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RESEARCH PAPERS
Piotr Rapp, Sławomir Fiszer

APPROXIMATE NUMERICAL MODEL FOR ADHESIVE
SCARF JOINTS IN WOODEN BEAMS
The purpose of this paper is to formulate an approximate numerical model for
adhesive scarf joints in wooden beams under the assumption that the joint is deformable. This approximate model is founded on observations resulting from the
general solution of the plane linear theory of elasticity. It is assumed that wood is
orthotropic. The joint can be subjected to a complex load combination including an
axial force, a shear force and a bending moment. Within this framework, analytical
relations for stresses in the adhesive, as well as stresses and displacements of the
adherends, were derived in a form useful for engineering practice. A numerical
example proves the high accuracy of the approximate model when compared to the
general model based on the plane linear theory of elasticity.
Keywords: adhesive scarf joint, analytical model, stress analysis, orthotropy

Introduction
The model of a scarf joint presented in the paper by Rapp [2014] was expressed
by a set of four partial differential equations of the second order. The boundary
conditions included the presence of the sharp edges of the adherends. Examples
of complete solutions within the framework of the theory of elasticity were given
and analysed, with a focus on how the adhesive joint transfers axial forces, bending moments and shear forces. It was shown that the adhesive scarf joint does not
feature stress concentrations in the adhesive and that there exists an approximate
equivalence of displacement and stress states between the element made of two
adherends connected by a deformable scarf joint and the continuous element considered as one with a non-deformable scarf joint.
Piotr Rapp (piotr.rapp@put.poznan.pl, piotrrapp@gmail.com), Sławomir
(slawomir.fiszer@put.poznan.pl), Poznan University of Technology, Poznań, Poland
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The continuous element represents an approximation of the deformable scarf
joint only when adhesive deformability is small. However, this is not always the
case. For instance, in repair works carried out on-site, wooden beam elements are
usually reconstructed by cutting off a damaged fragment and replacing it with a
new element matching the old one (the exchange of the damaged end of a floor
beam, a purlin or a rafter). In construction site conditions, cutting is done using a
chain saw. This yields surfaces which are unsmooth and are not flat. Gaps between
the old and new elements have a varying thickness of 2–3 mm and are filled with
adhesive, e.g. a resin composite of small viscosity. Thus, a thick adhesive joint is
formed with a relatively high deformability.
These types of joints are rarely used in wooden beam structures and as technological solutions, they do not yet possess either a complete theoretical or experimental documentation. In other cases, differing from the ones described in this
paper, scarf joints are frequently used under axial tension [Erdogan, Ratawani
1971; Reddy, Sinha 1975] or in beams under bending, as joints in the form of micro-dovetails (finger joints), where the joint is perpendicular to the bending plane
[Tomasiuk 1988; Smardzewski 1996].
The purpose of this paper is to formulate and use an approximate numerical
model for an adhesive scarf joint with a deformable adhesive. Thus, the problem
of solving the set of four partial differential equations given by Rapp [2014] is
avoided, and analytical formulae to find stresses in the adhesive, as well as stresses and displacements in the adherends, are obtained in a form useful in engineering practice.
Scarf joint model

A wooden beam of a rectangular cross-section is considered consisting of two
adherends of thickness g made of the same material and connected by an adhesive
scarf joint. The scarf joint features the adhesive of a plane rectangular shape forming an angle φx with the plane of beam bending 0XY (fig. 1).

Fig. 1. Adhesive scarf joint in a wooden beam

Approximate numerical model for adhesive scarf joints in wooden beams
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The set of co-ordinates 0XYZ is attached to the beam and 0XY is the plane
of beam bending. The adhesive plane is parallel to the Y axis. The projection of
the adhesive plane on the plane 0XY is the rectangle ABCD with the dimensions
2lx × 2ly (fig. 2).

