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Abstract

Poplar (Populus adenopoda Maxim.) and radiata pine (Pinus radiata Don.) woods were treated with an aqueous solu-
tion containing styrene-acrylic copolymer (SAC) dispersion and sodium silicate (SS). The modifying effects on the
mechanical properties of wood were investigated with 10% SAC and varying concentrations of SS. The SAC and the
SS deposition occurred in the cell lumina and condensed under catalysis at elevated temperature, as evidenced by
scanning electron microscopy. The wood treated with SAC and SS exhibited a moisture content about 2 times higher
than that of the untreated control under 95% relative humidity due to the introduction of hygroscopic silicate. The
modulus of rupture (MOR) and modulus of elasticity (MOE) in the bending, compressive strength, surface hardness,
tensile strength, and shear strength of the wood were improved up to 83.9,82.3,72.7,48.3, 38.4, and 53.1%, respec-
tively. However, the impact strength decreased by 39.4% due to the treatments. Accordingly, the combined treatment
with SAC/SS has a potential application in the improvement of the wood quality, but the reduction in impact strength
could limit its utilization in products for which high dynamic strength is required.
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Introduction

The use of silicon compounds for wood modification
has been extensively reported recently [1-6]. Among
the silicon compounds, sodium silicate (SS; also known
as water glass), a soluble alkaline silicate, has been most
commonly used. Sodium silicate can impart wood with
improved flame resistance, decay resistance, and dimen-
sional stability [1, 7-10]. However, sodium silicate is sus-
ceptible to leaching from wood during service, thereby
resulting in surface contamination. In order to reduce
the leaching of silica particles, various resins, such as
glyoxal-urea, urea—formaldehyde resin, and melamine
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formaldehyde resin, were used in combination to treat
wood [6, 11-13], through a process mainly based on the
mechanism of physical encapsulation of polymerized
resin in wood [10, 14].

Acrylic resins are a known group of thermoplastic or
thermosetting plastics, comprising copolymers of func-
tional acrylic monomers and esters of acrylic acid and/
or methacrylic acid, which may also contain monomers
with unsaturated vinyl, such as styrene or vinyl toluene
[15]. Polymers based on acrylic and methacrylic esters
are extensively used in adhesives to consolidate materials
such as wood, brick, and stone [16]. The styrene-acrylic
copolymer (SAC) is prepared via a batch emulsifier-free
emulsion copolymerization of styrene with acrylic acid.
The SAC is widely used as the binder in coatings due
to its ability to facilitate the improvement of the heat,
weathering, and corrosion resistance properties [4, 17,
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Table 1 Testing items for mechanical properties, specimen
size, sample number (replicate), and applied standards

Strength property Dimension  Sample Standard
Ixtxr® number
(mm)
Bending
Modulus of rupture (MOR) 180x10x 10 10 DIN 52186
Modulus of elasticity (MOE) 180x 10x 10 10 DIN 52186
Compression strength
Longitudinal direction 30x20x20 10 DIN 52185
Radial direction 30x20x20 10 DIN 52185
Surface hardness 40x30x30 10 ASTM D2240
Impact bending strength (IBS) 80x10x4 10 GB/T 1940
Tensile strength parallel tothe  370x20x 15 10 GB/T 1938
grain
Shear strength parallel to the 35x20x40 10 GB/T 1937

grain

* | represents the longitudinal direction, t means the tangential direction, and r
is the radial direction

18]. The SAC has also been used as a modifying agent to
treat wood to improve wood quality [19].

Previously, we have studied the flame-retardant per-
formance of poplar (Populus adenopoda Maxim.) and
radiata pine (Pinus radiata Don.) woods treated with
SAC and sodium silicates. The findings indicated that
combined treatment with SAC and SS made it more dif-
ficult to ignite these woods, as evidenced by the longer
ignition time and higher limiting oxygen index. As a bio-
mass material, the mechanical properties of the treated
wood have not yet been reported.

