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Abstract
This study was designed to investigate physical properties such as color changes after weathering and water absorption
(WA) levels, and combustion performance of borates-impregnated and LG-coated Oriental beech wood. Results showed
that borates impregnated and LG-coated Oriental beech wood showed positive lightness stability after weathering. The
best color stabilization was obtained with LG-coated Oriental beech. Except for the 1 h WA period, LG did not show
a water repellent effect after the water absorption test. Borates impregnation before LG-coating caused to decrease in
weight loss of Oriental beech after the combustion test. Moreover, the lowest weight losses were obtained in borate
impregnated Oriental beech wood.
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1. Introduction
Architects and civil engineers demand high-performance
wooden materials for their building designs. Besides the
durability of the material, its performance against weathering
plays an important role in material selection in the construction
and furniture industry. On the other hand, users are expecting
environmentally friendly, sustainable, aesthetic, and durable
wooden materials for building proposes.
Wood material, which has been used for various
purposes since the appearance of mankind in history, is
one of the most important raw materials. With the rapid
development of technology, the usage areas of wood material
have diversified and the amount used has increased. This
increase in the use of wood material causes it to be among
the decreasing natural resources today[1]. It has a wide range
due to its lightness, easy processing, continuous production,
and superior physical and mechanical properties in various
areas of use, compared to concrete, iron, aluminum, PVC,
and other various building materials. It also finds uses in
construction techniques, paper and cellulose, cardboard,
furniture, and many other industries[2].
The weathering process was primarily linked to sunlight
irradiation and its rate was increased by higher air temperature,
moisture, and other pollutants in the outdoor environment[3].
Accordingly, ultraviolet (UV) radiation and moisture
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were identified to be the main causes of deterioration and
discoloration of wood surfaces in weather conditions[4,5].
Since the wood material has a hygroscopic structure,
it exchanges moisture with the surrounding air to adapt to
the temperature and relative humidity of the environment,
and if this change occurs below the fiber saturation point, it
changes dimensionally. Therefore, it is not resistant to biotic
and abiotic factors[6]. Traditional wood preservatives are used
in the wood preservation industry to prevent the degradation
of wood materials by biological organisms. Many traditional
wood preservatives such as copper chromium arsenate (CCA)
are prohibited due to their harmful environmental effects.
However, using preservatives, environmentally friendly
wood preservatives have been developed in recent years
to extend the life of the wood material. Natural extracts
are among the most environmentally friendly preservatives
used to protect wood material. It has been seen in many
scientific studies that natural plant extracts are beneficial
in wood preservation[7]. Boron compounds have gained
importance for wood preservatives due to their high efficiency
against biological pests. Other important properties of the
compounds are their ability to be easily applied by dissolving
with water, their diffusion ability to wood, being cheap
and easy to supply compared to other preservatives, being
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environmentally compatible and significantly increasing
the fire resistance of wood material.

tetrahydrate (DOT) were prepared to impregnate the Oriental
beech wood test specimens.

Various paints, varnishes, and coatings are used to
improve the natural appearance of the wood and to protect
it against external weather conditions[8]. Coating of the
wood surface may be considered as a solution to reduce the
effects of weather conditions on material deterioration and
to preserve the aesthetic properties of the material exposed
outdoor in different cardinal directions or varying design
details[9]. If the wooden surface is not protected, it can quickly
lose its aesthetic feature. Opaque coatings or transparent
protective coatings are among the solutions used to protect
the wood. Transparent finishes reveal the natural texture of
the wood, but sunlight can damage the wood surface and
cause the coating to peel off[10]. Inorganic fillers, such as
silicon dioxide, aluminum oxide or carbonates, silicates,
and sulfates of various metals, are mainly used in wood
coatings and it can be considered that liquid glass (LG) is
in this group[11].

