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Abstract

The aim of the study was to develop a simple and cost-effective method to improve thermal insulation and hydro-
phobicity of wood. Herein, we attempted to use commercially available silica aerogel powders suspended in ethanol
to treat the wood by a simple vacuum impregnation process. The effects of particle size (20 um and 40 nm) of silica
aerogels and the number of impregnation cycles (1, 3, and 5 cycles) were examined on the thermal conductivity and
the surface hydrophobicity. The results showed that the thermal conductivity of silica aerogel-impregnated wood
decreased by approximately 38%. The water contact angle of the impregnated wood increased up to the maximum
values 153° with a comparison with 80° of the untreated wood, indicating effective hydrophobization after silica aero-
gel impregnation. The tensile properties of the impregnated wood were found slightly improved. The results indicate
that the impregnation of silica aerogel powders in wood can be a facile and efficient approach to prepare wood with
thermal insulation and hydrophobicity, which may hold great promise to be employed in manufacturing wood-based

materials used in interior decoration and buildings.
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Introduction

With the awareness of energy-saving and the sustainabil-
ity goals, the demand for thermal insulation sustainable
products is increasing in building or interior decoration.
Wood, a sustainable material, possesses unique visual
properties and is friendly to humans and the environ-
ment, which has long been used in interior decoration
and construction. The thermal conductivity of wood is
relatively high (about 0.1 W m~! K~1) [1], but the wood
with high thermal insulation is desired in interior deco-
ration and construction applications. Moreover, wood
is sensitive to water due to the hydrophilic nature of its
main chemical components cellulose and hemicellu-
lose [2], which often leads to low dimension stability of
wood or wood-based products. Therefore, searching for a
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simple, cost-effective, and industrially scalable approach
is highly needed to enhance thermal insulation and
hydrophobicity of wood, especially for the treatment on
the less inferior fast-growing wood.

Silica aerogel with ultra-low density and highly
crosslinking structure has been regarded as one of the
most efficient thermal insulating materials in addition
to its excellent flame retardancy [3, 4]. Due to its attrac-
tive features of thermal insulation and flame retardancy,
silica aerogel has been extensively applied to wood [1,
5, 6], fiber-reinforced composites [7—10], cement-based
composites [11, 12], glass materials [13] and other nano-
composites [14]. To date, wood modified with silica
aerogels is mainly by means of in situ synthesis [1, 6] or
impregnation with sol [5]. It was reported that thermal
insulation, flame retardancy, and dimensional stability
of wood could be significantly improved through in situ
polymerization of silica aerogel in the wood cell lumen.
The mechanical properties and thermal properties of
wood could be enhanced after being impregnated with
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silica sol. However, the situ synthesis of silica aerogel in
the wood was usually prepared by the sol-gel method
via drying under ambient pressure or drying with super-
critical CO,. This process is complicated and expensive
[4], which lowers its acceptance by manufacturing fac-
tories that produce wood-based materials for interior
decoration and buildings, such as plywood, laminated
veneer lumber (LVL), thus greatly limiting its industrial
application.

Silica aerogel powders are easily manufactured and
readily available in the market [15]. In this study, we
adopted a simple and industrially scalable process, in
which commercial silica aerogel powders suspended
in ethanol medium were applied directly to the wood
through a facile vacuum impregnation, to improve its
thermal insulation and hydrophobicity. To our knowl-
edge, there are no reports on directly applying com-
mercial silica aerogel powders to wood. Compared with
the complication of in situ polymerization followed by
supercritical CO, drying to form silica aerogel in the
wood, the direct impregnation of commercial silica
aerogel powders into wood is more straightforward
and cost-effective, which makes it more practical in the
industry. The microstructure of the impregnated wood
was observed by scanning electron microscopy (SEM)
to reveal the dispersion of silica aerogel in the wall and
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lumen of wood cells. The thermal insulation and hydro-
phobicity of the impregnated wood were measured to
examine the influences of particle size of silica aerogel
powders and the number of impregnation cycle on the
material properties.

Experimental procedure

Materials

Commercially available 20-mm-thick veneers with den-
sity at 0.428 +0.044 g cm ™~ made of fast-growing poplar
(Populus L.) were provided by Dehua Tubao New Deco-
ration Material Co., Ltd., Huzhou, Zhejiang Province,
China. Silica aerogel powders with an average diameter
of 40 nm and 20 pum, respectively, were purchased from
Langfang Taoge Co., Ltd., Langfang, Hebei Province,
and Suzhou Tanfeng Co., Ltd., Suzhou, Jiangsu Province,
China. The morphology of these two powders and pho-
tographs of the water droplet on their surface are shown
in Fig. 1. The super-lightweight silica aerogel powders
with an average diameter of 40 nm cannot firmly sustain
a water droplet, the water droplet was partly enclosed by
the powders, but water did not diffuse and penetrate into
the silica aerogel, indicating its excellent hydrophobicity.
The thermal conductivity of silica aerogel powder with
average diameter at 40 nm and 20 pm was 0.042 W m™*
K~!and 0.056 W m~ K™%, respectively.

