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Combination of Nano-CuO/Silica Sol Preservative with
Various Post-treatments to Improve the Compressive
Strength, Water Resistance, and Thermal Stability of
Wood
Pengwei Zhao,a Hong Yang,b Guoqi Xu,a,* Congxun Huang,a and Yan Zhong a
A nano-CuO/silica sol wood preservative was obtained by dispersing CuO
nanoparticles in propylene glycol and silica sol. Scanning electron
microscopy, Fourier transform infrared spectroscopy, X-ray diffraction
analysis, thermogravimetric analysis, and compressive tests were
conducted to investigate the effects of different post-treatments, i.e.,
steaming at 100 °C and freezing at -30 °C, on the variations in
microstructure, mechanical, physical, and thermal stability properties of
the preservative-impregnated wood. The results revealed that the
mechanical properties, water resistance, and thermal stability of the
impregnated specimens were greatly ameliorated. The steaming
treatment resulted in a more uniform and dense distribution of the
preservative in the blocks. The steaming treatment performed better in
terms of enhancing the compressive strength of the specimens, while the
freezing treatment was more effective in improving the thermal stability of
the specimens. Both the steaming and freezing treatments can
considerably improve the water resistance of the specimens. The different
post-treatments retain the basic properties of the wood; however, they
differ in the improved wood properties and provide a basis for their
selection in the industrial production of nano-preservatives.
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INTRODUCTION
Wood is an eco-friendly construction material, and soaring prices have made it an
invaluable resource for the economic recovery of a country. It consists of three primary
polymers, i.e., cellulose, hemicellulose, and lignins, and a small amount of low molecular
weight components, called extractives. Wood is susceptible to insect damage, bacteria and
fungi, and climate change, rendering its strength and dimensional stability poor, which
hinders its wider utilization in numerous sectors, e.g., construction materials, packaging
boxes, crates, joinery, wood panels, etc. (Gérardin 2016). Many different techniques have
been tried to improve the physical and mechanical properties as well as the weather
resistance of wood, e.g., heat treatment, chemical treatment, etc. (Kookandeh et al. 2014;
Yang et al. 2021; Yona et al. 2021). Inorganic nanomodification has currently become a
widespread study interest. In recent years, nanomaterials have been adopted by the wood
protection industry for its great compatibility, large effective surface area, high dispersion
Zhao et al. (2021). “Nano-CuO/silica sol preservative,” BioResources 16(4), 7444-7460.

