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Abstract: The thermal modification of wood has become the most-commonly commercialised wood 
modification process globally, with the ThermoWood® process currently being the most dominant. As 
with all commercial processes, there is a need to have a robust quality control system, with several 
small–scale studies undertaken to date investigating quality control using a range of analytical meth-
ods, culminating in a multi-year assessment of colour as a means of quality control. This study, as an 
extension to this multi-year assessment, further explores the colour of Norway spruce and Scots pine 
commercially modified by the ThermoWood® S and D processes, respectively, along with the mechan-
ical properties and structural characterisation by Fourier transform infrared (FT–IR) spectroscopy and 
principal component analysis (PCA) to ascertain further correlations between colour and other meas-
urable properties. Infrared spectroscopy indicated modifications in the amorphous carbohydrates and 
lignin, whereas the use of PCA allowed for the differentiation between untreated and modified wood. 
Colour measurements indicated reduced brightness, and shifting toward red and yellow colours after 
thermal modification, hardness values decreased, whereas MOE and MOR values were similar for 
modified wood compared to unmodified ones. However, by combining the colour measurements and 
PC scores, it was possible to differentiate between the two modification processes (Thermo–S and 
Thermo–D). By combining the mechanical properties and PC scores, it was possible to differentiate 
the untreated wood from the modified ones, whereas by combining the mechanical properties and 
colour parameters, it was possible to differentiate between the three groups of studied samples. This 
demonstrates there is a degree of correlation between the test methods, adding further confidence to 
the postulation of using colour to ensure quality control of ThermoWood®. 

Keywords: wood; thermal modification; infrared spectroscopy; quality control 
 

1. Introduction 
As a natural renewable resource, wood is in general a non-toxic, easily accessible, 

and inexpensive biomass–derived material. Nevertheless, as wood is a natural product 
that originates from different individual trees, limits are imposed on its use, and the ma-
terial needs to be transformed to acquire the desired functionality. Since the significant 
developments undertaken between 1980 and 2000 into research data derive as far back as 
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the 1940s, methods associated with wood modification have been implemented and com-
mercially developed to improve its intrinsic properties, produce new materials, and ac-
quire a form and functionality desired by engineers without changing the eco-friendly 
characteristics of the material.  

Therefore, wood modification has become the chosen method used to overcome 
some of its perceived weak points that are mainly related to low resistance to bio–deteri-
oration against fungi, insects, termites, marine borers, moisture sensitiveness, low dimen-
sional stability, low hardness and wear resistance, low resistance to UV irradiation and 
weathering in general, and aesthetic properties. This increased interest in wood modifica-
tion has led to several key publications [1–3]. 

The bulk of recently commercialised wood modification processes has occurred in Eu-
rope [4], with particular focus on thermal modification. Industrial thermal modification pro-
cesses typically aim at improving the biological durability of less durable wood species and 
enhancing the dimensional stability of the wood or wood-based products. Stamm et al. 
made the first systematic attempts to increase the resistance to wood-destroying fungi by 
heating wood beneath the surface of molten metal, showing that heating Sitka spruce to 
between 140 and 320 °C resulted in reduced swelling, improved dimensional stability, and 
increased resistance to microbial attack [5]. The success of the method was, however, lim-
ited, and the work was extended with a focus on different gaseous atmospheres by Thunell 
and Elken [6], and with heating beneath molten metal by Buro [7,8]. However, much of the 
commercial activity in thermal modification has been derived from the research of Bur-
mester [9–12], and these pioneering works have been the basis of several successful thermal-
modification processes. In 1990, the Finnish Research Centre VTT together with the Finnish 
industry developed the ThermoWood® process, which was established as an industrial pro-
cess for the improvement of wood properties [13–15]. This process was officially launched 
by the ThermoWood Association in 2000, with the introduction of the treatment classes 
Thermo-S and Thermo-D. In parallel to the establishment of the ThermoWood® process, 
there have been other commercial developments across Europe, including the Netherlands 
[16–18], France [19–21], Germany [22,23] and Denmark [24]. 

One of the most common characteristics reported for thermal modification is the 
darkening of the colour of treated wood, which is a result of the degradation of products 
formed during the thermal modification. Studies have shown the importance of radicals 
to the formation of colour [25], with high correlation between colour and the levels of 
degradation of hemicelluloses and lignin having also been reported [26]. Further studies 
[27] found correlations with both types of softwood hemicelluloses, namely, glucomannan 
and xylan. Both temperature and treatment time have an effect on the wood colour [28]. 
It has also been reported that colour formation is affected by the presence of air during 
the thermal modification of maritime pine and eucalyptus (Eucalyptus globulus Labill.) 
wood [26] and by moisture content in Norway spruce at 200 °C [29] or during the thermal 
modification process [30] when treating Norway spruce and Scots pine under pressurised 
and superheated steam.  

Early studies have suggested that colour measurement can be used as a quality con-
trol measure. For example, Sullivan [31] gave an overview of wood colour measurement 
and investigated various influencing factors. Other studies have shown a relationship be-
tween colour measurements and the different properties of thermally modified wood. 
Kamperidou and Barmpoutis [32] suggested a reasonably good relationship be-tween 
lightness (L*) parameter values and measured bending or impact bending strength of 
thermally treated Scots pine wood. As a result, it was postulated that the mechanical 
strength of thermally treated Scots pine under the specific conditions (in the presence of 
oxygen) could be determined by measuring only the colour brightness of the wood sur-
face. This would provide considerable savings in terms of both time and material, given 
the non-destructive nature of the measurement. Brischke et al. [33] suggested that there 
was a linear correlation between the measured colour data and the thermal modification 
intensity for Norway spruce, Scots pine, and European beech, which was confirmed by 
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Pleschberger et al. [34] for spruce and ash. Sikora et al. [35] considered the relationship 
between colour and chemical composition of spruce and oak at temperatures between 160 
and 210 °C, whereas various commercial treatments (ThermoWood®, Plato®, and Retifica-
tion) of Scots pine were considered by Sivrikaya et al. [36] in order to compare colour 
changes and VOC composition. 

More recently, the potential of using colour parameters as a quality control system 
for wood modified by the ThermoWood® process was suggested [37], with these results 
forming an essential part of the current quality control system applied by the International 
ThermoWood Association [38], and supported by a multi-year evaluation of colour data 
of industrially produced ThermoWood® [39]. 

