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Range of Color Changes of Beech Wood in the Steaming
Process

Ladislav Dzurenda *

Changes in color were evaluated for beech wood Fagus sylvatica L.,
caused by a steaming process using either a mixture of saturated steam
and air or saturated water steam in the temperature range: t = 95 °C to
125 °C for a duration of T = 3 h to 12 h. The initially light white-gray color
of beech wood with a yellow tint darkened during the thermal treatment
process. It changed to a pale pink-brown and then to dark brown color.
According to the visible changes in the color of beech wood obtained by
the thermal treatment process with the human eye, , a color scale was
proposed as a means to categorize the severity of treatment. The color
ranged from a pale pink-brown color to a dark brown-red color depending
on the value of the total color difference AE™
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INTRODUCTION

Color is one of the basic macroscopic features that distinguish the appearance of
wood from individual trees. The color of the wood is caused by chromophores, i.e.,
chemical functional groups of the type: >C=0, -CH=CH-CH=CH-, -CH=CH, aromatic
nuclei, etc., which are found in the chemical constituents of wood (lignin and extractive
substances, such as dyes, tannins, resins, and others). These chromophores absorb some
components of the electromagnetic radiation of daylight and thus create the color of the
wood surface perceived by human vision.

The perception of color by human vision is a psycho-physiological sensation
caused by the entry of reflected rays of electromagnetic radiation with wavelengths in the
range from 380 to 780 nm from the surface of the object, into the human visual center. Its
character depends on the wavelength. Light with shorter wavelengths of 380 to 450 nm
evokes a sensation of blue and violet, light of medium wavelengths evokes a sensation of
green, yellow, and orange, and longwave light with wavelengths of 630 to 750 nm produces
a sensation of red, and wavelengths of 750 to 780 nm with a sensation of dark red.

If the object is red, its surface absorbs all wavelengths of electromagnetic radiation
of light except the wavelength of red light that is reflected from the object. The white color
is an object that does not significantly absorb any wavelength and at the same time reflects
most of the light. A black object, in turn, absorbs most of the electromagnetic radiation of
daylight. From the aspect of the physiology of human vision, as stated by the authors
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(Wilson and Keil 1999), the color of objects is evaluated through three features: tone,
chroma, and lightness of color.

The wood of the Fagus sylvatica L. tree belongs to the deciduous scattered-porous
tree category. It has a light white-gray color with a yellow or reddish tinge. Around the
center of some old trees there is an irregularly demarcated reddish-brown color called false
core. In the color space CIE L*a*b* system (Babiak et al. 2004), the color of beech wood
on the luminance coordinates is described with the value L* = 75.96 and in the chromatic
coordinates with the values: a* = 6.62 and b* = 17.63. In the study by Meints et al. (2017),
for the color of beech wood the values are L* = 75.4, a* = 10.1, and b* = 23.7.

In the thermal treatment of wet beech wood, when using a steaming process,
changes in the physical, mechanical, and chemical properties of beech wood occur. These
changes are divided into reversible and irreversible changes in wood (Kollman and Cote
1968; Trebula 1996; Dzurenda and Deliiski 2010). Irreversible changes in the properties
of wood arise from thermal treatment of wood that exhibits new chemical properties after
cooling. The irreversible chemical changes occur even under mild conditions of heat on
wet wood. Increasing the temperature and prolonging the heating time create conditions
for the course of chemical reactions, such as extraction of water-soluble compounds,
hydrolysis of wood hemicelluloses, depolymerization of polysaccharides, and chemical
changes in lignin from modification of the chromophoric system of wood, and color change
of wood (Fengel and Wegener 1989; Bucko 1995; Hon and Shiraishi 2001; Solar 2005;
Geffert et al. 2019; Dzurenda et al. 2020).

In the technology of thermal treatment (steaming of wood), the phenomena
described above are used to modify the color of wood into non-traditional color shades and
darkness of wood of individual wood species. An example is the change of light white-
gray color with a yellow tinge of beech wood in the process of steaming wood with
saturated moist air at atmospheric pressure, or saturated with steam, to pink-red, or red-
brown color shade (Tolvaj et al. 2009; Dzurenda 2014; Mili¢ et al. 2015; Geffert et al.
2017; Dzurenda and Dudiak 2021). Another example is the change in the color of the core
of agate wood, which changes from greenish-yellow to dark brown-gray color shades
depending on the steaming conditions (Tolvaj et al. 2010; Dzurenda 2018d). By steaming
the wood with saturated steam in pressure autoclaves, the maple wood acquires brownish-
red color shades (Dzurenda 2018a) and the light white-gray color of alder wood changes
from light reddish brown to dark brown-brown color by steaming (Dudiak and Dzurenda
2021).