7444

PEER-REVIEWED ARTICLE

bioresources.com

stability, and reservoir effect that can provide long-term protection (Mohanraj and Chen
2007; Clausen 2012; Goffredo et al. 2017; Mattos et al. 2017; Teng et al. 2018). The porous
nature of wood also provides a channel for the penetration of nanoparticles. After
modification treatment, the nanoparticles not only form insoluble substances that fill the
pores of the wood, but they also can enhance the strength of the cellulose and hemicellulose
material, thus improving the physicochemical properties of the wood and increasing its use
value (Huang et al. 2019; Schwarzkopf 2019). Nair et al. (2017, 2018) investigated the
decay resistance of ZnO and CuO nanoparticles dispersed in propylene glycol impregnated
rubber wood as well as the UV stabilization of the wood by ZnO, CeO2, and TiO2. In
addition, Xu et al. (2020) prepared wood-silica composites via in-situ polymerization,
which considerably improved the microstructure, thermal and mechanical properties, and
hydrophobicity of the wood. Li et al. (2021) constructed nano-ZnO-coated veneers using
common structural features of wood and nano-ZnO particles. As a result, the
microstructure of the wood surface was changed, and the elastic modulus and hardness of
the wood were enhanced, providing greater resistance to elastic deformation.
Although the above studies have made great progress, there remain some
deficiencies. Given the poor water solubility of the copper nanoparticles (0.1 g per 100 mL
of water) and their fixation method primarily occurring via deposition on the grain orifice
and the third cell wall, the preservative becomes unevenly distributed and is easily
dislodged in the treated material. Thus, this greatly limits the effectiveness of nanoparticle
preservatives and poses an environmental hazard (Matsunaga et al. 2009; Stirling and
James 2009). Improving the performance and practical application of nano-sized wood
preservatives without sacrificing the physical or strength properties of the wood is of great
importance in terms of wood protection. Research has shown that steaming treatments and
freezing treatments can play a considerable role in improving wood permeability. A
steaming treatment can cause a portion of the internal grain pore film to hydrolyze or peel
off at the edge of the grain pore or cause physico-chemical changes in the wood. This
increases the radius and number of effective capillaries, thus improved the permeability of
the wood preservative in the wood. Additionally, under high temperature and high
humidity conditions, the preservative reacts with the wood during a short period of time,
thus improving the preservative resistance to leaching (Zhang and Cai 2006; Yu 2010). A
freezing treatment is known as an environmentally friendly treatment and is used to reduce
wood shrinkage, enhance wood stability, structural properties, and permeability, as well as
increase the rate and extent of moisture and modifier migration within the wood, and
contribute to wood modification treatments (Furuta et al. 2001; Awoyemi et al. 2010).
Silica sol is a type of inorganic polymer with a large adsorption capacity, high specific
surface area, high dispersibility, and strong permeability, which can be used as a suitable
dispersant for nano-metal particles under certain conditions. In addition, it can increase the
mechanical properties and thermal stability of the treated material (Mahltig et al. 2008;
Pfeffer et al. 2012). Propylene glycol (PG) is a relatively non-toxic dispersant, which can
also be used as a wood stabilizer and a carrier for inorganic chemicals into wood.
Very little information is available on improving the performance of nano-sized
wood preservatives by physical treatments without sacrificing the original properties of the
wood. In this study, PG and silica sol were employed as the base solution for the
preparation of nano dispersions, and the nano-CuO/silica sol wood preservatives were
prepared via mechanical co-blending. The effects of different times and temperatures on
the compressive properties, water resistance, and thermal stability of the specimens were
investigated by two different post-treatment methods, i.e., steaming at 100 °C (the highest
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steaming temperature that can be reached at atmospheric pressure) and freezing at a
temperature of -30 °C (the lowest average winter temperature in northeast China is
approximately -30 °C). This research provides a theoretical basis for the application of
different treatment methods in the industrial production of nano preservatives.

EXPERIMENTAL
Materials
Sapwood lumber of poplar (Populus tomentosa Carr.) specimens were cut into 20
mm (longitudinal) × 20 mm (tangential) × 20 mm (radial) pieces; the wood was purchased
from the Dongfanghong Forest Farm in Heilongjiang Province. All wood specimens were
selected to ensure that they were free from knots, cracks, or other obvious defects. The
CuO nanoparticles (50 nm) were purchased from Hebei Xinhu Metal Ltd., China, the
propylene glycol (PG) was purchased from Tianjin Fuyu Fine Chemical Technology Ltd.,
China, and the silica sol was purchased from Shandong Yousuo Chemical Technology Ltd.,
China. All the chemicals used in the experiments were analytically pure.
Preparation of the Nano-CuO /Silica Sol Wood Preservative
The nano-CuO/silica sol wood preservative was prepared by adding 1.5 g of CuO
nanoparticles to 100 g of a PG and silica sol complex reagent, where the mass ratio of PG
to silica sol was 4 to 1. The mixture was then vigorously stirred in a high-speed
homogenizer (FJ200, Shanghai Specimen Model Factory, Shanghai, China) at 20000 rpm
to 23000 rpm for 30 min to obtain a homogeneous solution. The dispersion was then
sonicated for 60 min via an ultrasonic generator (AK-080S Shenzhen Yujie Cleaning
Equipment Ltd., Shenzhen, China) to prevent agglomeration. Finally, a stable nanoCuO/silica sol wood preservative was obtained.
Preservative Treatment
The wood specimens were immersed in an excess of solution and subjected to a
minus 0.09 MPa vacuum for 1 h and then left in the solution for 24 hours at room
temperature. Excess solution was wiped from the specimens which were weighed to obtain
the control impregnated specimens (labeled as CIS). According to AWPA E10, the initial
CuO or Si retention levels of the specimens were calculated using the following Eq. 1:
𝑅=

