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Improving dimensional stability of Populus cathayana wood by suberin
monomers with heat treatment

Runhua Zhang,
Erni Ma

Introduction

As a biocomposite, the unique character-
istics of wood, such as esthetic grain, great
workability, high ratio of strength-to-
weight, thermal insulation as well as envi-
ronment-conditioning ability, make it a nat-
ural material for decoration, furniture, and
construction. However, wood is a natural
hygroscopic material. The main chemical
components of wood are cellulose, hemi-
celluloses, and lignin, which have a large
number of hydroxyl groups leading to di-
mensional instability, especially from poly-
saccharides (Huang et al. 2018). The dimen-
sional changes of wood are different in the
main anatomical directions due to its an-
isotropy. Therefore, warping, cracking, and
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This paper presents a wood modification method using renewable and non-
toxic suberin monomers (SMs) under heat treatment to improve dimensional
stability of wood from fast-growing species. Specimens of poplar (Populus
cathayana) wood were impregnated with SMs and then subjected to heat
treatment at 180°C for two hours. The untreated wood (Control), suberin
monomers impregnated wood (Sub) and suberin monomers impregnated wood
with heat treatment (Sub 180°C) were analyzed by scanning electron mi-
croscopy (SEM), confocal laser scanning microscopy (CLSM), and Fourier trans-
form infrared spectroscopy (FTIR). The hygroscopicity and dimensional stabil-
ity of modified wood were evaluated. The results showed that SMs in the
treated wood were located in the cell lumen of fibers and vessels, as well as in
the cell wall which was bulked. The dimensional stability of SMs modified
wood was improved, and this enhancement became more pronounced by a
combination with heat treatment. The anti-swelling efficiency of Sub and Sub
180°C treatments were 30.0% and 49.6%, respectively. The presented results
showed potential of SMs treatment to develop an effective modification ap-
proach and improve dimensional stability of wood of fast-growing species, as
well as to promote the reuse of suberin from the bark.
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other defects occur in practice frequently.
The dimensional instability of wood will ad-
versely affect its performances, especially
when wood is used in furniture (Cetera et
al. 2019). Wooden material can be modified
by various reagents, which improved its
performances in service (Yang et al. 2019,
Sandberg et al. 2017, Ramezanpour et al.
2015). Polyethylene glycol (PEG) is a wood
modifier commonly used to improve the di-
mensional stability of wood by bulking the
cell wall. However, its raw materials come
from petroleum, failing to cater the re-
quirements of sustainable development.
Further, toxic reagents, such as phenolic
resin, urea-formaldehyde resins, are not
desirable in practical application, although
they provide excellent modification effects.
Health is the basic requirement of family
life, and the release of formaldehyde from
wooden materials is an endangering factor
for people’s health (Yang et al. 2001). The
International Agency for Research on Can-
cer announced in 2004 that formaldehyde
is a recognized human carcinogen, which
can cause human nasopharyngeal carci-
noma (Cogliano et al. 2005). Formaldehyde
can irritate eyes, mucous membranes and
skin at certain concentrations (Euring et al.
2016), and the maximum allowable air con-
centration of formaldehyde indoor is 0.08
mg m3 in China (GB/T-16127 1995).

Today, many chemicals from forest and
agriculture feedstocks are potentially avail-
able in large amounts (Gandini 2008).
Among them, suberin is a natural aromatic-
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aliphatic crosslinked polyester, playing the
role of protective barrier between plants
and environment (Bernards 2002). Suberin
prevents water loss during transport and
protects plants from invasion by patho-
gens (Franke & Schreiber 2007). Suberin is
ubiquitous throughout the plant, particu-
larly abundant in the cork oak (Quercus
suber L.), where almost half of the total
bark weight is made up of suberin (Olivella
et al. 2013, Oliveira et al. 2017). In 2017, the
cork production was 201,000 tons world-
wide, and Portugal accounted for 55% (Aro-
so et al. 2017). It has been reported that
40% of cork productions were wine stop-
pers, and 66% of used wine stoppers went
to landfill (McCallum et al. 2018). On the
other hand, the cork stopper industry in
Portugal and the birch pulp mills in Nordic
countries generate considerable amounts
of suberin-rich residues, around 40,000
tons per year (Sousa et al. 2008). Specifi-
cally, a single pulp mill processing could
produce approximate 28,000 tons per year
of suberin-rich residues (Krasutsky 2006).
Compared with phenolic resin or other
urea resins, suberin does not release toxic
substances which are harmful to humans
and the environment during its use.
Suberin is a natural polymer which have a
wide range of sources, as it can be ex-
tracted from waste bark, cork processing
residue, etc. A reasonable reuse of cork
residues can reduce the waste of resources
and realize their high-value utilization.
Therefore, the exploitation of these indus-
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trial by-products to modify fast-growing
wood has vital practical significance for the
reuse of bioresources and recycle of modi-
fied timber.

