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Abstract

- M. Gléria Gomes”® - Helena Pereira®

Single-layered particleboards were produced from granulated Quercus cerris bark containing cork and phloem granules using
standard hot-press equipment and phenol-formaldehyde resin. The experimental boards were tested for thickness swelling,
mechanical strength and thermal properties. Scanning electron microscopy observations were carried out to analyze the
panel structure. The results showed that Q. cerris bark particleboards had low thickness swelling in water, high resistance
to thermal degradation and high calorific values but their mechanical strength was below that of commercial wood parti-
cleboards. The produced Q. cerris bark particleboards were adequate for exterior applications where mechanical strength is
not the key factor. Potential for process and feedstock optimization was acknowledged.

1 Introduction

Tree barks are among the most widely available and under-
valorized plant materials produced as residues by the wood
processing industry (Sen et al. 2015a). Apart from the use
as biomass for energy, barks are little valued in the present
market conditions, even if their potential as a feedstock for
biorefineries is increasingly acknowledged (Baptista et al.
2013; Ferreira et al. 2016a). Barks largely differ from wood
chemically (e.g. higher amounts of extractives, inorganic
material and lignin) and structurally (e.g. different tissues
of phloem, periderm and rhytidome) which gives them
interesting and differentiating features and broadens their
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application spectrum while at the same time increasing com-
plexity (Harkin and Rowe 1971; Pereira 2012).

One interesting structural component of bark is cork
because its specific set of properties makes it a valuable
cellular material for industrial processing into various prod-
ucts (Pereira 2015). The industrial chain is based on the cork
obtained periodically from the outer bark of the Quercus
suber (cork oak) tree that is transformed into wine cork stop-
pers and cork composites used by the construction industry
(Pereira 2007).

A high content of cork is found in the bark of some other
species (Leite and Pereira 2017), and a few of them have
been studied regarding their cork structural and chemical
features, for example Betula pendula (Ferreira et al. 2016a;
Miranda et al. 2013), Quercus variabilis (Ferreira et al.
2016b), Plathymenia reticulate (Mota et al. 2016), Pseu-
dotsuga menziesii (Ferreira et al. 2016¢; Cardoso et al. 2017)
and Quercus cerris (Sen et al. 2010, 2011a, b).

The valorization potential of Q. cerris bark has been fur-
ther investigated. Q. cerris (Turkey oak) is present in large
areas in Turkey as well as in southeastern European coun-
tries but is currently under-valorized, i.e. not used commer-
cially. Studies on pilot scale bark fractionation proved that it
was possible to obtain cork-pure and cork-rich fractions (Sen
et al. 2016). Different bark valorization possibilities were
examined including extraction of triterpenoids (Sen et al.
2015b) and adsorption of heavy metals, aromatic pollutants
and oils (Sen et al. 2012a; Olivella et al. 2011; Sen and
Pereira 2015). The thermal behavior of cork-rich fractions
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was also examined in view of its use for insulation materials
(Sen et al. 2012b).

Particleboard production using bark as raw material is
also a possibility since particleboards offer a low-cost uti-
lization of agricultural wastes and various lignocellulosic
raw materials and residues (Ortufio et al. 2011; Pasztory
et al. 2016). Particleboards are composite panels produced
from lignocellulosic materials and a phenolic resin that are
used extensively as construction materials due to their good
mechanical strength and machining properties. Bark was
tested for the production of particleboards as early as the
1970s (Villeneuve 2004). The studies showed that bark addi-
tion to the wood feedstock reduced strength, for example
modulus of rupture, modulus of elasticity and internal bond-
ing (Wisherd and Wilson 1979; Villeneuve 2004; Yemele
et al. 2008).

There has been an increased interest to use bark parti-
cleboards as thermal insulation materials in recent years.
Produced from different tree barks, the boards showed insu-
lation properties similar to those of synthetic thermal insu-
lators (Kain et al. 2012, 2013, 2014; Pasztory et al. 2017).
The bark particleboards were analyzed by X-ray computed
tomography and their thermal conductivities were modelled
to optimize their performance (Kain et al. 2016).

