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Article info In this study, Oriental beech (Fagus orientalis L.) wood was treated with 0.5%, 1.5% and 4.5% con-
centrations of two different dimensional stability chemicals (glyoxal and glycerol), two different 
fire-retardant salts (sodium acetate and sodium pentaborate), and their mixtures (1:1; 
weight/weight). The thermal degradation properties of wood samples treated with different types 
and concentrations of compounds were investigated using thermogravimetric analysis (TGA). 
When only glyoxal or glycerol was used, they had an adverse effect on the thermal properties of 
samples. The use of these chemicals together improved the thermal properties, due to the formation 
of longer polymer chains compared with the control group. Sodium acetate and sodium pentabo-
rate salts, both singly and in a mixture, improved the char yield. The highest char yield (72.13%) 
was obtained using sodium pentaborate at 4.5% concentration. 
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Introduction 

Wood has been utilized for construction and engi-
neering since ancient times because it is an easy-to-
process, practical, and attractive material. In addi-
tion, wooden materials are preferred for their chem-
ical and anatomical structures as well as their physi-
cal and mechanical properties [Ergün 2021]. One 
such material is Oriental beech (Fagus orientalis L.) 
wood, which offers desirable mechanical properties, 

* Corresponding author: caglar.altay@adu.edu.tr

high density, hardness, and durability. These prop-
erties ensure durability and structural stability in 
construction and engineering materials [Şimşek and 
Baysal 2015]. On the other hand, some disadvanta-
geous properties of wood, such as poor dimensional 
stability and fire resistance, limit its use as a con-
struction material [Fengel and Wegener 2011]. Nu-
merous studies have been performed over many 
years with the aim of improving the dimensional sta-
bility of wood. For example, the selection of wood 
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species suitable for the place of use, the use of certain 
types of construction, treatment with various chem-
ical substances (paraffin, polyethylene glycol, sty-
rene, methyl methacrylate, etc.), and the production 
of materials such as plywood, countertop, chip-
board, and fiberboard are linked to efforts to con-
serve dimensional stability, among other goals 
[Bozkurt and Göker 1985]. Some dimensional stabil-
ity studies have involved pretreatments with silane 
[İstek et al. 2016], ammonia [Čermák and Dejmal 
2013], glycerol [Martha et al. 2021], and glyoxal 
[Toussaint-Dauvergne et al. 2000]. 

Glyoxal is produced naturally, for example, as 
a byproduct of biological processes or the oxidation 
of lipids [Ramires et al. 2010]. It is a highly active 
molecule, being a non-formaldehyde dialdehyde 
with two aldehyde groups. When combined with the 
hydroxyl group in the wood component, it may pro-
duce a hemiacetal structure [Yan et al. 2015]. Glyc-
erol, a polar organic trihydroxy alcohol, is a signifi-
cant byproduct of biodiesel production. As the 
production of biodiesel increases, the cost of glycerol 
diminishes. Glycerol facilitates the production of 
various derivatives that can be fixed in the wood 
structure, stabilizing wood cell wall polymers as a re-
sult of interactions between impregnated polymers 
and wood hydroxyl groups [Liu et al. 2018]. 

Wood can perform essential functions in many 
industries under the right conditions of use. Moreo-
ver, fire and unfavorable usage environments can 
damage the wood material. It is therefore a very im-
portant requirement to treat wood with fire retard-
ant materials. The effective application of fire retard-
ants both protects the wood material against 
burning and prolongs its service life [Dubey et al. 
2011]. An oxygen flame source and combustible ma-
terial are required for wood to ignite. Wood is a ma-
terial that will burn when exposed to heat and air. 
The final state of wood after thermal degradation 
emerges as a result of several stages. Heat rate and 
temperature value are significant for the emergence 
of thermal decomposition products and the decom-
position process. The events that occur during the 
ignition of wood are listed as follows: 1) Wood ma-
terial exposed to heat decomposes into liquid, which 
can turn into volatile gas and undergo carboniza-
tion. Carbonization occurs below 300 °C, in contrast 
to the effluent produced above 300 °C. 2) The liquid 
substance that separates from the wood material be-
tween 400 and 500 °C can ignite when it comes into 
contact with air. Gaseous ignitions are observed as 
flames. 3) Carbonization and oxidation, which oc-
curs with air circulation, is observed at 180 °C, with 
peak points at 360 and 518 °C [White and Dieten-
berger 1999].  

Sözen et al. [2018] found that the thermal re-
sistance of four different wood species – Oriental 
beech (Fagus orientalis L.), oak (Quercus robur L.), 
Scots pine (Pinus sylvestris L.), and fir (Abies born-
mulleriana Mattf.) – was improved by impregnation 
with firetex (stone water). Kesik et al. [2015] deter-
mined that stone water led to a significant improve-
ment in the residual mass of Scots pine wood. Ayhan 
[2019] investigated the combustion properties of 
Scots pine (Pinus sylvestris L.) and Oriental beech 
(Fagus orientalis L.) wood impregnated with 10% and 
20% concentrations of the Alfa-x chemical. They 
found that in both wood species, Alfa-x led to a de-
crease in the weight loss following a combustion test. 
In another study [Ustaömer 2008] the properties of 
medium-density fiberboard (MDF) resulting from 
interaction with various flame retardant chemicals 
were investigated, considering the chemical sub-
stances and their concentrations in the adhesive, as 
well as the melamine additive ratio. TGA results indi-
cated that increases in the chemical substance density 
in the adhesive and the melamine additive ratio re-
sulted in a higher proportion of the remaining un-
decomposed portions of samples. 

In our study, test samples were prepared from 
Oriental beech wood, which is the preferred wood 
species in the furniture industry. The main aim was 
to investigate the thermal characteristics of Oriental 
beech wood treated with various concentrations of 
dimensionally stable compounds (glyoxal and glyc-
erol), as well as some fire-retardant substances (so-
dium acetate and sodium pentaborate). Our aim in 
using glycerol and glyoxal, which are chemicals that 
provide dimensional stability, was to determine 
what effects these chemicals have on the thermal 
properties of wood, in addition to providing dimen-
sional stability. Chemicals were used individually 
and in mixtures. The purpose of using mixtures is to 
enable them to compensate for each other’s weak-
nesses in terms of fire retardance. The initial maxi-
mum thermal degradation temperatures and char 
yields of treated samples were determined by ther-
mogravimetric analysis (TGA).  
 