The impregnation of the Oriental beech wood specimens
was carried out, according to ASTM standards[18]. Test
specimens were impregnated with a pre-vacuum of 760 mm
Hg for 30 minutes. The specimens were then allowed to
diffuse in solution at atmospheric pressure for 30 minutes.
The borates retention of Oriental beech was calculated from
the following Equation 1:

LG is a two-component product used for waterproofing
wooden surfaces requiring high chemical and physical
resistance. It protects the surfaces against UV light radiation
and outdoor weather conditions[12].
The wood material is flammable and easily combustible.
In addition to protecting the wood against fungus and
insects, the impregnating agents also have a flame-retardant
feature. The impregnation materials decompose below
the decomposition temperature of the wood material and
rapidly transform cellulose into charcoal and water. Thus,
the formation of volatile and flammable substances at
higher temperatures is prevented. Therefore, wood burns
less and flames are prevented from spreading around[13]. The
main components of wood appear to have quite different
thermal degradation properties. It is understood that wood
components decompose in different temperature ranges to
release volatile substances. For example; cellulose 240-350
°C, hemicellulose 200-260 °C, lignin 280-500 °C[14].

=
R

(

G.C
× 103 kg / m3
V

)

(1)

Where:
G = T2 -T1;

T2 = Specimen weight after impregnation (kg);

T1 = Specimen weight before impregnation (kg);
V = Specimen volume (m3);

C = Solution concentration (%).
After borates impregnation, Oriental beech wood
specimens were oven-dried at 103 ± 2 ºC until the specimens
reached the constant weight. Then similar to the impregnation
process of borates, the wood specimens were coated with
LG with a pre-vacuum of 760 mm Hg for 30 minutes.
The specimens were then allowed to diffuse in solution at
atmospheric pressure for 30 minutes.

2.3 Natural weathering

Borates are recognized as easily applicable, inexpensive,
fire-retardant, and more importantly environmentally-friendly
wood preservatives[15-17]. This study aimed to investigate some
physical properties such as color changes after weathering
and water absorption levels, and combustion performance of
borates-impregnated and LG-coated Oriental beech wood,
according to market expectations.

The site where the test samples are subjected to natural
weathering is within the boundaries of Mugla Sitki Kocman
University. The geographical location of the university
(37° 09 ‘N and 28° 22’ E, 670 m above sea level) in Mugla,
Southern Aegean Region of Turkey. Weather conditions of
Mugla city were taken from the directorate of meteorology.
Weather conditions during the weathering process are
shown in Table 1. Wood specimens, according to ASTM
Standards[20] were prepared for weathering exposure. The
experimental specimens were subjected to natural weathering
during the three months spanning September, October,
and November 2020. The exposure rack is adjusted to the
south at an angle of 45°. Wood specimens were prepared
for natural weathering, according to ASTM Standards[21].
The color change on the surface of the test specimens after
natural weathering was investigated.

2. Materials and Methods

2.4 Color changes

2.1 Preparation of test specimens
Oriental beech (Fagus orientalis L.) wood specimens were
prepared with dimensions 10x100x150 mm, 20x20x20 mm,
and 9x19x1016 mm (radial, tangential, and longitudinal)
dimensions for color, water absorption, and combustion
tests, respectively.

2.2 Impregnation procedure
3% aqueous solutions of boric acid (BA), borax (BX),
ammonium pentaborate(APB), and disodium octaborate
2/8

After the natural weathering process, the color factors L*,
a*, and b* were determined. These factors are determined by
the CIEL*a*b* technique and the L* axis signify the lightness,
whereas a* and b* are the chromaticity coordinates. In this
technique, the +a* factors characterize the red color, and
-a* factors characterize the green color and the +b* factors
characterize the yellow color, whereas -b* represents the
blue color. The L* value can differ from 100 (white) to zero
(black)[22]. The colors of the specimens were measured by a
colorimeter before and after weathering. The colorimeter is
X-Rite SP Series Spectrophotometer, X-ride Pantone, MI,
USA. The determining spot was adjusted to be equivalent
Polímeros, 31(2), e2021022, 2021
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Table 1. Weather conditions of Mugla during the weathering period[19].
Months (2020)
Average temperature (°C)
Highest temperature (°C)
Lowest temperature (°C)
Humidity (%)
Average wind speed (m/sn)
Total rainfall per month (mm=kg. m-2)

