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ABSTRACT: Heat treatment is applied towood to improve various properties of thematerial.�epresent study focuses

on the colour changes of wood veneer samples due to heat treatment. Native wood species from Japan and Europe, such

as Japanese oak (Quercus mongolica var. crispula), 
eld maple (Acer campestre) and Scots pine (Pinus sylvestris) were

used in the experiments. A laboratory-type oven was used to apply the heat at a temperature of 190○C, in the presence

of oxygen, for di�erent periods, gradually increasing from 5 to 40 min. �e CIELab system (a colour space de
ned by

the International Commission on Illumination) and Near Infrared Spectroscopy (NIR) were employed to evaluate the

colour modi
cations on the samples. As expected, the heat treatment a�ected the colour of the samples. �e lightness

index decreased across the three wood species during the treatment. �e chroma coordinates changed for pine and

maple, while little change occurred in Japanese oak. �e overall total colour di�erences reached their maximum at the


nal 40-min interval for all wood types. Based on the NIR evaluation, it was found that drastic thermal denaturation

of cellulose was unlikely to occur, and the changes in the intermolecular interaction of water a�ected the colour of the

specimens. �e data and information of this study could be useful for industrial applications where the veneer of such

species is desired. Such heat-treated veneers can be considered as value-added products in furniture manufacturing as

well as restoration of furniture units where such veneer is used as an overlay.
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1 Introduction

Heat treatment is an environmentally friendly wood modi
cation technique used to enhance various

properties of the material. �ese improvements include better dimensional stability, improved durability,

resistance to fungal attack and outdoor exposure, and the development of a distinct and valued dark

decorative colour [1–6]. Presley et al. [5] showed that thermal modi
cation is able to improve the durability

of western hemlock samples against the brown rot fungus.�erefore, such treatment represents a step toward

making the treated wood product appropriate for exterior end-uses where the lumber is not in direct contact
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with the ground. Pinchevska et al. [3] found that the equilibriummoisture content of heat-treated ash wood

decreased by 3.5%–4.0% compared to control samples, and the dimensional stability improved consistently.

�e colour di�erence of the heat-treated wood increases with the treatment temperature and exposure

time. �e colour of beech and 
r samples under heat-treatment in the range of 120○C–300○C continuously

darkened, beech being clearly darker than 
r. Such a change is a clear indicator of the chemical reactions in

wood [4]. All colour coordinates are a�ected by the temperature and duration of the treatment, especially at

high treatment temperatures [1,2,4,6].

Despite these bene
ts, heat-treated wood tends to have reduced mechanical strength. �e Modulus of

Rupture (MOR) and Modulus of Elasticity (MOE) can be reduced by up to 50% and hardness, along with

abrasion resistance, are a�ected as well [1,2,7–10]. However, it was shown that in the case of heat-treated

ash wood, the loss of bending strength by 9–33 MPa and virtually unchanged hardness in the radial and

tangential directions proved that it was possible to use suchwood in some structural elements of furniture [3].

Heat-treated wood is widely used in both interior and exterior applications, but it is generally not suitable

for structural applications.

�e heat treatment process typically involves exposing wood to temperatures ranging from 120○C to

250○C for periods between 15min and 24 h. A low temperature treatment can be applied for a longer duration

to obtain the same colouring e�ect achieved at higher temperatures. Under such an approach, the wood

material quality and production costs require optimisation. Heat-treated wood is brittle compared to dried

wood when applying treatments over 200○C.�e treatment parameters depend on several factors, including

the treatment method, wood species, dimensions, moisture content, and the target outcome. Chemical and

physical changes in wood begin at approximately 150○C.�e primary wood components degrade at di�erent

temperature thresholds: hemicelluloses around 200○C, lignin near 270○C, and cellulose at approximately

340○C [4,7]. Elevated temperatures decompose the primary organic polymer components and extractives

present in wood in a short time.�e colour changes observed in wood during heat treatment result from the

thermal degradation processes of lignin and hemicelluloses. Hemicelluloses are the main wood constituent

degraded during heat treatment [4]. �ese alterations can be controlled by adjusting the process parameters

appropriately [8,11,12]. However, the literature reveals variation regarding the exact temperature at which

hydrolysis and oxidation of wood components begin. �ese chemical alterations can occur at relatively low

temperatures—around 65○C.