Fig. 2. The adhesive scarf joint model

It is assumed that stresses are constant across the adherend thickness and form
a plane stress state parallel to the plane 0XY. The adherends are considered as
plane stress elements parallel to the plane 0XY. The adherend thickness is measured perpendicularly to the plane 0XY, and the adhesive thickness t is measured
perpendicularly to its plane.
In the joint zone, the thickness values g1(x), g2(x) of adherends 1 and 2 vary
linearly from 0 to g along the X axis and are constant along the Y axis:
g1 ( x) =

g
g
g
g
x + , g 2 ( x) = −
x+
2l x
2
2l x
2

(1)

The adhesive is modelled as a linearly elastic isotropic medium described
with Young’s modulus Es, the shear modulus Gs and Poisson’s ratio νs, where
Es = 2(1 + νs)Gs. The stress in the adhesive is defined as the action of adherend 1
on the adhesive. The adhesive is subjected to shear stress tx = tx(x, y), ty = ty(x, y)
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in its plane and normal stress sN = sN(x, y) perpendicular to its plane. Stress tx is
parallel to the plane 0XZ, and stress ty is parallel to the Y axis (fig. 3).

Fig. 3. Stresses in the adhesive

It is assumed that the stress in the adhesive is constant across its thickness. The
sign convention for the stresses is presented in fig. 3.
The resultant from the shear stress τx and the normal stress σN in the adhesive
is denoted by px. Stress px is parallel to the X axis and can be given as:
px = τx cos φx + σN sin φx

(2)

As a result of the action of shear stresses tx and ty, a shear deformation of the
adhesive occurs which causes relative displacements of the adhesive layers in
the direction parallel to its plane. Stress sN results in adhesive strain normal to its
plane.
Displacements in adherends 1 and 2 of the scarf joint are given as
functions u1 = u1(x, y), u2 = u2(x, y) in the X axis direction and υ1 = υ1(x, y),
υ2 = υ2(x, y) in the Y axis direction. Displacements u1, u2, υ1, υ2 are positive when
coinciding with the X and Y axes orientations. It is assumed that the functions u1,
u2, υ1, υ2 are C2-continuous in the sense of the partial derivatives with respect to
the variables x, y.
In the continuation, the functions of displacements u1, u2, υ1, and υ2 will be
considered unknown and all the quantities related to the adhesive joint will be
expressed in terms of these functions.
The scarf joint is considered a section of the beam with the length 2lx loaded
by an axial force N, a shear force T and a bending moment M. It is approximately
assumed that the joint is loaded by the internal forces N, T, and M existing at the
midpoint of the scarf joint. The states of displacements and stress in the adherends
of the scarf joint resulting from forces N, T, and M are determined using the superposition rule.

Approximate numerical model for adhesive scarf joints in wooden beams
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Constitutive equations for the adherends

It is assumed that the adherends are made of the same orthotropic wood with the
principal axes of orthotropy coinciding with the X and Y axes. In the plane stress
state, the constitutive relations for adherends 1 and 2 are given by:

ε kx =

ν
1
σ kx − xy σ ky
Ex
Ey

ε ky = −

ν yx
Ex

γ kxy =

σ kx +

(3)

1
σ ky
Ey

(4)

1
τ kxy
Gxy

(5)

where k = 1 for adherend 1 and k = 2 for adherend 2.
An orthotropic material in the plane stress state is defined by five material
parameters: two longitudinal moduli of elasticity Exand Ey one shear modulus Gxy
and two Poisson’s ratios νkxyand νkyx. It is assumed that the matrix of coefficients of
the set of equations (3) – (4) is symmetric, i.e.:
,

ν yx
Ex

=

ν xy

(6)

Ey

holds. Hence, only four out of five material parameters are independent.
Having solved (3) – (5) with respect to stresses, one gets:

σ kx =

σ ky =

ν xy E x
ε ky
1 −ν xyν yx

(7)

Ey
ν yx E y
ε kx +
ε ky
1 −ν xyν yx
1 −ν xyν yx

(8)

Ex

1 −ν xyν yx

ε kx +

τ kxy = Gxyγ kxy

(9)

where k = 1 for adherend 1 and k = 2 for adherend 2.
Particular values of the material parameters Ex, Ey, Gxy, νxyand νyx can be found
in [Keylwerth 1951; Goodman, Bodig 1970; Neuhaus 1994]. In the following calculations, the data for spruce are assumed: Ex = 1.2·106 N/cm2, Ey = 0.8·105 N/cm2,
Gxy = 0.6·105 N/cm2, νxy = 0.03, and νyx = 0.45.
,

,

,
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Constitutive equations for the adhesive

