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Abstract

Acidic aluminum sulfate hydrolysis solutions can be used to catalyze the thermal degradation of wood in a mild temperature
environment, and thus reduce the temperature required for heat treatment process. To improve the dimensional and thermal
stability of Chinese fir during heat treatment at 120 °C, 140 °C and 160 °C, this study investigated the effects of soaking
pretreatment with 5%, 10% and 15% aluminum sulfate on the chemical and structural changes of the heat-treated Chinese
fir. The results indicated that the samples treated at 15% aluminum sulfate concentration and 160 °C heat treatment achieved
the best dimensional and thermal stability. Chemical analyses by Fourier transform infrared spectroscopy (FTIR) and X-ray
diffraction (XRD) indicated that the catalysis of aluminum sulfate resulted in degradation of hemicelluloses during the heat
treatment, and an increase in the soaking concentration and heat treatment temperature also affected the thermal degradation
of celluloses. The scanning electron microscope (SEM) and mass changes test results proved that the hydrolyzed aluminum
flocs mainly adhered to the inner wall of the wood tracheid as spherical precipitates, and when the soaking concentration
reached 10% and 15%, a uniform soaking effect could be achieved. The thermogravimetric (TG) analysis revealed the soaking
pretreatment effectively improved the thermal stability of the heat-treated wood by physically wrapping and promoting the
formation of a carbon layer on the wood surface during heat treatment. Thus, aluminum sulfate soaking pretreatment exerted a
great effect on the dimensional and thermal stability of wood, allowing heat treatment to be performed at a lower temperature.
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1 Introduction

Approximately 70% of wood products are used as building
materials, such as decorative frames for structures, doors,
and windows, and floor and wainscot systems (Grosse et al.
2019; Jiang et al. 2018). The use of wood from sustainable
plantations is an environmentally-friendly alternative to
other construction materials such as concrete or steel, which
generate large quantities of pollution during their produc-
tion (Morreale et al. 2015). However, wood also presents
several disadvantages, including deformation due to shrink-
age and swelling, which reduce the stability of wood-based
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structures. Wood also is flammable, which makes it less safe
compared to other materials (Chu et al. 2017).

Heat treatment is used to improve the dimensional sta-
bility, durability, and corrosion resistance of wood, as well
as modify its color, which allows heat-treated wood to be
used as an element in facades, terraces, urban furniture, and
windows (Nguyen et al. 2018; Wang et al. 2015; Windeisen
et al. 2007). Heat treatment accounts for 40-70% of the
energy consumption of the entire wood production process
and is typically conducted at 180-240 °C for 2—8 h (Aydemir
et al. 2015; Huang et al. 2012a; Kol and Sefil 2011; Nuop-
ponen 2005; Obataya et al. 2006). Environmental problems
have become a major governmental and social concern,
and burning waste products and biomass pellet fuels has
been prohibited in cities with major wood processing facto-
ries (Watt et al. 2019). Thus, materials can only be heated
using electricity, which is expensive and consequently
increases the cost of wood processing. Temperature and
duration are the two main factors that affect the heat treat-
ment of wood. However, excessively high temperatures have
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correspondingly higher requirements for equipment qual-
ity (Boonstra and Tjeerdsma 2006; Lee et al. 2018). Thus,
reducing the temperature during heat treatment is a chal-
lenge in the wood industry.

The energy required for heat treatment can be reduced
by pretreating heat-treated materials. Aluminum sulfate
is widely used in the papermaking industry because of its
good thermal stability, low toxicity, and low cost. Hydroxyl
complexes are formed by hydrolysis in aluminum sulfate
solutions and easily react with polar groups or become
sweep-flocculated in the wood voids (Browne and Driscoll
1993; Irfan et al. 2013). Due to the presence of polar func-
tional groups such as hydroxyls and carboxyls, wood can be
impregnated by soaking it in an aluminum sulfate solution
(Choudhary et al. 2015). Heat treatment is used to thermally
degrade hemicellulose at high temperatures into acetic acid
which further degrades cellulose, hemicellulose, and lignin
by acid catalysis (Cermak et al. 2019; Yang et al. 2018).
Acidic aluminum sulfate hydrolysis solutions can be used to
catalyze the thermal degradation of wood in a low-tempera-
ture environment. Thermally stable hydrogenated hydroxides
encapsulate and fill the wood, which increases its thermal
stability and mechanical properties. Moreover, after being
pretreated with aluminum sulfate, the thermal degradation
rate of wood is accelerated, which reduces the heat treat-
ment duration.

