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A B S T R A C T   

Wood’s chemical composition has a close relationship to its mechanical properties. Therefore, chemical analysis 
such as FTIR spectroscopy offers a reasonable non-destructive method to predict wood strength. Pine (Pinus 
densiflora) specimens were thermal-treated in different conditions (aerobic and anaerobic) and evaluated by 3- 
point bending test for modulus of rupture (MOR) and by FTIR spectroscopy for chemical composition. Density 
and moisture content changes were also assessed in this study. The result showed that both density and equi-
librium moisture content at 20 ◦C with 65 % humidity change little at low treatment temperatures, but they 
decrease at high treatment temperatures and when treated in the presence of oxygen. The MOR was improved by 
the reactions that occurred, including cellulose crystallisation, lignin condensation and cross-linking, whereas it 
was decreased by degradation reactions. The MOR were well predicted by two FTIR peak at 1318 cm− 1 (relating 
to CH2 bond and condensation of G-ring of lignin), and at 1730 cm− 1 (pertaining to changes to carbonyl groups 
in hemicelluloses) and density. It was concluded that FTIR spectroscopy provides a suitable method for wood 
non-destructive mechanical testing.   

1. Introduction 

Timber has a long history of being used in construction and has 
recently made a renaissance due to the declared climate emergency, the 
desire to utilise timber in construction and its ability to act as a carbon 
store [1,2]. However, a single member of a timber-framed structure 
might slowly lose mechanical durability over a very long time period 
and result in structural failure, but this is not easy to evaluate from vi-
sual observation. Hence, non-destructive methods to predict timber 
mechanical properties are needed. 

The interaction between wood chemical composition and mechani-
cal properties are discussed. Wood chemical composition and mechan-
ical properties both change, which imply that wood chemical 
composition and mechanical properties are strongly correlated [3,4]. 
The tensile strength of wood is affected by the proportion of amorphous 
cellulose present, for example it has been shown to decrease dramati-
cally after a large number of covalent bonds within the wood macro-
molecules were broken by a gamma irradiation treatment [5,6]. The 
author also demonstrated that longitudinal compressive strength and 
shear strength are affected by changes in the proportion of crystalline 
cellulose and the extent of lignin cross-linking [6]. Winandy and Rowell 

[7] clearly described the way that mechanical properties of wood result 
from the covalent bonds within the three main wood polymers (cellu-
lose, hemicelluloses, and lignin), and the hydrogen bonds that occur 
within and between them. Hence, a relationship between wood chemical 
composition and mechanical properties is worthy of study. 

Temperature effects are frequently studied as a tool to investigate 
various changes in wood, and many studies have investigated these ef-
fects by chemical and mechanical analysis [8,9]. Many researchers have 
shown that temperature can also alter the structural polymers of the 
wood [10,11]. A comprehensive review of the literature summarised 
that below 150 ◦C thermal treatment, both free and bound water 
evaporate, whilst at the temperatures between 150 ◦C and 250 ◦C, many 
kinds of chemical changes happen to the cellulose, hemicelluloses and 
lignin of wood [8]. The extent and type of changes are significantly 
affected by the treatment environment, such as the presence of oxygen, 
steam, or inert gases. Moreover, wood is carbonised and degraded, 
releasing various gases at higher temperatures greater than 250 ◦C. 
Wood has thermal shrinkage reaction at this temperature due to hemi-
cellulose degradation [12]. 

Cellulose, hemicelluloses, and lignin are the main molecules in the 
wood cell wall. The cellulose microfibrils play a significant role in 
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supporting the structure, whilst hemicelluloses and lignin form a matrix 
to enhance its integrity [7,13]. Cellulose is the most stable molecule of 
wood in any atmosphere or temperature, retaining its structure and 
strength even at 260 ◦C for a long period [14–16]. Moreover, thermal 
treatment under 250 ◦C can result in an apparent increase in the crys-
tallinity of cellulose. Inert and moist atmospheres can lead to an 
increased change in the level of crystallinity compared to reactions in air 
or oxygenated environments [17–21]. Hemicelluloses are affected 
significantly during thermal treatment. At low temperatures, it con-
denses with lignin, whilst at high temperatures, it degrades to give 
shorter chain molecules, and evolving gaseous or liquid decomposition 
products, which are important factors in the observed mass loss 
[14,22–24]. Elastic moduli is reduced due to hemicelluloses degradation 
[12]. Lignin molecules have complex chemical reactions which vary 
according to temperature, treatment atmosphere and duration. 
Condensation, cross-linking, and degradation reactions can be observed 
in lignin molecules during thermal treatment. Treatments in inert at-
mospheres can enhance lignin condensation and cross-linking reactions 
[14,25], whereas the presence of oxygen and use of high temperatures 
lead to it undergoing significant degradation [26]. A long period ther-
mal treatment (160 ◦C for 504 h) was shown to also caused serious 
degradation reactions in both hemicellulose and lignin [10]. However, 
the traditional chemical detection methods (quantitative wet chemical 
analysis) are not capable of distinguishing chemical changes in the 
structure of wood molecules, especially lignin [17,27,28]. An advanced 
technique, ATR-FTIR (attenuated total reflection Fourier transform 
infrared spectroscopy), is a quick and effective method for analysing the 
changes in chemical composition of wood and alterations to the preva-
lence of different functional groups during thermal degradation or re-
actions [29–31]. 

