internal cross-linking occurred in
the cell walls between the OH groups of the silica
species during the ultrasonic sol-gel treatment pro-
cess, as described above. This means that a high and
stable degree of mineralization was obtained and the

hydroxyl groups of the wood were blocked by Si—O-Si
cross-linking, which prevented water uptake by the
wood. Based on these reasons, some water can still
attack these OH groups. Therefore, the reduced
availability of OH groups reduces the adsorption of
water molecules and increases the wood’s hydropho-
bic nature.

Figure 6b gives the results of leaching test for the
SiO,—wood composites (ultrasonic sol-gel treatment
30 and 60 min) obtained under different leaching
condition including cool water soaking, hot water
soaking, and water washing. The two composites
behave quite similarly. Their WPG barely change after
soaking in cool or hot water, while, it only presents a
slight decrease (around 3 %) after washing. This
firmly approved the stable connection between
impregnated SiO, and the surrounding wood cell
walls.

Mechanical properties

Figure 7 shows the mechanical properties of the fir
wood samples (data is an average of 10 specimens)
before and after ultrasonic-assisted sol—gel treatment
at different ultrasonic irradiation times. Investigations
show that ultrasonic sol-gel treatment with silica
precursors can significantly increase both the Brinell
hardness and the compressive strength parallel to the
grain compared with the control wood. This result
indicates that the wood stiffness and compression
strength were improved by inorganic modification.
Furthermore, the mechanical properties of the SiO,—
wood composites increased with increasing WPG. The
resistance of the wood samples to deformation,
bending and collapse during compression was
improved by incorporating a higher amount of SiO,
gel into the cell walls, which may improve the density
and hardness of the cell walls by occupying their
microvoids with the comparatively rigid SiO, gel
(Mahltig et al. 2008; Wang et al. 2012). The improved
hardness and compressive strength may also be
attributed to the stable incorporation of silicon com-
ponents into the wood host because of internal cross-
linking.

Thermal properties

The thermal stability of wood can be determined from
TGA curves by determining the increase in the
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Fig. 6 a Hygroscopicity curves of different wood specimens (control, ultrasonic sol—gel treatment 30, 60 min). b Leaching resistance
of SiO,—wood composites (ultrasonic sol-gel treatment 30, 60 min) obtained under different leaching condition
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Fig. 7 Brinell hardness and compressive strength of the
different wood specimens [control (a), ultrasonic sol-gel
treatment 30 min (b), 60 min (¢)]

temperature of pyrolysis of the different wood com-
ponents and the increase in the amount of residue. This
phenomenon indirectly implies that the amounts of
volatile combustion products are reduced (Pries and
Mai 2013). Figure 8 shows the thermal degradation
behavior of untreated and treated wood samples.
According to the mass loss regimes observed in the TG
curve of the control wood, the TG curve was divided
into three different temperature ranges (1, 2, and 3). A
slight mass loss was observed from room temperature
to 215 °C (region 1). This was owing to the evapo-
ration of adsorbed moisture during the measurement
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and the partial oxidative decomposition of the mini-
mally steady cell wall component hemicelluloses
(Miyafuji and Saka 2001; Mabhr et al. 2012a, b; Pries
and Mai 2013). An abrupt weight loss (region 2)
occurred at 215-325 °C, followed by another remark-
able weight loss (region 3) at 325-460 °C. The mass
loss in region 2 was related to the initial oxidative
decomposition of the wood components, in which
hemicellulose was the most thermally unstable,
followed by cellulose and lignin. The mass loss in
region 3 is attributed to char oxidation. After 460 °C,
the control wood was completely thermo-oxidized.
Compared with the control wood, the SiO,—wood
composites have a similar TG curve in region 1.
However, the mass loss in region 2 occurred from
235 °Cto 350 °C and the mass loss in region 3 occurred
at temperatures above 350 °C and was complete at
550 °C. Both regions 2 and 3 of the SiO,-wood
composites shifted toward higher temperatures after
which a lower rate of weight loss was observed.
Eventually, a higher amount of residue was obtained.
The complete combustion of the organic components of
the gel was deduced from this result, and the residue is
believed to be silica. The SiO,—wood composites
yielded residual masses that were dependent on the
WPG of the tested composites. Compared with the WPG
shown in Fig. 1, the residual amounts presented the
same law with the WPGs, but were slightly smaller than
the WPGs. This result implies that the WPG contains
small amounts of organic residue (un-hydrolyzed alk-
oxides). Figure 8b shows the heat flow signals as a
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Fig. 8 Thermal behavior (a TG curve; b DTA curve) of the
ultrasonic irradiation times (60, 30 min)

function of temperature. Two characteristic exothermic
peaks were observed in the DTA thermograms of the
control wood. The first exothermic peak occurred at
280-350 °C, and the second peak appeared at
410-460 °C. The first characteristic peak is large and
distinct because of the oxidative decomposition of the
wood components (cellulose, hemicellulose and lignin);
the second exothermic peak is ascribed to char oxidation
(Mark and Kroschwitz 1989, Mahr et al. 2012a, b). The
intensities of the two characteristic exothermic peaks of
the SiO,—wood composites weakened with an increase
in WPG of several degrees. Additionally, the second
characteristic peak shifted a little toward higher tem-
peratures, which indicates a delay in char oxidation.
These results indicate that the thermal stability of wood
was enhanced by ultrasonic sol—gel treatment. A higher
degree of incorporation of fire-resistant SiO, gels into
the cell wall likely shielded the cell wall components.
This phenomenon may hinder the cell wall components
from continuously escaping as combustible volatiles
and gases and, therefore, oxygen does not have complete
access to the cell wall components, thus delaying their
complete combustion, which improves the thermal
properties of the SiO,—wood composites.

Conclusion

In summary, SiO,—wood composites were quickly and
successfully produced by ultrasonic radiation-assisted
sol—gel treatment. The WPGs and the incorporation of
silicon into the cell wall increased with ultrasonic

control wood and the SiO,—wood composites obtained at different

radiation after impregnation with TEOS. Ultrasonic
sol-gel treatment resulted in increases in the degree
and uniformity of silicon incorporation into the cell
wall while the porous characteristic of the wood was
retained. Ultrasonic radiation stimulated Si—O-Si
cross-linking and the SiO, gel was stably connected
inside the cell walls. The hygroscopicity of the wood
was significantly reduced. The mechanical perfor-
mance and thermal stability of the modified wood
consequently improved.

Our results show that ultrasonic irradiation can
considerably influence the sol-gel modification of
wood. The treatment of wood by the ultrasonic-assisted
sol-gel method is an innovative, simple, and time-
saving technology that presents an interesting approach
for the development of functional wood composites
with remarkably enhanced properties. The technology
proposed in this work is promising for an improvement
in the performance and applications of fast-growing
wood with the aim of easing the resource crisis.
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