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Abstract
The detailed anatomical and chemical features of the bark from endemic Quercus 
vulcanica in Turkey are reported here for the first time and discussed in the perspec-
tive of integration into a bark-based biorefinery system. The bark of Q. vulcanica 
trees was collected and studied through observations using light and scanning elec-
tron microscopy, wet-chemical analysis, inorganic elemental and FTIR analyses, 
GC–MS determinations of lipophilic extractives and suberin monomers, as well as 
TBARS antioxidant activity of hydroethanolic extracts. The bark of Q. vulcanica 
comprises phloem and a rhytidome with thin periderms and a few cork layers. The 
ash content is high (16.4%), primarily consisting of calcium oxalate crystals. Extrac-
tives were present in a high amount (23.1%) of which 88% corresponded to hydro-
philic extractives (10.3% ethanol, and 10.1% water solubles). The suberin content is 
low (3.7%), which aligns with the small proportion of cork in the bark rhytidome. 
The composition of suberin is characterized by similar proportions of α, ω-alkanoic 
diacids and ω-hydroxyalkanoic acids, with 18-hydroxy-9-octadecenoic acid (26% of 
monomers) and octadec-9-enedioic acid (20.6%) as the main monomers. The lignin 
content is 21.9%, and the monomeric composition of polysaccharides includes 
glucose, xylose, arabinose, galactose, rhamnose, and acetyl groups. The lipophilic 
extractives are mainly composed of terpenoids (72.2% of all compounds), with frie-
delin and friedelanol as the main compounds. Hydroethanolic extracts, obtained 
under mild conditions with a yield of 10.2%, exhibited antioxidant activity (TBARS 
assay, EC50 value of 55 μg/mL). The overall chemical and structural properties of Q. 
vulcanica bark indicate promising potential for biorefineries.
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Introduction

Oaks cover approximately one-third of Turkey’s total forest area, with 18 spe-
cies (Yaltirik 1984), including endemic species, such as Quercus vulcanica Boiss. 
ex Kotschy, Q. macranthera subsp. syspirensis (K. Koch) Menitsky (Yaltirik 
1984), and Q. trojana subsp. yaltirikii Ziel., Petrova & D.Tomasz. (Zieliński et al. 
2006). Q. vulcanica, also known as the volcanic oak or kasnak oak belongs to the 
white oaks group (family Fagaceae, genus Quercus, subgenus Quercus, section 
Quercus).

Q. vulcanica is a relict tree species (Atalay et al. 2014) that may reach a height 
of 25–30  m and a diameter of 1.6  m (Yaltirik 1984). Its distribution occurs at 
high altitudes between 1200 and 1800 m in the southwest to central-north of Ana-
tolia (Yücedağ et al. 2021). Currently under protection by the national forest ser-
vice, a pure forest of approximately 1300  ha of Q. vulcanica is located in the 
Kovada lake area of Isparta city, in western Turkey. The species is locally called 
kasnak meşesi (hoop-frame or rim oak) because its wood was possibly used as 
a frame for embroidery or sieves. The wood was particularly appreciated for the 
production of wood veneers due to its relatively narrow annual rings (Yaltirik 
1984). Interestingly, the wood of Q. vulcanica was tested to produce oak barrels 
for aging cognac liquors as a substitute for France-imported Q. petraea wood, 
with positive results (Kayacık 1977). It was also tested for the aging of Turkish 
wines and rakı (Kayacık 1977). However, these tests were discontinued, and no 
commercial barrel production from Q. vulcanica wood has been reported.

It is well recognized that protection of forest species is easier when integrated 
within a valorization program targeting economic and social benefits. Addition-
ally, the circular economy approach is now increasingly accepted, advocating 
for the adoption of a full resource use philosophy that utilizes waste materials to 
produce materials, chemicals, and energy (Antoniou et  al. 2019; Awasthi et  al. 
2020). Tree barks are one example since they are usually considered waste forest-
based biomass materials, often downgraded due to the presence of metals or sand 
impurities, or by their higher ash and lower polysaccharide content, as well as 
lower mechanical properties as compared to wood (Fengel and Wegener 1984). 
Thus, barks are usually left in the forest or kept on the logs until processing when 
they are removed and subsequently burned with a very low added value. Recently 
tree barks have been put forward as biomass resources for biorefineries, draw-
ing attention to their interesting chemical and structural features and highlighting 
their potential contribution to the overall forest and biomass economy (Pasztory 
et al. 2016). Given the diversity of bark characteristics, the first step in develop-
ing the design of the best-suited conversion pathways is to conduct a detailed 
structural and chemical study.

The protection and valorization of Q. vulcanica will therefore require detailed 
information on the tree’s biomass fractions, namely its bark. The current knowl-
edge is scarce and particularly focused on the properties of wood, such as anat-
omy (Merev 1998), physical and mechanical properties (Göker et  al. 2001), 
and chemical composition (Ucar et  al. 1999). Only one study analyzed the 



1 3

Wood Science and Technology	

chemical composition of the bark, which reported that Q. vulcanica bark con-
tains high amounts of ash and extractives, and palmitic acid (C16:0) and linoleic 
acid (C18:2), as well as friedelin and sitosterol, were identified in the lipophilic 
extractive fraction (Balaban and Uçar 2001). The chemical composition of ash, 
extractives, and suberin in Q. vulcanica bark is currently unknown, as well as its 
structural and anatomical description. However, these are important parameters 
for the design of bark-based biorefineries and, therefore, need to be characterized.

This study investigates in detail the Q. vulcanica bark to establish a first back-
ground knowledge to allow the selection of exploitation routes and contribute 
to establishing a circular economy with benefits for local populations and overall 
species protection. This study provides the first detailed characterization of Q. vul-
canica bark, reporting its chemical composition and a qualitative description of its 
structure and anatomy. The bark of Q. vulcanica trees was collected and analyzed 
for chemical properties, including summative composition, elemental analysis, com-
position of lipophilic extractives and of suberin, as well as the characterization of 
surface functional groups. The bark anatomical features were also characterized in 
detail through microscopic observations.