The MOE (Modulus of elasticity) and MOR (Modulus of rupture) are 
determined in bending tests for wood. For thermally treated woods, both 
are affected by treatment temperature and duration, and it is possible to 
select treatment conditions to optimise the MOR and MOE attained 
[16,32,33]. In addition, the oxygen content of the treatment atmosphere 
has a close negative correlations with MOE and MOR of the treated 
wood. Specifically, both the MOE and MOR of pine decreased in oxygen 
atmosphere treatments but experienced no significant changes in air and 
increased slightly in nitrogen atmospheres, where all treatments were 
conducted at 150 ◦C for 16 h [34]. Mass loss is also an important 
parameter correlating with the chemical changes affecting wood’s me-
chanical properties after thermal treatment. Low mass loss (up to 4 %) 

has been shown to not affect the MOE and MOR significantly, whereas 
high mass loss is correlated with a dramatic decrease in both [16,32]. 
MOR changes is more significant than that of MOE during thermal 
treatment [35,36], especially in the longitudinal direction [12]. 

As many studies have proved that the changes of wood chemical 
composition and mechanical properties can be detected after thermal 
treatment, this research will use thermal treatment to cause changes, 
and detect chemical composition by ATR-FTIR and mechanical proper-
ties by 3-point bending test. The aim of the study is to predict wood 
mechanical properties by FTIR as a non-destructive test method for 
application in larger structural members. In fact, several non-destructive 
tests have been studied in wood mechanical properties evaluation such 
as colour measurement [37–39], wave-based method (Ultrasound, stress 
wave and Lamb wave) [40–43] and near infra-red (NIR) or FTIR spec-
trometry [44,45]. A recent data analysis method based on machine 
learning was exploited to improve prediction model significantly 
[38,43,46]. However, ATR-FTIR can show the chemical changes of 
wood molecules from the fingerprint region of spectra, hence the ATR- 
FTIR will be used in this study. Small samples will be used in experi-
ment to permit full comparison of the treatment effects on the me-
chanical properties and spectroscopic observation to derive a model. 

The changes to the molecular composition of the cellulose, hemi-
celluloses, and lignin of wood during thermal treatment are complex and 
have been discussed in many studies, some are summarised in Table 1. 
As a composite of different polymers, the wood mechanical properties 
are affected not only by the molecular weight of each component (cel-
lulose, hemicelluloses, and lignin), but also by the distribution of these 
within the microfibrillar arrangement of the cell wall structure [47]. 
Only chemical reactions affecting the structural molecules are discussed 
in this study. Table 1 presents the main reactions seen during thermal 
treatments and how these correspond to changes in intensity of the 
peaks of the FTIR spectrum. Note that many of these are studies on pure 
compound, not the compound in the wood cell wall. 

2. Materials and method 

Pine specimens were from an approximately 30 years growing trunk 
and were taken out from the place close to the bark side, but sapwoods 
were not used in this experiment. The wood species was Pinus densiflora 
with each specimens containing both earlywood and latewood and the 
dimensions of 2 mm (tangential) × 4 mm (radial) × 40 mm (longitu-
dinal) (Fig. 1) were used in the experiment. 

Table 1 
Chemical Functional Group Changes resulting from Thermal Treatment and Corresponding FTIR Peaks.  