In the case of heat-treated oak samples at temperatures ranging from 160○C–200○C, a decrease in the

holocellulose content caused by the degradation of non-glucosic saccharides was observed during thermal

treatment and the contents of both the extractives and lignin increased [1]. In the case of beech, in the heat

treatment temperature range from 120○C–200○C, only little or no change has been found in hemicellulose,

cellulose and lignin content, while at temperatures over 200○C up to 300○C, changes in hemicellulose

and lignin do occur [4]. As the heat temperature increases, hemicelluloses gradually decrease and lignin

increases [4]. Results of other studies also showed that the hemicellulose degradation and the decrease in the

cellulose polymerization degree a�ected the mechanical properties of heat-treated wood much more than

the rami
cations of lignin and crystallization of cellulose [1,7].

Extensive research studies have examined the colour changes of wood induced by heat treatment

on solid wood [6,8,11–16]. Heat-treated wood is appreciated for its brown appearance, from light to dark

and is a substitute for various tropical species. However, the brownish colour is not stable under light

exposure. During the treatment, degradation products can be released as an unpleasant smell, but they

decline within a few weeks a�er processing. �e colour is an indicator of the degree of conversion for

heat-treated wood, darker woods being more converted than lighter woods. �e resulting colour has also

been proposed as an indicator of the extent of thermal modi
cation and a direct marker of underlying
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chemical changes [7]. Due to their thin pro
le, veneer sheets require shorter heat exposure times—typically

between 180○Cand 200○C—for thermo-densi
cation [15,17]. At this level, hemicelluloses undergo signi
cant

degradation, leading to reduced hygroscopicity and improved stability, while lignin condensation contributes

to the desired darkening of wood colour. When this process is applied to solid wood, it generally takes a

signi
cantly longer time [11]. Colour changes of wood are relevant in terms of aesthetic qualities, but also

because they imply alteration of wood components, which could a�ect wood properties such as strength.

�erefore, it is desirable to control the changes in colour during the execution of certain operations of wood

treatment [12–15].

Studies have shown that brief densi
cation treatments on veneers impact their surfaces noticeably,

particularly in terms of colour change [15,17]. Signi
cant attention is granted to heat-treated veneers in

furniture manufacturing and restoration due to their enhanced properties: durability, dimensional stability,

and aesthetic appeal [6,8,16]. However, little research has been done on heat-treated veneers when compared

to solid wood.

�ese heat-treated veneers can be e�ectively used as overlay materials in composite products intended

for furniture applications [15,17]. Additional surface treatments such as staining or varnishing—o�en

involving chemical agents—may be unnecessary. Heat treatment, thus, is an eco-friendly alternative for

producing dark-coloured veneers suitable for applications in furniture production.

To assess the e�ects of heat treatment, non-destructive techniques such as colour measurement and

vibrational spectroscopy are commonly employed due to their rapid, low-cost, and e�cient evaluation of

organic materials [16,18]. �e most widely used system for colour measurement is the CIELab system.

Numerous studies have used the potential of the CIELab system to evaluate the colour changes caused

by various treatments applied to wood material [6–17]. Near-infrared spectroscopy (NIR) has gained

widespread use in assessing and predicting various wood properties such as moisture content, density,

sti�ness, colour and dimensional stability [18–20]. NIR can con
rm that a piece of wood has been modi
ed

correctly, without needing to know anything about the treatment history of the wood [18].