The main objective of this study was to further inves-
tigate the effect of the treatment with the combined
SAC and SS on the mechanical properties of poplar and
radiata pine woods, which are fast-growing wood species
extensively used in the wood industry. The moisture con-
tent (MC) of untreated and treated wood is also investi-
gated. Additionally, the local distribution of chemicals in
the wood is examined by scanning electron microscopy
(SEM).
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Fig. 1 Moisture content (MC) of poplar (a) and radiata pine (b)
untreated and treated with 10% SAC plus varying concentrations of
SS, respectively. Error bars show StD based on 15 replicates

Materials and methods

Materials

The treated woods were poplar (Populus adenopoda
Maxim.) and radiata pine (Pinus radiata Don.) sap-
woods (oven-dried density of approx. 530 kg m™ and
410 kg m~3, respectively), originated in China and New
Zealand, respectively. Wood specimens measuring
10 mm (longitudinal) x 20 mm (tangential) x 20 mm
(radial) were used to determine the weight percent gain
(WPG) and MC. A summarized overview of the size,

Table 2 The density of poplar and radiata pine wood before and after treatment with 10% SAC plus varying

concentrations of SS (15 replicates for each treatment)

Treatment Density (kg m~3)

Poplar Radiata pine

Before treatment After treatment Before treatment After treatment
10% SAC 528.51 (29.64) 603.34 (20.93) 407.22 (57.37) 466.42 (28.45)
10% SACH 5% SS 524.62 (19.98) 626.49 (28.27) 410.66 (42.53) 482.63 (32.01)
10% SAC+ 10% SS 530.70 (42.72) 632.10 (35.02) 412.82 (36.72) 513.68 (46.15)
10% SACH15% SS 527.59 (58.49) 646.69 (29.46) 410.21 (50.61) 521.57 (36.70)

Data in parentheses show the standard deviation
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specimen replicate and standards for the mechanical
testing is shown in Table 1. The MC of all specimens was
conditioned to 10-12% before treatment.

The SAC dispersion was obtained from Diransa San
Luis S.A (Buenos Aires, Argentina). The SAC disper-
sion had a solid content of 33%, pH 8.46, and an average
molecular mass of 15,000 g mol~'. The SS with a silica/
alkali molar ratio of 1.03/1.0 was purchased from Fuchen
Chemical Reagent Factory (Tianjin, China). The polycar-
bodiimide crosslinking agent was of extra purity grade
and obtained from Xirun Chemical Technology Co., Ltd.
(Shanghai, China).

Modification of the wood

Wood specimens were oven dried at 103 °C for 24 h,
and the dry weight was determined thereafter (W,).
The specimens were fully impregnated in aqueous
solutions under vacuum (0.01 MPa, 12 h), followed
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by pressurization with compressed air (0.6 MPa,
48 h). The aqueous solutions contained 10% SAC plus
0, 5, 10, or 15% SS (based on the total weight of the
solution). In addition, 10% of the polycarbodiimide
crosslinking agent (based on the weight of SAC) was
added to each solution to serve as a catalyst to readily
form a polymeric network. The specimens were des-
ignated as Wyy ysac: Wio wsacss sy Wio wsacrio ss
Wio usac+1s %ss respectively. After impregnation, the
specimens were dried in air at room temperature for
1 week to a MC of approximately 20-25%. Afterward,
the specimens were cured at 80 °C for 24 h and then
at 110 °C for 24 h. The dried specimens were weighed
(W,). Untreated specimens (Wpg;) were used as con-
trol. Ten replicate specimens were used per treatment.
The WPG of the treated wood was from 15 to 25%.
The density of the wood before and after treatment
was also determined (Table 2).
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Fig. 2 Modulus of rupture (MOR) and modulus of elasticity (MOE) in bending of poplar (a, ¢) and radiata pine (b, d) untreated and treated with
10% SAC and varying concentrations of SS, respectively. The labels shown in the x-coordinate: W =wood sample, CTRL = untreated control, SAC
means styrene-acrylic copolymer and SS is sodium silicate. The bottom and top edges of the box are standard deviation, the band in the box is 50th
percentile, x -symbol at the end of box chart represents the 1st percentile (bottom end) and the 99th percentile (top end), the small square in the
box represents the mean, and the whiskers out of box chart represent the outliers
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Moisture content (MC)

The untreated and treated wood specimens were kept
in a desiccator and equilibrated at 33, 56, 76, and 93%
relative humidity (RH) above saturated salt solutions at
room temperature (~22 °C) [20, 21]. At specific RH, the
specimens were conditioned for 4 weeks and the total
test was performed in 16 weeks. After conditioning at
each RH, the specimen was weighed and the MC was
calculated according to Eq. (1):

—m

my
MC (%) = EE—
1

(1)

where m, is the weight of untreated or treated wood
specimen after conditioning at a given RH for 4 weeks,
and m, is the oven dried weight of wood specimen before
conditioning. Fifteen replicates were used for each group
in the experiments.
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Mechanical property testing

