
ww.sciencedirect.com

j o u r n a l o f ma t e r i a l s r e s e a r c h a nd t e c hno l o g y 2 0 2 2 ; 2 1 : 4 9 8 2e4 9 9 3
Available online at w
journal homepage: www.elsevier .com/locate/ jmrt
Original article
Physicomechanical properties of hydrothermally
treated Japanese cedar timber and their
relationships with chemical compositions
Jin-Wei Xu a,1, Cheng-Chun Li a,1, Ke-Chang Hung b, Wen-Shao Chang c,
Jyh-Horng Wu a,*

a Department of Forestry, National Chung Hsing University, Taichung 402, Taiwan
b Department of Wood Based Materials and Design, National Chiayi University, Chiayi 600, Taiwan
c School of Architecture, University of Sheffield, Sheffield S10 2TN, United Kingdom
a r t i c l e i n f o

Article history:

Received 14 August 2022

Accepted 15 November 2022

Available online 19 November 2022

Keywords:

ATR-FTIR spectra

Chemical composition

Hydrothermal treatment

Japanese cedar

Physicomechanical property
* Corresponding author.
E-mail address: eric@nchu.edu.tw (J.-H. W

1 These authors contributed equally to thi
https://doi.org/10.1016/j.jmrt.2022.11.092
2238-7854/© 2022 The Author(s). Published
creativecommons.org/licenses/by-nc-nd/4.0/
a b s t r a c t

Traditional wood preservatives such as creosote, pentachlorophenol, and copper chromate

arsenate have a negative impact on the environment. Therefore, it is imperative to develop

environmentally friendly wood modification methods to extend the service life of wood,

especially in outdoor applications. Of those modification methods, hydrothermal treat-

ment is an attractive approach. Accordingly, the objective of the present study was to

investigate the physicomechanical properties and chemical composition of hydrother-

mally treated Japanese cedar timber. The results revealed that the dimensional stability

increased with increasing treatment temperature and duration. However, the flexural

properties were decreased, which may limit the use of wood in structural applications. To

understand how Japanese cedar timber responds to hydrothermal treatment, Spearman's

correlation test between physicomechanical properties and second derivative attenuated

total reflectance-Fourier transform infrared (ATR-FTIR) spectra was conducted. The results

demonstrated that almost all physicomechanical properties were more correlated with

hemicellulose and cellulose than lignin, suggesting the importance of polysaccharide

degradation during hydrothermal treatment. The volume shrinkage and water absorption

were more correlated with lignin than with hemicellulose and cellulose. Additionally,

among all hydrothermally treated timbers, the timber processed at 200 �C for 8 h not only

increases the dimensional stability and hydrophobicity of timber but also retains �80% of

its flexural strength.

© 2022 The Author(s). Published by Elsevier B.V. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Wood has been used for architecture, decoration, and furni-

ture for many applications due to its excellent properties,

such as superior strength-to-weight, low thermal conduction,

processability, and aesthetic appearance [1e3]. However,

wood is easily damaged by various biodegrading organisms

and microorganisms, including fungi, bacteria, termites, in-

sects, and marine microorganisms, because of its hygroscop-

icity [4]. Meanwhile, the hygroscopicity also leads to

dimensional instability, which limits the use of wood inmany

applications [5,6]. In general, wood is commonly treated with

preservatives to achieve protection against moisture fluctua-

tion and microorganisms. However, traditional wood pre-

servatives such as creosote, pentachlorophenol, and copper

chromate arsenate have a negative impact on the environ-

ment. Therefore, various environmentally friendly physical

and chemical modifications, including heat treatment [1],

siloxane modification [7], furfurylation [8], acetylation [9], and

hydrolysed feather keratin modification [10], have been con-

ducted to extend the service life of wood, especially in outdoor

applications. Among these modifications, hydrothermal

treatment, as an effective and environmentally friendly heat

treatment method, has attracted much attention [11,12].

Heat treatmentmainly degrades hydrophilic hemicellulose

and prevent moisture from entering the wood, thereby

improving dimensional stability and prolonging service life of

wood [13,14]. In addition, hemicellulose is generally consid-

ered as an important nutritive source and a major key to the

development of wood rotting fungi [15]. Thus, heat-treated

wood is more resistant to degradation by wood-rotting fungi.

Furthermore, the heat treatment of wood has been an

important research topic for decades, and several industrial

processes such as ThermoWood, Rectification, Le Bois

Perdure, ThermoVuoto, etc. have also been developed [16].

These treatments are typically carried out in the temperature

range of 160e260 �C, where lower temperatures do not reduce

the hygroscopicity of wood, while higher temperatures

severely degrade the wood composition, leading to a reduc-

tion in mechanical properties [17e19]. Meanwhile, heat

treatment can be conducted in different media, including air,

nitrogen, water, steam, and oil [1,20]. Therefore, different heat

treatment conditions and media will lead to different chemi-

cal degradation, which further results in a change in the

properties of wood [18]. Additionally, heat treatment con-

ducted in air, nitrogen, and oil not only causes the dehydra-

tion, hydrolysis, oxidation, and decarboxylation of principal

components (i.e., cellulose, hemicellulose, and lignin) but also

creates additional covalent bonds and hydrogen bonding,

which reduce the equilibrium moisture content (EMC) and

volumetric swelling by inducing repolymerization or rear-

rangement reactions [21].

Although the physicomechanical properties and chemical

degradation of hydrothermal treatment have been impli-

cated in the scientific literature, to the best of our knowledge,

no study has analysed these changes with high pressure

(1.52 MPa) hydrothermal treatment. Furthermore, analysing

property changes in relation to chemical degradation under

different treatment conditions is important for a better
understanding of the processes involved. Therefore, this

study investigated the physicomechanical properties and

chemical degradation of hydrothermal treatment and

further explored their correlation by Spearman's correlation

to understand the role of treatment conditions, especially

under a high-pressure water vapour state.
2. Materials and methods

2.1. Materials

Japanese cedar (Cryptomeria japonicaD. Don) (40e45 years old)

timber was supplied by Jang Chang Lumber Industry Co., Ltd.

