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Abstract In the present study, colour changes in black

alder (Alnus glutinosa L. Gaertn.) and beech (Fagus syl-

vatica L.) wood veneers subjected to heat treatment at

190 �C for different time spans were investigated. The

potential of CIELab system and near infrared (NIR) spec-

troscopy were used to evaluate the colour changes. The

changes in colour appeared mostly by the reduction in

lightness which is related to the degradation of hemicel-

luloses during heat treatment in both wood species. It was

found that black alder discoloured much more than beech

veneers under same treatment conditions. NIR spectra

revealed that the dark colour that wood veneers get under

heat exposure is due to the chemical decomposition of

lignin and hemicelluloses. Heat treatment could, therefore,

enhance the use of such veneers for value added products

in furniture manufacturing as an alternative to expensive

tropical species.
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Introduction

Heat treatment is an eco-friendly modification process

applied to wood to obtain enhanced properties, such as

improved dimensional stability [1–3], increased durability,

resistance to fungi and natural weathering [4, 5], smooth

surfaces [6, 7], and also a decorative specific dark colour

[8, 9]. But besides the advantages it has, heat-treated wood

presents reduced mechanical properties [10, 11]. Heat-

treated wood is used for a large variety of indoor and

outdoor applications, namely: parquet, wall and ceiling

panels, saunas, kitchens, decorations and utensils, fences,

joinery, claddings, windows, doors, while for structural

applications it is not recommended. A typical heat treat-

ment process uses temperatures from 120 up to 250 �C for

durations ranging from 15 min to 24 h, depending on the

process, species, sample size, moisture content and the

desired target used. Chemical and physical properties of

wood start to change during heat exposure at temperature

of about 150 �C [12]. The decomposition of the main

chemical compounds in wood occurs with high intensity at:

180 �C for hemicelluloses, 270 �C for lignin and 340 �C
for cellulose [13]. Organic polymers and extractives found

in wood may deteriorate when exposed to elevated tem-

peratures [14]. Reactions producing red chromophores in

wood were found responsible for red alder thermal dark-

ening [15]. The wood colour changes due to heat are

caused by thermal degradation of hemicelluloses and lig-

nin. There are some differences between authors as regard

to the temperature causing hydrolysis and oxidation of

wood components. Such chemical changes may appear

even at low temperature of about 65 �C, depending on pH,

moisture content, heating medium, exposure period and

wood species [16]. Previous studies performed on solid

wood have investigated the changes in wood colour that
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appeared during heat treatment and imply alteration of

wood components [17–19]. The colour that wood gets after

heat treatment was suggested to be an indicator of the

degree of its modification and also a direct indication of

chemical changes [20, 21]. Little information addressed the

veneers modification of various wood species by heat

treatment. Due to their small thickness, veneers need a

shorter time of heat exposure at high temperature ranging

between 180 and 200 �C during their thermo-densification

process [22, 23]. Such process when applied to solid wood

is a fairly long process [23]. It was found that the densi-

fication process applied to veneers for a shorter time

affected their surfaces, particularly colour changes [23].

It appeared that the convection heat treatment caused

stronger discoloration on veneer surfaces regardless the

wood species when compared to press heat treatment [22].

The dark colour of veneers can easily mask some blem-

ishes and other discolorations on the surface. Various

processes, such as staining and varnishing, which involve

mainly chemicals, may be skipped when using heat treat-

ment as an eco-friendly alternative to obtain dark colour

veneers for furniture manufacturing.

Heat-treated veneers may be successfully used as over-

laying material for composites used in furniture manufac-

turing [24].