In the previous study, the authors reported the relationships between colour change during heat

treatment and NIR spectral response of black alder and beech [16]. Recently, principal component analysis

was applied to classify heat-treated wood [18].�ese two techniques have potential for integration into wood

industry production lines, including for assessing the quality of heat-treated wood.

In this study, veneers produced from wood species native to Japan and Europe have been subjected to

heat treatment. �e colour changes of exposed veneer samples have been evaluated by using the CIELab

colourimetry technique and NIR spectroscopy. �e study 
ndings can contribute to completing the colour

database of heat-treated veneers of various species and be used for applications in furniture manufacturing

and restoration of 
ne works.

2 Materials and Methods

�reewood species, namely Japanese oak (Quercusmongolica var. crispula), 
eldmaple (Acer campestre)

and Scots pine (Pinus sylvestris) were used in this study. �ese species are used in furniture manufacturing;

they present aesthetic characteristics and potential applicability in the restoration of 
ne furniture and

wooden art objects, where thin veneers are essential. Commercially defect-free rotary-cut veneer sheets

of 0.5 mm thickness were supplied by two local companies in Shizuoka, Japan and Brasov, Romania,

respectively. A total of twenty small samples per wood species were prepared, each measuring 70 ×
70 mm. �e specimens were divided into 
ve groups of four, with one group serving as the untreated

control. All samples have been climatized for one week at 20○C and 60% relative humidity, resulting in a
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uniform moisture content of 7.5%, measured before the experiments with the help of an Infrared Moisture

Determination Balance of FD 720 type. In this study, the wood samples received the following codi
cations:

Japanese oak—JO,maple—Mandpine—P.Veneers require a short period of heat exposure, typically between

180○C and 200○C, enough to gain stability and colour bene
ts but low enough to retain acceptable strength

for thin veneers. Heat treatment was carried out in a conventional oven (ETTAS convection type) at a

temperature of 190○C, in the presence of oxygen, during four durations: t1 = 5, t2 = 10, t3 = 20, and

t4 = 40 min, by successively doubling the time.

2.1 Colour Measurement

Colour measurements were performed using a Konica Minolta CR-400 Chroma Meter (Fig. 1A). Each

specimen was measured three times on the same side and location, following the ISO/CIE 11664-4:2019

standard [21]. �e colour evaluation was conducted using the CIELab system, a colour space de
ned by the

International Commission on Illumination (abbreviated CIE) in 1976. It expresses colour as three values: L*

for perceptual lightness and a* and b* for the four unique colours of human vision: red and green, blue and

yellow, respectively [22].�e partial and total colour changes have been determined.�e total colour change

∆E* was calculated according to the equation below:

∆E∗ =
√
∆L∗2 + ∆a∗2 + ∆b∗2 (1)

where ∆L*, ∆a*, and ∆b* represent the partial colour changes and they are the di�erences in the lightness,

green-red coordinates, and blue-yellow coordinates, respectively, of the exposed and control samples. All

data have been processed using Minitab Statistical So�ware Version 22.2.0.

(A) (B)

Figure 1: Colour and NIRmeasurement. (A) Konica Minolta CR-400 ChromaMeter. (B) Matrix-F FT-NIR spectrom-
eter (Bruker Optics)

2.2 NIR Measurement

Di�use re�ectance near-infrared spectra were recorded from the veneer surfaces using a Matrix-F FT-

NIR spectrometer (Bruker Optics) presented in Fig. 1B. �e spectra were collected across a wavenumber

range of 10,000 to 4000 cm−1, with data points taken at 3.85 cm−1 intervals. Spectral resolution was

maintained at 8 cm−1. Each sample was scanned three times under controlled environmental conditions

within a climatic chamber, and each spectrum represented the average of 32 individual scans. Spectral band

assignments followed the methodology proposed by Schwanninger et al. [23].