(Hsinchu, Taiwan). Flat-sawn timbers with dimensions of

3600 mm � 136 mm � 26 mm and an average density of

396 kg/m3 were prepared from conventionally kiln-dried

wood with an average moisture content of 14%. Forty-five

timbers without visible defects were chosen for the present

experiment, and each timber was cut into 7 subsamples

(500 mm � 136 mm � 26 mm). To reduce the variability

among test groups, as shown in Fig. 1, those subsamples

were divided into 16 groups, and each group contained 15

test specimens. Before hydrothermal treatment, all speci-

mens were conditioned at 20 �C and 65% relative humidity

(RH) for at least 2 weeks.

2.2. Hydrothermal treatment of Japanese cedar timber

A semi-industrial reactor equipped with a thermocouple and

pressure sensors (San Neng Ltd., Chiayi, Taiwan) was used for

the hydrothermal treatment of Japanese cedar timber. The

timber and a proper amount of water were placed in the tank

without contact with each other. Subsequently, the timbers

were heated from room temperature to the desired temper-

ature (160, 180, 200, 220, and 240 �C) with a heating rate of

3 �C/min, which was maintained for 4, 8, and 16 h, respec-

tively. The timbers were then cooled to room temperature

over 12 h.

2.3. Determination of untreated and hydrothermally
treated Japanese cedar timbers

To determine the physicomechanical properties of untreated

and hydrothermally treated Japanese cedar timbers, several

determinations, including air-dry density, mass loss, volume

shrinkage, water absorption, total volume swelling (TVS),

flexural properties, equilibrium moisture content (EMC),

moisture excluding efficiency (MEE), and volumetric swelling

coefficient (S), were conducted. In brief, the air-dry density

and EMC of cubic specimens with dimensions of

26 mm � 26 mm � 26 mm were measured according to the

Chinese National Standard CNS 451 [22] and CNS 452 [23],

respectively. The mass loss (%) was calculated as follows: (1

e W1/W0) � 100, where W0 and W1 were the mass (g) of un-

treated and hydrothermally treated Japanese cedar timber

(500 mm � 136 mm � 26 mm), respectively. The volume

shrinkage (%) was calculated by equation (1 e (W1/r1)/(W0/

r0)) � 100, where W0 and W1 represent the mass (g) of un-

treated and hydrothermally treated Japanese cedar timber
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Fig. 1 e Schematic diagram for sample preparation and grouping of Japanese cedar timber.
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and r0 and r1 represent the density (g/cm3) of untreated and

hydrothermally treated Japanese cedar timber. The water

absorption and TVS were measured according to CNS 14927

[24]. The MEE and S were measured according to ASTM D1037

[25]. The flexural properties were determined according to

CNS 454 [26] by a universal testing machine (Shimadzu

AG-10 kNX, Tokyo, Japan). The modulus of rupture (MOR)

and modulus of elasticity (MOE) of the timbers with di-

mensions of 500 mm � 136 mm � 26 mm were determined

through the three-point flexural test at a loading speed of

5 mm/min and a span of 364 mm. All samples were condi-

tioned at 20 �C and 65% RH for two weeks prior to testing, and

15 replicate specimens were tested for each group. In addi-

tion, for the measurements of EMC, MEE, and S, the samples

were also conditioned at 20 �C/75% RH and 20 �C/85% RH for

two weeks.
2.4. Measurement of surface colour

The colour of untreated and hydrothermally treated Japanese

cedar timber was measured by a colour and colour difference

meter (CM-3600d, Minolta, Tokyo, Japan) under a D65 light

source with a test window diameter of 8 mm. The colour pa-

rameters L*, a*, and b* of all specimens were obtained directly

from the colorimeter. Based on the CIE L*a*b* colour system, L*

is the value on the white/black axis, a* is the value on the red/

green axis, b* is the value on the yellow/blue axis, and the DE*

value is the colour difference (DE*¼ [(DL*)2þ (Da*)2þ (Db*)2] 1/2).

2.5. ATR-FTIR spectral measurements

Attenuated total reflectance-Fourier transform infrared

(ATR-FTIR) spectra of untreated and hydrothermally treated
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Table 1e Set point parameters,mass loss, density, volume shrinkage, water absorption, and total volume swelling (TVS) of
untreated and hydrothermally treated Japanese cedar timber.

Sample
code

Temperature
(�C)

Duration
(h)

Pressure
(MPa)

Mass
loss (%)

Density
(kg/m3)

Volume
shrinkage (%)

24 h Water soaking

Water
absorption (%)

TVS (%)

Untreated e e e e 429 ± 56 e 151 ± 27 11.4 ± 1.4

160 �C/4 h 160 4 0.22 2.7 ± 0.8D,b 376 ± 38A,a,ns 1.12 ± 0.12A,a 188 ± 27A,a,** 11.9 ± 1.4A,a,ns

160 �C/8 h 160 8 0.23 3.5 ± 0.9D,a 408 ± 66A,a,ns 1.08 ± 0.14A,a 175 ± 31A,a,* 12.4 ± 1.5A,a,*

160 �C/16 h 160 16 0.25 3.5 ± 0.8D,a 410 ± 62A,a,ns 1.02 ± 0.19A,a 150 ± 36A,a,ns 12.1 ± 1.5A,a,ns

180 �C/4 h 180 4 0.25 3.4 ± 0.9D,b 387 ± 46A,a,ns 1.09 ± 0.14A,a 175 ± 28A,a,* 12.7 ± 1.3A,a,*

180 �C/8 h 180 8 0.25 3.6 ± 0.8D,b 409 ± 68A,a,ns 1.04 ± 0.15A,a 149 ± 35AB,ab,ns 12.1 ± 1.3A,a,*

180 �C/16 h 180 16 0.35 4.6 ± 0.5D,a 412 ± 63A,a,ns 1.04 ± 0.17A,a 144 ± 28B,a,ns 9.3 ± 1.3B,b,**