Materials and methods

Sampling

Bark specimens from Quercus vulcanica trees were collected in the Isparta region 
of western Turkey, within the Kovada Lake National Park area (coordinates 37° 44′ 
55′′ N 30° 49′ 76′′ E). The sampling location is situated at an altitude of 1500 m 
and exposed to an average annual temperature of 10.1  °C (Aslan and Ayvaz 
2009). A total of five trees, averaging 40 years of age, were selected for the sam-
pling following the TAPPI standard Τ 257 os-76. Bark fragments of approximately 
20 cm × 20 cm × 2 cm were peeled from the tree trunks at a height of 1.30 m. For 
chemical analysis, the samples were triturated using a hammer mill (Retsch SK,) 
and the resulting granulated bark was sieved to retain fractions in the range of 40–60 
mesh (250–420 μm) for subsequent analysis.

Anatomical characterization

The bark specimens were impregnated with DP1500 polyethylene glycol for light 
microscopy observations. Transverse and longitudinal microscopic sections, with a 
thickness of about 17 μm, were prepared using a Leica SM 2400 sliding microtome 
and an adhesive tape for sample retrieval. These sections were stained using a double 
staining with chrysodine and astra blue, and suberin was selectively stained using 
Sudan 4. The microscopic slides were then prepared for observation as detailed in 
Şen et al. (2011). The dissociated bark cells were also prepared for observation as 
previously described (Şen et al. 2011).
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Microscopic analysis was conducted using a Nikon Microphot-FXA microscope 
connected to a digital camera (Nikon DS—Fi1c). Furthermore, the bark samples 
were also subjected to scanning electron microscopy (SEM) using a TM3030Plus 
Tabletop Microscope (Hitachi) operating at 5 kV, and digital images were recorded.

The terminology used for describing bark characteristics conformed to the IAWA 
List of Microscopic Bark Features (Angyalossy et al. 2016).

Summative chemical composition

The overall chemical composition, which comprises the contents of ash, extractives, 
suberin, lignin, and polysaccharides, was assessed on dry bark samples. The bark 
samples underwent overnight (16 h) drying at 60 °C followed by a subsequent dry-
ing at 100 °C for 2 h. The ash content was determined by incinerating approximately 
2 g of bark in an oven at 550 °C overnight (for 16 ± 1 h). The total extractive con-
tent was determined via three consecutive Soxhlet extractions, following the proce-
dure detailed in TAPPI Standards (T204 om-88 and T207 om-93). These extractions 
involved the use of dichloromethane (CH2Cl2-DCM), ethanol (C2H5OH-EtOH), and 
water (H2O) as solvents, each extraction lasting for 6 h, 18 h, and 18 h, respectively.

Suberin content was determined by subjecting the previously extracted mate-
rial to methanolysis. Approximately 1.5 g extractive-free sample was reacted with 
100 mL of a 3% methanolic solution containing sodium methoxide for 3 h, followed 
by filtration and methanol washing. The residue was then refluxed with 100 mL of 
methanol for 15 min, followed by filtration. The filtrates were mixed, acidified to pH 
6 using 2 M sulfuric acid, and evaporated to dryness. The resulting residue was sus-
pended in 50 mL of water, and extracted using dichloromethane by applying three 
successive liquid–liquid extractions, each with 50 mL of dichloromethane. Later the 
extracts were dried using anhydrous sodium sulfate, and the solvent was evaporated 
to retain the concentrate for compositional analysis. The aqueous phase was pre-
served for glycerol analysis.

The Klason and acid-soluble lignin contents were determined in accordance with 
TAPPI T 222 om-88 and TAPPI UM 250 Standards, on previously extracted and 
desuberinised samples. This process involved reacting 72% H2SO4 (3.0  mL) with 
0.35 g of the suberin-free material, by placing the mixture in a water bath at 30 °C 
for 1 h, diluting it to a 4% H2SO4 concentration, and then hydrolyzing it for 1 h at 
120 °C (Sluiter et al. 2008).

The polysaccharide content was quantified by measuring the monosaccharide 
monomers released after the H2SO4 hydrolysis during the lignin determination. The 
sugar monomers were quantified using high-performance anion-exchange chroma-
tography (HPAEC) with Aminotrap plus CarboPac SA10 anion exchange columns. 
All wet chemical experiments were performed with four repetitions.

Inorganic elemental composition

Phosphorus content was determined by spectrophotometric method by using a 
Hitachi U-2000 Vis/UV instrument, while the contents of Ca, Mg, Na, K, Cu, Mn, 



1 3

Wood Science and Technology	

Zn, S, Fe, and B were assessed using atomic absorption spectrophotometry with a 
Pye Unicam SP-9 apparatus (Cambridge, UK). This analysis was performed after a 
hydrochloric digestion of the ash.

FTIR analysis

The FTIR analysis was applied as a complementary method to wet chemical analysis 
and inorganic elemental analysis. Bark powder (particles under 180 μm) was oven-
dried at 105  °C for 1  h before experimentation. Subsequently, the samples were 
placed on the diamond (ATR-FTIR), and reflectance spectra were obtained using a 
mid-infrared FTIR spectrometer (Perkin Elmer Spectrum Two), covering the range 
of 4000–400 cm−1 with a spectral resolution of 8  cm−1. The spectra were normal-
ized and baseline corrected before interpretation.

