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The objective of this research was to establish comparatively some
relevant features of Turkey oak and sessile oak wood, in order to better
understand the drying behavior of these species. The analyzed samples
were obtained from freshly harvested trees of the same age, originating
from the Southern Sub-Carpathians. The microscopic analysis revealed
that Turkey oak has larger earlywood pores than sessile oak. In
heartwood, they are partly filled with tyloses for both species. The
macroscopic analysis showed that Turkey oak wood has a much lower
proportion of heartwood (only 50%) compared to sessile oak (90%). The
comparative FTIR analysis of the two species showed similar qualitative
chemical composition, but also some differences between sapwood and
heartwood regarding the relative proportion of the main constituents, and
very likely in the structure of lignin. High amounts of extractives were found
in Turkey oak sapwood (5.34% in cold water, 7.77% in hot water, and
21.60% in NaOH 1%), close to the values obtained in sessile oak
heartwood. The research also revealed that the Turkey oak sapwood and
heartwood have statistically similar values of oven-dry density, shrinkage
coefficient, fiber saturation point, while in sessile oak, the values are
clearly higher in the heartwood.
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INTRODUCTION

Turkey oak (Quercus cerris L.) and sessile oak (Quercus petraea (Matt.) Liebl.) are
deciduous hardwood species with a ring-porous structure. Turkey oak is native to southern
Europe and Asia Minor (De Rigo et al. 2016). Sessile oak is commonly found across most
of Europe, reaching northwards to the southern Scandinavian peninsula, and southwards to
the northern part of the Iberian peninsula, southern Italy, the Balkan peninsula, and Turkey
(https://joint-research-centre.ec.europa.eu/european-atlas-forest-tree-species). In the area
of Romania, both species are found in mixed hardwood forests, mainly located in the
Southern and Western Sub-Carpathians.

According to Richter and Dallwitz (2000), Turkey oak belongs to the red oaks
group, having a reddish, less brown color, larger, thick-walled latewood vessels, and higher
density, compared to the sessile oak, which belongs to the white oaks group, together with
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the pedunculate oak. This may explain why Turkey oak wood behaves differently
compared to sessile oak and pedunculate oak, as far as its drying and processing are
concerned.

While the properties of sessile oak are well-known (Holzatlas 2008, Wood
Database), and this species is widely used for the furniture production, Turkey oak wood
has been severely neglected until now, and it is still mainly used as firewood. The same
situation applies in Slovenia (Merela and Cufar 2013), Kosovo (Bajraktari 2018), and also
in Albania (Stafasani and Toromani 2015). This is mainly due to its high tendency to crack
(Ferrari et al. 2013), which makes drying very difficult, its lower dimensional stability and
lower hardness (Giordano 1981), the difficult treatment (Uzielli 1989), and a deficient
gluing capacity (Lavisci et al. 1991).

A Dbroad description of the main features of Turkey oak wood is provided in the
Wood Database (https:// www.wooddatabase.com/turkey-oak/). In recent years, several
more in-depth studies were conducted in Europe, which focused on the better understanding
of this species. For example, Nunes (2017) studied the anatomical features of Turkey oak
wood from two different regions from Kosovo. Among other features, she measured the
pore diameters, and obtained values of 72 to 73 um for the latewood pores, 274 to 279 um
for the earlywood pores, and 134 to 135 um as an overall average, which is slightly lower
than the values obtained by Carvalho (1997): 150 to 210 um, for the same species.
Microscopic images taken by means of confocal laser scanning microscope, and a
description of the microscopic features of Turkey oak wood, were also published by
Balzano et al. (2020).

Manetti (2002) determined the annual ring widths for 46 Turkey oak trees from 5
different locations from Central and Southern Italy and obtained values ranging within 2.2
to 2.9 mm during the first 15 years, while the up-following 10 years (up to the tree age of
25) were characterized by narrower rings (1.5 to 1.7mm). Slightly lower values, 1.21 to
1.76 mm were obtained by Nunes (2017). It must be specified that this feature is strongly
influenced by the growing conditions, the climate, the soil, the distance between the trees,
etc.

The annual ring width for different oak species (including sessile oak) and its
correlation to density was also studied by Vavrcik and Gryc (2012).

As far as the chemical composition is concerned, Traoré et al. (2018) employed
FTIR-ATR spectroscopy (alongside Pyrolysis - Gas Chromatography - Mass Spectrometry
(py-GC-MS) as a chemometric tool for identification of archaeological wood (Iberian
shipwrecks from 16" to 18" centuries) from different oak species (Q. petraea, Q. robur, Q.
faginaea, Q. pyrenaica). Extensive FTIR (and Py-GC-MS) databases resulted from analysis
of more than 1,000 FTIR spectra recorded on the four different Quercus spp., on material
from living oaks and archaeological Iberian shipwrecks were built. The relative intensities
of the main absorbance bands in the fingerprint region (1800 to 600 cmt), assigned to the
main wood components cellulose, hemicelluloses, and lignin were employed as the basis
for further Principal Component Analysis (PCA) and Discriminant Analysis (DA). Spectra
were recorded throughout the wood cores, at 1 cm intervals, in order to facilitate
understanding the variability in wood chemical composition. Accordingly, the database
provides FTIR chemical details related to differences between sapwood, transition wood
and heartwood; between various Quercus wood species; between new sound wood and
archaeological wood.
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Imaging FTIR spectroscopy, respectively the variation of the relative intensities of
relevant absorbance bands assignable to the main wood components was also employed by
Ren et al. (2023) to compare chemical compositions of sapwood and heartwood of Michelia
macclurei.

Data on the extractives content of Turkey oak are provided by Bajraktari et al.
(2018), who applied the ethanol-water extraction method for Turkey oak heartwood and
obtained a total content of extractable substances of 6.43 to 6.99%. This is a much lower
amount than obtained by the same method, e.g. for pedunculate oak (Quercus robur) by
Carmona (2009): 14.8 to 15.7%. These results classify Turkey oak heartwood as a wood
grade with a very low amount of extractives, which was also confirmed by Lavisci et al.
(1991).

Lo Monaco et al. (2011) studied the effect of moisture on the physical parameters
of Turkey oak wood. Interesting correlations between the physical properties and the
anatomical features of several oak species (Quercus petraea, Q. robur and Q. rubra) were
obtained by Nepveu (1984).