Stresses in the adhesive result from relative displacements between adherends
1 and 2. More general considerations make it possible to write the relations between the stresses in the adhesive and the displacements of the adherends in the
following form:

τx =

E s Gs
(u1 − u 2 )
t ( Es + Gs tg 2ϕ x ) cos ϕ x

(10)

Gs
(υ1 − υ 2 )
t

(11)

ty =

σ N = τ x tgϕ x

(12)

Scarf joint loaded axially

Let us consider a scarf joint loaded by an axial force N, with tension considered
positive. The area of the limiting cross-sections of the adherends x = ±lx is
A = 2gly (fig. 2). Using a semi-inverse method within the framework of the plane
linear theory of elasticity [Rapp 2014], one can prove that the functions of displacements of the adherends in the considered scarf joint given in the set of co-ordinates 0XY (fig. 2) have the following form:

N
x
AE x

(13)

tg ( Es + Gs tg 2ϕ x ) cos 3 ϕ x N
N
⋅
x−
2l x Gs Es
AE x
A

(14)

u1 ( x, y ) =
u 2 ( x, y ) =

υ1 ( x, y ) = υ 2 ( x, y ) = −

ν yx N
AE x

y

(15)

and the stresses in the adherends read:

s 1 x ( x, y ) = s 2 x ( x, y ) =

N
= const
A

s 1 y ( x, y ) = s 2 y ( x, y ) = 0

τ 1xy ( x, y ) = τ 2 xy ( x, y ) = 0

(16)
(17)
(18)

Approximate numerical model for adhesive scarf joints in wooden beams
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Knowing the displacement functions (13) – (15), one can determine the stresses in the adhesive τx , τy and σN using (10) – (12) to get:

t x ( x, y ) =

N
sin ϕ x cos ϕ x = const
A

(19)

t y ( x, y ) = 0

(20)

s N ( x, y ) =

N
sin 2 ϕ x = const
A

(21)

From relations (19) – (21) it is found that the axially loaded scarf joint between adherends made of the same material features stress states in the adherends
and the adhesive independent of the adhesive thickness and the material properties, which are identical to the ones in a cross-section at angle ö x in a continuous
element under a uniaxial stress state.
The adhesive parameters only influence the difference between the displacements of adherends 1 and 2, which is evident in relations (13) and (14).
Scarf joint loaded by a shear force

The shear force T is considered positive when its orientation coincides with the
one on the Y axis. According to the solution of the theory of elasticity equations,
the shear forces T in the cross-section x = – lx of adherend 2 and –T in the crosssection x = lx of adherend 1 cause shear stress τxy in the adherends and the shear
stress τy in the adhesive. The stresses have parabolic distribution with an accuracy
of 0.25% [Rapp 2014]. Due to this fact, it is assumed in the approximate solution
that the shear stresses in the adherends and the adhesive are parabolic and are
given by:

τ1xy ( x, y ) = τ 2 xy ( x, y ) =

t y ( x, y ) =

3T (l y2 − y 2 )
4 gl y3

3T (l y2 − y 2 )
4l y3 4l x2 + g 2

(22)

(23)

Scarf joint loaded by a bending moment

Let us consider now the scarf joint loaded by the bending moments M in the form
of linearly distributed stress at the edge x = lx of adherend 1 and the edge x = – lx
of adherend 2, according to fig. 4.
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Fig. 4. Loading acting on adherends of a scarf joint subjected to a moment

Fig.s 5 and 6 present the normal and shear stress distributions in the adherends
and the adhesive of the scarf joint resulting from the solution of the plane stress
linear theory of elasticity. From now on, this solution will be considered exact
and will form the basis for the assumptions to derive an approximate method of
solution for the joint loaded by moments. The exact solution concerns the scarf
joint loaded by the moments M = 1 N·cm and made of spruce wood with the
material parameters Ex = 1.2·106 N/cm2, Ey = 0.8·105 N/cm2, Gxy = 0.6·105 N/cm2,
νxy = 0.03, and νyx = 0.45, and the dimensions lx = 22.5 cm, ly = 10.25 cm, and
g = 4.5cm. For the adhesive, the thickness t = 0.05 cm and the material parameters Es = 1.215·105 N/cm2, Gs = 0.45·105 N/cm2, and νs = 0.35 were assumed.
The stress values at characteristic points of the adhesive and the adherends are
given in tables 1 and 2.
a)

b)