Composition of lipophilic extractives

The bark lipophilic extractives in dichloromethane (5 mL) were evaporated under 
a stream of nitrogen and subsequently dried at room temperature overnight under 
vacuum. The presence of esterified structures was assessed by dissolving 2 mg of 
the dichloromethane extracts in a 0.5 M sodium hydroxide solution in 50% aque-
ous methanol followed by heating at 100  °C, under a nitrogen atmosphere for 
approximately 60  min. Afterwards, the reaction mixture was cooled, acidified to 
pH 2 using 1 M hydrochloric acid, and extracted with dichloromethane three times. 
The solvent was evaporated to dryness. Prior to the GC–MS analysis, the lipophilic 
extracts were derivatized by dissolving in 100 μL of pyridine and adding 100 μL 
of bis(trimethylsily)-trifluoroacetamide (BSTFA). This derivatization process con-
verted hydroxyl and carboxyl groups into trimethylsilyl (TMS) ethers and esters, 
respectively. The reaction mixture was kept at 60 °C for 30 min in an oven before 
the GC–MS analysis [EMIS, Agilent 5973 MSD, 70 eV, MS source 220 °C] under 
the following GC conditions: Zebron 7HGG015-02 Phenomenex column (30  m, 
0.25 mm; ID, 0.1 μm film thickness), injector at 280 °C, and an oven temperature 
program starting at 100 °C (1 min), followed by a ramp to 150 °C (10 °C min−1), 
300 °C (4 °C min−1), 370 °C (5 °C min−1), and finally 380 °C (8 °C min−1), with 
a holding time of 5 min. The lipophilic compounds were identified as TMS deriva-
tives by comparing the mass spectra with those in a GC–MS spectral library (Wiley, 
NIST) and by analyzing the fragmentation patterns. The peak areas in the total ion 
chromatogram (TIC) were determined and expressed as normalized relative percent-
ages. Triplicate injections were performed for each aliquot.

Composition of suberin

The monomeric composition of suberin was determined using aliquots obtained 
from the alcoholysis products extracted with dichloromethane after suberin 
depolymerization. These samples were evaporated and subjected to trimethysilyl 
derivatization before the immediate analysis by GC–MS. The GC–MS analysis 
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was conducted using a Zebron 7HGG015-02 column (Phenomenex, Torrance, 
CA, USA) (30 m, 0.25 mm; ID, 0.1 µm film thickness). The injector temperature 
was 400 °C and the oven temperature program started at 50 °C (held for 1 min), 
followed by a ramp of 10 °C min−1 to 150 °C, 5 °C min−1 to 200 °C, 4 °C min−1 
to 300 °C, and 10 °C min−1 to 380 °C (held for 5 min). The mass spectrometer 
(MS) source was maintained at 220  °C, and the electron impact mass spectra 
(EIMS, 70 eV) were recorded.

The glycerol released during suberin depolymerization was quantified from 
the aqueous layer obtained after the liquid–liquid separation of the suberin depo-
lymerization fraction using liquid chromatography (LC). The determination was 
carried out using a Dionex ICS-3000 system equipped with an electrochemical 
detector (Sunnyvale, CA, USA). The LC system employed Aminotrap plus Car-
boPac SA10 anion-exchange columns (Thermo Scientific, Waltham, MA, USA) 
and a mobile phase consisting of an aqueous 2-nM sodium hydroxide (NaOH) 
solution at a flow rate of 1.0 mL/min, all maintained at 25 °C.

Antioxidant properties of hydroethanolic extracts

The antioxidant activity of hydroethanolic extracts from the Q. vulcanica bark 
samples was assessed using a cell-based thiobarbituric acid reactive substances 
(TBARS) assay. Initially, granulated bark samples (~ 5  g, 250–420  μm) were 
stirred in 30 mL of an ethanol/water mixture (80:20, v/v) at 25 °C for 1 h and 
then filtered using a filter paper (Whatman No. 4). The residue underwent a 
second extraction with an additional 30 mL of the hydroethanolic mixture. The 
combined extracts were concentrated under reduced pressure using a Büchi 
R-210 rotary evaporator (Flawil, Switzerland) at 40 °C and subsequently lyophi-
lized with a FreeZone 4.5 system (Labconco, Kansas City, MO, USA).

For the TBARS assay, the hydroethanolic extracts were dissolved in water 
and diluted, resulting in concentrations ranging from 10 to 0.3125 mg/mL. The 
inhibition of lipid peroxidation in porcine (Sus scrofa) brain cell homogenates 
was assessed spectrophotometriclly by measuring the reduction in TBARS and 
the color intensity of malondialdehyde–thiobarbituric acid (MDA–TBA) using 
absorbance readings at 532 nm.

The lipid peroxidation inhibition ratio (%) was calculated using the following 
formula:

where A and B represent the absorbance values of the control and extract sam-
ples, respectively. The results were expressed as EC50 values (µg/mL), indicating 
the extract concentration providing 50% antioxidant activity. A positive control was 
employed, using Trolox (Sigma-Aldrich, St. Louis, MO, USA). The results were 
presented as the extract concentration achieving 50% inhibition (EC50), obtained 
from the graph depicting the percentage inhibition against the extract concentration.

(A − B)∕A × 100
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Results and discussion

Structure and anatomy

The external appearance of the bark of Q. vulcanica is grey and fissured (Fig. 1A). 
The bark tissues, namely rhytidome and phloem, were macroscopically distinct 
in the transverse sections (Fig. 1B). Sequential periderms, abundant sclerified tis-
sue, and fused rays were also distinct, while the growth rings were apparent. The 
bark thickness was approximately 1.2 cm. The external appearance of Q. vulcanica 
bark (Fig. 1A) is consistent with that of most Quercus species. The bark thickness 
was similar to that of Q. rotundifolia (1.2 cm) (Sousa et al. 2021) and Q. faginea 
(1.0  cm) (Quilhó et  al. 2013), wider than that of Q. dentata, Q. mongolica and 
Q.serrata (0.5–0.6 cm) (Furuno 1990), but thinner than the barks of Q. robur (9 cm) 
(Trockenbrodt 1994) and Q. cerris (3–7 cm) (Şen et al. 2011).

