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ABSTRACT ¢ The impact of ultraviolet radiation on the colour of thermo-mechanically modified sapwood and
heartwood of pine (Pinus sylvestris L.) was examined in the study. Samples of wood were densified in a hydrau-
lic press at unit pressure of 80 MPa, at three levels of temperature of the press platens: 100 °C, 150 °C and 200
°C, for 360 s. The parameters of wood colour were determined using the mathematical colour space models CIE
L*a*b* and L*C*h. As a result of the modification of pine sapwood at the temperature of 200 °C, the change in
wood colour AE was twice as substantial as the change in wood colour after modifications at lower temperatures.
The total colour difference for pine heartwood, irrespective of the modification temperature, was at least twice as
substantial as the change in the colour of pine sapwood. The most substantial changes in sapwood and heartwood
lightness occurred after 20 h exposure to UV radiation. Changes in lightness occurring within 20 h, irrespective
of the temperature of treatment, accounted for about 30 - 60 % of the total change. After 300 h of irradiation, the
value of AE for sapwood densified at temperatures of 100 °C, 150 °C and 200 °C was, respectively, 15 %, 27 %
and 34 % higher than the value of AE for heartwood densified at the same temperatures.

Keywords: colour, densification, heartwood, sapwood, Scots pine, thermo-mechanical modification

SAZETAK e U studiji je istrazen utjecaj ultraljubicastog (UV) zracenja na boju termo-mehanicki modificiranog
drva bjeljike i srzi obicnog bora (Pinus sylvestris L.). Uzorci drva izlozeni su procesu ugusc¢ivanja u hidraulickoj
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presi jedinicnog tlaka 80 MPa i pri tri razlicite temperature: 100, 150 i 200 °C tijekom 360 sekunda. Parametri
boje drva odredeni su uz pomo¢ matematickih modela prostora boja CIE L*a*b* i L*C*h. Kao posljedica mo-
difikacije drva bjeljike obicnog bora pri temperaturi 200 °C promjena boje drva bila je dvostruko veca nego pri
modifikaciji na nizim temperaturama. Ukupna razlika u boji uzoraka od srzi obicnog bora, bez obzira na tempera-
turu modifikacije, bila je dva puta veéa od promjene boje na uzorcima od drva bjeljike. Najvecée promjene svjetline
uzoraka od drva srzi i bjeljike obicnog bora nastale su nakon 20 sati izlaganja UV zracenju. Promjene svjetline
koje se pojavljuju nakon 20 sati izlaganja UV zracenju, bez obzira na temperaturu modifikacije, c¢inile su oko 30 —
60 % ukupne promjene svjetline. Nakon 300 sati UV zracenja vrijednost AE za uzorke od drva bjeljike podvrgnute
procesu uguscéivanja pri temperaturama 100, 150 i 200° C bila je 15, 27 i 34 % veca od vrijednosti AE za uzorke

od drva srzi podvrgnute uguscivanju pri jednakim temperaturama.

Kljuéne rijeci: boja, proces uguscivanja, srz, bjeljika, obicni bor, termo-mehanicka modifikacija

1 INTRODUCTION
1. UVOD

The colour of wood is an effect of the selective
reflection and diffusion of light rays with wavelength
characteristic of a given material. A material has a colour
corresponding to the spectral composition of reflected
and diffused rays. It absorbs the remaining rays forming
part of the spectral composition, so they do not reach the
eye and do not give the impressions of colour. One of the
characteristic features of wood is the changeability of
colour. The colour of wood depends on a number of ex-
ternal factors, among which climatic conditions play the
most significant role (Hon and Minemura, 1991; Shar-
ratt et al., 2009; Tolvaj and Mitsui, 2010). Tolvaj and
Mitsui (2010) found that colour alteration of black lo-
cust wood can be seen by the naked eye after 2-3 h of
solar irradiation. Sharratt et al. (2009) showed that the
majority of colour changes of Scots pine (Pinus sylves-
tris L.) occurred within the first 24 h after simulated ac-
celerated sunlight exposure. The colour of wood also
depends on habitat conditions. Depending on the type
and content of extractives, particular wood species show
different susceptibility to colour change under the influ-
ence of ultraviolet radiation (Pandey, 2005; Persze and
Tolvaj, 2012; Moya, ef al. 2012).