Since the veneer thickness was very thin, the incident light penetrated the transmittance surface. �e

di�erence in anatomical characteristics and cell array of the wood species causes the di�erent scattering
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behaviour, which results in the variation of apparent absorbance of the di�use-re�ectance spectra.�erefore,

the baseline dri� due to scattering should be eliminated from the spectra.Multiplicative scattering correction

(MSC) is commonly used to remove the e�ects of light scattering; however, the process depends on the

dataset. In this study, the standard normal variate (SNV) was applied as an alternative to MSC. Generally,

the results of SNV treatment are similar to those of MSC-treated spectra, and the SNV process is dataset-

independent. Partial Least Squares Regression (PLSR) was employed to develop predictive models for the

CIElab colour coordinates, such as the lightness coordinate, a* and b*—the chroma coordinates. L*, a* and

b* were used as objective variables; predictive models were built for individual wood species. A total of 19

spectra (3 for control and 16 for 4 heat treatment conditions) were used for the calibration of each model;

having a small number of datasets, the maximum latent variables (LVs) were capped at 5. Before model

construction, all variables were mean-centred. Leave-one-out full cross-validation was applied to evaluate

the prediction accuracy and model robustness.�e optimal number of LVs was selected based on the lowest

standard error of validation (SEV). All data analysis was performed using MATLAB R2018a version.

3 Results and Discussions

3.1 Results on Colour Changes of the Samples

Upon exposure to elevated temperatures, wood undergoes visible changes in colouration, typically

shi�ing toward yellow, brown, red, or grey hues. Regardless of the wood species, the extent of darkening

due to thermal treatment is in�uenced by the speci
c parameters of the process. Visual assessment indicates

that the surface tone of thermally modi
ed samples progressively darkens with prolonged heating durations;

the rate of this change varies between species, as displayed in Fig. 2. �e chromatic transformations of the

veneers under treatment were analysed with the CIElab colour space framework (Figs. 3–5).

JO—Japanese oak control sample

L* = 

66.84 a* = 5.74 b* = 22.70

M—maple control sample

L* = 

85.86 a* = 0.61 b* = 18.33

P—pine control sample

L* = 

83.33 a* = 0.14 b* = 22.66

JO—Japanese oak after 40 min of HT

L* = 

60.55 a* = 7.29 b* = 23.10

M—maple after 40 min of HT

L* = 

68.52 a* = 7.06 b* = 24.27

P—pine after 40 min of HT

L* = 

70.32 a* = 6.43 b* = 30.48

Figure 2: Appearance of the control samples and samples exposed to heat treatment (HT) for 40 min at 190○C
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(A) (B) (C)

Figure 3: Variation of Lightness (L*) as a function of exposure: (A) oak. (B) maple. (C) pine

(A) (B) (C)

Figure 4: Variation of a* (red-green) coordinate as a function of exposure: (A) oak. (B) maple. (C) pine

(A) (B) (C)

Figure 5: Variation of b* (yellow-blue) coordinate as a function of exposure: (A) oak. (B) maple. (C) pine

A decrease in the lightness index (L*) was observed across the three wood species, particularly during

the 
rst 10 min of exposure at 190○C. Continued heating up to 40 min intensi
ed the darkening e�ect.
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Such a decrease in lightness was shown to be caused by the decrease in hemicellulose contents, especially

pentosan [4,7]. A comparable gradual darkening has been recorded in pine veneers subjected to thermo-

densi
cation at 200○C for 4 min under pressures between 4 and 12 MPa [15]. Oak veneers also darkened

substantially a�er heat treatment in an oven at 200○C for durations of 10, 20, and 30 min, contrasting

with outcomes from press treatment methods [8]. Lightness (L*) is known to correlate with several wood

properties—such as dimensional stability, moisture equilibrium, decay resistance, and mechanical strength

(MOR)—making it a potential predictive metric [12].

�e observed colour changes stem from thermal degradation processes in extractives, lignin, and hemi-

celluloses, with diminished L* values o�en linked to the breakdown of pentosans within hemicellulose [12].