The bark microscopic structure is illustrated in Figs. 2, 3, 4, 5 for transverse and 
longitudinal sections, in Fig. 6 for the dissociated cells, and in Fig. 7 for the SEM 
observations. The rhytidome (Fig. 2A–C) is persistent and enclosed the innermost 
periderm and three subsequent periderm layers, which are separated by layers of 
non-conducting phloem. The phloem showed a regular and organized structure, with 
stratified tangential bands of fibres, nodules of sclereids, and broad phloem rays 
(Fig. 2C).

The periderm (Figs. 3A, B, 5, 7A) was poorly developed, somewhat undulating 
and anastomosed, with a small proportion of cork (phellem cells, Fig. 6A). The phel-
lem was composed of 3–6 layers of cells sometimes radially flattened, with uniform 
lignified thickenings in the tangential and radial walls. The cell often contained dark 
contents, presumably phenolic compounds. The phelloderm in each periderm con-
sisted of 1–3 rows of rectangular to round cells with thin walls and aligned radially.

The phloem of Q. vulcanica consisted of conducting phloem, which was a nar-
row band near the vascular cambium, followed by the non-conducting phloem. 
In transverse view, the phloem of Q, vulcanica was layered regularly from the 

Fig. 1   Bark structure of Quercus vulcanica on the transverse section. A: General aspects of rhytidome. 
B: Phloem (Phl), rhytidome (Rhy) and sequential periderms (arrows). Scale bar: A = 1 cm; B = 2 mm
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vascular cambium towards the periphery, even in the non-conducting phloem, 
where the structure was unaltered. Tangential layers of thin walled axial paren-
chyma cells (storage tissue) and sieve tube elements with companion cells (con-
ducting tissues) alternate with tangential bands of thick-walled fibres and scle-
reids. The sclereids formed conspicuous nodules (mechanical support tissues) 
with embedded large prismatic crystals. Thin and large rays crossed the tangen-
tial bands of tissues (Fig. 4A).

The sieve tube elements were solitary or in groups of 2 or 3 cells with a round 
to an irregular shape in transverse section, with 1–2 companion cells, interspersed 
with strands of parenchyma cells. The sieve plates exhibited a scalariform type, 

Fig. 2   Transverse view of the rhytidome of Quercus vulcanica. A, B: Periderm (Pr); phloem (Phl). C: 
Periderm (Pr); phloem (Phl) exhibiting tangential bands of fibers (F), broad ray (R) with sclereid nodules 
(Nsc). Scale bar A & C = 200 µm; B = 100 µm

Fig. 3   Transverse view of Quercus vulcanica bark. A: Periderm (Pr) (_) undulating and anastomosed 
with phellem (Phm) and phelloderm (Phd) cells. B: phellem (Phm) and phelloderm (Phd) and a portion 
of outer phloem showing dilatation tissue i.e. expanded parenchyma cells (cex), and distortion and dilata-
tion of ray cell (black arrow); crystals (white arrows) bordered the tangential band of fibres (F). Scale bar 
A & B = 100 µm
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with 5–6 sieve areas and numerous sieve pores (Figs. 5, 7D); lateral sieve areas 
were also well-developed (Figs. 5, 7C).

The axial parenchyma was arranged in tangential strands of 2–4 thin-walled cells 
with a round to rectangular shape in transverse section. These stands were placed 
between the tangential bands of fibres and scattered with sieve elements, which were 
hard to distinguish from the axial parenchyma cells. In both transverse and longitu-
dinal sections, strands of crystal-bearing axial parenchyma of approximately equal 
length (6 to > 10 cells) were observed along the margins of fibre bands (Figs. 3B, 
5A, B, 6B, 7B). In the outer non-conducting phloem, particularly near the periderm, 
the axial parenchyma cells were expanded (Fig. 3B).

The phloem rays, which make up the outward continuation of the wood rays, 
were homocellular and comprised of procumbent cells (Fig. 5 A). Two sizes were 
observed: narrow uniseriate rays (Figs. 4A, 5B) and broad rays (multiseriate, up to 
20 cells wide and > 100 cells high), (Fig. 4B). The narrow uniseriate rays followed a 
straight to undulated direction in the beginning of the conducting secondary phloem 
with minimal dilatation (Fig. 3B), due to the tangential stretching and anticlinal cell 
divisions; in the broad multiseriate rays, the sclerification started early near the cam-
bium (Fig. 4B) and the sclerified parts of the rays and accompanying groups of scle-
reids appeared with a palm-like arrangement.

The sclerenchyma tissue consists of fibers and sclereids. Fibres (Fig.  6B) are 
slender with thick walls, tapered overlapping ends, and arranged in continuous tan-
gential bands of 3–5 cells (Fig. 4A). These bands are often interrupted by clusters 
of sclereids (Fig. 4A). Sclereids were mostly isodiametric in shape, varying in size, 

Fig. 4   Secondary phloem of Quercus vulcanica in the transverse view. A: The tangential bands of fibres 
(F) interrupted by the nodules of sclereids (Nsc) and axial parenchyma scattered with sieve elements 
(asterisk). B: Sclerified parts of this multiseriate rays (---) and accompanying nodules of sclereids (Nsc). 
Scale bar A & B = 200 µm
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and possessed thick concentrically stratified walls along with numerous pit canals 
(Fig.  6C). Prominent nodules of sclereids with radial or tangential arrangement 
occurred within and near the broad rays (Fig. 4B).

The phloem structure in Q. vulcanica is similar to that of other Quercus spe-
cies, such as Q. velutina, Q. rubra, Q. alba, and Q. coccinia (Howard 1977), Q. 