The presence of cork in the bark may enhance some of
the particleboard properties. Cork composites are already
produced commercially and used to a large extent for vari-
ous construction applications (Gil 2009; Lakreb et al. 2015;
Knapic et al. 2016). The low density, hydrophobic nature
and low permeability, low energy transfer and high damp-
ing capacity of cork are some of the characteristics that give
cork composites an improved performance as insulation
and surfacing materials. The fact that the bark of Q. cerris
contains a substantial proportion of cork (Sen et al. 201 1a,
2016) may be an advantage for its use as a particleboard
raw material.

In this work, the possibility of using the cork-rich Q. cer-
ris barks in particleboard production was studied. The objec-
tive was to produce low-cost particleboards from Q. cer-
ris bark with satisfactory mechanical resistance that could
enhance the economic sustainability of Q. cerris forests. Q.
cerris bark may offer a different raw material to the highly
productive particleboard industry in Turkey, and be inte-
grated into industrial particleboards production, particularly
for insulation or surfacing purposes.

2 Materials and methods
2.1 Materials

The materials used in this work are bark samples extracted
from 70 to 80 year-old trees of Quercus cerris var. cerris
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from the southeastern part of Turkey. A total of approxi-
mately 300 kg of bark was obtained that included the bark
phloem and rhytidome. The whole bark was ground with a
hammer mill and sieved into fractions of different granulo-
metric dimensions (0.25-0.42, 0.42-0.84 and 0.84-2 mm).
The most abundant fraction was the cork-rich 0.84-2 mm
fraction that was used in the subsequent particleboard pro-
duction. A detailed chemical and anatomical characteriza-
tion of the bark can be found elsewhere (Sen et al. 2010,
2011a).

3 Production of particleboards

The particleboards were produced with a pilot hot-plate
press at the Faculty of Forestry of Istanbul University. The
parameters were set at: 170—180 °C plate temperature,
0.8-7 MPa final pressure and 15 min for the total press-
ing time. The pressing time was kept higher than normal
pressing times for particleboards to achieve better binding
between bark particles. The load was applied until a board
thickness of 1 cm was attained and then kept at a tempera-
ture during curing, after which the load was relieved and the
panels removed and allowed to stabilize under laboratorial
conditions.

Phenol-formaldehyde adhesive was used for the pro-
duction of particleboards with a 33% ammonium chloride
(NH,CI) solution as catalyst (Villeneuve 2004). The bark
particles were mixed with 10% of the phenol-formaldehyde
adhesive and catalyst and carefully homogenized before
pressing. The moisture content of the bark particles was 6%
before pressing. The auto-agglomeration of the bark parti-
cles without addition of adhesive was also tested.

Single-layered particleboards with dimensions of
0.4%0.4x0.01 m* (length X width x thickness) were pro-
duced using approximately 1.0+ 0.2 kg of air-dry bark par-
ticles for each board. Three different target density classes of
particleboards were made: 550 kg m~> (class I), 650 kg m™>
(class IT) and 725 kg m~ (class ITI) as average board densi-
ties (individual panels showed some density differences).
A total of 29 bark particleboard samples were obtained for
each density class.

3.1 Physical and mechanical properties
of the particleboards

Mechanical tests and physical characterizations of the pro-
duced particleboards were carried out at the Faculty of For-
estry of Istanbul University. All samples were conditioned
at 20 °C and 65% relative humidity prior to the subsequent
tests. The following tests were carried out: thickness swell-
ing (2 and 24 h), static bending and internal bond strength.
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3.1.1 Thickness swelling

The thickness swelling (TS) test was carried out according
to the European Standards EN 317 (1993). Particleboard
samples of 10X 50 x50 mm? (thickness x width x length)
dimensions were prepared, and the thickness was measured
in the middle of the test sample with a micrometer. The
sample was immersed in distilled water at room temperature
(20 °C) to a depth of 30 mm and soaked during 2 and 24 h.
After each immersion period, the thickness was measured
and the thickness swelling was calculated as

T, - T
TSy, = 20

x 100 (1)

Ty — T,
% x 100 )
0

TSy, =

where TS is the thickness swelling (%), T, T, and T,, are
the thickness of the test specimen before soaking, and after
soaking in water for 2 and 24 h, respectively. The values are
shown as the mean of 25 tests.

