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THE INFLUENCE OF ULTRAVIOLET RADIATION ON THE
COLOUR OF THERMO-MESKI%%S%IIJ)LY MODIFIED BEECH AND

Agnieszka Laskowska™*

ABSTRACT

The study examined the influence of ultraviolet radiation on the colour of thermo-mechanically modified
beech (Fagus sylvatica ) and oak (Quercus robur). The wood colour parameters were measured using the
mathematical CIE L*a*b* and L*C*h colour space models. The higher the temperature of thermo-mechanical
treatment, the least susceptible beech and oak wood was to a change in L*, a* and b* under the influence of
light irradiation. The greatest changes in the colour of non-densified and densified beech and oak wood oc-
curred after 20 h of light irradiation. The higher the temperature of thermo-mechanical treatment, the smaller
were the total changes in the colour of beech and oak wood under the influence of ultraviolet radiation. The
total changes in the colour of beech densified at temperatures of 100°C and 150°C that took place under the
influence of ultraviolet radiation were twice as high as in the case of densified oak wood. The colour of oak
wood modified at a temperature of 200°C did not change significantly in 300 h of light irradiation.
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INTRODUCTION

Wood as an organic material has a number of characteristics which make its use difficult, such as: aniso-
tropic structure, hygroscopicity, dimensional changes depending on the parameters of the air, or susceptibility
to biological corrosion. A number of wood species have low density, which additionally limits their use. This
defect can be compensated by the modification of wood using thermo-mechanical treatment, which is reflected
in numerous studies concerning the densification of wood with a density below 500 kg/m? (Tu et al. 2014, Pelit
et al. 2016, Zhan and Avramidis 2016). Studies are also conducted with respect to the densification of wood
coming from plantations of fast-growing trees (Rautkari ez al. 2011, Kutnar and Kamke 2012, Xu and Tang
2012, Fang et al. 2019). High density species, such as European beech, are also modified using thermo-me-
chanical treatment (Blomberg ef al. 2005, Rautkari et al. 2010). The essential purpose of modifying this type
of wood is to obtain material characterised by greater hardness and, consequently, greater usefulness. One of
the most important problems is the selection of appropriate pressing parameters for particular wood species,
as they differ in terms of their chemical composition and anatomical structure. The technological process must
be developed so as to ensure that the wood to be modified is not destroyed in the course of treatment, does not
change significantly its original, aesthetic appearance and can be used as a high quality raw material (Laskow-
ska and Sobczak 2018). Densification is one of the methods of wood modification, which makes it possible to
give new utility characteristics to wood species with low quality and technical specifications. An effect of such
processes is also the enhancement of the economic significance of wood species with low market competitive-
ness and, consequently, the furtherance of rational management of forest resources.

The process of thermo-mechanical modification of wood is usually conducted in a hydraulic press equipped
with heated plates (Laine et al. 2013b, Bekhta ez al. 2014a, Bekhta et al. 2014b, Laine et al. 2016, Laskowska
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et al. 2018). Occasionally, especially designed or modified machines are used, which enables the introduction
of steam in the course of treatment (Kutnar et al. 2009, Fang et al. 2011, Pafil et al. 2014, Cruz et al. 2018,
Fang et al. 2019). The technological process is often divided into several stages, including, in addition to the
main pressing operation, also the preliminary and final treatment. This usually consists in exposing wood to
water and/or temperature with diversified parameters. The purpose of these operations is the preliminary plas-
tification of wood aimed at facilitating the process, or at reducing internal stresses after the treatment in order
to prevent deformations (Rautkari et al. 2013, Popescu et al. 2014, Zhan and Avramidis 2016). Wood surface
can also be densified using the linear vibration friction technology (Rautkari et al. 2009).