Fig. 5. Stresses in adhesive of a joint loaded by moments: a) stress τx, b) stress
τy (values × 1500)
a)

b)

c)

Fig. 6. Stresses in adherends of a joint loaded by moments: a) stresses σ1x, σ2x,
b) stress τ1xy (values × 500), c) stress τ2xy (values × 500)
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Table 1. Stresses in adhesive of a joint loaded by a moment
y\x

N/cm2

x = – lx

τx
τy

y = ly
y=0
y = – ly

x=0

x = lx

–3.132·10-4

–3.105·10-4

–3.132·10-4

–3.240·10

0

3.240·10-7

-7

τx

0

0

0

τy

–2.031·10-7

0

2.031·10-7

τx

3.132·10-4

3.105·10-4

3.132·10-4

τy

–3.240·10-7

0

3.240·10-7

Table 2. Stresses in adherends of a scarf joint loaded by a moment
y\x
y = ly
y=0
y = – ly

N/cm2
σx

Adherend 1
x = – lx

x=0

Adherend 2
x = lx

x = – lx

x=0

x = lx

–3.166·10-3 –3.175·10-3 –3.173·10-3 –3.173·10-3 –3.175·10-3 –3.166·10-3

τxy
σx

0

0

0

0

0

0

0

0

0

0

0

0

1.020·10-6

1.954·10-6

3.173·10-3

3.175·10-3

3.166·10-3

0

0

0

τxy

–1.954·10-6 –1.020·10-6

σx

3.166·10-3

3.175·10-3

3.173·10-3

0

0

0

τxy

0

0

min τ1xy = –2.940·10 N/cm (fig. 6b), max τ2xy = 2.940·10 N/cm (fig. 6c), σ1y = σ2y = 0
-6

2

-6

2

From now on, the adhesive stresses px and qy parallel to the plane 0XY are
considered, where px = τx cos φx + σN sin φx and qy = τy. From fig. 5, in which the
solutions of the theory of elasticity equations are presented, which are considered
as exact in this paper, it is assumed in the approximate solution that the stress
distributions px and qy are determined by the planes passing through the X and Y
axes, respectively, as shown in fig. 7.
Let us denote p = max px(x, y) and q = max qy(x, y). The stresses px and py in
the adopted set of co-ordinates are given by:
p x ( x, y ) =

q
p
y , q y ( x, y ) = x
lx
ly

(24)

The stress resultant in the adhesive must be in equilibrium with the moment
M. Hence, the following condition yields:
p ⋅ l y + q ⋅ lx =

3M
4l x l y

(25)
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The shear force Q(x) in adherend 1 due to the loading qy is determined as:

Q( x) =

q ⋅ ly
lx

( x − l x )( x + l x )

(26)

g
( x + l x ) for adherend 1 thickness,
2l x
one can approximately assume, based on fig. 7b, that the shear stress τ1xy in adherend 1 is:

Taking into account the relation g ( x) =

τ 1xy ( x, y ) =

Q( x)
q( x − lx )
=
2 g ( x)l y
g

(27)

Fig. 7. Approximate distribution of stresses in the adhesive

The normal stress σ1x in adherend 1 (fig. 7a) is approximately constant with
respect to x and linear in y. It can be given by:

σ 1 x ( x, y ) = −

3My
2 gl y3

(28)

Approximate numerical model for adhesive scarf joints in wooden beams
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Let us also assume that:

s 1 y ( x, y ) = 0

(29)

The detailed analysis of the stress distributions in the adhesive and the adherends of the considered scarf joint loaded by a moment, which was the basis for
the above assumed approximations, was carried out in the paper [Rapp 2014].
The displacements u1 and υ1 in adherend 1 of the scarf joint fulfil the following
set of equations:

Ex

1 −ν xyν yx

ν xy E x ∂υ1
3M y
∂u1
+
=−
∂x 1 −ν xyν yx ∂y
2 gl y3

(30)

ν yx E y ∂u1
Ey
∂υ1
+
=0
1 −ν xyν yx ∂x 1 −ν xyν yx ∂y

(31)