With values above 720 kg/m? (Richter and Dallwitz 2000; Merela and Cufar 2013;
Pasztory et al. 2014; Nunes 2017; Bajraktari 2018), the oven-density of Turkey oak turns
out to be higher than that of sessile oak wood, which is around 650 kg/m? (Holzatlas 2008).

The shrinkage coefficients of Turkey oak wood maintain the same tendency, being
higher than those of sessile oak wood. For example, the volumetric shrinkage coefficient of
Turkey oak wood is 16.0 to 19.2% (Lo Monaco et al. 2017; Nunes 2017), compared to 12.6
to 15.6% (Holzatlas 2008; Glass and Zelinka 2010).

According to the Wood Database, the shrinkage anisotropy coefficient is higher for
sessile oak wood, with an average of 2.16, compared to 1.7 for Turkey oak wood.

The main objective of the present research was to examine comparatively the most
important anatomical, chemical, and physical features of the two species originating from
the Romanian Southern Sub-Carpathians, in order to find correlations between these
features, and thus to better understand the peculiarities of Turkey oak wood which influence
the drying behavior of this species.

EXPERIMENTAL

The wooden samples used within the experiments were obtained from a sessile oak
tree and a Turkey oak tree having similar age, both originating from the area of the
Southern Sub-Carpathians (45°N 24°E) (Fig. 1), situated at an altitude of 410 m. According
to the Koppen-Geiger classification (Beck et al. 2018), the plot location is characterized
by a continental climate. The average annual temperature is 10.5 °C, the average annual
rainfall amounts at 578.6 mm, and the average wind speed is usually lower than 1 m/s, with
a maximum of 2.1 m/s.

The characteristics of the two trees are listed in Table 1.

Deaconu et al. (2023). “Turkey & sessile oak woods,” BioResources 18(3), 5724-5749. 5726


https://ro.wikipedia.org/wiki/Comuna_Logre%C8%99ti,_Gorj#/maplink/2
https://ro.wikipedia.org/wiki/Comuna_Logre%C8%99ti,_Gorj#/maplink/2
https://ro.wikipedia.org/wiki/Comuna_Logre%C8%99ti,_Gorj#/maplink/2
https://ro.wikipedia.org/wiki/Comuna_Logre%C8%99ti,_Gorj#/maplink/2
https://ro.wikipedia.org/wiki/Comuna_Logre%C8%99ti,_Gorj#/maplink/2
https://ro.wikipedia.org/wiki/Comuna_Logre%C8%99ti,_Gorj#/maplink/2

PEER-REVIEWED ARTICLE b | oresources.com

5 % s <. &
M ”t MOLDOVA
1~ o
4
3
vz‘(;{; "o A
NIELRACK SEVERIN
2 o
SERBIA
1
=—1=100km
A B C D E F

Fig. 1. Map of Romania: the red arrow in square C2 shows the position of the forest plot in the
Southern SubCarpathians wherefrom the Turkey oak tree and the sessile oak tree used in these
experiments was harvested

Table 1. Tree Characteristics

Characteristics Turkey oak Sessile oak
Age (years) 112 110
Diameter over bark at 1.3m (cm) 54.5 50.5
Total height (m) 22.4 25.0
Stem height below the crown (m) 10.7 11.3
Top diameter over bark (cm) 425 41.0
Average moisture content (%) 66.2 66.9

(determined by the oven-drying method)

Three 10-cm thick disks were cross-cut from different heights of each stem,
according to the prescriptions of 1ISO 4471 (1982). The bottom disks were cut at 1.3 m from
the bottom of each stem. They were used to analyze comparatively the anatomical features
of the two species. The mid-height disks were cut at 1/3 of the tree height. They were used
for the determination of the chemical composition. The top-disks were cut 1 m below the
crown. The physical properties were determined on samples taken from all three disks from
each stem, to enhance not only the determination of the average values of the selected
properties, but also their variation along the tree height.
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Microscopic images were obtained by means of a NIKON SMZ18
stereomicroscope (Tokyo, Japan). Images 22.5x magnified allowed establishing the
average pore diameters in earlywood, both in sapwood and heartwood.

The macroscopic features examined were:

e the characteristics of the annual rings (widths, average width, maximum width, regularity
index of annual rings width; proportion of latewood/earlywood within the annual ring);

e the proportion of heartwood / sapwood;

e the color differences between the two zones (heartwood and sapwood).

The width of the annual rings was determined along the main diameter (longest
diameter drawn through the anatomical center of the disk, as shown in Fig. 2), and then the
average width (bm), the regularity index (r) and the proportion of latewood (PLw) were
calculated by Egs. 1, and 2:

b
by = =2 (mm) (1)
Py = Z522-100 (%) @
where n is the number of annual rings along the main diameter (longest diameter through
the geometric centre), b is the sum of all annual ring widths along the main diameter (mm),

bmax IS the maximum annual ring width (mm), and Zb.w is the sum of the latewood zones
from all annual rings along the main diameter (mm).

Turkey oak disk Sessile oak disk

Fig. 2. Cross-cut disks used for the comparative determination of the anatomical features of
Turkey oak and sessile oak wood

The proportion of heartwood (Pxw) was determined by calculating the ratio between
the area of the heartwood zone, and the area of the whole cross section (without bark) (Eq.
3),

Puw(%) = & x 100 3)

2
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where d is the average diameter of the heartwood area (m), and D is the average diameter
of the cross section of the disk (without bark) (m). Due to the ovality of the disks, both
diameters were determined as arithmetic means of two perpendicular diameters drawn
through the geometric center of the disk.

Another macroscopic feature, the color of the samples, was assessed in the CIELab
system, by means of an AvaSpec-USB2 spectrometer (by Avantes Apeldoorn,
Netherlands), equipped with an AVA sphere ®80mm for the measuring, and AVA Soft
version 7.7 color application software for the data processing. Three samples of each
species, having the dimensions of 180 x 20 x 18 mm, on the radial, tangential, and
longitudinal directions, respectively, and a moisture content of 8%, were employed for the
color measurements on the cross-section in several positions, at 20 mm intervals along the
radius, from sapwood inwards (Fig. 3). The Turkey oak samples, which had a larger area
of sapwood, allowed measurement in 2 points: circular areas of 8 mm diameter in the
sapwood and in 5 points in the heartwood area. The sessile oak samples allowed
measurement in only one point in sapwood and in 6 points in the heartwood area.