Chemical Reaction Location Name Functional groups FTIR peak absorption change FTIR Peak (cm− 1) 

Crystallization[48] Cellulose Ether linkage 
Hydroxyl 

C–O–C 
C–OH 

↑ Peak 1154 
↑ Peak 1110 

Deacetylation [49] Hemicelluloses Carbonyl 
Alkene 

C––O 
C––C 

↓ Peak 1730 
↑ Peak 1595 

Hemicelluloses Degradation [50] Hemicelluloses Ester carbonyl 
Alkene  

C––O 
C––C 
Others 

↑ Peak 1730 
↑ Peak 1595 
↓ Peak 1226 to 1507 

Condensation I [51] Lignin Ether carbonyl 
- 

C–O–C 
C–C 

↓ Peak 1154 
↑ Peak 1054 

Condensation II [52] Lignin Ether 
Hydroxyl 

C–O–C 
–OH 

↑ Peak 1154 
↓ Peak 3336 

Cross-linking [9] Lignin Alkene 
Aromatic skeletal 
Carbonyl 

C––C  

C––O 

↓ Peak 1595 
↑ Peak 1507 
↓ Peak 1730 

Lignin Degradation [53,54] Lignin Hydroxyl 
Alkene 
- 
Aromatic skeletal 

–OH 
C––C 
C–C 

↓ Peak 3336 
↑ Peak 1595 
↓ Peak 1054  
↓ Peak 1507 

Lignin Dehydration [53] Lignin Hydroxyl 
Alkene 
- 

–OH 
C––C 
C–H 

↓ Peak 3336 
↑ Peak 1595 
↓ Peak 1025 

Oxidation [55] Lignin 
Hemicelluloses 

Hydroxyl 
Ketone 

–OH 
C––O 

↓ Peak 3336 
↑ Peak 1730  
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The temperature of the thermal treatment was set at 120 ◦C±5, 160 
◦C±5 and 200 ◦C±5 for 8, 12, 16, 20 and 24 h in air and vacuum at-
mospheres (Table 2). Each group contained 15 specimens. There were 
465 specimens in total with a group of 15 untreated specimens as 
reference. 

All the specimens were placed in a conditioning chamber with 20 ◦C 
and 65 % relative humidity for at least two weeks until the weight did 
not change any further then dried for approximately 24 h, again until the 
weight did not change, in a 105 ◦C oven to determine the value of EMC 
for the untreated wood prior to treatment. Thermal treatment was then 
started immediately on the oven dried specimens. Specimens were 
weighed after treatment, to determine the pure mass loss of wood due to 
the thermal treatment (excluding any moisture). The specimens were 
then placed back into the conditioning chambers and conditioned until 
no further mass change was seen before re-weighing, the EMC of the 
treated wood was determined using this data. The density of each 
specimen was measured at the same time. FTIR and 3-point bending 
tests were run after re-conditioning. The sequence of the experiment is 
shown in Fig. 2. 

2.1. Testing environment 

All testing facilities were in a laboratory at 20 ◦C and 65 % relative 
humidity. The temperature and humidity were controlled by an auto-
matic system for 24 h a day. 

2.2. Vacuum oven 

An oven with vacuum compressor was used to conduct the thermal 
treatment process. All valves were switched off and a continuously 
running compressor was used to create a vacuum environment below 5 
Pa. For treatment in air, a through current of air was generated by 
opening the air inlet valve and setting the compressor at “low” running 
mode. The fresh heated air was drawn across the samples slowly as the 
oven temperature was not affected. 

2.3. Mechanical testing 

The mechanical properties were tested in 3-point bending mode 
using an Instron universal test machine. The span of the fixture was 28.5 
mm and the cross-head speed was set at 0.025 mm/s. 

2.4. ATR-FTIR spectroscopy 

The spectra of the specimens were obtained by a THERMO Nicolet 
8000 FTIR equipped with a PIKE GladiATR, a 45◦ single reflection ATR 
accessory with a 3.0 mm ZnSe based ATR crystals. Specimens were 
clamped in the ATR accessory and each specimen were scanned 15 times 
on a smooth surface. Raw FTIR spectra were processed by cubic spline 
baseline correction at 835 cm− 1 1850 cm− 1 and 3800 cm− 1 [29,56] by 
Essential FTIR software. According to Kocaefe, Poncsak and Boluk [9], 
thermal treatment was assumed not to affect C–H bond at 2910 cm− 1, 
so FTIR spectra were normalised to the peak at 2910 cm− 1 after baseline 
correction. The FTIR spectrum is the result of the superimposing many 
peaks, so deconvolution of the peaks can be used to distinguish the area 
of each individual peak. Fig. 2 shows the peak fitting for pine specimens 
without any treatment. The raw FTIR spectrum (black) and cumulative 
peak fitting (red) coincide with R-square 0.998. The peak centre 
wavenumber and the corresponding functional groups of the molecules 
present in wood are shown in Table 2. 