Fig. 1 The ESEM images and silica aerogel powders and the photographs of water droplet on silica aerogel. a, b 20-um size, c and d 40-nm size

b
d
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Silica aerogel-impregnated wood process

The silica aerogel powders were first suspended in etha-
nol to get a suspension with a consistency of 0.1 wt% and
0.05 wt%, respectively. The wood veneer was air-dried
and then was cut into a small specimen with a dimension
of 10 cm x 10 cm. Subsequently, the small wood veneer
specimens were immersed in silica aerogel powder sus-
pension in a sealed tank. The impregnation of silica aero-
gel into the wood was facilitated under reduced internal
pressure of the tanker by the vacuum pump. The inter-
nal pressure was reduced to —0.09 MPa, and then the
impregnation was held for 3 h as well as the vacuum of
the tank. Upon the completion of impregnation, the wet
impregnated wood veneer specimens were drying at
103 °C in an oven for 2 h. The impregnation treatment
was conducted repeatedly with various cycles (1, 3, and
5 cycles). The processing parameters and the schematic
diagram of the impregnation are shown as Table 1 and
Fig. 2, respectively.

Table 1 Sample codes and the corresponding processing
parameters

Treatments Average diameter Concentration Cycles
(wt%)
S-40-1 40 nm 0.1 1
S-40-3 3
S-40-5 5
S-20-1 20 pm 0.05 1
S-20-3 3
S-20-5 5
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Characterizations

The weight of sample treated and untreated were meas-
ured and the weight grain rate was calculated according
to the Formula (1):

weight after treatment — weight before treatment
x 100%

(1)

The cross-section of wood veneer was cut from the
center of both modified and unmodified samples. The
surface and cross-section of modified and unmodified
wood veneers were covered by gold and then observed
with an emission scanning electron microscope (ESEM)
and energy dispersive spectrometer (EDS) (Quanta 200,
FEI Company, USA). The water contact angles of modi-
fied and unmodified wood veneers were measured with
an optical contact angles instrument (JC2000C1, China)
with room temperature at about 25 °C and related humid-
ity at 55%. The water droplet volume was 2 pL. The water
contact angles were calculated using the ellipse method.
Six replicates were tested for each sample. Wood veneers
were cut into 30 x 30 mm test specimens for thermal
conductivity measurement. The thermal conductivity of
wood was measured with a thermal conductivity tester
(TCI-2-A, C-Therm, Canada) with room temperature
at 15 °C. Three replicates were measured for each type.
Wood veneers were cut into a strip with a dimension
of 100 mm longitudinally and 10 mm in width for ten-
sile testing. Both ends of the samples were covered by
wood veneer for avoiding been compressed to broke by
the mechanical tester. The tensile testing of wood veneer
specimens was performed by a commercial mechanical

Weight grain rate =

weight before treatment

Unmodified sample

Fig. 2 The schematic diagram of impregnation

Samples immersed in silica aerogel
powder suspension in a sealed tank

Modified sample
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Unmodified

Fig. 3 The unmodified and modified wood veneers

Modified

Table 2 The weight gain rate of modified wood

Samples Weight gain rate (%) Standard
deviation
S-40-1 1.14 032
S-40-3 0.35 0.26
S-40-5 0.54 023
S-20-1 1.28 0.27
S-20-3 032 0.18
S-20-5 047 0.26

tester (AG-IC100KN, Shimadzu, Japan) with a strain rate
of 1.0 mm/min. Six specimens were tested for each type.

Results and discussion

The microstructure and chemical components of modified
wood

Figure 3 shows the surface of both unmodified and modi-
fied wood veneers. The impregnation of silica aerogel
barely altered the visual properties of wood, which is of
great importance for wood-based materials intended for
the use in interior decoration.