Fig. 3. Color measurement by means of an AvaSpec-USB2 spectrometer (by Avantes
Apeldoorn, Netherlands)

The three-color coordinates (L*-lightness, a* - redness, and b* -yellowness) were
determined for each point, and then their average was calculated for each wood type. The
lightness (L*) is an important qualitative indicator capable of eliminating the subjective
perception by the naked eye (especially when the nuances are quite similar): the lower its
value is, the darker wood is. On the other hand, the chromatic coordinates a* and b* are
helpful in distinguishing the different color shades. In order to determine the color
difference (AE) between sapwood and heartwood for each species, Eq. (4) was applied:

AE=\/(AL)? + (Aa)? + (Ab)? (4)

In order to rapidly evaluate and compare the main chemical structural characteristics
of the two wood species under investigation, as well as those differentiating heartwood and
sapwood of each wood species, Fourier Transformed Infrared spectroscopy (FTIR) was
employed in this research. Investigation was carried out with an Alpha-Bruker FTIR
spectrometer (Ettlingen, Germany) equipped with ATR (Attenuated Total Reflectance)
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module. The spectra were recorded in the range 4000 to 600 cm:, at a resolution of 4 cm™
and 24 scans, on un-extracted sawdust samples. Spectra were recorded on 3 replicates for
each wood type. The recorded spectra were further processed for baseline correction and
smoothing, and average spectra were computed for each category of sample using the OPUS
software (version 7.2, Bruker, Ettlingen, Germany). Average spectra were further
normalized (Min-Max normalization) and compared to highlight common and
differentiating chemical features. For this purpose the absorbance bands (peaks) and their
relative intensities were extracted from the OPUS recorded and processed data and
compared.

Not only the main chemical composition, but also the secondary compounds,
especially the extractives, are important when characterizing a wood species. Extractives
represent a mixture of low- and high-molecular weight compounds that can be extracted
from wood with cold/hot water and organic solvents. According to their chemical structure,
extractives can be divided into three main classes: aliphatic compounds, terpenes, and
phenols (polyphenols). The first two main classes of extractives are lipohylic compounds,
which may be extracted in non-polar or low polarity solvents (e.g. cyclohexane, hexane,
acetone, mixtures cyclohexane-ethanol, benzene-ethanol), while the phenolic compounds,
which include the various types of tannins, are hydrophylic and can be extracted in polar
solvents (e.g water, ethanol, mixtures ethanol-water) (Lehr et al. 2021). In alkaline solutions
(e.g. NaOH 1%) the solubility of phenolic compounds will be increased, so that polyphenols
were the main components of radiata pine bark extracts in NaOH 1% solution (Lee et al.
2020). Also, alkaline solutions of pH 9 to 10, are capable of dissolving even at room
temperature non-structural wood compounds, such as: dyes, simple sugars, resin and fatty
acids. Furthermore, pentosans undergo degradation in alkaline environment and can be
dissolved in alkaline conditions (Doczekalska and Zborowska 2010, citing Prosinski 1984).

The extractives affect the properties and also the drying behavior of wood.
Therefore, the extractives content of Turkey oak and sessile oak sapwood and heartwood
was also determined within the present research. Cold water, hot water, and NaOH
extraction were used for this purpose.

For these tests, sawdust samples were taken from the sapwood and heartwood of
the two species. Their moisture content was determined by the oven-dry method. Then the
sawdust probes were screened, and the fraction which passed through the 0.5 mm sieve
meshes, but did not pass through the 0.25 mm ones, was used within the tests. Four
replicates, weighing 2+0,0001 g each, were used for each type of wood in each test.

After each extraction (cold water / hot water / NaOH 1%), the contents of soluble
substances were calculated based on the measured masses and moistures, according to Eq.

®),
m4-(100—MC)—100-m,
m4-(100—MC)

%Extractable substances = -100 (5)

where mz is the sawdust mass before the extraction (g), mz is the sawdust mass after the
extraction (g), and MC is the moisture content of the sawdust sample (%).

To determine the physical properties, all six disks were cut into 20 mm thick
baguettes (Fig. 4) containing both heartwood and sapwood. From these, cubic-shaped
samples (20 x 20 x 20 mm), containing either only heartwood (HW) or only sapwood (SW)
were obtained. These were used to determine the selected physical properties: oven-dry
density, total shrinkage coefficients, shrinkage anisotropy coefficient, and fiber saturation
moisture content.
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Fig. 4. Preparation of heartwood and sapwood samples for the determination of the selected
physical properties

A total number of 102 samples (83 from heartwood, and 19 from sapwood) were
obtained from the Turkey oak tree, and 134 samples (118 from heartwood, and 16 from
sapwood) were obtained from the sessile oak tree.

All samples were numbered, then weighed with 0.01g precision and measured with
0.01 mm precision, in the green state. Then they were oven-dried at 103 °C, cooled for 30
min in a desiccator, and then weighed and measured again in oven-dry state.

The oven-dry density (o), the basic density (o), the total radial, tangential, and
volumetric shrinkage coefficients (£, /&, ) were determined according to the accepted
standards (ISO 4469 1981; ISO 7858 1982; ISO 13061-2 2014), as function of the
measured masses and dimensions (Egs. 6 through 9). Afterwards, the shrinkage anisotropy
(Bt/Br) was calculated, and also the fiber saturation point (FSP), according to Eq. 10
(Filipovici 1965),

mg

Po = ¥, (kg/m?) (6)
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pe = 7= (kg/m?) )

Vmax

ﬁr,t — Tmax(Emax)—To(to) -100 (%)

Tmax(Emax) (8)
By = L2100 (%) ©)
FSP = (1‘;‘:0 - %} 100 (%) (10)

where mo is the oven-dry mass (kg), Vo is the oven-dry volume (m?), Vimax is the maximum
volume (at fiber saturation point or above) (m3), rmax and tmax are the maximum dimensions
in radial and tangential direction (at fiber saturation point or above), respectively (mm),
and ro and to are the oven-dry dimensions in radial and tangential direction, respectively
(mm).