3.1.2 Static bending

The static three-point bending (SB) test was carried out
according to the European Standards EN 310 (1993). Sam-
ple dimensions were 10 x 50 x 200 mm? (thickness, width,
length). The modulus of rupture (MOR, MPa) and apparent
modulus of elasticity (MOE, MPa) were determined using
the load data as:

3P, L
MOR = S 3
MOE = APL”

N S

where b is the width of the specimen (mm); 4 is the thick-
ness of the specimen (mm); L is the length of the span (mm);
AP is the load at proportional limit; P, is the maximum
load at static bending (N); Afis the center deflection at pro-
portional limit load (mm). The values are shown as the mean
of ten tests.

3.1.3 Internal bond

The internal bond strength (IB) test measures the tensile
strength perpendicular to the particleboard surface and indi-
cates how strong the particles are glued together. The test
was carried out according to the European Standards EN 319
(1993). Specimens with 10 x50x 50 mm? (thickness, width,

length) were strained under static load at a fixed speed of

2 mm min~". The tensile strength in the direction perpen-

dicular, i.e. internal bond (IB) was calculated as:

IB — Pmax 5
~bL ©)
where P, is the maximum load (N), L is the length of

the specimen (mm), b is the width of the specimen (mm)

and IB is the tensile strength (MPa). The values are shown

as the mean of 15 tests.

3.2 Scanning electron microscopy (SEM)

The board samples were cut in two crossed directions per-
pendicular to the surface, glued to a double-sided carbon
tape, and a layer of Au/Pd with approximately 450 °A thick-
ness was deposited on them using a Quorum Technologies
E5100 (former Polaron) sputter coater.

The samples were observed with a Hitachi S-2400 scan-
ning electron microscope with a Bruker EDX (Energy Dis-
persive X-Ray Spectroscopy) detector attached using an
acceleration voltage of 20 kV at magnifications of 50—1000x.
The images were recorded in digital format.

3.3 Thermogravimetric and calorimetric analysis

The thermogravimetric analyses (TGA) of the produced
particleboards were conducted using a Shimadzu DTG-
60H thermogravimetric analyzer. Scans were recorded
from 25 to 700 °C with a heating rate of 22 °C min~! of
1.0+ 0.1 mg samples in a platinum container under a nitro-
gen atmosphere (gas flow rate of 50 mL min~").

Higher heating values (HHV) of three density classes
were determined using an adiabatic bomb calorimeter
(Model IKA300). Prior to this analysis the samples were
oven-dried at 103 +2 °C until constant mass.

3.4 Thermal conductivity

The thermal conductivity coefficient (A, W m~2 K™ was
determined using a portable thermal conductivity meter,
Isomet 2114 (2011), from Applied Precision Enterprise.
Each measurement was carried out in 25 min approxi-
mately with a surface measurement probe placed on top of
the sample surface by a transient test method, according to
ASTM D5930-09 (2014). The surface probe has a line type
heater, which is constantly powered and the temperature rise
is monitored. The measurement of thermal conductivity is
based on periodical records of the temperature response of
the sample material to the heat flow impulses.

The particleboards of the three different density classes
were measured with 4 repetition tests for each class. The
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volumetric heat capacity values were also measured and
thermal diffusivity values were calculated.

4 Results and discussion

4.1 Production of particleboards

The granulated particles of Q. cerris bark showed the pres-
ence of cork granules that could easily be distinguished mac-

roscopically by their light brown color in contrast to the red-
dish dark brown color of the phloem granules (Fig. 1). The

Fig. 1 Production of Q. cerris particleboards [bark granules (top),
MOR sample (middle), thickness swelling samples (bottom)]
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bark was initially tested for auto-agglomeration (i.e. self-
bonding without using adhesives), but the produced boards
were extremely fragile and disintegrated on handling. It is
likely that the compaction was not sufficient and chemical
bonding was not achieved at temperatures lower than 205 °C
(Wellons and Krahmer 1973).

Therefore, adhesive application was decided for the pro-
duction of particleboards and phenol-formaldehyde resin
was selected since the aim was to produce exterior-grade
particleboards. Higher press times than usually used for
wood particleboards were applied to compensate for the
heat insulation properties of the bark (Kelly 1977). Bonding
between the bark particles was achieved in these conditions
and compact particleboards were produced. The presence
of the cork granules is clearly seen on the surface and cross-
sections of the particleboards (Fig. 1). The surface showed
the different texture and form of the cork and phloem gran-
ules and therefore, a dynamic surface color was obtained
which may be an advantage in certain applications where a
visual effect may be envisaged.