In this study, the authors aimed to obtain modified wood
with good dimensional stability and thermostability by soak-
ing pretreatment with chemical reagents using less complex
and relatively mild reaction conditions (120—160 °C).

2 Materials and methods
2.1 Materials

Chinese fir (Cunninghamia lanceolata (Lamb.) Hook)
obtained from a forest farm in Guangxi, China was
selected as the raw material for the study. After air-
drying, the wood was machined into the dimensions of
20 mm X 20 mm X 20 mm by Guangxi Ushine Home Prod-
ucts Ltd., Co. (Guangxi, China). The wood samples were
prepared for 12 treatment groups. First, all samples were
divided into four different soaking concentration groups
(0%, 5%, 10% and 15%), and then each group was divided
into three different temperature groups (120 °C, 140 °C and
160 °C). Twenty samples were prepared from each group.
Prior to the tests, all of the samples were conditioned in a
climate-controlled chamber (TH-270DH, Shandong, China)
at 20 °C and 65% relative humidity to a moisture content of
12%, and this weight was recorded (W1). Aluminum sulfate
solutions with mass fractions of 5%, 10%, and 15% were
prepared by analytical grade aluminum sulfate [Al,(SO,);,
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99.5%] and deionized water at 25 °C by stirring at 200 rpm/
min for 15 min. Aluminum sulfate and deionized water were
supplied by Sinopharm Chemical Reagent Co., Ltd. (Shang-
hai, China) and Beijing Lanyi chemical products Co., Ltd
(Beijing, China), respectively.

2.2 Soaking pretreatment

All samples were divided into four groups and placed in a
2 L vessel and secured with a stainless steel mesh to keep
the wood cubes immersed in solution: a control group (0%
un-soaked), and the remaining three groups (soaked group)
were immersed in 5%, 10%, or 15% aluminum sulfate solu-
tions. Then aluminum sulfate soaking pretreatment was
conducted in a vacuum drying oven (BPZ-6090Lc, Yiheng,
Shanghai, China) at 25 °C, and the vacuum was maintained
for 20 min at 0.04 MPa and then released. This soaking cycle
was performed three times. The control group was subjected
to the same treatment but was immersed in deionized water.
Experiments were performed in triplicate, and the average
was used for analysis.

2.3 Heat treatment

After soaking pretreatment, all soaking pretreated samples
were dried in a drying oven (DHG-9023A, HUMGINE,
Shanghai, CHINA) at 60 °C for 30 min and weighed (W2).
After that, the 60 °C-dried samples with 0% (control group),
5%, 10%, and 15% aluminum sulfate soaking pretreatment
were divided into three groups and individually heat-treated
at three different temperature levels, 120 °C, 140 °C, and
160 °C, for 2 h controlled within +1 °C in a DHG Series
Heating and Drying Oven (DHG-9205A, HUMGINE,
Shanghai, CHINA) with saturated water vapor as the shield
gas. After heat treatment, the weight (W3) and tangential
and radial dimensions of the samples were measured. The
wood samples with different treatments were analyzed and
are listed in Table 1.

2.4 Mass changes

The weight percentage gain (WPGQG) of the samples was cal-
culated using Eq. (1):

W, -Ww
WPG (%) = % x 100 (1)
1

where W, is the weight of wood samples before soaking
treatment, and W, is the 60 °C dried weight of the soaked
samples before heat treatment, respectively. Weight percent-
age loss (WPL) was also determined for all treated samples
using Eq. (2):
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Table 1 List of the samples studied under different treatment param-
eters

Sample Al,SO; concentration Heat treatment
(Chinese fir) (%) temperature
°O)/2h

120 °C-0% 0 (un-soaked) 120

120 °C-5% 5 120

120 °C-10% 10 120

120 °C-15% 15 120

140 °C-0% 0 (un-soaked) 140

140 °C-5% 5 140

140 °C-10% 10 140

140 °C-15% 15 140

160 °C-0% 0 (un-soaked) 160

160 °C-5% 5 160

160 °C—10% 10 160

160 °C-15% 15 160

WPL (%) = % x 100 )

3

where W, is the 60 °C dried weight of the soaked samples
before heat treatment, and Wj is the weight of the soaked
samples after heat treatment.