Materials and methods  
 
1. Preparation of test samples  

 
The compounds used to provide dimensional stabil-
ity were glycerol (99.5%) and glyoxal (40 wt% in 
H2O), supplied by the chemical company Sigma Al-
drich. Sodium pentaborate was obtained from Eti 
Mine Works General Management in Turkey. So-
dium acetate (CAS-No: 127-09-3) was purchased 
from Merck Chemicals. Glycerol, another name for 
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glycerin, is a straightforward polyol substance with 
the chemical formula C3H8O3. It is a colorless, odor-
less, sweet-tasting liquid that is used in a number of 
food, personal care, and medicinal products [Fluhr et 
al. 2008]. Glyoxal is a chemically defined organic sub-
stance having the formula OCHCHO. With two alde-
hyde groups, it is the smallest dialdehyde compound. 
It is a crystalline solid that turns yellow close to its 
melting point (15 °C) and white at lower tempera-
tures. The vapor is green, while the liquid is yellow 
[Liggio et al. 2005]. 

Sodium acetate can be found as sodium ethano-
ate, as sodium acetate anhydrous (meaning that it 
does not contain water for hydration), or as a so-
dium salt of acetic acid. It has a hygroscopic char-
acter and is readily soluble in both water and alco-
hol. It is normally odorless, but when heated to the 
point of breakdown, it releases an acetic or vinegary 
scent. Its chemical formula is CH3COONa [Zhang 
et al. 2014]. 

The elemental formula of sodium pentaborate, 
also known as disodium decaborate, is NaB5O8, 
Na2B10O16, or Na2O·5B2O3. It is a salt composed of so-
dium, boron, and oxygen. It is a colorless, water-sol-
uble, crystalline solid [Mary et al. 2008].  

We acquired sapwood of Oriental beech (Fagus 
orientalis L.), free of knots, excessive cross-grain, and 
other obvious flaws, from Yücel Wood Products in 
Muğla, southwest Turkey. The test samples in our 
study were in the form of flour. This is because in the 
case of solid wood, some parts may not become im-
pregnated during the impregnation process, which 
will impair the accuracy of the results obtained in 
thermal analysis tests. To make wood flour, small 
pieces of wood were processed in a Wiley mill until 
they could pass through a 50 mesh screen. 

 
2. Impregnation method 

 
In this study, concentrations of 0.5%, 1.5% and 4.5% 
were selected as low, medium and high levels. For the 
impregnation procedure, the wood preservatives 
were made into aqueous solutions with concentra-
tions of 0.5%, 1.5%, and 4.5% using distilled water. 
Samples of Oriental beech wood flour weighing 100 g 
were dissolved in the solutions for two hours at 60 °C. 
The modified samples were then baked at 60 °C for 
a set amount of time until their weight remained con-
stant. Similar impregnation methods for wood flour 
and wood samples are described by Jiang et al. [2010] 
and Yunchu et al. [2000] in reports on TG and DTA 
experiments on wood treated with fire retardants. Af-
ter this step, the treated samples underwent two 
weeks of moisture conditioning at 20 °C and 65% rel-
ative humidity. 

3. Thermal analysis 
 

Using a thermogravimetry differential thermal (TGA/ 
DTA) analyzer from LABSYS (France), differential 
thermogravimetry (DTG) and thermogravimetry ana-
lysis (TGA) were performed under argon at a heat-
ing rate of 10 °C/min and a purge rate of 50 mL/min. 
The temperature was increased from room tempera-
ture to 600 °C. The weight loss was continuously 
measured while the sample, originally weighing 
12.78 ± 1.55 mg, was heated and pyrolyzed. Four rep-
etitions were made for each treatment group. 
 
4. Statistical analysis 
 
Statistical analysis of the impact of the chemicals on 
the wood was performed using one-way analysis of 
variance (ANOVA) in the SPSS 16 program. 

 
Results and discussion  

 
The thermal behavior of Oriental beech wood 
treated with glyoxal and glycerol for dimensional 
stability and with the fire retardants sodium acetate 
and sodium pentaborate was analyzed using TGA 
and DTG under an argon atmosphere. The TGA re-
sults were influenced by the type and concentration 
ratio of chemicals, which was expected based on the 
test results. In Table 1, letters (A, B, C, D, etc.) are 
used to indicate the grouping of samples of equiva-
lent relevance. 

Ti% was found to lie within the temperature 
range 97–447 °C. Tmax% was between 195 and 
488 °C. The highest char yield following thermal 
degradation at 600 °C (72.13%) was obtained for 
wood impregnated with sodium pentaborate at 4.5% 
concentration, and the lowest char yield (10.24%) 
was obtained with glycerol at 4.5% concentration. It 
was shown that the use of glycerol and glyoxal had 
an adverse effect on the thermal stability of the sam-
ples. An increase of free volume within the glyoxal 
enabled it to thermally degrade more fully; this may 
be led by the growth of a side chain at the C-3 and 
C-5 positions with the introduction of −CH2OH and 
−CH2CHO groups [Wang et al. 2018]. Glycerol be-
gins to evaporate at 200 °C and evaporates com-
pletely at 300 °C. Because wood has lower thermal 
stability, the use of glycerol may reduce the thermal 
degradation of wood [Erbaş Kızıltaş et al. 2016]. On 
the other hand, sodium acetate and sodium pen-
taborate salts have different physical characteristics 
and chemical compositions. These wood treat-
ments may result in various fire retardance pro-
cesses. Most typically, they either limit oxygen pen-
etration by forming a carbonaceous protective layer 
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over the burning wood, or cool the flame due to the 
release of water from the salt. Fire retardants can 
also act as flammable gas diluents or reduce pyroly-
sis temperatures to increase the amount of char pro-
duced [Vargün et al. 2019]. 

TG and DTG curves for the control group and for 
glycerol- and glyoxal-treated Oriental beech wood are 
shown in Figure 1 and Figure 2, respectively. DTG 
curves depict the rate of weight loss during thermal 
degradation. 