Colour measurement and vibrational spectroscopy are

non-destructive, rapid and low cost evaluation methods

used to measure organic materials [25–30]. Recently near

infrared (NIR) spectroscopy has been widely used for

measuring various properties of wood [30]. Most of

absorption band assignments for wood appeared in NIR

region is summarised in the review [28]. Esteves and

Pereira have demonstrated that NIR could predict several

parameters including CIELab parameters and dimensional

stability of heat-treated pine (Pinus pinaster) and eucalypt

(Eucalyptus globulus) wood [25]. Gonzalez and Hale

mentioned that physical properties of small specimens of

heat-treated wood can be predicted with CIELab colour

space measurement [26]. According to Sandak et al. cel-

lulose and lignin content of archaeological oak wood were

successfully predicted by NIR spectra with aid of partial

least squares regression (PLSR) analysis [27]. It was found

that such methods may be integrated in the production line

in wood industry and also for heat-treated wood with a

view to assess the wood quality. Apart of CIELab colour

measurement which was shown to give significant corre-

lations with milled wood, NIR spectroscopy offers multiple

advantages of allowing predictions for wood properties,

like moisture content, density and stiffness [25]. NIR

spectrum of the heat-treated wood gave information on the

process extent and also on the wood relevant properties and

uses. Therefore, NIR technique is a powerful tool used to

determine chemical composition and to detect physical,

mechanical and anatomical properties of wood materials

[30].

The objective of this study was to evaluate the colour

changes that occurred on wood veneers when subjected to

heat treatment by using the CIELab colorimetry technique

and NIR spectroscopy. In the present study, colour changes

in black alder (Alnus glutinosa L. Gaertn.) and beech

(Fagus sylvatica L.) wood veneers were investigated. The

two wood species are differently set within the Romanian

hardwood classification, namely: black alder is a less

valuable wood resource but a fast growing species, while

beech represents one of the most common wood species in

wood industry. When applied to such veneer species, heat

treatment could therefore enhance their use for value added

products in furniture manufacturing as an alternative to

expensive tropical species.

Materials and methods

Two wood species, namely black alder (Alnus glutinosa L.

Gaertn.) and beech (Fagus sylvatica L.) were used in this

study. Defect free veneer samples were cut from com-

mercially manufactured veneers supplied by Losan Com-

pany in Romania. Samples had the dimensions of 70 mm

by 70 mm by 0.5 mm. A total of twenty samples were cut

for each species. Prior to heat treatment all samples were

conditioned for 1 week at 20 �C and 60 %RH. The mois-

ture content of samples was 7.5 %. Five groups, each of

four specimens, were prepared. Out of them, one group was

kept as reference while the others were subjected to heat

treatment in a regular oven at 190 �C with different time

spans for 5, 10, 20 and 40 min, respectively.

Colour measurement of the samples

A Chroma Meter Konika Minolta CR-400 device was used

for colour measurements. For each sample three colour

measurements were made in randomly selected zones,

according to ISO 7724-2 standard [31]. CIELab System

was used for colour evaluation [32]. L*, a* and b* colour

coordinates were determined both for control group and

heat-treated veneers. Hereinafter, the colour differences

(DL*, Da* and Db*) and then the total colour change DE*

were calculated, according to the following relations:

DL� ¼ L�E � L�i ð1Þ
Da� ¼ a�E � a�i ð2Þ

Db� ¼ b�E � b�i ð3Þ

DE� ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ððDL�Þ2 þ ðDa�Þ2 þ ðDb�Þ2Þ
q

ð4Þ
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where L* is the degree of lightness; a* degree of redness

and greenness; b* degree of yellowness and blueness, and

the subscripts E and i indicate the values for the exposed

samples and control references, respectively.

NIR measurement of the samples

Diffuse reflectance NIR spectra were achieved from the

surface of veneers by using a Fourier Transform near

infrared (FT-NIR) spectrometer MatrixF-Bruker Optics.

The measured NIR spectra ranged between 10,000 and

4000 cm-1 with 3.85 cm-1 interval. The spectral resolu-

tion was set to 8 cm-1. FT-NIR measurements were per-

formed three times on each sample in randomly selected

zones in a climatic chamber. Each spectrum was achieved

as an average of 32 scans. Bands were assigned as indi-

cated by Schwanninger et al. [28]. The second derivative

was computed by gap-segment derivative (segment = 7,

gap = 3 point) to eliminate the baseline drift and separate

the overlap of absorption peaks. PLSR was then applied to

build the predictive models for L*a*b* values. Each vari-

able was mean centred and the maximum number of latent

variable (LV) was set to five. Four third of data sets were

randomly selected as calibration set and remaining data

were used for test set validation. The optimum number of

LV was determined where the minimum standard error of

validation (SEV) was obtained. Data were processed by

Matlab R2014a.