Each wood species’ speci
c extractive content contributes to its colour, as captured by the a* (red-green)

and b* (yellow-blue) coordinates. In particular, red hues are closely related to extractive content and the

yellow colour component of wood is in�uenced by the photochemistry of lignin, involving compounds like

quinones and stilbenes [16,18]. In the case of radiata pine under heat treatment at 220○C, the carbohydrate

and lignin levels remained similar to those of untreated wood [18]. �roughout the heating duration, the a*

values rose steadily in pine and maple, while in Japanese oak, the red coordinate slowly increased. Pine, in

particular, showed the greatest reddening up to the 40-min mark, followed by maple samples. For Japanese

oak, the b* value (yellow component) didn’t change too much during the treatment. A slight increase in b*

values was noticed for maple samples during the 
rst 10 min of treatment. A�er that, the yellow coordinate

was kept almost constant to the end of the treatment. Conversely, Scots pine exhibited a progressive increase

in b* during the treatment, suggesting a transition toward orange as a result of combined increases in a* and

b*. Such a combination of change in chromaticity was also noticed for maple samples. Similar chromatic

dynamics in a* and b* under thermal exposure have been reported for maple and pine samples [6,9,10]. In

the case of pine wood, Kucerova found that the kinetic curves for a* and b* presented di�erent monotonicity,

explained by chemical structure or chemical composition only [10]. �e most surprising kinetic curve was

noticed for the a* coordinate.�e ascending a* trendwas found to be determined by changes in holocellulose,

while the descending a* trend was determined by changes in lignin [10]. In this study, the red coordinate

presented an increased trend only.

Partial colour di�erences (∆L*, ∆a*, ∆b*) and total colour variation (∆E*) were in�uenced by treatment

conditions (Fig. 6). For all wood veneers, ∆L* consistently decreased with longer heating periods. �e most

substantial drop in L* occurred at 40 min, with values of ∆L* = −15.90 for maple, ∆L* = −12.66 for Scots pine
and ∆L* = −7.47 for Japanese oak. Such colour response in a decreasing lightness among species is likely due

to the hemicellulose degradation [7]. A gradual increase in the degree of chromaticity variation was noticed

for the veneer samples. A higher degree of redness variation was observed in pine (∆a* = 6.52) and maple

(∆a* = 6.17), compared to Japanese oak (∆a* = 1.57). In the case of yellowness variation, a similar degree

of progress was shown; at the end of treatment, maple presented a peak of ∆b* value of 9.77, much more

consistent than the value for maple of about 5.54. �e overall colour di�erence (∆E*) reached its maximum

at the 
nal 40-min interval for all wood types.�e di�erence in colour stimulus was visible (≥3) starting with
the 
rst time of exposure for pine and maple, and progressively rose as the exposure time increased to 17.26

and 17.93, respectively. For Japanese oak, the di�erence was visible a�er 20 min of exposure only and did not

change much by the end of treatment. Pine and maple samples signi
cantly changed their colour along the

treatment, while oak samples showed little colour change during the heat exposure, as presented in Fig. 7. In

the case of maple and oak, Feher et al. [6] stated that at temperature intervals of 160○C–200○C, the di�erence

in colour stimulus was visible (more than 3) or large (more than 6) as the exposure time increased. Čabalová

et al. [1] also reported in the case of pedunculate oak that the colour characteristics were a�ected by the

temperature and duration of the treatment, especially at high treatment temperatures (180○C and 200○C).
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Figure 6: Variation of partial and total colour changes a�er heat treatment

Figure 7: Interaction plot for the total colour changes of the samples
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�erefore, the progressive darkening of the heat-treated wood is due not only to oxidation reactions

but mainly by the increasing proportions of the black furanic compounds generated by the degradation of

hemicelluloses [4].

�e results on colour changes obtained for these species under heat treatment are in line with those

found in the specialty literature [1,6,8,12,15,16]. Analysis of Variance ANOVA was applied for the partial and

total colour changes at the signi
cance level of 0.05, as displayed in Table 1.