Some wood species are capable of forming colo-
ured heartwood. The oldest annual growth rings, located
most closely to the pith, change their chemical composi-
tion and have limited water permeability. Heartwood is
often darker in colour compared to sapwood, which ma-
kes it possible to distinguish it with the naked eye. Hear-
twood only fulfils a mechanical role. It strengthens the
trunk, and this part of the trunk becomes naturally im-
pregnated during the life of the tree and it is more resi-
stant to microorganisms and insects than sapwood. Sa-
pwood, in addition to strengthening the trunk,
participates in the plant’s vital functions, e.g. water
transmission and accumulation of nutrients, and for this
reason it is definitely more susceptible to rots and insects
feeding. In extreme cases, e.g. in the case of common
oak wood, sapwood, which is usually narrow, is treated
as waste, a part of the trunk that is not suitable for pro-
cessing. Pine wood is a heartwood species with coloured
heartwood. The sapwood component in pine wood is
considerable and may reach up to 1/3 of the trunk width.
Similarly to heartwood, pine sapwood is used for indu-
strial purposes. Pine sapwood is light yellow, whereas
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heartwood is red-brown. The darker colour of heartwo-
od is caused by the presence of gum, tannins, dye sub-
stances and other extractives (Wagenfiihr, 2007).

Thermo-mechanical modification is one of the
methods enabling the improvement of physical and
mechanical properties of wood without the use of
chemicals (Ulker et al., 2012; Rautkari et al., 2013;
Laskowska, 2017). The following features are most
frequently described as quality indicators of densified
wood: density, hardness, dimensional stability (Ulker
et al., 2012; Laine et al., 2013, 2016; Rautkari et al.,
2013; Tu et al., 2014). There is no comprehensive data
on the impact of abiotic factors, i.e. ultraviolet radia-
tion, on the colour of wood subjected to densification.
Neither is there comprehensive data concerning colour
changes in densified wood broken down into sapwood
and heartwood areas. Wood colour stability is an im-
portant feature, since it is among the primary factors
determining the usability of wood. Moreover, it may
constitute an indirect indicator of wood quality and
strength (Bekhta and Niemz, 2003; Johansson and
Morén, 2006; Gonzalez-Pefia and Hale, 2009).

The purpose of the study was to determine the
impact of ultraviolet radiation on the colour of thermo-
-mechanically modified sapwood and heartwood of
pine (Pinus sylvestris L.). A particularly important
aspect was to determine the change in the colour para-
meters of wood in time. Another important aspect was
to verify the differences in the susceptibility of pine
sapwood and heartwood to colour change under the in-
fluence of ultraviolet radiation.

2 MATERIALS AND METHODS
2. MATERIJALI | METODE

Pine (Pinus sylvestris L.) sapwood (S) and hear-
twood (H) from a forest in the central Poland, managed
by the State Forests National Forest Holding, were
used for the study. The samples used for the study had
the dimensions of 120 mm (longitudinal), 60 mm (ra-
dial) x 5 mm (tangential). 20 samples were used for
each variant of thermo-mechanical modification and
exposed to light irradiation. The surface of samples
was finished by planing. The samples were conditioned
for three months in a normal climate (temperature 20
°C £ 2 °C, relative humidity 65 % + 5 %).

The thermo-mechanical modification of wood was
conducted in a laboratory hydraulic press. The tempera-
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ture of the press platens was 100 °C, 150 °C and 200 °C,
while the unit pressure was 80 MPa. The thermo-mecha-
nical modification of wood included three stages: (1)
heating wood samples for 180 s with the closed press
platens without exerting pressure, (2) pressing at the as-
sumed pressure for 180 s, (3) cooling wood samples in
an unheated hydraulic press without exerting pressure.
The cooling process was carried out until wood achie-
ved the temperature of approximately 70 °C.

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 340 - 360 nm. The used source of radiation was
imitating the solar radiation, in particular the UVA com-
ponent. In studies by other authors, a strong UV light
emitter, i.e. a mercury vapour lamp with total light emis-
sion of 320W, was used for wood light irradiation
(Tolvaj and Mitsui, 2010). Wood samples were subject-
ed to ultraviolet radiation within a spectrum range of
300 - 400 nm. Wood samples were light irradiated for
300 h, and colour parameters were determined after each
subsequent 20 h of irradiation. 20 samples were used for
studying colour for each variant of non-densified and
densified wood. Colour parameters were examined at
three measurement points for each sample.

Wood moisture was determined in accordance
with ISO 13061-1 (2014) requirements, and density in
accordance with ISO 13061-2 (2014). Wood moisture
was 7.82 % (£0.13). The compression ratio (CR) was
calculated according to Eq. 1, where ¢_ is the original
thickness (mm), and ¢, is wood thickness after densifi-
cation (mm).

t,—1t
CR=-"-%:100 (%) (1)

tO

The following colour parameters were deter-
mined: lightness (L*), chromatic coordinate on the red-
green axis (a*), chromatic coordinate on the yellow-
blue axis (b*), saturation (C*) and hue angle (/). The
total colour difference AE was determined according to
ISO 7724-3 (1984). 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 of the results was performed
using STATISTICA Version-12 software of StatSoft,
Inc. (Tulsa, USA). The statistical analysis of the results
was performed at a significance level of 0.05. The trend
lines were determined, and parameters of the curve
equation (v) were specified along with the coefficients
of determination R’ for correlations describing the
change in pine wood colour parameters in time.