4.2 Physical and mechanical properties

The physical and mechanical properties of the produced par-
ticleboards are shown in Table 1.

The thickness swelling values were lower than those of
standard wood particleboards: for instance for 24 h water
soaking, the class II samples showed 8.3% swelling in com-
parison with the 11% of commercial wood particleboards
(Halligan 1970; Kelly 1977; Rowel et al. 2007). The thick-
ness swelling values were also better than those of P3-type
non-load bearing particleboards (European Standards EN
312 2010); however, pure cork particleboard made from
Kielmeyera bark performed best in this comparison (Rios
2007) (Table 1).

The hydrophobic character of the cork component in the
bark granulate, as well as the use of phenol-formaldehyde as
binder, significantly reduced the water uptake. The increase
of density increased swelling especially for the short time
soaking (2.9 and 5.2% for class I and class II, respectively).
The comparatively low swelling of these particleboards
favors the possibility of their exterior use.

The board density was the main factor affecting mechani-
cal and thermal insulation properties of the particleboard. In
fact, there is always a trade-off between higher mechanical
properties for a particleboard which requires higher density
and higher insulation properties which require lower density.
In the present study it was shown that there were significant
correlations between board density and TS, MOR, and IB
(Table 2). The differences between mechanical properties
of higher density classes (class II and class III) were small;
this may result in the need for a certain compaction degree
which is achieved only at 600 kg m~> density.
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Table 1 Physical and mechanical properties of particleboards pro-
duced with 1-2 mm particles of Q. cerris bark (class I, II and III) and
comparison with commercial particleboard, non-structural particle-
board and agglomerated corkboard. Mean values of density, thickness

swelling in water (TS), modulus of rupture (MOR), modulus of elas-
ticity (MOE) and internal bonding strength (IB) are given with their
respective standard deviations

Particleboards Density (kg/m3) TS (%) (2 h) TS (%) (24 h) MOR (MPa) MOE (MPa) 1B (MPa)
Class I (present study) 550 + 50 2.87+0.19 8.45+0.79 0.71+0.09 58.5+6.66 0.18+0.01
Class II (present study) 650 + 50 5.24+0.73 831+1.25 1.02+0.13 157.7+30.8 0.25+0.03
Class III (present study) 725 + 25 5.78£0.82 9.35+1.13 1.52+0.20 143.6+7.66 0.28+0.03
Non-structural particleboard ~ 650-700 - 17 15 2050 0.45
(P3-EN 312)
Agglomerated corkboard® 100-140 - - 0.2 2-3 -
Kielmeyera corkboard® 370 1.3 4 - - 1
Gil (2012)
Rios (2007)
Table 2 Pearson correlation coefficients for board density with thick- Core temperature model
ness swelling (TS), modulus of rupture (MOR), modulus of elasticity 200
(MOE), and internal bond strength (IB) 180 s ® e e eeee
A
TS@h) TS(4h) MOR  MOE 1B S 100
E 120 4
r 0.75 0.75 0.89 0.89 0.76 2 100 Ah=25 W/m2K
P 0.00463 0.00532 0.00002 0.00002 0.00005 ;-’. 80 ©h=200 W/m2K
N 12 12 14 14 21 e m h=1000 W/m2K
20
1
0 2 4 6 8 10 12 14 16
Time (min)

The mechanical test results of the produced particle-
boards were lower than those of standard particleboards
and P3-type non-load bearing purpose particleboard, but
they were higher than agglomerated corkboard for thermal
insulation (Table 1). This result is in agreement with pre-
vious studies using bark as the raw material (Villeneuve
2004; Yemele et al. 2008). The poor mechanical properties
obtained can be explained by four facts. First, the different
chemical composition of bark with less cellulose and more
lignin than wood makes bark mechanically weaker under
tensile stress and bending. The second fact is related to the
different mechanical properties of the cork and phloem
components: the presence of cork granules in the feedstock
will decrease density and strength; in fact, cork density is
in the range of 160220 kg m~ and bending strength about
12 MPa (Anjos et al. 2011). The different compression
properties of the bark components i.e. phloem (brittle) and
cork (elastic) are also responsible for the poor mechanical
strength values of the particleboard (Anjos et al. 2011; Sen
et al. 2016). The third fact is related to particle geometry:
smaller particles are made principally of phloem while big-
ger particles have a higher proportion of cork due to its elas-
tic properties. Therefore, in the present study small particles
of phloem origin possibly reduced the mechanical strength
of the particleboard. The fourth fact is related to process
conditions: the calculated approximate core temperature
based on Fourier’s law of heat conduction (Carvalho and

