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Abstract: The thermal treatment of wood changes its structure due to the degradation of wood
polymers (cellulose, hemicellulose and lignin), so the physical properties of wood are either improved
or degraded. Color changes apply not only to natural wood, but also to such wood composites for
which some amount of glue is used in their construction (e.g., plywood, blockboard or laminboard).
This article is focused on the analysis of hornbeam and field maple wood color changes influenced
by drying temperature. Two types of drying modes were used: hot-air mode where the temperature
of the drying environment was 60 °C, and high-temperature mode with a drying temperature of
120 °C. The drying mode was divided into two phases depending on the moisture content of the
wood. The compared woods had similar values of color coordinates at the beginning of drying.
During hot-air drying, the largest changes in color coordinates occurred during the first 24 h. The
total color difference between the color at the end and the beginning of drying was 7.3 for hornbeam
and 11.1 for maple. The overall color difference between the compared woods was minimal. During
high-temperature drying (120 °C), the color changes of the dried woods were more pronounced. In
the case of maple wood, there was a very significant change in color and the value of AE* was twice
as high as for hornbeam. The total color difference between the color at the end and at the beginning
of drying was 8.7 for hornbeam and 18.9 for maple.

Keywords: drying temperature; hornbeam; maple wood; color difference; composites

1. Introduction

The drying conditions and structure of wood can substantially affect the intensity
of color change. Wood discoloration is a complex phenomenon, mainly affected by heat,
light, and physiological and biochemical reactions. It is generally accepted that color
changes increase as temperature increases. For that reason, deciduous wood species
change color at lower temperatures compared to coniferous wood species [1,2]. Color,
including texture and gloss, is one of the most important esthetic attributes of wood, and
distinctively influences its commercial value [3,4]. Color varies widely across wood species
and is primarily determined by the amount and chemical composition of the prevalent
extractives [5]. The discoloration of wood due to kiln drying for set drying conditions is
a remarkable problem and can affect the intensity of color change. The color of wood is
primarily determined by the chemical compounds cellulose, hemicelluloses and lignin, as
well as extractives [6,7].
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The color change in the drying process is more pronounced in tree species, which are
naturally pale in color. Maple and hornbeam also belong to the category of pale wood
species. In these wood species, discoloration in the drying process is undesirable. This is in
opposition to the effort to achieve the shortest possible drying time. Maple and hornbeam
are among the tree species sensitive to color change in drying processes. We also include
beech, birch and alder in this group of tree species.

High-temperature drying of wood is a special drying process. This process is char-
acterized by a drying temperature above 100 °C. This special process is known for a very
short drying time. As was also shown by research [7] focused on the change in hornbeam
(Carpinus betulus L.) wood’s properties, applying high-temperature drying results in a
remarkable impact on color change as well. Research by these authors also found that
equilibrium moisture content and color change of the hornbeam wood decreases with
increasing temperature of the surrounding air. The smallest decrease was observed during
the treatment at 170 °C for 4 h. Similar research [8] focused on the effect of moisture content
(EMC) and drying temperature on the color change of poplar and locust trees. Results
showed that the color of locust trees did not change remarkably at 20 °C in the moisture
range below the fiber saturation point. Drying temperatures over 40 °C resulted in the re-
duction of lightness, increased redness and decreased yellowness for locust trees. The color
change of poplar trees was dominated by the loss of free water above the fiber saturation
point. The color of wood changed remarkably only at 80 °C, in the bound-water range.
The differences between heartwood and sapwood decreased as a consequence of moisture
loss at all researched temperatures as the color coordinates of heartwood shifted towards
the coordinates of sapwood. Comparing the reaction to moisture loss and temperature on
the part of poplar and locust trees, the latter was more sensitive to heat. Other research [9]
similarly discovered that treatment temperature had a more remarkable effect on color
changes than treatment time.

Similarly, the work in [10] was focused on the analysis of beech wood with red false
heart wood (FHW) and mature wood (MW) color changes by different methods. Research
showed using high-temperature drying caused changes in the coordinates of the color
space (L*, a*, b*). The biggest change in color was measured in the lightness coordinates (L¥).
Remarkable change was observed in mature wood after the drying process. Mature wood
and red false heartwood had reached identical lightness (L¥) at the end of high-temperature
drying. Color change of beech wood (Fagus sylvatica L.) was also observed in another
study [11] where the high-temperature drying process was used. Temperature inside
the drying chamber during these experiments was 120 °C. The drying process revealed
significant differences between color changes and measured values. Color changes were
more noticeable in sapwood than in red heartwood, and measurements corroborated this
observation In [12], where the combination of hot-air drying and high-temperature drying
of birch timber was used, the color change of wood during the high-temperature drying
of birch timber could be effectively reduced using hot-air drying during the early phase
of the drying process. Drying conditions and methods can affect the intensity of color
change [13], but so can conditions during the cutting process, such as cutting forces [14,15]
sawdust granularity [16,17], and physical properties [18-20].