There are a number of studies concerning the effect of technological factors on the anatomical structure
(Kutnar et al. 2009, Rautkari et al. 2009, Dogu et al. 2010, Ahmed et al. 2013, Laine et al. 2014) and physical
and mechanical properties of densified wood (Ulker et al. 2012, Belt et al. 2013, Laine et al. 2013a, Bekhta et
al. 2014a, Bekhta et al. 2014b, Bekhta and Krystofiak 2016, Rautkari ez al. 2013, imirzi et al. 2014, Gasparik
et al. 2016, Zhan and Avramidis 2016). The effect of post-treatment parameters is also analysed, in particular,
on the hygroscopic properties of densified wood (Welzbacher ef al. 2008, Kutnar and Kamke 2012, Pelit ef al.
2014, Laine et al. 2013b, Laine ef al. 2016). Thermo-mechanical modification significantly influences the co-
lour of wood, offering a possibility of making wood species similar, in terms of colour, to exotic wood. Bekhta
et al. (2014a), Bekhta et al. 2014b examined the effect of short-term thermo-mechanical (STTM) densification
temperature and pressure on the surface colour and gloss of alder, beech, birch and pine wood veneers. It
should be noted that especially the effect of thermal treatment on the colour of wood is analysed in literature
(Ayadi et al. 2003, Brischke et al. 2007, Gonzalez-Pena and Hale 2009, Tolvaj et al. 2014), while there is no
comprehensive data on the influence of abiotic factors, i.e. ultraviolet radiation, on the colour of densified
wood. The issue is even more important, because the colour stability is one of the primary factors determining
the usefulness of wood. This refers mainly to wood used as flooring materials, veneers or materials for the
production of furniture. Furthermore, the colour change of wood is the most sensitive indicator for the degra-
dation caused by sunlight (Tolvaj and Mitsui 2010). The colour of wood indirectly also constitutes an indicator
of the quality and strength of wood (Bekhta and Niemz 2003, Johansson and Morén 2006). Therefore, research
concerning the influence of ultraviolet radiation on the properties of densified wood is justified.

The purpose of the study was to determine the influence of ultraviolet radiation on the colour of ther-
mo-mechanically modified beech (Fagus sylvatica) and oak (Quercus robur) wood. A particularly important
aspect was to define the change in the parameters of the wood colour in time. Also, the significance and the
extent of the influence of material-related (wood species) and technological (densification temperature) factors
on the change in the parameters of the colour of wood in time were analysed.

MATERIALS AND METHODS
Materials

Beech (Fagus sylvatica L.) wood and oak (Quercus robur L.) heartwood from the forest in the central
Poland, managed by The State Forests National Forest Holding, was used for the study. The surface of the
samples was finished by planing. Samples without visible defects were selected. Samples with the dimensions
of 120 mm (longitudinal), 60 mm (radial) x 5 mm (tangential) were used for the study. 30 samples were used
for each variant of thermo-mechanical modification. The samples were conditioned for three months in a nor-
mal climate (temperature 20°C + 2°C, relative humidity 65% + 5%). Subsequently, 20 samples were selected
randomly out of 30 samples, and were exposed to light irradiation.

Thermo-mechanical modification of wood

The modification process was conducted in a single plate hydraulic press. The temperature of the press
plates was 100°C, 150°C and 200°C, the unit pressure was 80 MPa. The treatment comprised three stages:
(1) heating the wood samples for 180 s with the closed press plates without exerting pressure, (2) pressing at
the assumed pressure for 180 s, (3) cooling the wood samples in an unheated hydraulic press without exerting
pressure. The cooling process was carried out until the wood achieved the temperature of 70°C.
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Ultraviolet radiation

Four fluorescent lamps were used for ultraviolet radiation, each with a capacity of 100W (model 100R,
LIGHTECH company, Poland). Wood samples were subjected to ultraviolet radiation within a spectrum range
of 300 - 400 nm. Tolvaj and Mitsui (2010) used a xenon lamp at 180W/m?, ranging from 300 nm to 400 nm,
and a strong UV light emitter, i.e. a mercury vapour lamp with total light emission of 320W, for wood light
irradiation. The source of radiation applied in this study imitated solar radiation, and in particular the UVA
component of solar radiation. This component causes the greatest changes in the appearance and structure of
organic materials exposed in an outdoor environment. This is due to the fact that UVA radiation accounts for
90-95% of the solar radiation reaching the Earth surface (Miller ef al. 1998). Colour parameters were measured
at two points of the sample, which in aggregate enabled the results to be collected from 40 measurement points
for each of the modification variant. The wood samples were light irradiated for 300 h, with the colour param-
eters being determined after each consecutive 20 h of irradiation.

Properties measurement

The wood moisture content was determined in accordance with the ISO 13061-1 (2014) requirements, and
the density in accordance with ISO 13061-2 (2014). The wood moisture content was 6,36% (+0,26%). The
compression ratio (CR) was calculated according to Equation 1, where t_ is the original thickness (mm), and t,
is the thickness of wood after densification (mm).

CR = [(t,— 1,)/t,]x 100 (%) (1)

The parameters of the colour of unmodified and modified wood were measured on the basis of the math-
ematical CIE L*a*b* and L*C*h colour space models. The lightness (L*), chromatic coordinate on the red-
green axis (a*) and chromatic coordinate on the yellow-blue axis (b*) before and after densification and ra-
diation were determined. The parameters C* and h describe the saturation (colour intensity) and hue angle,
respectively. The total colour change AE was determined in accordance with ISO 7724-3 (1984). The SP60
spectrophotometer made by X-Rite Europe GmbH (Regensdorf, Switzerland) was used to examine the colour
parameters. The sensor head was 8 mm in diameter. Measurements were made using a D65 illuminant.