Fig.2 Theoretical core temperature profile

Costa 1998) shows that core temperature was probably
reached within the first 5 min of pressing (Fig. 2). This sug-
gests that the 180 °C press temperature was probably not
enough for the resin to cure.

The mechanical properties of particleboards can be opti-
mized by several ways such as addition of wood particles
(Blanchet et al. 2000), using higher press temperatures and
compression loads and using bigger particles followed by
fractionation (Sen et al. 2016).

4.3 Scanning electron microscopy

Scanning electron microscopy (SEM) was employed to
observe the structure of the particleboard after compres-
sion and the bonding quality between the bark particles (Gil
1994).

In the case of Q. cerris bark particleboards, the differ-
ence between the phloem and the cork granules is clearly
observed. In fact cork and phloem cells have different behav-
iour upon compression, for example the suberin-rich cork
cells are elastic, while the lignin-rich phloem cells are brit-
tle. The cork granules showed the effects of compression and
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the cell structure developed the wall undulations and corru-
gations that are typical of cork behavior under compression
(Pereira 2015). In some cases, recovery after compression
relief was not possible, i.e. due to the effect of the adhesive
and constraints by the surrounding rigid phloem fibres. Fig-
ure 3a shows the structure of compressed cork cells while
in other cases, the cork cells retained their original form, as
shown in Fig. 3b for an observation in the transverse direc-
tion of cork.

The compression of the phloem cells and of the surround-
ing cells leads to fractures as can be observed in Fig. 3c.
These fractures may contribute to the low mechanical prop-
erties of the particleboard. The phenol-formaldehyde resin
builds up a cellular structure filling up intergranular empty
spaces between the cork granules, as shown in Fig. 3d, but
the resin is clearly distinguished from the cork cells by its
larger dimensions and random arrangement.

4.4 Thermogravimetric analysis and higher heating
value

Thermal conversion of biomass offers an interesting pathway
for the conversion of biomass wastes (Heo et al. 2010). Cata-
lytic pyrolysis of particleboards after their service life may
be carried out using suitable catalysts (Choi et al. 2013).
The mass loss curves of different particleboards are
shown in Fig. 4 by the mass fraction, M, and the time deriva-
tive of the mass fraction, — dM/dt (indicated as TGA and
DTG curves). The particleboards with the three density
classes showed a similar thermal degradation pattern.

Fig.3 Scanning electron
microscopy images of Q.cerris
particleboard: a compressed
cork cells; b cork cells in trans-
verse section; ¢ crushed phloem
cells and fracture between them;
d phenol formaldehyde resin
between cork cells
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The initial mass loss was observed approximately at
280 °C and this decomposition continued at slower rate up
to 325 °C, indicating the first stage of the active devola-
tilization reactions. In this stage, mainly bark extractives
are decomposed (Yang et al. 2007). Following this stage,
a constant decomposition rate took place between 325 and
410 °C (second devolatilization stage). Here, bark polysac-
charides as well as bark lignin are decomposed in two stages,
resulting in 35% mass loss. It is likely that hemicelluloses
were devolatilized first, as indicated by the shoulder of DTG
curve at 345 °C, followed by cellulose decomposition with
maximum devolatilization rate at 369 °C (Fig. 4) (Yang et al.
2007). Lignin decomposition accompanies these reactions at
this step (Yang et al. 2007; Sen et al. 2014).

After active devolatilization, a decreasing rate of decom-
position (passive devolatilization) occurred in three distinct
stages at temperature intervals of 410-430; 430-542, and
542-692 °C respectively. These intervals with a total 30%
mass loss possibly correspond to thermal conversions of
cellulose, lignin and suberin respectively (Sen et al. 2014).

