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ABSTRACT • In this study, poplar and black pine wood was exposed to short thermal treatments, aiming to im-
prove some crucial properties. Using wet chemical analyses and Fourier-transform infrared spectroscopy (FT-IR), 
the influence of these treatments on the chemical composition of the modified species was investigated, as well as 
on the wood structure, using scanning electron microscopy. With the increase of heat treatment intensity, a mass 
loss of both species was recorded, attributed to the moisture loss and degradation of volatile compounds, as well as 
thermally less stable components. In the first treatment stages, the extractives presented a decrease, whereas with 
the duration and temperature increase, new extractives were formed. Lignin increased its network through ramifi-
cation, especially at 200 ºC, while holocellulose was found lower in all modified wood categories of both species 
than in unmodified wood due to the intense decomposition of hemicelluloses. The findings of FT-IR analyses were 
in line with the chemical analysis results. The thermal modification process made wood materials more hydro-
phobic and dimensionally stable, providing protection against decomposing factors. At the same time, they were 
not intensively thermo-degraded, which increased their utilization perspectives and application range as solid 
wood of enhanced properties, or as wood particles/fibers participating as raw materials in wood-based composite 
products, wood-polymers composites etc., enhancing their materials compatibility, properties and performance.
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SAŽETAK • U radu se opisuje istraživanje izlaganja drva topole i crnog bora kratkotrajnim toplinskim tretm-
anima radi poboljšanja nekih njihovih ključnih svojstava. Utjecaj tih postupaka na kemijski sastav modificiranih 
vrsta drva istražen je primjenom mokre kemijske analize i Fourierove transformirane infracrvene spektroskopije 
(FT-IR), a utjecaj na strukturu drva određen je uz pomoć pretražnoga elektronskog mikroskopa. Povećanjem in-
tenziteta toplinskog tretmana zabilježen je gubitak mase obiju vrsta drva koji je pripisan gubitku vode te razgrad-
nji hlapljivih i toplinski nestabilnih spojeva. U prvim fazama tretmana smanjio se udio ekstraktiva, dok su se s 
produljenjem tretmana i povećanjem temperature stvarali novi ekstraktivi. Lignin je povećao svoju umreženost 
razgranjivanjem, posebno na 200 °C, dok je udio holoceluloze bio manji u modificiranome nego u nemodifici-
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2018), and especially if they are volatile, it is difficult 
to evaluate them quantitatively and qualitatively 
(Gündüz and Aydemir, 2009; Hill, 2006; Peters et al., 
2008). Recently, Ozcifci et al. (2018) focused on the 
investigation of the effects of catalysts (NaOH, KOH 
solutions) on the strength loss, mass loss and chemical 
structure of heat–treated wood, revealing that potassi-
um hydroxide (KOH) can decrease the degree of 
strength loss and mass loss of heat-treated wood by re-
ducing the release of acid that leads to thermo-degrada-
tion during heat treatment.

During thermal modification, the degree of cel-
lulose polymerization is significantly reduced by in-
creasing the temperature, causing an accelerated degra-
dation. Amorphous or less crystalline cellulose is 
gradually degraded (Wang et al., 2018). The first de-
rivative of the cellulose decomposition during thermal 
treatment is levoglucosan and also anhydroglucose, 
furan, furan derivatives, etc., and they have low hygro-
scopicity (Yildiz et al., 2006; Rowell et al., 2009; Ates 
et al., 2010; Tumen et al., 2010; Kamperidou, 2019). 
Hemicelluloses consist of the most unstable polymeric 
wood components and produce furfuryl polymers, 
which are less hygroscopic, as well as methanol, acetic 
acid and aldehydes and various other volatile heterocy-
clic components (furans, γ-valerolactone, etc.) and low 
molecular weight extractable compounds (Diouf et al., 
2011), which tend to act as catalysts of the polysaccha-
ride depolymerization (Tjeerdsma and Militz, 2005; 
Kamperidou and Barboutis, 2018). As the treatment 
intensity increases, carbonyl groups are produced due 
to the esterification occurring in wood when the acids 
react with hydroxyls (Tjeerdsma and Militz, 2005; Es-
teves and Pereira, 2008; Rowell et al., 2009). As hemi-
celluloses degrade, the wood becomes brittle and rigid 
(Kamperidou and Barboutis, 2017). The hemicellulos-
es of softwoods (hexoses) are less unstable than those 
of hardwoods (pentoses), because of the different com-
position (Esteves et al., 2007; Ahajji et al., 2009). Also, 
the hardwoods have a higher proportion of hemicellu-
loses (xylose) than softwoods (mannose and galac-
tose), and hardwood hemicelluloses carry higher per-
centages of acetylenes than softwoods (Wikberg and 
Maunu, 2004; Hill, 2006; Ates et al., 2010). The de-
composition is more pronounced in the early stages of 
thermal treatment (Mburu et al., 2007). 

Lignin proves to be the most stable component of 
wood and as the intensity of treatment increases, lignin 
increases in the mass of wood, trapping some by-prod-
ucts of hemicelluloses decomposition and, as it be-
comes stronger, its phenolic groups increase as well 
(Tjeerdsma and Militz, 2005; Gonzalez-Pena et al., 

ranom drvu, i to zbog intenzivnog razlaganja hemiceluloze. Rezultati FT-IR analize u skladu su s rezultatima 
kemijske analize. Postupkom toplinske modifikacije drvo je postalo hidrofobnije, dimenzijski stabilnije i zaštićeno 
od čimbenika razgradnje, ali istodobno nije odviše toplinski razgrađeno, čime su se povećale mogućnosti njegove 
uporabe i proširila područja primjene kao masivnog drva poboljšanih svojstava ili kao sirovine za kompozitne 
materijale koja pridonosi njihovoj boljoj kompatibilnosti, svojstvima i performansama.