Table 1: Analysis of variance at the signi
cant level of 0.05 for the partial and total colour changes

Source DF One-Way ANOVA Response Adj SS Adj MS F-Value p-Value

Wood species

2 ∆L* 45.54 22.77 0.85 0.457

2 ∆a* 18.31 9.153 1.98 0.194

2 ∆b* 78.46 39.231 9.96 0.005

2 ∆E* 94.67 47.33 1.55 0.264

Period

3 ∆L* 226.73 75.587 10.30 0.004

3 ∆a* 35.16 11.721 3.77 0.059

3 ∆b* 15.13 5.044 0.41 0.751

3 ∆E* 250.9 83.63 5.64 0.022

Note: DF-Degrees of Freedom; Adj SS-Adjusted Sum of Squares; Adj MS-Adjusted Mean Square.

�e analysis showed that the partial changes in the yellow colour coordinate were signi
cantly in�u-

enced by the wood species, while the period of exposure signi
cantly in�uenced the di�erences in lightness

(p-value ≤ 0.05). �e period of exposure in�uenced the total colour changes of the samples (p-value ≤ 0.05).

3.2 Results on NIR Evaluation of the Samples

�e mean spectra for each treatment condition are shown in Fig. 8a. All spectra were transformed by

SNV to eliminate the baseline dri�. Most of the spectra were overlapped, and no notable di�erences were

observed among conditions.�emost notable absorptionwas observed at 5168 cm−1, which is assigned as the

combination of OH stretching and deformation of water. With a longer treatment duration, the absorbance

decreased. Fig. 8b indicates the spectral variation among and within the treatment conditions. In this paper,

the variance for the mean spectra of each treatment condition was regarded as the spectral variation due to

the treatment condition. On the other hand, variance within each condition was averaged to evaluate the

spectral variation due to the sample. Several wavenumbers where the spectral variation due to the treatment

is greater than that due to the sample were also picked up. �e greatest spectral variation was observed at

5168 cm−1, which indicates that heat treatment or related hysteresis lowered the equilibrium moisture

content. A broad absorption around 6000–7000 cm−1 in Fig. 8a consists of several absorption bands due to

the 
rst overtone of the OH stretching vibration by water and cell wall components. Within this region, 7074

cm−1 showed the highest spectral variation among the treatments.
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Figure 8: Mean spectra. (a) Mean spectra for each wood species with di�erent treatments. (b) �e variance of mean
spectra for the di�erent treatment conditions and the mean spectra of variance within each treatment condition

A previous study on microcrystalline cellulose reported that the wavenumber is due to the OH of

water-water hydrogen bonding. Samples used in this study were air-dried; therefore, observed variation at

this wavenumber is due to the loss of bond water within the cell wall. Absorption peaks at 8173, 4759 and

4281 cm−1 are assigned as the second overtone of CH stretching vibration due to cellulose, a combination

of CH, OH deformation and OH stretching vibration due to cellulose and xylan, and a combination of CH

deformation and stretching of cellulose and hemicellulose, respectively. For all species, these absorption

peaks showed greater spectral variation among treatment conditions. Considering the low temperatures and

short duration of heat treatment in this study, drastic thermal denaturation of cellulose is unlikely to occur.

�erefore, in cellulose, a partial decrease of OH on the amorphous region and a decrease of bound

water may result in this spectral change [24]. On the other hand, thermal denaturation of hemicellulose

begins at a much lower temperature than cellulose [25]. Hence, these spectral variations indicate the thermal

denaturation of hemicellulose in some treatment conditions. 4412 cm−1 is assigned to the combination ofOH

and CO stretching vibration by lignin. �ermal degradation of lignin also begins at lower than 190○C [25].

�is spectral variation also suggests the thermal denaturation of lignin in some treatment conditions.

