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The decay resistance of wood can be improved via a vacuum heat treatment. The amount of nutrients from cellulose, hemi-
cellulose, and lignin and amount of sugars needed by the fungi during their growth were investigated. The results showed that the
absorbance peaks corresponding to absorbed CH;-CH,-, C=0, and the benzene ring skeleton stretching vibration all noticeably
weakened with increased heat treatment. This indicated that the cellulose, hemicellulose, and lignin degraded to varying degrees.
The specimens with a higher initial moisture content (MC) showed greater amounts of nutrient degradation after 2 h at the same
heat treatment temperature. The chemical analysis results were in good agreement with the Fourier transform infrared (FTIR)
analysis results. The decay resistance tests showed that the average mass loss of the heat-treated specimens was up to 10.8%, in
contrast to 22.23% for the untreated specimens. Furthermore, the FTIR analysis of the heat and decay-resistance test showed
that the vibration wave peaks that corresponded to CH;-CH,- at 2954 cm™' showed noticeably less separation at higher heating
temperature. This demonstrated that the cellulose hydrolysis in the wood decreased at higher heating temperatures, which

explained why the decay resistance increased with increased heat treatment.

1. Introduction

Wood is a sustainable, nontoxic, and recyclable natural
material having high strength and an aesthetic appearance.
Because of these superior characteristics, wood is popular
and widely used in many areas. However, under suitable
climatic conditions, wood is easily biodegradable and vul-
nerable to various organisms like fungi and insects [1, 2].
Wood contains cellulose, hemicellulose, lignin, and small
amounts of sugars. It comprises 40% to 50% cellulose, 15% to
25% hemicellulose, and 20% to 40% lignin [3]. The cell walls
of wood are mostly filled with these organic polymers.
Ninety percent of these organic polymers can be broken
down by the enzymes of wood decay fungi and then utilized
by these fungi. Therefore, the cell walls are the primary
source of nutrients for wood decay fungi [4, 5]. The fungi
degrade the cell walls through various ways [6-8]. The
degradation compromises the structural integrity of the cell

walls, negatively affects the mechanical properties of the
wood, reduces the life span of the wood in service, and may
even cause the wood to fall apart at severe stages of decay.

Thermal treatment is a wood improvement and pres-
ervation process against biotic and abiotic factors [9, 10].
Heat treatment consists of a wood pyrolysis torrefaction
performed in a very poor oxygen atmosphere to avoid wood
combustion. When wood is treated via heat, the degradation
of cellulose, hemicellulose, and lignin will take place at
varying degrees. Condensation, formation of new linkages,
and esterification reactions will also occur [11, 12]. As a re-
sult, these changes will reduce the amount of nutrients
needed by the wood decay fungi. They will also alter their
living environment, consequently inhibiting fungal growth
and hence improving the decay resistance of the wood.
Nunes et al. [13] studied the resistance of wood heat treated
by hot oil bath (HOB) to the termite Reticulitermes grassei
and concluded that, despite the slightly higher mortality of
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termites in treated samples and smaller mass loss, the dif-
ference was not significant. However, when treated and
untreated counterpart wood samples were side by side
during exposure, termites preferred untreated wood. These
last results [13] could be justified by the addition of oil into
the wood during the thermal modification process. How-
ever, in such a treatment, the oil is sufficient to make the
wood treated with it more hydrophobic, making it more
resistant to the attack of fungi and termite. However, there is
little research focusing on the decay resistance of fast-
growing northwest wood via vacuum heat treatment. It is
important for northwest wood to store water, prevent soil
erosion, and prevent dust storms in the northwestern district
of China. There have been limited studies on the changes in
the amounts of the nutrients in heat-treated wood and in the
decay resistance of heat-treated wood. The amount of nu-
trients from the cellulose, hemicellulose, and lignin of wood
needed for the wood decay fungi was investigated. The
amounts of the OH hydrophilic group decreased via vacuum
heat treatment. The nutrients needed by the decay fungi were
decreased via vacuum heat treatment owing to cellulose,
hemicellulose, and lignin pyrolysis [14].