(𝑚1 −𝑚0 )×𝐶
𝑉

× 10 (kg/𝑚3 )

(1)

where m1 is the specimens weight before treatment (in g), m2 is the specimens weight after
treatment (in g), C is the CuO or Si concentration in the solution (in g) per 100 g of treating
solution and V is the volume of the treating wood sample (in cm3).
Post-treatments of Specimens
The obtained control impregnated specimens (labeled as CIS) were put into an
autoclave (YXQ-LS-50SI, Shanghai Boxun Industrial Ltd., Shanghai, China) and a
refrigerator (DB/C-100A, Guangdong Hisense Rongsheng Cold Storage Ltd., Yingkou,
China) for the steaming and freezing post-treatments, respectively. The steaming posttreatment temperature was set at 100 °C and the treatment time was set to 15, 30, 45, 60,
75, and 90 min to obtain the steaming impregnated specimens (labeled as SIS). The
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freezing post-treatment temperature was set at -30 °C, and the treatment time was 4 h, 6 h,
8 h, 10 h, 12 h, and 24 h to obtain the freezing impregnated specimens (labeled as FIS).
The unimpregnated and post-treatment free control specimens were labeled as CS.
Pyrolysis Characteristics
The thermal degradation processes of the post-treatment impregnated materials
were studied via thermogravimetric (TG) and differential thermogravimetric (DTG)
methods using a thermogravimetric analyzer (SDT-Q600 Thermogravimetric Analyzer,
TA Instruments, New Castle, DE).
Compression Parallel to the Grain
According to Chinese national standard GB/T 1935 (2009), the 30 mm
(longitudinal) × 20 mm (tangential) × 20 mm (radial) size wood blocks were tested for
compression parallel to the grain using an electronic universal mechanical testing machine
(CMT-6305, Zhuhai Sansi Measuring Instruments Ltd., Zhuhai, China). The data were
subjected to an analysis of variance and then means were compared using Tukey’s multiple
comparison’s test (α=0.05).
Water Resistance Properties
According to Chinese national standards GB/T 1934.1 (2009), GB/T 1934.2 (2009),
and GB/T 1932 (2009), the water absorption (WA), volume expansion extent (α), and antishrinkage efficiency (ASE) were measured to evaluate the waterproof performance of the
different post-treatment specimens. The WAR, volume expansion (α), and ASE were
calculated according to Eq. 2, Eq. 3, and Eq. 4, respectively,
𝑊𝐴 =
𝛼=

(𝑊1 −𝑊0 )
𝑊0

(𝑉𝑎 −𝑉𝑏 )

𝐴𝑆𝐸 =

𝑉𝑏

× 100%

× 100%

(𝛼0 −𝛼1 )
𝛼0

× 100%

(2)
(3)
(4)

where W1 and W0 are the weights of the wood samples before and after soaking in water
for 20 d (g), respectively, Va is the volume of the sample that has reached dimensional
stability after absorption of water (cm3), Vb is the volume of the dried sample (cm3), α0 and
α1 are the volume expansion extents of the sample from dried to water absorption to
dimensional stability for the control and different post-treatment specimens, respectively.
Characterization of Wood Specimens
Selected samples were used to examine the morphology and surface chemistry of
the treated wood. The blocks were cut open and then sputter coated with gold before being
examined via scanning electron microscopy (SEM) using a Quanta 20 scanning electron
microscope (FEI, Hillsboro, OR) operated at 5 kV. The specimens were observed for
differences in morphology around the ray parenchyma and vessels.
Two specimens subjected to a given post-treatment process were ground and passed
through a 200 to 300 mesh screen and a small aliquot of the wood powder was analyzed
via X-Ray diffraction (XRD) using a Shimadzu XRD-6100 (Shimadzu, Kyoto, Japan). A
second aliquot of wood powder was thoroughly mixed with KBr and compressed into a
pellet that was analyzed via Fourier infrared spectroscopy (FTIR) on a Nicolette 6700 FTIR
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Spectrometer (Shenzen Risheng Technology Ltd, Shenzen, China) using 64 scans per
sample that were averaged and baseline corrected. The resulting peaks were compared
between the treated and non-treated poplar samples, as well as between the scans of wood
from blocks subjected to different post-treatment processes.