Ključne riječi: celuloza; kemijski sastav; FT-IR; lignin; toplinski tretman; drvo

1 	INTRODUCTION
1. 	UVOD

When heating wood, during the heat modification 
process, in an attempt to improve some of its draw-
backs, bound water is lost and some of the extracts 
evaporate (flammable volatiles), some decompose, 
some new ones are produced and some may be left in-
tact (Wang et al., 2018; Esteves and Pereira, 2008). 
The first to be lost during treatment are the volatile ex-
tracts, such as volatile terpenes, fouraniokarvoxylalde-
hyde, acetic acid, 2-propane, hydrocarbons, fatty acids, 
steroids, lactones and other derivatives from the ther-
mal degradation of the wood components (Kocaefe et 
al., 2008), while at the same time, anhydrous and phe-
nolic components appear in the wood mass (Esteves 
and Pereira, 2008). Resin acids, fats and waxes tend to 
move to the surface of the wood as the temperature ap-
proaches 200 ºC and almost disappear with further in-
crease. When the volatile extracts are removed, the pH 
of wood decreases (Gündüz and Aydemir, 2009).

The degree and order of degradation of cell wall 
components is a matter of many parameters, mainly 
depending on the species, heating temperature, cham-
ber atmosphere, moisture content, etc. Upon thermal 
modification, a series of chemical reactions takes place 
simultaneously, combining endothermic and exother-
mic reactions, making the determination of the starting 
temperatures for the different reactions almost impos-
sible. Reaction analysis becomes furthermore compli-
cated by the interactions between the different compo-
nents and between the components and the chamber 
atmosphere (Hill, 2006; Johansson, 2008).

Thermal modification in the early stages may al-
ter the amount of volatile extracts. In hardwoods, 
mainly aldehydes (pentanal, hexanal, furfural), carbox-
ylic acids (acetic acid), esters, ketones, aliphatic and 
aromatic hydrocarbons are recorded, while in softwood 
species mainly mono-, mix, diterpenes (Peters et al., 
2008). The change in the extracts, in terms of acidity, 
reactivity and hydrophobicity, also affects the behavior 
of wood in welding, dyeing and other processes (Diouf 
et al., 2011). Extracts that are usually of low pH also 
affect the pH of wood, which usually demonstrates a 
further decrease during treatment due to the production 
of various organic acids such as low molecular weight 
acetic, formic, galacturonic acid derived from hydroly-
sis and depolymerization carried out on wood (Yao et 
al., 2010). The acids produced during treatment pro-
mote further the decomposition of wood components 
and are responsible for the loss of mass and the de-
crease in mechanical strength of wood (Wang et al., 
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posure to environments of high humidity. The changes 
in chemical composition between the modified and 
unmodified wood materials are investigated using a 
combination of the conventional method of wet chemi-
cal analyses and Fourier-transform infrared spectros-
copy (FT-IR analyses) method, while an attempt to re-
cord changes in the structure of the modified species is 
implemented using stereoscope and scanning electron 
microscopy (SEM), in order to elucidate the response 
of the specific wood species mass to thermal treat-
ments, aiming to improve the utilization potential of 
these wood species in a wider range of applications.

2 	MATERIALS AND METHODS
2. 	MATERIJALI I METODE

2.1 	 Specimens preparation
2.1. 	Priprema uzoraka

Boards of poplar (Populus sp.) and black pine 
(Pinus nigra L.) species of Greek origin (poplar wood 
was obtained from the Drama region in North Greece 
and black pine from the Kalampaka region in the cen-
tral part of Greece) were placed in a conditioned room 
at a temperature of (20 ± 2) ºC and (60 ±) 5% relative 
humidity for about 8 months and left there to attain the 
equilibrium moisture content (EMC) of 10.50 % for 
poplar and 11.44 % for pine wood (ISO 13061-1). The 
mean density (mass/volume, measured in the above 
mentioned moisture contents) of poplar was 0.385 g/
cm3 and of pine 0.662 g/cm3 (ISO 13061-2). The di-
mensions of the boards of both species prior to the 
treatments were 35 mm × 70 mm × 400 mm (with the 
last to be parallel to grain); they consisted mainly of 
the part of sapwood, and the sampling method was 
based on the methodology of ISO 3129.

2.2 	 Thermal treatments
2.2. 	Toplinski tretmani

The treatment of the boards was carried out in a 
laboratory drying chamber (800 mm × 500 mm × 600 
mm) at 180 ºC and 200 ºC under atmospheric pressure 
in the presence of air. The moisture content of the 
boards was 10.5 % and 11.44 % for poplar and black 
pine, respectively, when placed in the chamber (10 
boards/treatment, chamber preheated to the final tem-
perature). The treatment durations were of 3, 5 and 7 
hours, counting 15 minutes more for the chamber re-
heating after the insertion of the samples. In this study, 
thermal treatments of such short durations are exam-
ined for the first time on the studied wood species, ac-
cording to the literature. They were chosen to keep cost 
and energy consumption of the treatments at a low 
level, in order to be easily applied by small industries, 
using the simple equipment of the drying chamber. 
Furthermore, the specific durations were selected as 
they differentiate from the existing literature of thermal 
treatment processes, thus providing new data.