 
 

Table 1. Initial and maximum temperature (°C) of thermal degradation and char yield (%) after thermogravimetric analysis 

Chemicals Ti % (°C) H.G. Tmax % (°C) H.G. Char yield (%) H.G. 

Control (untreated) 274±32 D 325±42 DEF 19.63±2.3 ABC 

Glyoxal 0.5% 200±22 BC 256±33 BCD 19.05±3.4 ABC 

Glyoxal 1.5% 187±20 B 223±31 BC 13.08±2.1 AB 

Glyoxal 4.5% 182±16 B 221±27 BC 11.39±1.5 AB 

Glycerol 0.5% 97±13 A 195±29 AB 20.31±2.6 ABC 

Glycerol 1.5% 174±15 B 329±40 DEF 11.72±1.8 AB 

Glycerol 4.5% 196±23 BC 263±25 BCDE 10.24±1.1 A 

Glycerol + glyoxal 0.5% 290±35 D 354±38 F 23.36±3.0 BC 

Glycerol + glyoxal 1.5% 288±29 D 356±45 F 27.84±4.6 C 

Glycerol + glyoxal 4.5% 259±22 CD 356±36 F 27.87±3.9 C 

Sodium acetate 0.5% 286±33 D 308±29 CDEF 54.08±6.1 DE 

Sodium acetate 1.5% 283±25 D 298±34 CDEF 54.61±7.3 DE 

Sodium acetate 4.5% 276±30 D 474±53 G 61.86±6.9 EF 

Sodium pentaborate 0.5% 307±39 D 321±37 DEF 49.93±5.7 D 

Sodium pentaborate 1.5% 321±42 D 348±48 EF 67.15±7.3 F 

Sodium pentaborate 4.5% 148±18 AB 129±14 A 72.13±7.7 F 

Sodium acetate + sodium pentaborate 
0.5% 

254±28 CD 283±22 CDEF 53.43±6.7 DE 

Sodium acetate + sodium pentaborate 
1.5% 

296±45 D 297±25 CDEF 66.15±6.2 F 

Sodium acetate + sodium pentaborate 
4.5% 

447±63 E 488±41 G 71.24±8.8 F 

Homogeneity groups (H.G.): means followed by the same letters (A, B, C, D, E, F, G) in the same column are not significantly 
different (p < 0.05).  ±: standard deviation 
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Fig. 1. TGA results for Oriental beech wood treated with different concentrations of glyoxal and glycerol 

 

 

 

Fig. 2. DTG results for control and treated samples 
 

 
It was determined that the char yield of glyoxal- 

and glycerol-impregnated Oriental beech wood 
ranged between 10.24% and 20.31%. The char yield of 
the control group was 19.63%. The TG and DTG 
curves for the control group indicate an initial weight 
loss at around 100 °C due to moisture evaporation in 
the wood. Hemicelluloses and cellulose decomposed 
between 200 and 350 °C. During thermal decomposi-
tion, hemicellulose is deacetylated into acetic acid 
[Bianchi et al. 2010]. Decarboxylation, oxidation, hy-
drolysis, oxidation, and free radical generation all 
contributed to the degradation of cellulose, which 

produced volatile, combustible components. The 
thermal degradation was caused by the generation of 
hydrogen peroxide, carboxyl, and carbonyl groups by 
free radicals [Junges et al. 2019]. Even though the 
weight loss occurred across a wide temperature range, 
the lignin degradation process began at about 200 °C. 
During the gradual breakdown of lignin, tempera-
tures can reach 600 °C or higher, which is higher than 
the maximum degradation temperatures of cellulose 
and hemicellulose. The observed three-stage heat 
degradation processes were similar to those described 
in the literature [Renner et al. 2022; Li et al. 2021]. 
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For samples of Oriental beech wood impregnated 
with glyoxal and glycerol, the weight loss up to 600 °C 
was higher than with the controls. Glyoxal, composed 
of aldehyde groups, was cross-linked with wood sub-
stances, and led to higher thermal degradation [Kan 
et al. 2021]. The degradation of Oriental beech wood 
treated with glyoxal occurred in three main peaks, the 
first between 80 and 180 °C, the second between 
240 and 290 °C, and the third between 290 and 
400 °C. The first peak on the DTG curves corresponds 
to the removal of moisture and glyoxal from the Ori-
ental beech wood. Glyoxal evaporates at around 
160 °C [Alkan et al. 2022]. The second and third 
peaks were similar to those of the control group and 
corresponded to the decomposition of cellulose, hem-
icellulose, and lignin. The height of the DTG peaks 
was increased compared with the control group, 
meaning that glyoxal caused acceleration in the rate 
of weight loss during thermal degradation. TGA re-
sults showed that the glyoxal interacted with the Ori-
ental beech wood. The glyoxal-treated wood was less 
stable and exhibited earlier degradation than the con-
trol group. This phenomenon can be explained by the 
introduction of 3D cross-links upon glyoxalation, 
which are weaker and begin decomposing quickly. As 
a result, the glyoxalation of wood resulted in cross-
linking rather than glyoxal inclusion [Van Nieu-
wenhove et al. 2020]. On the other hand, glycerol may 
accelerate thermal degradation in the TGA analysis 
[Mubarok et al. 2019]. Similarly, for Oriental beech 

wood treated with glycerol, degradation of the sam-
ples occurred in three main peaks, in the temperature 
ranges 40–140 °C, 195–270 °C, and 290–375 °C. The 
second peak on the DTG curves is due to the removal 
of glycerol from the wood. Glycerol evaporates be-
tween 200 and 300 °C [Cui et al. 2017]. The height of 
the DTG peaks increased compared with the control 
group when glycerol was added, meaning that glyc-
erol caused acceleration in the rate of weight loss dur-
ing thermal degradation. It is unclear how glycerol re-
acted with the Oriental beech wood. However, one 
possibility is that it accelerated the thermal decompo-
sition of the carbohydrate components, as these poly-
mers were had a smaller quantities at the initial stage 
of TGA analysis [Liu et al. 2018]. Like those treated 
with glyoxal, the samples of Oriental beech wood 
treated with glycerol were less stable and underwent 
earlier degradation than the control samples. The in-
crease in weight loss on addition of glycerol may be 
attributed to the formation of a less stable structure in 
the wood [Choi et al. 2021]. Also, it is thought that the 
size of the organic substance-rich area changes as the 
glycerol content increases [Choi et al. 2011]. Liu et al. 
[2018] found that the char yield of poplar wood 
treated with glycerol ranged from 8.55% to 14.68%. 
This result was similar to our findings. 