This paper reports a Fourier transform infrared (FTIR)
spectroscopy analysis on the changes in the nutrients of
heat-treated specimens to analyze the mechanism between
the decay resistance and wood chemical components, and
we hope that this study will add new helpful information to
this area of research about fast-growing northwest wood.

2. Experimental

2.1. Materials. Poplar trees (Populus beijingensis), with an
average diameter at breast height (DBH) of 39 cm grown in
the Hohhot region of Inner Mongolia, were harvested to
provide the experimental materials. Twelve sets of specimens
via 20mmx20mmx20mm size (radial x tangential x
longitudinal) were prepared. Each set contained 20
specimens.

2.2. Heat Treatment. The specimens were placed into a box-
type resistance furnace (FSX2-12-15N, Tianjin, China) by
aeration of nitrogen (N;) as the heating medium at a flow
rate of 20 mL/min. The initial nominal MC of the specimens
was 30%, 15%, and 5%, respectively. The heating tempera-
tures were 180°C, 200°C, and 220°C. The heating lasted 2h
for all of the heating treatments. The set number of speci-
mens, their initial nominal MC, and heating temperatures
are summarized in Table 1.

After the heat treatment, one-third of the specimens
were used in the FTIR analysis, and the rest were used in the
decay resistance tests. The untreated specimens (Table 1)
were also used in the FTIR analysis.

2.3. Methods

2.3.1. FTIR Analysis. An FTIR device (Ten-Sor 27, Bruker,
Karlsruhe, Germany), with a resolution of 4cm™ and
spectra wave number range of 400 cm ™' to 4000 cm ™, was
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TaBLE 1: The specimen conditions and heating parameters of the
experiment.

Set no. of Moisture content, z Temperature Time
specimens (%) (°C) (h)
1 30 220 2
2 15 220 2
3 5 220 2
4 30 200 2
5 15 200 2
6 5 200 2
7 30 180 2
8 15 180 2
9 5 180 2
10 30 Untreated —
11 15 Untreated —
12 5 Untreated —

used to collect and analyze the spectrum data. Specimens
that required FTIR analysis were broken into small pieces,
mixed with KBr at 1 : 25 weight ratio, milled into even
mixtures, and then compressed into discs under 9 kg/cm?
pressure for 1 min.

2.3.2. Decay Resistance Tests. The decay resistance tests
followed the Chinese National Standard for Wood Dura-
bility Test GB/T 139421 [15]. The white rot fungus (Coriolus
versicolor) was obtained from the Chinese Collection and
Management Centre for Forest Microorganisms and was
used in the decay resistance tests. The wood specimens were
put in contact with the white rot for 4 weeks. The differences
in the nutrients before and after the decay resistance tests of
the untreated and heat-treated specimens were investigated
via FTIR analysis.

2.3.3. Chemical  Analysis of the Contents of
Nutrients. Determination of the contents of the nutrients
followed the Chinese National Standard GB/T 2677.10 [16]
for holocellulose, GB/T 744 [17] for cellulose, and GB/T
2677.8 [18] for lignin. For each experimental condition, three
specimens were used in determining each nutrient, and the
average was calculated within an allowable error.

3. Results and Discussion

3.1. FTIR Analysis of Heat-Treated Specimens. Figures 1 and 2
show the FTIR spectra from 4000cm ™" to 400 cm™' wave
number range for the specimens with different initial MC
levels and heat-treated temperatures. The FTIR bands of
wood are shown in Table 2. In Figure 1, the initial MC ranged
from 5% to 30%, and the heat treatment temperature was
200°C. An absorbance peak was detected at 3448 cm™'
corresponding to the OH hydrophilic group stretching vi-
bration. The peak at 2945 cm ™" was the stretching vibration
wave peak that corresponded to CH;-CH,-. It is also the
characteristic wave peak that identifies cellulose. It can be
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FIGURE 1: The FTIR spectra of specimens with various initial MC
levels and heat treated at 200°C: MC 0.5, MC 1.5, and MC 3 were
5%, 15%, and 30% MC, respectively.

110 ~
100 -
90
80 +
70

60 -

Absorbance (a.u.)