All experimentally obtained values were statistically analyzed to establish if there
was a significant difference between the two species, and also, between the sapwood and
heartwood samples, respectively.

The statistical analysis was performed with the Data Analysis ToolPack in
Microsoft Excel. One Way Analysis of Variance (Pallant 2007) was run to figure out if
there was a significant difference among the analyzed groups, on a single independent
variable (the wood type). This statistical test was also used to compare the means of
samples made of heartwood and sapwood. During the One-Way ANOVA analysis, the
significance level (o) was equal to 0.05, which is considered to provide a low risk of error,
namely 5% (Gravetter and Wallnau 2011). In addition, the t-test for two independent
groups was applied as Post Hoc test together with Bonferroni correction to reveal which
pairs of mean differences are statistically significant (Oleksik and Rosca 2023). The
Bonferroni correction implies dividing the adopted significant alpha level, namely 5% in
this study, at the number of analyzed groups. When analyzing the variation of the properties
over the tree height (see Table 10), the number of analyzed groups was three. Therefore, in
this case the significant alpha level was equal to 0.00167 during the Post Hoc analysis.

RESULTS AND DISCUSSION

Anatomical Features

The microscopic images (Fig. 5) revealed some similarities, but also some
differences regarding the anatomical features of the two species. Both species are ring-
porous, with distinctive earlywood (EW) and latewood (LW) zones. At the microscopic
level, the distinction is given by the much higher diameter of the earlywood pores, both in
the sapwood, and in the heartwood of the two species (Table 2). In sapwood, the pores are
completely empty in both species, but in heartwood, they are partially filled with tyloses
(see Fig. 5). Both species display rays of two distinctive sizes (wide - well visible by the
naked eye, and narrow - hardly visible by the magnifying glass).
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Turkey oak sapwood Turkey oak heartwood

Sessile oak sapwood Sessile oak heartwood

Fig. 5. Cross section (magnified 22.5x) of Turkey oak and sessile oak sapwood and heartwood

Table 2. Diameter of Earlywood Pores in Turkey Oak and Sessile Oak Sapwood
and Heartwood (min-mean-max values, and standard deviation)

Turkey oak SW Turkey oak HW Sessile oak SW Sessile oak HW
194.98-308.31-398.74 | 184.81-294.94-393.1 | 165.56-273.12-379.34 | 193.47-250.75-305.91
(64.81) (55.72) (80.19) (27.03)

Characteristics of Annual Rings

As far as the characteristics of the annual rings are concerned, Fig. 6 presents their
variation in radial direction. The Turkey oak tree displays wider rings in the central part
(within the first 15 years, b = 1...3 mm, and the average bm = 1.98 mm). During the next
10 years the annual ring width starts decreasing bm = 1.44 mm), and the heartwood zone
between ring 25 and ring 74 is characterized by very narrow ring widths (bm = 0.43 mm).
In the sapwood zone, the widths increase again (bm = 2.44 mm). In this area, the widest ring
(bmax= 4.5 mm) is found. The values fit in the intervals reported by other researchers (Nunes
2017; Manetti 2002).

Unlike this, in case of the sessile oak, the annual rings are clearly wider in the central
area of the cross-section (within the first 15 years, b = 1.5...6.5 mm, and the average annual
ring width is bm = 3.64 mm). After 40 years, the ring widths decrease to bm = 0.2 mm, and
maintain this value towards the periphery of the heartwood zone. In the sapwood, the ring
width increases slightly, to bm=1 mm.
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With both species, the width of the latewood zone increases with the width of the
annual rings. Accordingly, the proportion of latewood is also slightly higher in sessile oak
wood: PLw = 58.17%, compared to Turkey oak wood: PLw = 56.36%.

Fig. 6. Variation of annual ring width along the main diameter of the cross-section of a Turkey oak
tree, and of a sessile oak tree of the same age

Proportion of Heartwood

By examining the cross-cut disks (see Fig. 2), it can be easily observed that the
proportion of heartwood is much lower in Turkey oak than in sessile oak wood. The
calculations based on Eq.(3) confirmed the visual impression: Puw = 50.64% for Turkey
oak wood, and Prw = 91.56% for sessile oak wood. A similar result (Prw = 43-53%) was
obtained by Bajraktari (2018) for Turkey oak. This means that only narrow lumber pieces
can be obtained from a Turkey oak stem, so as to contain either only sapwood, or only
heartwood, while normally wide pieces will comprise both areas (Fig. 7). These lumber
pieces are highly appreciated for rustical furniture, but their drying is challenging due to the
inner stresses generated in the transition area. Therefore, the separate density determination
of the two areas is important with a view to elaborating an appropriate drying schedule.

Fig. 7. Turkey oak lumber containing both sapwood and heartwood

Color

Table 3 presents the results concerning the color of the four types of wood.
According to the value of the lightness (L*) coordinate, it can be noticed that Turkey oak
sapwood is slightly darker (L=73.67+0.90) than sessile oak sapwood (L=76.5+3.15), while
Turkey oak heartwood (L=61.55+0.99) is lighter than sessile oak heartwood
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(L=60.35+2.80). Hence, the calculated color difference (AE) between the sapwood and the
heartwood is more distinctive for the sessile oak wood (16.55) compared to Turkish oak
wood (12.33). The two wood species differ also in terms of chromaticity. The redness
values a* for Turkey oak, for both sapwood and heartwood, are higher with 0.4 to 1.0 units
than the corresponding values for sessile oak. Contrarily, the yellowness values b* for
sessile oak, for both sapwood and heartwood, are higher, with 0.71 to 2.65 units, than those
measured for Turkish oak. To conclude, color measurements in the CIELab system indicate
a reddish shade for Turkish oak and a less pronounced contrast between sapwood and
heartwood, while a yellowish shade and a higher contrast between sapwood and heartwood
is characteristic to sessile oak. These color data and conclusions are in good accordance to
the visual perception (see Fig. 2).