TG and DTG curves for Oriental beech wood 
treated with sodium acetate and sodium pentaborate, 
compared with those of the control group, are shown 
in Figure 3 and Figure 4, respectively. 

 
 

 

Fig. 3. TGA results for Oriental beech wood treated with different concentrations of sodium acetate  
and sodium pentaborate 
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Fig. 4. DTG results for control and treated samples 
 
 
It was found that the char yield of Oriental beech 

wood impregnated with sodium acetate and sodium 
pentaborate ranged from 53.43% to 72.13%. The 
weight loss of Oriental beech wood treated with so-
dium acetate began below 100 °C, proceeded rapidly 
at 200 °C, and was complete at around 500 °C. The 
thermal stability of sodium acetate-treated Oriental 
beech wood is much higher than that of the control 
group, indicating the efficient removal of oxygen-
containing functional groups by sodium acetate 
[Zhang et al. 2014]. Agasti and Kaushik [2014] found 
that the thermal properties of nanoparticles were im-
proved with the addition of sodium acetate. The 
weight loss of Oriental beech wood treated with so-
dium pentaborate was reduced. The increased ther-
mal resistance of wood is attributed to boron com-
pounds preventing the diffusion of heat and oxygen, 
thereby effectively delaying combustion during the 
pyrolysis process. [Rallini et al. 2018]. A boron com-
pound can effectively insulate fire and oxygen, cover 
the surface of wood, and form a high-temperature 
molten B2O3 film [Wang et al. 2015]. Another reason 
is that boron compounds cause water and oxide for-
mation in the environment during thermal decompo-
sition. This endothermic reaction increases charring 
and cools the material surface [Zhang et al. 2018]. 

The thermal behavior of Oriental beech wood 
treated with sodium acetate during the TGA process 
was characterized by four peaks. The first peak repre-
sents degradation occurring between 50 and 150 °C, 
which is related to the release of crystalliferous water 
from sodium acetate. The second and third peaks cor-
respond to wood components such as cellulose, hem-
icellulose, and lignin. The fourth peak was related to 

sodium acetate, which has a defective OH grouping. 
The sodium acetate exhibits thermal degradation in 
the further heating process, with a second decompo-
sition peak at temperatures between 430 and 530 °C 
[Hou et al. 2019]. For samples of Oriental beech wood 
treated with sodium pentaborate, decomposition oc-
curred in three main peaks, within the temperature 
ranges 60–180 °C, 260–380 °C, and 395–500 °C. It is 
clear that the borate significantly improved the ther-
mal properties of the wood. The lignocellulosic de-
composition temperature ranged from 200 to 350 °C, 
this being related to cellulose and hemicellulose [Ku-
mar et al. 2019]. The height of the DTG peaks de-
creased compared with the control sample, because 
sodium pentaborate caused a decrease in the rate of 
weight loss during thermal degradation. On the other 
hand, the wood decomposed at lower temperatures, 
and the formation of a charred layer was promoted 
[Li and Xu 2006]. With an increase in the quantity of 
sodium pentaborate, which contains water of crystal-
lization, Tmax was recorded at 129 °C, because more 
water was removed from the material. TGA analysis 
showed that 31% of water was removed from sodium 
pentaborate between 100 and 200 °C. As Figure 4 
shows, treatment with sodium acetate and sodium 
pentaborate improves the properties of Oriental 
beech wood. These salts form a physical protective 
barrier due to sodium acetate losing its crystalliferous 
water [Liu et al. 2021].  

TG and DTG curves for Oriental beech wood 
treated with mixtures of glyoxal and glycerol and of 
sodium acetate and sodium pentaborate, compared 
with those of the control group, are shown in Figure 
5 and Figure 6, respectively.  
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Fig. 5. TGA results for Oriental beech wood treated with different concentrations of mixtures of glyoxal and glycerol 
and of sodium acetate and sodium pentaborate 

 
 

 

Fig. 6. DTG results for control and treated samples 
 
 

The char yield of Oriental beech wood impregnated 
with a glyoxal and glycerol mixture (1:1; w/w) 
ranged between 23.36% and 27.87%. Compared with 
the control group, the char yield increased by 8.24%. 
Although the use of glyoxal or glycerol alone had a 
negative effect on the thermal stability of Oriental 
beech wood, their use as a mixture improved the 
thermal properties. This is thought to be because 
wood reacts with glyoxal and glycerol to form long 
polymer chains [Toussaint-Dauvergne et al. 2000]. 

Schorr et al. [2018] found that the polymer chain 
length increases, and thermal properties are en-
hanced. On the other hand, the char yield of Oriental 
beech wood impregnated with a mixture of sodium 
acetate and sodium pentaborate (1:1; w/w) ranged 
from 53.43% to 71.24%. Khelfa et al. [2013] reported 
that some salts have a significant catalytic effect, and 
their presence was sufficient to cause a significant 
change in the pyrolytic behavior of biomass and cel-
lulose. 
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As the DTG curves show, the rate of burning of 
samples treated with glyoxal and glycerol was dimin-
ished. This is thought to be due to the growth of pol-
ymer chains with the addition of glyoxal and glyc-
erol together. When Oriental beech wood was 
impregnated with sodium acetate and sodium pen-
taborate, the burning rates of the samples again de-
creased. It was observed that a new significant peak 
occurred between 400 and 520 °C, due to the addi-
tion of sodium acetate. This peak corresponds to the 
condensation of defective OH groupings in the ma-
terial [Mary et al. 2008]. Vargün et al. [2019] showed 
via TGA analysis that inorganic salt mixtures im-
proved thermal properties. Higher crosslinking and 
heat stability of the char yield were achieved through 
intra- and intermolecular rearrangements [Collard 
and Blin 2014]. Due to interactions between lignin, 
cellulose, and hemicellulose-derived compounds, 
sodium acetate and sodium pentaborate salts may 
work in synergy to improve the yield of char. In ad-
dition, the salts used in this study and their combi-
nations provided fire retardancy in wood.  