3 RESULTS AND DISCUSSION
3. REZULTATI | RASPRAVA

The influence of the area of wood (sapwood,
heartwood) and of densification temperature (based on
ANOVA, Fischer’s F - test) on the parameters of densi-
fied wood was shown in Table 1. It was also specified
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to what extent the factors under analysis affected the
wood colour parameters immediately after the modifi-
cation (parameters identified by the symbol M, e.g.
L* M) and after 300 h of light irradiation of wood (pa-
rameters identified by the symbol R, e.g. L* R). The
influence of the area of wood and temperature of treat-
ment on the colour change AE after 20 h and 300 h of
light irradiation was analysed (marked as AE 20R and
AFE 300R, respectively).

The wood area (sapwood, heartwood) demon-
strated a significant influence on all the pine properties
under study except for density. The degree of densifica-
tion of sapwood was so high that comparable densities
were achieved for sapwood and heartwood as a result
of modification. The temperature of thermo-mechani-
cal modification showed a significant influence on all
pine wood properties under study (p < 0.05). The inter-
action between the area of densified wood and the tem-
perature of treatment, which shaped the wood parame-
ters under study except for a* and £ after light
irradiation, was also significant. When analysing the
percentage impact of factors on the properties of densi-
fied pine wood under study, considerable differences in
the effect of these factors could be noted. The tempera-
ture of treatment influenced the values of CR and den-
sity (influence at a level of 98 %), b* and AE (influence
at a level of 44 - 63 %) to a much greater extent than
the area of the densified wood. The differences be-
tween sapwood and heartwood determined primarily
the values of L*, a*, h, both immediately after densifi-
cation, and after light irradiation (influence at a level of
50 - 84 %). The level of influence of the factors under
analysis on colour parameters was different after light
irradiation than immediately after densification. When
the influence of the wood area increased, the influence
of the temperature decreased and vice versa. For exam-
ple, the wood area influenced the differences in the
lightness of wood to a greater extent after light irradia-
tion than immediately after densification (the influence
of this factor increased from 50 % to 76 %), whereas
the influence of the temperature of treatment on the
lightness of wood after light irradiation (12 %) was
smaller than after densification (32 %).

The present studies show that the higher the tem-
perature of the press platen, the higher degree of com-
pression of pine sapwood and heartwood and, conse-
quently, the higher density, was achieved. Pine
heartwood was compressed to a lesser degree than sap-
wood (Figure 1a). This was due to the lesser suscepti-
bility of latewood zones in heartwood to densification.
Heartwood latewood is characterised by greater densi-
ty and it is often saturated with resin which, by filling
the interior of cells, makes their densification difficult.
Pine heartwood may contain even five times as much
resin as sapwood (Sandermann and Augustin, 1963).

As a result of greater compression, the density of
sapwood became comparable to the density of hear-
twood (Figure 1b). The density of non-densified pine
sapwood and heartwood was 466 kg-m= (£17) and 558
kg'm? (£9), respectively. This value was comparable
to values cited in the literature. According to Wagen-
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Table 1 Statistical evaluation of factors influencing parameters of thermo-mechanically densified pine wood
Tablica 1. Statisticka procjena ¢imbenika koji utje¢u na svojstva termo-mehanicki uguséenog drva obi¢nog bora

Properties / Svojstva
Compression ratio / Omjer kompresije Density / Gustoca
Factor Fisher’s Significance Factor Influence Fisher’s Significance | Factor I.nﬂu.ence
Cimbenik F-test Rlz;/ienla Utjecaj cimbenika F-test Rlszienla éi%ijﬁa
Fisherov F-test C % Fisherov F-test C o
znacajnosti Znacajnosti %
F p X F P X
Wood area (1) 357.62 0.000000 1 1.1 0.295394 0
Temp. (2) 9264.44 0.000000 98 3455.5 0.000000 98
(1) x(2) 54.38 0.000000 1 383 0.000000 1
Error 0 1
L* M L* R
F p X F p X
Wood area (1) 341.1 0.000000 50 581.2 0.000000 76
Temp. (2) 72.7 0.000000 32 31.6 0.000000 12
(1) x(2) 14.9 0.000000 7 4.8 0.004187 2
Error 11 10
a* M a* R
F p X F P X
Wood area (1) 631.420 0.000000 69 448.06 0.000000 83
Temp. (2) 58.979 0.000000 19 5.21 0.002590 3
(1) x(2) 10.743 0.000006 4 1.24 0.299904 1
Error 8 13
b* M b* R
F p X F P X
Wood area (1) 273.47 0.000000 36 13.0 0.000571 5
Temp. (2) 114.11 0.000000 46 57.4 0.000000 63
(1) x(2) 20.84 0.000000 8 4.7 0.004495 5
Error 10 27
AE 20R AE 300R
F p X F P X
Wood area (1) 6.799 0.011080 3 34.871 0.000000 10
Temp. (2) 38.806 0.000000 44 67.734 0.000000 60
(1) x(2) 23.156 0.000000 26 9.315 0.000028 8
Error 27 22
Cc* M C* R
F p X F P X
Wood area (1) 345.01 0.000000 42 19.8 0.000031 8
Temp. (2) 115.38 0.000000 42 47.9 0.000000 58
(1) x(2) 21.23 0.000000 8 3.6 0.017797 4
Error 8 30
h M h R
F p X F P X
Wood area (1) 522.0 0.000000 77 521.4 0.000000 84
Temp. (2) 24.5 0.000000 11 7.6 0.000167 4
(1) x(2) 4.1 0.010082 2 1.2 0.300333 1
Error 10 11