The issue of quality control is an integral part of commercial development to ensure 
declared properties are continually met. The same is true for thermally modified wood, 
which is made more confusing given the vast number of thermal modification procedures 
that are currently available on the market [40]. There have been several attempts to assess 
various quality control methods for thermally modified wood [41], though several meth-
ods are seen as unsuitable for commercial applications given the destructive nature of the 
test. In order to undertake more extensive evaluations, a “group method of data handling 
(GMDH)” neural network was applied to western hemlock that underwent thermal mod-
ification between 170 and 230 °C [42]. Once trained, the neural network was used to pre-
dict a variety of properties, with predictions more accurate for chemical properties (e.g., 
equilibrium moisture content, swelling, and water adsorption) than for physical proper-
ties (e.g., MOE and hardness).  

However, it is imperative to ensure the method selected is supported by assessment 
and approval through an external certification institute. Among more recent assessment 
methods for predicting the quality of thermally modified wood has been the use of light 
polarisation [43], which was partly based on earlier work by Niskanen et al. [44] using the 
effective refractive index of unmodified and thermally modified wood via an immersion 
liquid method.  

The changes that occur in wood at temperatures below 40 °C are mainly attributed 
to physical changes such as the emission of water and volatile extractives (i.e., terpenes) 
[45]. Some minor chemical changes probably start to occur in the interval of 40–90 °C, 
predominately due to certain extractives. It has been mentioned that temperatures higher 
than 140 °C induce changes in physical or mechanical properties in wood structure, which 
are correlated with the chemical transformations in its cellulose, hemicellulose, and lignin 
components, as well as extractives. These take place through a series of oxidation, hydrol-
ysis, and/or decarboxylation reactions coupled with mass and heat transfer. The type of 
chemical reactions occurring and their intensity, as well as the final properties, are directly 
influenced by the treatment temperature, time, and/or amount of water, type of atmos-
phere, and the type of wood species [40,46]. Among other analytical methods, vibrational 
spectroscopy is a well–known and easy–to–use technique through which it is possible to 
obtain rapid information and identify the small changes in the chemistry of wood compo-
nents induced by the above-mentioned parameters. Several researchers have used near–
infrared (NIR) and mid–infrared (IR) spectroscopy to evaluate the effect of the thermal 
modification at different temperatures and different wood species [47–50]. Although NIR 
spectroscopy in correlation with multivariate data analyses is the most common spectro-
scopic method used to model the MOE and MOR of treated wood [48], to estimate the 
hardness and density [51] or to predict the crystallinity degree [52], the evaluation of the 
chemical composition or physical properties has been investigated by mid-infrared spec-
troscopy [46,53,54]. Recently, the moisture distribution in thermally modified Scots pine 
has been assessed using hyperspectral NIR [55], realising a new application for determin-
ing the drying characteristics of thermally modified timber. 

Principal component analysis (PCA) is a multivariate statistical technique that can be 
used to give detailed information extracted from a dataset; therefore, it can be used to 
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control and process the monitoring and classification of product origin [56]. The underly-
ing idea in PCA is to convert the complex multi–dimensional data into the dimensionally 
reduced PCA space. The input data set is decomposed into two matrices of interest: scores 
and loadings. The scores matrix describes the samples in the PC space, whereas the load-
ings matrix defines the new axes of the dimensionally reduced data set. With PCA, the 
most important features of the spectra can be identified, and the band shifts and non-
symmetries in the bands between the samples can be quickly determined [57,58]. 

Generally, during thermal modification, mechanical resistance decreases and wood 
becomes more rigid and fragile, depending on the type of treatment (maximum treatment 
temperature, heating rate, treatment time, atmosphere) [49], wood species, and its charac-
teristic properties, or the initial moisture content of the wood. It is considered that wood 
treatment at lower temperatures (i.e., under 150 °C) does not bring the desired properties, 
whereas wood treatment at higher temperatures (over 150 °C) induces chemical modifi-
cations in its structure that provide better biological durability, but at the same time re-
duced mechanical properties [59]. It has been mentioned that with thermal modification 
of wood resulting in a weight loss of less than 10%, MOE remains generally unchanged, 
whereas MOR starts to decrease from the early stages of modification [27]. 

Most studies on the thermal modification of wood have been done on laboratory tests 
and the results are of limited value for industrial scale [60]. The present study investigated 
thermally modified Norway spruce and Scots pine wood using the industrial Ther-
moWood® process and aims to combine colour measurements with structural changes and 
mechanical properties. To do so, colour measurements, bending strength, hardness, and 
infrared (FT-IR) spectroscopy coupled with principal component analysis were used. 

2. Materials and Methods 
Both the Norway spruce (Picea abies L.) and Scots pine (Pinus sylvestris L.) used in this 

study were obtained from round timber felled and further processed in Finland. The sawn 
timber was dried in conventional industrial kilns before thermal modification to average 
moisture contents between 15% and 18%, then subsequently thermally modified in two 
identical ca. 70 m3 industrial treatment chambers (SWM-Wood, Mikkeli, Finland). 

Defect-free sections of sawn timber of varying length (between 1.2 m and 1.6 m) were 
cut from randomly selected sawn-timber pieces from a batch production of approx. 70 m3 
before and after the specific thermal modification condition. From the defect-free sections, 
specimens were cut out for the different tests presented in this study. Thus, this study 
focuses on using a random test selection, whereby colour measurements fall within the 
range accepted for Thermo–S and Thermo–D based on more than 10 years of data col-
lected [37,39]. 

All material used in this study was treated according to the certified ThermoWood® 
process, a registered trademark of the International ThermoWood® Association [61]. Two 
treatment classes have been defined within the commercialised processing, namely, 
Thermo–S treated at 190 °C and Thermo–D treated at 212 °C, where S and D refer to “sta-
bility” and “durability,” respectively, based on the recommended applications according 
to EN 335 [62]: Use Classes 1 and 2 for Thermo–S and Use Classes 1, 2, and 3 for Thermo–
D. 