This study evaluated the changes in the color of beech wood in the color space CIE
L*a*b* during the thermal treatment in the temperature range of the saturated steam-air
mixture or saturated water steam t = 95 °C to 125 °C during the technological process 7 =
3to 12 h. The design of a color scale is presented for the evaluation of the change of beech
wood fragrance from pale pink to dark brown-red color depending on the value of the total
color difference AE*.

EXPERIMENTAL

Material
Approximately 425 pieces of Fagus sylvatica L. wood blanks with dimensions:
thickness of 38 mm, width of 200 mm, and length 800 mm were divided into 17 groups.
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The moisture content of wet beech wood was in the range of 55.8% to 58.6%. Group 1
blanks were not thermally treated and were used as the control group. The other sections
were divided into 16 groups of 25 pieces and thermally treated with a saturated steam-air
mixture at a temperature of t* = 95 °C and saturated water steam at temperatures: t = 105
°C,t=115°C,and t =125 °C for " = 3, 6, 9, and 12 h. Thermal treatment of beech wood
blanks was performed in a pressure autoclave APDZ 240 (Himmasch AD, Haskovo,
Bulgaria) installed by Sundermann sro Banska Stiavnica Company (Banska Stiavnica,
Slovakia).

Thermal Treatment

To modify the color of beech wood by thermal treatment using saturated steam-air
mixture or saturated water steam, various time intervals of sampling were employed during
the thermal treatment. The temperature-time profile is shown in Fig. 1.

t A

0.5h 0.5h 0.5h

fo 3h 3h 3h 3h

Temperature of steam in autoclave (°C)

Duration of steaming (h)

Fig. 1. Thermal treatment of beech wood color modification using saturated steam-air mixture or
saturated water steam

The temperatures of the saturated steam-air mixture and saturated water steam in
the individual treatment modes are given in Table 1.

Table 1. Breakdown of Temperatures of Saturated Steam Air Mixture or
Saturated Water Steam and Time of Thermal Treatment of Beech Wood

Temperature

Modes Tmin Tmax s Times of Thermal Treatment of Beech Wood
Mode | 925 | 975 -
Mode Il 102.5 | 107.5 | 100 -6 3=9 =12
Mode IlI 112.5 | 117.5 | 100 w=3h (+0.5%) h (+1.0% h (+1.5%) h
Mode IV 1225 | 127.5 | 100

* Note: 2 time (h) for removing the specimens
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The values of temperatures, tmax and tmin, are the temperatures for controlling the
supply of saturated water steam to the pressure autoclave for performing the treatment
process. The temperature t4 is a parameter of the saturated water steam pressure in the
autoclave, to which the steam pressure in the autoclave must be reduced before the pressure
device can be opened safely and samples taken at the time of thermal treatments at 3, 6, 9,
and 12 h.

Thermally treated as well as thermally untreated beech wood blanks were dried
using a mild drying mode (Dzurenda and Deliiski 2012a,b) to a final moisture content of
w = 12 + 0.5%. The loading and side surfaces of the dry blanks were machined on a FS
200 horizontal face milling machine (BENET Trading, Kvasiny, Slovakia).

Measurement of Wood Color

The color of treated beech wood in the color space CIE L*a*b* was evaluated
using a Color Reader CR-10 colorimeter (Konica Minolta, Japan). A standard light source
D65 was used. The sensor head of the colorimeter has a diameter of the scanning hole at
8 mm.

Measurements of luminance values L*, color coordinates a*, and b* on samples
thermally treated as well as thermally untreated wood were performed after drying on a
planed surface in the middle of the side and loading surfaces at a distance of 300 mm from
the front. The values of the light sheets L* of the color coordinates a*, b* of beech wood
are given in the form of a notations, x = x +s,i.e., average measured value, and standard

deviation.
Chroma C* is an integrated value of the coordinates of red a* and yellow b*, as
given by Eq. 1,

c*=Va?+b? @)

where a* value denotes the chromatic coordinate of red color, and b* value is the
chromatic coordinate of yellow color.