Suberin monomers (SMs) can be isolated
from cork by depolymerizing suberin using
alkaline hydrolysis (Graga 2015, Gandini et
al. 2006, Oliveira et al. 2017). The main com-
ponents of SMs are long-chain aliphatic
acids, which is about 80-90% in mass of all
the monomers obtained (Graga & Santos
2007). The typical representatives in long-
chain aliphatic acids are w-hydroxyacids
and a,w-diacids, with chain length from Ci
to Cy (Graga 2015). In some long-chain
aliphatic acids, the chain length can even
reach C;, (Santos & Graca 2013). On the
other hand, there are a few polyaromatics
monomers in SMs, such as ferulic acid, tyr-
amine, etc., which make up from 1% to 10%
of all suberin depolymerized products that
have been found (Borg-Olivier & Monties
1993, Graga & Santos 2007, Graga 2015).
The long-chain aliphatic acids and polyaro-
matic monomers are believed to have po-
tential for improving wood properties.
Long-chain aliphatic acids can improve di-
mensional stability of wood for its hydro-
phobicity (Graga 2015), and polyaromatic
monomers improve wood performance in
anti-weathering due to the benzene ring in
the structure (Peng et al. 2014).

In this study, SMs were extracted from
the bark of cork (Quercus suber L.) to en-
hance the dimensional stability of wood
from fast-growing poplar (Populus cathay-
ana), a typical species in Northern China. To
improve wood dimensional stability, we
used heat treatment which is expected to
redistribute SMs and partly degrade hemi-
celluloses. The morphological alteration
and chemical characteristics of treatments
were analyzed by scanning electron mi-
croscopy (SEM), confocal laser scanning
microscopy (CLSM), and Fourier transform
infrared (FTIR) spectroscopy. The dimen-
sional changes of the modified wood under
five relative humidity and liquid water con-
ditions were investigated, and anti-swelling
efficiency (ASE) of the specimens were cal-
culated. Further, ASE’ was used to investi-
gate the modification mechanism of SMs
treated wood (Ohmae et al. 2002, Hill
2006). The results from this study could ex-
pand the application of wood from fast-
growing species, as well as prompt a high-
valued reuse of suberin.

Materials and methods

Materials

Cork samples of Algerian oak (Quercus
suber L.) trees were provided by Hebei Be-
lin Cork Co, Ltd., and were used to extract
SMs. Wood specimens (20x20x20 mm3)
were cut from the sapwood of fast-grow-
ing poplar (Populus cathayana) harvested
from the Greater Khingan Mountains in
China. Dichloromethane, ethanol, deioniz-
ed water, methanol, sodium methoxide
were obtained from the market.
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Modification process

Preparation of modifier

First, the extract of cork was removed ac-
cording to Sen et al. (2016). The cork sam-
ples were ground and sieved to 40-60
mesh. Extractives of samples were ob-
tained by sequential Soxhlet extractions
with dichloromethane, ethanol, and deion-
ized water by 6 h with each solvent to com-
pletely remove the extract.

SMs were prepared with the extractive-
free material by alkaline methanolysis (Pe-
reira 1988, Miranda et al. 2013). Extractive-
free material was refluxed with a 3% meth-
anolic solution of NaOCH, in CH;OH during
3h. The sample was filtrated and washed
with methanol. The residue was refluxed
with CH;OH for 15 min and filtrated again.
The combined filtrates were acidified to pH
6 with 2 M H,SO, and evaporated to dry-
ness. The solid was dissolved in deionized
water, and a modifier with a mass fraction
of 8% was obtained.