Fig. 5   Secondary phloem of Quercus vulcanica in longitudinal view. A: Large nodules of sclereids (Nsc) 
are present, along with crystals (c); homocelular rays (R); fibres (F) bordered by crystalliferous axial 
parenchyma (crystals, arrow), axial parenchyma (P) and sieve tubes (St) (radial view). B: Uniseriate rays 
(R); fibres (F) bordered by crystalliferous axial parenchyma (arrow), and axial parenchyma (P). Scale bar 
A & B = 200 µm

Fig. 6   Individualized cells of Quercus vulcanica bark. A: Phellem cells (Phm). B: Fibre (F) crystallifer-
ous parenchyma cells (arrow); sclereid (Sc) and crystal (C). Scale bar A & B = 50 µm; C = 25 µm
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robur (Whitmore 1963; Trockenbrodt 1991), Q. cerris (Şen et al. 2011), Q. faginea 
(Quilhó et al. 2013), Q. petraea (Gričar et al. 2015), and Q. rotundifolia (Sousa et al. 
2021), as well as cork-rich species like Q. suber (Pereira 2007) and Q. variabilis 
(Ferreira et al. 2016). The main features include a regular layered phloem from the 
cambium to the last formed periderm in successive tangential bands of fibres and 
groups of sclereids alternated with axial parenchyma and sieve tubes, with conspicu-
ous nodules of cluster sclereids with radial and tangential alignment (Fig.  4) and 
prominent crystalliferous parenchyma cells (Figs. 5A, B, 6B, 7B).

The rhytidome is comparatively thin (Fig.  1B) containing narrow periderms 
with a phellem with only a few radial rows of cork cells of small radial dimension 
(Fig.  2A, 3A, B, 5A, 7A). This differs from other oaks that have cork-rich rhyti-
domes, where the cork layers are substantial, such as Q. cerris (Şen et al. 2011), or 
in oaks with a single periderm with thick cork, like Q. suber (Pereira 2007) and Q. 
variabilis (Ferreira et al. 2016).

The inorganic contents of the bark included druses (Figs. 5A, 7A) and prismatic 
crystals, presumably of calcium oxalate. These crystals were abundant in the axial 
chambered parenchyma cells (Fig. 5A, B, 6B, 7B) as well as in the nodules of scle-
reids (Fig. 7A). The presumably phenolic compounds were observed in various parts 
of the bark, such as phellem cells, axial and radial parenchyma, and sclereids in the 
phloem and rhytidome (Figs. 2A–C, 3A).

Fig. 7   Scanning electron microscopy of Quercus vulcanica bark. A: Periderm (Pr) (_); druses (arrow). 
B: Crystalliferous parenchyma cells (prismatic crystals, arrow) and druses (dashed arrow); C: sieve tubes 
with lateral sieve areas (arrow); D: sieve plate (spl) with sieve areas (sa) and pores (arrow). Scale bar 
A = 100 µm, B = 200 µm, C = 50 µm, D = 30 µm
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Chemical composition

The overall chemical composition of Q. vulcanica bark is presented in Table 1. 
The bark includes a significant quantity of inorganic compounds (16.4%) and 
extractives (23.1%), predominantly comprising hydrophilic compounds soluble in 
EtOH and H2O, accounting for 87% of all extractives. The suberin content is low 
(3.7%) and the lignin content is moderate at 22%.

The monomeric composition of Q. vulcanica polysaccharides is displayed in 
Table 1. Bark polysaccharides consist primarily of glucose and xylose monomers, 
with smaller quantities of arabinose, galactose, and rhamnose sugars. The hydro-
lysate also contains acetyl groups, which are characteristic markers of hardwood 
bark and wood hemicelluloses (Fengel and Wegener 1984).

The only study found on Q. vulcanica bark pertains to certain aspects of its 
chemical composition, including the content of structural components and poly-
phenols, as well as the composition of cyclohexane extractives and monosaccha-
rides (Balaban and Uçar 2001). The results of that study revealed that Q. vul-
canica bark contains approximately 13.5% ash, 25.9% extractives, and 10.6% 
polyphenols, while the lignin and holocellulose contents exhibited a high vari-
ability and the cyclohexane extractives were fractionated into saponifiables and 
neutrals.

The extractive and ash yields of our study (16.4% and 23.1% respectively) 
are consistent with the findings of that study (Balaban and Uçar 2001). The high 
ash content of the bark is corroborated by the anatomical observations, which 
revealed the presence of numerous crystals in the parenchyma cells bordering the 
fibres (Figs. 5A, B, 6B, 7B).

Table 1   Chemical composition 
(in % of o.d weight) of Quercus 
vulcanica bark

Summative chemical composition % of dry mass

Ash 16.4 ± 0.9
Extractives 23.07 ± 2.07
 DCM 2.7 ± 0.2
 EtOH 10.29 ± 0.99
 H2O 10.09 ± 0.89

Suberin 3.70 ± 0.26
Lignin 21.88 ± 0.38
 Klason lignin 18.84 ± 0.32
 Acid-soluble lignin 3.04 ± 0.07

Polysaccharide/Lignin ratio 1.60
Polysaccharides composition
Glucose 14.41
Rhamnose 0.22
Arabinose 1.41
Galactose 1.02
Xylose 7.88
Acetyl groups 0.31
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The major extractive fraction consisted of hydrophilic extractives (ethanol and 
water soluble extracts), which accounted for approximately 88% of the total extrac-
tive content (Table  1). The suberin content of Q. vulcanica bark was low (3.7%) 
which is in agreement with the anatomical characterization indicating a low amount 
of cork in the periderms (Fig.  3). The lignin content was 21.9% (or 26.2% on an 
ash-free basis), which is lower than the average values found in barks (40–50% on 
an ash-free basis). However, the polysaccharide content (41.8% on an ash-free basis) 
fell within the average values observed in different barks (Harkin and Rowe 1971).