Table 3. Average Values (and Standard Deviations) of the Color Coordinates of
Turkey Oak and Sessile Oak Sapwood and Heartwood

Wood Turkey oak Sessile oak
samples L* a* b* AE L* a* b* AE
SW 73.67 4.05 15.77 76.5 3.05 16.48
(0.90) (0.16) (1.26) 1233 (3.15) (0.58) (1.32) 16.55
HW 61.55 6.34 16.07 ' 60.35 5.94 18.72 '
(0.99) (0.28) (0.31) (2.80) (0.75) (1.52)

The comparative normalized average spectra presented in Fig. 8 (range 2000 to 600
cmt, encompassing the fingerprint region), as well as the data in Table 4, illustrate the
common chemical characteristics of the four types of wood samples, as well as some
differentiating features, related to the polymeric matrix formed by the three main chemical
components: cellulose (Cel), hemicelluloses (HCel) and lignin (L). The assignment of the
main absorbance bands was based on literature references (e.g. Faix 1991; Pandey and
Pitman 2003; Gierlinger et al. 2004; Popescu et al. 2006, 2007; Gierlinger et al. 2008;
Popescu et al. 2009; Tamburini et al. 2017).

Coco T
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ATR Units
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T T T T T
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Wavenumber (cm™)
Fig. 8. Comparative FTIR spectra for: 1 - Turkey oak (HW —blue and SW- green) and 2 — Sessile

oak (HW - red and SW - orange) in the range 2000-600 cm*, encompassing the fingerprint
region)

T T
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A first examination of the spectra indicates a similar qualitative chemical
composition (similar absorbance peaks) for all four wood types. However, there are some
small differences in the relative intensity of several peaks, which suggests some quantitative
differences based on the proportion/ratio between certain compounds.

The absorbance band at 1728 to 1732 cm™ assignable to the stretching of
unconjugated carbonyl groups C=0, is associated in the case of wood mostly to the CO
stretching mode of acetyl or carboxylic acid groups present in HCel (e.g. xylan, xyloglucan,
uronic acids). The main lignin associated absorbance bands are those at 1594 to 1595 cm™
(aromatic ring vibration plus C=0), 1504 to 1505 cm™ (aromatic skeletal vibration), 1323
cm® (C-O vibration in syringyl and syringyl ring breathing), with a contribution of C-H
vibration in cellulose (Cel) and 1233 cm® (syringyl ring plus C-O stretch in lignin), with a
contribution of C-C, C-O and C=0 stretch of acetyl groups in xylans. The absorbance at
1456 cm™ was assigned to C-H deformation in lignin and carbohydrates, aromatic vibration
of lignin and asymmetric C-H bending in methoxyl groups of lignin. The absorbance at
1421 cm™ (C-H bending and deformation) reflects also a combined contribution of lignin
and carbohydrates. The main absorbance bands specific to the carbohydrates are those at
1368 cm™ (C-H symmetric deformation in Cel, HCel), 1155 cm™ (C-O-C symmetric stretch
in Cel and HCel), 1028 cm™ (C-O, C-O-C deformation — Cel and HCel) and 898 cm™* (C-
H deformation in Cel). The absorbances at 1368 cm™, 1155 cm™ and 898 cm™ appear only
as small peaks, the latter two ones being encompassed as shoulders, slightly more distinct
for sessile oak than for Turkish oak, in the large absorbance band at 1028 cm™.

A Vvisible differentiating feature is the small absorbance at 1644 to 1647 cm,
assigned to conjugated carbonyl groups, such as aromatic ketones, p-substituted conjugated
aryl ketones and quinones. These are (sub)structures that might be present in the structure
of lignin and in some extractives (Fengel and Wegener 1984), though the contribution of
extractives is not usually detectable by FTIR due to their low content (Tolvaj et al. 2013),
usually bellow 5-10% (Fengel and Wegener 1984). This absorbance is present as a shoulder
at 1647 cm™ in the spectra of Turkey oak, slightly more distinctive for SW compared to
HW, whilst in the case of sessile oak a small absorbance at 1644 cm™ is present only in the
spectrum of SW. Also, for the sessile oak the absorbance at 1368 cm™ (C-H in Cel, HCel)
appears as a clearly differentiated peak for sapwood, being reduced to only a shoulder for
the heartwood. At the same time the absorbance at 1323 cm™ (L with a contribution of Cel)
appears as the highest for sessile oak HW from all four types of material, whilst that at 1233
cm™ appears as the smallest for the same material. A higher relative intensity of the
absorbance band at 1323 cm™ compared to that at 1732 to 1738 cm™ appears as a feature of
sessile oak sapwood compared to heartwood, according to the FTIR database created by
Traoré et al (2018).

The above discussed differences, as well as other semi-quantitative differentiating
aspects between the two species and the heartwood and sapwood of each species are
reflected in the data in Table 4, where the relative intensities of the main absorbance bands
in the region 1800 to 800 cm™, alongside their assignment in relation to the wood main
chemical components, are listed and the ratios between HW and SW were computed. Ratios
of 1(£0.1) would indicate quite similar chemical composition for the sapwood and
heartwood of the respective wood species, while higher or lower values would suggest some
differences, higher for ratios more different than 1.
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Table 4. Comparative FTIR Data: Absorbance Bands and Relative Intensities of
Selected Absorbance Bands in the Region 1800-800 cm?, for the Four Types of
Wood: Turkey Oak (HW, SW) and Sessile Oak (HW, SW)

Absorbance Wood Turkey oak Sessile oak
wavenumber chemical HW SW HW/SW HW SW HW/SW
[cm?] component
1732 -1738 HCel 0.552 0.560 0.99 0.478 0.542 0.88
1594 - 1596 L 0.444 0.399 1.11 0.371 0.357 1.04
1504 - 1505 L 0.232 0.196 1.18 0.195 0.177 1.10
L. (Cel+
1455 - 1457 HCel) 0.154 0.132 1.17 0.276 0.117 2.36
L. (Cel
1420 - 1422 +HCel) 0.373 0.229 1.63 0.067 0.204 0.33
1368 Cel + HCel 0.129 0.327 0.39 shoulder | 0.119 -
1322 - 1324 L. (Cel) 0.211 0.155 1.36 0.431 0.283 1.52
1229 - 1233 L. (HCel) 0.593 0.633 0.94 0.202 0.527 0.38
1028 - 1029 Cel. HCel 1.796 1.879 0.96 1.511 1.830 0.83
898 Cel shoulder | shoulder - shoulder | shoulder -