3. Results and discussion 

3.1. Mass Loss, equilibrium moisture content and density change 

Density and equilibrium moisture content (EMC) significantly 
correlated with wood’s mechanical properties [38,74–76], which were 
recorded comprehensively for this study. During thermal treatment, the 
mass loss in air was higher than under vacuum, whilst mass loss also 
increased with temperature and length of treatment period (Table 3). 
The highest mass loss (14.5 %) was seen for the treatment at 200 ◦C in 
air for 24 h, while in a vacuum under the same temperature and duration 
it was just 8.05 %. Oxygen is widely recognised as a significant 
parameter that promotes mass loss at this temperature [8]. At 160 ◦C 
and 120 ◦C, the mass loss for air treatment was slightly higher than 
under vacuum, standing at approximately 3 % and 2.2 %, respectively, 
and for vacuum treatment, the mass loss reduced to 2.98 % and 2.11 %. 
Thus, the oxygen present in air did not appear to affect mass loss 
significantly under such treatment for 24 h. Hemicellulose degradation 
and deacetylation reactions are the main reactions responsible for mass 
loss[14,77]. In the FTIR spectrum for 200 ◦C treatment, the large 
decrease in hydroxyl groups (overlapping peaks at 3336 cm− 1 and 3360 
cm− 1, Fig. 4) indicated the reactions on the hemicelluloses [17,23,27]. 
The peaks from 1226 cm− 1 to 1507 cm− 1 relating to lignin also had a 
significant reduction showing that lignin was also degraded in the 200 
◦C treatment (Fig. 4). 

Fig. 1. Sample Size and Annual Ring Direction in the Experiment.  

Table 2 
FTIR Wavenumber and Corresponding Chemical Functional Groups of Wood.  

No. wavenumber Compound 

1 3336 O–H Stretch [57] 
2 2910 

2882 
CH– stretch in methyl- and methylene groups 
CH– stretch in methyl- and methylene groups [58] 

3 2103 
1990 

Absorption caused by the ATR crystal 
Absorption caused by the ATR crystal 

4 1730 C––O stretching in unconjugated ketone, carbonyl, 
carboxylic acid and ester groups (frequently of carbohydrate 
origin) [58–61] 

5 1642 –OH bending, affected by water absorption [62,63] 
6 1595 C––C stretching of the aromatic ring; COO– stretching  

[59,64] 
7 1507 Aromatic skeletal vibration [59,62,64] 
8 1456 C–H deformation stretching in CH2 and CH3, and aromatic 

skeletal vibrations [58,59] 
9 1421 O–H in aromatic skeletal; C–H deformation stretching in 

CH2 of cellulose [59,65] 
10 1366 C–H bending in cellulose and hemicelluloses [65,66] 
11 1330 Phenol group; –OH bond to aromatic hydrocarbon group  

[67,68] 
12 1318 Condensation of guaiacyl unit (hardwood lignin) and 

syringyl unit [69] 
And CH2 bending in cellulose [58,65] 

13 1262 C–O of guaiacyl ring stretching (lignin) [59,62,70] 
14 1226 C–C, C–O–C (lignin) [64] 
15 1204 C–O–C or O–H in plane bending [71] 
16 1154 Bridge C–O–C symmetric stretching in cellulose and 

noncellulosic polysaccharides [62,72] 
17 1110 C-OH stretching [72,73] 
18 1054 C–C and C–O stretching [72,73] 
19 1025 C–H in-plane deformation and C–O stretching [58,73] 
20 895 Anomeric vibration at β-glycosidic linkage [65,72] 

*Peak no.1–3 were shown in Fig. 4, peak no.4–20 were shown in Fig. 3. 
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The EMC of untreated wood at 20 ◦C and 65 % relative humidity was 
10.5 %, and only a small change was seen for the specimens treated at 
120 ◦C thermal-treatment in air atmosphere (10.3 %) and in vacuum 
(10.2 %). The value of EMC decreased for specimens from higher tem-
perature treatments and treatments in an oxygen atmosphere (Table 4). 
As with mass loss, the highest EMC decrease was observed for treatment 
at 200 ◦C in air after 24 h, decreasing from 10.5 % to 5.3 %, which was 
also reported by Straže et.al [78]. For all treatments, the reduction in 
EMC reached a maximum after the first 16 h treatment, with only small 

further changes seen for the longer treatments of 20 and 24 h. Jämsä and 
Viitaniemi [79] built a close relationship between the decrease of 
moisture content and the loss of hydroxyl groups. As mentioned above, 
the loss of hydroxyl functionalities is clearly seen in the FTIR spectrum 
(Fig. 4), at 3335 cm− 1 and 3360 cm− 1, relating to the hydroxyl groups 
decreases. 

Fig. 2. Sequence of conditioning, measurement and treatment steps in the Experiment.  

Fig. 3. Peak Fitting of Fingerprint Region of Un-treated Pine.  