Specimens treatment

Wood specimens were impregnated with
SMs solution using a vacuum-pressure
process. Firstly, the specimens were oven-
dried at 103 °C, and their weights were
recorded. They were then subjected to vac-
uum of -0.1 MPa for 30 min and immersed
in SMs at 0.5 MPa for 1 h. After impregna-
tion, the excess liquid on the surface of
wood was wiped with tissue paper. Then
the specimens were oven-dried at 103 °C
(labelled as “Sub”). Finally, the Sub speci-
mens were treated at 180 °C for 2 h (la-
belled as “Sub 180 °C”). The weight per-
cent gain (WPG) and bulking coefficient
(BQ) for the impregnation treatment and
mass loss (ML) for the heat treatment
were evaluated according to the following
equations (eqn. 1to 3):

WPG (%)=(m,—m,|/m,-100 (1)
BC(%)=(v,—v,)/v,-100 ©)]

ML (%)=(m,—m,)/m,-100 (3)

where m, and m, are the oven-dried
weights of each wood specimen before
and after impregnation (g); m, is the oven-
dried weights of each wood specimen after
heat treatment (g); v, and v, are the oven-
dried volumes of each wood specimen be-
fore and after impregnation (mm3).

Scanning electron microscope analysis

The microstructure of specimens was ob-
served by scanning electron microscope
(JSM-6700F®, Jeol Ltd., Tokyo, Japan). The
transverse sections of the specimens were
sputter-coated with gold and observed by
SEM with a voltage of 15KV.

Confocal laser scanning microscopy
analysis

Suberin and lignin are naturally fluores-
cent substances in plant cells for its pheno-

lic structure (Hutzler et al. 1998, Kitin et al.
2020). The microscopic distribution of SMs
in specimens was detected by a Leica TCS
SP8 confocal microscope (Leica Microsys-
tems Inc., Wetzlar, Germany) with a kryp-
ton/argon laser emitting at wavelengths of
488 nm. The transverse sections of the
specimens with a thickness of 10-20 um
was obtained using a microtome, and the
gain setting was 115. The fluorescence in-
tensity on the cell cavity and cell wall was
measured and compared to the difference
before and after treatment with the aver-
age value of 5 points.

Fourier transform infrared analysis

Some 200 mg of KBr powder and 1-2 mg
were taken and ground in an agate mortar.
The sample was pressed using a tablet
press and put into the cuvette for testing.
The change of functional groups in the
specimens after treatment was tested by
Fourier transform infrared spectroscopy
(Spectrum Two™, Perkin-Elmer Inc., Walth-
am, MS, USA) with a resolution of 4 cm*
and 32 scans per specimen in the 400-4000
cm interval.

Hygroscopicity and dimensional
stability

Oven-dried specimens were separately
exposed to 5 different relative humidities
(RHs) of 16%, 36%, 60% and 83%. The 5 RH
conditions were developed by saturated
salt solutions of LiCl, MgCl, NaBr, KBr, and
KNO; at 25 °C (Greenspan 1977). Each treat-
ment collectives have 4 wood replicates
for all the RHs. Six additional oven-dried
specimens were placed in deionized water
at approximately 25 °C for liquid water up-
take in each group. Weights and dimen-
sions along and across the grain during the
process were measured at specific time in-
tervals, by analytical balance (0.0001 g)
and vernier caliper (0.02 mm) at the same
positions marked in the specimens, respec-
tively.

Moisture content (MC), tangential swell-
ing rate (TSR), and volumetric swelling rate
(VSR) of the specimens were calculated as
follows (eqgn. 4 to 8):

MC (%)=(M,—M )/ M,-100 ()
TSR 4(%)=(L,,~Lo)/ Ly 100 (5)
TSR,,(%)=(L,4—L,)/ Ly 100 (6)
VSR,,(%)=(V 4, = V,)/ V100 &)
VSR,,(%)=(V =V, )/ V100 (8)

where the subscript ad represents the wa-
ter vapor uptake process, ab refers to the
liquid water uptake process; M, and M; are
the weights of oven-dried treated speci-
mens and specimens after n hours of water
vapor uptake (g), respectively; Lo, L., and
L., are the tangential dimensions of oven-
dried treated specimens and specimens af-
ter n hours of water vapor uptake and lig-
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uid water uptake (mm), respectively; V,,
V., and V., are volumes of oven-dried
treated samples and specimens after n
hours of water vapor uptake and n hours
water immersion (mm3).