Statistical analysis

The statistical analysis of the results was performed using the STATISTICA Version-12 software of Stat-
Soft, Inc. (Tulsa, USA). The significance of the influence of the wood species and the temperature of ther-
mo-mechanical treatment on the degree of wood compression (CR), density, colour parameters (L*, a*, b*,
C*, h) and the change in colour (AE) was determined. It was specified to what extent the wood species and the
temperature of treatment affected the wood colour parameters immediately after the modification (parameters
with the symbol M, e.g. L* M) and after 300 h of light irradiation of the wood (parameters with the symbol R,
e.g. L* R). Also the influence of the wood species and the temperature of treatment on the colour change AE
after 20 h and 300 h of light irradiation was analysed (marked, respectively as AE_20R and AE_300R). The
statistical analysis of the results was performed at a significance level of 0,05. In the case of analysed parame-
ters of wood colour the trend lines were determined and the parameters of the equation of curve (y) as well as
the coefficient of determination R? were provided.

RESULTS AND DISCUSSION

The statistical evaluation of the influence of factors (based on ANOVA, Fischer’s F-test) on the parameters
of densified wood was shown in Table 1. The wood species demonstrated a significant influence only on the
values of L* and a* of the wood after modification. Whereas after 300 h of light irradiation, the wood species
demonstrated an influence on all the colour parameters and AE (p<0,05). The temperature of thermo-mechan-
ical treatment had a significant influence on CR, density, and all the colour parameters determined imme-
diately after the modification of the wood and after 300 h of light irradiation. The temperature of treatment
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demonstrated also a significant influence on the total colour change AE after 20 h and 300 h of light irradiation
(p<0,05). It should be noted that the interaction between the wood species and the temperature of treatment
showed a significant influence on all the wood properties under study, in particular on b*, C*, h (influence at
the level of 30-40%). When analysing the percentage impact of factors on the properties of the densified beech
and oak wood, it is worth noting that there were considerable differences in the influence of these factors. The
temperature of treatment influenced the parameters of the modified wood to a greater extent than the wood spe-
cies. It should be noted that the temperature of treatment showed the greatest influence on CR and the density
of wood (98% and 94% respectively). In the case of colour parameters, the temperature of treatment showed
the greatest influence on L* and h (influence at the level of 54-60%), and the least significant on a* (15-31%).
Significant differences in b*, C*, h, and also AE, depending on the species of the wood, were found after 300
h of light irradiation, with no such correlation being found after the wood was modified. The temperature of
modification and the interaction between the wood species and the temperature of treatment were more signif-
icant. This shows that the susceptibility of beech and oak wood to photodegradation is different.

Table 1: Statistical evaluation of the factors influencing the parameters of thermo-mechanically densified

wood.
Properties
Compression ratio Density
Factor Fisher's i i Factor Fisher's i i cel Factor
F-test level Influence F-test level Influence
(%) (7o)
F P X F P X
Species(1) 2,69 0,106858 ) 0,42 0,519629 o
Temp,(2) 1618,21 0,000000 98 503,60 0,000000 94
(1) x(2) 10,22 0,000018 1 13,80 0,000001 3
Error 1 3
L* M L* R
F P X F P X
a) 564,62 0,000000 28 590,67 0,000000 31
) 408,93 0,000000 60 347,20 0,000000 55
a) =) 58,51 0,000000 9 66,88 0,000000 11
Error 3 3
a* M a* R
F P X F P X
C15): 50,70 0,000000 18 68,93 0,000000 S
) 29,32 0,000000 31 11,12 0,000004 15
(1) < (2) 22,87 0,000000 25 14,04 0,000000 19
Error 26 34
b* M b* R
F P X F P X
a) 0,77 0,382196 o 119,17 0,000000 15
) 66,35 0,000000 43 133,39 0,000000 49
(1) < (2) 64,99 0,000000 42 72,90 0,000000 27
Error 15 9
AE_20R AE_300R
F P X F P X
(1) 1,716 0,194379 o 438,964 0,000000 40
) 45,479 0,000000 39 171,457 0,000000 47
1) x(2) 45,146 0,000000 39 19,752 0,000000 >
Error 22 8
C* M C* R
F P 4 F P X
[@) 2,11 0,150861 0 115,37 0,000000 16
) 53,56 0,000000 38 109,80 0,000000 47
(D) = (2) 62,93 0,000000 45 63,54 0,000000 27
Error 17 10
h M h_R
F P X F P X
a) 0,01 0,902933 o 36,61 0,000000 6
2) 83,71 0,000000 60 114,36 0,000000 54
(1) x(2) 32,87 0,000000 28 60,52 0,000000 29
Error 17 11