2.5 Dimensional stability measurements

The treated and control groups were oven-dried and stored
in a climate-controlled chamber at 20 °C and 65% relative
humidity to reach their equilibrium moisture content (EMC).
The specimen dimensions were measured before and after
conditioning (He et al. 2019). The swelling coefficient was
calculated using Eq. (3):

a=2_"x100 3)
lO

where a is the swelling coefficient (radial or tangential),
[, denotes the initial dimension of the specimen, and /,, rep-
resents the dimension after conditioning.

Statistical data obtained from the dimensional stability
tests were analyzed using SPSS 20.0 (SPSS Inc., Chicago,
IL, USA). Differences between treatments were detected by
ANOVA with the Student—-Newman—Keuls (S-N-K) testing
method. A p value <0.05 was considered significant.

2.6 Characterization by Fourier transform infrared
spectroscopy

Fourier-transform infrared spectroscopy was conducted
(Tensor 27; Bruker, Bremen, Germany), and data were
recorded in the 500-4000 cm™' range with a resolution of

4 cm™! for 32 scans. The background spectra of pure spec-
troscopy-grade KBr was subtracted from the sample spectra.
The hydroxyl group peak (3340 cm™!) was used to calculate
the hydroxyl index (HI) using Eq. (4):

I
HI = =% % 100 4)
1510

where I53,4, and I,5,, denote the peak intensity at
3340 cm™! and 1510 cm™ ! respectively.

2.7 X-ray diffraction (XRD)

X-ray diffraction (XRD) was conducted using a D8
ADVANCE XRD (Bruker) with an accelerating voltage of
40 kV and a current of 40 mA. XRD patterns were obtained
using Cu Ko radiation from 20 =5°-60° at a scan rate of 4°
min~!. The crystallinity index (CI) and the apparent crys-
tallite size (ACS) of Chinese fir samples were calculated
using the Segal (Thygesen et al. 2005) and Scherrer methods
(Newman 1999), respectively.

2.8 Analysis of thermal characteristics

Samples were milled through 60 mesh and used for ther-
mogravimetric (TG) analysis. TG and derivative thermo-
gravimetric (DTG) analyses were performed using a Netzsch
STA449F3 computerized thermobalance (NETZSCH Ge
riatebau GmbH, Selb, Germany). Approximately 5 mg of
samples were settled in an alumina crucible, and the tem-
perature was increased to 900 °C at a rate of 10 °C/min.

2.9 Scanning electron microscopy (SEM)

The surface morphologies of the untreated, heat-treated,
and soaking/heat-treated samples were analyzed by SEM
(Hitachi S-3400N II, Tokyo, Japan). Chinese fir samples
were coated with platinum by using a vacuum sputter coater
before observation.

3 Results and discussion
3.1 Mass changes
3.1.1 Weight percentage gain

The WPG of the samples treated with different aluminum
sulfate concentrations is shown in Fig. 1, which indicates
that the WPG rate gradually increased with the soaking
concentration. The significant increase in WPG for all
samples soaked at different concentrations was attributed
to the tendency of aluminum cations to react with polar
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Fig.1 Weight percentage gain (WPG) of samples

120°C
140°C
V77 160°C

Concentration (%)

Fig.2 Weight percentage loss of samples

groups—hydroxyl, phenolic, and carboxylic groups (Lic-
ské 1993; Stumm and Morgan 1962). The effect—which
may have resulted from sweep flocculation, adsorption, and
bridging—can be enhanced as the pH is decreased in the
presence of multivalent cations (Jekel 1986).

3.1.2 Weight percentage loss

Figure 2 shows that the control group (120 °C-0%,
140 °C-0%, 160 °C-0%) has a small WPL at 120 °C and
increases significantly at 140 °C. Then, the WPL increased
slightly at 160 °C. These results indicate that heat treatment
at 120 °C only affected some of the volatile extracts in the
un-soaked samples and exerted a milder effect on hemicel-
Iulose (Englund and Nussbaum 2000; Manninen et al. 2002).
Hemicellulose degradation began at 140 °C, but the thermal
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degradation of hemicellulose did not change greatly between
140 and 160 °C.