Table 3 
Mass Loss of Wood As A % Of Initial Weight Of Wood From Thermal Treatment.  

Mass loss Control 
0H 
(%) 

Temperature 
(◦C)  

8 h 
(%) 

12 h 
(%) 

16 h 
(%) 

20 h 
(%) 

24 h 
(%) 

air 0 120 Mean 
SD 

1.1 
0.15 

1.4 
0.12 

1.9 
0.09 

2 
0.36 

2.3 
0.24 

160 Mean 
SD 

1.5 
0.14 

2 
0.09 

2.5 
0.20 

2.7 
0.17 

3.2 
0.20 

200 Mean 
SD 

6.3 
0.96 

10.6 
1.29 

11.9 
0.73 

12.9 
1.35 

14.5 
1.62 

vacuum 120 Mean 
SD 

1.0 
0.08 

1.5 
0.14 

1.8 
0.18 

2.0 
0.17 

2.1 
0.15 

160 Mean 
SD 

1.0 
0.40 

2.4 
0.12 

2.5 
0.14 

2.7 
0.12 

3.0 
0.09 

200 Mean 
SD 

4.6 
1.04 

4.6 
1.13 

5.7 
0.49 

6.8 
0.79 

8.0 
0.72  
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3.2. Mechanical property and chemical composition 

The Modulus of Rupture (MOR) for treatment at 120 ◦C in a vacuum 
constantly increases with time, reaching approximately 16 % increase 
after 24 h (Fig. 5). Similar results for thermal treatment were reported by 
other studies [16,34]. In the FTIR spectra of specimens treated in the 
same condition, the absorbance of bond C–O–C in cellulose and 
hemicelluloses (peak at 1154 cm− 1) was increased. As this bond can be 
used to analyse cellulose crystallinity [48], along with bonds at 1420 
cm− 1, 1110 cm− 1 and 895 cm− 1, relating to the bond of CH2, C-OH and 
C–O–C (β-glycosidic linkage), we were able to confirm that cellulose 
crystallinity increased in the 120 ◦C vacuum treatment specimens, 
through the increase of these four peaks. The peak at 1507 cm− 1, 
correlating to aromatic skeletal vibration of lignin, also increased. This 

peak revealed condensation/cross-linking reaction in the lignin macro-
molecule, which was also an important factor that enhanced wood 
strength [9]. Similar lignin composition changes were also reported by 
other authors [26,77,80]. Lignin crosslinking reactions were observed, 
these are associated with a reduction of the 1595 cm− 1 peak reducing 
the number of C––C bonds. In addition, a deacetylation reaction was 
observed due to the reduction the peak at 1730 cm− 1, for the C––O 
bonds within the ester carbonyl, similar results were reported by many 
other studies [20,23,77]. To sum up, the treatment at 120 ◦C in vacuum, 
includes an apparent increase in cellulose crystallisation, lignin 
condensation/cross-linking reactions and less than 3 % mass loss 
contribute to an improvement in wood strength. In the treatment at 120 
◦C in air, MOR increases in the first 16 h and then decreases. On the FTIR 
spectrum, condensation and cross-linking reactions were also observed 

Fig. 4. FTIR Spectra of Non-treated Pine and 200 ◦C Treatment in Air and Vacuum for 24 Hours (a)full spectrum (b) fingerprint region.  
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by related peak changes, but to a lower degree. The presence of oxygen 
may inhibit crystallisation, condensation and cross-linking and leads to 
a bit more mass loss from the treatment. 

Treatment at a temperature of 200 ◦C caused a steady decrease in 
MOR with increasing time, and for the 24 h treatments both in air and 
vacuum atmospheres, the decrease was approximately 42 % and 12 %, 
respectively. The mechanical strength decreasing more in air than in an 
inert atmosphere at 200 ◦C was also reported by others [6,32]. 
Regarding the FTIR spectra of the specimens treated in the air atmo-
sphere, the peak at 3336 cm− 1 relating to hydroxyl groups (–OH) of 
cellulose, hemicelluloses and lignin decreased significantly, which 
showed a large degradation in wood chemical components. The mass 
loss in Table 3 confirms this degradation. The peaks from 1507 cm− 1 to 

1318 cm− 1, relating to hemicelluloses and lignin, decreased significantly 
after the 24-hour treatment (Fig. 4), which was caused by the degra-
dation and carboxylation of polysaccharides. The chemical reaction 
products contained many C––C bonds (peak at 1595 cm− 1), carboxylic 
acid and ester carbonyl groups (C––O, peak at 1730 cm− 1), C–O bonds 
(1262 cm− 1) and C–O–C bonds (1154 cm− 1 and 1204 cm− 1), which 
can be observed as an increase in the 5 peaks (Fig. 4), similar result was 
reported by Wang, Fu and Lin [81]. Note that on the FTIR spectra, the 
peak at 1262 cm− 1 appears to be lower than non-treated specimens, 
however, after deconvolution of peaks, the actual size of this peak 
increased, the apparent lower peak area arose because of dramatic 
changes in the intensity of neighbouring peaks. A remarkably similar 
result was reported by González-Peña and Hale [82] who reported that 

Table 4 
EMC of Wood Specimens After Conditioning, Resulting From Thermal Treatment.  