 

Conclusions  
 

In this study, a TGA instrument was used to analyze 
the thermal degradation of Oriental beech wood 
treated with 0.5%, 1.5%, and 4.5% concentrations of 
glycerol, glyoxal, sodium acetate, sodium pentaborate, 
and their mixtures. When only glyoxal or glycerol was 
used, they increased the burning rate and decreased the 
char yield. On the other hand, using these chemicals 
together caused a slight improvement in the thermal 
properties compared with the control group, due to the 
formation of longer polymer chains. Sodium acetate 
and sodium pentaborate salts, both singly and in a mix-
ture, led to a decrease in the burning rate and increased 
char yield. As a result of the use of these salts, the char 
yield increased by between 30.30% and 52.50% com-
pared with the control group. The highest char yield 
was obtained from the sample impregnated with so-
dium pentaborate at 4.5% concentration. In addition, 
a new peak occurred between 400 and 520 °C in the 
samples containing sodium acetate, due to the removal 
of defective OH groupings from the wood. 

 
References 

 
Agasti N., Kaushik N.K. [2014]: One pot synthesis of crys-

talline silver nanoparticles. American Journal of Nano-
materials, 2[1]:4-7.http://pubs.sciepub.com/ajn/2/1/2.  

Alkan Ü.B., Kızılcan N., Bengü B. [2022]: Urea glyoxal and 
urea melamine glyoxal wood adhesives hardened with 
acid ionic liquid for particleboard pressing. European 
Journal of Wood and Wood Products, 80:961-973. 
https://doi.org/10.1007/s00107-022-01811-9  

Ayhan A.T. [2019]: Alfa X kimyasalı ile emprenye edilmiş ağaç 
malzemelerin bazı teknolojik özellikleri. Master Thesis, 
Kütahya Dumlupınar University, Kütahya, Turkey (in 
Turkish). https://tez.yok.gov.tr/UlusalTezMerkezi/te-
zSorguSonucYeni.jsp  

Bianchi O., Dal Castel C., de Oliveira R.V., Bertuoli P.T., 
Hillig E. [2010]: Nonisothermal degradation of wood 
using thermogravimetric measurements. Polímeros 
Ciência e Technology, 20[5]: 395-400. 
https://doi.org/10.1590/S0104-14282010005000060  

Bozkurt A.Y., Göker Y. [1985]: Yonga levha endüstrisi ders 
kitabı, İ.Ü Orman Faculty Publishing, İstanbul, Turkey 
(in Turkish).  
 https://1000kitap.com/kitap/yongalevha-endustrisi--
224348  

Čermák P., Dejmal A. [2013]: The effect of heat and ammonia 
treatment on colour response of oak wood (Quercus ro-
bur) and comparison of some physical and mechanical 
properties. Maderas Ciencia y tecnologia, 15[3]: 375-389. 
http://dx.doi.org/10.4067/S0718-221X2013005000029.  

Choi H.N., Lee T.S., Yang J.W., Lee S.G. [2011]: Charac-
teristics of Soybean Protein Resin Modified by Plasti-
cizers and Cross-Linking Agents. Journal of Adhesion 
and Interface, 12[2]: 73-80. 
 https://doi.org/10.17702/jai.2011.12.2.073.  

Collard F.X., Blin J. [2014]: A review on pyrolysis of bio-
mass constituents: Mechanisms and composition of 
the products obtained from the conversion of cellu-
lose, hemicelluloses and lignin. Renewable and Sus-
tainable Energy Reviews, 38: 594-608. 
 https://doi.org/10.1016/j.rser.2014.06.013  

Cui S., Liu Z., Li Y. [2017]: Bio-polyols synthesized from 
crude glycerol and applications on polyurethane wood 
adhesives. Industrial Crops and Products, 108: 798-
805. https://doi.org/10.1016/j.indcrop.2017.07.043  

Dubey M.K., Pang S., Walker J. [2011]: Changes in chem-
istry, color, dimensional stability and fungal resistance 
of Pinus radiata D. Don wood with oil heat-treatment. 
Holzforschung, 66(1): 49-57. 
 https://doi.org/10.1515/HF.2011.117.  

Ergün H. [2021]: Segmentation of wood cell in cross-section 
using deep convolutional neural networks. Journal of 
Intelligent & Fuzzy Systems, 41[6]: 7447-7456. 
https://doi.org/10.3233/JIFS-211386. 

Erbaş Kızıltaş E., Kızıltaş A., Nazari B., Gardner D.J., Bous-
field D.W. [2016]: Glycerine treated nanofibrillated cel-
lulose composites. Journal of Nanomaterials, Article 
ID 7851308. https://doi.org/10.1155/2016/7851308. 

http://pubs.sciepub.com/ajn/2/1/2
https://link.springer.com/journal/107
https://link.springer.com/journal/107
https://doi.org/10.1007/s00107-022-01811-9
https://tez.yok.gov.tr/UlusalTezMerkezi/tezSorguSonucYeni.jsp
https://tez.yok.gov.tr/UlusalTezMerkezi/tezSorguSonucYeni.jsp
https://doi.org/10.1590/S0104-14282010005000060
https://1000kitap.com/kitap/yongalevha-endustrisi--224348
https://1000kitap.com/kitap/yongalevha-endustrisi--224348
http://dx.doi.org/10.4067/S0718-221X2013005000029
https://doi.org/10.17702/jai.2011.12.2.073
https://doi.org/10.1016/j.rser.2014.06.013
https://doi.org/10.1016/j.indcrop.2017.07.043
https://doi.org/10.1515/HF.2011.117
https://doi.org/10.3233/JIFS-211386
https://doi.org/10.1155/2016/7851308


Ergün M.E. et al.: Thermal Analysis of Oriental Beech Treated With Some Dimensional Stability Chemicals… 
 

10 Drewno. Prace naukowe. Doniesienia. Komunikaty 67 (213) 2024 
 

Fengel D., Wegener, G. [2011]: Wood: chemistry, ultrastruc-
ture, reactions. Walter de Gruyter, Berlin and New York, 
https://books.google.com.tr/books?hl=tr&lr=&id=x1
B4uITKnt0C&oi=fnd&pg=PA1&dq=Wood:+chemist
ry,+ultrastructure,+reactions&ots=eeb-29QA-
1&sig=P8vKmcd0xco8x9LOqPsSyXGr5ng&re-
dir_esc=y#v=onepage&q=Wood%3A%20chemis-
try%2C%20ultrastructure%2C%20reactions&f=false  