Depending on the species and the temperature of modification, CR ranged from 37% (£2%) to 44% (+£1%).
The beech wood was compressed to a lesser extent at temperatures of 100°C and 150°C than the oak wood
(Figure 1a). The differences were due to the anatomical structure of the wood. The earlywood in the oak wood
was compressed to a greater extent than the “homogeneous” structure of the beech wood. The differences in
densification of the wood were levelled at a temperature of 200°C. The absence of morphology differences
between earlywood and latewood in hybrid poplar after the viscoelastic thermal compression was noted by
Kutnar ez al. (2009). Ahmed ef al. (2013) noted uniform densification of the zones of diffuse-porous aspen and
birch wood. Differences in densification of earlywood and latewood of pine were demonstrated by Dogu et
al. (2010) and Laine ef al. (2016). Schrepfer and Schweingruber (1998), Navi and Girardet (2000) recorded
differences between the earlywood and latewood structure in densified spruce wood.
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Figure 1: Compression ratio (a) and density (b) of densified beech and oak wood.

The density of non-densified beech wood was 695 kg/m? (£32 kg/m?), whereas in the case of oak wood it
was 675 kg/m? (42 kg/m?). This value was comparable to values cited in previous literature. According to Wa-
genfiihr (2007), beech wood (Fagus sylvatica) density in an air-dry condition ranges from 540 kg/m? to 910 kg/
m?, with the mean value 720 kg/m?. Whereas oak wood (Quercus robur) density in an air-dry condition ranges
from 430 kg/m? to 960 kg/m?, with the mean value 690 kg/m*. The density of beech and oak increased as higher
temperatures of treatment were applied (Figure 1b). The density of beech wood densified at temperatures of
100°C, 150°C and 200°C was, respectively 60%, 70% and 80% higher than the density of non-densified beech
wood. Whereas the density of densified oak wood was 80% higher than the density of oak wood before modifi-
cation, irrespective of the temperature of densification. This correlation may be caused by the greater softening
of wood at a higher temperature (Salmén 1982, Fang et al. 2011, Tu et al. 2014). Alén et al. (2002) noted that
upon the temperature exceeding 100°C, the intermolecular and intramolecular chemical bonds begin to break.
Whereas Jiang et al. (2009) noted that upon the temperature reaching 160°C, lignin molecules separate from
one another, their positions change and the adhesive linkage of lignin with cellulose fibrils is destroyed.

The lightness (L*) of unmodified beech and oak wood was respectively 72,42 (£1,32) and 66,76 (£1,31).
The higher the temperature of thermo-mechanical modification, the more intense was the darkening of wood.
The modification of beech wood at temperatures of 100°C and 150°C caused slight changes (a decrease in
the value of L* by ca. 4%), with the differences being statistically significant (p<<0,05). Only treatment at a
temperature of 200°C resulted in a clear colour change (decrease in the value of L* by ca. 19%). Bekhta et al.
(2014a) found a similar correlation during examination the effect of short-term thermo-mechanical (STTM)
densification temperature and pressure on the surface colour of veneer of alder, beech, birch and pine. The
modification of oak wood resulted in a noticeable change in the darkening of wood, already at a temperature of
100°C (decrease in the value of L* by ca. 9%). The oak wood was less resistant to a temperature of 200°C than
beech wood. The L* value for the oak wood densified at a temperature of 200°C was 45% lower than the L*
value for non-densified oak wood. According to Diouf ez al. (2011) and Bekhta et al. (2014a), a decrease in the
lightness of wood as a result of treatment may be caused by the degradation of hemicelluloses. Hemicelluloses
degrade more easily under the influence of an increased temperature, as a result of which the lignin content in
wood increases (Laskowska et al. 2018). An effect of that was the darkening of wood. Hemicelluloses degrade
and the lignin content in wood increases as the temperature of modification rises. Such changes are especially
visible in hardwood, which has a higher hemicelluloses content than softwood wood. Furthermore, the higher
the temperature of heat treatment, the greater the degradation of hemicelluloses (Huang et al. 2012, Esteves et
al. 2013, Pétrissans et al. 2014).
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Figure 2: Change of lightness (L*) of beech (a) and oak (b) wood under UV radiation exposure.