EMC Control 
0H 
(%) 

Temperature 
(◦C)  

8 h 
(%) 

12 h 
(%) 

16 h 
(%) 

20 h 
(%) 

24 h 
(%) 

air 10.5 
0.33 

120 Mean 
SD 

10.1 
0.35 

10.0 
0.33 

10.1 
0.37 

10.1 
0.34 

10.3 
0.49 

160 Mean 
SD 

9.8 
0.34 

8.6 
0.37 

8.3 
0.37 

8.3 
0.32 

8.3 
0.34 

200 Mean 
SD 

8.2 
0.36 

6.2 
0.14 

5.3 
0.21 

5.4 
0.26 

5.6 
0.27 

vacuum 120 Mean 
SD 

10.4 
0.37 

10.1 
0.36 

10.3 
0.67 

10.6 
0.33 

10.2 
0.41 

160 Mean 
SD 

10.3 
0.40 

8.7 
0.37 

8.6 
0.40 

8.5 
0.36 

8.5 
0.43 

200 Mean 
SD 

7.5 
0.45 

6.1 
0.53 

6.0 
0.27 

6.1 
0.42 

6.2 
0.51  

Fig. 5. MOR Changes During Thermal Treatment in Different Atmospheres.  
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MOR was negatively correlated with intensity of these five peaks in a 
study on thermal modification of spruce wood. However, one peak at 
1517 cm− 1 relating to aromatic skeletal vibrations, showed an increase 
in his study, but was not found in this study. Diffuse reflectance FTIR 
method maybe more sensitive than ATR method. The FTIR spectra of the 
specimens treated in vacuum at 200 ◦C showed few significant differ-
ences from the air treatment spectra described above. The main differ-
ences were on peak at 1730 cm− 1, 1262 cm− 1 and 1204 cm− 1. The peak 
at 1730 cm− 1 showed a slight increase, indicating that the presence of 
oxygen was involved in chemical reactions at 200 ◦C, some have re-
ported this to be the formation of ketones or carboxylic acids during 
hemicellulose degradation [58,61] or formation of aldehyde groups in 
lignin [58]. Considering the smaller mass loss in vacuum compared to 
air, oxidation and degradation are likely to be the main reactions. In 
addition, cellulose crystallisation and lignin condensation/cross-linking 
may also happen in the first few hours of 200 ◦C treatment, according to 
Goroyias and Hale [83], who also observed a clear increase in MOR after 
20 min. This was associated with increase of the peaks in this temper-
ature treatment, and indicated that crystalised cellulose, the functional 
groups of C––O, C–O–C and C––C were the most stable part of wood 
molecule. The implication of this observation is that very short times at 
high temperature show trends which have similarity to the lower tem-
perature treatments, but other mechanisms dominate the systems as 
treatment time is extended. 

At 160 ◦C treatment, the changes are complex. The MOR of the 
specimens treated in air and vacuum both increased in the first few 
hours of treatment but decreased at longer durations. On the FTIR 
spectra, cellulose crystallisation and lignin condensation/cross-linking 
were observed mainly in the first 12 h treatment, which enhanced the 

MOR as discussed for the 120 ◦C treatments. Degradation dominated at 
longer durations and caused a reduction in the wood strength, with 
similar molecular changes to those discussed for 200 ◦C treatment. 
Consequently, MOR was improved with cellulose crystallisation and 
lignin condensation/cross-linking, but decreases with degradation, 
which also contribute to a density decrease, oxygen was an important 
factor promoting degradation. The equivalence of time and temperature 
in determining the intensity of treatment, and mass loss, within thermal 
modification of wood are well explored [84]. 