The weight gain rate of wood veneer is shown in
Table 2. The weight gain rate was mainly determined by
the impregnation cycles. The weight gain rate of sam-
ples modified in 1 cycle was the highest among all the
modified samples. When increased to 3 and 5 cycles,
the weight gain rate sharply decreased, it was possibly
because the extractives in wood were extracted by etha-
nol. The removal of extractives compromised the weight
gain of wood. The microstructure and the element silica
(Si) distribution on the surface and cross-section of wood
veneers are shown in Figs. 4, 5, 6. There was almost no
Si element found in the unmodified wood, as evidenced
by EDS elemental mapping analysis in Fig. 4b and d. The
element silica existed and was distributed on the surface
and the cross-section of the silica aerogel-impregnated
wood because the red dots that represented element Si
were observed in the Si element map (Figs. 5 and 6). This
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indicated that silica aerogel was successfully impreg-
nated in the wood cells. When the impregnation cycles
increased, the number of red dots increased and thus
red dots became brighter because of the increase in the
silica concentration on the surface and cross-section of
the impregnated wood. This is consistent with the EDS
silica quantitative analysis as summarized in Table 3. The
weight fraction and atomic fraction of the element Si in
the wood impregnated with large silica aerogel powders
(20 pm in diameter) were higher than those in the wood
impregnated with small ones (40 nm in diameter). It was
also indicated in the magnified images of Fig. 7 that with
the increasing impregnation cycles, the amount of silica
aerogel in samples increased.

Thermal conductivity of wood

The thermal conductivity of modified and unmodified
wood is shown in Fig. 8. The conductivity of the silica
aerogel-impregnated wood decreased compared with the
unmodified wood. The decrease of thermal conductivity
was dependent on the number of the impregnation cycles
and the diameter of silica aerogel powders. For the small
silica aerogel powders (40 nm in diameter), the thermal
conductivity of the wood impregnated with 1, 3, and 5
cycles decreased by 11.2%, 11.5%, and 38.1%, respec-
tively. For the large 20-um silica aerogel powder, the ther-
mal conductivity decreased by 14.0%, 27.0%, and 33.1%,
respectively. It appears that the thermal conductivity of
all the wood impregnated directly with aerogel powders
decreased more effectively than that of wood modified by
the in situ synthesis of silica aerogel through the sol-gel
method with supercritical CO, drying [1]. By compari-
son, the thermal conductivity of wood treated with S-40-
5, S-20-3 and S-20-5 decreased significantly, especially
that of wood treated with S-40-5 and S-20-5. The direct
impregnation of 20-um silica aerogel powders into the
wood for 3 cycles might be considered as the sufficient
and the most cost-effective treatment, given the cost of
impregnation and its efficiency of decreasing thermal
conductivity of wood.

The hydrophobicity of wood

Figure 9 shows the water contact angles of unmodified
and modified wood. The water contact angles of silica
aerogel-impregnated wood were significantly increased
in comparison with the untreated wood. The impregna-
tion cycle played an important role in influencing the
hydrophobicity of the impregnated wood. One-cycle
impregnation of 40-nm and 20-pm silica aerogel pow-
ders brought the water contact angle up to 100° and
110°, respectively, compared to approximately 80° for
the untreated wood. When the impregnation cycles
increased to three times, the water contact angles of the
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Fig.4 ESEM images of the surface (a) and the cross-section (c) of the unmodified wood, and the corresponding EDS elemental mapping of Si on
the surface (b) and the cross-section (d), respectively. The scale bar is 100 um

impregnated wood increased to the maximum values
153° for S-40-3 sample and 148° for S-20-3 sample, which
increased by 65.0% and 63.1%, respectively. There was
a remarkable increase in the water contact angle after a
three-cycle impregnation because repeated impregna-
tion resulted in more accumulated silica aerogels on
the surface of the impregnated wood when compared
to one-cycle impregnation. Thus the wood surface was
more effectively covered with hydrophobic silica aerogel
powders. It is interesting to note that further impreg-
nation (5 cycles) slightly decreased the water contact
angles and decreased the adhesion of the water droplet
on the wood surface (Additional file 1: Video S1). Addi-
tional file 1: Video S1 indicated that the water droplet
was easier to slide on the wood surface modified with
more impregnation cycles. In this study, all silica aerogel
powder-impregnated wood changed from a hydrophilic
surface to a much more hydrophobic one. In the previ-
ous research [5], the water contact angle of wood impreg-
nated with silica sol merely increased from about 65 to

85°. It indicated that the direct impregnation of silica
aerogel powders into wood was much more effective in
the hydrophobization of wood than the impregnation of
silica sol.

The adhesion of silica aerogel to the wood surface was
assessed by a washing process. The change in the water
contact angles of the impregnated wood with or without
washing by pouring ethanol is shown in Fig. 10. There is
no significant change in the water contact angles of the
40-nm silica aerogel-impregnated wood with or without
the washing process, while the water contact angle of the
20-pm silica aerogel-impregnated wood decreased after
the washing; it suggested that smaller silica aerogel pow-
ders had better adhesion to the wood than the large ones.