∂u1 ∂υ1 q ( x − l x )
+
=
∂y
∂x
gGxy

(32)

which is obtained after substitution of relations (27) – (29) with the constitutive
equations (7) – (9).
Solving equations (30) and (31) in terms of ∂u1/∂x and ∂υ1/∂y, one gets:

3My ∂υ1 3Mν yx y
∂u1
,
=−
=
∂x
2 E x gl y3
2 E x gl y3 ∂y
and after integration the result is:

u1 = −

3Mν yx y 2
3Mxy
,
=
+ h( x )
υ
+
f
(
y
)
1
4 E x gl y3
2 E x gl y3

(33)

where f is an arbitrary function of the variable y and h is an arbitrary function of
the variable x.
Substitution of these relations to expression (32) leads to:

−

df ( y ) dh( x)
3Mx
q( x − lx )
=
−
−
3
dy
dx
gGxy
2 E x gl y

(34)

The left-hand side of equality (34) represents a function of the variable y, while
the right-hand side – a function of the variable x. Thus, both sides of (34) must be
constant functions. Hence,
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−

df ( y )
dh( x)
3Mx
q( x − lx )
−
−
=A
= A,
3
dx
gGxy
2 E x gl y
dy

(35)

where A is an arbitrary constant. The functions f and h can be found by integration
of (35):

f ( y ) = − Ay + B, h( x) =

3Mx 2
qx 2
ql x
+
− x + Ax + C
3
4 gE xl y 2 gGxy gGxy

where B and C are arbitrary constants. Substitution of these functions to the formulae (33) gives the displacement functions u1 and υ1 in the form:

u1 ( x, y ) = −
3Mν yx y 2

υ1 ( x, y ) =

4 gE x l y3

+

3M x y
− Ay + B
2 gE x l y3

ql x
3Mx 2
qx 2
+
− x + Ax + C
3
4 gE x l y 2 gGxy gGxy

(36)
(37)

where A, B, and C are arbitrary constants.
It is assumed that the scarf joint loaded by moments features a deformation
mode symmetric about the Y axis. This yields the conditions:
u2 ( x, y ) = −u1 (− x, y ), υ 2 ( x, y ) = υ1 (− x, y )
leading to:

u 2 ( x, y ) = −

υ 2 ( x, y ) =

3Mν yx y 2
4 gE x l y3

+

3M x y
+ Ay + B
2 gE x l y3

3Mx 2
qx 2
ql x
+
+ x − Ax + C
3
4 gE x l y 2 gGxy gGxy

(38)

(39)

Stresses in the adhesive depend on the displacement difference between adherends 1 and 2. The constitutive relation for the adhesive in the Y direction takes
the form:
t cos ϕ x
q y ( x, y ) = υ1 ( x, y ) − υ 2 ( x, y )
Gs

(40)

Equation (40), after substitution of the second relation (24) and the formulae (37)
and (39), yields the constant A:

Approximate numerical model for adhesive scarf joints in wooden beams

 l
t cos ϕ x 
A = q ⋅ x +
 gGxy
2Gs l x 
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(41)

The constitutive relation in the X direction reads:

− p x ( x, y ) cos ϕ x =

Gs
δ u (u1 ( x, y ) − u2 ( x, y ))
t

(42)

where:

δu =

1 + tg 2ϕ x
G
1 + s tg 2ϕ x
Es

Equation (42), after substitution of the first relation (24) and the formulae (36)
and (39), yields the constant A:
A = p⋅

t cos ϕ x
2l y Gsδ u

(43)

Constants B and C are found using the kinematic boundary conditions. Comparing relations (41) and (43) leads to:

p⋅

 l
t cos ϕ x
t cos ϕ x 
= q ⋅ x +
 gGxy
2l y Gsδ u
2Gs l x 


(44)

Values p and q follow from relations (25) and (44):

 2δ u l x Gs
δ 
3M 
+ u
 tgGxy cos ϕ x l x 


p=
2 2
 2δ u l x l y Gs

+ l x2 + δ u l y2 
4
 tgGxy cos ϕ x



q=

(45)

3M
 2δ

+ l x2 + δ u l y2 
4l y 
 tgGxy cos ϕ x



2 2
u l x l y Gs

(46)