Anti-swelling efficiency (ASE) of the speci-
mens was calculated according to eqgn. 9.
To further investigate the modification
mechanism at the cellular level, ASE' was
evaluated using eqn. 10 (Ohmae et al. 2002,
Hill 2006):

ASE (%)=(VSR,—VSR_)/ VSR,-100 (9)
ASE’(%)=(VSR,—VSR,.)/VSR,-100  (10)

where VSR, and VSR, are the volumetric
swelling rates of untreated wood and
treated wood based on the oven-dried di-
mension after treatment, while VSR, is the
volumetric swelling coefficient of treated
wood calculated by using the oven-dried
dimension before treatment.

According to Hill (2006), there are two
mechanisms in the improvement of wood
dimensional stability. When reagent is not
cross-linked with wood cell wall, the
achievement of dimensional stability is at-
tributed to cell wall swelling (bulking)
caused by the reagent; otherwise it could
be due to the restrained movement of cell
wall polymer. The dimensional stability cal-
culated by ASE cannot differentiate the ef-
fect of bulking from crosslinking, whereas
ASE' could eliminate the influence of
reagent filling by changing the calculation
method for volumetric swelling rate of the
treated wood. In the calculation of ASE/,
the oven-dried dimension before treat-
ment is used in the VSR, then the effect of
swell by reagent filling is removed. There-
fore, it can further determine whether the
cross-linking reaction has occurred from
the results of ASE'.

The effects of modifiers on wood cell wall
could have 3 cases: (i) when the improved
dimensional stability of the modified wood
is caused by a bulking phenomenon, then
ASE' will be zero (Fig. S1in Supplementary
material); (ii) when the cross-linking oc-
curs, then the liquid water uptake volume
of the modified wood will be lower than
bulking only, so ASE' takes a positive value;
(iii) if the modification results in cell wall
degradation, which leads to an increase in
volume, then a negative value of ASE" will
be obtained (Ohmae et al. 2002, Hill 2006).

Results and discussion

General description of treated wood

As shown in Tab. 1, the WPG and BC of
wood specimens subjected to the SMs
treatment were 14.27% and 3.32%, respec-
tively. A part of SMs was introduced into
the wood cell and it bulked after vacuum/
pressurize treatment. The WPG and BC of
Sub 180 °C were 10.14% and 1.89%, respec-
tively, and the average mass loss for speci-
mens of this treatment was 2.28%, due to
the degradation of hemicellulose and vol-
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Tab. 1 - Mean (+ standard deviation) weight percent gain, bulking coefficient, and
mass loss of the treated specimens (based on 21 replicates).

Weight percent Bulking Mass loss
Treatment gain (%) %) %)
Sub 14.27 + 0.01 3.32 £ 0.01
Sub 180°C 10.14 + 0.03 1.89 + 0.01 2.28 + 0.00

atilization of low molecular mass mono-
mers in SMs.

Microstructure of the specimens

Fig. 1 shows the SEM images of honey-
comb cell structure in the cross-sections of
specimens. SMs entered the wood cells by

lOllll
-

vacuum/pressurize treatment at room tem-
perature, and deposited as particles (Fig.
1e-h). Compared with the Control, a part of
the cell lumen of wood vessels and fibers
were totally or partially filled with SMs af-
ter impregnation (Fig. 1e, Fig. 1f), which
blocked the water channels within wood.

Ium

Fig. 1- SEM images of wood cross-sections for the Control (a, b), Control 180 °C (¢, d),
Sub (e, f) and Sub 180 °C (g, h) specimens. Magnification of 500x for (a), (c), (e) and

(g), and 4000x for (b), (d), (f) and (h).
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Fig. 2 - CLSM images showing the cross-sections of wood specimens for Control, Sub,
and Sub 180 °C treatments and the corresponding intensity of fluorescence signal. (a):
Average values (standard deviation in parenthesis) from five replicates.