As shown in Fig. 11, water droplets stood stead-
ily on the treated wood surface, but penetrated into
the untreated wood surface. The wood modified with
S-40-3 and S-40-5 was not only superhydropho-
bic, but also showed self-cleaning properties, which
was demonstrated by dropping water to the carbon
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a Surface b Cross-section

Fig. 5 ESEM images showing the microstructure (left) and the corresponding Si element mapping (right) of the surface (@) and the cross-section
(b) of wood modified by silica aerogel powders with an average diameter of 40 nm. The scale bar is 100 um

: .

a Surface b Cross-section

Fig. 6 ESEM images showing the microstructure (left) and the corresponding Si element mapping (right) of the surface (a) and the cross-section
(b) of wood modified by silica aerogel powders with an average diameter of 20 um. The scale bar is 100 um
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Table 3 The weight fraction and atomic fraction of Si
in the surface and cross-section of the unmodified
and modified wood

Samples  Surface Cross-section
Weight (%) Atomic (%) Weight (%) Atomic (%)

Control 0.12 0.06 0.01 0.01
S-40-1 1.90 097 1.77 0.90
S-40-3 384 1.98 231 1.18
S-40-5 465 242 534 278
S-20-1 452 232 130 0.66
S-20-3 6.98 3.64 6.01 313
S-20-5 8.26 4.37 7.83 4.15

powder-contaminated wood surface. From the perspec-
tive of obtaining an effective and durable hydrophobic
surface, smaller silica aerogel powders are more ideal for
the hydrophobization of wood.

Tensile properties

The tensile strength of the unmodified and modified
wood is shown in Fig. 12. Overall, the impregnation of
silica aerogel into wood increased the tensile strength
to varying extents, which was mainly determined by the
number of the impregnation cycles. It was found that
one-cycle impregnation of 40-nm silica aerogel powders
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significantly increased the tensile strength by 86.6%,
the increase was much higher that 17.4% for the wood
impregnated with 20-um aerogel powders. This might be
attributed to better adhesion of smaller silica aerogel to
the wood, thus providing the reinforcing effect. In addi-
tion, the 40-nm silica aerogel powder was easier to fill
the small pores in wood than 20-um silica aerogel pow-
der, which also lead to a high tensile property. Besides,
the fracture forms of modified wood and unmodified
wood were different, as shown in Fig. 13. The unmodified
wood was fragile and readily broken by a tensile stress,
while the modified wood was tougher and not easy to be
broken. This is likely due to that the silica aerogel pow-
ders filled the parts of pores in cell wall such as pits or
lumen, which improved the mechanical properties [5]. By
contrast, it was reported that the tensile strength of the
wood modified by the in situ synthesis of silica aerogel
decreased in comparison with the untreated wood. This
was mainly ascribed to the microcracks in the cell wall,
which was generated by the effect of chemical solutions
[1]. It seems that the direct impregnation of silica aero-
gel powders suspended in ethanol via a simple vacuum
impregnation was a more gentle means than the forma-
tion of silica aerogels by means of the in situ synthesis,
which might not impair wood cells and therefore lead to
a positive effect on the mechanical properties.

. -

i e DU 5 TR

Fig. 7 Magnified ESEM images of the silica aerogel powder on the surface of modified samples. The scale bar is 20 um
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S-40-5

a Control b S-40-3 C S-40-5

Fig. 11 The water droplet on the wood surface and self-cleaning process on a untreated wood, b wood treated by S-40-3 and ¢ wood treated by
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Conclusions

We presented a novel and industrially scalable method
to improve the thermal insulation and hydrophobic-
ity of fast-growing wood by the incorporation of com-
mercially available silica aerogels in the wood through a
simple vacuum impregnation process. The number of the
impregnation cycles and the particle size of the commer-
cial silica aerogel powders influenced the thermal con-
ductivity and hydrophobicity of the impregnated wood to
different degrees. The most cost-effective treatment for
obtaining modified wood with good thermal insulation
opted for the impregnation of 20-um silica aerogel pow-
ders for 3 h and three impregnation cycles, which pro-
vided lower thermal conductivity as well as a much more
hydrophobic surface in comparison with the untreated
wood. If only considering the hydrophobicity of wood,
the best option might be the impregnation of smaller sil-
ica aerogel powders with a diameter of 40 nm for three
impregnation cycles, because the adhesion of smaller sil-
ica aerogel powders to the wood surface was higher than
that of 20-pm silica aerogel powders.

Supplementary information

Supplementary information accompanies this paper at https://doi.
0rg/10.1186/510086-020-01927-7.

Additional file 1: Video S1. The water repellency of wood modified by
silica aerogel.
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