RESULTS AND DISCUSSION
Microscopic Distribution of the Preservatives under Different Posttreatments
No significant differences were found in the initial retention levels of CuO and Si
among the different post-treatments, with mean retention levels of 9.47±0.02 kg/m3 and
37.03±4.07 kg/m3, respectively. The SEM observations (Fig. 1) clearly demonstrated the
microstructural impregnation and filling effects of the different post-treatment specimens.
In contrast to the CS, the conduits of the CIS were filled with a thick layer of preservative
and unevenly distributed large particles of preservative. The steaming post-treatment
improved the diffusion process of the preservative, thus promoting the penetration and
diffusion of the copper ions into the wood structure. The preservative in the specimens
adhered more uniformly and densely to the wood conduits and filled the grain pores in
large quantities, and few uneven large particles of preservative were detected. The
distribution of the preservatives in the FIS was uneven, and the form appeared granular,
with only a small amount of preservative entering the grain pores.
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Fig. 1. SEM images and spectrum of the impregnated specimens (a through d); the steaming
treatment specimens (e through h); the freezing treatment specimens (i through l); and the
corresponding SEM-EDS maps of Cu (c, g, and k) and Si (d, h, and l)
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Fig. 2. XRD and FTIR spectral patterns of the wood specimens: (a) the FTIR spectral patterns of
the SIS; (b) the FTIR spectral patterns of the FIS; (c) the XRD spectral patterns of the SIS; and
(d) the XRD spectral patterns of the FIS

Characteristics and Schematic of Chemical Bonding
Figures 2a and 2b illustrate the variation in the intensity of the FTIR absorption
peaks for different specimens. The absorbance peaks at approximately 560 and 934 cm-1
of the impregnated specimens represent the stretching vibration peak of Cu-O and the
bending vibration peak of Cu-O-H, respectively (Sun 2012). In addition, the 1112 and 800
cm-1 absorbance peaks represent the anti-symmetric stretching vibration peak of Si-O-Si
and the symmetric stretching vibration peak of Si-O-Si, respectively (Wang 2014). These
peaks suggest that a large number of Cu-O, Si-O-Si, and Cu-O-H functional groups were
available in the modified wood. The absorbance peaks at 1370 and 899 cm-1 are the
characteristic peaks of C-H bending vibration and the hydroxyl group of cellulose, while
1736 and 1160 cm-1 are the characteristic peaks of carbonyl stretching vibration and C-O
vibration in hemicellulose carboxylic acid; 1226, 1327, and 1424 cm-1 are the characteristic
peaks of C-O stretching, -CH2 bending vibration of lignin acetyl, and -CH2 bending
vibrations in hemicellulose carboxylic acid, respectively (Pandey 1999; Pandey and
Nagveni 2007).
The intensity of the correlation bands at 1160 cm-1 almost completely disappeared
in the steaming and freezing post-treatment specimens, and the intensity of the correlation
bands at 1226 and 899 cm-1 decreased to some extent. In addition, the absorbance bands at
1736, 1424, 1370, and 1327 cm-1 also decreased in the freezing post-treatment specimens.
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According to previous studies, the binding of silica sol to wood is primarily a chemical
reaction between the hydroxyl groups of the silica sol and the cell wall components (as
shown in Fig. 3) (Xue et al. 2016; Sun et al. 2021). Furthermore, the CuO nanoparticles,
which produce copper ions in wood, interact with the carboxyl, phenolic, carbonyl, and
ether groups in the hemicellulose, lignins, and some hydroxyl groups of cellulose in the
specimens. This in turn affects the fixation properties of the wood preservatives (Yu 2010;
Xue et al. 2016).
Figures 2c and 2d display the XRD maps of the control and treated specimens.
Based on the diffraction peak analysis, obvious diffraction peaks appeared at
approximately 17°, 22°, and 34°, referring to the crystalline surfaces of lignocellulose
(100), (002), and (040), respectively. According to the standard pattern of CuO, the
diffraction peaks appeared at 33°, 35°, and 39° for the composite wood, which indicated
the crystalline surfaces of CuO (110), CuO (002), and CuO (111), respectively (Yi et al.
2020). The diffraction peaks of (002) and (040) in the crystalline region and (101) in the
non-crystalline region were still clearly visible in the post-treated wood compared to the
control specimens. This indicated that the post-treatment did not change the coexistence of
the crystalline and non-crystalline regions of the cellulose. Thus, the structure of the wood
was not destroyed during the process. It is also apparent from Fig. 2c and 2d that the
difference in the diffraction peak intensities between the groups of samples in the (002)
and (040) planes was not substantial, which implies that the different post-treatments had
little effect on the cellulose crystalline regions within the wood. Thus, both post-treatment
samples retained the basic properties of the wood.