After thermal treatment, the boards were placed 
in large desiccators over silica gel to return gradually 
to ambient conditions. Only defect-free material was 
selected for testing. 

2009; Diouf et al., 2011). Temperatures below 160 ºC 
do not cause any changes to lignin, whereas at 170 ºC 
- 190 ºC the glass transition temperature point appears, 
where the wood becomes plasticized and easier to be 
processed. Lignin plasticizing, as well as internal fric-
tion, makes the wood break into smaller loads than the 
unmodified one (especially impact bending strength) 
(Kol, 2010). The breakdown of lignin macromolecule 
starts at temperatures above 270 ºC, where the gradual 
cleavage of C-C bonds of lignin begins (Mazela et al., 
2004). At temperatures below 190 ºC, there may be a 
slight degradation of lignin, generating different phe-
nolic degradation derivatives. At about 220 ºC, lignin 
begins to degrade, with the presence of phenolic com-
pounds (vanillin, coniferaldehyde, syringyl aldehyde), 
where v-aryl ether linkages begin to degrade (Yildiz 
and Gumuskaya, 2007). Thermal modification results 
in changes in aromatic structures and cleaves aryl-
ether bonds between lignin-phenylpropane units (Wik-
berg and Maunu, 2004). As the intensity of the modifi-
cation increases, both the secondary bonds (H and Van 
der Waals) and natural bonds in the hemicellulose pol-
ymer between hemicellulose-cellulose, and covalent 
bonds between hemicellulose-lignin and new cross-
links appear between lignin molecules and other com-
ponents, and they do not allow water to penetrate easily 
in wood, as the H bonds (Tumen et al., 2010; Diouf et 
al. 2011). Softwoods lignin seems to be more stable to 
thermal degradation than lignin of hardwoods. Recent-
ly, Gonultas and Candan (2018) determined the influ-
ences of the press temperature and the press pressure 
parameters on the chemical components of the euca-
lyptus wood. They concluded that the holocellulose 
and extractives were more affected by heat, with hot 
water, 1% NaOH and EtOH-cyclohexane. According 
to them, methanol-water solubility of thermally treated 
wood increased, because of the new substances mainly 
produced from degradation of the hemicellulose and 
lignin, while the Klason lignin recorded a significant 
increase at 180 ºC treatments and a decrease of holo-
cellulose, with a small decrease of α-cellulose.

Although, many studies have been carried out 
dealing with the resulting changes in wood during heat 
modification, their findings often seem to be contradic-
tory, since the application of treatments under various 
different conditions, on different wood species and ap-
plying different characterization methods, do not pro-
vide a clear picture of the changes that occur in the 
wood mass during the application of high tempera-
tures, while a lack of information in literature has been 
identified as regards the short duration thermal treat-
ments. 

Therefore, in the current work, low cost and en-
ergy consumption thermal treatments are selected to be 
applied (examining two temperature levels and 3 treat-
ment durations, shorter than that typically applied in 
industrial heat treatments) to the widely available and 
commercially significant wood species of poplar and 
black pine, especially for Greece and the whole Eu-
rope, whose properties are in imperative need of en-
hancement and protection especially prior to their ex-
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through the production of extract-free wood, according 
to ASTM D1105-96. A least five wood powder samples 
were used for each type of material and the mean val-
ues were calculated.

Holocellulose (cellulose and hemicelluloses) 
content was quantified by removing lignin from wood 
powder, which was already free of extracts. Dry wood 
(atro), free of extracts, with dimensions between 180 
and 250 μm was used. 10 ml of the chlorine solution of 
NaClO2 (25 %) was applied to 1 g atro wood powder in 
a water bath set at 70 ºC for 5 hours, making lignin 
oxidized and cleaved into soluble derivatives, which 
were removed by extraction, whereby the holocellu-
lose remained as a residue. At the end of this process, 
the sample was rinsed with cold water until Cl2 was 
completely removed and placed in a drying chamber. 
The dry sample was placed in a desiccator and then 
weighed, and the holocellulose (atro) was quantified as 
a percentage value of the initial mass of the extracts-
free powder sample. For each holocellulose sample 
obtained after rinsing, the process was repeated till 
constant mass was achieved. A least two replicates 
were used for each type of material and the mean val-
ues were calculated.

The quantitative determination of lignin was 
based on the hydrolytic cleavage of polysaccharides 
with inorganic acids (H2SO4 in concentration of 72 %), 
which resulted in the depolymerization and removal of 
their soluble derivatives, while lignin remained insolu-
ble. The residue is called Klason lignin and is deter-
mined as a percentage of the absolute dry mass of the 
wood used, according to ASTM D1106-96, in dry and 
free of extracts wood (extraction with 95 % ethyl alco-
hol, extraction with alcohol-toluene mixture 1: 2 v/v 
and extraction with hot water at 100 ºC). At least two 
replicates were used for each type of material and the 
mean values were calculated.

2.5 	 Microscopic observation of cell structure
2.5. 	Mikroskopsko promatranje stanične strukture

The wood anatomy was examined using a SEM, 
Scanning Electron Microscope S-3400N (Hitachi, Ja-
pan), as well as an electronic stereomicroscope, Nikon 
SMZ800 (Nikon Instruments Inc., Japan), in which 
X16 analysis was selected.

2.6 	 Statistical analysis
2.6. 	Statistička analiza

SPSS Statistics PASW 18 statistical package was 
used for the statistical analysis and appliance of one-
way analysis of variance (ANOVA) of the recorded 
values (p ≤ 0.05) for the evaluation of the importance 
of differences between the experimental groups. 