The thermal modification process was carried out in a high-temperature chamber 
using superheated steam without adding any additional chemicals into the wood. The 
manufacturing process was carried out in a one-stage system starting with pre–dried tim-
ber and finishing with the final product. Within that stage, the process consisted of the 
following consecutive phases: 
• Phase 1—Warming up the wood and kiln (90 to 100 °C); 
• Phase 2—High–temperature kiln drying (100 to 130 °C) and mild thermal modifica-

tion (130 to 190 °C); 
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• Phase 3—Intensive thermal modification for 2 to 3 h at a temperature dependent on 
the treatment class (Thermo–S = 190 ± 3 °C, Thermo–D = 212 ± 3 °C); 

• Phase 4—Cooling to a temperature between approximately 80 and 90 °C and recon-
ditioning to a final moisture content between 4 and 7%; and  

• Phase 5—Final cooling down to ambient temperature. 

2.1. Infrared (FT–IR) Spectroscopy and Principal Component Analysis (PCA) 
Infrared spectra were recorded on an ALPHA Bruker FT–IR spectrometer in ATR 

mode, using a diamond crystal accessory. All spectra were collected between 4000 and 
400 cm−1 with a spectral resolution of 4 cm−1. Twenty recordings were made for each board, 
with 5 boards used for each type of wood/treatment; therefore, for each untreated and 
treated species a total of 100 spectra were collected. 

For the initial structural assessment, an evaluation was made on the average spec-
trum obtained from these 100 recordings. Processing of the spectra, including the second 
derivative spectra, was done using the OPUS 7.5 program (Bruker Corporation). 

For principal component analysis (PCA), all pre-treated spectra in the 1400–1185 cm−1 
region were used. Processing was done in the Origin 2021 program (OriginLab Corpora-
tion). 

2.2. Colour Measurements 
Wood-colour measurements were undertaken using a Minolta Chroma Meter CR410 

(Konica Minolta Sensing Inc., Japan), which measured the tristimulus values (X, Y, Z) on 
the 2° standard colorimetric system as described within the draft standard CIE DS 014-
4.3/E:2007 [63]. The measured values were converted into L*, a*, and b* according to 
CIELAB convention according to Equations (1)–(9). 

L* = 116f(Y/Yn)-16 (1) 

a* = 500[f(X/Xn)- f(Y/Yn)] (2) 

b* = 200[f(Y/Yn)- f(Z/Zn)] (3) 

where 

f(X/Xn) = (X/Xn)1/3  if (X/Xn)> (6/29)3 (4) 

f(X/Xn) = (841/108)(X/Xn) + 4/29 if (X/Xn)≤ (6/29)3 (5) 

and 

f(Y/Yn) = (Y/Yn)1/3  if (Y/Yn)> (6/29)3 (6) 

f(Y/Yn) = (841/108)(Y/Yn) + 4/29 if (Y/Yn)≤ (6/29)3 (7) 

and 

f(Z/Zn) = (Z/Zn)1/3  if (Z/Zn)> (6/29)3 (8) 

f(Z/Zn) = (841/108)(Z/Zn) + 4/29 if (Z/Zn)≤ (6/29)3 (9) 

where X, Y, and Z are the tristimulus values of the test colour stimulus based on the CIE 
1931 standard colorimetric system defined in CIE S 014-1 [64], and Xn, Yn, and Zn are the 
corresponding tristimulus values of a specified white stimulus. 

In order to determine the colour difference ΔE between two different colours, calcu-
lations according to Equation (10) were undertaken to ascertain the difference between 
two points in this CIELAB space, thus providing the colour change as a result of the ther-
mal modification process. 
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ΔE* = (ΔL*2 + Δa*2 + Δb*2)1/2 (10) 

Circular colour measurements (measurement diameter 50 mm) were undertaken on 
planed tangential surfaces of the unmodified and modified wood specimens that had been 
maintained at 65% RH/20 °C prior to analysis, with 10 recordings for each board and a 
total of five boards used for each type of studied sample, with average values used for 
subsequent calculations.  

2.3. Bending Strength 
The modulus of rupture (MOR) was determined in conjunction with the modulus of 

elasticity (MOE) with a 4–point destructive bending test in the radial direction according 
to EN 408 [65]. Six test pieces with dimensions of 200 × 10 × 10 mm (L × R × T) were pre-
pared from each specimen, which were stored under standard conditions (20 °C, 65% RH 
for a period of 10 days prior to determining their respective weights, densities, and equi-
librium moisture content) and subsequently tested in a Hounsfield tensile tester (Tinius 
Olsen Ltd., Horsham, PA, USA). The load was increased constantly so that the applied 
maximum load (Fmax) was reached within (300 ± 120) seconds. The MOR was determined 
by Fmax and the MOE between 0.1 Fmax and 0.4 Fmax, with average results along with stand-
ard deviation.  

2.4. Hardness 
Brinell hardness was measured according to a modified version of EN 1534 [66,67], 

i.e., indentation depth instead of the indentation diameter. Measuring the indentation 
depth instead of the indentation diameter was found to be preferable due to the aniso-
tropic properties of wood leading to elliptical indentations without clear borders. A Zwick 
Roell ZwickiLine 2.5 TS universal testing machine equipped with a 2.5 kN load cell 
(ZwickRoell GmbH & Co. KG, Ulm, Germany) and a steel ball 10 mm in diameter were 
used. The test load was increased to the target load of 1 kN over 15 s, where it was held 
for 25 s. Afterwards, the force was released over 15 s and the depth of the residual inden-
tation was measured. Brinell hardness values were calculated according to Equation (11): 𝐻 = 𝐹𝐷𝜋ℎ (11) 

where F is the test force in N, D is the ball diameter in mm, and h is the indentation depth 
in mm.  

For each specimen, a total of six replicate measurements on the tangential surface 
were performed to realise average values with standard deviation. 

3. Results and Discussion 
Generally, during thermal modification, chemical changes take place in the wood struc-

ture depending on many conditions (treatment temperature, treatment time, atmosphere, 
etc.). Therefore, at high temperatures (in our case, 190 and 212 °C), wood undergoes some 
structural modifications, including the reduction of hydrophilic OH groups and their replace-
ment with O-acetyl groups in both hardwoods and softwoods [46,49,68]. These are due to a 
series of simultaneously occurring reactions, which further promotes the crosslinking between 
the reactive radicals, significantly reducing the re-absorption of water molecules and for-
mation of hydrogen bonds between the water and the wood polymers. Apart from the reduc-
tion of the hydrophilic OH groups, a series of volatile organic compounds (VOCs) are pro-
duced, which are released or remain trapped in the wood structure [49,68].  