After soaking, the WPL of the samples significantly
increased compared with the control group. The WPL also
increased as the soaking concentration increased at the
same temperature. When heat-treated at 120 °C, the WPL
in soaked samples significantly increased relative to the un-
soaked samples, but changing the concentration only slightly
affected the WPL. At the same soaking concentration, the
WPL gradually increased upon increasing the temperature,
but it was nearly the same under the following two sets of
conditions: 120 °C-15% and 140 °C-5%; 140 °C-15% and
160 °C-5%. Thus, the aluminum sulfate soaking treatment
exerted a catalytic effect on the heat treatment of wood, and
the desired heat treatment effect was achieved at a reduced
temperature.

3.2 Dimensional stability

Wood dimensional stability significantly influences the
use and quality of wood products, and the swelling coef-
ficients in the tangential and radial directions are the most
significant factors for estimating the dimensional stability
of wood (He et al. 2019). Figure 3 illustrates that aluminum
sulfate soaking pretreatment and heat treatment influenced
the dimensional stability of wood and shows that the swell-
ing coefficients of the samples were markedly reduced after
soaking pretreatment compared with the control group.
After heat treatment at 140-160 °C, the swelling coeffi-
cients continuously decreased as the soaking concentration
increased. These effects were attributed to the hydroxyls in
the amorphous zone and hemicellulose, which are the key
to the dimensional stability of samples. Aluminum sulfate
catalyzes the thermal degradation of hemicellulose at low
temperatures (Akgiil et al. 2007); at higher temperatures, it
also affects the amorphous regions of cellulose. Hydrolyzed
aluminum flocs can be deposited in the amorphous regions
and cell voids, such as the cell cavities, by complexation and
sweep flocculation. Thus, it also exerts a physical bulking
effect, which hinders contact between moisture and wood,
and reduces the accessibility of hydroxyl groups, thereby
improving the material’s dimensional stability (Deka and
Saikia 2000; Li et al. 2000).

The samples subjected to the 160 °C-15% treatment
achieved the optimal dimensional stability. Moreover,
compared with the 120 °C-0% sample, the swelling coef-
ficients in the radial direction were reduced by 51.74% and
53.44%, respectively, and the swelling coefficients in the
tangential direction were reduced by 49.62% and 48.86%,
respectively. The dimensional stability of the 160 °C-15%
sample was nearly identical to the 140 °C-15% sample, and
the concentration showed a statistically significant effect on
the swelling coefficients (p < 0.05), but the temperature did
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Fig.3 Swelling coefficients in the tangential and radial directions for specimens treated under different conditions

not. This indicates that concentration had a greater effect on
dimensional stability than temperature, and it also suggests
that the soaking pretreatment can reduce the temperature of
heat treatment.

3.3 Chemical structure analysis using Fourier
transform infrared spectroscopy (FTIR)

The band at 1510 cm™! was associated with aromatic skel-
etal vibrations, which is not much affected by heat treatment
in the temperature range used in this study. Thus, all spec-
tra were normalized to the band at 1510 cm™"' (Akgiil et al.
2007; Srinivas and Pandey 2012). The band near 3340 cm™!
was assigned to hydrogen bonds, which strongly affect the
dimensional stability of wood (Huang et al. 2013; Wei et al.
2018).

In Fig. 4, the hydroxyl index (HI) gradually decreased
as the concentration increased in samples subjected to the
same heat treatment temperature. This reduction indicates
that the loss of hydroxyl group, and soaking pretreatment
effectively catalyzed the degradation of hemicelluloses dur-
ing treatment (Kondo 1997; Rautkari et al. 2013; Srinivas
and Pandey 2012; Tjeerdsma et al. 1998; Weiland and Guy-
onnet 2003). The HI values obtained in the 120 °C-15%
and 140 °C-15% treatments were significantly lower than
those obtained in the 140 °C-0% and 160 °C—0% treatments.
This was similar to the dimensional stability analysis and
indicates that the soaking pretreatment allowed the samples
to achieve a desired heat treatment effect at a lower tem-
perature, thereby reducing the temperature required for heat
treatment.