fithr (2007), pine wood (Pinus sylvestris L.) density in
an air-dry condition ranges from 330 kg-m> to 890
kg-m?, with the mean value of 510 kg-m™. The mean
density after thermo-mechanical modification ranged
from 986 kg-m= to 1126 kg-m= for sapwood and from
1023 kg'm to 1068 kg'm™ for heartwood. Generally,
it can be concluded that thermo-mechanical modifica-
tion resulted in twice as high density of pine sapwood
and heartwood. Laine ef al. (2016) densified Scots pine
(Pinus sylvestris L.) sapwood at 150 °C for 1h. The
highest density they obtained by densifying 12.5 mm
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thick samples was 915 £ 25.7 kg-m (the densification
ratio was 50 %).

3.1 Pine wood colour parameters after thermo-
mechanical modification
3.1. Parametri boje drva bora nakon termo-mehanicke
modifikacije
The thermo-mechanical modification of pine sa-
pwood and heartwood at temperatures of 100 °C and
150 °C caused slight changes in the colour lightness of
wood, only just noticeable to the naked eye. Only tre-
atment at a temperature of 200 °C resulted in a clear
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Figure 1 Compression ratio (a) and density (b) of densified pine wood
Slika 1. a) Omjer kompresije, b) gustoéa ugus¢enog drva bora u ovisnosti o temperaturi tijekom procesa uguséivanja

change in colour. Similar correlations were found by
Bekhta et al. (2014), who examined the effect of short-
-term thermo-mechanical (STTM) densification tem-
perature and pressure on the surface colour of veneer
of alder, beech, birch and pine. The authors do not spe-
cify whether they examined pine sapwood or heartwo-
od. A decrease in the lightness of wood, as a result of
treatment, is caused by the degradation of hemicellulo-
ses, whereby the greater the degradation of hemicellu-
loses, the higher is the temperature of heat treatment.
As aresult, the lignin content in wood increases, giving
wood a darker colour (Diouf et al., 2011; Bekhta et al.,
2014).

The densification of pine sapwood at temperatu-
res of 100 °C and 150 °C did not influence, to a signifi-
cant extent, the values of a* and b* and, consequently,
did not contribute to the total colour difference AE. As
a result, the changes in the value of AE (at a level of ca.
3.5) were comparable for pine sapwood densified at
temperatures of 100 °C and 150 °C (Table 2). The most

significant changes in wood colour towards red occur-
red at a modification temperature of 200 °C, both in
case of sapwood and heartwood. As the modification
temperature of sapwood and heartwood increased, the
saturation of colour C* increased and the value of h
decreased. A change in colour towards red may be due
to the presence of extractives in wood (Bekhta et al.,
2014). As heartwood contains more extractives, it was
more susceptible to colour change towards red than sa-
pwood. According to Waliszewska ef al. (2015), as ob-
tained by Soxhlet extraction with ethanol, the extracti-
ve content in the sapwood of a 75-year old pine tree
ranges from 2.3 to 2.7 %, and in its heartwood from 6.8
% to 13.3 %. An increase in the yellow component co-
uld also be observed with the increase of modification
temperature in case of heartwood that contained more
lignin. The factors accountable for the wood becoming
yellow include primarily lignin and its derivatives, i.e.
quinones and stilbenes (Hon and Glasser, 1979). The
value of b* for sapwood and heartwood modified at a

Table 2 Pine wood colour parameters after thermo-mechanical modification (standard deviations in parentheses)
Tablica 2. Parametri boje drva bora nakon termo-mehanicke modifikacije (u zagradama su standardna odstupanja)