Q. vulcanica bark polysaccharides are primarily composed of glucose and xylose 
monomers (Table 1) which is in agreement with the polysaccharide composition of 
hardwoods and hardwood barks, namely regarding the xylan predominance in hemi-
celluloses (Fengel and Wegener 1984). Additionally, Q. vulcanica bark contains 
small amounts of other hemicellulose monomers such as arabinose, galactose, and 
rhamnose, as well as acetyl groups. This monomeric composition of polysaccharides 
is similar to previous reports on Q. vulcanica bark and wood (Ucar et al. 1999). The 
polysaccharide to lignin ratio (PLR) of Q. vulcanica bark is 1.60, which was lower 
than the 0.86 observed in Q. cerris phloem (Şen et al. 2010). The lignin composition 
is likely to be a G-rich lignin as suggested by FTIR results (Faix and Beinhoff 1988).

Inorganic elemental composition

The elemental inorganic composition of Q. vulcanica bark is presented in Table 2, 
both as the bark content and the proportion of all the inorganic elements. It is pri-
marily composed of calcium, accounting for 96.5% of the total elements with also 
the presence of potassium (1.8%), magnesium (0.4%), phosphorus (0.3%), sodium 
(0.2%) and manganese (0.2%). The bark also contains oligoelements such as iron, 
copper, and zinc, as well as sulfur (0.5%).

The inorganic composition of Q. vulcanica bark is reported for the first time in 
this study (Table 2). The calcium content falls within the maximum range reported 
for barks (97%) (Fengel and Wegener 1984). The FTIR spectrum of Q. vulcanica 

Table 2   Elemental composition 
of Quercus vulcanica bark

Element mg kg−1 %

Na 113.89 0.21
K 1029.11 1.85
Ca 53,565.21 96.5
Mg 229.58 0.41
P 139.23 0.25
S 281.80 0.51
Fe 38.01 0.07
Cu 7.99 0.01
Zn 2.22 0.00
Mn 103.21 0.19
Total 55,510.26 100
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bark confirms the presence of calcium oxalate, indicated by the peaks at 512 cm−1, 
781 cm−1, 1316 cm−1, and 1618 cm−1. The presence of calcium-oxalate crystals was 
also reported in other barks such as Quercus robur, Ulmus glabra, Betula pendula, 
and Populus tremula (Trockenbrodt 1995). The anatomical characterization con-
firms the abundant presence of crystals in parenchyma cells (Fig. 5A, B). The sulfur 
content of the bark was relatively high, which may be related to the soil composition 
of the sampling site, as the area contains sulfur reserves according to the Mineral 
Research and Exploration Institute (MTA) of Turkey.

FTIR analysis

The FTIR spectrum of Q. vulcanica bark is depicted in Fig. 8, and the assignment 
of the main peaks to chemical components is provided in Table 3. The spectrum is 
dominated by peaks at 779  cm−1, 1316  cm−1, and 1611  cm−1 that are assigned to 
C–O and C=O stretching vibrations of calcium oxalate (Pinzari et  al. 2010). The 
broad band at 3332  cm−1 is attributed to O–H stretching. The band with maxima 
between 2920 and 2921  cm−1 and the less resolved and small band at 2852  cm−1 
are assigned to C–H stretching vibrations of methylene groups in suberin (Sen et al. 
2023). The two bands with maxima at 1714–1720  cm−1 and 1726–1727  cm−1 are 
assigned to carbonyl groups (C=O) of ester structures of unsaturated and saturated 
fatty acids and suberin monomers (Sen et al. 2023).

The conspicuous band at 1031  cm−1 is associated with overlapping C–O 
vibrations of polysaccharides and C–H deformations of guaiacyl lignin (Faix 
and Beinhoff 1988). The presence of guaiacyl lignin is an interesting feature of 
Q. vulcanica bark because the IR spectrum also contains other specific markers 
of guaiacyl lignin such as the bands at 1143 cm−1 (C–H deformation in guaiacyl 
ring) (Faix and Beinhoff 1988), and at 1262 cm−1 (guaiacyl ring breathing) (Yan 

Fig. 8   FTIR spectrum of Quercus vulcanica bark



1 3

Wood Science and Technology	

et al. 2016). The small band at 1370  cm−1 is assigned to C–H deformations in 
cellulose and hemicelluloses (Traoré et  al. 2016), while the other small band 
was observed at 1514  cm−1 assigned to the C=C aromatic skeletal stretching 
vibrations of the benzene ring in lignin (Kubo and Kadla 2005).

Composition of lipophilic extractives

The lipophilic composition of Q. vulcanica bark comprises mainly terpenoids, 
accounting for 72.2% of the total, with friedelin and friedelin derivatives as the 
major compounds with minor triterpenoids including betulinic acid and urso-
lic acid (Table 4). Steroids, particularly β-sitosterol, are also present as impor-
tant constituents. These results regarding the lipophilic composition align with 
previous findings, where significant amounts of friedelin and sitosterol were 
identified in the neutral fraction of Q. vulcanica bark (Balaban and Uçar 2001). 
The lipophilic composition of Q. vulcanica bark is similar to that of cork-rich 
barks such as Q. cerris and Q. suber (Pereira 2007; Şen et  al. 2015), despite 
the fact that Q. vulcanica bark does not contain a significant amount of cork. 
Oak barks in general appear to be abundant sources of triterpenoids, and friede-
lin, in particular, is an interesting compound known for its bioactive properties, 
including anti-inflammatory and anti-tumor effects (Lu et al. 2010; Antonisamy 
et al. 2011). Previous studies reported high yields of friedelin extraction from Q. 
cerris bark using supercritical CO2 extraction (de Melo et al. 2020). Therefore, 
despite Q. vulcanica bark yielding a low amount of lipophilic extractives (2.7%) 
through solvent extraction, the utilization of enhanced extraction methods may 
increase the yield, thereby allowing considering them in a biorefinery integrated 
flowsheet.