SMs in granular or membranous form cre-
ated a barrier reducing the contact be-
tween wood and water. After heat treat-
ment at 180 °C, the cell structure remained
intact, implying the heat treatment tem-
perature and time were moderate. Compar-
ing Fig. 1c with Fig. 1g, the cell wall of Sub
180 °C was significantly thicker than that of
Control 180 °C, due to the uniform attach-
ment of SMs to the inner cell wall after
heat treatment. The SMs particles in Fig. 1th
was smoother than Fig. 1f, which proved
that the SMs particles had fluidity with
heat treatment again (Sousa et al. 2008).

2.5

SMs distribution in the specimens

Fig. 2 illustrates the CLSM images of
wood specimens from Control, Sub, and
Sub 180 °C treatments. The aromatic com-
pounds have a fluorescent effect under
CLSM, and brighter areas represent higher
aromatic concentration (Kutscha & Mcor-
mond 1972). In Fig. 2a, the green light fluo-
rescence in the compound middle lamella
was brighter than cell wall, suggesting the
presence of more lignin in the compound
middle lamella. Fig. 2 also shows the aver-
age fluorescence intensity estimated by
five random points from the cell wall or cell
lumen. In the Control, the average intensity

16%RH 6{36%RH .
= 5 i mommims] s ca
g § //
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i Sub s Sub
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Time(h)
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Fig. 3 - Moisture water uptake processes under different RH conditions (at 25 °C) for
the wood specimens subjected to different treatment.
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was 48.23 for the cell wall, and 1.21 for cell
lumen. For the treatments Sub and Sub 180
°C, both the brightness of the image and
fluorescence signal intensity significantly
increased compared with the Control. The
intensity was 118.96 for cell wall and 7.08
for cell lumen in Sub, which indicated that
SMs was not only deposited in the cell lu-
men but also entered into cell wall. Further
compared to the Sub, the signal intensity
curve demonstrates that the fluorescence
intensity distribution was more homoge-
neous for Sub 180 °C, suggesting a uniform
distribution of SMs after heat treatment,
which agrees with the result from SEM.
The results of the CLSM were consistent
with previous studies. Kitin et al. (2020)
also reported the fluorescence of lignin
and suberin in plant cells under CLSM.
Heindmaki et al. (2017) confirmed the melt-
ing behavior of suberin monomers. There-
fore, the fluorescence of cell wall was
brighter and SMs have a uniform distribu-
tion after heat treatment.

Functional group changes of the
specimens

Fig. S2 (Supplementary material) gives
the FTIR spectra from 400 to 4000 cm™ of
the specimens. The signals from SMs were
observed at 1425 cm™ (C-H) and 1461 cm”
(C-H) in Sub and Sub 180 °C (Olivella et al.
2013). In addition, compared with the Con-
trol, three new signals appeared in Sub and
Sub 180 °C, namely the peaks at 1116 cm”
(C¢-0-Q), 1507 cm™ (aromatic ring skeleton),
and 1598 cm™ (COO), which proves that
SMs entered into wood cells. In the re-
search of Cordeiro et al. (1998), the peak of
C-H in 1463 cm™ was also found. Besides,
the peak at 1739 cm™ (C=0) in the Control
180 °C and Sub 180 °C was reduced, which
indicated that hemicellulose was degraded.
Labbé et al. (2005) reported the reduction
of acetyl groups on hemicelluloses in 1736
cm™ after heat treatment as well. The new
bond was not find in spectra of Sub 180 °C,
thus supporting the evidence that cross-
linking occurred between SMs and wood.

Water vapor uptake of specimens

Fig. 3 presents the water vapor uptake
processes at four RH conditions for the
specimens. In low RH (16% and 36% RH),
the moisture content of Sub was lower
than Control. However, under high RH (60%
and 83% RH), this relation was reversed.