Fig. 3. Schematic diagram of the composite wood

Compression Parallel to the Grain
The results of the different post-treatment wood compressive strength analyses are
shown in Fig. 4. The compressive strength of the CIS increased by 25.4% compared to the
CS. The steaming post-treatment and the nano-CuO/silica sol preservative exhibited a good
synergistic effect in terms of improving the compressive strength of the wood. With the
SIS showing an increase of 22.8% to 32.1% compared to the CS, SIS45 showed the best
results (Fig. 4a). However, according to statistical analysis, this result was not significant.
After the steaming post-treatment time increased from 15 min to 90 min, the compression
parallel to the grain of the post-treated specimens tended to increase and then decrease. In
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the steaming post-treatment specimens, the heat could be transferred more quickly through
the CuO nanoparticles, and as the treatment time increased, the microgel particles and
microfibers within the wood cell walls became fixed against each other and are relatively
plasticized due to the drainage of water. This effect resulted in a slight increase in the
smooth grain compressive strength (Hill 2006; Awoyemi et al. 2010).
As the freezing time increased from of 4 h to 24 h, the compression parallel to the
grain of the FIS exhibited a gradual increase, but all the FIS had a lower compression
parallel to the grain than the CIS (as shown in Fig. 4b). This can be explained by the
expansion of the size of the free water crystallization zone in the cell lumen and the
destruction of the cell wall structure during the slow freezing, which reduces its mechanical
properties (Szmutku et al. 2013). In addition, the freezing treatment allowed the
preservative to be unevenly distributed throughout the wood specimens, which did not
permit greater effectiveness of the preservative (Fig. 1). Due to the presence of
preservatives, the compression parallel to the grain of the FIS increased by 5.60% to 8.07%
compared to the CS after 8 h to 24 h of freezing treatment, which alleviated the adverse
effects of freezing on the mechanical properties of wood.
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Fig. 4. Compression parallel to the grain of control and post-treated specimens: (a) the
compression parallel to the grain of the SIS; and (b): the compression parallel to the grain of the
FIS (Note: CS: control specimens; CIS: control impregnated specimens; SIS15: 15 min steaming
treatment; and FIS4: 4 h freezing treatment). Columns with the same letter do not differ
significantly using Tukey's studentized range test (α = 0.05).

Water Resistance Properties
The water resistance and moisture absorption resistance of the different posttreatment specimens were examined by evaluating the water absorption (WA), volume
expansion extent (α), and anti-shrinkage efficiency (ASE) (Fig. 5). The nano-CuO/silica
sol preservative filled the cell cavity of the wood and cured to form a thick film in the cell
walls, blocking most microscopic channels and limiting the diffusion of water throughout
the wood (Fig. 1). Moreover, the SiO2 in the preservative was either found in the cell wall
or filled the cell lumens or was bound to the hydroxyl groups in the amorphous zone of the
cell wall, which limited the water absorption of the wood. The ability to absorb water
molecules decreased, thus, the swelling extent decreased. In comparison with the CS, the
CIS showed a 20.78% reduction in WA, a 21.96% reduction in volumetric swelling, and a
21.96% increase in ASE.
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Fig. 5. Water resistance properties of the different post-treatment specimens: (a) the WAR and α
of the SIS; (b) the WAR and α of the FIS; (c) the ASE and moisture content of the SIS; (d) the
ASE and moisture content of the FIS (Note: CS: control specimens; CIS: control impregnated
specimens; SIS15: 15 min steaming treatment; and FIS4: 4 h freezing treatment)