Table 3   Peak assignment in FTIR spectrum of Quercus vulcanica bark

Signal (cm−1) Functional group Assignment to chemical compo-
nents

Reference

779 O–C–O CaOxa Pinzari et al. (2010)
1031 C–O in polysaccharides 

and C–H in guaiacyl 
ring

Cellulose/lignin Faix and Beinhoff (1988)

1143 C–H in guaiacly ring Lignin Faix and Beinhoff (1988)
1262 Guaiacyl ring breathing Lignin Yan et al. (2016)
1316 O–C–O CaOxa Pinzari et al. (2010)
1370 C–H Polysaccharides Traoré et al. (2016)
1514 C=C Lignin Kubo and Kadla (2005)
1611 C=O CaOxa Pinzari et al. (2010)
2921 C–H Suberin Sen et al. (2023)
3345 O–H Moisture or phenolic structures Sen et al. (2023)
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Table 4   Composition of the lipophilic extractives (dichloromethane solubles) of Quercus vulcanica bark

Compound families Compounds % of total 
peak area

Alcohols Total 1.43
Hexadecanol 0.08
Octadecanol 0.09
Eicosanol 0.22
Docosanol 0.35
Tetracosanol 0.46
Hexacosanol 0.08
Octacosanol 0.15

Fatty acids Total 7.48
Tetradecanoic acid 0.24
Pentadecanoic acid 0.12
Hexadecanoic acid 2.91
Heptadecanoic acid 0.09
9,12-Ocatdecadienoic acid 0.44
9-Octadecenoic acid 0.61
Octadecanoic acid 0.62
Eicosanoic acid 0.21
Heneicosanoic acid 0.35
Docosanoic acid 0.51
Tetracosanoic acid 0.64
Pentacosanoic acid 0.05
Hexacosanoic acid 0.69

ω-hydroxy fatty acids Total 0.78
22-Hydroxydocosanoic acid (2TMS) 0.62
24-Hydroxytetracosanoic acid (2TMS) 0.16

Phenolics Total 2.18
Benzoic acid 0.08
Vanillin 0.08
Ferulic acid 0.04
Tetracosyl ferulate 0.33
Hexacosyl (E)-ferulate 1.23
Octacosyl (E)-ferulate 0.42

Steroids Total 11.24
Stigmasterol 0.13
β-sitosterol 9.31
Stigmastanol 1.08
Stigmast-4-en-3-one 0.73
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Suberin composition

The composition of suberin, categorized by chemical families, in Q. vulcanica bark 
is presented in Table 5. It is expressed as mass percent of the bark and as a propor-
tion of the total monomers. Suberin comprises lipid monomers that are soluble in 
dichloromethane, as well as water-soluble glycerol that was quantified in the aque-
ous fraction of the methanolysis reaction. The major chemical families include α, 
ω-diacids and ω-hydroxyacids which together accounted for about 69.0% of all mon-
omers released (equivalent to 2.5% of the bark). Glycerol accounts for 4.9% of all 
released monomers (equivalent to 0.18% of bark).

The monomeric composition of suberin, based on peak areas of GC–MS chroma-
tograms of the organic phase of the acidified methanolysates, is reported in Table 6. 

Table 4   (continued)

Compound families Compounds % of total 
peak area

Terpenoids Total 72.19

β-Amyrone 0.47

Lupeol 1.06

Friedelan-2-one 36.64

Friedelanol 26.19

Oleanolic acid 2.25

Betulinic acid 3.11

Ursolic acid 2.47
Sugars Total 1.04

Sitosteryl-3β-D-Glucopiranoside 1.04
Gylcerol derivatives Total 2.38

Glycerol 2.07
Tetracosyl glycerol 0.32

Table 5   Suberin composition 
(in % of bark and in % of total 
monomers) including glycerol, 
long chain aliphatic compounds 
and aromatics solubilized by 
methanolysis of the bark of 
Quercus vulcanica 

Chemical family % of bark % of monomers

Glycerol 0.18 4.90
Alkanoic acids 0.53 14.23
ω-Hydroxyalkanoic acids 1.24 33.56
α, ω-Alkanoic diacids 1.31 35.43
Alkanols 0.26 7.11
Glycerol derivatives 0.04 1.15
Aromatic compounds 0.04 1.13
Total 3.70
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Table 6   Suberin monomeric composition of Quercus vulcanica bark expressed in % of the chromato-
graphic peak areas

Compound families Compounds % of total 
peak area

Alcohols Total 7.11
Octadecanol 0.31
Eicosanol 0.06
Docosanol 3.77
Pentadecanol 0.53
1,22-Docosanediol 0.33
Octacosanol 1.36
Hexacosanol 0.75

Fatty acids Total 14.23
Hexadecanoic acid, methyl ester 0.44
Hexadecanoic acid, TMS 0.32
9- Octadecenoic acid, methyl ester (Z) 0.31
Octadecanoic acid, methyl ester 0.11
Octadecanoic, acid, TMS 1.84
Docosanoic acid, methyl ester 3.70
Tridecanoic acid, TMS 1.29
Metil 2-hydroxytetradecanoate, TMS 1.55
Tetracosanoic acid, methyl ester 2.29
Docosanoic acid, TMS
Hexacosanoic acid, methyl ester 0.79
15-Tetracosenoic acid, TMS 1.61

α-ω-dicarboxylic acids Total 35.43
Hexadecanedioic acid, dimethyl ester, C16:0, dimetil ester 12.47
Octadec-9-enedioic acid, dimetil ester 20.57
Octadecanedioic acid, dimetil ester 0.77
Eicosanedioic acid, dimetil ester 0.47
Docosanedioic acid, dimetil ester 0.55
Octadecanedioic acid 9,10-dihydroxy(di-TMS)-dimethyl ester, 

threo
0.26

Octadecanedioic acid 9,10-dihydroxy(di-TMS), 1,18-(dimethylsilyl) 0.33
ω-hydroxy acids Total 33.56