From all wood components, hemicelluloses start to degrade first and are most affected 
by the thermal treatment due to their lower molecular weight and branched structure [69], as 
demonstrated by reports of significant decreases in hemicellulose content [29,49].  
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Hemicellulose degradation occurs via deacetylation reactions, with the release of the 
acetic acid, which assists in catalytic depolymerisation. As a consequence, the degree of 
crystallinity of the cellulose increases temporarily at treatment temperatures between 160 
and 200 °C (depending on the wood species) [49,69]. In addition, due to the degradation 
of hemicelluloses there is an apparent increase in the lignin content [70]. Thermal modifi-
cation also induces the cleavage of the β-O-4 linkages between the lignin phenylpropane 
units, as well as lignin demethoxylation, resulting in further crosslinking [50,71,72]. 

3.1. Fourier Transform Infrared (FT–IR) Spectroscopy and Principal Component Analysis (PCA) 
Infrared spectra of the untreated and ThermoWood® Norway spruce and Scots pine 

wood presented in Figure 1a represents the average of 100 individual spectra obtained for 
every sample set. The average spectra were divided in the two main regions, namely, the 
3750–2700 cm−1 region, assigned to different stretching vibrations of the OH groups and 
H-bonds, as well as to methyl and methylene groups, and the 1850–800 cm−1 region, as-
signed to specific stretching vibration and deformation bands belonging to all wood com-
ponents. Generally, the wood spectra are formed by overlapping of the individual vibra-
tion bands; therefore, for a better evaluation of the differences taking place in the wood 
structure during the ThermoWood® process, the second derivative spectra were per-
formed (Figure 1b). 

The spectrum of untreated timber shows the characteristic bands of softwoods with 
a large band at about 3345/3343 cm–1 (Norway spruce/Scots pine), which is an envelope of 
the specific bands assigned to inter- and intramolecular hydrogen bonds in the wood com-
ponents, and the band from 2900/2923 cm–1 (Norway spruce/Scots pine), which in this case 
is an envelope of the symmetric and antisymmetric stretching vibration of the methyl and 
methylene groups (Figure 1a). From Figure 1b it can be observed that the first band was 
composed of several sub-bands, such as 3411/3407, 3343/3344, 3281/3281, 3229/3221, and 
3073/3074 cm−1 (Norway spruce/Scots pine) assigned to O2–H2⋯O6 intramolecular 
stretching modes (in cellulose), O5–H5⋯O3 intramolecular in cellulose, O6–H6⋯O3 inter-
molecular in cellulose Iβ, O6–H6⋯O3 intermolecular in cellulose Iα, and multiple for-
mation of an intermolecular hydrogen bond between biphenol and other phenolic groups 
(in lignin) [46,73]. During the thermal modification, for the band from 3344 cm−1 no differ-
ence was observed in Norway spruce wood spectra, but it was shifted to 3343 and 3340 
cm−1 in Scots pine wood spectra. The band from 3281 cm−1 was shifted to a higher wave-
number with about 4/3 cm−1, whereas the band from 3229/3221 cm−1 was shifted to a higher 
wavenumber with 6/13 cm−1. The shifting of the band’s maxima and the reduction of the 
entire band indicate a reduction in the amount of –OH groups due to different reactions 
taking place, i.e., the oxidation and/or hydrolysis of acetyl groups from hemicelluloses, as 
well as dehydration reactions and condensation reactions of lignin [2,74]. 

The band from 2900/2923 cm–1 (Norway spruce/Scots pine, respectively) was com-
posed of individual bands at 2930/2927 and 2864/2858 cm−1 in untreated Norway spruce 
and Scots pine timber, respectively, whereas in the thermal modified timber three bands 
at 2934, 2898, and 2868 cm−1 were observed for Norway spruce and at 2961, 2925, and 2857 
cm−1 for Scots pine. The shifting of the maxima of these bands was due to the structural 
and relative composition modifications in carbohydrates, as well as lignin. 
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(a) 

 
(b) 

Figure 1. Average infrared spectra (a) and their second derivatives (b) of the untreated and ThermoWood® Norway spruce 
and Scots pine. 

In the 1800–800 cm-1 region, bands assigned to stretching and deformation vibrations 
of all wood components were observed. Compared to untreated timber in both Thermo-
Wood® Norway spruce and Scots pine, differences in the spectra as well as their second 
derivatives were identified. 

The band from 1738 cm-1 presented a small shoulder at 1705 cm−1 in untreated timber, 
whereas in Thermo–S and Thermo–D wood, the band was shifted to a higher wave-
number (1741 cm−1) and decreased slightly in intensity. The shoulder became a well-de-
fined band with a higher intensity and shifted to 1696 cm−1. These bands were assigned to 
the carbonyl group stretching vibration of esters/aldehydes and aromatic/conjugated al-
dehydes and esters [73,75]. It is considered that the band from 1741 cm−1 was due almost 
exclusively to carbonyl groups of acetoxy groups in xylan, its decrease indicating the 
breaking down of acetyl or acetoxy groups in xylan [76,77], but also to the formation of 
carbonyl and carboxyl groups due to oxidation [35,76,78]. The increase in the intensity of 
the band from 1696 cm−1 might have been due an increase in acetyl, carbonyl, and carboxyl 
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groups resulting from the condensation reactions taking place with cleavage of the ali-
phatic side chains and β–O–4 bonds in lignin [77] or carboxylation reactions taking place 
in carbohydrates [74,79]. For Thermo–S and Thermo–D Norway spruce timber, a band 
from 1705 cm−1 was not observed. The only observation in the derivative spectra was a 
slight intensity decrease combined with a width increase in the band from 1737 cm−1 and 
shifting towards a lower wavenumber. 

A decreased intensity in the band from 1656/1658 cm−1, with a shift toward 1650/1652 
cm−1, respectively, and the disappearance in the thermal modified Norway spruce and 
Scots pine of the band located at 1638 cm−1, was also observed. These bands were assigned 
to C=C double bonds in conjugated carbonyl groups in lignin and conjugated C–O in qui-
nones and to adsorbed water molecules in wood [46,73,80]. The decrease in intensity of 
the first band could have been due to the cleavage of the acetyl groups, a phenomenon 
occurring during the thermal decomposition of hemicelluloses, but also during decompo-
sition and condensation reactions from lignin [46]. The disappearance of the later band 
(from 1638 cm−1) indicates the more hydrophobic nature of the thermal modified timber 
compared to the untreated one, with less adsorption of water molecules into the wood 
structure. 