200 �C/4 h 200 4 0.33 4.2 ± 3.0C,c 383 ± 43A,a,ns 1.07 ± 0.14A,a 181 ± 30A,b,** 9.7 ± 1.5A,b,**

200 �C/8 h 200 8 0.36 5.4 ± 1.4C,b 398 ± 56A,a,ns 1.02 ± 0.14A,a 123 ± 36B,b,* 8.7 ± 1.4A,b,**

200 �C/16 h 200 16 0.68 8.7 ± 0.6C,a 397 ± 59A,a,ns 1.04 ± 0.18A,a 109 ± 31B,a,** 5.5 ± 0.9B,cd,**

220 �C/4 h 220 4 0.46 6.4 ± 0.8B,c 368 ± 46A,a,ns 1.11 ± 0.13A,a 161 ± 23A,b,ns 8.6 ± 0.9A,b,**

220 �C/8 h 220 8 0.73 8.7 ± 1.9B,b 381 ± 53A,a,ns 0.99 ± 0.13A,a 120 ± 32B,b,** 7.1 ± 1.0B,c,**

220 �C/16 h 220 16 1.03 13.0 ± 0.6B,a 373 ± 55A,a,ns 1.05 ± 0.18A,a 136 ± 44AB,a,ns 6.4 ± 0.8B,c,**

240 �C/4 h 240 4 0.63 28.4 ± 2.0A,c 363 ± 50A,a,ns 1.08 ± 0.14A,a 163 ± 31A,b,ns 7.1 ± 0.9A,c,**

240 �C/8 h 240 8 1.24 14.3 ± 0.8A,b 365 ± 48A,a,ns 1.04 ± 0.13A,a 135 ± 31A,b,ns 6.0 ± 0.8B,c,**

240 �C/16 h 240 16 1.52 23.6 ± 1.5A,a 352 ± 72A,a,ns 1.00 ± 0.23A,a 136 ± 44A,a,ns 4.7 ± 1.0C,d,**

Values are mean ± SD (n ¼ 15). Different capital and lowercase letters within a column indicate significant difference among various durations

(p < 0.05) and temperatures (p < 0.05), respectively. ns: non-significant; *: p < 0.05; **: p < 0.01, compared with untreated Japanese cedar timber.
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Japanese cedar timber were recorded on a Spectrum 100 FTIR

spectrometer (PerkinElmer, Buckinghamshire, UK) equipped

with a deuterated triglycine sulfate (DTGS) detector and a

MIRacle ATR accessory (Pike Technologies, Madison,WI, USA).

The spectra were collected by adding 32 scans at a resolution

of 4 cm�1 in the range from 650 to 4000 cm�1.

2.6. Principal component analysis of untreated and
hydrothermally treated Japanese cedar timber

Principal component analysis (PCA) identifies directions

(principal components, PCs) along which the variance of the

data is maximal [27]. The effect of this process is a concen-

tration of the sources of variability of the dataset into a few

PCs. Plots of the PC scores (projection onto PC axes) against

one another can reveal clustering or structure in the dataset.

For data analysis, the data of physicomechanical properties

were normalized, and then the data were used for PCA, and

the factor loadings were plotted.

2.7. Spearman's correlation analysis

Spearman correlations were used to determine relationships

between physicomechanical properties (i.e., mass loss, den-

sity, water absorption, volume shrinkage, S, TVS, EMC, colour

parameters, MOE, and MOR) and between these properties

and second derivative ATR-FTIR spectra. The importance of

the identified feature was based on the results from Spear-

man's correlation matrix, which was made in R (version 4.0.4,

The R Foundation for Statistical Computing, Vienna, Austria)

using the corrplot package [28].

2.8. Statistical analysis

All results are expressed as the mean ± standard deviation

(SD). The significance of differences was calculated using
Scheffe's test or Student's t-test, and p values <0.05 were

considered to be significant.
3. Results and discussion

3.1. Physicomechanical properties of untreated and
hydrothermally treated Japanese cedar timbers

The set point parameters, including mass loss, density, vol-

ume shrinkage, water absorption, and TVS, of untreated and

hydrothermally treated Japanese cedar timbers are summa-

rized in Table 1. The mass losses of hydrothermally treated

Japanese cedar timber were in the range of 2.7e23.6%, which

increased with increasing treatment temperature and dura-

tion. In general, the hydrolysis of biomass is started by hy-

dronium ions (H3O
þ), which act as acid catalysts and

hydrolyse principal components to mainly monomers [29].

Thus, in this study, hydronium ions increased with increasing

treatment temperature and duration, which was consistent

with the report by Rissanen et al. [30].

Additionally, the density and volume shrinkage of hydro-

thermally treated Japanese cedar timber exhibited no signifi-

cant difference compared to the untreated Japanese cedar

timber. However, after 24 h of water immersion, the water

absorption of the timbers was significantly influenced by the

treatment temperature and duration. The water absorptions

of untreated and hydrothermal treatment timbers were 151%

and 109e188%, respectively. Among these values, the 160 �C/
4 h and 200 �C/16 h groups exhibited the highest and lowest

water absorptions, respectively. Generally, the water absorp-

tion of hydrothermally treated Japanese cedar timbers

decreased with increasing treatment temperature and dura-

tion, except for 240 �C/4e16 h and 220 �C/16 h. This result may

be related to the change in timber volume. The slight increase

in water absorption after hydrothermal treatment may be

https://doi.org/10.1016/j.jmrt.2022.11.092
https://doi.org/10.1016/j.jmrt.2022.11.092


T
a
b
le

2
e

E
q
u
il
ib
ri
u
m

m
o
is
tu

re
co

n
te
n
t
(E
M
C
),
m

o
is
tu

re
e
x
cl
u
d
in

g
e
ffi
ci
e
n
cy

(M
E
E
),
a
n
d
v
o
lu
m

e
tr
ic

sw
e
ll
in

g
co

e
ffi
ci
e
n
t
(S
)
o
f
u
n
tr
e
a
te
d
a
n
d
h
y
d
ro

th
e
rm

a
ll
y
tr
e
a
te
d

Ja
p
a
n
e
se

ce
d
a
r
ti
m

b
e
r
u
n
d
e
r
2
0

� C
/6
5
%

R
H
,
2
0

� C
/7
5
%

R
H
,
a
n
d
2
0

� C
/8
5
%

R
H

co
n
d
it
io
n
s.