Having found p and q, from (24) one can determine approximate stress distributions in the adhesive of the joint loaded by moments:
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p
y cos 2 ϕ x
ly

(47)

p
y sin ϕ x cos ϕ x
ly

(48)

t x ( x, y ) = −
s N ( x, y ) = −

t y ( x, y ) =

q
x cos ϕ x
lx

(49)

Complete stress sets in the adhesive resulting from the loading by forces N,
T, and M are determined using the superposition rule leading to the following
relations:

t x ( x, y ) = −

p
N
y cos 2 ϕ x + sin ϕ x cos ϕ x
ly
A

(50)

p
N
y sin ϕ x cos ϕ x + sin 2 ϕ x
ly
A

(51)

3T (l y2 − y 2 )
q
x cos ϕ x +
lx
4l 3 4l 2 + g 2

(52)

s N ( x, y ) = −

t y ( x, y ) =

y

x

and complete stress sets in the adherends of the scarf joint are given by:

σ 1 x ( x, y ) = σ 2 x ( x, y ) =

N 3My
−
A 2 gl y3

s 1 y ( x, y ) = s 2 y ( x, y ) = 0

τ 1xy ( x, y ) =
τ 2 xy ( x, y ) =

3T (l y2 − y 2 )
4 gl y3
3T (l y2 − y 2 )
4 gl y3

where p and q are defined in (45) and (46).

(53)
(54)

+

q( x − lx )
g

(55)

−

q( x − lx )
g

(56)
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Numerical example

The formulae for stresses in the adhesive and the adherends of the scarf joint
loaded by the normal force N and the shear force T coincide with the ones resulting from the theory of elasticity. Thus, it is only necessary to verify the accuracy
of the suggested method in the case of the joint loaded by moments M.
Let us consider a scarf joint loaded by the moments M = 1 N·cm according
to fig. 4, made of spruce wood with the material parameters Ex = 1.2·106 N/cm2,
Ey = 0.8·105 N/cm2, Gxy = 0.6·105 N/cm2, νxy = 0.03, and νyx = 0.45, the dimensions
lx = 22.5 cm, ly = 10.25 cm, and g = 4.5cm. The adhesive thickness is assumed as
t = 0.05 cm and its material constants Es = 1.215·105 N/cm2, Gs = 0.45·105 N/cm2,
and νs = 0.35. These data yield tgφx = 0.1; cosφx = 1: 101 and δu = 1,00627.
Substitution of the data to relations (45) and (46) leads to p = 3.16824·10–4 and
q = 2.03704·10–7. For y = ly and x = lx, formulae (47) and (49) make it possible
to determine the values of τx and τy and to compare them with appropriate mean
values τx,mean and τy,mean computed from the solution of the linear theory of elasticity
(fig. 5). The results are presented in table 3.
Table 3. Comparison of stresses in the adhesive of a scarf joint loaded by moments
Adhesive
edge
y = ly
x = lx

Approximate
method
τx = –3.1369·10–4 N/cm2
τy = 2.0269·10–7 N/cm2

Linear theory of
elasticity
τx.mean = –3.1185·10–4 N/cm2
τy.mean = 2.1779·10–7 N/cm2

Error
[%]
–0.59
6.93

τy.mean = 2.1779·10–7 N/cm2 is the mean value from the entire edge x = lx

Stress τx in the adhesive from the approximate method has an accuracy of
–0.59%, while stress τy – 6.93%. However, stress τy is approx. 103 times smaller
than τx. Thus, in order to correctly assess the accuracy of the approximate method,
it is better to analyse the extreme resultant stress at the corner of the adhesive and
compare it with the extreme mean stress τmean coming from the equations of the
theory of elasticity. For stresses τ and τmean, one gets:

τ = τ x2 (1 + tg 2ϕ x ) + τ y2

τ mean = τ x2,mean (1+ tg 2ϕ x ) + τ y2, mean
Substitution of the values given in table 3 to these relations yields:
τ = 3.1525·10–4 N/cm2
τmean = 3.1341·10–4 N/cm2,
Hence, resultant stress τ from the approximate method is computed with an
accuracy of –0.59% with respect to stress τmean resulting from the exact approach.
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In the analysed case, the error in stress τy does not practically influence the accuracy of the resultant stress. In cases of different ratios of joint dimensions, errors
may vary. However, for lx ≥ ly, stress τx remains dominant and the error in stress
τy has a small influence on the error of the resultant stress.
Thus, it can be concluded, that the approximate method can be considered
a sufficiently accurate approach to the analysis from the point of view of engineering practice.