In thermal modified timber, an increase in the intensity of the bands from 1592 and 
1509 cm−1 assigned to aromatic skeletal stretching vibration was observed [46,73,77], 
which indicate an apparent increase in the lignin content. This increase was more pro-
nounced in Scots pine than in Norway spruce. The observed modification was due to the 
degradation of hemicelluloses with the formation of volatile products and pseudolignin 
and is in accordance with the findings reported by others [75].  

The appearance of a new band at 1336 cm−1 was observed in both wood species spec-
tra (again, with higher modification occurring in the Scots pine wood spectrum) and in-
creased intensity for the band from 1315 cm−1 was identified in the thermal modified tim-
ber. Both bands were assigned to C–H stretching vibration in cellulose and hemicelluloses, 
OH–bending vibrations of the free phenolic hydroxyl groups, and C–H stretching vibra-
tion in S and G lignin condensed units, as well as to CH2 rocking vibration in cellulose 
[46,73,75]. This indicates the presence of lignin condensation reactions taking place during 
the thermal modification. 

Furthermore, the bands from 1225 and 1211 cm−1, which appeared as one large, com-
bined band in the untreated Scots pine wood, could be observed as well-defined separate 
bands in modified timber at 1227/1228 (Thermo–S and Thermo–D) and 1206/1204 cm−1 
(Thermo–S and Thermo–D). At the same time, the band from 1206/1204 cm−1 presented 
higher intensity in both Norway spruce and Scots pine modified wood species. These 
bands were assigned to the C–O–C stretching vibration mode of the pyranose ring and 
the C–O and C=O stretching vibration in lignin and hemicelluloses [46,73,75]. Nuopponen 
et al. [75] specified that the band from about 1206 cm−1 might also be assigned to aliphatic 
esters, lactones, and carboxylic acids, which have the C–O stretching band near 1200 cm−1. 
Furthermore, the degradation of amorphous carbohydrates was evidenced by the increase 
in intensity of the bands from 1159 and 1107 cm−1 assigned to the C–O–C and C–O stretch-
ing vibration in carbohydrates mainly for the crystalline regions from cellulose [46,73,75]. 

Increased intensity was also observed for the band from 1028/1027 cm−1 (Norway 
spruce/Scots Pine) assigned to the C–O ester stretching vibrations in methoxyl and β–O–
4 linkages in lignin, as well as the C–O stretching vibration in carbohydrates [46,73,80]. 
Because the hemicelluloses were degrading, the intensity increase of this band was most 
probably due to the formation of alcoholic structures in lignin. 

A clear image of the modifications taking place in the wood component structure was 
difficult to obtain due to many overlapping bands resulting from the hemicelluloses, cel-
lulose, and lignin. Therefore, the interpretation of the spectral data was improved by com-
bining them with multivariate analysis techniques. Among them, principal component 
analysis (PCA) is the most used technique in the qualitative analysis of spectral data. Gen-
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erally, PCA is described by principal component scores and loadings. The scores give in-
formation about similarities and dissimilarities between the sample’s groups, whereas the 
loading plots indicate which absorption bands cause the differences observed between the 
sets of samples [46,75,81]. 

Untreated and ThermoWood® Norway spruce and Scots pine could be distinguished 
by the score plots of the first (PC1) and second (PC2) components performed for all spectra 
in the 1400-1185 cm−1 region (Figure 2). Even though PC1 described 86%/93% from the 
data variance and PC2 only 12%/4%, it could be observed that PC2 was the most informa-
tive latent variable for differentiation between the samples. Therefore, positive values on 
PC2 and mainly negative ones on PC1 could be observed for both untreated wood species. 
Thermo–S showed PC1 values close to the axis, whereas the values for PC2 were divided 
evenly between negative and positive values. The last series, the Thermo–D samples, pre-
sented mainly positive PC1 values and negative PC2 values. 

(a) (b) 

Figure 2. Principal component (PC) scores performed on infrared spectra in the 1400–1185 cm−1 region for untreated and 
ThermoWood® Norway spruce (a) and Scots pine (b). 

The loading line plots (presented in Figure 3) indicate that the most significant dif-
ference for PC1 between the untreated and thermal modified timbers was due to the bands 
assigned to C–H deformation in cellulose and hemicelluloses and aliphatic C–H stretching 
vibration in −CH3 groups in lignin [46,73] at about 1392/1384 and 1359/1362 cm−1 (Norway 
spruce/Scots pine), C–H stretching vibration in cellulose and hemicelluloses, as well as 
C1–O in syringyl derivatives from lignin [46,73] at 1334/1335 cm−1 (Norway spruce/Scots 
pine); to the C–H rocking vibration in cellulose [46,73] at 1314/1315 cm−1 (Norway 
spruce/Scots pine); to C–H bending vibration in cellulose and C–O stretching vibration in 
lignin (especially C–O linkage in aromatic methoxyl groups in guaiacyl units) [46,73] at 
1276/1272 cm−1 (Norway spruce/Scots pine); to C–O–C stretching vibration in pyranose 
ring as well as C–O stretching vibration in lignin and hemicelluloses [46,73] at 1235/1231 
cm−1 (Norway spruce/Scots pine); and to C=O stretching vibration in lignin and hemicel-
luloses [46,73] at 1202/1203 cm−1 (Norway spruce/Scots pine). 

  



Forests 2021, 12, 1165 11 of 25 
 

 

  
(a) (b) 

Figure 3. Loading plots performed on infrared spectra in the 1400–1185 cm−1 region for untreated and ThermoWood® 
Norway spruce (a) and Scots pine (b). 

On the other hand, the difference observed between the samples in the PC2 loading 
plots were due to the bands from 1383/1387 cm−1, 1347/1349 cm−1, 1326/1326 cm−1, 1305/1300 
cm−1, 1258/1255 cm−1, and 1225/1226 cm−1 (Norway spruce/Scots pine) assigned mainly to C–
H deformation vibration in cellulose and hemicelluloses and aliphatic C–H stretching vibra-
tion in –CH3 groups in lignin, C–H stretching vibration in cellulose, and C1–O stretching 
vibration in lignin; –CH2 rocking vibration in cellulose; C–O linkage in guaiacyl aromatic 
methoxyl groups in lignin and acetyl groups in hemicelluloses; and C–O–C stretching vi-
bration in pyranose ring, as well as C–O stretching vibration in lignin and hemicelluloses 
[46,73]. 