Densification temperature
Area .
o Temperatura u procesu Parameters / Parametri
Povrsina Ca .
uguséivanja
°C L* a* b* AE C* h
Control 81.32 2391 24.34 79.41
kontrolni uzorak (£2.04) 4.48 (+0.82) (£0.44) ) (£0.50) | (£1.85)
. 80.96 26.41 27.16 80.90
pine sapwood 100 (£0.67) 4.52 (£0.37) (£0.86) 3.35 (+0.42) (£0.90) | (£0.54)
bieljika drva 80.45 2658 2793 | 80.79
bora 150 (£0.54) 4.65 (+0.32) (£0.99) 3.56 (+0.38) ©1.02) | (£0.41)
77.15 28.83 29.55 77.33
200 (£1.50) 6.47 (£0.56) (£1.55) 6.91 (£1.05) (+1.57) | (£0.98)
Control 77.66 25.56 26.61 73.96
kontrolni uzorak @148 | TEOE) 16 62 - ©0.77) | (£1.64)
. 74.78 30.71 32.14 72.89
pine 100 (1.87) 9.46 (+0.92) (£2.00) 6.60 (+£0.45) (£2.16) | (£0.78)
heartwood - - - -
y 33.93 10.63 35.22 72.49
srz drva bora 150 73.11 (£1.93)| 9.88 (+0.95) (+2.27) (+1.36) (£2.37) | (£1.03)
200 65.36 12.09 36.12 16.39 38.10 71.52
(+3.84) (£1.35) (£1.02) (+2.37) (*1.17) | (+1.83)
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temperature of 200 °C was, respectively, 21 % and 41
% higher than for non-modified sapwood and
heartwood. The modification of pine sapwood at a
temperature of 200 °C resulted in a change in wood
colour AE that was twice as substantial as the change in
wood colour after modifications at lower temperatures.
The densification of pine heartwood resulted in a gre-
ater difference in wood colour. The higher the modifi-
cation temperature, the more substantial was the total
colour difference for pine heartwood. In general, it can
be concluded that the total colour difference for pine
heartwood, irrespective of the modification temperatu-
re, was twice as substantial as the change in the colour
of pine sapwood.

3.2 Colour parameters of thermo-mechanically
modified pine wood after light irradiation

3.2. Parametri boje termo-mehanicki modificiranog
drva bora nakon izlaganja UV zraenju

Significant changes in the colour of wood under
the influence of ultraviolet radiation were observed.
The below analysis, based on the CIE L*a*b* and
L*C*h systems, provides the detailed characteristics of
wood colour.

Pine sapwood was characterised by lesser su-
sceptibility to a change in lightness L* under the influ-
ence of ultraviolet radiation than heartwood. The diffe-
rence between L* before and after light irradiation of
pine sapwood was ca. 8, whereas in the case of pine

*
~

60 Opine S_control  © pine S_100°C ||

X pine S_150°C X pine S_200 °C
50 1 1 1 1 1 1 1
0 40 80 120 160 200 240 280 320
Time of UV radiation / trajanje UV zracenja, h

a)

heartwood it ranged from ca. 7 to 12. The above corre-
lations were caused by differences in the chemical
composition of wood. The factor accountable for wood
darkening is lignin (Hon and Glasser, 1979; Diouf et
al., 2011; Bekhta et al., 2014). Pine heartwood conta-
ins more lignin than sapwood (Waliszewska et al.,
2015). Moreover, as the densification temperature in-
creased, the degradation of hemicelluloses became
more intense, which additionally contributed to the in-
crease in the lignin percentage content in wood. As a
result, the colour of pine sapwood and heartwood den-
sified at a temperature of 200 °C was much darker than
in the case of the same wood densified at temperatures
of 100 °C and 150 °C. This confirms mechanisms
involved in the thermal decomposition of wood
components. Kollmann and Fengel (1965) heated oak
and pine wood at different temperatures. The authors
found that pine lost weight at about 100 °C, whilst oak
remained stable to about 130 °C. Additionally, it should
be noted that wood densified at a higher temperature
changed its L* under the influence of light irradiation
to a lesser extent. Within 300 h, the value of L* for pine
sapwood and heartwood densified at temperatures of
100 °C and 150 °C decreased by 12 %, whereas pine
sapwood and heartwood densified at a temperature of
200 °C recorded a decrease of 9 %. The study showed
that the most substantial changes in wood lightness oc-
curred after 20 h exposure to UV radiation, both for

Opine H_control ~ © pine H 100 °C
80 Xpine H_150°C X pine H 200 °C

0 40 80 120 160 200 240 280 320

Time of UV radiation / trajanje UV zracenja, h

b)

Figure 2 Change of lightness (L*) of pine sapwood (a) and heartwood (b) after exposure to UV radiation
Slika 2. Promjena svjetline (L*): a) bjeljike, b) srzi drva bora nakon izlaganja UV zracenju
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Figure 3 Change in a* parameter of pine sapwood (a) and heartwood (b) after exposure to UV radiation
Slika 3. Promjena parametra a *: a) bjeljike, b) srzi drva bora nakon izlaganja UV zracenju
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Figure 4 Change in b* parameter of pine sapwood (a) and heartwood (b) after exposure to UV radiation
Slika 4. Promjena parametra b *: a) bjeljike, b) srzi drva bora nakon izlaganja UV zracenju

sapwood and heartwood (Figure 2). Changes in light-
ness occurring within 20 h, irrespective of the tempera-
ture of treatment, accounted for about 30 - 60 % of the
total change in pine sapwood and heartwood. Tolvaj
and Mitsui (2010) also found that the most substantial
changes in the lightness of black locust, beech, Japane-
se cedar and spruce wood occurred during the first 20 h
of sun light irradiation.