3 	RESULTS AND DISCUSSION
3. 	REZULTATI I RASPRAVA
3.1 	 FT-IR analysis
3.1. 	FT-IR analiza

As evidenced by the images of thermally modi-
fied and unmodified poplar and black pine wood pow-
der obtained by infrared IR spectroscopy, there are no 

The mass loss (ML) of the specimens induced by 
the process of thermal treatment (thermo-degradation) 
was determined by the oven drying method (e.g. Wang 
et al., 2018) according to the following Eq. 1:

	 	 (1)

Where:
ML – Mass loss, %
M0 – �Initial oven-dry mass of the specimen be-

fore thermal treatment, g
M1 – �Oven-dry mass of the same specimen after 

thermal treatment, g
Thermal treatment of poplar wood under the 

above mentioned conditions induced mass losses in the 
range of 11.24 % – 18.88 %, of which 10.50 % corre-
sponds to moisture, generated by the drying and ther-
mo-degradation process, whereas thermally-treated 
black pine wood recorded a little lower mass losses of 
10.63 % – 15.25 %, of which the 11.44 % refers to 
moisture content loss. Additionally, the wood of black 
pine contains a significant amount of resin, and the 
mass loss could also be partly attributed to the evapora-
tion of the resin during the thermal treatment, as well 
as other volatile compounds and unstable components 
(Kamperidou, 2019).

2.3 	 Infrared spectroscopy (FT-IR)
2.3. 	Infracrvena spektroskopija (FT-IR)

Wood powder samples were prepared from all 
categories of modified and unmodified poplar and 
black pine, using a rotating-blade “Willey” mill 
(Thomas Scientific, Swedesboro, USA). The samples 
were obtained through sieving twice to achieve the ap-
propriate dimensions (fraction between grid apertures 
of 40-60 mesh). 

For the preparation of the samples, KBr was 
mixed with wood powder in the ratio of 1/200 mg and 
each sample was ball milled for 20 sec to a very fine 
powder (Mikro Dismembrator, Sartotius). Then, it was 
placed in a standardized pellet press having a die suit-
able to form a pellet of 13 mm diameter, applying force 
of about 10 t through vacuum conditions (75 kN cm-2 
for 3 min/sample). A non-finite ATI Mattson-type 
(Mattson ATI Genesis, Illinois, USA) spectrophotom-
eter was used with spectra in the range of 500 cm-1 - 
4000 cm-1 and 64 scans.

2.4 	 Chemical analyses
2.4. 	Kemijska analiza

Wood powder used in the chemical analyses was 
produced using the above mentioned “Willey” mill 
equipped with a 40 mesh sieve. The wood powder was 
sieved keeping the fraction (0.18 mm - 0.25 mm). Sox-
hlet type extractors were used to carry out the extractions. 
The distilled water used was produced with a GFL 2001/2 
distillation apparatus (GFL, Burgwedel, Germany).

Determination of solubility in a mixture of etha-
nol-toluene was performed on the basis of ASTM 
D1107-96 using a Soxhlet apparatus. The determina-
tion of the total amount of the extracts, soluble in etha-
nol-toluene mixture, was implemented indirectly 
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particular differences in anatomy, chemical bonds and 
the structure between the treated and untreated poplar 
(Figure 1, 2) and pine (Figure 4), nor between the two 
species. In the spectra of poplar and pine controls, the 
spectral line and peaks are quite common, revealing 
that the types of wood bonds are similar between spe-
cies and that wood carries the same functional groups, 
which cause different kinds of vibrations when the 
light bundle falls onto the sample.

The evaluation of spectra, in order to draw con-
clusions, was conducted using identification tables of 
the different bands corresponding to different charac-
teristics of wood groups (Table 1), such as for example 

hydroxyl groups, carbon chains, carbonyls, double 
bonds and absorbed water, aromatic rings, etc. 

Although the table is quite analytical, the differ-
ences between spectra of modified and unmodified 
wood are difficult to be identified, and even more com-
plicated to be evaluated, since in wood mass a large 
number of reactions occur at the same time. Frequently, 
the creation of solution and bonds take place simultane-
ously, and consequently the reactions cannot be distin-
guished due to the complexity of the characteristics of 
the wood during its thermal treatment. A typical exam-
ple of this is the increase in carbonyls (C=O) of hemicel-
luloses in the spectrum band of 1700 cm-1 - 1730 cm-1 

Table 1 Match of wood functional groups to IR bands of spectra (Bodirlau and Teaca, 2009; Esteves et al., 2013)
Tablica 1. Povezanost funkcionalnih skupina drva s vrpcama na IR spektru (Bodirlau and Teaca, 2009.; Esteves et al., 2013.)

Spectrum band position, cm-1

Pozicija vrpce na spektru, cm-1
Active wood mass group

Aktivna grupa u drvu
Type of vibration

Vrsta vibracije
3450 - 3400 O-H of alcohols, phenols and acids O-H stretching
2970 - 2850 CH2, CH- and CH3 C-H stretching

1750 - 1720 C=O of esters, ketones, aldehydes 
and acids C=O stretching, non-conjugated

1700 - 1550 Conjugated C=O and C=C Conjugated C=O stretching, C=C stretching
1640 - 1618 C=C alkene C=C stretching
1600 - 1504 Aromatic ring C=C Benzene ring stretching vibrations
1462 - 1425 CH2 cellulose, lignin C-H deformations
1420 Aromatic ring and CH Benzene skeletal combined with C-H deformations
1384 - 1346 C-H cellulose, hemicellulose