50 -

40

30 +

20

T T T T T T T T 1
0 500 1000 1500 2000 2500 3000 3500 4000 4500
Wave number (cm~1)

— TI1 — T3
— T2

FI1GURE 2: The FTIR spectra of specimens that had initial 30% MC
and were heat treated at various temperatures: (T1) 220°C, (T2)
200°C, and (T3) 180°C.

seen from spectra that cellulose had lower absorption of
infrared light in specimens that had a higher initial MC,
which indicated that cellulose degradation occurred. The
degradation was much larger when the initial MC was
higher. The vibration wave peak at 1751 cm ™" corresponds to
carbonyl C=0, and it is also the characteristic wave peak for
hemicellulose [19]. It was obvious that the degradation of
hemicellulose was higher in specimens that had a higher
initial MC, which demonstrated in another observation of
the spectra that the absorption peak at 1076 cm™" was the
stretching vibration absorption wave peak that corre-
sponded to C-O. The absorption peak was lower in speci-
mens that had a higher initial MC, indicating that the

3
TaBLE 2: The FTIR bands of wood.
Wa‘ﬁ number Functional groups
(ecm™)
3448 OH
2945 CH;3-CH,- (cellulose)
1751 C=0 (hemicellulose)
1592 A benzene ring skeleton (lignin)
1508 Aromatic ring skeleton retractable vibration
1425 C-H plane deformation (aromatic ring
skeleton)
1373 Condensation of S- and G-type lignin
structures
1217 C=0 stretching vibration (G-type lignin)
1155 C=0 stretching vibration (S-type lignin)
1018 Aryl C-H plane deformation (G- > S-)
831 The deformation out of the plane (S-type

lignin)

degradation of hemicellulose and cellulose was higher in
specimens that had a higher initial MC [20]. The vibration at
1592 cm ™" is the characteristic wave for lignin. Lignin was
also degraded during the heat treatment, and the degra-
dation was higher in specimens that had a higher initial MC.
The wave number at 1201 cm™' was an in-plane bending
vibration absorption wave peak that corresponded to O-H.

Figure 2 shows the FTIR spectra of specimens that had
an initial 30% MC and were heat treated at various tem-
peratures. It showed that when the wave number was
3448 cm™ !, the amounts of the OH hydrophilic group de-
creased and the vibration peaks at 2945 cm ™' and 1751 cm™*
weakened, which indicated that the amounts of hydroxyl,
hemicellulose, and cellulose reduced considerably with the
increase in the heating temperature. The wave number at
1066 cm™" was an absorption vibration peak that corre-
sponded to C-O, and the wave number at 1201 cm ™" was an
in-plane bending vibration absorption wave peak that
corresponded to O-H. The vibration waves at 1201 cm ™" are
absorption wave peaks corresponding to the O-H in cel-
lulose and hemicellulose [19]. An absorbance peak was
detected at 1155 and 1217 cm™"' corresponding to the C=0
stretching vibration (S-type lignin and G-type lignin) in
curves labeled T1, T2, and T3 in Figure 2. As the absorption
wave peaks at 1066 cm™' and 1201 cm ™" were considerably
fewer in the heat-treated specimens, it clearly indicated that
the degradation of cellulose and hemicellulose had taken
place. The vibration at wave number 939cm™ is the vi-
bration of a ring, corresponding to sugars with structures
similar to dioxane [21], and Figure 2 demonstrates a possible
degradation of these sugars in the heat-treated specimens.
The vibration peak at 1591 ¢cm™, which corresponded to
a benzene ring skeleton, was the characteristic wave peak for
lignin degraded with the increase in the heating temperature.

3.2. Chemical Analysis of Nutrients. The content of the
nutrients via chemical methods is summarized in Table 2.
Figure 3 shows the changes in the content of the nutrients in
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FIGURE 3: The changes in the contents of the nutrients in the specimens that had initial 5% MC and were treated at various temperatures:

(a) cellulose, (b) holocellulose, (c) lignin, and (d) hemicellulose.

TaBLE 3: Contents of the nutrients in untreated and heat-treated specimens.