The chemical modification resulting from the treatment in ThermoWood® Norway 
spruce and Scots pine was responsible for their new properties. Overall, the infrared spec-
tra and PCA of ThermoWood® Norway spruce and Scots pine confirm that hemicelluloses 
and lignin were most sensitive to heat treatment. As a consequence, increased intensities 
of mainly aromatic bands in lignin were observed, as well as the bands assigned to crys-
talline regions in cellulose. The presence of the water during the warming up stage of the 
treatment acted as a softener for the wood structure, providing a certain flexibility for the 
cell wall components. Furthermore, the high temperature used during the treatment in-
creased the mobility of the molecular chains in the wood cell wall. Both factors promoted 
the structural rearrangements aside from the degradation reactions [82,83], which could 
result in the formation of new irreversible hydrogen bonds within hemicelluloses and cel-
lulose. The results obtained herein are in agreement with the chemical changes deter-
mined by Esteves et al. [84,85] through their study of the wet chemistry of heat-treated 
pine. 

It had been mentioned in literature that the darkening of wood during the thermal 
modification is due to the changes in lignin structure, which is “richer than carbohydrates 
in latent chromophoric groups” [27]. It was also noted that modifications taking place be-
tween 1700–1600 cm−1 were associated with quinone formation, due to condensation reac-
tions taking place in lignin.  

Quinones absorb in the visible region of the electromagnetic spectrum and are consid-
ered to be the main structures inducing colour changes in the thermal treatment of wood 
[27]. The colour change due to heat treatment has also been associated with Maillard reac-
tions taking place between sugars, phenolic compounds, and amino–acids, or with oxida-
tive reactions that can take place between the extractives and the atmospheric gases [27,86]. 

3.2. Colour Measurements 
Bond cleavage and further oxidation and dehydration of polysaccharides, as well as 

the β–O–4 bonds and methoxyl groups’ cleavage and lignin condensation reactions, in-
duced the formation of new chromophore and quinone structures, which were responsi-
ble for the colour changes [35]. To evaluate the differences in the colours developed by 
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Norway spruce and Scots pine wood during the treatment, the colour was measured. The 
average measurement data and their standard deviations are presented in Table 1 and the 
colour guidelines for ThermoWood® Norway spruce and Scots pine as defined within 
quality control document FC–2 Thermally Modified Timber [38] are presented in Table 2. 

Table 1. Colour measurements for untreated, Thermo–S, and Thermo–D Norway spruce and Scots 
pine wood. stD—standard deviation. 

Sample 
Lightness  

(L*) 

Red-Green Colour Pa-
rameter  

(a*) 

Yellow-Blue Colour Pa-
rameter  

(b*) 

Colour Difference 
(ΔE*) 

Average stD Average stD Average stD Average stD 
Norway spruce 

Untreated  82.55 1.16 3.40 0.44 20.19 1.04   
Thermo–S 59.53 3.25 7.50 0.28 24.41 1.14 23.84 3.35 
Thermo–D 51.75 1.33 8.78 0.19 24.53 0.68 31.60 1.69 

Scots pine 
Untreated  82.73 1.26 3.87 0.61 21.21 0.86   
Thermo–S 59.94 3.13 7.90 0.37 25.60 1.19 23.63 2.99 
Thermo–D 49.99 2.02 8.92 0.30 23.15 1.52 33.23 2.37 

Untreated Norway spruce and Scots pine timber presented similar L* (lightness) val-
ues of 82.55 and 82.73, whereas the a* and b* parameters were slightly different, namely, 
a* of 3.40 and 3.87 and b* of 20.19 and 21.21 for Norway spruce and Scots pine, respec-
tively.  

Analysing the parameters before and after the thermal modification, one can ob-
served that the highest changes took place for the L* values, which decreased for both 
wood species to about 59 for Thermo–S (representing a decrease of about 28%) and 51/50 
(representing a decrease of about 34/39%) for Thermo–D Norway spruce and Scots pine. 
The variation of the L* values due to thermal modification has been highly reported in the 
scientific literature [33,35,87,88] and was attributed to the formation of new compounds 
absorbing in visible light [89]. 

In contrast, the a* parameter increased for both wood species with the increase in 
temperature of the treatment, with about 55/51% for Thermo–S and about 61/57% for 
Thermo–D (Norway spruce/Scots pine). At the same time, the b* parameter indicated in-
creased values compared to untreated timber, with about 17% for Thermo–S and with 
about 18/9% for Thermo–D Norway spruce and Scots pine.  

The decrease in the L* value reduced the brightness, whereas the increase in the a* 
value represents a shift toward the red colour, and the increase in the b* value represents 
a shift toward the yellow colour after thermal modification. The increase in a* values was 
associated with the volatilisation of phenolic extractives, responsible for conferring the 
red colour to the wood, whereas the variation of b* values might have been due to the 
degradation of the chromophoric groups from lignin and wood extractives.  

Table 2. Current colour guidelines for ThermoWood® Norway spruce and Scots pine as defined 
within quality control document FC-2 Thermally Modified Timber (TMT) 2014 [38]. 

Class L* a* b* 
Thermo–S 58–68 8–10 – 
Thermo–D 45–55 – 19–24 

The L* values obtained in our case are in agreement with the data specified in the 
colour guidelines for ThermoWood® Norway spruce and Scots pine, falling between 58 
and 68 for Thermo–S and between 45–55 for Thermo–D. On the other hand, the recorded 
a* values were under the values given in the guidelines for ThermoWood® Norway spruce 
and Scots pine, indicating slightly less redness. 
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Using the colour–measuring parameters (L*, a* and b*), the colour difference (ΔE*), 
which represents the overall colour changes of the modified timber in comparison to the 
same measurements of untreated timber, was calculated (see Table 1). The results indicate 
that higher treatment temperature resulted in greater colour changes, with the ΔE* values 
being about 24 for Thermo–S and about 33/31 for Thermo–D Norway spruce and Scots 
pine wood. A ΔE* value higher than 6 is classified as a major colour change [90,91]. 