This paper is focused on the comparison of color changes due to hot-air drying
(60 °C) and high-temperature drying (120 °C). The aim of this study is to compare the
color properties of hornbeam and maple using different chromaticity coordinates and
to determine the effect of drying conditions and time on color change. This paper also
compares the differences in hot-air and high-temperature drying kinetics.

2. Material and Method

Two wood species were used for experimental measurements: hornbeam (Carpinus
betulus L.) and maple (Acer campestre L.) from forests belonging to the University Forest
Enterprise of the Technical University in Zvolen, Slovakia. The samples were made from
two hornbeam logs with a diameter of 29 cm and two maple logs with a diameter of 27 cm
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and a length of 150 cm. The dimensions of the samples were 30 mm thickness, 120 mm
width and 500 mm length; 30 samples were made from each wood species.

The oven-dry method was used to determine moisture content. Weighing was per-
formed with an accuracy of 0.01 g. The drying process to an absolutely dry condition was
performed in a laboratory kiln at 103 £ 2 °C. The moisture content (MC) was calculated
using Equation (1) according to the norm [21].

m

Mc = "0 00 (%) )
mo

where m;, is the weight of the wet sample (g) and my is the weight of the absolutely dry
sample (g).

Density in the absolutely dry state was determined for every sample with the con-
tent of red false heartwood and mature wood. The measurement was performed under
laboratory conditions. Density in the absolutely dry state was calculated by Equation (2)

according to the norm [22].
m _
po = (kgm™) @)
0

where my is the weight of oven-dried moisture samples (kg) and V) is the volume of
oven-dried moisture samples (m~3).

2.1. Drying Mode and Method

Drying was performed in a laboratory oven from Memmert HCP 108 (Memmert
GmbH + Co. KG, Schwabach, Germany). Two types of drying modes were used—hot-air
mode, where the temperature of the drying environment was 60 °C, and high-temperature
mode with a drying temperature of 120 °C. Each of these modes was divided into two
phases depending on the moisture content of the dried wood. The parameters of the drying
modes are given in Table 1.

Table 1. Used drying modes.

1. Phase MC (%) > FSP 2. Phase MC (%) < FSP
Drying Mode Temp'erature of Psychometric Rel‘at.lve TemRerature of Psychometric Rel.at'lve
Environment Difference (°C) Humidity of Environment Difference (°C) Humidity of
Environment (%) (@) Environment (%)
60 2 91 60 12 52
120 2 94 120 - -

The last part of the drying schedule was cooling to approximately 20 °C. The average
final moisture content was 10 + 1%.

Based on the cited work [23], color measurements of all samples (n = 30) were recorded
from the surface of wood specimens with a CR-10 Color Reader colorimeter (Konica Minolta
Sensing, Inc., Sakura, Japan). Color measurement was performed every 24 h. All color
parameters are described below and were calculated using the following Equations (3)-(6).

2.2. Color Difference AE*

The scale of AE* was classified according to the grading rules reported in Table 2
by [24]. All these properties (hue angle, color saturation and saturation) were measured
with by [23].

* * %) 2 * %\2 * x\ 2

AE" = \/(LZ_Ll) + (a3 —a})" + (b3 —b5)" (=) ®)
where: L1*, a;* and by * are the values of color spectra before the drying process. Ly*, ay*
and by* are the values of color spectra after the drying process.
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Table 2. The scale of AE* [24].

AE*<0.2 No visible difference

2>AE*>0.2 Small difference

3>AE*>2 Color difference visible with high-quality screen
6>AE*>3 Color difference visible with medium-quality screen
12> AE*>6 High color difference

AE*>12 Different colors

2.3. Hue Angle—h*

Hue angle is one of the main properties of a color defined technically in the CIECAMO02
model. The transformed L*, a* and b* values are used in calculation of hue angle, chroma
and lightness as well as chroma and hue differences, and these quantities are designated by
a prime mark in the equations used [13]. Hue angle, ranging from 0 to 360 degrees in the
Redness—Greenness (7*) and Yellowness—Blueness (b*) planes, is based on the concept of
equal perceived difference. Equation (4) was used to determine hue angle.