S
a
m

p
le

co
d
e

E
M
C
(%

)
M
E
E
(%

)
S
(%

)

6
5
%

R
H

7
5
%

R
H

8
5%

R
H

6
5
%

R
H

7
5
%

R
H

8
5%

R
H

6
5%

R
H

7
5
%

R
H

8
5
%

R
H

U
n
tr
e
a
te
d

1
4
.0

±
0
.4

1
5
.7

±
0
.4

1
6
.6

±
0
.4

e
e

e
3
.8

±
1
.1

4
.4

±
1
.0

4
.9

±
1
.1

1
6
0

� C
/4

h
7
.7

±
0
.7

A
,a
, *
*

1
0
.9

±
0
.5

A
,a
, *
*

1
4
.4

±
0
.8

A
,a
, *
*

4
5
±
5
A
,c

3
0
±
3
C
,d

1
3
±
5
C
,e

3
.3

±
0
.9

C
,a
,n
s

4
.8

±
0
.8

B
,b
,n
s

5
.2

±
0
.8

A
,a
, *

1
6
0

� C
/8

h
7
.3

±
0
.6

A
,a
, *
*

9
.7

±
0
.7

B
,b
, *
*

1
2
.3

±
0
.8

B
,a
, *
*

4
8
±
4
A
,c

3
8
±
4
B
,b

2
6
±
5
B
,d

4
.5

±
0
.6

B
,a
, *

5
.8

±
0
.8

A
,a
, *
*

6
.1

±
0
.9

A
,b
, *
*

1
6
0

� C
/1
6
h

7
.2

±
0
.3

A
,a
, *
*

8
.8

±
0
.4

C
,b
, *
*

1
0
.2

±
0
.3

C
,b
, *
*

4
8
±
2
A
,e

4
4
±
2
A
,c

3
8
±
2
A
,d

5
.2

±
0
.7

A
,a
, *
*

5
.5

±
0
.7

A
,a
, *
*

5
.7

±
0
.5

A
,a
, *

1
8
0

� C
/4

h
7
.9

±
0
.3

A
,a
, *
*

1
0
.8

±
1
.6

B
,a
, *
*

1
1
.7

±
0
.5

C
,b
, *
*

4
4
±
2
C
,c

3
1
±
6
A
,d

2
9
±
3
B
,d

3
.9

±
1
.0

A
,a
,n
s

6
.5

±
1
.1

A
,a
, *

5
.9

±
0
.9

B
,a
, *

1
8
0

� C
/8

h
7
.0

±
0
.7

B
,a
, *
*

1
1
.5

±
0
.6

A
,a
, *
*

1
2
.7

±
0
.9

A
,a
, *
*

5
0
±
5
B
,c

2
6
±
4
B
,c

2
3
±
5
B
,d

4
.4

±
0
.8

A
,a
, *

5
.7

±
0
.9

B
,a
, *
*

7
.8

±
1
.3

A
,a
, *
*

1
8
0

� C
/1
6
h

6
.4

±
0
.4

C
,b
, *
*

1
0
.9

±
0
.4

A
B
,a
, *
*

1
1
.1

±
0
.3

B
,a
, *
*

5
4
±
3
A
,d

3
0
±
2
B
,d

3
1
±
2
A
,e

3
.2

±
0
.6

B
,c
, *
*

5
.2

±
0
.8

B
,a
, *

4
.6

±
0
.7

C
,b
,n
s

2
0
0

� C
/4

h
7
.8

±
0
.3

A
,a
, *
*

9
.7

±
0
.8

A
,b
, *
*

1
0
.3

±
0
.6

A
,c
, *
*

4
4
±
2
C
,c

3
8
±
5
B
,c

3
8
±
4
B
,c

3
.3

±
0
.7

A
,a
,n
s

4
.5

±
0
.6

B
,b
c
,n
s

3
.7

±
0
.6

B
,b
c
, *
*

2
0
0

� C
/8

h
6
.9

±
1
.1

B
,a
, *
*

9
.3

±
1
.0

A
,b
, *
*

1
1
.1

±
0
.9

A
,b
, *
*

5
1
±
8
B
,c

4
1
±
5
B
,b

3
3
±
5
B
,c

3
.8

±
0
.8

A
,a
b
,n
s

5
.2

±
1
.0

A
,a
b
, *

6
.5

±
1
.5

A
,b
, *
*

2
0
0

� C
/1
6
h

5
.3

±
0
.4

C
,c
, *
*

8
.5

±
0
.5

B
,b
, *
*

9
.3

±
1
.1

B
,c
, *
*

6
3
±
3
A
,c

4
5
±
3
A
,c

4
4
±
6
A
,c

2
.4

±
0
.6

B
,d
, *
*

3
.7

±
0
.8

C
,b
, *

3
.5

±
0
.9

B
,c
, *
*

2
2
0

� C
/4

h
6
.1

±
0
.3

A
,b
, *
*

8
.8

±
0
.7

A
,c
, *
*

9
.2

±
0
.4

A
,d
, *
*

5
7
±
2
C
,b

4
4
±
5
C
,b

4
4
±
2
C
,b

3
.5

±
0
.4

B
,a
,n
s

4
.5

±
0
.8

A
,b
c
,n
s

4
.4

±
0
.5

A
,b
,n
s

2
2
0

� C
/8

h
5
.1

±
0
.4

B
,b
, *
*

6
.8

±
0
.8

B
,c
, *
*

7
.6

±
0
.7

B
,c
, *
*

6
4
±
3
B
,b

5
7
±
5
B
,a

5
4
±
5
B
,b

4
.1

±
0
.8

A
,a
b
,n
s

4
.5

±
0
.7

A
,b
c
,n
s

4
.4

±
0
.7

A
,c
,n
s

2
2
0

� C
/1
6
h

4
.2

±
0
.3

C
,d
, *
*

5
.6

±
0
.4

C
,c
, *
*

6
.2

±
0
.3

C
,d
, *
*

7
0
±
2
A
,b

6
4
±
3
A
,b

6
3
±
2
A
,b

4
.0

±
0
.7

A
,b
,n
s

4
.8

±
0
.7

A
,a
,n
s

4
.4

±
0
.8

A
,b
,n
s

2
4
0

� C
/4

h
5
.2

±
0
.4

A
,c
, *
*

6
.7

±
0
.4

A
,d
, *
*

8
.1

±
0
.5

A
,e
, *
*

6
3
±
3
C
,a

5
7
±
2
C
,a

5
1
±
3
C
,a

3
.4

±
0
.6

A
,a
,n
s

3
.8

±
0
.6

A
B
,c
, *

3
.4

±
0
.7

A
,c
, *
*

2
4
0

� C
/8

h
4
.3

±
0
.3

B
,c
, *
*

6
.2

±
0
.6

B
,c
, *
*

6
.2

±
0
.5

B
,d
, *
*

7
0
±
2
B
,a

6
1
±
4
B
,a

6
2
±
3
B
,a

3
.7

±
0
.9

A
,b
,n
s

4
.2

±
0
.9

A
,c
,n
s

3
.9

±
0
.8

A
,c
,n
s

2
4
0

� C
/1
6
h

3
.3

±
0
.4

C
,e
, *
*

4
.5

±
0
.4

C
,d
, *
*

5
.1

±
0
.4

C
,e
, *
*

7
7
±
2
A
,a

7
2
±
2
A
,a

6
9
±
2
A
,a

3
.7

±
1
.0

A
,b
c
,n
s

3
.4

±
1
.2

B
,b
, *

4
.0

±
1
.1

A
,b
c
, *
*

V
a
lu
e
s
a
re

m
e
a
n
±
S
D

(n
¼