ΔE* values were plotted against PC1 and PC2 scores for Norway spruce (Figure 4a) 
and Scots pine (Figure 4b). As can be observed, both scores contributed to the separation 
of the colour difference between the different thermal treatments for both wood species. 
Higher separation between parameters can be observed for the Scots pine wood samples. 

   
(a) (b) 

Figure 4. Colour difference (ΔE*) values plotted as a function of PC1 and PC2 scores for ThermoWood® Norway spruce 
(a) and Scots pine (b). 

Additional L*, a*, and b* parameters were plotted as a function of PC1 and PC2 
scores. From Figure 5 we can observe a good cluster separation for the L* and a* parame-
ters when plotted as a function of both PC scores for both Norway spruce and Scots pine, 
but no cluster separation was observed when the b* parameter was plotted as a function 
of PC scores. 
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(a) (b) 

  
(c) (d) 

Figure 5. L*, a*, and b* parameters plotted as a function of PC1 (a,b) and of PC2 (c,d) scores for the 
untreated and Thermo-Wood® Norway spruce (a,c) and Scots pine (b,d). 

3.3. Modulus of Elasticity and Modulus of Rupture 
In order to determine the mechanical properties of the reference and modified spec-

imens, data were collected to ascertain density and moisture content (M.C.), as well as the 
measured modulus of elasticity (MOE) and modulus of rupture (MOR), as shown in Table 
3. 
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Table 3. Overview of selected properties of unmodified and modified Norway spruce and Scots 
pine specimens. stD—standard deviation. 

 Density (stD)  
(kg/m3) 

M.C. (stD)  
(%) 

MOR (stD)  
(N/mm2) 

MOE (stD)  
(N/mm2) 

Norway spruce     
Untreated  440.8 (25.8) 13.05 (0.70) 66.63 (7.76) 9762 (1243) 
Thermo–S 425.6 (42.6) 8.87 (0.62) 65.50 (12.66) 12377 (1815) 
Thermo–D 448.1 (40.6) 5.87 (0.82) 71.69 (12.08) 13603 (2510) 
Scots pine     
Untreated 486.4 (32.2) 13.22 (0.41) 71.29 (9.90) 10198 (2369) 
Thermo–S 449.8 (29.5) 8.76 (0.65) 58.42 (12.38) 9694 (2005) 
Thermo–D 453.4 (41.1) 8.27 (0.94) 61.40 (10.36) 10737 (1853) 

It is important to note that the values shown in Table 3 refer to samples direct from 
commercial production. As a result, there are no baseline values for untreated samples. 
However, it was interesting to note the exceptionally high density for Thermo–D Norway 
spruce. Visual examination of the samples prior to testing noted denser annual ring 
growth for Norway spruce samples compared to those for Scots pine. The corresponding 
M.C. values for Norway spruce show the expected reduction in moisture due to the inten-
sity of the thermal modification. 

In Figure 6, the measured modulus of elasticity (MOE) and the modulus of rupture 
(MOR) values for the untreated and ThermoWood® Norway spruce and Scots pine wood 
are presented. The MOE and MOR values for untreated timber were similar, but they var-
ied for the Thermo–S and Thermo–D treated wood species, being higher for Norway 
spruce wood as a result of the higher–than–expected density of the Thermo–D samples. 
However, the statistical variation bars show a degree of overlap between all specimens 
tested. 

 
(a) 

 
(b) 

Figure 6. MOE (a) and MOR (b) measured for untreated and ThermoWood® Norway spruce and Scots pine. 
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Generally, MOE was less affected, whereas MOR was more affected by the thermal 
modification. For Norway spruce, MOR indicated an increase in the values for the Thermo-
D treatment, whereas Scots pine showed a slight decreasing trend with the increase in tem-
perature. At the same time, the variability in the individual MOR values for this set of sam-
ples was larger.  

The alteration of the mechanical properties was considered to be due to the loss of hem-
icelluloses, as well as the modification of the lignin structure. The decrease in hemicellulose 
content and the modification of the lignin structure was also observed through infrared 
spectroscopy. 

Kocaefe et al. [92] mentioned in their study that the MOE values “can decrease or 
even increase slightly depending on the treatment conditions.” Won et al. [93] observed 
increased values for thermal treated Pinus densiflora compared to untreated samples. Her-
rera-Builes et al. [91], using specimens of 410 × 25 × 25 mm (L x R x T), found an increase 
in MOR of about 47 and 22% after thermal modification of wood at 170 and 190 °C, re-
spectively, whereas MOE increased by 4 and 10%, respectively. The authors mentioned 
that the increase in mechanical properties might have been due to the condensation reac-
tions in lignin and the rearrangement and crystallinity increase of cellulose, which may 
have acted as a “hardener” [91,94].  

When plotting the MOE as a function of PC1 and PC2 scores (Figure 7), one can observe 
better cluster separation with the PC1 scores for Norway spruce, whereas for Scots pine 
there was some cluster separation of the untreated and thermal modified timber with the 
PC2 scores. 

 
Figure 7. MOE plotted as a function of PC1 and PC2 scores for untreated and Thermo-Wood® Nor-
way spruce and Scots pine. 

Considering the MOR values plotted as a function of PC1 and PC2 scores (Figure 8), 
the only cluster separation was observed for Scots pine wood, when MOR was plotted as 
a function of the PC2 scores.  
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Figure 8. MOR plotted as a function of PC1 and PC2 scores for untreated and Thermo-Wood® Nor-
way spruce and Scots pine. 

Better cluster separation was found between L*, a*, and MOE/MOR for both wood 
species between untreated and thermal modified timber, but no real cluster separation 
could be identified between the b* parameter and MOE/MOR values (Figure 9). 

  
(a) (b) 
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(c) (d) 

Figure 9. L*, a*, and b* parameters plotted as a function of MOE (a,b) and of MOR (c,d) for the 
untreated and ThermoWood® Norway spruce (a,c) and Scots pine (b,d). 

During thermal treatment, the wood components start to degrade, eliminating vola-
tile organic compounds; the crystallinity of cellulose increases; and condensation and 
crosslinking reactions taking place in lignin or lignin and other compounds. It has been 
reported [69] that hemicelluloses start to degrade first due to their lower molecular weight 
and branched structure. Their degradation results in a reduced amount of hydroxyl 
groups and the release of formic and acetic acids, which act as catalysts for further decom-
position of lignin and cellulose and the formation of cross–linked structures. All these 
induce a decrease in the hygroscopicity of the wood and an improvement in the dimen-
sional stability, but the strength properties of the wood are reduced [95,96]. 