From the difference of values on the coordinates in the color space CIE L*a*b*
determined on the basis of measurements of the color of the thermally treated and
untreated beech wood, the total color difference AE* was determined according to Eq. 2
according to the EN 1SO 11 664-4 (2019) standard,

AE = (L - 1f + (g —ap )+ (g~ b ) (2)

where L1*, a1*, and b1* values represent the coordinates of the color space of the surface
of the thermally untreated beech wood, and L2*, a2*, and b2* values are the coordinates of
the thermally treated beech wood.

Using the program Statistica 12 (Statsoft, V12.0 SP2, Tulsa, OK, USA),
mathematical dependences of the coordinate values of lightness L*, chroma C*, and total
color difference AE* on saturated water steam temperature and the duration of the thermal
process z were determined from the measured data for the ranges: temperatures t = 95 to
105 °C and time 1< 12 h.
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RESULTS AND DISCUSSION

The light white-gray color with a yellow tinge of dry beech wood is identified in
the color space CIE L*a* b* by the coordinates values: Lo* = 76.8 = 2.5; ao* = 6.9 + 1.9;
and bo* = 19.8 £ 1.6. The obtained values of beech color were comparable with the
literature values of color coordinates (Babiak et al. 2004; Meints et al. 2017).
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Mode 1V: Saturated water steam temperature tiv = 125 + 2.5 °C
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Fig. 2. Color of beech wood samples in the process of thermal treatment

The color of beech wood in the process of thermal treatment changes noticeably,
the wood darkens and acquires a pale pink-brown, brown-pale red, brown to dark brown
color. The color of thermally treated wood at individual heating temperatures in the
technological process is shown in Fig. 2. The values on the coordinates of the color space
CIE L*a* b* are given in Table 2.

Table 2. Measured Values on the Coordinates L*, a*, b* in the Color Space CIE
L*a*b*, Values of the Total Color Diffusion AE* of Beech Wood during Thermal
Modification

Temperature in Times Thermal Treatment Beech Wood
Modes 3h 6h 9h 12 h
[*=734+19 | L*=698+16 | L*=66.7+20 | L*=64.9+22
a*=83+12 | a*=98+11 | a*=101+10 | a*=103+18
t=95+25°C
b*=204+10 | b*=205+12 | b*=206+11 | b*=207+1.2
AE*=2.1 AE*=63 AE*=8.9 AE*=10.7
[*=700+22 | L*=663+21 | L"=61.6+23 | L*=592+20
a*=05+11 | a*-108+08 | a*=11.0+10 | a*=11.6+0.9
t4 =105 + 2.5 °C
b*=201+12 | b*=203+10 | b*=206+12 | b*=209+1.2
AE*=5.7 AE*=938 AE*=14.1 AE*=16.6
*=663+19 | L*=605+20 | L"=57.0%21 | L*=545%17
a=103+09 | a*=119+12 | aa=123+09 | a* =124+ 1.0
tn=115225°C Mv-207+11 | b"=20309 | b*=209+11 | b*=21.0%0.9
AE*=94 | AE* =148 AE*=18.9 AE*=214
[*=615+21 | L"=563+19 | ("=525+18 | L*=49.1t17
a=110%12 | a*=123+11 | a=127+11 | a* =133+ 1.0
tv=125+2.5°C M 506+13 | b"=205:11 | b*=203+11 | b*=21.3%09
AE*=14.2 AE =195 AE*=234 AE* =268

Visual control of the color of the wood on the side surfaces of the sawn blanks, as

well as color measurements using CR-10 colorimeter on these surfaces showed that the
wood was evenly colored throughout its cross-section. Full-volume coloring of wood is

Dzurenda et al. (2022). “Steaming and beech color,” BioResources 17(1), 1690-1702. 1695



PEER-REVIEWED ARTICLE b | oresources.com

realized because of the rapid heating of wood to the required technological temperature
with saturated water steam along the entire cross-section (Deliiski 2003; Dzurenda 2018Db)
and creation of conditions for processes of extraction of water-soluble substances and
hydrolysis of beech wood hemicelluloses.