1330 - 1240 Lignin S and G units and OH C-O stretching and bending OH antisymmetric 
stretching vibration of the acetyl ester groups

1140 G-Guaiacyl lignin and C-O C-H deformations in G lignin and C-O stretching
1128 S-Syringyl lignin and C-O C-H deformations in S lignin and C-O stretching
1035 - 1025 C-O-C Deformation

897 Anti-symmetric out-of-phase 
stretching in pyranose ring Stretching in pyranose ring

Figure 1 Overlapping IR spectra of a control (black line) and samples thermally modified with six different treatments 
(colored lines) of poplar over a range of 4000 cm-1 – 500 cm-1

Slika 1. Preklapajući IR spektri kontrolnih uzoraka (crna linija) i toplinski modificiranih uzoraka tijekom šest različitih 
tretmana (obojene linije) drva topole u rasponu od 4000 cm-1 do 500 cm-1
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and the simultaneous reduction of C=O of lignin, which 
applies to both species of wood examined. However, 
some differences have emerged from the evaluation of 
the spectra, which are discussed below.

Referring to poplar wood, in the range of 1462 
cm-1 - 1425 cm-1 and 1384 cm-1 - 1346 cm-1, where the 
basic structural components, such as cellulose, hemi-

celluloses and lignin are depicted, there is a small dif-
ference between unmodified and modified samples, 
which supports the view that thermal treatment affects 
the levels of wood components even in the mildest 
treatments. Therefore, all treatments caused small 
changes and shifts of the spectral lines in the areas of 
the wood components. More specifically, referring to 

Figure 2 FT-IR spectral analysis of control specimens (black line) and samples heat-modified with six different treatments (1: 
180 ºC – 3 h, 2: 180 ºC – 5 h, 3: 180 ºC – 7 h, 4: 200 ºC – 3 h, 5: 200 ºC – 5 h, 6: 200 ºC – 7 h) of poplar over a range of 
4000-500 cm-1

Slika 2. Spektralna FT-IR analiza kontrolnih uzoraka (crna linija) i toplinski modificiranih uzoraka tijekom šest različitih 
tretmana (1: 180 ºC – 3 h, 2: 180 ºC – 5 h, 3: 180 ºC – 7 h, 4: 200 ºC – 3 h, 5: 200 ºC – 5 h, 6: 200 ºC – 7 h) drva topole u 
rasponu od 4000 cm-1 do 500 cm-1

Figure 3 Overlapping IR spectra of control sample (black line) and heat-treated poplar samples with six different treatments 
(colored lines) over a range of 1800-1550 cm-1

Slika 3. Preklapanje IR spektra kontrolnih uzoraka (crna linija) i toplinski modificiranih uzoraka tijekom šest različitih 
tretmana (obojene linije) drva topole u rasponu od 1800 cm-1 do 1550 cm-1
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poplar wood, the data show that there was no major 
change in the 3430 cm-1 band, which corresponds to 
O-H stretching vibrations of alcohols (3600 cm-1 - 3300 
cm-1) and carboxylic acids (3300 cm-1 - 2500 cm-1) and 
concerns equally polysaccharides and lignin. This phe-
nomenon was expected, since even though the O-H 
stretch vibrations due to the polysaccharides decrease, 
at the same time the O-H vibrations derived from the 
phenolic groups of the lignin are increased due to the 
increase in the percentage of lignin in the mass of wood 
(Esteves et al., 2011). The spectra are normalized at 
about 1900 cm-1.

The two bands at 2900 cm-1 and 2800 cm-1 consist 
of the overlapping of the stretch asymmetric vibrations 
of the -CH2- (around the 2935 cm-1 - 2915 cm-1 band) 
and -CH3 (around the 2970 cm-1 - 2950 cm-1 band), as 
well as of the overlapping of stretch symmetric vibra-
tions of the -CH2- (about 2865 cm-1 - 2845 cm-1) and 
-CH3 (about 2880 cm-1- 2860 cm-1). In these bands, a 
slight shift is detected.

In poplar wood, the area around 1750 cm-1 is not 
so clear, probably due to the normalization. In respec-
tive studies, e.g. Esteves et al. (2013), wood of ther-
mally modified eucalyptus and pine initially decreased 
in this band in mild treatments, while increasing the 
treatment duration this band increased, recording a 
shift to lower wavelengths. The same happened here in 
the case of poplar, which recorded an increase and 
shifting in the band of 1730 cm-1. The increase and 
shifting for smaller wavenumbers with increasing 
treatment severity may be due to an increase of car-
bonyl or carboxyl groups in lignin or carbohydrates by 
oxidation. This increase was also observed by Koti-

lainen et al. (2000) with Pinus sylvestris and Picea 
abies (160 °C - 260 ºС, 2 - 8 h) and González-Peña et 
al. (2009) (180 ºC - 245 ºС) who attributed this in-
crease to lignin condensation reactions at the expense 
of C=C double bonds in conjugated carbonyl groups in 
lignin, vibrating at 1654 cm-1. The spectra of this re-
search seem to corroborate this assumption since there 
was a clear decrease at 1654 cm-1 for both poplar and 
pine, while there was also some shifting to lower 
bands. 