The bending properties, modulus of rupture (MOR) and
modulus of elasticity (MOE) in a three-point bending
were determined at a test speed of 1.5 mm min~! accord-
ing to DIN 52186 (1978) with an electromechanical uni-
versal testing machine (MTS Systems Co., Ltd., Shanghai,
China). The compression tests, for the longitudinal direc-
tion and radial direction, were conducted at a test speed
of 0.9 mm min~! on the same machine according to DIN
52185. The tensile strength and shear strength parallel to
the grain of the wood were also determined on the same
machine as indicated above according to GB/T 1938
(2009) and GB/T 1937 (2009), respectively. The impact
bending strength was determined using a speed of
3.8 m s ! with a 15 ] pendulum according to the modified
standard GB/T 1940 (2009) with an XJC-25 Combined
Charpy and Izod Pendulum Impact Tester (Drick Instru-
ments Co., Ltd., Shandong, China). Surface hardness
was measured with a Time TH210 Hardness Tester (Bei-
jing TIME High Technology Ltd., Beijing, China) with
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Fig. 3 Compression strength in the longitudinal (a, b) and radial direction (c, d) of poplar (a, €) and radiata pine (b, d) untreated and treated with
10% SAC and varying concentrations of SS, respectively. The labels in the x-coordinate and the meaning of box chart are same as Fig. 2
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an integrated probe and expressed as Shore D hardness  Although the MC at a certain RH varies between poplar
according to the ASTM D2240 method. Before testing, and radiata pine wood, the sigmoidal shape of the sorp-
the specimens were conditioned at 20 °C and 65% RH. tion isotherm is similar for both wood species. The MC

increases almost linearly in the lower RH region (below

60%), while the MC increases rapidly with RH above
Fractured surface examination 60%. In addition, the results revealed that the MC of the
The camera and SEM were used to examine the morpho-  SAC-treated specimens slightly decreases compared with
logical details of the fractured surface of the untreated  the W p,. The small decrease in the MC is due to the
and treated wood samples after the bending test. Before base-catalyzed degradation of the hygroscopic hemicel-
microscopic observations, all samples were dried and  yloses and the physical barrier of the SAC inclusions in
sputtered with gold and then observed on a scanning  the cell lumina [19, 22]. The deposited SAC blocked the
electron microscope (FEI Quanta 200 SEM, Holland) at  pit connecting the two wood cells, thus preventing the
an acceleration voltage of 5-10 kV. migration of moisture in the wood cell through the pit.
However, the MC of SAC/SS-treated wood specimens
significantly increased with increasing SS concentra-
tion. This can be explained by the hygroscopic nature of
the sodium silicate [1, 23], which leads to an increased
hygroscopicity in the whole wood matrix. Therefore, the
combination of SAC/SS had no effect on improving the
moisture excluding efficiency of wood. Thus, the treated

Results and discussion

Moisture content

With the stepwise increase in RH, the adsorption curves
of the untreated and treated wood showed the typi-
cal adsorption curves of cellulosic materials (Fig. 1).

110
a Poplar b Radiata pine
100+ >|< 1 1 7
P K
/a 904 T T O - 4 4
=
2 O
g o
9 O
(=]
£ 70- I k 1 1 x @ = 1
= *
m]
60 % 1B ]
*
50 1 7 1
T T T T T
go{ ¢ Poplar 1 4 d Radiata pine 1
3 X =
o 70 _ 1 _
a i}
£ 60 J{ L Lo 1
-
2 x .
50 1 1 1
= |
X
40 1 1 % i
7 O, O, Os; O, % s, O, O, O,
L o&‘lo &‘10 Yo 84 Oy °S. Cy y <L OS‘I C S‘IQ( ) %}1(& 5 %}104
S isg iss Sy Ve, Vasg

Fig. 4 Surface hardness of cross-section and radial section of poplar (a, ¢) and radiata pine (b, d) untreated and treated with 10% SAC and varying
concentrations of SS, respectively. The labels in the x-coordinate and the meaning of box chart are same as Fig. 2
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wood is recommended for use indoors and in low humid-
ity conditions.