1
5
).
D
if
fe
re
n
t
ca

p
it
a
l
a
n
d
lo
w
e
rc
a
se

le
tt
e
rs

w
it
h
in

a
co

lu
m
n
in
d
ic
a
te

si
g
n
ifi
ca

n
t
d
if
fe
re
n
ce

a
m
o
n
g
v
a
ri
o
u
s
d
u
ra
ti
o
n
s
(p

<
0
.0
5
)
a
n
d
te
m
p
e
ra
tu

re
s
(p

<
0
.0
5
),
re
sp

e
ct
iv
e
ly
.
n
s:

n
o
n
-s
ig
n
ifi
ca

n
t;
*:

p
<
0
.0
5
;
**
:
p
<
0
.0
1
,
co

m
p
a
re
d
w
it
h
u
n
tr
e
a
te
d
Ja
p
a
n
e
se

ce
d
a
r
ti
m
b
e
r.

j o u r n a l o f ma t e r i a l s r e s e a r c h a nd t e c hno l o g y 2 0 2 2 ; 2 1 : 4 9 8 2e4 9 9 34986
related to the degradation of hydrophobic lignin and the for-

mation of microcracks, which allow easier entrance of water

into the cell wall [31].Wentzel et al. [32,33] also observed lignin

degradation and microcrack formation in Eucalyptus nitens

specimens under hydrothermal treatment at 160 �C. Mean-

while, because the water absorption did not increase with

increasing treatment temperature and duration, the micro-

cracks did not increase due to the rising temperature and

duration, which was similar to the report of Bernabei and

Salvatici [34]. In contrast, thewater absorption decreasedwith

increasing treatment temperature and duration, which was

attributed to the hydrothermal treatment removing the

accessible OH groups, leading to a reduction in water ab-

sorption. Moreover, similar to water absorption, the trend of

TVS also increased with increasing treatment temperature

and duration, reaching a maximum at 180 �C/4 h, and then

decreased as the treatment temperature or duration

increased. This result may also be related to the aforemen-

tioned degradation of lignin, formation of microcracks, and

reduction of accessible OH groups.

Table 2 presents the EMC, MEE, and S of untreated and

hydrothermally treated Japanese cedar timbers under 20 �C/
65% RH, 20 �C/75% RH, and 20 �C/85% RH conditions. For each

conditioning environment, the EMC presented a similar trend.

The hydrothermal treatment at 160e240 �C decreased the EMC

values by 2.3e11.5%, depending on the treatment temperature

and duration. In contrast, the MEE increased with increasing

treatment temperature and duration. Comparing the timber

treated at 240 �C for 16 h (240 �C/16 h) to the untreated timber,

the MEE increased 77, 72, and 69% under 20 �C/65% RH, 20 �C/
75% RH, and 20 �C/85% RH, respectively. This phenomenon is

attributedmainly to the reduction of the accessible OH groups

by hydrothermal treatment, resulting in a decrease in EMC.

Meanwhile, cellulose aggregation and hydrogen bonding may

also decrease the hygroscopicity. However, as shown in Table

2, the MEE decreased with increasing relative humidity. In

other words, the number of accessible OH groups may in-

crease with increasing relative humidity. The results implied

that the destroyed sorption sites may be restored to form new

accessible OH groups by mechanical relaxation, which was

also reported by Altgen et al. [35]. Additionally, similar to TVS,

the S of hydrothermally treated Japanese cedar timber

increased with increasing treatment temperature and dura-

tion, reaching a maximum at 160 �C/16 h (20 �C/65% RH),

180 �C/4 h (20 �C/75% RH), and 180 �C/8 h (20 �C/85% RH), and

then generally decreased as the temperature and duration

increased. Meanwhile, S is also affected by mechanical

relaxation and resoftening of the amorphous cell wall matrix

polymers; thus, increasing the relative humidity will promote

the rearrangement of thematrix polymers, leading to a higher

S, consistent with the report of Endo et al. [36].