The WA of the SS decreased by 4.92% to 12.13% and the volume expansion
decreased by 1.72% to 12.01% compared to the CIS, where the steaming post-treatment
for 30 min yielded the greatest reduction in the WA and volume expansion (Fig. 5a). Within
a high temperature and high humidity environment, the microgum particles and microfibers
within the cell walls of wood were not only held close to each other due to the discharge
of water, but also fixed by relative plasticization due to the high temperature. The structure
of a specimen is not easy to recover once changed, so once a certain degree of moisture
absorption capacity is lost, the dimensional stability of the wood is relatively improved
(Diniz et al. 2004; Salmén and Stevanic 2018). Additionally, the hydroxyl groups in the
wood cell walls are highly water absorbent, and the high temperature treatment may reduce
the utilization of hydroxyl groups, which in turn reduced the water absorption strength of
the wood cells (Thybring et al. 2017). The WA and volume swelling of the SIS shows a
decreasing and then increasing trend, likely due to the decrease in the binding of SiO2 to
the hydroxyl groups of the wood cell wall (Fig. 3).
The ASE of the specimens treated via steaming increased 6.10% by 42.71% as the
treatment time increased from 15 min to 75 min compared to the CIS, with the best ASE
occurring after 30 min of steaming treatment (Fig. 5b). Research has previously shown that
the presence of infiltrates in the wood ducts and the presence of grain pore membranes are
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the primary reasons why wood is prone to wrinkling, and that heat treatment using steam,
hot water, or other means as a medium can open the micro-pores blocked by infiltrates in
the grain pore membranes and cell cavities of wood; in addition, it can break the
airtightness and the improve wood permeability, thus increase the ASE of wood (Zhao
2013). With the extension of the total steam treatment time, the volume resistance to dry
shrinkage of the SIS showed a gradual decrease, with the decrease in water content and
saturation of the specimen may be the reason for this change (Chafe 1993; Peng et al.
2012).
The WA and the volume expansion of the FIS gradually decreased with time, while
the ASE gradually increased (Fig. 5c). The WAE and volume expansion of the 4 h to 24 h
FIS decreased by 2.79% to 9.02% and 3.66% to 13.27%, respectively, compared to the
CIS. The wood WA decreased as the extractive content increases, and wood extractives
migrate into the cell wall during freezing, which considerably decreased the hydrophilicity
of the material (Awoyemi 2006, 2010). In particular, the freezing treatment resulted in
wood xylem embolism, which reduced the hydraulic conductivity of the wood cells and
contributed to the reduction of the WA and volume swelling extent of the specimens (Mayr
et al. 2006).
The ASE of the FIS was increased by 13.02% to 47.17% compared with the CIS
(Fig. 5d). One of the reasons for the freezing treatment reducing the extent of shrinkage is
that the cell cavities with a high water content expand due to freezing, which leads to the
rupture of the grain pore membrane. In addition, air bubbles are generated in the wood cell
cavity, which destroys the air tightness of the wood cells. However, the migration and
redistribution of the adsorbed water and extractables in the cell wall and microcapillaries
caused the “cold contraction” of the wood cell wall, which increased the strength of the
cell wall and reduced the extent of shrinkage of the specimen (Wang et al. 2003).
Pyrolysis Characteristics
The comparative analysis of the TG and DTG for the different post-treatment
specimens is presented in Fig. 6. In relation to the CS, the weight loss of the CIS was
reduced, the carbonization onset temperature (pyrolysis termination temperature) was
decreased, and the pyrolysis residue was increased. The maximum weight losses of the CS
and CIS were 26.53%/min and 16.78%/min, respectively. The thermal degradation
residues were 8.66% and 18.16%, respectively, and the carbonization onset temperatures
were 405 °C and 385 °C, respectively (Table 1; Fig. 6a, 6b). The carbonization temperature
was lowered, which indicated that the SiO2 in the preservative was either chemically crosslinked with the cellulose and other components or covered on its surface, accelerating the
carbonization procedure, and exerting a certain protective effect on the wood. In addition,
the nano-CuO in the preservative enhanced the thermal conductivity of the wood, making
the CIS uniformly heated, unlike the CS which were susceptible to local heating, thus
retarding the burning of the wood.
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Fig. 6. TG and DTG comparison analysis of the different post-treatments