*

* 71b o
h* = tan a—*() 4)

2.4. Color Saturation—C*y,

Intensity of color was measured by color saturation [23]. For determining color
saturation, Equation (5) was used.

= 1 /a*2 4 p*2 (5)

2.5. Saturation—S,y,

The saturation [23] of a color is determined by a combination of light intensities,
calculated with use of Equation (6). The most saturated color is achieved by using just one
wavelength at a high intensity, such as in laser light.

*

Sup = ——2L 100 (%) (6)

\/Ci2 + L2

The values of initial and final moisture contents, density in an absolutely dry state
and drying times for individual wood species and drying modes are shown in Table 3.

The initial moisture content of the samples in both trees ranged from 66% to 70%.
The required final moisture content was reached by hot-air drying at a temperature of
60 °C (Figure 1). The drying time of the maple samples was 48 h shorter than that of
hornbeam. During high-temperature drying (120 °C), the final moisture contents were
remarkably lower than the required values for both wood species. This was due to a
very rapid loss of moisture in the area below the fiber saturation point (Figure 2) when
the drying temperature was raised to 120 °C. In this drying mode, the final time was not
affected by the wood. Figures 1 and 2 show the drying curves for the individual wood
species and drying modes.

3. Results and Discussion

Table 3. Data about drying modes, initial and final moisture contents, density in absolutely dry state and drying times.

Initial Moisture Final Moisture Density in Absolutely

Drying Mode Samples Content MC; (%) Content MCy (%) Dry State (kg-m—3) Drying Time (h)
60 Hornbeam 66.25 £+ 0.43 9.00 £0.28 795.50 £ 3.42 384
Maple 65.54 £ 0.64 9.36 £ 1.46 579.92 £+ 4.81 336
120 Hornbeam 68.14 £ 0.22 1.71 £ 0.14 799.10 £ 2.90 168
Maple 69.59 £ 0.31 2.19 £ 0.07 574.99 £ 3.11 168
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Figure 1. Drying curves for hot-air drying mode (60 °C).
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Figure 2. Drying curves for high-temperature drying mode (120 °C).

When comparing the drying curves between wood species, it can be seen that the
maple samples dried faster than the hornbeam. According to [20], it could be that moisture
losses are affected by different factors. According to the equation used to determine
the moisture conductivity coefficient, density is the most influential factor, alongside the
wood’s structure and temperature. Therefore, the wood’s density along with the treatment
temperature, influence the drying curve. As the wood density increases, its moisture
content conductivity decreases due to the relative reduction in the volume of the capillaries.
This is the main reason for the slower drying of hornbeam. In high-temperature drying,
this effect is compensated for by the increased drying temperature [20]. During hot-air
drying (Figure 1), a difference was visible in both the area of free water and in the area of
bound water. However, when the moisture content of the samples dropped below 50%, the
differences in moisture losses between the wood species increased.
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During high-temperature drying (Figure 2), a difference between the wood species in
the first drying phase (MC > FSP) was also visible. In the second phase of drying, when the
temperature was raised to 120 °C, there was a very intense loss of moisture and both wood
species reached a very low final humidity in 24 h. The resulting drying time was the same.

The coordinates of the color space L*, a* and b* were measured on the surface of
the samples every 24 h and then the color difference AE* was calculated according to
Equation (3). The change of the color coordinate values and the calculated values of the
color difference for the individual drying modes and wood species are graphically shown
in Figures 3 and 4.

The compared wood species had similar values of color coordinates in the beginning
of drying. Based on the L* coordinate, which expresses the brightness, we can characterize
both wood species as light.

= DE - Hornbean . DE - Maple e | * - Hornbean e | * - Maple
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Figure 3. Change of color space coordinates and size of color difference during hot-air drying (60 °C).
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Figure 4. Change of color space coordinates and size of color difference during high-temperature

drying (120 °C).
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During hot-air drying (Figure 3), the largest changes in color coordinates occurred
during the first 24 h. According to the values of the color difference in both wood species,
a high color difference was found (Table 2). That is, the color changes were visible to the
naked eye. For maple, the brightness value (L*) decreased remarkably and the samples
darkened most significantly up to 144 h of drying. After this point, the brightness did not
change. The brightness of hornbeam decreased less than that of maple. The total color
differentiation between the color at the end and the beginning of the drying process was
7.3 for hornbeam and 11.1 for maple. For maple wood, the coordinate a* did not change
during the drying process. The change in the coordinate b* was also smaller for maple
than for hornbeam. The overall color difference between the compared wood species was
minimal.