The band at 1595 cm-1 corresponds to vibrations 
in the aromatic ring of lignin in addition to C=O 
stretching. The band at 1595 cm-1 showed a clear in-
crease. According to Kotilainen et al. (2000), this band 
increases due to the increase in the lignin percentage 
and network through ramification in treated wood. The 
aromatic rings usually exhibit a characteristic band at 
approximately 1500 cm-1, corresponding to benzene 
ring stretching vibrations. This band is of high impor-
tance, since it is located at about 1505 cm-1 for hard-
wood lignin (Guaiacyl - G and Syringyl - S) and about 
at 1510 cm-1 for softwood lignin (guaiacyl - G) (Faix et 
al., 1990). In poplar, the band at 1505 cm-1 was de-
creased, shifting the spectrum line approximately at 
1512 cm-1. This may be attributed to the reduction of 
the lignin methoxyl groups, which would refer more to 
a softwood lignin (G-lignin) or to the loss of Syringyl 
units (S-lignin), since this monomer is generally less 
condensed with C-C bonds than guaiacyl monomer 
lignin and is more prone to be released from the ther-
mal degradation (Faix et al., 1990). The shift of this 
band is in agreement with the results of previous stud-
ies (Esteves and Pereira, 2008; Windeisen et al., 2007) 

Figure 4 FT-IR spectral analysis of control specimens (black line) and samples heat-modified with six different treatments (1: 
180 ºC – 3 h, 2: 180 ºC – 5 h, 3: 180 ºC – 7 h, 4: 200 ºC – 3 h, 5: 200 ºC – 5 h, 6: 200 ºC – 7 h) of black pine over a range of 
4000-500 cm-1

Slika 4. Spektralna FT-IR analiza kontrolnih uzoraka (crna linija) i toplinski modificiranih uzoraka tijekom šest različitih 
tretmana (1: 180 ºC – 3 h, 2: 180 ºC – 5 h, 3: 180 ºC – 7 h, 4: 200 ºC – 3 h, 5: 200 ºC – 5 h, 6: 200 ºC – 7 h) drva crnog bora u 
rasponu od 4000 cm-1 do 500 cm-1
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and is attributable to the cleavage of the aliphatic side 
chains of lignin and the condensation reactions.

In addition, no significant variation was found in 
the spectra for peaks at 1460 cm-1 and 1420 cm-1. Ac-
cording to Kotilainen et al. (2000) and Weiland and 
Guyonnet (2003), the absorption peaks located at 1460 
cm-1 and 1420 cm-1 increase with heat treatment. The 
band at 1375 cm-1 was broadened to lower wavenum-
bers, but without marking consistent variance. The 
band at 1333 cm-1 represents the contribution of all the 
structural components of wood, since it corresponds to 
the bending of the C-H bending of polysaccharides, 
which joins the band at 1327 cm-1 of S and G lignin 
condensed units (Faix et al., 1990). There was also a 
clear increase at 1330 cm-1, which corresponds to the 
increase of lignin condensation. A similar tendency 
was reported by Windeisen et al. (2007).

As regards the black pine wood, the spectra band 
of 1800 cm-1 - 1550 cm-1 and more particularly the 1600 
cm-1 - 1750 cm-1 revealed some differences between the 
C=O bonds of carbonyls and C=C bonds of alkenes of 
thermally modified and unmodified samples.

In the range of 1462 cm-1 - 1425 cm-1 and 1384 
cm-1 -1346 cm-1, where the basic structural components 
of wood are depicted, a small difference is found be-
tween unmodified and modified pine specimens, as in 
the case of poplar, which reinforces the view that the 
thermal treatment affects the levels of these compo-
nents. The hemicelluloses, degraded due to thermal 
treatment, exhibit the decrease observed at 1730 cm-1. 
Lignin demonstrated some changes (1505 cm-1 - 1512 
cm-1) probably attributed to a reduction in the methoxyl 
groups, the loss of syringyl units or the aliphatic side 
chain cleavage, with the parallel increase of the mass 
loss during treatment. Particularly, there was no major 

change in the 3430 cm-1 band, which corresponds to 
O-H stretching vibrations of alcohols (3600 cm-1 - 3300 
cm-1) and carboxylic acids (3300 cm-1 - 2500 cm-1), 
concerning equally polysaccharides and lignin. The 
two bands at 2900 cm-1 - 2800 cm-1 consist of the over-
lapping of the asymmetric vibration stretches of the 
-CH2- (around the 2935 cm-1 - 2915 cm-1 band) and the 
-CH3 (around the 2970 cm-1 - 2950 cm-1 band), as well 
as of the overlapping of the asymmetric vibrations of 
the -CH2- (about 2865 cm-1  - 2845 cm-1) and the -CH3 
(around the 2880 cm-1 - 2860 cm-1 band), whereas in 
these bands a faint shift is also recorded in the species 
of pine.

In the area around 1750 cm-1, a clear increase is 
detected and, as also mentioned by Esteves et al. 
(2007), by increasing the treatment duration, this band 
tends to increase, recording a shift to lower wavenum-
bers. The same happened in this case with the observed 
increase and displacement in the zone of about 1730 
cm-1. The spectra also revealed a clear decrease at 1654 
cm-1, as in the case of poplar, marking a slight shift to 
lower bands.

The band point of 1595 cm-1, which corresponds 
to stretching vibrations in the aromatic ring of C=O, 
appears to be increased only in the milder treatment, 
while it was subsequently decreased in more intensive 
treatments due to the increase in the lignin percentage 
of heat treated wood. The aromatic rings most often 
exhibit a characteristic band at a point of about 1500 
cm-1, corresponding to stretching vibrations of the ben-
zene rings. Also in the case of pine, a shift of the band 
at the point of 1505 cm-1 was detected, probably attrib-
uted to the condensation reactions and the cleavage of 
the aliphatic side chains in lignin. In addition, a clear 
increase at 1330 cm-1 corresponding to an increase in 

Figure 5 Overlapping IR spectra of control (black line) and thermally modified samples with six different treatments (color 
lines) of black pine in the range of 1800-1550 cm-1

Slika 5. Preklapanje IR spektra kontrolnog uzorka (crna linija) i toplinski modificiranih uzoraka tijekom šest različitih 
tretmana (obojene linije) drva crnog bora u rasponu od 1800 cm-1 do 1550 cm-1
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lignin condensation was also detected in the case of 
black pine.