The colour variation and flexural properties of untreated

and hydrothermally treated Japanese cedar timbers are

shown in Table 3. The L*, a*, and b* of untreated and hydro-

thermally treated Japanese cedar timbers ranged from 34.8 to

67.6, 7.9 to 10.5, and 13.3 to 21.4, respectively. The L*, a*, and b*

values decreased with increasing treatment temperature and

duration. These results revealed that the surface colour of

Japanese cedar timbers was darker during hydrothermal

treatment. A similar result was also reported by Yang et al.

https://doi.org/10.1016/j.jmrt.2022.11.092
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Table 3 e Colour parameters (L*, a*, b*, and DE*), modulus of elasticity (MOE), and modulus of rupture (MOR) of untreated
and hydrothermally treated Japanese cedar timber.

Sample code CIE L*a*b* DE* MOE (GPa) MOR (MPa)

L* a* b*

Untreated 67.6 ± 5.4 10.5 ± 4.0 21.4 ± 1.7 e 6.4 ± 1.3 57.8 ± 10.2

160 �C/4 h 59.9 ± 5.6A,a,** 10.4 ± 1.4A,a,ns 22.5 ± 1.4A,a,* 8.4 ± 5.0B,d 6.2 ± 1.2A,a,ns 51.1 ± 8.0A,a,*

160 �C/8 h 56.0 ± 5.6A,a,** 10.8 ± 0.9A,a,ns 21.5 ± 1.5A,a,ns 11.8 ± 5.6AB,c 6.1 ± 1.0A,a,ns 59.3 ± 12.6A,ab,ns

160 �C/16 h 55.2 ± 4.4A,a,** 10.1 ± 1.0A,a,ns 21.3 ± 5.2A,a,ns 13.7 ± 3.1A,d 7.0 ± 1.2A,a,ns 61.1 ± 13.2A,a,ns

180 �C/4 h 56.7 ± 6.2A,ab,** 10.1 ± 0.8A,a,ns 21.5 ± 1.3B,a,ns 11.1 ± 6.0A,cd 6.7 ± 0.8A,a,ns 54.3 ± 8.8A,a,ns

180 �C/8 h 53.9 ± 6.2A,a,** 10.4 ± 0.9A,a,ns 22.0 ± 2.0AB,a,ns 14.1 ± 5.7A,c 6.6 ± 1.4A,a,ns 61.8 ± 14.9A,a,ns

180 �C/16 h 52.8 ± 5.8A,a,** 10.1 ± 0.7A,a,ns 23.2 ± 2.0A,ab,ns 15.3 ± 5.3A,d 6.1 ± 1.3A,ab,ns 50.7 ± 11.9A,a,*

200 �C/4 h 53.1 ± 4.1A,bc,** 10.0 ± 0.5A,a,ns 22.1 ± 1.6A,a,ns 14.7 ± 4.0B,bc 6.2 ± 0.9AB,a,ns 53.4 ± 9.9A,a,ns

200 �C/8 h 46.2 ± 4.1B,b,** 10.1 ± 0.7A,a,ns 21.6 ± 2.1A,a,ns 21.5 ± 4.1A,b 6.9 ± 1.1A,a,ns 47.2 ± 12.8A,bc,**

200 �C/16 h 44.5 ± 3.5B,b,** 10.0 ± 0.6A,a,ns 21.1 ± 1.9A,ab,ns 23.2 ± 3.6A,c 5.2 ± 1.1B,b,* 31.6 ± 8.9B,b,**

220 �C/4 h 50.1 ± 3.5A,c,** 10.4 ± 0.8A,a,ns 23.0 ± 1.3A,a,** 17.6 ± 3.5C,b 6.3 ± 0.8A,a,ns 45.7 ± 8.0A,ab,**

220 �C/8 h 43.4 ± 3.9B,bc,** 10.2 ± 0.8AB,a,ns 20.9 ± 2.5B,a,ns 24.3 ± 3.9B,ab 6.3 ± 1.4A,a,ns 40.0 ± 12.5A,c,**

220 �C/16 h 40.0 ± 2.8C,b,** 9.6 ± 0.5B,a,ns 18.8 ± 1.9C,b,** 27.8 ± 3.0A,b 5.0 ± 1.1B,b,* 26.7 ± 8.4B,b,**

240 �C/4 h 44.3 ± 3.9A,d,** 10.2 ± 0.4A,a,ns 21.8 ± 2.1A,a,ns 23.4 ± 3.9C,a 5.8 ± 0.9A,a,* 37.0 ± 7.6A,b,**

240 �C/8 h 40.0 ± 6.3B,c,** 9.1 ± 0.9B,b,sn 17.3 ± 2.0B,b,** 28.1 ± 6.2B,a 4.5 ± 1.4B,b,** 24.1 ± 8.0B,d,**

240 �C/16 h 34.8 ± 2.2C,c,** 7.9 ± 0.7C,b,ns 13.3 ± 2.0C,c,** 33.9 ± 2.6A,a 1.7 ± 0.6C,c,** 6.0 ± 2.4C,c,**

Values are mean ± SD (n ¼ 15). Different capital and lowercase letters within a column indicate significant difference among various durations

(p < 0.05) and temperatures (p < 0.05), respectively. ns: non-significant; *: p < 0.05; **: p < 0.01, compared with untreated Japanese cedar timber.
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[37]. In contrast, the DE* value, which is affectedmainly by the

L* value, increased with increasing treatment temperature

and duration.

In general, the MOE and MOR of heat-treated timber may

reduce strength and increase brittleness, which are major

barriers limiting the use of heat-treated timbers for con-

struction applications [1,37]. As shown in Table 3, theMOE and

MOR ranged from 1.7 to 6.9 GPa and 6.0e61.8 MPa, respec-

tively. Of those values, the MOE remained nearly constant in

the mass loss range up to 8%, while for a mass loss of 14.3%

(240 �C/8 h), the MOE was slightly decreased to 4.5 GPa. In

contrast, the MOR decreased markedly as a function of mass

loss. The hydrothermal treatment at 160e240 �C decreased the

MOR values of the untreated Japanese cedar timbers by

11.6e89.6%. This result indicated that the flexural properties

of timber decreased after hydrothermal treatment, especially

under high temperatures and long durations. Similar results

were also reported by Bor�uvka et al. [4], Altgen et al. [21], and

Yang et al. [37]. Among all hydrothermal treatments, 200 �C/
8 h was the optimal condition; the given timber not only

showed MOR retention higher than 80% but was also much

less hygroscopic than untreated timber.