The results of water vapor uptake for the
SMs treated wood are similar to those of
PEG modified wood. Bjurhager et al. (2010)
investigated the equilibrium moisture con-
tent (EMC) of PEG 600 modified oak wood
under different RH, finding that it was
lower than expected when RH was below
55%, while it was the opposite when RH
was above 55%. The findings of Meints et
al. (2018) showed similar EMC results for
PEG 400/PEG 1000 modified oak wood un-
der high RH.

Both SMs and PEG have a large number
of hydroxyl groups. As suggested by Bjur-
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hager et al. (2010), hydrogen bonding
takes place between PEG and hydroxyl
groups in the cell wall of PEG modified
wood. Under different RH, the “PEG-
wood” interface reacted differently to
moisture. The mechanism could be de-
duced from PEG modified wood for their
similar functional groups. When the RH
was low, the water molecules cannot cut
down the hydrogen bonds between the
SMs and wood (Fig. 4b). In addition, SMs
filled the cell wall pores, thereby reducing
the contact of moisture with wood sub-
stance (Han et al. 2020), and the hydropho-
bic long-chain aliphatic acids prevented wa-
ter from entering the vessels (Graga 2015);
thus the SMs treated wood had a lower
moisture content. Whereas under high RH
conditions, the hydrogen bonds between
the SMs and wood were broken (Fig. 4c),
as water molecules bonded with the SMs
and the hydroxyl groups in the wood cell
wall; therefore, the moisture content of
Sub treated wood was higher than the
Control.

The moisture content of the Control 180
°C specimens was reduced during the wa-
ter vapor uptake process due to the degra-
dation of hemicellulose (Fig. 3). At the
same time, the moisture content of Sub
180 °C wood was also reduced. Compared
with Control, the moisture content of Sub
180 °C specimens was reduced by 35.6%,
46.76%, 15.56%, and 5.74% under RH of 16%,
36%, 60%, 83% at 528 h, respectively. Re-
garding the moisture content, the relation-
ship between Sub 180 °C and Control 180 °C
treatments was similar to that between
Sub and Control treatments. The moisture
content of impregnated specimens was
lower than that of unimpregnated ones at
36% RH, and the phenomenon was the op-
posite at high RH. This indicates that the
“SMs-wood” interface existed in Sub 180 °C
wood, thus the hydroxyl groups in SMs
were still present after heat treatment. The
moisture content of Control 180 °C speci-
mens was lower than that of Sub 180 °C
specimens under RH of 60%, but this rela-
tion was reversed for the Control and Sub
specimens. This support the hypothesis
that the interface of “SMs-wood” in Sub
180 °C samples was weaker than that of
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Sub samples, due to the degradation of
hemicellulose after heat treatment.

Dimensional stability of the specimens
Fig. S3 (Supplementary material) pres-
ents the tangential and volumetric swelling
rate of specimens under different RHs. Af-
ter heat treatment, the tangential and vol-
umetric swelling rate of Control 180°C
wood was significantly lower than Control
wood, and the tangential and volumetric
swelling rate of Sub 180 °C was lower than
the Control. Specifically, the tangential
swelling rate was reduced by 13.18% to
24.63% at 528 h, and the volumetric swell-
ing rate was reduced by 12.24% to 34.00% at
528 h. With the heat treatment, the SMs
were more evenly distributed in the wood
cells (Fig. 1), and this reduced the contact
between water and wood. Compared with
the Control 180°C samples, the Sub 180°C
sample wood had a lower volumetric swell-
ing rate at 16% RH, 36% RH, and 60% RH.
However, under 83% RH, the volumetric
swelling rate of Sub 180°C specimens was
similar to the of Control 180°C specimens.
Cui et al. (2017) studied the dimensional

high RH.

changes of ZnO composite heat treatment
wood under 65% RH, finding that it had 1.6%
tangential and 2.2% volumetric swelling. In
this study, the swelling rate of Sub 180 °C
wood under 60% RH was lower than the
aforementioned ZnO composite heat treat-
ment modified wood. Therefore, SMs com-
pound after heat treatment can better pre-
vent wood from absorbing water vapor.
Fig. 5 presents the tangential and volu-
metric swelling rate of specimens through
liquid water uptake. The swelling rate of
Sub samples was reduced by 29.98% com-
pared to Control samples, because SMs
filled in cell lumen and cell wall. Concerning
the Sub 180 °C treatment, the dimensional
stability was further enhanced compared
with Control, as the tangential and volu-
metric swelling rate of Sub 180 °C speci-
mens was reduced by 21.37% and 32.85% at
192h. Bulking of cell wall by SMs, better dis-
tribution of SMs within wood cell wall, and
the degradation of hemicellulose after
heat treatment, are supposed to be the
reasons accounting for the most favorable
dimensional stability of the Sub 180 °C
treated wood. Baar et al. (2021) reported a