The peaks at 2918 cm™" and 1369 cm™! are the charac-
teristic C—H stretching vibration peaks, and the peaks at
1733 cm™! and 1595 cm™! were assigned to C—O and aro-
matic carbon skeleton stretching vibrations, respectively
(Huang et al. 2012b; Nguyen et al. 2019; Shou et al. 2014).

The above peaks also changed after undergoing both soak-
ing pretreatment and heat treatment, but the other func-
tional groups did not change after the combined treatment.
This shows that the combined treatment can change the
chemical groups in the wood, while having little effect on
the composition.

3.4 X-ray diffraction

X-ray diffraction patterns of control group and pretreated
samples were obtained to investigate the crystallinity of
the specimens. The crystallinity index (CI) and appar-
ent crystallite size (ACS) of the samples are presented in
Fig. 5. Three typical type I cellulose patterns with 101,
002, and 004 peaks were observed near 20 =15°, 22°, and
34°, respectively (Schorr et al. 2018; Wentzel et al. 2019).

In Fig. 5a, Cl increased with temperature, and when the
temperature reached 160 °C, the CI significantly increased.
ACS showed a similar trend, but small changes were
observed between 140 and 160 °C. The change between
120 and 140 °C was mainly attributed to the combination
of crystalline regions in cellulose and because the crystal
structure in wood became more ordered at 160 °C, thereby
significantly increasing CI (Islam et al. 2011; Kim et al.
2010). In the soaking pretreatment group, as the heat treat-
ment temperature increased, CI continuously increased at
5% soaking concentration (Fig. 5b), CI initially increased
and then decreased when the soaking concentration
reached 10% (Fig. 5c), and decreased continuously when
the soaking concentration was increased to 15% (Fig. 5d).
However, ACS decreased within each soaking concentra-
tion range. This could be due to the increase in soaking
concentration and heat treatment temperature, which pro-
moted the thermal degradation of hemicellulose and the
pyrolysis of cellulose.
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Fig.4 FTIR spectra of samples in the control group and samples treated in different pretreatment soaking concentrations at the same heat treat-

ment temperatures

3.5 Thermogravimetric analysis

Figure 6a shows the TG and DTG curves of the control
group, and Fig. 6b—d) show the changes in the samples
exposed to different soaking concentrations under the same
heat treatment temperature. Figure 6a indicates that heat
treatment of the samples from 120 to 160 °C only slightly
affected their thermal stability. Simultaneously, a sub-
reaction zone appeared at 600-700 °C in the soaking pre-
treated group but not in the control group. This reaction zone
indicates that hydrolyzed aluminum flocs exhibited good
heat resistance and slowly started thermal degradation at
> 600 °C. It also shows changes in the residual weight loss
rate (TGgpr), temperature of the maximum thermal degra-
dation rate (Ty;_ptg), and maximum thermal degradation
rate (M-DTG) of the sample in the main reaction zone in
Table 2. The analysis indicates that TGgpy increased with an
increase in the soaking concentration, and Ty;_prq shifted
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to a lower temperature; however, the DTG curve of the
soaked sample remained nearly unchanged under the same
heat treatment conditions. The Ty;_prg of the soaked heat-
treated sample shifted to a temperature (125.20 °C) that was
lower than the control group. However, the initial thermal
degradation temperature was nearly the same as the control
group, and TGgpy increased by about 75.31%, whereas the
DTG decreased by about 65.71%. Samples treated below
160 °C-15% showed the greatest thermal stability; the
TGgpy increased by 105.59%, and the M-DTG decreased by
68.87% relative to the 120 °C—0% samples in the main reac-
tion zone. Similar to the dimensional stability, the thermal
stability of the 140 °C-15% sample was only slightly lower
than the thermal stability of the 160 °C—15% samples. This
difference may be attributed to the aluminum sulfate soak-
ing pretreatment, which promoted the formation of a carbon
layer on the wood surface during acid and heat treatment.
This layer effectively hindered contact between the sample
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Fig.5 Diffractograms of the samples after heat treatment at different temperatures with the same soaking concentration

and its environment (Lowden and Hull 2013; Wang et al.
2017, 2019). The hydrolyzed aluminum flocs protected the
carbon layer and coated the flammable wood. The genera-
tion of acid during heat treatment and its retention in wood
may have shifted Ty;_prg to a lower temperature, and the
thermal degradation of the sample was catalyzed by a trace
amount of acid during heating (Cai et al. 2018). Therefore,
the soaking pretreatment effectively improved the thermal
stability of the heat-treated wood.