September
24.93
33.30
18.43
49.56
0.97
3.50

or not more than one-third of the distance from the center
of this area to the receptor field stops.
The total color difference, (ΔE*) was determined for
each test specimen, according to ASTM standards[23]. The
color changes were calculated using Equations 2 to 5:
∆a* =
af * – ai *

(2)

∆b * =
bf * – bi *

(3)

∆L * =
Lf * – Li *

(4)

( ∆E *)

=

 ∆a * 2 +
)
(

1/2

( ∆b *)2 + ( ∆L *)2 

(5)

Where Δa*, Δb*, and ΔL* represent the changes between
the initial and final interval values. Five replicates were
made for each treatment group. Color measurements were
made in parallel to the fibers.

2.5 Water absorption test
For the water absorption test, Oriental beech wood
specimens were kept in distilled water for 1, 8, 24, 48, 72, 96,
120, 144, and, 168 hours under 20 ± 2 oC water temperature.
At the end of each soaking period, specimens were removed
from the water, dried with paper, and immediately weighed.
Thus, the amount of water absorption by each specimen was
calculated with the help of Equation 6.
WA

(

 M – M
f
0i


)

/ M 0i  × 100


(6)

Where:
WA= Water absorption (%);
Mf= Specimen weight after water absorption (g);
Moi= Oven dry weight after impregnation (g).

2.6 Combustion test
Combustion test specimens were prepared in 9x19x1016
mm dimensions, according to ASTM standards[24] principles.
The specimens continue for a total of 10 minutes in the
computer-controlled combustion testing device, with 4
minutes of flame-induced and 6 minutes of non-flame
burning for each specimen. The weight loss rate as a result
of the combustion was calculated with the help of the
following Equation 7.
=
LW

BC − AC
× 100
AC
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(7)

October
18.12
26.53
11.33
63.17
0.54
5.93

November
10.93
18.90
5.11
63.21
0.92
6.20

In here:
LW= Loss of weight (%);
BC= Specimen weight before combustion test (g);
AC= Specimen weight after combustion test (g);

2.7 Statistical evaluation
The test results were obtained as a result of the measurements
and they were analyzed with SPSS statistical software
program. Test results were uploaded to the computer and
variance analysis was performed. Duncan test was applied
at 95% statistical confidence level. The homogeneity groups
(HG) of the experimental results were used for statistical
evaluation. Different letters in HG indicate the difference
that can be considered statistically significant.

3. Results and Discussions
3.1 Color changes
Weathering is defined as the slow decomposition and
decay of materials exposed to weather factors[25]. Weathering
effects can be observed depending on the type of wood or
process. Abiotic factors affecting the original color and
natural appearance of the wood are weathering. Ultraviolet
(UV) radiation causes some changes in the wood surface. As
a result, the wood turn gray in color. The fibers of the wood
surface exposed to continuous radiation weaken due to two
reasons. One of them is the depolymerization of lignin and
the other carbohydrates in the cell wall. During the natural
weathering wood materials are exposed to sunlight and as
a result, lignin absorbs UV lights. This is the reason for the
color changes in wooden materials. The growth of fungi
may also occur on the wooden surface after weathering as
well as warping, checking, and splitting[26,27].
In order to eliminate the negative effects of outdoor
weather conditions and seasonal weather changes on
wood material; preservatives such as impregnation, paint,
and varnish applications are applied for wood surfaces.
However, the surfaces of wooden materials with top surface
treatments still deteriorate over time and the upper surface
appearance and strength cannot reach the desired level. In
wood exposed to various biological, chemical and physical
effects, it is not easy to measure the performance of surface
treatment materials in outdoor conditions.
Table 2 shows L*, a*, and b* values of un-impregnated
and non-coated (control) group, solely coated, and impregnated
and coated Oriental beech specimens and also illustrates
the values of change for all three-color parameters (ΔL*,
Δa*, and Δb*), as well as the total color changes (ΔE*)
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Table 2. Color change values of Oriental beech wood specimens before and after 3 months of natural weathering.
Chemicals
Control
LG
BX
BX+LG
BA
BA+LG
DOT
DOT+LG
APB
APB+LG