Table 2 shows the notable absorption peaks and the correlation coe�cient between peak intensity and

colour coordinates. In the case of Japanese oak, most of the correlation coe�cients are lower than 0.7 except

for L* of 4412 and 4281 cm−1. Especially for b*, all absorption peaks did not have a high correlation. In

contrast, b* of maple and pine were highly correlated with all absorption.
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Table 2: Notable absorption peaks and their correlation coe�cients for colour coordinates

Wavenumber, cm−1 Band assignment
L* a* b*

JO M P JO M P JO M P

8173 Cellulose, CHstr. 2nd ov. −0.55 −0.58 −0.71 0.50 0.60 0.71 −0.16 0.84 0.84

7074 Bond water, OHstr.1st ov. 0.60 0.68 0.56 −0.59 −0.68 −0.54 −0.06 −0.88 −0.73

5168 Water, OHstr.+def. 0.59 0.73 0.72 −0.58 −0.73 −0.71 −0.04 −0.89 −0.85

4759
Cellulose and xylan, CH,

OHdef+OHstr.
−0.09 −0.67 −0.47 0.15 0.67 0.45 0.53 0.85 0.64

4412 Lignin, OH+COstr. −0.67 −0.71 −0.69 0.69 0.71 0.67 −0.45 0.89 0.84

4281
Cellulose and hemicellulose,

CHdef.+str.
−0.74 −0.71 −0.67 0.68 0.72 0.66 −0.35 0.91 0.81

�e PLS models were built to clarify the relationship between spectral variation and L*, a* and b*.

�e prediction accuracy of PLS models for each colour coordinate is summarised in Table 3. Because of the

limited number of samples, each sample within the same heat treatment conditionwas regarded as a di�erent

data point. Note that those models include not only the colour change by heat treatment, but also the colour

variation among the samples themselves. Except for a* and b* of Japanese oak, the determinant coe�cient

of the calibration (R2c) was higher than 0.9. �e lightness L* of Japanese oak and maple, chroma a* and b*

of pine showed over 0.7 of R2 for validation (R2v).

Table 3: Summary of PLSR model

Objective Species LV R2c R2v SEC SECV RPD

L*

JO 5 0.91 0.77 0.91 1.45 2.54

M 4 0.91 0.74 1.59 2.64 2.30

P 5 0.92 0.69 1.10 2.21 2.17

a*

JO 4 0.74 0.43 0.34 0.51 1.54

M 4 0.85 0.58 0.81 1.36 1.79

P 5 0.94 0.77 0.51 1.02 2.49

b*

JO 1 0.47 0.15 0.53 0.67 1.14

M 4 0.93 0.69 0.48 1.01 2.09

P 5 0.97 0.87 0.49 1.07 3.35

Note: LV; number of latent variables; R2c; determinant coe�cient
for calibration; R2v; determinant coe�cient for test set validation;
SEC; standard error for calibration; SECV; standard error for cross
validation; RPD; ratio of performance to deviation (SD of objective
variable/SECV).

�ese colour coordinates have a linear relationship between spectral changes. On the other hand, the

ratio of performance to deviation (RPD) of a* for Japanese oak, maple and b* of Japanese oak was less

than 2, indicating the poor prediction accuracy. �erefore, changes in these colour coordinates may not

be consistent with spectral changes. Kučerová et al. [10] reported the changes in the chemical components

of Pinus sylvestris as a function of heat treatment time and temperature. Holocellulose and lignin content

monotonically decrease and increase with both treatment time and temperature. In contrast, extractive

content showed a non-linear increment and decrement. Decrement of extractives was probably caused

by the decomposition of extractives into volatile products, whereas the increment of them is due to the
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decomposition of hemicellulose and lignin [10]. Hardwood has a more complex lignin structure than

so�wood; it contains both G-units (guaiacyl) and S-units (syringyl) lignin, while so�wood lignin is entirely

G-units. In this study, a poor predictionmodel (RPD< 2) of a* and b* of hardwood specieswas noticed.�ose

nonlinear extractive interactions may cause the limitation of the prediction accuracy of PLSR.�is indicates

the limitation of linear regression between NIR spectra and colour coordinates for several wood species.