3.6 Morphological characteristics

In aqueous solution, aluminum ions are first hydrolyzed to
hydrated ions. During hydrolysis, H,O ligands were gradu-
ally replaced by OH- to form hydroxide or hydroxide com-
plex ions. Meanwhile, due to the formation of hydroxyl
bridges, mononuclear complexes pAl(OH)>*, AI(OH),*
and Al(OH),”] are gradually transformed into polynu-
clear hydroxide complexes [Al,(OH),*", Al,(OH),s*",
Al,(OH),,*, Alg(OH),,**, and Al,3(OH),,’*]. Finally, due
to alternating hydrolysis and hydroxyl bridge reactions, a

nearly insoluble aluminum hydroxide precipitate with a high
degree of polymerization was generated:

[AL,(OH);,] = [AI(OH),], |

When the soaking concentration was 5%, the hydrolyzed
aluminum flocs mainly adhered to the inner wall of the wood
tracheid as spherical precipitates. When the soaking con-
centration reached 10% and 15%, the flocs were uniformly
attached over a larger area, achieving a more complete soak-
ing effect, which is also consistent with the WPG results.
After heat treatment at 160 °C, the hydrolyzed aluminum
flocs were still firmly attached to the inner wall of the trac-
heid, indicating that aluminum sulfate can fully participate
in the reaction with wood during the heat treatment (Fig. 7).

4 Conclusion
The swelling coefficients of the samples decreased when the
heat treatment temperature reached 140 °C and the soaking

concentration was increased. The optimal dimensional sta-
bility was achieved by the 160 °C-15% sample. The SWR
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Fig.6 Thermogravimetric (TG) and derivative thermogravimetric (DTG) curves of the samples

Table 2 Changes in the residual weight loss rate (TGgpy, Tempera-
ture =500 °C), temperature of the maximum thermal degradation rate
(Ty-pre)> and maximum thermal degradation rate (M-DTG) of the
samples in the main reaction zone

Sample TGrppy (%) Tyv_prg (°C) M-DTG
(% °C™h
120 °C-0% 26.81 366.98 1.06
120 °C-5% 38.74 246.32 0.33
120 °C-10% 43.91 234.70 0.38
120 °C-15% 47.18 230.28 0.38
140 °C-0% 26.05 363.36 1.04
140 °C-5% 42.73 246.31 0.37
140 °C-10% 48.84 237.13 0.38
140 °C-15% 51.50 228.70 0.38
160 °C-0% 26.81 363.79 1.05
160 °C-5% 42.07 255.92 0.35
160 °C-10% 48.93 243.50 0.34
160 °C-15% 55.12 232.69 0.33
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and SHR of the samples in the radial direction were reduced
by 51.74% and 53.44%, respectively, and those of the sam-
ples in the tangential direction were reduced by 49.62% and
48.86%, respectively, relative to the 120 °C 0% sample. The
140 °C-15% samples exhibited nearly the same dimensional
stability as the 160 °C-15% sample.

Soaking pretreatment improved the thermal stability
of Chinese fir samples, and the highest thermal stability
was obtained in the 160 °C-15% samples. In the main
reaction zone, the TGgpy increased by 105.59%, and the
M-DTG decreased by 68% relative to the 120 °C-0%
samples. Moreover, both 140 °C-15% and 160 °C-15%
samples showed similar improvements in the thermal
stability, which is similar to the dimensional stability
results. Thus, compared with heat treatment, soaking pre-
treatment exerted a greater effect on the dimensional and
thermal stability of wood, allowing thermal treatment to
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Fig.7 Scanning electron micro-
graph of 160 °C heat-treated
samples at different soaking
concentrations

(160°C-0%)

be performed at a lower temperature, thereby reducing the
heat treatment temperature.
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