Light irradiation had the greatest effect on the change in the lightness of unmodified wood, and the smallest
effect on the lightness of wood densified at a temperature of 200°C. This correlation concerned both beech and
oak wood. The lightness of non-densified wood, modified at temperatures of 100°C and 150°C after 300 h of
light irradiation, was ca. 7% lower than the lightness of wood before light irradiation and the differences were
statistically significant (p<0,05). Whereas the lightness of wood modified at a temperature of 200°C after 300
h of light irradiation did not change significantly. These correlations were an effect of transformations of wood
components in the course of thermo-mechanical treatment. Beech and oak wood modified at a higher tempera-
ture had a darker colour and, consequently, was less susceptible to a change in colour under the influence of
light irradiation.

The study showed that the most substantial changes in wood lightness occurred after 20 h of UV radiation
exposure (Figure 2). After that time, the L* value change was linear. Tolvaj and Mitsui (2010) examining un-
modified black locust, beech, Japanese cedar and spruce wood stated that the greatest changes in the lightness
of wood occurred during the first 20 h of light irradiation by sun and xenon lamp. Similar correlations were
found in the studies conducted by Pastore et al. (2004) and Pandey (2005b). The oak wood, both non-densified
and densified (irrespective of the temperature of modification) showed a greater susceptibility to a change in
the value of L* after 20 h of light irradiation than beech wood. Changes in lightness occurring in 20 h account-
ed for about 85% of the total change in the oak and about 40% in the beech wood. An exception was beech
and oak wood densified at a temperature of 200°C. Changes in the lightness occurring in 20 h were 1,5 and
2,5 times greater than the total changes in the lightness of appropriately densified beech and oak wood. After
300 h of light irradiation, the L* value for non-densified beech wood was 10% higher than the L* value for
non-densified oak wood and the differences were statistically significant (p<0,05). Whereas the L* value for
beech wood densified at a temperature of 200°C was 60% higher than the L* value for oak wood densified at
a temperature of 200°C.

12

12

10 10
XW W
4 Z

6 Gz

! (@ * (b)
0 40 80 120 160 200 240 280 320 0 40 80 120 160 200 240 280 320
Time of UV radiation (h) Time of UV radiation (h)
©beech control 0beech_100°C ©oak control ©0o0ak_100°C
Xbeech_150°C Xbeech_200°C Xoak_150°C Xoak_200°C

Figure 3: Change in a* parameter of beech (a) and oak (b) wood colour under UV radiation exposure.
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The value of the chromatic coordinate on the red-green colour axis (a*) for unmodified beech and oak
wood was respectively 6,99 (+0,36) and 6,26 (£0,26). The higher the temperature of treatment, the more in-
tense was the change in colour towards red. An exception was oak wood densified at a temperature of 200°C.
An increase in the value of the a* parameter was at the level of 7% and the differences were not statistically
significant p>0,05). The modification of beech wood at 100°C and 150°C resulted in an increase in the value
of a* by ca. 15%. Treatment at 200°C caused a 30% increase in the value of a* for beech wood. A similar
change in the value of a* was recorded for oak wood densified at temperatures of 100°C and 150°C, with these
differences being statistically significant (p<0,05). A change in colour towards red is due to the presence of
extractives in the wood (Yazaki et al. 1994, Gierlinger ef al. 2004, Bekhta ef al. 2014a).

Wood exposed to light irradiation showed another direction of change in the value of a*. Wood densified at
a higher temperature was less susceptible to a change in the value of a* under the influence of light irradiation
(Figure 3). These correlations are an effect of the transformation of extractives in the course of thermo-me-
chanical treatment. Hill (2006) notes that the production of condensable fractions occurs with loss of water and
volatile extractives at temperatures below about 140°C. The studies conducted show that the smaller the share
of extractives in wood, the lower its susceptibility to a change in colour towards red. These correlations are
confirmed by the studies conducted by Tolvaj ef al. (2014), concerning the influence of ultraviolet radiation on
the colour of thermally modified wood. The studies conducted by Mitsui ef al. (2001) show that light irradia-
tion resulted in a small redness increase in dry condition, but the wet thermal treatment created an eight times
greater redness increase. The greatest change in the value of a* (30% increase) was observed for non-densified
beech and oak wood. After 300 h of light irradiation, the value of a* for beech wood densified at temperatures
of 100°C, 150°C and 200°C was, respectively, 27%, 22% and 13% higher than before light irradiation. The val-
ue of a* for oak wood densified at temperatures of 100°C, 150°C and 200°C was, respectively, 21%, 19% and
11% higher than before light irradiation. After light irradiation, smaller differences in the value of a* could be
observed in beech wood than in oak wood. Beech and oak wood showed tendency to become redder due to the
reduction of a tonality component in colour and increasing colour saturation C* (Table 3), with the correlations
between the values of C* and a* and the values of h and a* being greater for the oak wood.