The modulus of elasticity (MOE) underwent a complex set of changes 
in the experiment especially between 8 and 20 h treatment (Fig. 6). After 
24 h treatment, the MOE increased by approximately 12 %, 2 % and 2 % 
at 120 ◦C 160 ◦C and 200 ◦C respectively in a vacuum, but changed by 
approximately 3 %, 1 % and − 5% at 120 ◦C, 160 ◦C and 200 ◦C in air 
treatment. The presence of oxygen was again correlated with a negative 
influence on MOE, as seen for the MOR data, but with some differences. 
The MOE increased in all treatments for the first 8 h, and the highest 
increase even happens at 200 ◦C in air, being 6 % with 6–8 % mass loss. 
The FTIR spectra show significant cellulose crystallisation due to the 
increase of peak at 1154 cm− 1 and 1110 cm− 1, which might be an un-
derlying factor for this MOE enhancement. The changes of MOE are less 
than MOR during the thermal-treatment, which was also reported by 
other studies [35,36]. One reason is that MOE change is not significant 
before 8 % mass loss [85] and another reason is that the wood cell 
structure also plays a close role in determining the stiffness of wood 
(MOE) [47,86,87]. Since the thermal treatment did not affect cell 
structure, the changes in MOE were not as large as MOR. 

Fig. 6. Plot of MOE with Treatment Duration, Showing Scatter Within Raw Data And Trend for Mean Values.  
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3.3. MOR prediction though the FTIR spectrum 

Density has close relationship to the mechanical properties of wood 
and can be used as a parameter to predict MOR [86,88]. However, in this 
study several changes were detected using FTIR that showed that more 
factors play a significant role in the mechanical properties, especially 
during thermal treatments. The ratio of strength-to-density after treat-
ment was plotted (Fig. 7), and several trends were observed with 
treatment temperature (Fig. 7a) and atmosphere (Fig. 7b). Note that the 
datasets include specimens from all treatment durations. It is assumed 
that specimens with higher mass loss have lower density within these 
datasets, but we acknowledge that there is considerable scatter in the 
density values, relating to the natural variability of initial density of the 
specimens prior to treatment. The gradient of the MOR-Density plot was 
the highest after 200 ◦C treatment in any treatment atmosphere, and for 
the treatment at 160 ◦C and 120 ◦C (Fig. 7a), the gradient tended to be 
smaller. The absence of oxygen also inhibited strength loss, so the 
gradient tended to be lower than for the air atmosphere population 
(Fig. 7b). 

The FTIR data was also considered. Pearson correlation analysis 
shows that the highest positive and negative correlation with MOR is 
seen for the peaks at 1318 cm− 1 with 0.797 and 1730 cm− 1 with − 0.824 
(Table 5), which related to the bond of CH2 and condensation of lignin 
guaiacyl unit, and the ester carbonyl group (C––O), respectively. Table 1 
indicated that the 1318 cm− 1 peak for CH2 units and condensation of the 
phenolic rings in lignin was closely related to condensation and cross- 
linking reactions with positive correlation and degradation (decompo-
sition) with negative correlation. The carbonyl group (C––O) was also 
connected to a positive correlation with degradation and a negative 
correlation to lignin cross-linking and deacetylation (Table 1). Fig. 8 
shows the change of the two peaks during thermal treatment. Hence, a 

ratio of the peak size of 1318 cm− 1 and 1730 cm− 1 can be used to 
quantify chemical changes, and it is expected that it can be used with the 
density data to predict MOR. In Fig. 9, the relationship between the MOR 
and density (ρ) × Ratio of Peak1318/Peak 1730 (R1318/1730) was a 
natural logarithmic base. 

In fact, nonlinear curve fit (by OriginPro software, equation (1)) and 
multiple regression analysis (by SPSS software, equation (2)) method 
calculated the regression model to predict MOR. 

σ = 27.21878 × ρ × (ln
Wv1318

Wv1730
+ 5.41234) (1)  

σ = 10.608+ 101.764 × ρ+ 0.032 × Wv1318 − 0.016 × Wv1730 (2)  

where σ is the MOR, ρ is the density, whilst Wv1318 and Wv1730 are the 
sizes of peaks 1318 cm− 1 and 1730 cm− 1. Both R-Square (coefficient of 
determination) and Adjusted R-Square of the equation I are 0.753. For 
the equation II, the R-Square (coefficient of determination) and Adjusted 
R-Square are 0.75 and 0.749, respectively, and without the problem of 
multicollinearity. Both methods indicated that the predicted MOR is 
highly matched to the measured one. The relationships between 
measured MOR and predicted MOR were shown in Fig. 10. 

MOE cannot so easily be predicted on the basis of density and the 
ratio of peak sizes. According to Astley, Stol and Harrington [89], wood 
MOE has a close relationship to the cell geometries. Yang and Evans [88] 
also produced a regression model to predict MOE by density and MFA 
(microfibril angle). Hence, the regression model could be improved 
significantly if this factor was incorporated, but it will not be discussed 
in this study due to lack of data. 