The thermal decomposition of the particleboards started
at higher temperature than the bark itself, thereby imply-
ing the higher stability of the compressed and agglomerated
bark to thermal degradation. The possible contribution of the
phenolic resin is acknowledged.

The higher heating values (HHV) which are indicators of
fuel properties of the particleboards were 21, 19 and 22 MJ/
kg for density class I, class II and class III, respectively.
These values are slightly higher than those reported for hard-
woods, softwoods and MDF (Giinther et al. 2012). Overall,
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Fig.4 TG and DTG curves of the Q. cerris bark particleboards of
low density (Class I, above), medium density (Class II, middle), and
high density (Class III, below)

these findings suggest thermal conversion of Q. cerris bark
particleboards after their use.

4.5 Thermal conductivity

The thermal conductivity values of the bark particleboard
ranged from 0.11 to 0.14 W m~2 K~! and showed a good
correlation with the bulk density (R>=0.98), as shown in
Fig. 5. These values are not different from those of com-
mercial wood particleboards (0.10-0.14 W m~2 K™,
with the same range of density, but they are about 2-3
times higher than that of expanded cork agglomerate
(0.039-0.045 W m~2 K~!, with density of 100140 kg m~>)
(Gil 2012).

The specific heat capacity values varied between 0.59
and 0.85 kJ kg~! K™! and the thermal diffusivity values were

Fig.5 Thermal conductivity (1) of the Q. cerris bark particleboards
with different densities

found in the range of 2.0 to 3.5x 10~ m? s~! for the three
bark particleboard density classes, respectively (the mois-
ture content is 8%). The corresponding values for expanded
cork agglomerate are reported as 1.70 kJ kg~! K~! and
1.8-2.0x 1077 m? 57!, respectively (Wisherd and Wilson
1979). The reported specific heat capacity of single-lay-
ered wood particleboards (1.42 kJ kg~! K™!) was between
expanded cork agglomerate and Q. cerris bark particleboard
(Gil 2012).

These results indicate that Q. cerris bark particleboards
have heat insulation properties similar to those of wood-
based composites and in order to obtain higher thermal insu-
lation properties such as those of expanded cork agglom-
erates, board density should be reduced. In the case of Q.
cerris bark where bark is mainly composed of phloem cells
and the proportion of cork cells is comparatively low, bark
density is high and different from those light barks used
for thermal insulation boards (Kain et al. 2012, 2013, 2014,
2016; Pasztory et al. 2017). Therefore, a separation and frac-
tionation of bark particles is necessary in order to increase
the proportion of cork granules in the feedstock. The use
of larger sized bark particles that are mainly composed of
cork cells will reduce the density of the particleboard (Sen
et al. 2016).

One interesting result is that the thermal diffusivity val-
ues of the particleboard are lower than those of synthetic
expanded and extruded polystyrene insulators and approxi-
mately equal to mineral wool and polyurethane foams (Kain
et al. 2013). This indicates a slower heat flow rate through
the board, which is a promising feature.

5 Conclusion
Single-layered particleboards can be produced from the

granulated Q. cerris bark containing cork and phloem
granules using standard hot-press equipment and

@ Springer



996

European Journal of Wood and Wood Products (2018) 76:989-997

phenol-formaldehyde resin. The surface of the particle-
boards showed color variation between the different types
of granules that may be an aesthetic advantage for some
applications. The energy content of Q. cerris bark particle-
boards suggests their utilization in an energy platform after
service life.

Compared with standard wood particleboards, the pro-
duced Q. cerris bark particleboards had lower mechanical
properties but better thickness swelling properties and were
thermally resistant to degradation at high temperatures.
Although the present particleboards were adequate for exte-
rior non-load bearing applications such as shed roof insula-
tion, optimizations of the granulated feedstock and of the
pressing conditions should be made to improve the mechani-
cal properties of Q. cerris bark particleboards. The thermal
conductivity values of the bark particleboards were similar
to those of composite wood materials but thermal diffusivity
values were promising.

The properties can also be improved by feedstock opti-
mization. This includes trituration followed by separation
of larger dimensioned particles mainly composed of cork
while pressing optimizations include using higher press tem-
peratures. Therefore, a non-utilized bark would become a
valuable heat insulation material and increase the scope of
its applications.
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