The thermal degradation onset temperature (T1) of the different post-treatment
specimens shifted towards a high temperature, and the temperature corresponding to the
maximum degradation rate (T2), as well as the final decomposition temperature (T3), shifted
towards a low temperature compared to the CS, which indicated the enhancement of the
thermal stability of the specimens, as shown in Table 1 and Fig. 6c through 6f. The
degradation temperatures of the specimens (T1, T2, and T3) were not drastically affected by
the different post-treatment methods. In terms of the residue mass fraction (Table 1), the
FIS had more residue mass fraction, which may be due to the fact that the freezing
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treatment affected the moisture content of the specimens less and the SiO2 could bind more
to the wood, which raised the thermal stability of the specimens. In addition, the migrating
decomposition of the wood cell extracts led to a decrease in the wood pH, and the released
acidic chemicals can serve as flame retardants, carbonizing the wood at low temperatures
and forming an insulating layer on the surface, enhancing the thermal stability of the
specimens (Pries and Mai 2013).
Table 1. Thermal Degradation Temperature and Residue Mass of the PostTreatment Specimens
Specimens

T1 (°C)

T2 (°C)

T3 (°C)

R (%)

CS
CIS

220
381
405
8.66
248
361
385
18.16
SIS15
240
368
390
24.57
SIS30
240
364
373
16.93
240
363
383
17.55
Steaming SIS45
treatment SIS60
240
359
377
17.42
SIS75
240
364
384
17.32
SIS90
240
371
391
18.06
FIS4
235
367
386
18.80
FIS6
235
369
394
23.09
FIS8
235
362
379
22.97
Freezing
treatment FIS10
235
365
392
20.85
FIS12
235
353
382
20.64
FIS24
235
354
380
10.02
Note: T1 is the degradation onset temperature; T2 is the decomposition temperature (the
temperature corresponding to the maximum degradation rate in the DTG graph); T3 is the
final decomposition temperature; and R is the residual.

CONCLUSIONS
1. The CuO/silica sol preservative improved the water resistance, smooth grain
compressive strength, and thermal stability of poplar wood. The compression parallel
to the grain of the steaming treatment specimens increased and then decreased with an
increasing treatment time. The best results were found after 45 min of steaming
treatment. However, according to statistical analysis, this result was not significant.
The compression parallel to the grain of the freezing treatment specimens were lower
than that of the impregnated specimens.
2. Both the steaming and freezing treatments considerably improved the water resistance
of the specimens, especially the steaming treatment for 30 min and the freezing
treatment for 24 h, which had the best result. Compared with the steaming treatment,
the freezing treatment was more effective in improving the thermal stability of the
specimens.
3. The scanning electron microscopy (SEM) images disclosed that the steaming treatment
resulted in a more uniform and dense distribution of the nano preservative in the wood,
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while the freezing treatment created a granular appearance of the preservative. The
Fourier Transform Infrared (FTIR) and X-ray diffraction (XRD) results showed that
the different post-treatments facilitated the binding of the active ingredients in the
preservative to the wood and had little effect on the crystallinity of the wood, preserving
the basic properties of the wood.
4. The experimental results provided a new reference for improving the effectiveness of
nano wood preservatives and can serve as a basis for the selection of different
treatments in the industrial production of nano preservatives.
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