The course of changes in the brightness L* and chromium C* in the color space of
beech wood during thermal treatment with saturated water steam at temperature Ti= 95 +
25°C, th=105£25°C,tm=115+25°C,and tiv =125+ 2.5°Cduringz=<12h is
shown in Figs. 3 and 4.
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Fig. 3. Values on the light coordinate L* in the process of thermal modification of beech wood
with saturated steam-air mixture and saturated water steam with temperature t=95 £ 2.5 °C, t
=105+25°Ctn=115+25°C,tv=125+2.5°Cduringr=12h

From the difference between the values on the light coordinate L* of untreated
beech wood Lo* = 76.8 and the values L4* of thermally treated beech wood after 12 h at
individual temperatures of thermal treatment, it follows that while at thermal treatment
temperature of tj = 95 + 2.5 °C the luminosity decreased by ALs* = 11.9, with ty= 105 £
2.5 °C it decreased by ALs* = 17.6, at tin = 115 + 2.5 °C it was AL4* = 23.3, and at tiv =
125 + 2.5 °C the luminosity decreased by ALs* = 27.7. The decrease in the brightness of
beech wood with increasing temperature is not directly proportional. At higher
temperatures of the heat treatment process, the decrease in brightness is prominent and the
darkening of beech wood is more pronounced.

The decrease of the values on the luminosity coordinate L* is in accordance with
the knowledge about wood darkening in thermal and hydrothermal technological
processes, such as wood steaming reported by others (Varga and Van der Zee 2008; Tolvaj
et al. 2009, 2010; Dzurenda 2018a, 2018c; Deliiski et al. 2018; Banski and Dudiak 2019),
high temperature drying (Klement and Marko 2009); Baranski et al. 2017), or thermal
treatment of wood at temperatures above 150 °C (Gonzélez-Pefia and Hale 2009; Esteves
and Pereira 2009; Nasir et al. 2019).

Dependence of the brightness L* of beech wood on the temperature of saturated
water steam t = 95 °C to 125 °C and the duration of the technological process t=0to 12 h
can be mathematically described as shown in Eq. 3,
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L* = 96.4199 - 0.0951t + 0.00207 — 0.0011t?— 0.0159t - £ + 0.0370 - > (3)

where t denotes the temperature of the saturated water steam in °C, and 7 is the time of
thermal treatment of beech wood in h.

Course of changes of chromium C* in the color space CIE L*a*b* of beech wood
during thermal treatment with saturated water steam at temperature t = 95 £ 2.5 °C, tn =
105+£25°C, tm=115+25°C, and tiv = 125 £ 2.5 °C during =< 12 h is shown in Fig.
4.
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Fig. 4. Changes of chromium C* in the process of thermal modification of beech wood by
saturated steam-air mixture and saturated water steam with temperature ti= 95 + 2.5 °C, ty = 105
+25°Ctn=115+25°C,tv=125+2.5°Cduringr=12h

The chroma C* values, in contrast to the luminance difference L*, increased
slightly during the beech wood thermal treatment process. The magnitudes of changes in
chromium C* were noticeably smaller compared to changes in the luminance coordinate
L* values.

Changes in chroma are decisively influenced by changes in the values on the
chromatic coordinate of the color red a*, which indicated an increasing tendency. The
value on the red color coordinate of native wood ao* = 6.9 increases over a period of 12 h
in a thermal process with a saturated water steam temperature at ti = 95 £ 2.5 °C to as* =
10.3 and at a water steam temperature of tiy = 125 £ 2.5 °C to value as* = 13.3.

On the coordinate yellow color b*, the changes observed were slight and
contradictory, oscillating around the value b* = 20.6. They point to the formation of less
stable compounds with absorption of the electromagnetic radiation spectrum with a yellow
wavelength of 560 nm. These compounds react with water steam or extraction products to
form further thermal decomposition products with lower or zero absorption of the yellow
wavelength in the electromagnetic radiation spectrum.

The analysis of the influence of the parameters: Temperature and duration of the
treatment process shows that the development of changes in chroma C* shows that with
increasing temperature of the unsaturated steam-air mixture or saturated water steam, the
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values of chroma C* increased more intensely than that due to prolongation of the process
time.

Dependence of chroma C* values of beech wood on saturated water steam
temperature of t = 95 °C to 125 °C and duration of treatment for z < 12 h is described by
Eq. 3,

C*=13.9476 + 0.0973t + 0.17557z — 0.0002t* + 0.0008t -  — 0.007272 (3)

where t denotes the temperature of the saturated water steam in °C, and z is time of thermal
treatment of beech wood in h.