PLS regression vectors are shown in Fig. 9. Since the prediction value is calculated by an inner product

between the pre-treated spectrum and regression vector, signi
cant wavenumbers related to the colour

coordinates can be speci
ed from a regression vector. When focusing on the wavenumbers described above,

8173 cm−1 due to CH of cellulose did not contribute to all prediction models. In contrast, 4759 cm−1 due to

OHof cellulose and xylan contributed to the prediction formanymodels, except for Japanese oak.Hence, this

implies the degradation of hydroxyl groups in hemicellulose drives L* shi�s. Regression coe�cients at 5168

and 4412 cm−1, assigned as the absorption peaks of water and lignin, were almost 0; however, both neighbors

of the wavenumber region showed notable positive and negative peaks. �is relates to the peak shi� by a

heat treatment; the peak shi� occurs due to a change in intermolecular interaction. �us, the changes in

intermolecular interaction concerning OH groups by a heat treatment may result in the colour change. �e

7074 cm−1 due to the intermolecular H-bond of water also showed higher regression values for maple and

pine. �is is also indirect evidence that the changes in the intermolecular interaction of water may a�ect the

colour of the specimen (Fig. 9).

Figure 9: Regression vectors for each predictive model (a) for L* (b) for a* (c) for b* coordinates

Focusing on the sign of the regression coe�cient, a* and b* of maple and pine showed a similar

combination for those wavenumbers. �e same phenomena were observed in the sign of the correlation

coe�cient, summarised in Table 3. �erefore, the spectral response towards a* b* is similar on maple and
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pine. �e smaller absolute value of the regression coe�cient for L*, a* and b* of Japanese oak than that of

the remaining species is due to the smaller variation of ∆E*. However, the shape of the regression vector of

Japanese oak di�ers from that of maple and pine; the sign at 7074 cm−1 for Japanese oak is opposite to that of

maple and pine in all colour coordinates. �is wavenumber relates to the loss of bond water within the cell

wall.�e decrease in bound water is the result of hydrophobization due to the denaturation of hemicellulose

and lignin. �e opposite sign of the regression coe�cient at 7074 cm−1 suggests that the colour change of

Japanese oak di�ers from that of maple and pine under this treatment condition.

4 Conclusions

�is study examined the e�ects of thermal exposure at 190○C on the surface colour of Japanese oak,

maple and Scots pine veneers over varying durations. �e extent of colour transformation di�ered between

the three species, with pine andmaple exhibitingmore pronounced discolouration under identical treatment

conditions compared to Japanese oak.�e primary driver of the colour shi� was a decline in lightness and a

combined increase in a* and b* chroma.

�e lightness index decreased across the three wood species, particularly during the 
rst 10 min of heat

exposure, and the darkening e�ect intensi
ed to the end of treatment. �roughout the heating duration, the

red coordinate values rose steadily in pine and maple, while in Japanese oak, they slowly increased. A slight

or progressive increase in the yellow coordinate values was noticed for maple and pine, respectively, while

no change during the treatment was found in the case of Japanese oak. �e overall total colour di�erences

reached their maximum at the 
nal 40-min interval for all wood types.

Generally, L* could be predicted by NIR spectra for all species, whereas the prediction models of a*

and b* of hardwood species had poor prediction accuracy. �is indicates the limitation of linear regression

between NIR spectra and colour coordinates for several wood species. As the next step, the application of

a nonlinear regression model should be investigated. Further investigation, such as calibrating NIR models

with HPLC data, could quantify lignin’s role in chromaticity.

�e results of the study can have brief industrial applications. Such heat-treated veneers can be used

in furniture manufacturing to obtain value-added products or in restoration furniture works where thin

wood is necessary. Pine and maple samples rapidly darkened, which suits time-e�cient 
nishes, while oak’s

stability recommends it for heritage restoration.
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