Similarly, in [8], they dried poplar wood and differences between a* values were found,
but these differences decreased as moisture loss increased. The b* coordinates decreased
significantly during the whole drying process. For temperatures of 60 °C and 80 °C, the
yellow hue values increased during drying.

The present observations [8,9] showed that temperature had a much more remarkable
impact on color changes than the duration of drying. These results agree with the work
of [9-11], where a more remarkable effect of temperature than the time of drying on wood
color change was confirmed.

During high-temperature drying (120 °C), the color changes in the dried wood species
were more pronounced. Very pronounced changes in brightness, and therefore also the
color of the samples, occurred in the first 24 h of drying. In contrast to hot-air drying,
during the high-temperature drying there was a change in the coordinates of the color
space even after raising the temperature to 120 °C, where the change in the brightness of
the samples (L*) was visible. The values of color difference were also highest after 24 h,
where a very remarkable change of color (to a different color) occurred in maple wood
and the value of AE* was twice as high as in hornbeam wood. After raising the drying
temperature to 120 °C, the color difference values increased. After high-temperature
drying, the color difference was remarkable. Maple samples were remarkably darker
than hornbeam samples. These results are also confirmed by [1,2], which state that the
degradation of some chemical components of wood (hemicelluloses and lignin), depending
on the wood species and the duration of action, occurs even at temperatures below 100 °C.

In [9], L* decreased at all treatment temperatures, indicating that the color became
darker. At 170 °C, L* decreased steadily, and the maximum decrease in lightness was
approximately 48.21% after 12 h. Darkening of color was observed at 210 °C during the
first 4 h and the darkest color occurred (L* reduced by 64.23%) after 12 h.

The total color difference between the color at the end and the beginning of the drying
process was 8.7 for hornbeam and 18.9 for maple. The change of individual coordinates
of the color space was similar for the compared wood species. The difference was in the
coordinate a*, where in the first drying stage the value of this coordinate increased for
maple wood, while it decreased for hornbeam. Table 4 shows the average values and basic
statistical characteristics of the parameters L*, a* and b* before and after drying.

The present observations are comparable with research [6,11] that was focused on
the analysis of beech wood with red false heartwood (FHW) and mature wood (MW)
color changes. When using high-temperature drying, it was discovered that the red false
heartwood and mature wood had almost identical lightness (L*) at the end of the drying
process.
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Table 4. Average values and basic statistical characteristics of the coordinates of the color space L*, a* and b* for samples

from hornbeam and maple.

Before Drying After Drying
Samples Color Standard  Sampl Standard  Sampl Count

Coordinates Mean ancar anp e Mean ancar anp e

Deviation Variance Deviation Variance
L* 69.8 1.503 2.259 67.0 3.277 10.737 30
Hornbeam a* 8.3 0.747 0.558 6.6 0.610 0.372 30
60°C b* 27.7 0.361 0.130 21.1 0.946 0.896 30
L* 66.1 1.842 3.393 62.2 0.587 0.344 30
Maple a* 12.7 0.669 0.448 124 0.541 0.293 30
b* 33.0 1.129 1.275 27.3 0.158 0.025 30
L* 69.3 0.533 0.284 60.6 1.373 1.886 30
Hornbeam a* 8.7 0.507 0.257 8.8 0.567 0.322 30

b* 26. .7\ 4 25.4 . .007

120 °C 6.3 0.706 0.498 5 0.083 0.00 30
L* 75.3 0.816 0.666 56.8 1.202 1.444 30
Maple a* 8.7 0.422 0.178 12.2 0.446 0.199 30
b* 27.9 0.501 0.251 25.5 0.620 0.385 30

From the measured data it can be seen that changes in the coordinates of the color
space were detected in high-temperature drying (120 °C) of maple wood. Calculated values
of standard deviation and sample variance confirmed a small variance of the measured
values of the color space coordinates from the average value. Thirty measurements of L*, a*
and b* coordinates were made on each sample. The calculated values of hue angle, color
saturation and saturation are given in Table 5.