Tab. 2 - ASE and ASE' of specimens in 192h during liquid water uptake from 6 repli-

cates.
Parameter Treatment
Control 180°C Sub Sub 180°C
ASE (%) 18.1 £ 6.61 30.0 £ 4.28 49.6 £ 4.12
ASE’ (%) 0.2 £ 0.06 -0.0 £ 0.07 0.2 £ 0.07

Fig. 5 - Tangential (a) and 10
volumetric (b) swelling @)
rate of the specimens
through liquid water
uptake.

Tangential swelling rate(%)
3

oo}
1

—=— Control
—e— Control 180°C

Volumetric swelling rate(%)
=

—=a— Control
—e— Control 180°C

all —— Sub 64 —a— Sub
—v— Sub 180°C —v— Sub 180°C
6 24 48 96 144 192 6 24 48 96 144 192
Time(h) Time(h)
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hemp oil composite heat-treated wood,
which tangential and volumetric swelling
rate were about 8.5% and 15.0% through lig-
uid water uptake. In this study, Sub 180°C
wood had a lower tangential and volumet-
ric swelling rate, which were 6.9% and 8.9%,
respectively.

Tab. 2 lists the ASE and ASE' of the speci-
mens subject to different treatments. At
WPG of 13.2%, the ASE of the Sub speci-
mens was 30.0%, and that of the Sub 180 °C
specimens was 49.6%, which once again
indicate higher dimensional stability. The
ASE' of glutaraldehyde modified wood was
18% with 14% WPG (Xiao et al. 2010). Com-
pared with glutaraldehyde modified wood,
that of Control 180 °C, Sub and Sub 180 °C
modified wood could be considered as o,
suggesting the SMs just impregnated the
cell wall and coated the inner surface of
cell lumen without cross-linking with the
cell wall substance in the Sub and Sub 180
°C wood (Fig. 2). Thermosetting resin modi-
fied wood was reported by many re-
searchers (Deka & Sailkia 2000, Ohmae et
al. 2002). An average ASE value of 45.6%
was achieved for phenol formaldehyde
(PF) modified wood with 13.8% WPG
(Ohmae et al. 2002). This study proved that
SMs and PF have similar effects on wood
ASE. However, PF modified wood have a
different mechanism underlying the dimen-
sional stability in respect to Sub 180 °C
modified wood (0.2% ASE' for Sub 180 °C,
21.5% ASE' for PE modified wood).

Conclusions

To improve the dimensional stability of
wood from fast-growing species, an effec-
tive and sustainable modification approach
was reported here. Poplar specimens were
impregnated with SMs and then subjected
to heat treatment. Compared with Control,
the volumetric swelling rate of Sub and
Sub 180 °C modified wood was significantly
reduced. SMs filled in cell lumen, which not
only blocked the vessels within wood but
also reduced the contact between wood
and water. In addition, SMs could enter
into the wood cell wall and bulked it, so as
to reduce its swelling. After heat treat-
ment, the distribution of SMs became
much more uniform and part of hemicellu-
loses was degraded. The dimensional sta-
bility of modified wood was further en-
hanced by the heat treatment.

The SMs modified wood has excellent
performances and is a fully green product,
which can be used as an ecologically
friendly material. Future research will focus
on methods based on acids and biological
enzymes aimed to polymerize SMs in the
wood and reduce the water vapor uptake
of SMs modified wood under high relative
humidity. Besides, long-chain aliphatic
acids and polyaromatic monomers of the
SMs can be separated and wood can be
modified with long-chain aliphatic acids or
polyaromatic monomers, aiming at differ-
ent purposes, to further realize an efficient
and reasonable utilization of SMs.
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