As a result of light irradiation, pine wood chan-
ged colour towards red (Figure 3). The value of a*,
after 300 h of light irradiation, was double for non-den-
sified sapwood and heartwood compared with its value
before light irradiation. After 300 h of light irradiation,
the value of a* was 1.5 times higher for heartwood
(non-densified and densified) than for sapwood. Hear-
twood changed its parameter a* under the influence of
light irradiation to a lesser extent than sapwood. Sa-
pwood and heartwood, densified at a temperature of
200 °C, changed their parameter ¢* under the influence
of light irradiation to a considerably lesser extent than
sapwood and heartwood densified at a lower tempera-
ture. After 300 h of light irradiation, the value of a* for
sapwood, depending on the modification temperature,
was from 60 % to 140 % higher than before irradiation.
On the other hand, the value of a* for heartwood, after
300 h of light irradiation, was from 30 % to 60 % hi-
gher than before light irradiation, depending on the
modification temperature. A change in colour towards
red may be due to the presence of extractives in the
wood (Yazaki et al., 1994; Gierlinger et al., 2004; Per-

0 40 80 120 160 200 240 280
Time of UV radiation / trajanje UV zracenja, h

320

a)

sze and Tolvaj, 2012; Bekhta et al., 2014). The values
of a* show a trend in the colour change of sapwood
and heartwood towards red, due to a decrease in the
hue angle, as shown in Figure 8c, d.

The colour of sapwood changed towards yellow
under the influence of light irradiation to a greater ex-
tent than the colour of heartwood (Figure 4). After 300
h of light irradiation, the value of a* for sapwood, de-
pending on the modification temperature, was from 30
% to 50 % higher than before light irradiation. The
value of a* for heartwood after 300 h of light irradia-
tion, on the other hand, was from 2 % to 25 % higher
than before light irradiation, depending on the modifi-
cation temperature. The higher the modification tem-
perature, the smaller was the change in the value of b*
of the wood under the influence of light irradiation.
Heartwood modified at 200 °C did not show a signifi-
cant change in the value of b* under the influence of
light irradiation. The values of b* show a trend in the
colour change of sapwood and heartwood towards yel-
low, caused by an increased colour saturation (Figure
8a, b). Yellowing is the main colour change of wood,
this being an effect of the photodegradation of lignin
(Nimz 1973; Hon and Glasser, 1979; Yazaki et al.,
1994; Huang et al., 2012; Persze and Tolvaj, 2012).

Sapwood showed greater dynamics of colour
change under the influence of light irradiation than he-
artwood (Figure 5). The value of AE after 300 h of light
irradiation of non-densified sapwood was three times
as high as after 20 h of light irradiation. The value of

20
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Figure 5 Total colour difference (AE) of pine sapwood (a) and heartwood (b)
Slika 5. Ukupna promjena boje (AE): a) bjeljike, b) srzi drva bora
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Figure 6 Change in C* parameter of pine sapwood (a) and heartwood (b) after exposure to UV radiation
Slika 6. Promjena parametra C*: a) bjeljike, b) srzi drva bora nakon izlaganja UV zracenju

AF after 300 h of light irradiation of non-densified he-
artwood was double compared with its value after 20 h
of light irradiation. The value of AE of non-densified
sapwood after 300 h of light irradiation was 7 % lower
than in the case of non-densified heartwood and the
differences were statistically significant (p < 0.05). The
total colour difference for sapwood densified at a tem-
perature of 100 °C, 150 °C and 200 °C was, respectively,
15 %, 27 % and 34 % more substantial than the value
of AE for heartwood densified at the same temperatu-
res. This is due to the fact that thermo-mechanically
modified pine sapwood is characterised by greater su-
sceptibility to colour change under the influence of li-
ght irradiation than thermo-mechanically modified he-
artwood.

The most substantial changes in the colour of
wood occurred after 20 h of light irradiation. A chan-
ge in colour within 20 h accounted for about 20 %, 30
% and 45 % of the total colour change in densified
sapwood at temperatures of 100 °C, 150 °C and 200
°C. Changes in colour within 20 h accounted for abo-
ut 30 %, 40 % and 55 % of the total colour difference
for densified heartwood at temperatures of 100 °C,
150 °C and 200 °C. The higher the temperature of
thermo-mechanical modification, the smaller were
the values of AE after 300 h of light irradiation. An
exception was pine sapwood densified at 100 °C and
150 °C, which was characterised by the value of AE
similar to that of non-densified pine sapwood. Tolvaj
and Mitsui (2010) noted that the differences in wood

90
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80 Py
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colour under the influence of light irradiation are due
to the differences in extractive content. Pine heartwo-
od contains more extractives than sapwood (Wali-
szewska et al., 2015). Ultraviolet radiation causes
degradation of extractives and then also quick oxida-
tion of degradation products, leading to a sudden drop
in lightness. The modified chromophores act as an
energy trap, which slows down the process of photo-
degradation of the main wood components (Németh
et al., 1992). Therefore, the colour change of hear-
twood is slower than that of sapwood.