Fluhr J.W., Darlenski R., Surber C. J.B.J. [2008]. Glycerol 
and the skin: holistic approach to its origin and func-
tions. British Journal of Dermatology, 159[1]: 23-34. 
https://doi.org/10.1111/j.1365-2133.2008.08643.x 

García-Armenta E., Picos-Corrales L.A., Gutiérrez-López 
G.F., Gutiérrez-Dorado R., Perales-Sánchez J.X., Gar-
cía-Pinilla S., Reynoso-García F., Martínez-Audelo 
J.M., Armenta-Manjarrez M.A. [2021]: Preparation of 
surfactant-free emulsions using amaranth starch modi-
fied by reactive extrusion. Colloids and Surfaces A: 
Physicochemical and Engineering Aspects, 608: 125550. 
https://doi.org/10.1016/j.colsurfa.2020.125550. 

Hou P., Mao J., Liu R., Chen F., Li Y., Xu C. [2019]: Im-
provement in thermodynamic characteristics of so-
dium acetate trihydrate composite phase change mate-
rial with expanded graphite. Journal of Thermal 
Analysis and Calorimetry, 137[4]: 1295-1306. 
https://doi.org/10.1007/s10973-019-08061-7.  

İstek A., Tunç H., Özlüsoylu İ. [2016]: Determination of 
some physical and mechanical properties of oriented 
strand board (OSB) produced from silane treated 
strands. Bartın Orman Fakültesi Dergisi, 18[2]: 1-8. 
https://doi.org/10.24011/barofd.237949. (In Turkish).  

Jiang J., LI J., Hu J., Fan D. [2010]: Effect of nitrogen phos-
phorus flame retardants on thermal degradation of 
wood. Construction and Building Materials, 24[12]: 
2633-2637. 
https://doi.org/10.1016/j.conbuildmat.2010.04.064.  

Junges J., Perondi D., Ferreira S.D., Dettmer A., Osório 
E., Godinho M. [2019]: Multi-technique characteriza-
tion of chromated copper arsenate-treated wooden 
utility poles from the Brazilian electricity network. Eu-
ropean Journal of Wood and Wood Products, 77[2]: 
279-291. https://doi.org/10.1007/s00107-018-1374-0  

Kan Y., Sun B., Kan H., Bai Y., Gao Z. [2021]: Preparation 
and characterization of a melamine-urea-glyoxal resin 
and its modified soybean adhesive. International Jour-
nal of Adhesion and Adhesives, 111: 102986. 
https://doi.org/10.1016/j.ijadhadh.2021.102986  

Kesik H.İ., Aydoğan H., Çağatay K., Özkan O.E., 
Maraz E. [2015]: Fire Properties of Scots Pine Im-
pregnated with Firetex. In: Proceedings of the ICOEST 
International Conference on Environmental Science 
and Technology, Sarajevo, Bosnia and Herzegovina. 

https://www.researchgate.net/publica-
tion/282650055_Fire_Properties_of_Scots_Pine_Im-
pregnated_with_Firetex  

Keskin H., Atar M., Izciler M. [2009]: Impacts of impreg-
nation chemicals on combustion properties of the lam-
inated wood materials produced combination of beech 
and poplar veneers. Construction and Building Mate-
rials, 23[2]: 634-643. 
https://doi.org/10.1016/j.conbuildmat.2008.02.006.  

Khelfa A., Bensakhria A., Weber J.V. [2013]: Investiga-
tions into the pyrolytic behaviour of birch wood and 
its main components: primary degradation mecha-
nisms, additivity and metallic salt effects. Journal of 
Analytical and Applied Pyrolysis, 101:111-121. 
https://doi.org/10.1016/j.jaap.2013.02.004.  

Kumar M., Upadhyay S.N., Mishra P.K. [2019]: A compara-
tive study of thermochemical characteristics of lignocel-
lulosic biomasses. Bioresource Technology Reports, 8: 
100186. https://doi.org/10.1016/j.biteb.2019.100186.  

Li B., Xu M. [2006]: Effect of a novel charring–foaming 
agent on flame retardancy and thermal degradation of 
intumescent flame retardant polypropylene. Polymer 
Degradation and Stability, 91[6]: 1380-1386. 

 https://doi.org/10.1016/j.polymdegradstab.2005.07.020.  
Li P., Zhang Y., Zuo Y., Wu Y., Yuan G., Lu J. [2021]: 

Comparison of silicate impregnation methods to rein-
force Chinese fir wood. Holzforschung, 75[2]: 126-
137. https://doi.org/10.1515/hf-2020-0016  

Liggio J., Li S. M., McLaren R. [2005]. Reactive uptake of 
glyoxal by particulate matter. Journal of Geophysical 
Research: Atmospheres, 110: D10304. 
https://doi.org/10.1029/2004JD005113 

Liu H., Zheng Z., Qian Z., Wang Q., Wu D., Wang X. 
[2021]: Lamellar-structured phase change composites 
based on biomass-derived carbonaceous sheets and so-
dium acetate trihydrate for high-efficient solar photo-
thermal energy harvest. Solar Energy Materials and 
Solar Cells, 229: 111140. https://doi.org/10.1016/j.sol-
mat.2021.111140  

Liu R., Morrell J.J., Yan, L. [2018]: Thermogravimetric 
analysis studies of thermally-treated glycerol impreg-
nated poplar wood. BioResources, 13[1]: 1563-1575. 
https://doi.org/10.15376/biores.13.1.1563-1575.  

Mary S.S., Kirupavathy S.S., Mythili P., Gopalakrishnan 
R. [2008]: Growth and characterization of sodium 
pentaborate [Na (H4B5O10)] single crystals. Spectro-
chimica Acta Part A: Molecular and Biomolecular 
Spectroscopy, 71[4]: 1311-1316. 
https://doi.org/10.1016/j.saa.2008.04.021. 