Hexadecanoic acid, (16-trimetilsiloxy)-, methyl ester 5.37
Methyl 18-hydroxy-9-octadecenoate, TMS derivative 26.10
Docosanoic acid, (22-trimethylsiloxy)-, methyl ester 1.83
Tetracosanoic acid, (24-trimethylsiloxy)-, methyl ester 0.26
Hexacosanoic acid, (26--trimethylsiloxy)-, methyl ester 5.37

Phenolics Total 1.13
Vanillin 0.19
methyl isoferulate, TMS 0.22
methyl ferulate, TMS 0.72



1 3

Wood Science and Technology	

It includes the long-chain aliphatic compounds and aromatics that were soluble in 
the organic phase, and therefore does not include the glycerol that is reported in 
Table 6 separately. The major components are α, ω-diacids, accounting for 35.4% of 
the total monomers (14.3% saturated α, ω-diacids, and 21.2% unsaturated and sub-
stituted α, ω-diacids) and by ω-hydroxyacids, representing 33.6% of the total mono-
mers (7.5% saturated hydroxyacids and 26.1% substituted hydroxyacids). Alkanoic 
acids make up 14.2% of the monomers, while alkanols account for 7.1%. In smaller 
amounts, glycerides derivatives (1.9%) and aromatics (1.1%) were also identified. 
The main individual monomers of Q. vulcanica bark suberin were 18-hydroxy-9-oc-
tadecenoic acid (26%) and octadec-9-enedioic acid (20.6%), with hexadecanedioic 
acid (12.5%), docosanoic acid (3.7%), hexadecanoic acid (5.4%), and hexacosanoic 
acid (5.4%) also being important monomers.

The main long chain monomers of Q. vulcanica bark suberin were α, ω-carboxylic 
diacids and ω-hydroxy acids in similar amounts, with 18-hydroxy-9-octadecenoic 
acid and octadec-9-enedioic acid as the principal monomers (Table 6). The monomer 
composition of suberins is highly variable between species. For instance, ω-hydroxy 
acids content of Q. vulcanica is smaller than that of Q. suber (up to 48%) (Bento 
et al. 2001) and Q. cerris (up to 90%) (Şen et al. 2010). This variability in suberin 
composition even occurs in the same species, and a higher variability was observed 
in Q. suber virgin cork compared to reproduction cork (Bento et al. 2001). The pres-
ence of dicarboxylic acid monomers is a distinctive feature of suberin, which dif-
ferentiates it from cutin, another important plant bioester (Pollard et al. 2008). For 
instance, the cutin in Q. suber leaves is mainly composed of ω-hydroxyacids, fol-
lowed by fatty acids, with only a few α, ω–diacids (Simões et al. 2021). Ferulic acid 
derivatives are the main phenolic components of Q. vulcanica suberin, similar to Q. 
suber and Q. cerris corks (García-Vallejo et al. 1997; Şen et al. 2010).

Antioxidant activity of hydroethanolic extracts

The results of the antioxidant properties of the hydroethanolic extracts of Q. vul-
canica bark are presented in Table 7. The extract yield was 10.2% and its antioxidant 
activity was high, with an EC50 value of 55 µg/mL.

The hydroethanolic extracts exhibited a surprisingly high antioxidant activity, as 
determined by the TBARS method (Table 7). The extract yield was high under the 
mild conditions used (10.2%) but there is scope to enhance the yield, given the total 

Table 6   (continued)

Compound families Compounds % of total 
peak area

Glycerol derivatives Total 1.87

2-oleoglycerol, 2 TMS (9-Octadecenoic acid, 1,3-bis-(O-TMS)-
2-Propyl ester

1.15

docosyl glycerol (C22:0) 0.72
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20.4% of ethanol and water solubles present in the bark (Table 1). Therefore, extrac-
tion is a key conversion step in the valorization of Q. vulcanica bark.

Conclusion

The detailed anatomical properties and chemical composition of the endemic Q. vul-
canica bark in Turkey were reported here for the first time and discussed from the 
perspective of integration into a bark-based biorefinery system. The overall results 
suggest that certain constituents, such as calcium oxalate, polar extractives, C18 
dicarboxylic acids, friedelin, and ferulic acid, serve as markers for oak barks. There-
fore, biorefinery studies for oak barks should focus on the valorization of these com-
pounds. The lignin and polysaccharide contents of Q. vulcanica bark were found to 
be low to average. Considering the high ash content of the bark, thermal conversion 
may not be a favorable unit operation in biorefineries. Similarly, the low suberin 
content does not advise a cork-targeted valorization. The distinguishing feature of Q. 
vulcanica bark is its high content of hydrophilic extractives and their strong antioxi-
dant activity, which indicates a promising potential for biorefineries. Q. vulcanica 
bark also yields a low amount of lipophilic extractives. The utilization of enhanced 
extraction methods may further increase the yield of lipophilic extracts. Therefore, 
exploring extraction as the initial conversion step offers an advantageous option.

The following specific conclusions can be drawn from this study:

1.	 The ash content of the bark is high (16.4%), primarily comprising calcium oxalate 
crystals as confirmed by FTIR analysis.

2.	 The content of extractives is very high (23.1%), predominantly composed of 
hydrophilic extractives.

3.	 Hydroethanolic extracts obtained under mild conditions exhibit antioxidant activ-
ity.

4.	 Lipophilic extractives consist mostly of terpenoids, with friedelin and friedelanol 
as the main compounds.

5.	 The suberin content is low, characterized by the presence of α, ω-alkanoic diacids 
and ω-hydroxyalkanoic acids in similar proportions.
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