3.2 	 Wet chemical analysis
3.2. 	Mokra kemijska analiza

The results of the wet chemical analyses revealed 
changes in the content of wood components due to the 
influence of the treatments. Modified poplar wood re-
vealed an intense reduction in the extractives percentage 
compared to unmodified wood, especially in short treat-
ments (3 hours), a tendency recorded at both 180 ºC and 
200 ºC temperature levels, while increasing the duration, 
the percentage of extracts increased again with the most 
noticeable increase to be detected in the treatment at 180 
ºC - 7 hours. Based on the results (Figure 6), a reduction 
of 73.36 %, 42.13 % and 23.85.43 % was observed in 
material treated at 180 ºC for 3, 5 and 7 hours, respec-
tively, while treatments at 200 ºC (3, 5 and 7 h) caused 
an extracts decrease of 65.21 %, 37.27 % and 13.27 %, 
respectively, compared to control. The extracts rate pro-
gress indicates that in the early stages of treatment, the 
volatile extracts are volatilized and some nonvolatile ex-
tracts are decomposed, resulting in an intense drop, 
while as the treatment time passes, new extracts (deriva-
tives of hemicelluloses and lignin degradation) appear to 
be composed, which may also contribute to the darken-
ing of wood color (Sahin et al., 2011; Kamperidou and 
Barboutis, 2018; Výbohová et al., 2018).

The lignin percent did not exhibit pronounced 
changes due to the treatment. Specifically, it presented 
a statistically insignificant decrease in the mildest 
treatment (180 ºC-3 h) of 6.66 %, while it increased as 
the treatment intensity increased (by 0.81 % at 180 ºC- 
5 h, 7.65 % at 180 ºC - 7 h and by 9.62 % at 200 ºC – 3 
h, 9.87 % at 200 ºC - 5 h and 10.31 % at 200 ºC – 7 h, 
respectively), with only the treatments at 200 ºC to in-
duce statistically significant differences in lignin con-
tent, compared to control values. This tendency could 
be attributed to the fact that the degradation products of 
carbohydrates, such as aldehydes, are condensed with 
lignin and other phenolic compounds (Yildiz et al., 
2006; Esteves et al., 2013).

An insignificant decrease in the holocellulose 
(2.64 %) was noted in the milder treatment (180 ºC - 3 
h), as expected, because of the thermal decomposition 
of hemicelluloses, while as the duration reached the 7 
hours, the percentage of holocellulose increased up to 
31.16 %, which means that hemicelluloses decomposi-
tion produced derivatives that may have been re-po-
lymerized in the cell wall, forming new complexes. 
Similar behavior was observed in the more intensive 
treatments at 200 ºC for 3, 5 and 7 h, with the percent-
age of holocellulose increasing by 4.19 %, 7.27 % and 
10.15 %, respectively. 

In the case of black pine, a high decrease (78.7 
%) in the amount of extracts of the modified wood, es-
pecially in the material obtained from the mildest treat-
ment (180 ºC - 3h), as well as the subsequent treat-
ments at 180 ºC for 5 and 7 h (decrease of 64.76 % and 
55.13 %) and 200 ºC for 3, 5 and 7 h caused an extract 
decrease of 51.98 %, 18.41 % and 16.34 % compared 
to the unmodified wood (Figure 7). Also, in the case of 
pine, extracts acted similarly as those of poplar, which 
suggests that in the early stages of treatment the ex-
tracts are reduced, while as long as the treatment dura-
tion increases, new extracts are formed as a result of 
the procedures taking place in the wood mass.

The lignin content showed a more pronounced 
increase after treatment compared to poplar wood. 
Specifically, the treatments at 180 ºC for 3, 5 and 7 
hours caused an increase in the lignin content of pine 
wood by 2.94 %, 11.66 % and 23.14 %, respectively, 
while the treatments at 200 ºC (3, 5 and 7 h) caused an 
increase of 27.85 %, 36.05 % and 45.02 %, respective-
ly. Therefore, as the intensity of treatment increases, 
the lignin is also increased, which clearly explains the 
intense change in color of wood and partly its behavior 
and mechanical performance.

The holocellulose content was found to be lower 
than that of control in all treatments due to the intense 
thermal degradation of hemicelluloses. Holocellulose 
levels were decreased by 29.52 %, 28.64 % and 19.87 
% in the treatments at 180 ºC for 3, 5 and 7 hours, re-
spectively. The treatments at 200 ºC (3, 5 and 7 h), re-

Figure 6 Mean values of chemical components content and equilibrium moisture content (EMC - measured after conditio-
ning) of unmodified and modified poplar wood
Slika 6. Srednje vrijednosti udjela kemijskih komponenata i ravnotežni sadržaj vode (EMC – izmjeren nakon kondicionira-
nja) za nemodificirano i modificirano drvo topole
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corded holocellulose reduction of 30.73 %, 26.24 % 
and 20.69 %, respectively, compared to the unmodified 
wood. The course of the holocellulose rate indicates 
that, in shorter and milder treatments, it decreases 
abruptly due to the decomposition of hemicelluloses 
and amorphous cellulose parts. Although increasing 
the treatment duration, an increase is recorded due to 
the re-polymerization of some thermo-degradation 
products, without however reaching the corresponding 
value of the control. Mburu et al. (2007) and Ates et al. 
(2010) also recorded a lignin increase after treatment 
and its ramification was detected above 200 ºC.