According to the data in Table 4, the most obvious differences in the spectra of HW
and SW of Turkey oak are those reflected by the absorbances related to lignin at around
1504, 1456, 1420 and 1323 cm™?, for which the calculated ratios HW/SW were 1.18, 1.17,
1.63 and 1.36, respectively, all suggesting a higher lignification of heartwood compared to
sapwood. At the same time, the ratio of 0.39 calculated for the absorbance at 1368 cm™ (Cel
+HCel) for HW/SW suggests a lower content of holocellulose in the heartwood compared
to sapwood, while the ratio of 0.99 HW/SW calculated for the absorbance at 1368 cm-1
(HCel) suggests similar content of hemicelluloses in HW and SW. This hints towards a
lower content of cellulose in the more lignified heartwood of Turkey oak compared to
sapwood.

By comparison, in the case of sessile oak, the ratio HW/SW for the most
characteristic absorbance of lignin at 1504 cm™ was 1.10 (possibly slight increased L
content in HW), while the ratios HW/SW most different from 1(+0.1) were those calculated
for the composite absorbances (lignin with a contribution of carbohydrates) at 1456 cm™
(2.36), 1323 cm™ (1.52) as the highest values, and at 1233 cm™ (0.38) at the lowest value.
This wavy evolution of these ratios is difficult to explain without a correlation with
complementary analytical methods and should not be seen only as a quantitative difference,
but also as an indication of possible differences in the complex structure of the syringyl-
guiacyl lignin (SGL) specific to the hardwoods. For instance, the higher relative intensity
of the absorbances at 1456 cm™ for HW of sessile oak (0.276 compared to 0.117 for SW
and values of 0.154 and 0.132 for Turkey oak HW and SW) may indicate more methoxyl
groups, respectively a higher proportion of syringyl units in the structure of SGL lignin for
sessile oak compared to Turkey oak. As far as carbohydrates are concerned, the absorbance
bands associated to hollocellulose (Cel+Hcel) suggest for sessile oak a slightly lower
content of hemicelluloses and cellulose in the HW compared to the SW.

Extractives Content

According to the values obtained within this research, Turkey oak heartwood
contains the poorest amount of chemical components extractable in water and NaOH 1%
solution, while sessile oak heartwood is the richest among the four varieties analyzed. The
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most surprising result was obtained for the Turkey oak sapwood, which consistently
displayed higher average values of extractives than the heartwood of the same species,
regardless the extraction method. These differences were found statistically significant only
for cold water and hot water.

Significant differences were obtained between the extractives content from the
heartwood and the sapwood of sessile oak, where the heartwood contains 53 to 96% higher
amounts of extractable substances than the sapwood.

Also, there were found higher amounts of extractives in the heartwood of sessile
oak, compared to Turkish oak, with statistically different differences between them. In
contrast, the amounts of cold and hot water extractives from the sapwood of the two species
were quite similar, slightly higher for Turkish oak than sessile oak (5.34% vs. 4.55%,
respectively 7.77% vs. 7.35%), with no statistically significant differences. The differences
between the sapwood of the two species were found significant only for the substances
soluble in NaOH 1% solution (21.6% vs. 17.53%).

Table 5. ANOVA Results Regarding the Comparison (Mean Values and Standard
Deviations) Between the Extractives Contents from Turkey Oak and Sessile Oak
Sapwood (SW) and Heartwood (HW)

Wood type Contents of extractable substances (%)

Cold water extraction Hot water extraction NaOH extraction
Turkey oak SW 5.34 (0.63) A 7.77 (1.39) A 21.60 (1.38) A
Turkey oak HW 2.95(0.64)BD 4.25 (0.98) B 17.07(2.02) AD
Sessile oak SW 455 (0.093) AD 7.35(0.02) AC 17.53 (1.29) B D
Sessile oak HW 8.95 (0.047) C 11.26 (0.32) AD 26.94 (0.07) C

* The means, in each column, that do not share the same letter are significantly different one from
another at the 0.0125% significance level.

Unfortunately, the available literature data are very scarce and difficult to compare
as either only data on heartwood are presented, or the type of material is not specified, or it
is a mixture of sapwood and heartwood sawdust. For instance, values of 5.1% for cold water
extractives and 8.8% hot water extractives are presented for sessile oak in Holzatlas (2008),
while values of 7.03% for hot water extractives from Turkey oak (mixture of 50%SW+50%
HW) were reported by Stafasani et al. (2018).

Physical Properties

The average values obtained for the selected physical properties are synthetized in
Table 6. The overall values were calculated considering the sapwood/heartwood proportion
obtained for each species. A detailed interpretation including the statistical analysis of the
experimental data is given hereinafter for the most relevant properties.

Table 6. Physical Properties of Turkey Oak and Sessile Oak Wood Originating
from the Southern Sub-Carpathians (Mean Value and Standard Deviation)

Propert Turkey oak Sessile oak |
perty SW HW Overall SW HW Overall
) 732.99 723.75 652.49 667.87
- 3
Oven-dry density po (kg/m?) (34.45) (51.25) 728.44 (24.63) (46.24) 666.56
. ) 624.37 619.02 562.40 563.31
3
Basic density pc (kg/m?) (29.71) (38.24) 621.66 (20.01) (30.71) 563.19
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Radial shrinkage Br (%) (ggg) (ggg) 4.96 (g%) (gég) 5.24
Tangential shrinkage Bt (%) (ggg) (i%) 9.45 (8%8) (119'32663 10.16
Volumetric shrinkage P (%) (114 '1801) (114_548(; 14.60 (113_47;; (115_’_65963 15.54
Shrinkage anisotropy Bv/Br (10'_933963 (10'_9361(; 1.948 (20'_03823) (10'?2687) 1.997
Fiber saturation point (%) (223_'277% (223_434(; 23.54 (224 '1565) (227..2589) 27.57

Oven-dry Density
The statistical values obtained for the oven-dry densities of the four types of wood
are presented in Fig. 9, and in Tables 7 to 9.
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Fig. 9. Oven-dry densities of Turkey oak and sessile oak sapwood and heartwood

When comparing the mean values, sessile oak sapwood has the lowest (652 kg/mq),
while, surprisingly, Turkey oak sapwood has the highest value (733 kg/m?®). Although it is
unusual for a ring-porous wood species to have higher density in the sapwood than in the
heartwood, a similar result was obtained by Merela and Cufar (2013) for the same species.
ANOVA revealed that the difference between the oven-dry densities of Turkey oak
sapwood and heartwood is not statistically significant (p-value > 0.05)(see Table 7). This
result can be attributed to the higher width of the annual rings in the sapwood of Turkey
oak wood (see Fig. 6), which brings along a higher proportion of latewood, while the large
number of very narrow annual rings in heartwood contributed to the density reduction of
this wood area.