No significant differences were found between
the values of C* for non-densified and densified pine
sapwood under the influence of ultraviolet radiation
(Figure 6). Similar correlations were found for pine he-
artwood. An exception was pine heartwood densified at
200 °C. After 300 h of light irradiation, the value of C*
for that heartwood was 30 % lower than for non-densi-
fied heartwood. It should be noted that, after 300 h of
light irradiation, the value of C* for sapwood densified
at temperatures of 100 °C, 150 °C and 200 °C was, re-
spectively, 50 %, 45 % and 30 % higher than the value
of C* for sapwood before densification. The value of
C* for heartwood densified at temperatures of 100 °C,
150 °C and 200 °C, after 300 h of light irradiation, was,
respectively, 30 %, 15 % and 30 % higher than the va-
lue of C* for heartwood before densification. Signifi-
cant differences between the values of C* for sapwood
and heartwood were only found when wood was densi-
fied at 200 °C.
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Figure 7 Change in / parameter of pine sapwood (a) and heartwood (b) after exposure to UV radiation
Slika 7. Promjena parametra 4: a) bjeljike, b) srzi drva bora nakon izlaganja UV zracenju
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Table 3 Curve equations describing relations between L*, a*, b*, C*, h, AE and time (¢) of UV exposure (a — directional
factor, b — absolute term) and R? — coefficient of determination)
Tablica 3. Jednadzbe krivulja koje opisuju odnose izmedu L*, a*, b*, C*, h, AE i vremena (f) UV zracenja (a — koeficijent
smjera, b — odsjecak na osi y, R? — koeficijent determinacije)

Wood species Temperature of dens1ﬁ?2'1't 1on. Parameters / Parametri
Temperatura procesa uguscivanja
Vrsta drva oC
a*= a'ln(f)+b R? b*= aln(f)+b R?
_ control a*= 157-In(r)+0.88 | 0.99 | b*= 3.07-In(r) + 18.98 | 0.98
pine sapwood 100 a*= 191"In()- 0.85 | 0.98 | b*= 3.86In() +17.73 | 0.99
bi el]g’;‘;adm 150 a*= 143-In()+ 1.01 | 0.98 | b*= 3.20-In(z) + 19.82 | 0.99
200 a*= 0.68-In(r)+6.10 | 0.98 | b*= 2.19-In(r) +24.13 | 0.99
. control a*= 127-In(t)+6.99 | 092 | b*= 1.54In(¢) +27.09 | 0.94
hea?';aeoo q 100 a*= 1.66-In(t)+5.94 | 0.99 | b*= 1.95-In() +27.10 | 0.96
. 150 a*= 130-In(r)+6.94 | 0.98 | b*= 1.05-In(r) +32.47 | 0.99
srZ drva bora
200 a*= 0.66-In(7) + 11.54 | 0.98 | b*= 0.01-In(r) + 36.40 | 0.98
L*= a‘ln(t)+b R AE=a‘In(?) -b R
_ control L*=-2.01"In(f)+ 83.85 | 0.99 | AE= 3.97In()- 627 | 0.98
pine sapwood 100 L*=-2.651In(f) + 88.28 | 0.98 | AE= 5.19-In(f)- 12.57 | 0.99
bi df;’;‘;adm 150 L*=-1.851n(7) + 84.74 | 0.97 | AE= 3.90-In(t)-7.34 | 0.99
200 L*=-1.07-In(f) + 76.44 | 0.95 | AE= 2.46In()-3.09 | 0.96
, control L*=-232-In(f) + 78.58 | 0.99 | AE= 3.04In(r) + 0.17 | 0.99
hea‘;i?:oo q 100 L*=-3.01"In(f) + 80.99 | 0.98 | AE= 3.97-In()- 7.99 | 0.99
. 150 L*=-1.88In(f)+ 7527 | 0.99 | AE= 2.57In()- 3.63 | 0.99
srz drva bora
200 L*=-1.16/In(f) + 65.54 | 0.92 | AE= 1.35In()- 0.35 | 0.95
C*= aln(t)+b R h= aln(f)+b R
control C*=336In()+18.69 | 0.98 | h=-137-In(r)+82.64 | 0.99
pine sapwood 100 C*= 4.39-In(r)+ 15.98 | 0.99 | 7=-1.59-In(r) + 84.78 | 0.96
bjeljika drva 150 C*= 3.41'In(r)+19.66 | 0.99 | h=-1.18In(r)+83.01 | 0.98
bora 200 C*= 2.30"In(f) + 24.85 | 0.98 h=at+b
h= 0.011+74.94 0.76
h= aln(t)+b R?
, control C*= 191'In(f) +27.69 | 0.95 | h=-124In(r)+75.40 | 0.98
heaﬂgvzo q 100 C*= 2.46In(t) +27.16 | 0.99 | h=-1.18In(r) + 74.89 | 0.97
. 150 C*= 1.32-In(f) +33.63 | 0.92 | h=-1.18"In(r) + 76.43 | 0.98
srz drva bora
200 C*=2.06'In()+15.70 | 0.98 | h=-1.01"In()+72.81 | 0.98