Parysek and Zakrzewski (2008) recorded a 32 % 
reduction in the percentage of substances soluble to 1 % 
NaOH of thermally modified Scots pine, 62 % decrease 
in the substances soluble to 2 % HCl and reduction in the 
ratio of low-molecular-weight hydrocarbons in the wood 
mass, whereas Bächle et al. (2007) noticed an increase in 
the extracts and a decrease in pH of thermally treated 
wood. Some of the studies identified in the literature 
(Bächle et al. 2007; Brito et al., 2008; Rowell et al., 2009; 
Akgul and Korkut, 2012; Burgos and Rolleri, 2012; Wang 
et al., 2018) present findings that seem to be in agreement 
with the results of the current research work.
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Figure 7 Mean values of chemical components content and equilibrium moisture content (EMC – measured after conditio-
ning) of unmodified and modified black pine wood
Slika 7. Srednje vrijednosti udjela kemijskih komponenata i ravnotežni sadržaj vode (EMC – izmjeren nakon kondicionira-
nja) za nemodificirano i modificirano drvo crnoga bora

Figure 8 SEM micrographs of tangential view of a poplar control (a), tangential view of modified (200 ºC – 7h) poplar (b), 
radial view of black pine control (c), radial view of modified (200 ºC – 7h) pine (d) using scanning electron microscopy
Slika 8. SEM mikrografije tangentnog presjeka kontrolnog uzorka drva topole (a), tangentnog presjeka modificiranog (200 °C 
– 7h) drva topole (b), radijalnog presjeka kontrolnog uzorka drva crnog bora (c), radijalnog presjeka modificiranog (200 °C – 
7h) drva crnog bora (d)

a.	 b.  

c.	 d.  
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3.3 	 Microscopic observation of cell structure
3.3. 	Mikroskopska analiza strukture stanica

In the images obtained using a stereomicroscope, 
as well as a SEM microscope, differences do not appear 
to be apparent between the appearance of untreated and 
treated wood cells referring both to poplar and black 
pine wood (Figure 8). The thermal degradation, usually 
occurring during treatments, did not cause cracks or 
could have caused some microcracks in the membranes 
of pits or at points of the secondary cell wall, which are 
however very difficult to be detected. Even though high 
temperatures were used in this experimental work, the 
thermo-degradation caused by the thermal treatments 
was not found to be intense, since the temperature alone 
is not able to cause changes in wood components, but it 
does in combination with other factors, such as the dura-
tion, atmosphere, moisture content, potential pressure, 
etc. (Garcia et al., 2010).

4 	CONCLUSIONS
4. 	ZAKLJUČAK

FTIR spectroscopy in combination with wet 
chemical analysis proved to be a practical method that 
could be used in the characterization of thermally treat-
ed wood. Various changes and shifts in the FT-IR spec-
tra lines of all the treated wood categories revealed that 
the wood components have been considerably affected, 
even in the shortest treatments. The free hydroxyl 
groups were decreased, with the parallel degradation of 
hemicelluloses, and the cross-linking and ramification 
of lignin seem to increase due to condensation reac-
tions, especially at 200 ºC. These changes in compo-
nents are in agreement with the results obtained from 
the wet chemical analyses. In the early stages of ther-
mal treatment, the extracts of pine exhibited a decrease 
(by 78.7 %), while as the duration and temperature of 
the treatment increased, new extracts were formed 
from the processes taking place in wood mass, ap-
proaching the extracts percent of unmodified wood. 
The lignin of pine revealed a pronounced increase after 
treatment, and it was higher and faster than the lignin 
increases of poplar. Specifically, the treatments of pine 
at 180 ºC caused a lignin increase of 2.94 % - 23.14 %, 
while the treatments at 200 ºC caused a much higher 
increase (27.85 % - 45.02 %). This increase could be 
attributed to the degradation products of carbohydrates 
that are condensed with lignin and other phenolic com-
pounds and clearly explains the intense change in color 
and partly the mechanical performance of wood. The 
holocellulose in all treated samples was found lower 
than in the control, mainly because of the intense de-
composition of hemicelluloses (19.87 % - 30.73 %).

Poplar wood components seem to be similarly af-
fected by thermal treatment, with extracts reduced in 
the short treatments and increased again as the duration 
and temperature rise. Specifically, a reduction of 23.85 
% - 73.36 % was recorded in poplar extracts at 180 ºC 
treatments and 13.27 % - 65.21 % at 200 ºC, compared 
to unmodified wood. Lignin was slightly increased in 
line with the treatment intensity increase. The holocel-

lulose recorded an increase of 4.19 % - 10.15 % as the 
duration and temperature increased, attributed proba-
bly to the repolymerization of the hemicelluloses de-
composition derivatives in the cell walls, forming new 
complexes. 

Generally, the short thermal modification process 
made wood materials of both species of lower EMC 
more hydrophobic, and therefore more dimensionally 
stable and protected against decomposing factors. At 
the same time, they are not intensively thermo-degrad-
ed by the treatment, according to FTIR and SEM find-
ings, which is a fact that may increase their utilization 
perspectives and range of applications - as solid wood 
acquiring enhanced properties, or as wood particles/
fibers participating as raw materials in wood-based 
composite products, wood-polymers composites, etc. 
enhancing their properties and performance.
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