Bending properties

The MOR and MOE of treated woods were increased
after the combined treatment with SAC and SS (Fig. 2).
The Wi, wsace1s uss specimen exhibited the highest
MOR and MOE values among the poplar and radiata
pine woods. Compared to the untreated wood, the
Wio%sac+1s ss Specimen of poplar wood had an MOR and
MOE of 83.9 and 52.8%, respectively, higher than those of
the Werrp specimen (Fig. 2a, c). The radiata pine wood
treated with 10% SAC and 15% SS also had a MOR and
MOE of 76.0 and 82.3% higher, respectively, than those of
the Werg, (Fig. 2b, d). These improvements may be due
to the reinforcement effect of the SAC inclusions and the
SS depositions into the cell lumina. The stiff inclusions
share the applied load with the cell walls through the
interfaces [19]. The same principle leads to the increase
of the compressive strength and surface hardness [24].

Compression strength

The compression strength in the longitudinal and radial
direction of the poplar and radiata pine woods after
treatment is shown in Fig. 3. Treatments with SAC
plus different concentrations of SS caused a signifi-
cant increase in the compression strength of up to 52.9
and 44.6% in the longitudinal direction of poplar wood
(Fig. 3a) and radiata pine wood (Fig. 3b), respectively.
Similarly, the transversal compression strength in the
radial direction of both wood species also showed a
significant increase of up to 38.1 and 72.7% (Fig. 3c, d),
respectively. This may be due to the increased density
after each treatment. Specimens treated with the com-
bined systems are stiffer and have larger WPG. Thus,
the increases are higher than those of the SAC-treated
specimens. Also, the SAC and SS are deposited on
the wood cell lumina, coated on the walls around the
microfibrils, and formed a physical binding with the
wood, so that the relative freedom of the microfibrils
decreased, and the rigidity increased, which improved
the strength of the cell wall. Ultimately, the ability of
the tested material to withstand the external pressure
was enhanced and led to a more significant increase in
the compression strength.

Surface hardness

After the modification, the surface hardness of the poplar
and radiata pine significantly increased in both the cross-
section and radial section (Fig. 4). The hardness of the wood
gradually increased with the increase of the concentration
of SS incorporated into the 10% SAC for wood treatment.
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Fig. 5 Impact bending strength (IBS) of poplar (a) and radiata pine
(b) untreated and treated with 10% SAC and varying concentrations
of SS. The labels in the x-coordinate and the meaning of box chart are
same as Fig. 2

The hardness value for the W4 gsaci15 9ss Specimen was
39.6 and 48.3% higher than those of the untreated poplar
cross-section (Fig. 4a) and radial section (Fig. 4c), respec-
tively. Similarly, the W osac115 %ss Specimen of radiata pine
showed 28.2 and 44.9% higher hardness value than those
of the untreated cross-section (Fig. 4b) and radial section
(Fig. 4d), respectively. The enhanced hardness of the treated
wood can probably be attributed to the SAC (partially
crosslinked with the polycarbodiimide crosslinking agent),
which can stiffen the wood matrix, and the stiffness of its
inclusions in the cell lumina [25]. Additionally, as the SS was
dispersed in the SAC and impregnated into the wood under
pressure, it may be retained in the SAC or deposited in the
wood cell lumina and subsequently polymerizes, thereby
increasing the wood’s hardness (as indicated above) and
allowing better load transfer.

Impact bending strength

Treatment with 10% SAC caused 16.6% reduction in the
impact bending strength (IBS) of the poplar wood, but
did not substantially influence the IBS of radiata pine
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wood (Fig. 5). The samples treated with the combined
SAC/SS exhibited further decrease in impact bend-
ing strength with increasing SS concentration. Spe-
cifically, the treated poplar wood exhibited a reduction
of up to 39.4%, and the treated radiata pine wood was
26.0% after treatment with 10% SAC and 15% SS. The
reduction in the IBS was attributed to the hydrolysis
or degradation of the cell wall polysaccharides (mainly
hemicellulose) at high pH and high temperature con-
ditions during the curing process [26]. A decreased
impact strength of the test materials indicates that the
brittleness is increased and thus the treated wood is not
suitable for use as load-bearing materials.

Tensile strength and shear strength

The tensile strength and shear strength parallel to the
grain of the treated and untreated wood specimens are
presented in Fig. 6. These results revealed that treat-
ment of the wood with SAC resulted in an improve-
ment in both the tensile strength and shear strength.
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These strengths also increased drastically when SS
was added due to the reinforcement effect of the SAC-
SS inclusions in the cell lumina, which was similar to
its bending behavior. At the highest SS concentration
(15%), the tensile strength of the modified poplar and
radiata pine wood specimens was increased by about
38.4 and 38.3%, respectively (Fig. 6a, b), while their
shear strength was increased by about 53.1 and 41.4%,
respectively (Fig. 6c, d).