According to the statistical analysis (Tables 8 and 9), there is a significant difference
(p-value <0.05) between the oven-dry densities of the two species, both in the sapwood and
in the heartwood.
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Table 7. ANOVA Results Regarding the Comparison Between the Oven-Dry
Densities of Turkey Oak Sapwood and Heartwood

Groups Count Sum Average Variance SD
Turkey oak HW 79 57176.7 723.76 2627.40 51.26
Turkey oak SW 19 13926.9 732.99 1187.00 34.45
Source of

Variation SS df MS F P-value F crit
Between Groups 1307.08 1 1307.08 0.55 0.458 3.94
Within Groups 226303.58 96 2357.33

Total 227610.66 97

Table 8. ANOVA Results Regarding the Comparison Between the Oven-Dry
Densities of Turkey Oak and Sessile Oak Sapwood

Groups Count Sum Average Variance SD
Turkey oak SW 19 13926.89 732.994 1187.00 34.45
Sessile oak SW 16 10439.97 652.498 607.03 24.64
Source of

Variation SS df MS F P-value F crit
Between Groups | 56280.42 1 56280.42 | 60.95 5.36E-09 4.14
Within Groups 30471.52 33 923.38

Total 86751.94 34

Table 9. ANOVA Results Regarding the Comparison between the Oven-Dry
Densities of Turkey Oak and Sessile Oak Heartwood

Groups Count Sum Average Variance SD
Turkey oak HW 79 57176.75 723.756 2627.40 51.26
Sessile oak HW 118 78809.51 667.877 2138.94 46.25
Source of

Variation SS df MS F P-value F crit
Between Groups | 147754.46 1 14775450 | 63.30 1.4E-13 3.88
Within Groups 455194.09 195 2334.33

Total 602948.55 196

As it can be noticed from Figs. 10 and 11, the variation of the oven-dry density over
the cross section of the tree (along the main diameter) follows the pattern of the annual ring
widths (see Fig. 6), for both species. Thus, as is clearly visible in the case of Turkey oak
(due to the wide sapwood area), but also visible for the sessile oak, the density is higher in
the central region, and at the periphery. This is a rather unusual radial distribution compared
to the generally accepted pattern for ring-porous hardwoods, with a decreasing density from
pith to bark, but it is clearly correlated with the annual ring widths variation. Thus, for both
species, the central and the peripheric regions, where the wider annual rings are, have higher
density as well. This must be correlated with the proportion of latewood with increasing
annual ring width. Some sources from reference literature (e.g. Zeidler and Boruvka 2016;
Longuetaud et al. 2017; Woodcock and Shier 2002), also report an inconsistent variation
trend of density in radial direction for different oak species. Besides the growing conditions,
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the proportion of juvenile and mature wood also influences the radial, and also the
longitudinal variation of the physical properties (Rocha et al. 2019).
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Fig. 10. Variation of the oven-dry density over the cross section of the Turkey oak tree
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Fig. 11. Variation of the oven-dry density over the cross section of the sessile oak tree
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As far as the variation of the oven-dry density over the tree height is concerned, for
both species, and both for sapwood, and heartwood, the highest values were found at the
top (at 1m below the crown), and the lowest values at 1/3 of the tree height (Fig. 12). A
similar result was obtained by Pasztory et al. (2014). The ANOVA test (Table 10) revealed
that there is a significant difference between the oven-dry density of wood from the bottom
and the top of Turkey oak, both in the sapwood, and in the heartwood. Unlike this, in sessile
wood the differences are not statistically significant (same as reported by Longuetaud et al.
2017).
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Fig. 12. Variation of the oven-dry density over the tree height

Table 10. ANOVA Results Regarding the Comparison Between the Variation of
the Oven-Dry Densities of Turkey Oak and Sessile Oak Wood Along the Tree

Height

Sample Turkey oak Sessile oak

position along SwW HW SwW HW

tree height

Bottom 715.27 (9) 714.48 (34) 660.25 (6) 665.88 (45)
(26.96) A (31.84) A (12.97) A (46.22) A

Middle 710.58 (4) 678.42 (24) 657.51 (6) 659.81 (45)
(39.46) AC (20.45) B (18.78) A (48.16) A

Top 767.69 (6) 778.39 (25) 659.34 (4) 684.04 (28)
(12.42) BC (40.50) C (41.57) A (40.27) A

* The first value in each box represents the mean; the value in the first parentheses represents the
number of replicates; the value in the second parentheses represents the standard deviation. The
means in each column not followed by a common letter are significantly different one from another

at the 5% significance level. Values with the same letter are not significantly different.

Shrinkage

The statistical values obtained for the volumetric shrinkage of the four types of wood

are presented in Fig. 13, and in Tables 11 to 13.
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Fig. 13. Volumetric shrinkage of Turkey oak and sessile oak sapwood and heartwood

In close correlation to the density, the values obtained for the volumetric shrinkage
of Turkey oak sapwood and heartwood were very similar, with slightly higher value in
sapwood, but with no significant difference between them (p-value > 0.05)(see Table 11).

According to the obtained results, Turkey oak sapwood shrinks significantly more
than sessile oak sapwood (p-value < 0.05)(see Table 12), which can be explained by the
higher density of the first. However, in the case of the heartwood the situation is inverse,
as Turkey oak heartwood shrinks significantly less than sessile oak heartwood, although it
has higher density. This behavior must be the result of a complex of factors, which includes
structural peculiarities and chemical composition.