The course of changes in the values of the total color difference AE* of beech wood
in the color space CIE L*a*b* during the technological process is shown in Fig. 5.
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Fig. 5. Values of the total color difference AE™ in the process of thermal modification of beech
wood with saturated steam-air mixture and saturated steam with temperature temperature t;= 95
+25°C, tn=105+25°Cty=115+25°C, tw=125+25°Cduringr=3hto12h

Dependence of the total color difference AE* of beech wood on the temperature
of the saturated steam-air mixture, or saturated water steam t = 95 °C to 125 °C and the
duration of the technological process z = 3 to 12 h is described by Eqg. 4,

AE* = - 28.3812 + 0.1925t + 0.56677 + 0.0008t? + 0.0143t  — 0.06117>  (4)

where t is the temperature of the saturated water steam in °C, and z denotes the time of
thermal treatment of beech wood in h.

Based on the achieved changes in the color of beech wood by the thermal treatment
process using saturated steam-air mixture or steam at temperatures: ti =95 £ 2.5 °C, tu =
105+ 25°C, tm =115+ 2.5 °C, tiv = 125 £ 2.5 °C during 3, 6, 9, and 12 h (Fig. 2). An
opinion survey was conducted to assess the achieved changes in the color shades of beech
wood in individual modes and time intervals of the thermal process. Based on visual
similarity, the samples of modified wood were included in the color scale. The statistical
survey was conducted on respondents aged 20 to 35 years, where the total number of
respondents was 300 women and 250 men. According to the respondents of the survey, a
color scale was created, supplemented by the parameter of the total color difference AE*.

Dzurenda et al. (2022). “Steaming and beech color,” BioResources 17(1), 1690-1702. 1698



PEER-REVIEWED ARTICLE b | oresources.com

The proposed color range of modified beech wood and the parameters of AE* are given in
Table 3.

Table 3. Classification AE*

0<AE*<2 Original - Light white-gray color of beech wood with a yellow tint
2<AE*<8 Light pink-brown color
8 <AE*< 16 Brown-pale red color
16 <AE*< 24 Brown color
AE* > 24 Dark brown color

The application of the proposed classification of color shades based on AE* is
illustrated in Fig. 6.

——t=95+25°C ——t=105+2.5°C A—t=115+2.5°C t=12542.5°C

Total color diference AE*

Time thermal treatment of beech wood t (h)

Fig. 6. The course of changes in the total color difference AE* of beech wood during the
technological process at the temperatures of the saturated steam-air mixture or saturated water
steam with temperature tt=95+2.5°C, ty =105+ 25°Cty =115+ 25°C, tv =125+ 2.5°C
duringr=3to 12 h

From the course of changes in the color of beech wood in the technological process
and the overall color difference AE*, it follows that it is possible to determine the length
of thermal treatment through the intersection of the mean value of AE* color grade and the
temperature of saturated water steam:

a) Small changes in the color of beech wood in the range of values AE* = 2.1 - 8
expressed by the acquisition of a pale pink-brown color shade occur under the
conditions of thermal treatment: Temperature of saturated steam air mixture t = 95
°C and duration of technological process z = 4.5 h or saturated steam temperature t
=105 °Cduring z=3h.

b) Slight darkening and acquisition of a brown-pale red color shade of beech wood in
the range of values AE* = 8 - 16 occurs under thermal treatment conditions in the
temperature range: Saturated steam-air mixture t = 95 °C and duration of thermal
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treatment above 7 = 12 h, temperature saturated water steam t = 105 °C at time 7 =
6.5 h or temperature t =115 °Cintime z =4 h.

c) Noticeable darkening of beech wood to brown color in the range of AE* =16 - 24
beech wood acquires under conditions of thermal treatment: Temperature of
saturated water steam t = 115 °C and duration of technological process over = 9.5
h or saturated steam temperature t = 125 °C and time t = 5.5 h.

d) In the conditions of thermal treatment of beech wood: Temperature t = 125 °C and
time above 7 = 12 h, beech wood acquires a dark brown color. The total color
difference has a value of AE* > 24,

CONCLUSIONS

1.

The color was affected when beech wood was thermally treated with a saturated steam-
air mixture, or with steam from t = 95 °C to t = 125 °C, and varied times from 3 to 12
h. The wood darkened and took on a pale pink-brown color to a dark-brown color.

The color and color shades of beech wood obtained by the thermal treatment process
were identified by the values on the coordinates in the color space CIE L* a* b*.

A color scale was created for the color of beech wood obtained by the thermal treatment
process, enabling the color thermall treated beech wood to be classified into individual
color classes by steaming on the basis of the value of the total color difference AE*.

The color scale is a suitable tool for technologists in designing optimal conditions for
thermal treatment of wood, taking into account the temperature of saturated steam
produced by the heat source.
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