To obtain more information on the effect of hydrothermal

treatment conditions on the properties of Japanese cedar

timber, PCA was conducted to derive the significant factors.

Fig. 2A shows the score scatter plot of PC1 versus PC2, with a

total variability of 66.4%. Distinct segregation and clustering

were apparent between different treatment conditions. Three

groups could be observed based on the score scatter plot: one

for untreated timbers, another for 240 �C/8 h, and a third for

other hydrothermal treatments, which were affected mainly

by the difference in PC1. These differentiations most likely

reflect the main changes in the mass loss, pressure, MEE, DE*

value, and EMC (Fig. 2B). Moreover, the PC1 loading of the

treatment pressure was larger than the treatment tempera-

ture and duration. At the same time, the directions of
treatment pressure andmass loss overlapped, suggesting that

the treatment pressure has a greater correlation than the

treatment temperature and duration in hydrothermal

treatment.

3.2. Chemical composition of untreated and
hydrothermally treated Japanese cedar timbers

The PCA sequence of different treatment conditions and high

total variability indicates that hydrothermal treatment fol-

lows a similar mechanism. Thus, the effect of various hydro-

thermal treatments on the chemical compositions of Japanese

cedar timber was characterized by the original and second

derivative ATR-FTIR spectra, as shown in Fig. 3. To compare

the spectra of untreated and hydrothermally treated timbers,

all spectra were normalized to the deformation peak at

1025 cm�1. Meanwhile, for a more accurate comparison of

wavenumber changes, the peaks in the fingerprint region

(1800e750 cm�1) of the second derivative ATR-FTIR spectra are

summarized in Table S1. The peak at 1025 cm�1 was nearly

constant in most treatments, but the peak of 240 �C/16 h was

still highly variable, making 240 �C/16 h unsuitable for explo-

ration in this way.

As shown in Table S1, the bands at 1736 cm�1 were

assigned to the stretching of the carbonyl groups of acetyls in

hemicellulose. When timbers were under hydrothermal

treatment, the intensities decreased with increasing treat-

ment temperatures and durations. Compared with our pre-

vious study [38], the peak of ester carbonyl groups was not

shifted to lower wavenumbers, which indicated that the hy-

droxyl groups did not form new carbonyl groups by esterifi-

cation reactions. This result was similar to the result reported

by Tjeerdsma and Militz [17], suggesting that the hydrother-

mal treatment was more similar to the heat treatment under

an air atmosphere than under a nitrogen atmosphere.

Furthermore, the intensity of the asymmetric ring stretching

https://doi.org/10.1016/j.jmrt.2022.11.092
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Fig. 2 e Principal component analysis (A) and criteria selected (B) of untreated and hydrothermally treated Japanese cedar

timber (n ¼ 240). EMC: equilibrium moisture content, MEE: moisture excluding efficiency, S: volumetric swelling coefficient,

TVS: total volume swelling, MOE: modulus of elasticity, and MOR: modulus of rupture.
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band of cellulose at 897 cm�1 was slightly reduced, which

implied that cellulose was depolymerized during hydrother-

mal treatment. However, the standard deviation of aromatic

skeletal stretching absorbance in lignin that appeared at

1593 cm�1 was higher than the standard deviation of aromatic

skeletal stretching absorbance in other peaks, probably

because the timbers were conditioned at 20 �C/65% RH for 2
weeks instead of oven drying; thus, the spectrum was inter-

fered with by the adsorbed water. In addition, the intensity of

absorption peaks at 1509 cm�1 (stretching of guaiacyl rings)

and 1265 cm�1 (guaiacyl ring breathing with C¼O stretching,

CeO stretching in lignin, and CeO linkage in guaiacyl aro-

maticmethoxyl groups) showed a trend of first decreasing and

then increasing with the intensification of hydrothermal

https://doi.org/10.1016/j.jmrt.2022.11.092
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Fig. 3 e Original and second derivative ATR-FTIR spectra of Japanese cedar timber after hydrothermal treatment at different

temperatures for 4 h (A, B), 8 h (C, D), and 16 h (E, F).
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treatment. This phenomenon is attributed mainly to the

initial thermal degradation temperature of lignin (110 �C)
being lower than the initial thermal degradation temperature

of hemicellulose (160 �C) [39], so the relative amount of lignin

will also first decrease and then increase with the intensifi-

cation of hydrothermal treatment. However, according to our

previous study [39], the peaks at 1509 and 1265 cm�1 increased

up to 220 �C and then decreased at 260 �C under nitrogen or air

atmospheres during heat treatment. This difference sug-

gested that the water vapour of hydrothermal treatment may

act as a protective medium for hemicellulose and cellulose,

resulting in milder thermal degradation in the initial state.

Additionally, the absorption peaks at 1460 cm�1 (d CeH),

1218 cm�1 (n CeO), and 863 cm�1 (d CeH) were similar to the

variation trend of guaiacol stretching vibration at 1509 cm�1,

while the peaks at 1420 cm�1 (d CeH) and 1320 cm�1 (d CH2)

showed opposite trends. Moreover, similar to the report of

Tjeerdsma and Militz [17], the peaks in the fingerprint region

did not shift significantly after hydrothermal treatment. The
findings suggested that the hydrothermal treatment limited

and prevented shear displacement of the cell wall by pro-

moting cellulose aggregation and hydrogen bonding rather

than promoting additional covalent bonds and cross-linking.

This result was also consistent with the reports of Popescu

et al. [40].