Table 11. ANOVA Results Regarding the Comparison Between the Volumetric
Shrinkage of Turkey Oak Sapwood and Heartwood

Groups Count Sum Average Variance SD
Turkey oak HW 79 1138.18 14.41 2.50 1.58
Turkey oak SW 19 281.48 14.81 1.23 1.11
Source of

Variation SS df MS F P-value F crit
Between Groups 2.54 1 2.54 1.121 0.292 3.94
Within Groups 217.41 96 2.26

Total 219.95 97

Table 12. ANOVA Results Regarding the Comparison the Volumetric Shrinkage
of Turkey Oak and Sessile Oak Sapwood

Groups Count Sum Average Variance SD
Turkey oak SW 19 281.48 14.81 1.23 1.11
Sessile oak SW 16 220.70 13.79 131 1.15
Source of Variation SS df MS F P-value F crit
Between Groups 9.05 1 9.05 7.136 0.012 4.14
Within Groups 41.86 33 1.27

Total 50.91 34

Deaconu et al. (2023). “Turkey & sessile oak woods,” BioResources 18(3), 5724-5749. 5743



PEER-REVIEWED ARTICLE b | oresources.com

Table 13. ANOVA Results Regarding the Comparison Between the Volumetric
Shrinkage of Turkey Oak and Sessile Oak Heartwood

Groups Count Sum Average Variance SD

Turkey oak HW 79 1138.18 14.41 2.50 1.58
Sessile oak HW 118 1836.19 15.56 2.87 1.70
Source of

Variation SS df MS F P-value F crit
Between Groups 62.96 1 62.96 23.10 3.06423E-06 3.89
Within Groups 531.50 195 2.73

Total 594.46 196

Fiber Saturation Point

The values of the fiber saturation point of the four wood types, as resulted from Eq.
(10), are presented in Fig. 14. The statistical analysis of the results is presented in Tables
14, 15, and 16. Same as in the case of the volumetric shrinkage, it can be noticed that the
values for Turkey oak wood (23 to 24%) are lower than those obtained for the sessile oak
wood (25 to 28%). In close correlation to the density differences, the average value of the
FSP in Turkey oak sapwood was slightly higher (23.8%) than in heartwood (23.3%), but
the difference is statistically not significant (p-value > 0.05). The values obtained for sessile
oak within this research fit well into the interval obtained by Beldeanu (2001) for the same
species.
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Fig. 14. Fiber saturation domain of Turkey oak and sessile oak sapwood and heartwood

Table 14. ANOVA Results Regarding the Comparison Between the Fiber
Saturation Point of Turkey Oak Sapwood and Heartwood

Groups Count Sum Average Variance SD
Turkey oak SW 79 1841.182 23.306 5.99 2.44
Turkey oak HW 19 452.0765 23.793 5.17 2.27
Source of

Variation SS df MS F P-value F crit
Between Groups 3.69 1 3.638 0.62 0.431 3.94
Within Groups 560.67 | 96 5.840

Total 564.31 | 97
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Table 15. ANOVA Results Regarding the Comparison Between the Fiber
Saturation Point of Turkey Oak and Sessile Oak Sapwood

Groups Count Sum Average Variance SD
Turkey oak HW 19 452.0765 23.793 5.174 2.27
Sessile oak HW 16 392.8499 24.553 4.708 2.17
Source of Variation SS df MS F P-value F crit
Between Groups 5.011 1 5.011 1.009 0.322 4.139
Within Groups 163.76 33 4.962

Total 168.77 34

Table 16. ANOVA Results Regarding the Comparison Between the Fiber
Saturation Point of Turkey Oak and Sessile Oak Heartwood

Groups Count Sum Average Variance SD
Turkey oak HW 79 1841.182 23.30 5.99 2.45
Sessile oak HW 118 3255.725 27.59 5.23 2.29
Source of Variation SS df MS F P-value F crit
Between Groups 868.76 1 868.76 156.89 8.57E-27 3.89
Within Groups 1079.80 | 195 5.54

Total 1948.56 | 196

CONCLUSIONS

1. The earlywood pores are bigger in Turkey oak than in sessile oak. In the heartwood,
they are partly filled with tyloses, in both wood species.

2. Turkey oak has a much lower proportion of sapwood than sessile wood.

3. In both species, the heartwood has a distinct (darker) color than sapwood. The color
difference is higher in sessile oak than in Tukey oak

4. With both species, the annual ring width is higher in the central area, then it decreases
towards the periphery, and it increases again in the sapwood area.

5. The comparative Fourier transform infrared (FTIR) analysis of the main chemical
compounds of the two species revealed a similar qualitative chemical composition (with
similar absorbance peaks) for all four wood types. However, small differences in the
relative intensity of several peaks could be established, which suggest some quantitative
differences based on the proportion/ratio between certain compounds.

6. Turkey oak sapwood has a higher amount of extractable substances than the heartwood
of this species, close to the maximum values, which were obtained for sessile oak
heartwood.

7. The density of Turkey oak wood is significantly higher than that of sessile oak wood.
Similar values were obtained both in the sapwood and in the heartwood of this species.
This indicates that the drying of wide lumber pieces, containing both sapwood and
heartwood is possible without causing major defects (cracks).
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8. The oven-dry density variation in radial direction follows the pattern of the annual ring
widths, for both species: it is higher in the central region, and at the periphery (in the
sapwood area). Over the tree height, the maximum density values were obtained below
the crown, and the minimum ones at 1/3 of the tree height, for both species.

9. The linear and volumetric shrinkage coefficients of Turkey oak wood are lower than
those recorded for sessile oak.

10. The shrinkage anisotropy has close values for all four wood types, with no significant
differences between them.

11. The fiber saturation point is higher for sessile oak than for Turkey oak.

The obtained results are important for the better understanding of the characteristics
of Turkey oak wood and its drying behavior, compared to the more common sessile oak
wood. Thus, the higher density of Turkey wood (which is similar to acacia and hornbeam
wood), as well as the lower fiber saturation point hint towards a longer necessary drying
time of this species. Due to the high density, high casehardening risk, and high internal
stresses are to be expected in the thick lumber boards. The high amount of extractive
substances in sapwood might cause undesired discoloration during drying. All these aspects
are to be investigated in further studies.
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