Initial MC/heating temperatures

Nutrient Untreated 5%/180°C 15%/180°C 30%/180°C 5%/200°C 15%/200°C 30%/200°C 5%/220°C 15%/220°C 30%/220°C
Lignin 0.2071 0.2042 0.2012 0.2005 0.201 0.1995 0.1958 0.196 0.195 0.1951
Cellulose 0.5059 0.4999 0.4994 0.4819 0.479 0.4806 0.4661 0.437 0.413 0.4164
Holocellulose 0.7840 0.5487 0.547 0.5274 0.517 0.5154 0.4993 0.471 0.44 0.4424
Hemicellulose  0.2782 0.0488 0.0477 0.0455 0.038 0.0349 0.0331 0.033 0.027 0.026

the specimens that had an initial 5% MC and were treated at
varying heating temperatures. With the increase in the
heating temperature, the amount of cellulose and hemi-
cellulose gradually decreased while the amount of lignin
slightly reduced. The results via chemical analysis (Table 3)
were in accordance with the results of the FTIR analysis in
that the cellulose, hemicellulose, and lignin all degraded as
the heating temperature increased. The chemical analysis
also showed that the degradation extent for cellulose,
hemicellulose, and lignin was greater when the initial MC of
the wood was higher. However, it is not apparent as shown
in the FTIR analysis due to higher measurement errors.

3.3. Decay Resistance of Heat-Treated Specimens. Table 4
shows the mass loss in the untreated and heat-treated
specimens via the decay resistance of white rot fungus for
4 weeks. Figure 4 shows the weight loss trend comparing the
untreated specimens with heat-treated specimens via the
decay resistance of white rot fungus for 4 weeks. It is obvious
that the weight loss reduced with increased heating tem-
perature, and the decay resistance was improved. The weight
loss of the heat-treated specimens with initial 30% MC was
lower than the other specimens, and the differences were not
quite significant [9]. With the increase in the thermo-
treatment temperature, the crystallinity of cellulose was
decreased. It is possible that the bound water with high
temperature was removed from the cellulose (Table 5). The

hydrogen bonds and the proper conditions for the crys-
tallization were destroyed. The cellulose crystalline site be-
gan to oxidize at high temperature. The color of cellulose
changed to tan while the crystallinity obviously decreased.
The crystallinity of cellulose drastically decreased when heat
treated at 220°C.

3.4. FTIR Analysis of Heat-Treated and Fungi-Infested
Specimens. Figure 5 shows the spectra of the specimens
that had an initial 15% MC, were heat treated at various
temperatures, and were then infested with the white rot
fungus for 4 weeks. The characteristic wave peak of cellulose
at the wave number 2945cm™' made a great difference. It
was probably that the cellulose hydrolysis occurred. A hy-
drogen bond can form between the neighboring cellulose
molecules, resulting in a Fermi resonance vibration [22]. The
absorption vibration wave peak at 3448 cm™' that corre-
sponded to —~OH was higher as the heating temperature was
lower. The primary reason for this was that as cellulose and
lignin were degraded by their respective enzymes, the
amounts of hydroxyls subsequently increased [23].

Figure 6 shows the FTIR spectra of the specimens that
had various initial MC, were heat treated at 220°C, and were
then infested by the white rot fungus for 4 weeks. The vi-
bration wave peak at 3448 cm™"' was higher for specimens
with higher initial MC. The characteristic vibration wave
peak at 2945cm™" for cellulose showed a more obvious
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TaBLE 4: Weight loss of untreated and heat-treated specimens after
decay resistance tests.

TaBLE 5: Crystallinity of untreated and heat-treated specimens.

Set no. of Initial MC Heating Weight loss
specimens (%) temperatures (°C) (%)
1 30 220 8.69
2 15 220 10.80
3 5 220 10.88
4 30 200 10.40
5 15 200 11.07
6 5 200 11.60
7 30 180 12.16
8 15 180 13.29
9 5 180 13.35
10 30 Untreated 28.94
11 15 Untreated 22.23
12 5 Untreated 21.09
35 -

Weight loss rate (%)

30 15 5
Initial moisture content (%)

Untreated group
B8 180°C

200°C
[ 220°C

FIGURE 4: Weight losses of untreated and heat-treated specimens
with various initial MC levels and infested by the white rot for 4
weeks.