Changes in the chromatic coordinate value on the yellow-blue colour axis (b*) were analysed and the re-
sults are presented in Figure 4. The value of b* for non-densified beech and oak wood was respectively 18,19
(£0,34) and 20,25 (£0,39). As a result of the thermo-mechanical modification of beech and oak wood, the value
of b* increased by 3-9%, with the differences being statistically significant (p<0,05). An exception was oak
wood densified at a temperature of 200°C, for which the recorded value of b* was twice as low as compared
with non-densified wood.
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Figure 4: Change in b* parameter of beech (a) and oak (b) wood colour under UV radiation exposure.

Beech wood densified at a higher temperature was less susceptible to a change in the value of b* under the
influence of light irradiation. The greatest changes in the value of b* under the influence of light irradiation
(50% increase) were observed for non-densified beech wood. After 300 h of light irradiation, the value of b*
for beech wood densified at temperatures of 100°C, 150°C and 200°C was, respectively, 48%, 45% and 34%
higher than before light irradiation. No clear correlation was found, however, between the influence of light
irradiation and the value of b* for densified oak wood. After 300 h of light irradiation, the value of b* for den-
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sified oak wood was from 21% to 31% higher than before light irradiation. The values of b* describe a trend
in the change in the colour of beech and oak wood towards yellow, caused by an increased colour saturation
(Figure 8). The photochemistry of structural wood components should be seen as a cause of the change in the
tonality of the wood colour to yellow. The factors accountable for wood becoming yellow include primarily
lignin and its derivatives, i.e. quinones and stilbenes (Nimz 1973, Hon and Glasser 1979, Yazaki et al. 1994).
Persze and Tolvaj (2012) also noted that lignin derivatives are accountable mainly for the process of wood
yellowing. Chromophore groups in wood can be found primarily in lignin, extractives and their derivatives.
As the temperature of treatment rises, the amount of hemicelluloses that undergo degradation increases and,
consequently, the lignin content in wood and the susceptibility of wood to a change in colour towards yellow
also increase. Yellowing is the main change in the colour of wood being an effect of lignin photodegradation
(Hill 2006, Huang ef al. 2012, Persze and Tolvaj 2012).

When analysing the changes in the wood colour occurring as a result of thermo-mechanical modification,
it should be concluded that the higher the temperature of modification, the greater was the change in the colour
of beech and oak wood. As a result of densification, irrespective of the temperature of modification, the AE
value of oak wood was twice as great as the AE of beech wood. Bekhta ef al. (2014a) obtained the highest
values of AE also at a modification temperature of 200°C. Nevertheless, in the case of modifying beech at a
temperature of 200°C they obtained significantly higher AE values. The reason for this may be another modi-
fication process formula. The wood densification process was longer (240 s), but no prior heating was applied.
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Figure 5: Total colour difference (AE) of beech (a) and oak (b) wood.

The higher the temperature of thermo-mechanical treatment, the smaller were the changes in beech and
oak under the influence of ultraviolet radiation. The changes in the colour of the oak wood modified at tempera-
tures of 100°C and 150°C under the influence of light irradiation were comparable (Figure 5). The dynamics
of the changes in the wood colour under the influence of ultraviolet radiation were greater for beech wood than
for oak wood. The greatest changes in the colour of beech and oak wood occurred after 20 h of light irradiation.
Changes in colour in 20 h accounted for about 30% of the total colour change in non-densified beech wood
and beech wood densified at temperatures of 100°C and 150°C. Whereas changes in colour in 20 h accounted
for about 40% of the total colour change in beech wood densified at a temperature of 200°C. It was found that
changes in colour in 20 h accounted for about 50% of the total colour change in non-densified oak wood and
oak wood densified at temperatures of 100°C and 150°C. Whereas in the case of the oak wood densified at a
temperature of 200°C, the changes amounted to 70%. Tolvaj and Mitsui (2010) noted that the differences in
wood colour under the influence of light irradiation are due to differences in extractive content. Ultraviolet
radiation causes degradation of extractives and then the quick oxidation of degradation products, leading to a
sudden drop in lightness. The modified chromophores act as a form of an energy trap, which slows down the
process of photodegradation of the main wood components. That is why the change in lightness in the case
of oak is slower than in the case of beech wood. These correlations have been confirmed by the studies con-
ducted. The differences between the colour determined after 20 h and 300 h of light irradiation of beech wood
(non-densified and densified at temperatures of 100°C and 150°C) were double as compared with the corre-
sponding values for oak wood. In the case of beech wood densified at 200°C, on the other hand, these differ-
ences were 300-times greater than in the case of oak wood. The colour of oak wood modified at a temperature
of 200°C did not change significantly in 300 h of light irradiation. On this basis it can be concluded that wood
modified thermo-mechanically at 200°C contains extractives and the chromophore products of hemicelluloses
which are stable during light irradiation. This conclusion is confirmed by the results of the studies conducted.
Tolvaj et al. (2014) found similar correlations for thermally modified and light irradiated black locust, poplar,
spruce and larch wood. Pandey 2005a, Pandey 2005b studied photo-discoloration and photo-degradation of
wood. Wood samples without extractives were characterised by a moderate change in the wood colour in a
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longer light irradiation time. The effects of the decomposition of lignin and extractives include also absorption
changes in the whole visible wavelength region (Pastore et al. 2004, Pandey 2005b, Pandey and Vuorinen
2008, Chang et al. 2010).
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Figure 6: Change in C* parameter of beech (a) and oak (b) wood colour under UV radiation exposure.