The hue angle values of both groups of samples were approximately the same before
drying. Maple wood exhibited lower values. During drying, there was a remarkable
decrease in the value of the hue angle towards the red-brown color of maple wood during
high-temperature drying. Similar results were observed in [12], where a remarkable color
change in birch samples was confirmed. During the drying of mature wood (MW), there
was a noticeable decrease in the hue angle towards the red-brown color. It changed from
72° before drying to 57.4° after drying on MW. As also shown in [12], the combination
mode (hot-air drying and high-temperature drying) could remarkably reduce the color
change in the early phase of drying process.

Table 5. Calculated values of hue angle, color saturation and saturation in the hot-air drying (60 °C)
and high-temperature drying (120 °C) processes.

S 1 P Hue Angle Color Saturation
amp’es rocess h* () Saturation C*, Sap (%)

Before drying 734 28.9 38.2

(0 oc Hornbeam o1 qrying 72.7 2.1 314
Before drying 69.0 35.3 47.2

Maple After drying 65.5 30.0 435

Before drying 71.7 27.7 37.2

1o oc Hornbeam 4 o drying 71.0 26.8 405
Before drying 72.6 29.2 36.2

Maple After drying 64.5 28.3 445

There were minimal differences in hot-air drying. There were minimal differences in
hot-air drying. The values of S;;, and C*;;, decreased in both wood species during hot-air
drying 60 °C (Table 5). During high-temperature drying (120 °C) the values increased. A
more significant increase was seen in the maple wood. Color changes of hornbeam and
maple during hot-air drying (60 °C) and high-temperature drying 120 °C are shown in
Figure 5. A similar result was evident in [19], where a red coloration of maple wood was
discovered when it was exposed to high temperatures.
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60°C 120°C DRYING 60°C 120%C

Figure 5. Color change in hornbeam and maple during hot-air drying (60 °C) and high-temperature drying (120 °C).

4. Conclusions

During hot-air drying (60 °C), maple samples dried faster than hornbeam samples.
The difference in drying times of wood species is directly proportional to their density.
During high-temperature drying, maple samples were dried faster in the first drying
section (MC > FSP), but after raising the temperature of the drying environment to
120 °C, the resulting times for both woods were identical.

For maple wood, there were remarkable changes in the coordinates of the color space
L*, a* and b* with both methods of drying. At a maximum drying temperature of
60 °C, the most remarkable change in coordinates occurred during the first 24 h of
drying. For maple, the brightness value L* decreased remarkably, but the a* coordinate
hardly changed. The change in the b* coordinate was also smaller for maple than for
hornbeam. The color difference between the compared woods at a drying temperature
of 60 °C was minimal. The total color difference between the color at the end and at
the beginning of drying was 7.3 for hornbeam and 11.1 for the maple.

During high-temperature drying (120 °C), the color changes of the dried woods were
more pronounced. There was a remarkable change at the beginning of drying, but
also after raising the temperature to 120 °C, where there was mainly a change in the
coordinate of L*. The maple samples were darker than the hornbeam samples, likely
due to enhancement of oxidation during high-temperature drying. The total color
difference between the color at the end and the beginning of the drying was 8.7 for
hornbeam and 18.9 for maple. The color change was visible to the naked eye.

A remarkable change in color of the maple samples during high-temperature drying
was also confirmed by the values of hue angle, color saturation and saturation in
individual measurement sections. During the drying of maple samples, there was a
remarkable decrease in the value of the hue angle towards a red-brown color. The
change was 8.1° for maple and 0.7° for hornbeam.

The S, and color saturation values decreased in both wood species during hot-air
drying (60 °C). A more significant reduction in S,, was observed in hornbeam, a
difference of 6.8°. During high-temperature drying (120 °C) the values increased.
There was a more remarkable increase in maple wood (8.3°).

There was a visible color change in both monitored wood species due to the drying
process. An effect of the temperature of the drying medium in combination with
the humidity of the dried wood was confirmed. Differences were observed in the
brightness and color shade. These differences are due to the chemical composition of
individual trees and thus also to different hydrolysis reactions due to the interaction
of temperature and humidity.

Wood color is one of the most attractive properties for the modern wood industry.

However, during processing, especially during drying, the wood may undergo color
changes. The color change can be regulated by drying conditions with changing wood
moisture content. Such color changes apply not only to natural wood, but also wood
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composites such as plywood, blockboard or laminboard, where thin and quality surface
layers are made by rotary peeling of veneer, including both hornbeam and maple logs.
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