Changes in the value of h under the influence of
light irradiation for sapwood and heartwood were loga-
rithmic. An exception was pine sapwood densified at
200 °C (Figure 7). After 300 h of light irradiation of
non-densified sapwood and sapwood densified at 100
°C and 150 °C, a 6 % decrease in the value of h was
recorded as compared to the wood before light irradia-
tion. In the case of non-densified and densified hear-
twood, a 7 % decrease in the value of h was recorded
after 300 h of light irradiation as compared to the wood
before light irradiation. The differences were statisti-
cally significant (p < 0.05). In general, it can be conc-
luded that, after 300 h of light irradiation, the value of
h for sapwood was 10 % higher than the value of h re-
corded for heartwood, irrespective of the modification
temperature.

Table 3 presents a summary of equations of the
straight lines showing the correlations between the
wood colour parameters and the values of the coeffi-
cient of determination R2. The high values of R?, close
to 17, indicate the usefulness of the regression equ-
ation for anticipating the value of the dependent varia-
ble L*, a*, b*, C* h and AE using the independent
variable ¢, which is the wood light irradiation time.

DRVNA INDUSTRIJA 69 (3) 253-264 (2018)

Regression equations of colour parameters for
pine wood densified throughout the range of tempera-
tures and light irradiation is presented in Table 4. The
R? values show that a change in colour parameters is
much more pronounced for pine sapwood than pine
heartwood. In the case of pine heartwood, the coeffi-
cient of determination R*> was less than 0.50 for four
out of nine determined correlations. The correlations
between the colour parameters of pine sapwood were
found to have the value of R? greater than 0.61. The
best linear correlation was found between C* and b*
for pine sapwood (R*> = 0.99) as well as heartwood (R?
= 0.93). A high correlation was also found between 4
and a* for pine sapwood (R*> = 0.97) and heartwood (R?
=0.92). This means that only the values of #* and a*
can be used to determine the values of C* and 4, re-
spectively, (Figure 8).

4 CONCLUSIONS
4. ZAKLJUCAK

On the basis of the present study, it has been
found that ultraviolet radiation has a significant influ-
ence on the colour of thermo-mechanically modified
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Table 4 Regression equations of colour parameters for pine sapwood and heartwood samples densified at all investigated

ranges of temperature and light irradiation

Tablica 4. Regresijske jednadzbe parametara boje uzoraka od bjeljike i srzi drva bora nakon procesa ugus¢ivanja pri svim

istrazivanim temperaturama i UV zracenjima

Area of pine wood / Dio drva bora
Sapwood / Bjeljika Heartwood / Srz
Function R Function R

a* =-0.62-L* +54.96 0.88 a* = -0.46-L* +43.98 0.66
b* =-1.18-L* + 124.64 0.75 b* = -0.23-L* + 51.83 0.23
AE=-133-L*+111.98 0.61 AE = -0.30-L* +29.54 0.09
C*=-1.29-L*+133.78 0.77 C*= -0.37-L* + 63.70 0.41
C*= 2.19-a* + 18.66 0.95 C*= 0.77-a* + 28.90 0.57
C*= 1.08-b*-1.82 0.99 C*¥= 1.17-b*-3.71 0.93
h = 0.56-L* +35.04 0.94 h = 0.52:L* +35.36 0.60
h =-0.87-a* +84.24 0.97 h = -1.15-a*+85.36 0.92
h =-0.39-b* +90.90 0.84 h = -0.41-b* + 84,87 0.08
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Figure 8 Correlation between colour parameters for pine sapwood and heartwood samples densified at all investigated ranges

of temperature and light irradiation

Slika 8. Korelacija izmedu parametara boje uzoraka od bjeljike i srzi drva bora nakon procesa ugusc¢ivanja pri svim

istrazivanim temperaturama i UV zracenjima

pine sapwood and heartwood. The higher the tempera-
ture of thermo-mechanical modification, the smaller
was the degree of colour change of wood under the in-
fluence of ultraviolet radiation. This was due to chemi-
cal changes in wood during the treatment. Changes in
lightness occurring within 20 h, irrespective of the
temperature of treatment, accounted for about 30 - 60

262

% of the total change in pine sapwood and heartwood.
Sapwood showed greater dynamics of colour change
under the influence of light irradiation than heartwood.
Thermo-mechanically modified pine sapwood is char-
acterised by greater susceptibility to colour change un-
der the influence of light irradiation than thermo-me-
chanically modified heartwood.
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