3.4. Brinell Hardness 
The calculated hardness values for the untreated and ThermoWood® Norway spruce 

and Scots pine were determined at points corresponding to the total Brinell hardness, 
where the load was still being applied (HBD), and the plastic component of the Brinell 
hardness (HBP), measured after the load had been released, in order to determine the elas-
tic recovery of the specimens (Table 4). The Brinell hardness values after the release of 
force for the sample groups are presented in Figure 10. The results in Table 4 seem to 
suggest that although there was a slight reduction in total Brinell hardness between un-
treated and treated specimens, there was a general reduction in the elastic recovery be-
tween Thermo–S and Thermo–D pine. The increased value noted for Thermo–D spruce 
may be partly attributed to the higher density of these specimens. 
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Table 4. Brinell hardness results for unmodified and ThermoWood® treated Norway spruce and Scots pine. stD—standard 
deviation. 

 Density (stD)  
(kg/m3) 

M.C. (stD)  
(%) 

HBD (stD)  
(N/mm2) 

HBP (stD)  
(N/mm2) Elastic Recovery (stD) (%) 

Norway spruce      
Untreated  440.8 (25.8) 13.05 (0.70) 10.05 (0.56) 15.81 (1.89) 35.94 (4.45) 
Thermo–S 425.6 (42.6) 8.87 (0.62) 8.66 (1.07) 12.16 (2.38) 27.72 (5.89) 
Thermo–D 448.1 (40.6) 5.87 (0.82) 8.59 (0.49) 12.81 (1.16) 32.68 (3.77) 
Scots pine      
Untreated 486.4 (32.2) 13.22 (0.41) 9.73 (1.46) 13.33 (2.70) 26.30 (4.29) 
Thermo–S 449.8 (29.5) 8.76 (0.65) 9.02 (1.59) 11.85 (2.57) 23.36 (3.73) 
Thermo–D 453.4 (41.1) 8.27 (0.94) 9.13 (1.07) 11.86 (1.80) 22.63 (3.41) 

 

(a) (b) 

Figure 10. Brinell hardness after release of force (HBP) measured for the untreated and ThermoWood® Norway spruce (a) 
and Scots pine (b). 

The results show a decrease in hardness for the Thermo–S and Thermo–D Norway 
spruce and Scots pine comparing to the untreated timber, with average values of about 
15.8 and 13.3 N/mm2 for untreated Norway spruce and Scots pine, 12.2 and 11.9 N/mm2 
for Thermo–S Norway spruce and Scots pine, and 12.8 and 11.9 N/mm2 for Thermo–D 
Norway spruce and Scots pine, respectively.  

The results obtained from the ThermoWood® Norway spruce and Scots pine are in 
correlation with the literature data; the hardness decreased with the increase in tempera-
ture [93,97,98].  

To identify the possible correlation between the PCA and mechanical tests, the PC 
scores were plotted against the measured hardness values. The Brinell hardness plotted 
as a function of the PC1 and PC2 scores for the untreated, Thermo–S, and Thermo–D Nor-
way spruce and Scots pine is presented in Figure 11. As can be observed, there was no 
real differentiation between the untreated and modified timber when hardness was plot-
ted against the PC1 score, with all the values overlapping. When the hardness was plotted 
against the PC2 scores, we could observe a certain differentiation between the untreated 
and the two thermal modifications, with only a partial overlapping. 
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Figure 11. Brinell hardness measured after release of the force plotted as a function of PC1 and PC2 
scores for untreated and ThermoWood® Norway spruce and Scots pine. 

Similar to MOE and MOR, when plotting L*, a*, and b* parameters as a function of 
Brinell hardness, better cluster separation for L*, a*, and Brinell hardness for both wood 
species between untreated and thermal modified timber was observed, though no real clus-
ter separation could be identified between the b* parameter and Brinell hardness values 
(Figure 12). 

  
(a) (b) 
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Figure 12. L*, a*, and b* parameters plotted as a function of Brinell hardness after release of force measured for the un-
treated and ThermoWood® Norway spruce (a) and Scots pine (b). 

4. Conclusions 
Despite the advances in using colour as a key parameter for quality control of ther-

mally modified wood [38,39], additional evidence to support quality control would en-
hance the commercial properties of products such as ThermoWood®. In this research, Nor-
way spruce and Scots pine sawn timber, thermally modified via the ThermoWood® pro-
cess, were evaluated for structure, colour, and mechanical property changes, as well as 
the correlation between them. To do so, infrared spectroscopy and principal component 
analysis, colour measurements, hardness, and bending strength were used. With infrared 
spectroscopy and PCA, it was possible to identify the structural changes at the molecular 
level. They indicated a modification in amorphous carbohydrates as well as in lignin. At 
the same time, by using PCA, it was possible to differentiate between untreated and mod-
ified wood. The colour measurements showed a decrease in the L* value and an increase 
in the a* and b* values, indicating reduced brightness, and a shift toward the red and 
yellow colours after thermal modification. Moreover, by using the ΔE* and PC scores, it 
was possible to differentiate between the two modification processes (Thermo–S and 
Thermo–D). 

Hardness was found to decrease in thermally modified wood, whereas the MOE and 
MOR showed limited changes in values for modified wood compared to unmodified 
ones. This might be due to the modifications at the molecular level between the wood 
components, such as condensation reactions in lignin and the rearrangement and crystal-
linity increase of cellulose. However, the higher-than-expected density of Thermo–D Nor-
way spruce specimens played a significant role in the limited differences noted.  

By using the mechanical properties and PC scores, it was possible to differentiate the 
untreated wood from the modified ones, but no real differentiation was observed between 
the two modification regimes. This was possible when the colour parameters were used 
instead of the PC scores. 

The combination between infrared spectroscopy, colour measurements, and mechan-
ical tests can give valuable information on large sets of samples, thus contributing to a 
greater understanding of quality control. This is particularly important when considering 
large data sets, as would be generated with industrial production and quality control, 
given that the combination of these measurements can prevent the elimination of material 
from tested sets of samples. 

The results within this paper suggest that current quality assurance methods [38,39] 
can be additionally supported by assessing the correlation between colour, mechanical 
properties, and infrared spectroscopy studies. 
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