Martha R., Mubarok M., Batubara I., Rahayu I.S., Setiono 
L., Darmawan W., Akong F.O., George B., Gérardin 
C., Gérardin P. [2021]: Effect of glycerol-maleic anhy-
dride treatment on technological properties of short 

https://books.google.com.tr/books?hl=tr&lr=&id=x1B4uITKnt0C&oi=fnd&pg=PA1&dq=Wood:+chemistry,+ultrastructure,+reactions&ots=eeb-29QA-1&sig=P8vKmcd0xco8x9LOqPsSyXGr5ng&redir_esc=y#v=onepage&q=Wood%3A%20chemistry%2C%20ultrastructure%2C%20reactions&f=false
https://books.google.com.tr/books?hl=tr&lr=&id=x1B4uITKnt0C&oi=fnd&pg=PA1&dq=Wood:+chemistry,+ultrastructure,+reactions&ots=eeb-29QA-1&sig=P8vKmcd0xco8x9LOqPsSyXGr5ng&redir_esc=y#v=onepage&q=Wood%3A%20chemistry%2C%20ultrastructure%2C%20reactions&f=false
https://books.google.com.tr/books?hl=tr&lr=&id=x1B4uITKnt0C&oi=fnd&pg=PA1&dq=Wood:+chemistry,+ultrastructure,+reactions&ots=eeb-29QA-1&sig=P8vKmcd0xco8x9LOqPsSyXGr5ng&redir_esc=y#v=onepage&q=Wood%3A%20chemistry%2C%20ultrastructure%2C%20reactions&f=false
https://books.google.com.tr/books?hl=tr&lr=&id=x1B4uITKnt0C&oi=fnd&pg=PA1&dq=Wood:+chemistry,+ultrastructure,+reactions&ots=eeb-29QA-1&sig=P8vKmcd0xco8x9LOqPsSyXGr5ng&redir_esc=y#v=onepage&q=Wood%3A%20chemistry%2C%20ultrastructure%2C%20reactions&f=false
https://books.google.com.tr/books?hl=tr&lr=&id=x1B4uITKnt0C&oi=fnd&pg=PA1&dq=Wood:+chemistry,+ultrastructure,+reactions&ots=eeb-29QA-1&sig=P8vKmcd0xco8x9LOqPsSyXGr5ng&redir_esc=y#v=onepage&q=Wood%3A%20chemistry%2C%20ultrastructure%2C%20reactions&f=false
https://books.google.com.tr/books?hl=tr&lr=&id=x1B4uITKnt0C&oi=fnd&pg=PA1&dq=Wood:+chemistry,+ultrastructure,+reactions&ots=eeb-29QA-1&sig=P8vKmcd0xco8x9LOqPsSyXGr5ng&redir_esc=y#v=onepage&q=Wood%3A%20chemistry%2C%20ultrastructure%2C%20reactions&f=false
https://doi.org/10.1111/j.1365-2133.2008.08643.x
https://www.sciencedirect.com/science/article/pii/S0927775720311432#!
https://www.sciencedirect.com/science/article/pii/S0927775720311432#!
https://doi.org/10.1016/j.colsurfa.2020.125550
https://doi.org/10.1007/s10973-019-08061-7
http://dx.doi.org/10.24011/barofd.237949
https://doi.org/10.1016/j.conbuildmat.2010.04.064
https://doi.org/10.1007/s00107-018-1374-0
https://doi.org/10.1016/j.ijadhadh.2021.102986
https://www.researchgate.net/publication/282650055_Fire_Properties_of_Scots_Pine_Impregnated_with_Firetex
https://www.researchgate.net/publication/282650055_Fire_Properties_of_Scots_Pine_Impregnated_with_Firetex
https://www.researchgate.net/publication/282650055_Fire_Properties_of_Scots_Pine_Impregnated_with_Firetex
https://doi.org/10.1016/j.conbuildmat.2008.02.006
https://doi.org/10.1016/j.jaap.2013.02.004
https://doi.org/10.1016/j.biteb.2019.100186
https://doi.org/10.1016/j.polymdegradstab.2005.07.020
https://doi.org/10.1515/hf-2020-0016
https://doi.org/10.1029/2004JD005113
https://doi.org/10.1016/j.solmat.2021.111140
https://doi.org/10.1016/j.solmat.2021.111140
https://doi.org/10.1016/j.saa.2008.04.021


Ergün M.E. et al.: Thermal Analysis of Oriental Beech Treated With Some Dimensional Stability Chemicals… 
 

Drewno. Prace naukowe. Doniesienia. Komunikaty 67 (213) 2024 11 
 

rotation teak wood. Wood Science and Technol-
ogy, 55[6]: 1795-1819. 
https://doi.org/10.1007/s00226-021-01340-3.  

Mubarok M., Dumarcay S., Militz H., Candelier K., 
Thevenon M.F., Gérardin P. [2019]: Comparison of 
different treatments based on glycerol or polyglycerol 
additives to improve properties of thermally modified 
wood. European Journal of Wood and Wood Prod-
ucts, 77[5]: 799-810. https://doi.org/10.1007/s00107-
019-01429-4.  

Nakano T. [1993]: Reaction of glyoxal and glyoxal/glycol with 
wood. Wood Science and Technology, 28[1]: 23-33. 
https://link.springer.com/con-
tent/pdf/10.1007/BF00193873.pdf. 

Rallini M., Puri I., Torre L., Natali M. [2018]: Boron based 
fillers as char enhancers of EPDM based heat shielding 
materials for SRMs: A comparative analysis. Compo-
site Structures, 198: 73-83. 
https://doi.org/10.1016/j.compstruct.2018.03.102.  

Ramires E.C., Megiatto Jr J.D., Gardrat C., Castellan A., 
Frollini E. [2010]: Biobased composites from glyoxal–
phenolic resins and sisal fibers. Bioresource Technol-
ogy, 101[6]: 1998-2006. 
https://doi.org/10.1016/j.biortech.2009.10.005.  

Renner J.S., Mensah R.A., Jiang L., Xu Q. [2022]: A critical 
assessment of the fire properties of different wood spe-
cies and bark from small-and bench-scale fire experi-
ments. Journal of Thermal Analysis and Calorime-
try, 1-12. https://doi.org/10.1007/s10973-022-11443-z. 