Results and discussions

Colour changes during heat treatment

When wood is heated, its colour changes to yellow, brown,

red or grey. Whatever the species, heat-treated wood

darkening depends on treatment schedule. Based on visual

observations, the surface colour of heat-treated samples

changed from lighter to darker with increasing the expo-

sure time, but with different rates. Surface colour changes

under different heating durations for black alder and beech

veneers are shown in Fig. 1. The surface colour changes of

veneers due to heat treatment were investigated using the

CIELab colour space. Table 1 presents the average values

of L*, a* and b* colour coordinates for control and heat-

treated specimens of the investigated wood species. A

decrease in lightness L* with a similar trend for both spe-

cies under study was noticed. In particular, lightness L*

values monotonously decreased the first 10 min of heat

exposure at 190 �C. Afterwards the overall colour became

darker as the heating time increased up to 40 min. The

change in lightness was more pronounced for black alder

than for beech veneers. Such darkening but at a slight rate

was also reported for birch, alder and pine veneer speci-

mens during their thermo-densification process for 4 min at

temperature of 200 �C and pressure ranging from 4 to

12 MPa, while almost no changes appeared for beech

samples at the same parameters [23]. Oak veneers sub-

jected to oven heat treatment at 200 �C for 10, 20 and

30 min also showed a significant surface darkness when

compared to press treatment [22]. Moreover, the feasibility

of predicting some wood properties using lightness values,

such as swelling, equilibrium moisture content, decay

resistance and modulus of rupture (MOR), was previously

reported [5, 26, 29]. The process of discoloration is due to

the changes which take place in extractives, lignin and

hemicelluloses. That behaviour is always accompanied by

a reduction in lightness. Previous studies reported that

decrease in lightness was caused by a decrease in hemi-

cellulose contents, especially pentosan [16–18]. Extractives

of each wood species make a specific colour which is

expressed by two chromatic parameters, namely a* and b*.

It is fact that the red component of wood is highly asso-

ciated with the extractive content in wood [33, 34]. Fig-

ure 2 shows that the colour coordinates, a* and b*,

respected almost the same pattern trend with the decrease

in lightness for both species. The redness coordinate a*

increased gradually for each time span during the heat

treatment for both species here investigated. It appeared

that black alder veneers became redder than beech samples

Fig. 1 Visual appearance of

black alder and beech veneers as

function of heat treatment

(T �C/min)
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as the duration of heating process increased to 20 min. At

the end of treatment both veneer species recorded almost

same values of the red–green chromaticity (a* = 10.67 for

black alder and a* = 10.45 for beech). Bekhta et al.

determined that beech veneers showed a tendency to

become redder while alder veneers became greener during

the densification process at 200 �C [23]. On the other hand,

it is well known that wood species of Alnus changes from a

light-pinkish colour to a red/orange colour on exposure to

air, which is caused by Maillard reactions between sugars

and amino acids/proteins in wood [15]. Therefore, it was

suggested that thermal modification of colour in red alder

involves certain reactions which produce orange/red chro-

mophoric groups in wood [15]. The yellow colour com-

ponent of wood is influenced particularly by the

photochemistry of lignin. Also lignin derivates, such as

quinone and stilbenes generate the yellowing process [34].

Different variations of b* values for the two wood species

under study were noticed. In case of black alder veneers,

the direction of colour modification for b* coordinate

respected a decreased linear trend during the first 10 min of

heat exposure, while for beech veneers an increase of

yellow coordinate was noticed for the first 5 min of

exposure. Next 5 min of heat exposure did not affect the

yellow coordinate for beech veneers. The situation changed

after that and for both species an increase of yellow

coordinate was recorded at 20-min time span of exposure.