Fractured morphology analysis

The fracture morphology of the untreated and treated
woods after the bending tests is shown in Fig. 7. The
untreated wood exhibited an irregular fracture surface
with jagged breakage line (Fig. 7a, b), which is similar
to the findings reported by Xie et al. [27]. This suggests
that both the untreated poplar and pine woods are tough.
The fracture morphology of the 10% SAC-treated pop-
lar wood was comparable to that of the untreated poplar
wood (Fig. 7c). Compared to the 10% SAC-treated poplar
wood, the radiata pine treated with 10% SAC exhibited
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Fig. 6 Tensile strength and shear strength parallel to the grain of poplar (a, ¢) and radiata pine (b, d) untreated and treated with 10% SAC and
varying concentrations of SS, respectively. The labels in the x-coordinate and the meaning of box chart are same as Fig. 2
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after the bending test

Fig. 7 Typical fracture modes of poplar (a, ¢, e) and radiata pine (b, d, f) untreated and treated with 10% SAC, and 10% SAC+ 15% SS, respectively,

less toughness, which is attributed to larger cell lumen
and thinner cell walls of the former (Fig. 7d). The frac-
tured surface of wood treated with SAC and various con-
centrations of SS still showed a jagged but less scraggly
breakage (Fig. 7e, f), implying a slight embrittlement. The
brittle fractured profile is consistent to the decreased
impact bending strength (Fig. 5).

Scanning electron microscopic (SEM) analysis

The images of the fractured surfaces of the tested wood
samples examined by SEM are displayed in Fig. 8. The
SEM image of the fractured surfaces of the untreated
wood shows hollow cell lumina and broken microfibrils
(Fig. 8a, b). No deposition of chemicals was observed in
the cell lumina. After treatment with 10% SAC, the SAC
deposited in the cell lumina, forming the tubular-shaped
or cylindrical-shaped inclusions after polymerization
(Fig. 8¢, d), which may thicken the cell wall, which may
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Fig. 8 Micrographic features of the flexure samples of poplar [a, ¢, e, cross-section (x 1000)] and radiata pine [b, d, f, cross-section (x 1000)]
untreated and treated with 10% SAC and 10% SAC+ 15% SS, respectively, after the bending test
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mechanically strengthen the cell walls [28]. Combina-
tive treatments with SAC and SS caused different frac-
tured profile of woods (Fig. 8e, f). Many needle-like rods
were found to imbed in the SAC polymeric inclusion.
These rods should be the silica formed from condensa-
tion of the hydrolyzed SS. They may further strengthen
the inclusions as a hybrid body.

Notably, the cell walls of the treated poplar wood exhib-
ited an increased deformation and shrinking (Fig. 8e)
with increasing SS concentration (not shown). This phe-
nomenon can be explained by the partial dissolution of
hemicellulose from the cell wall during treatment in the
alkaline solution. In contrast, the treated pine wood did
not shrink and the cell shape was similar to that of the
untreated wood (Fig. 8f).

Conclusion

This study investigated the effect of the treatment with
SAC dispersion and SS on the mechanical properties of
poplar wood and radiata pine wood. The results showed
that the treatment of these woods with combined SAC
and SS resulted in an increase in the MC and the results
suggested that the treated wood may be used indoors. The
MOR and MOE of wood bending, compression strength,
surface hardness, tensile strength and shear strength of
the treated wood were improved due to the incorpora-
tion of the polymeric SAC inclusions and the needle-like
silica rods in the cell lumina. The improved mechanical
properties contribute to raise the quality of fast-growing
wood species and thus enhance their added values. The
impact strength was decreased up to 39.4% due to the
hydrolysis of the cell wall polysaccharides at high pH and
temperature during the curing process, which may limit
the use of the treated wood as a load-bearing material.
The results of this study demonstrate the feasibility of
the treatment of wood with combined SAC and SS. The
wood is suitable for use in the indoor domains, such as
flooring and furniture. However, other critical proper-
ties of the wood after modification with combined SAC
and SS, such as its fungal decay resistance, weathering,
and deformation/shrinking of the wood (such as poplar
wood) need to be further investigated.
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