change in the specimens with higher initial MC. Several
reasons can explain this phenomenon. First of all, the
degradation amounts of hemicellulose were greater in
specimens with a higher initial MC than in specimens with
an initial MC below 15%. Also, the white rot fungus firstly
decomposed the cellulose and then hydrolyzed cellulose. The
main reason was that because of the T1 specimens with
a higher initial moisture content than the T2 and T3
specimens, the hydrolysis in the T1 specimens was faster,
which was beneficial to make the cellulose degradation
increase. However, the degradation was totally incomplete.
The relative amounts of the C-O bond at 1066 cm ™" of the
curves T1, T2, and T3 slightly changed, which was also
evident that the cellulose degradation in these specimens was
incomplete (i.e., the cellulose was not completely utilized by

Initial MC Heating temperatures Crystallinity
(%) 9] (%)
1 15 0 89.4
2 15 180 82.7
3 15 200 73.6
4 15 220 68.3
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FiGure 5: The FTIR spectra of the specimens with initial 15% MC,
at various temperatures, and then infested by the white rot for 4
weeks: (T0) untreated, (T1) 220°C, (T2) 200°C, and (T3) 180°C.
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Ficure 6: The FTIR spectra of specimens with various initial MC
levels, heat treated at 220°C, and infested by the white rot for 4
weeks: (T1) 30% MC, (T2) 15% MC, and (T3) 5% MC.

the fungus), and both the amount of the OH bond and the
degree of hygroscopy increased in the curve T1.

Figure 7 shows the FTIR spectra of specimens with an
initial 5% MC, which were either untreated or heat treated at
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FiGure 7: The FTIR spectra of specimens with the same initial 5%
MC and various experimental conditions: (T1) heat treated at 220°C
and fungal-infested, (T11) heat treated at 220°C and no fungal
infestation, (T0) no heat treatment and no fungal infestation, and
(T00) no heat treatment and fungal infested.

220°C, with and without fungal infestation for 4 weeks. The
vibration wave peak at 2945 cm™" was noticeably less for the
heat-treated and fungal-infested specimens than that for the
untreated specimens. The absorption vibration wave peak at
3448 cm ™" for hydroxyl became lower. It was possible due to
the decomposition of hemicellulose, sugars, and cellulose, as
well as the subsequent consumption of the resultant
monosaccharides and lignin by the white rot fungus. The
amount of hemicellulose that corresponded to 1751 cm™*
reduced considerably for the control specimens (without
heat treatment and fungal infestation). The absorption vi-
bration wave peak at 1591 cm ™" was considerably lower for
the heat-treated and fungal-infested specimens (Figure 7, T1),
whereas it shifted for the heat-treated and nonfungal-
infested specimens (Figure 7, T1l), indicating lignin deg-
radation, and the amount of degradation was greater in the
heat-treated specimens.

In summary, with the increase in the heating temper-
ature, the cellulose, hemicellulose, and lignin all degraded. In
addition, the initial moisture content of the wood had a large
influence on the amount of degradation. The factors of the
nutrient degradation, the reduction of moisture content, the
acetylation reaction, and the esterification reaction due to
the heat treatment changed. The growth of white rot fungus
was inhibited via changing the living environment and the
supply of nutrients needed by white rot fungus, and hence,
the decay resistance of the wood was improved.

4. Conclusions

(1) The FTIR analysis showed that the cellulose, hemi-
cellulose, and lignin in the wood underwent various
degrees of degradation, and the sugars also degraded
with the increase in the heating temperature. The
available nutrients to the white rot fungus decreased.
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(2) The degradation of nutrients via the heat treatment
was higher in specimens with a higher initial
moisture content.

(3) With the increase in the heating temperature, the
cellulose, hemicellulose, and lignin degraded. It also
showed relationships between the initial moisture
content of the wood and the amount of degradation
of the nutrients. It was not as apparent via the FTIR
analysis.

(4) Decay resistance tests of untreated and heat-treated
specimens showed that the average weight loss of the
heat-treated specimens after fungal infestation was
10.8%, in contrast to 22.23% for the untreated
specimens. Decay resistance improved as the heating
temperature increased. The vibration wave peaks at
2945cm™", 1751 cm ™, and 1591 cm ™" noticeably split
less, which indicated that the hydrolysis action of
cellulose had reduced, which meant less suscepti-
bility to decay.
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