However, few further studies should be conducted. Firstly, wood is 
an anisotropic materials, its mechanical properties are different in three 
dimensions. This study only illustrated the effects of wood’s chemical 

Fig. 7. Relationship Between MOR and Density After Different Treatment.  
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composition in the mechanical properties in bending in the longitudinal 
direction, and the prediction model was only fitted with longitudinal 
MOR. The effects on other two directions should be studied. Secondly, 
the mathematic prediction model of wood mechanical properties 
worked well on the new Pinus densiflora wood. The model was unknown 
to predict the mechanical properties of ancient wood and other wood 
species, which would be prospective for further research. Finally, the 
mechanical properties were tested in the clear small wood specimens 
with the dimension of 2 mm × 4 mm × 40 mm, which cannot represent 
standard mechanical properties of structural elements. The aim of this 
phase of the study was to establish correlations on which to develop a 
model, and further work is needed to address how these trends related to 

structural timbers. The relationship between wood specimen size and its 
mechanical properties was studied that small clear specimens have 
higher MOR value while large scale specimens have greater MOE value 
due to wood defects such as knots [90,91]. 

4. Conclusion and outlook 

A complex set of chemical composition changes are caused in wood 
by thermally induced reactions that occur in aerobic and anaerobic at-
mospheres. The relationship between the resulting chemical composi-
tion and the Modulus of Rupture (MOR) has been thoroughly 
investigated, with the following being elicited.  

• Equilibrium moisture content (EMC) and density after treatment 
decrease with treatment temperature and decrease further for re-
actions in the presence of oxygen. Oxidation/condensation and 
degradation reactions are responsible for the decrease.  

• Cellulose crystallisation, and lignin condensation and cross-linking 
reactions in wood molecules improve the MOR at lower tempera-
tures or shorter times. Mass loss, caused by degradation or deace-
tylation, contributed to an MOR decrease at higher temperatures and 
longer treatment times.  

• MOE changes in a complex manner during thermal treatment. Initial 
crystallisation, condensation and cross-linking improve MOE signif-
icantly, for conditions of up to 8 % mass loss. Beyond this mass loss, a 
decrease in MOE is seen. In addition, wood cell structure is also an 
essential factor affecting MOE.  

• The FTIR peak at 1318 cm− 1, which is affected by condensation and 
degradation, and the peak 1730 cm− 1, which is affected by deace-
tylation and degradation of the hemicelluloses, but also formation of 
aldehydes in lignin during thermal reactions. The ratio of these two 
peaks (R1318/1730) can be used to predict the MOR of small clear 
specimens when combined with wood density value. 

Table 5 
Pearson Correlation of MOR-Peak Size.  

MOR Peak (cm-1) 1318 1335 1366 1421 1456 1507 1595 1642 1730  

Pearson Correlation 0.797** -0.511** 0.477** 0.456** 0.527** 0.652** -0.777** 0.717**  -0.824**  

Peak (cm¡1) 95 1025 1054 1110 1154 1204 1226 1262   
Pearson Correlation 0.084 -0.503** -0.495** 0.292** -0.548** -0.722** -0.018 -0.567**   

Fig. 8. FTIR Peak Size Changes of Peak 1318 cm− 1 and 1730 cm− 1 during Thermal Treatment.  

Fig. 9. Relationship Between MOR and Density × R1318/1730.  
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[72] G. Müller, C. Schöpper, H. Vos, A. Kharazipour, A. Polle, FTIR-ATR spectroscopic 
analyses of changes in wood properties during particle-and fibreboard production 
of hard-and softwood trees, BioResources 4 (1) (2009) 49–71. 

[73] H. Higgins, C. Stewart, K. Harrington, Infrared spectra of cellulose and related 
polysaccharides, J. polymer science 51 (155) (1961) 59–84. 

[74] E. Missanjo, J. Matsumura, Wood density and mechanical properties of Pinus 
kesiya Royle ex Gordon in Malawi, Forests 7 (7) (2016) 135. 

[75] C. Gerhards, Effect of moisture content and temperature on the mechanical 
properties of wood: an analysis of immediate effects, Wood Fiber Sci. 14 (1) (2007) 
4–36. 

[76] D.E. Kretschmann, D.W. Green, Modeling moisture content-mechanical property 
relationships for clear southern pine, Wood fiber science 28 (3) (2007) 320–337. 

[77] B.F. Tjeerdsma, M. Boonstra, A. Pizzi, P. Tekely, H. Militz, Characterisation of 
thermally modified wood: molecular reasons for wood performance improvement, 
Holz Als Roh-Und Werkstoff 56 (3) (1998) 149–153. 
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