3.3. Spearman's correlation matrix

To understand the effects of hydrothermal treatment on

physicomechanical properties, chemical compositions, and

their correlations, Spearman's correlation analysis was used

in this study. Fig. 4 presents Spearman's correlation matrix of

the selected properties. The diagonal elements (correlations of

variables with themselves) are always equal to unity, and the

correlation factors are between�1 and 1 (0: no correlation; ±1:
high correlation). For all physicomechanical properties, the

mass loss was themost significantly correlated with the other

properties. Themass loss not only denotes the density change

https://doi.org/10.1016/j.jmrt.2022.11.092
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Fig. 4 e Spearman's correlation matrix of the physicomechanical properties of untreated and hydrothermally treated

Japanese cedar timber (n ¼ 240). EMC: equilibrium moisture content, MEE: moisture excluding efficiency, S: volumetric

swelling coefficient, TVS: total volume swelling, MOE: modulus of elasticity, and MOR: modulus of rupture. *: p < 0.05;

**: p < 0.01.
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after hydrothermal treatment but also indirectly reflects the

hydrothermal degradation of the principal components.

Additionally, the mass loss of hydrothermally treated timber

generally increased with increasing treatment temperature

and duration and was therefore often referred to as an indi-

cator of treatment quality.

However, the main effect of the hydrothermal treatment is

to reduce the hygroscopicity, thereby decreasing the swelling

and shrinkage of timber by reducing its EMC. Therefore, the

EMC, MEE, and S have significant correlations with each other,

and a similar result was reported by Nopens et al. [41].

Notably, Spearman's correlation coefficient of hygroscopicity

increased with increasing relative humidity, probably due to

the increase in mechanical relaxation and the resoftening at

higher relative humidity. Similar to the hygroscopicity, the

mechanical properties also have significant correlations with

other properties, such as mass loss, density, MEE, TVS, and

EMC. Additionally, water absorption is significantly related to

volume shrinkage, probably because the hydrothermal treat-

ment reduces the density, leading to an increase in porosity

[42]. Furthermore, consistent with the results reported by Van

Nguyen et al. [43], there were significant correlations among

the CIE L*a*b* colour parameters, MEE, MOR, and EMC, which

could be used for quality control in hydrothermal treatment.

Fig. 5 presents the Spearman's correlation matrix of

the selected properties with the second derivative ATR-

FTIR spectra. The specific hemicellulose acetyl group at
1736 cm�1 was significantly associated with the mass loss,

MEE, DE* value, S, EMC, MOE, MOR, and L* value. This result

suggested that the products generated from the degradation

(deacetylation) of hemicellulose play an important catalytic

role in the hydrothermal process. Additionally, the structural

features of cellulose have a great influence on the mechanical

properties, resulting in the peak at 897 cm�1 (nas CeOeC, b-

(1e4)-glycosidic linkage) being significantly correlated with

the mechanical properties. In contrast, the relative content of

lignin increased due to the degradation of hydrophilic hemi-

cellulose. Therefore, the specific absorption peaks of lignin at

1593, 1509, and 1265 cm�1 were negatively correlated with

MEE. Similarly, the signals at 1320 cm�1 (d CH2), 1156 cm�1 (nas
CeOeC, d CeOeH), 1107 cm�1 (n CeC, CeO, d CeOeH), and

1060 cm�1 (n CeC, CeO, d CeOeH) were also negatively

correlated with MEE. In addition to the chemical changes

described in the previous section, the water absorption and

volume shrinkage were significantly correlated to 1593, 1509,

1460, 1265, 1218, and 863 cm�1. Previous work has shown that

degradation of hemicellulose is correlated with improved

anti-shrinkage ability of lignocellulosic materials [44], but

compared with hemicellulose and cellulose, the changes in

volume shrinkage and water absorption were more related to

the relative content of lignin according to Spearman's corre-

lation analysis in this study. The initial thermal degradation

temperature of lignin iswell known to be lower than the initial

thermal degradation temperature of hemicellulose and
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Fig. 5 e Spearman's correlation matrix of physicomechanical properties with second derivative ATR-FTIR spectra of

untreated and hydrothermally treated Japanese cedar timber (n ¼ 240). EMC: equilibrium moisture content, MEE: moisture

excluding efficiency, S: volumetric swelling coefficient, TVS: total volume swelling, MOE: modulus of elasticity, and MOR:

modulus of rupture. *: p < 0.05; **: p < 0.01.
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cellulose. The slight changes in volume shrinkage and water

absorption after hydrothermal treatment may be caused by

the thermal energy released from lignin during pyrolysis

along with the formation of microcracks [45]. El Moustaqim

et al. [46] also mentioned that stress relaxation of lignin can

lead to microcracks. However, the volume shrinkage and

water absorption decreased with increasing treatment tem-

perature and duration, attributed to the hydrothermal treat-

ment not only destroyed the lignin structure but also lowered

the lignin glass transition temperature, making it easier to

deposit on the cell wall surface [47e49].
4. Conclusions

To understand the processes involved in hydrothermal

treatment, this study investigated the physicomechanical

properties and chemical composition of hydrothermally

treated Japanese cedar timber. The results revealed that the

hygroscopicity and flexural properties generally decreased

with increasing treatment temperature and duration. The

mechanical properties and dimensional stability are impor-

tant factors in determining the application of heat-treated

timber in outdoor and building structures. In this study,

200 �C/8 h was the optimal condition among all treatments;

the given timber not only retained �80% of its flexural

strength but was also much less hygroscopic than untreated
timber. Additionally, the results of Spearman's correlation test

revealed that hemicellulose and cellulose were significantly

related to mass loss, MEE, EMC, and MOR. In contrast, lignin

was more associated with volume shrinkage and water ab-

sorption. The hydrothermal treatment limited and prevented

shear displacement of the cell wall by promoting cellulose

aggregation and hydrogen bonding, thereby reducing the

possibility of cracking and the degradation of mechanical

properties. Therefore, appropriate hydrothermal treatment

conditions may become an environmentally friendly method

for timber modification.
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