At this point, the description of the colour evolution may

be explained as an orange darkening considering the pro-

gress of colour chromaticity expressed by a* and b* coor-

dinates. The same decreasing trend of yellow coordinate

was observed during last time span of heat exposure for

both veneer species. A similar evolution of the yellow

colour component for thermo-densified veneers was men-

tioned by Bekhta et al. [23]. Such increase and decrease in

colour coordinates a* and b*, for different heat treatment

conditions, have been also reported for various wood spe-

cies such as spruce, pine, oak, poplar, birch, sugi, keyaki,

acacia [5, 8, 17, 19, 22].

The partial colour differences DL*, Da* and Db* and the

total colour differences DE* depended on the heat treatment

conditions. For both investigated wood veneers, the light-

ness difference DL* trend decreased with increasing the

heating time. The largest absolute value of lightness differ-

ence DL* was observed at the longest heat exposure time of

40 min for black alder veneers (DL* = -13.76 for black

alder and DL* = -10.40 for beech). Important chromatic

differences for redness variation were noticed in the case of

beech veneers (Da* = 2.84) when compared to black alder

veneers (Da* = 2.25) for 40-min time span of heat expo-

sure. A strong (Pearson) correlation of Da* with the lignin

content was mentioned for heat-treated beech while the

smallest correlation between colour differences and chemi-

cal changes was found with cellulose [18]. The chromatic

differences of yellowness recorded at 20-min time span of

heat exposure presented for beech veneers the highest value

Table 1 Colour coordinates of

black alder and beech veneers

before and after heat treatment

Wood species Heat treatment (temperature/time) Colour coordinates DE*

(T �C/min) L* a* b*

Black alder Control sample 70.81 (1.65) 8.42 (0.60) 25.78 (0.28) –

190/5 68.72 (1.67) 8.79 (0.56) 25.37 (0.58) 2.16

190/10 66.38 (1.72) 9.40 (0.50) 25.04 (0.80) 4.59

190/20 60.69 (1.29) 10.41 (0.27) 25.38 (0.58) 10.32

190/40 57.05 (1.16) 10.67 (0.23) 23.97 (1.04) 14.06

Beech Control sample 70.47 (0.28) 7.61 (0.18) 21.51 (0.26) –

190/5 69.27 (0.27) 7.86 (0.18) 22.28 (0.42) 1.45

190/10 67.55 (0.81) 8.51 (0.26) 22.21 (0.45) 3.13

190/20 64.62 (0.38) 9.48 (0.20) 24.43 (0.58) 6.80

190/40 60.07 (1.58) 10.45 (0.39) 22.86 (0.58) 10.86

Values in parenthesis are standard deviations

Fig. 2 Relation between a* and b* colour coordinates and L* in heat-

treated veneers, plotted irrespective of exposure conditions
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among the two wood species (Db* = 2.92). The largest

changes in total colour differences DE* were observed at the

end of the treatment, at 40-min time span of heat exposure

for both veneer species (Table 1). It was reported that the

changes in L* and DE* of hinoki had similar degree to those

of cellulose during heat treatment at 180 �C. Carbonyl

groups in the cellulose chains and the formation of low

molecular substances (furan type) were estimated as being

responsible for the colour changes [21]. Moreover, total

changes of colour in thermally modified wood originates

from chemical changes more in lignin than in polysaccha-

rides, due to the darkening of lignin itself, which is associ-

ated with the generation of chromophoric groups [18].

Fig. 3 Second derivative

spectra of black alder veneers as

function of heat exposure (a);
detail of second derivative

spectra (b)

Table 2 Summary of PLSR model

Wood species Objective LV Rc
2 Rv

2 SEC SEV RPD

Black alder L* 5 0.94 0.79 1.30 2.02 2.34

a* 5 0.90 0.68 0.30 0.43 1.92

b* 2 0.22 0.22 0.88 0.85 0.98

Beech L* 5 0.85 0.71 1.35 2.00 2.01

a* 5 0.82 0.75 0.42 0.51 2.15

b* 2 0.22 0.47 0.88 0.74 1.48

LV number of latent variables, Rc
2 determinant coefficient for cali-

bration, Rv
2 determinant coefficient for test set validation, SEC stan-

dard error for calibration, SEV standard error for test set validation,

RPD ratio of performance (SD/SEV)
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NIR spectra and PLSR analysis

Heat-treated black alder and beech veneers after different

time spans of heat exposure at 190 �C have been compared

to control specimens. Changes of absorption bands were

analysed in relation with the increase of heat exposure.