Retention
(Kg/m3)
16.32
17.06
19.85
20.16
18.96
18.61
16.53
15.88

Color values before natural
weathering

Color values after natural
weathering

Total color changes

L

a

b

𝜟L*

𝜟a*

𝜟b*

𝜟E*

72.30
61.46
62.49
57.95
66.56
60.71
67.85
54.46
63.97
54.55

9.28
8.81
10.33
8.77
11.08
8.08
9.43
6.41
9.66
7.67

20.19
22.01
19.52
15.47
21.31
20.50
19.91
15.49
18.97
15.30

-15.36
-2.22
-2.98
8.13
-3.73
3.77
-7.34
6.36
-6.13
9.81

-1.78
-0.40
-1.26
-0.64
-1.62
-0.95
-0.30
-1.43
-0.40
-0.19

5.09
4.56
6.23
9.92
4.77
2.56
5.83
8.21
7.77
8.86

16.27
5.08
6.36
12.84
6.26
8.15
9.37
10.48
7.80
13.22

Homogeneity
Groups
A
FG
FG
BC
FG
G
DE
CD
EF
B

Note: LG: Liquid glass; BX: Borax; BA: Boric acid; APB: Ammonium pentaborate; DOT: Disodium octaborate tetrahydrate.

of the Oriental beech wood specimens after 3 months of
weathering. The retention values of Oriental beech wood
specimens impregnated with borates were varied from 15.88
to 20.16 kg. m-3. Before weathering, all of the treatment
groups were shown a decrease in L* values than that of the
control group. While the L* value of the control group was
72.30, it varied from 54.46 to 67.85 for the impregnated
and LG-coated Oriental beech wood. The decrease in the
L* value of Oriental beech wood specimens showed that
the specimens became darker after the borates impregnation
and LG-coating. These results are in good agreement with
those of Ustun et al.[28], Baysal[29], and Simsek and Baysal[30]
studied the effects of some impregnation chemicals on the
color changes of wood. The experimental results showed
that borates impregnation before LG-coating caused to
decrease L* values of Oriental beech wood specimens
than that of only LG-coated Oriental beech. Moreover, L*
values of the borates impregnated Oriental beech wood
was higher than that of LG-coated Oriental beech wood.
According to the experimental results, the a* and b* values
of the control group were 9.28 and 20.19, while a* and b*
values were 8.81 and 22.01, respectively for LG-coated
Oriental beech wood. Impregnation with borates before
LG-coating caused to decrease a* and b* values of Oriental
beech before weathering. Except for borates impregnated
and LG-coated Oriental beech wood, the negative lightness
stability (ΔL*) values for other treatment groups occurred.
Therefore, the wood surface became rougher and darker after
weathering. The darkening of wood might be have been
due to the degradation of lignin and other non-cellulosic
polysaccharides[31-33].
After weathering, Δa* and Δb* values of the control
group were found to be -1.78 and 5.09, respectively. The
control group and all treatment groups gave negative Δa*
and positive Δb* values after weathering. Negative Δa* and
positive Δb* values show that wood specimens’ surfaces
maintained greenish and yellowish tones. Impregnation
with borates and LG-coating improved the color stability
of Oriental beech wood compared to the untreated (control)
group. While total color change (ΔE*) was 16.27 for the control
group, it varied from 5.08 to 13.22 for all treatment groups
after weathering. Color change values showed that the best
4/8

color stability was observed with LG-coated Oriental beech.
However, borates impregnation before LG-coating caused
to increase ΔE* of Oriental beech. There was a statistical
difference in ΔE* values between borates impregnated and
LG-coated Oriental beech and the control group (p≤0.05).