The value of C* for non-densified beech and oak wood was respectively 19,49 (£0,44) and 21,20 (+£0,48).
After thermo-mechanical treatment, the value of C* for beech wood did not change significantly (p>0,05) and
was ca. 20 (Figure 6). The value of C* for oak wood after thermo-mechanical treatment ranged from ca. 12
(for oak modified at a temperature of 200°C) to ca. 24 (for oak modified at temperatures of 100°C and 150°C).
Greater dynamics of changes in C* under the influence of light irradiation were found in beech wood. An
increase in C* after 300 h of light irradiation ranged from ca. 30% to 47%. Whereas in the case of oak wood,
an increase in the value of C* ranging from 10% to 35% was found after 300 h of light irradiation. The lower
the temperature of modification, the least susceptible beech and oak wood was to a change in the value of C*
under the influence of light irradiation.
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Figure 7: Change in h parameter of beech (a) and oak (b) wood colour under UV radiation exposure.

The non-densified beech and oak wood had similar values of h (ca. 70). After thermo-mechanical treat-
ment, the value of h for beech wood and oak wood densified at a temperature of 200°C changed significantly.
The influence of thermo-mechanical treatment on the h parameter of the wood colour has been confirmed in
literature. Bekhta et al. (2014a) stated that the h values decreased with rising temperature for pine, beech, alder
and birch veneer. After 300 h of light irradiation of non-densified and densified beech wood, only a 4% increase
in the value of h was recorded as compared with wood before light irradiation. The differences were statisti-
cally significant (p<0,05). Light irradiation did not cause significant changes in the value of h of non-densified
and densified oak wood (Figure 7).

The equations showing the correlations between the wood colour parameters and the values of the coef-
ficient of determination R?> were shown in Table 2. The high values of R?, close to “1”, indicate the usefulness
of the regression equation for anticipating the value of the dependent variable L*, a*, b*, C*, h and AE using
the independent variable t, which is the wood light irradiation time. Regression equations of colour parame-
ters for beech and oak wood densified throughout the range of temperatures and light irradiated is presented
in Table 3.
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Table 2: Equations of curves describing the relations between L*, a*, b*, C*, h, AE and the time (t) of UV
exposure (a — directional factor, b — absolute term) and R? — coefficient of determination).

Wood | Temperature Parameters
species | of densification
(°C)
a* = aln() + b R” [b*= aln() +b R’
control a* = 0,61In(t) + 5,65 0,98 | b* = 2,28In(t) + 14,61 0,96
100 a* = 0,75In(y) + 6,01 0,99 | b* = 2,42In(1) + 15,17 0,99
Becch [150 a* = 0,63In() + 6,02 0,98 [b* = 2,32In(1) + 14,28 | 0,97
200 a* = 0,28In(t) + 8,54 0,97 | b* = 1,99In(t) + 13,80 0,99
control a* = 0,32In(t) + 6,27 0,99 [ b* = 1,89In(t) + 16,73 0,99
100 a* = 0,21In(t) + 7,70 0,97 | b* = 1,78In(t) + 16,64 0,99
Oak [750 a* = 0,15In(t) + 8,76 0,97 [b*= 1,60In(H) + 17,35 | 0,99
200 a* =-0,07In(t) + 7,83 0,92 | b* = 1,81In(t) + 14,54 0,99
L*=at+b R [AE=aln()-b R
control L*=-0,0091t + 70,03 0,87 | AE = 2,66In(t) - 4,27 0,98
Becch 100 L* =-0,0068t + 66,95 0,89 | AE = 2,77In(t) - 4,81 0,98
150 L* =-0,0059t + 66,85 0,83 | AE= 2,44In(t) - 4,11 0,99
200 L*= 0,0033t + 56,19 0,99 | AE = 1,59In(p) - 2,44 0,98
control L* =-0,0045t + 63,39 0,95 | AE= 1,73In(1) - 1,19 0,99
100 L*=-0,0021t + 58,24 0,96 | AE = 1,25In(t) - 0,86 0,99
Oak [750 L*=-0,00100+ 56,86 | 0,95|AE= 0,85n()+ 0,92 | 0,98
200 L* = 0,0034t + 34,88 092|AE= at+b
AE = -0,0017t + 1,60 0,82
C*=aln(t) +b R° |h= aln() +b R
control C*= 2,30In(t) + 16,01 0,95 |[h= 0,21In(t) + 70,44 0,97
Becch [100 C¥=2,39In() + 17,19 | 0,99 |h= 027+ 69,0 | 0,88
150 C*= 2,42In(t) + 15,34 0,98 | h= 0,46In(t) + 68,13 0,83
200 C*= 191In() +16,32 | 0,99 |h= 1,30In(t) + 60,82 0,98
h=at+b R”
control C*= 1,88In(t) + 17,89 0,99 |h= 0,0038t+ 72,51 0,81
Oak 100 C* = 1,76In(y) + 18,22 0,99 |h= 0,0065t+ 69,51 0,86
150 C*= 1,49In(t) + 19,57 | 0,99 |h= 0,0074t + 68,09 0,86
200 C* = 0,005In(t) + 12,05 | 0,97 |h= 0,0098t+ 51,06 0,99