Sözen E., Aydemir D., Gündüz G. [2018]: Taş suyu (Fire-
tex) ile emprenye edilmiş bazı ağaç türlerinin termal 
(TGA) özelliklerinin belirlenmesi. In Proceedings of 
the 6th ASM International Congress of Agriculture and 
Environment, Antalya, Turkey. https://www.kongreu-
zmani.com/6-asm-international-congress-of-agricul-
ture-and-environment-icae-2018.html  

Şimşek, H., Baysal, E. [2015]: Some physical and mechani-
cal properties of borate-treated oriental beech wood. 
Drvna industrija, 66 [2]: 97-103. 
https://doi.org/10.5552/drind.2015.1356 

Schorr D., Blanchet P., Essoua Essoua G.G. [2018]: Glyc-
erol and citric acid treatment of lodgepole pine. Jour-
nal of Wood Chemistry and Technology, 38[2]: 123-
136. https://doi.org/10.1080/02773813.2017.1388822. 

Toussaint-Dauvergne E., Soulounganga P., Gerardin P., 
Loubinoux B. [2000]: Glycerol/glyoxal: a new boron 
fixation system for wood preservation and dimen-
sional stabilization. Holzforschung, 54 [2]: 123-126. 
https://doi.org/10.1515/HF.2000.021.  

Ustaömer D. [2008]: Çeşitli yanmayı geciktirici kimyasal 
maddelerle muamele edilerek üretilmiş orta yoğunluk-
taki liflevhaların (MDF) özelliklerindeki değişimlerin 
belirlenmesi. PhD Thesis, Karadeniz Technical Univer-
sity, Trabzon, Turkey (in Turkish). 
https://tez.yok.gov.tr/UlusalTezMerkezi/tezSorguSo-
nucYeni.jsp  

White R.H., Dietenberger M.A. [1999]: Fire safety. Wood 
handbook: wood as an engineering material. Forest 
Products Laboratory, USA. https://www.pre-
cisebits.com/PDF/fpl_gtr190.pdf  

Wang J., Zhou Q., Song D., Qi B., Zhang Y., Shao Y., Shao 
Z. [2015]: Chitosan–silica composite aerogels: prepa-
ration, characterization and Congo red adsorption. 
Journal of Sol-Gel Science and Technology, 76(3): 501-
509. https://doi.org/10.1007/s10971-015-3800-7. 

Wang S., Yu Y., Di M. [2018]: Green modification of corn 
stalk lignin and preparation of environmentally 
friendly lignin-based wood adhesive. Polymers, 10[6]: 
631-643. https://doi.org/10.3390/polym10060631.  

Van Nieuwenhove I., Renders T., Lauwaert J., De Roo T., 
De Clercq J., Verberckmoes A. [2020]: Biobased res-
ins using lignin and glyoxal. ACS Sustainable Chemis-
try & Engineering, 8[51]: 18789-18809. 
https://doi.org/10.1021/acssuschemeng.0c07227 

Vargün E., Baysal E., Türkoğlu T., Yüksel M., Toker H. 
[2019]: Thermal degradation of oriental beech wood 
impregnated with different inorganic salts. Maderas. 
Ciencia y technology, 21[2]: 163-170. 
http://dx.doi.org/10.4067/S0718-
221X2019005000204. 

Yan Y., Dong Y., Li C., Chen H., Zhang S., Li J. [2015]: 
Optimization of reaction parameters and characteriza-
tion of glyoxal-treated poplar sapwood. Wood Sci and 
Tech 49[2]: 241-256. https://doi.org/10.1007/s00226-
014-0674-8   

Yunchu H., Peijang Z., Songsheng Q. [2000]: TG-DTA 
studies on wood treated with flame-retardants. Holz 
als Roh-und Werkstoff, 58[1]: 35-38.  
https://doi.org/10.1007/s001070050382  

Zhang M., Wu W., He S., Wang X., Jiao Y., Qu H., Xu J. 
[2018]: Synergistic flame retardant effects of activated 
carbon and molybdenum oxide in poly (vinyl chlo-
ride). Polymer International, 67[4]: 445-452. 
https://doi.org/10.1002/pi.5526. 

Zhang X., Li K., Li H., Lu J., Fu Q., Chu Y. [2014]: Gra-
phene nanosheets synthesis via chemical reduction of 
graphene oxide using sodium acetate trihydrate solu-
tion. Synthetic Metals, 193: 132-138. 
https://doi.org/10.1016/j.synthmet.2014.04.007  

 
 

https://doi.org/10.1007/s00226-021-01340-3
https://doi.org/10.1007/s00107-019-01429-4
https://doi.org/10.1007/s00107-019-01429-4
https://link.springer.com/content/pdf/10.1007/BF00193873.pdf
https://link.springer.com/content/pdf/10.1007/BF00193873.pdf
https://doi.org/10.1016/j.compstruct.2018.03.102
https://doi.org/10.1016/j.biortech.2009.10.005
https://doi.org/10.1007/s10973-022-11443-z
https://www.kongreuzmani.com/6-asm-international-congress-of-agriculture-and-environment-icae-2018.html
https://www.kongreuzmani.com/6-asm-international-congress-of-agriculture-and-environment-icae-2018.html
https://www.kongreuzmani.com/6-asm-international-congress-of-agriculture-and-environment-icae-2018.html
https://doi.org/10.5552/drind.2015.1356
https://doi.org/10.1080/02773813.2017.1388822
https://doi.org/10.1515/HF.2000.021
https://tez.yok.gov.tr/UlusalTezMerkezi/tezSorguSonucYeni.jsp
https://tez.yok.gov.tr/UlusalTezMerkezi/tezSorguSonucYeni.jsp
https://www.precisebits.com/PDF/fpl_gtr190.pdf
https://www.precisebits.com/PDF/fpl_gtr190.pdf
https://doi.org/10.1007/s10971-015-3800-7
https://doi.org/10.3390/polym10060631
https://doi.org/10.1021/acssuschemeng.0c07227
http://dx.doi.org/10.4067/S0718-221X2019005000204
http://dx.doi.org/10.4067/S0718-221X2019005000204
https://doi.org/10.1007/s00226-014-0674-8
https://doi.org/10.1007/s00226-014-0674-8
https://doi.org/10.1007/s001070050382
https://doi.org/10.1002/pi.5526
https://doi.org/10.1016/j.synthmet.2014.04.007

	Wood nowy A-467