3.2 Water absorption
Water absorption (WA) levels of Oriental beech wood
impregnated with borates and coated with LG are given
in Table 3. Especially in the first 8 hours, WA values are
increasing fast and these data are consistent with the previous
scientific study[34]. While the control specimens absorbed
nearly 51.82% of its weight of water; the LG-coated wood
absorbed 14.55% water after 1 h. However, except for 1h,
WA levels of LG-coated Oriental beech wood were highly
increased other all WA periods.
The experimental results showed that the highest WA levels
were obtained for APB impregnated Oriental beech wood
for all WA periods. While the WA level of APB impregnated
Oriental beech was 63.05% after 1 h, it was 103.52% for
APB impregnated Oriental beech wood after 336 h. As a
result, APB impregnated Oriental beech received more than
half of the total water in 1 hour of the period. Except for
the 1 h WA period, WA levels of borate impregnated and
LG-coated Oriental beech was lower than that of only LGcoated Oriental beech. Baysal et al.[35] reported that WA of a
mixture of styrene and methylmetacrilate (1:1; v/v) treated
wood could be reduced as much as 8 times when compared
with untreated wood. Baysal et al.[36] investigated water
absorption levels of heaven wood treated with various boron
compounds and coated with some vinyl monomers. Boric
acid (BA), borax (BX), and a mixture of BA and BX (7:3;
weight: weight) were used as boron compounds. Methyl
methacrylate (MMA), styrene (ST), a mixture of ST and
MMA (7.3; volume: volume), and isocyanate were used as
vinyl monomers. According to the results, while the vinyl
monomers used in the study, provide a significant reduction
in the water absorption rate of the specimens; the monomer
treatment applied on boron compounds also showed a similar
effect. In our study, while LG showed a water repellent
effect only 1 h WA period, for other WA periods it showed
the same effect with borates and control group.
Polímeros, 31(2), e2021022, 2021
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51.82
14.55
48.76
15.84
30.53
15.01
63.05
16.07
53.06
16.02

Control
LG
BX
BX+LG
BA
BA+LG
APB
APB+LG
DOT
DOT+LG

AB
D
B
D
C
D
A
D
AB
D

H.G.

72.72
49.48
69.75
44.86
40.88
38.20
78.94
43.28
76.47
42.50

After 8
hours

A
BC
A
BC
C
AB
A
C
A
C

H.G.

74.20
52.24
73.30
49.34
58.75
46.54
77.53
49.46
76.50
47.10

After 24
hours
A
BC
A
BC
B
C
A
BC
A
C

H.G.
83.06
63.36
84.64
61.72
68.12
55.76
87.31
60.87
87.58
60.41

After 48
hours
A
B
A
B
B
B
A
B
A
B

H.G.
88.49
70.16
88.08
68.96
71.88
61.57
93.05
66.55
92.00
67.55

After 72
hours
A
B
A
B
B
B
A
B
A
B

H.G.
91.34
74.70
88.66
69.18
73.72
65.94
94.79
71.15
93.58
72.48

After 96
hours

Water absorption rates (%)

A
B
AB
B
B
B
A
B
A
B

H.G.

After
120
hours
95.43
79.82
93.26
75.13
75.97
70.21
98.18
73.68
96.40
78.27

Note: LG: Liquid glass; BX: Borax; BA: Boric acid; APB: Ammonium pentaborate; DOT: Disodium octaborate tetrahydrate; H.G.: Homogenity group.

After 1
hour

Chemicals

Table 3. Water absorption levels of Oriental beech wood.

A
C
AB
BC
C
C
A
C
A
C

H.G.

After
144
hours
99.64
82.53
95.71
81.55
77.12
75.85
100.48
78.61
97.93
82.10
A
BC
AB
BC
C
C
A
C
AB
C

H.G.

After
168
hours
103.05
88.51
96.75
86.13
81.47
79.46
103.57
84.63
99.42
85.42
A
ABCD
ABC
ABCD
CD
D
A
BCD
AB
ABCD

H.G.
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3.3 Combustion properties

4. Conclusions

Weight loss of Oriental beech impregnated with borates
and coated with LG after combustion test is given in Table 4.
While the lowest weight loss was obtained as 69.10% for
DOT impregnated Oriental beech wood, the highest weight
loss was measured as 83.70% for the control group. Weight
loss of LG-coated Oriental beech was lower than that of
the control group. But, there was no statistically significant
difference in weight loss between the control group and
LG-coated Oriental beech wood. Borates impregnation
significantly decreased weight loss of Oriental beech
compared to un-coated (control) group.