Table 3: Regression equations of colour parameters for beech and oak wood samples densified at all investi-
gated ranges of temperature and light irradiated.

Waood species
Becch Oak
Function R’ Function R’
a* =-0,07L* + 13,76 0,25 | a* = 0,09L* + 3,95 0,55
b* = 0,27L* + 8,12 0,29 | b* = 0,69L* - 14,42 0,96
AE = 0,29L* - 11,10 0,33 | AE= 0,17L* - 4,70 0,81
C*= 0,23L* +12,59 0,22 | C*= 0,66L* - 10,82 0,95
*= 1,73a* + 10,56 022 | C*= 4,6la*-17,14 0,71
C*= 0,97b* +2,57 0,99 | C*= 0,95b* +2,78 0,99
h = 0,36L* + 46,88 0,83 | h = 0,83L*+22,62 0,96
h =-0,94a* + 78,25 0,10 [h = 558a*+16,72 0,66
h = 0,58b* + 54,66 0,56 | h = 1,19b*+40,23 0,98
» )
» b %
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Figure 8: Correlation between yellow-blue chromatic coordinates (b*) and saturation (C*) for beech (a) and
oak (b) wood samples densified at all investigated ranges of temperature and light irradiated.

The correlations among the colour parameters of the beech wood were not very pronounced. The R? values
show that a change in colour parameters is much more pronounced for oak than beech wood. The best linear
correlation was found between C* and b* for beech as well as oak wood (R?>=0,99). This correlation shows
significant changes in the value of b* as a result of changes in C* under the influence of the light irradiation of
wood (Figure 8). Similar correlations were found by Bekhta e al. (2014b). A good linear correlation was found
between h and L* (R?>=0,83 for beech, R*=0,96 for oak). Tolvaj and Mitsui (2010) found a good linear correla-
tion between hue angle and lightness of light irradiated wood (the coefficients of determination are between
0,70 and 0,96). On that basis the authors concluded that the measurement of wood lightness was sufficient for
estimating colour changes during photodegradation of wood. A poor linear correlation was found between h
and b* (R?=0,56). In the case of oak wood, a poor linear correlation was found only between a* and L* as well
as between h and a* (the values of R? were 0,55 and 0,66 respectively).

CONCLUSIONS

It has been found that thermo-mechanical treatment had a significant effect on a change in the colour of
beech and oak wood. The higher the temperature of modification, the greater was the change in the colour
of beech and oak wood. As a result of densification, irrespective of the temperature of modification, the total
change in the colour of oak wood was twice as great as the total change in the colour of beech wood. The
temperature of thermo-mechanical treatment had a significant influence on all the wood colour parameters,
both immediately after the modification and after 300 h of light irradiation. The temperature of treatment
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showed the greatest influence on L* and h (influence at the level of 54-60%), and the least significant on
a* (at the level of 15-31%). Beech and oak wood densified at a higher temperature was less susceptible to a
change in L*, a* and b* under the influence of light irradiation. The greater the temperature of thermo-me-
chanical modification, the smaller was the AE value for beech and oak wood under the influence of ultraviolet
radiation. The changes in the colour of oak wood in time under the influence of ultraviolet radiation were
smaller that the changes in beech wood. A high linear correlation has been found between C* and b* for the
beech as well as oak wood (R?>=0,99) densified at all investigated ranges of temperature and light irradiated.
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