Chemical changes due to heat treatment occurred for both

wood species under study. Figure 3 presents the FT-NIR

second derivative spectra of black alder veneers for various

time spans of heat exposure. Hemicelluloses (band

1725 nm) were mostly affected by heat treatment as the

heat exposure increased. It represents the first overtone of

C–H stretching vibrations and is related to the hemicellu-

loses degradation [35]. The effect of thermal exposure on

hardwoods is associated to their higher acetyl and hemi-

cellulose content [36]. Crystalline cellulose (1552 and

1589 nm) was slightly affected when compared to amor-

phous regions of cellulose (1428 nm). A higher resistance

of cellulose when compared to hemicelluloses under heat

exposure was noticed. Esteves and Pereira reported that the

glucose rate in hydrolysates increased under heating due to

hemicellulose degradation [12]. Some shifts and changes in

the case of lignin were noticed (band 1673 nm). Deciduous

lignin having guaiacyl and syringyl units is less stable than

coniferous one which contains mainly guaiacyl units [27].

The lignin content increased with the increasing of heat

exposure. Such increase in apparent lignin content related

to the effect of polycondensation reactions with other

components in the cell wall, which generated further cross-

linking [36]. For both wood species here investigated

changes in absorbance were observed for hemicellulose

(1350, 1725, 2139 nm), cellulose (1368, 1428, 1589, 1788,

2081 nm) and lignin (1673, 1702, 2272 nm). Regarding the

correlation between spectra and heat exposure and CIELab

coordinates it was noticed the largest spectral variation at

absorptions due to water (1919 nm) and hemicellulose

(2139 nm). PLSR analysis was used to predict and express

the colour coordinates by linear combination of absorbance

at each wavenumber. A summary of PLSR model is pre-

sented in Table 2. Prediction models obtained for lightness

L* and redness a* showed proper accuracy while the yel-

lowness could not be predicted. Better coefficients were

achieved for black alder veneers (Table 2). In case of

yellowness prediction, samples were separated into two

groups, namely: control and heat treated. This indicates

there is great difference between untreated and heat-treated

spectra while there is no great difference among heat

treatment exposures. Figure 4 shows the first three loadings

for lightness L* prediction model. As shown in Fig. 4,

higher loading coefficient appeared at the wavelength

range longer than 1800 nm. This may be due to the higher

S/N ratio in longer wavelength region having stronger

absorption. For both wood species, black alder and beech,

the highest absolute value of LV1and LV2 loading coef-

ficient was observed at 1928 and 1916 nm, respectively.

These regions are close to water absorption. This might be

Fig. 4 Loadings for first three

components of PLSR for L*

prediction models (a) black
alder (b) beech
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due to the indirect relationship between moisture content

and lightness L*. Based on hygroscopic properties of wood,

the equilibrium moisture content decreased with the

increase of thermal treatment exposure. There are many

additional wavelengths related to lignin which contributed

to lightness L* prediction.

For both wood species, LV3 loading at 2272 nm, which

is assigned to lignin, showed almost the same negative

value. In addition, in case of black alder, LV2 loading at

1723 nm, which is assigned to hemicellulose, showed rel-

atively high value in shorter wavelength region, while that

for beech did not show any significant value. Effects of

cellulose changes due to heat treatment on lightness L* may

differ between wood species.

Conclusions

The study investigated the colour changes in black alder and

beech veneers subjected to heat treatment at 190 �C for

different time spans. The progress of discoloration depended

on each wood species. The changes in colour were caused

mostly by the reduction in lightness which related to the

degradation of hemicelluloses during heat treatment in both

wood species. It was found that black alder discolouredmuch

more than beech veneers under same treatment conditions.

Moreover, prediction models by NIR for lightness and red-

ness colour coordinates showed prediction accuracy. Heat

treatment could therefore enhance the use of such wood

species for value added products in furniture manufacturing

as an alternative to expensive tropical species.
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