Some physical and combustion properties of Oriental
beech wood impregnated with borates and coated with
liquid glass were studied.

Experimental results showed that borates impregnation
before LG-coating caused lower weight loss values than
that of only LG-coated Oriental beech wood display the
protective consequence of borates in combustion. These
conclusions are consistent with the former report on the
weight losses of un-treated and boron–vinyl monomer
combination-treated wood[35]. Our results showed that
except for BX impregnated and LG-coated Oriental
beech, there were statistically significant differences in
weight loss between borates impregnated and LG-coated
Oriental beech and only LG-coated Oriental beech wood.
Yalinkilic et al.[37] investigated fire properties of borates
and some water repellent chemicals impregnated Calabrian
pine wood (Pinus brutia Ten.). They found that boron
compounds increased the fire resistance of wood. Also,
it was found that the increasing effect of water repellent
chemicals on combustion is prevented with borates to
some extent. Baysal et al.[36] investigated combustion
characteristics of heaven wood treated with various boron
compounds and some vinyl monomers. Boric acid, borax,
and a mixture of boric and borax (7:3; weight: weight)
were used as boron compounds. Methylmethacrylate,
styrene, a mixture of styrene and methylmethacrylate
(7:3; volume: volume), and isocyanate were used as vinyl
monomers. In terms of weight loss caused by combustion,
a mixture of boric acid and borax (7:3; weight: weight)
mixture gave the most favorable result with a 63% weight
loss ratio. The experimental results were compatible with
these researchers’ findings.
Table 4. Weight loss of Oriental beech wood specimens after
combustion test.
Chemicals
Control
LG
BX
BX+LG
BA
BA+LG
DOT
DOT+LG
APB
APB+LG

Mean
83.70
81.40
80.02
80.93
71.64
72.78
69.10
69.27
69.57
71.81

Weight loss (%)
Standard
Homogeneity
deviation
group
1.03
A
1.79
AB
1.03
B
3.46
AB
2.05
CD
1.31
C
1.37
D
3.74
CD
3.55
CD
2.52
CD

Note: LG: Liquid glass; BX: Borax; BA: Boric acid; APB:
Ammonium pentaborate; DOT: Disodium octaborate tetrahydrate.
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Before weathering, all of the treatment groups were
shown a decrease in L* values than that of the control
group. After 3 months of natural weathering test, negative
lightness stability (ΔL*) values were occurred on the
control specimens and on the specimens treated only LG,
BX, BA, DOT, APB. Positive lightness stability (ΔL*)
values were obtained from the specimens treated BX+LG,
BA+LG, DOT+LG, APB+LG. The color stability of LGcoated Oriental beech wood was higher than those of other
treatment groups. The liquid glass showed a water repellency
effect of only 1 h WA period. Except for 1 h WA periods,
WA levels of borates impregnated and LG-coated Oriental
beech was lower than only LG-coated Oriental beech.
Weight loss was the highest for the control group after the
combustion test. Borates impregnation before LG-coating
caused to decrease in weight loss of Oriental beech after
combustion test. Borates impregnated Oriental beech gave
the best results in terms of combustion properties.
Boron compounds have a low environmental impact
compared to other conventional impregnation materials and
cause acute toxicity in very small amounts. In addition, it
is colorless and odorless, has no corrosive properties, and
is resistant to fire. LG possesses excellent water resistance
and can be produced as a transparent or color product that is
resistant to atmospheric conditions. LG has high performance
against UV light radiation and outdoor weather conditions.
As a result; It may be beneficial to use liquid glass and
boron compounds for waterproofing the wood material
and to increase the resistance of the wood material against
UV light, radiation, and outdoor weather conditions, and
to increase its combustion performance.
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