Conclusions
The paper presents an approximate formulation of a numerical model for adhesive
scarf joints in wooden beams with an assumption of adhesive deformability. This
approximate model is based on conclusions coming from the general solution of
the plane linear theory of elasticity. It was assumed that wood is orthotropic and
the joint can be loaded by axial forces, shear forces and bending moments. In the
framework of the approximate numerical model, analytical relations for stresses
in the adhesive, as well as displacements and stresses in the adherends of the scarf
joint, have been derived.
It was shown that the scarf joint loaded axially in the case of adherends made
of an identical material, the stress states in the adhesive and the adherends, do not
depend on the thickness and material parameters and are identical to those in a
cross-section at angle φx of a continuous element under a uniaxial stress state.
The adhesive parameters influence only the difference between the adherend
displacements.
Shear force generates shear stress τxy in the adherends and shear stress τy, in
the adhesive, which, with a good degree of accuracy – approx. 0.25% – feature
parabolic distributions defined by the relations for plain beams well known from
the strength of materials.
Based on the exact solution of the linear theory of elasticity for a scarf joint
loaded by moments, an approximate method has been proposed to compute displacements and stresses in the adherends and stresses in the adhesive of the scarf
joint.
A numerical example proved the high degree of accuracy of the approximate
model when compared to the general one formulated within the framework of the
plane linear theory of elasticity.
The derived relations are simple and very useful in practical engineering computations.
Currently a broad series of natural scale model experiments on beams with
scarf joints is being carried out in the Institute of Structural Engineering of Poznan
University of Technology. It is planned that the results of these experiments will
be used to formulate the damage criterion for a joint and to verify stress distribu-
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tions in adhesive and adherends using the finite element method implemented in
Abaqus software.
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THERMOGRAVIMETRIC ANALYSIS OF COMMERCIAL
THERMALLY MODIFIED WOOD
In the article the results are shown of a thermogravimetric analysis of four thermally modified wood species. Thermally modified wood before and after the extraction
process was used for the tests. The extraction process had no significant effect on
changes in the thermal characteristics either in the raw wood or in the modified
wood, irrespective of the tested wood species.
Keywords: wood modification, thermal modification, thermogravimetric analysis,
mass loss, temperature

Introduction
Thermal modification of wood was first applied in the 1920s [Jämsä, Viitaniemi
1998], although since then wood modification methods have developed considerably, particularly with the use of high temperatures [Boonstra et al. 1998; Jämsä,
Viitaniemi 1998; Garrote et al. 1999; Rapp et al. 2000; Syrjanen et al. 2000], which
in some cases has led to their commercial application. The primary objective of
thermal modification is to partly reduce the hydrophilic properties of wood. This
is facilitated by a change in the chemical structure of the wood, resulting in the
formation of environmentally friendly “thermowood”, containing no additional
chemicals and produced by the application of steam and temperature. As a result of
chemical reactions, the wood colour changes and the higher the applied temperature and the longer the process, the more intensive the colour becomes. The main
wood components, i.e. lignin and cellulose, are responsible for the change in colour
and an increased resistance to UV radiation [Grześkiewicz 2003; Deka et al. 2008].
After modification, wood has a characteristic aroma, which is probably caused
by the release of furfural, terpenes and acetic acid [Militz 2002; www.finnforest.
com]. Another characteristic of modified wood is connected with the moisture
content, which decreases by approx. 50% in comparison to that of non-modified
Wojciech Ł. Grześkowiak (wojblack@up.poznan.pl); Monika Bartkowiak
(libra10@poczta.onet.pl), Poznań University of Life Sciences, Poznan, Poland
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wood. Thanks to a reduction in its moisture content, the wood strength and resistance to biodegradation increases. The chemical composition of wood changes as
a result of the modification process. Cellulose and lignin are degraded at higher
temperatures than hemicellulose. Other components are also readily degradable.
During heating, changes occur both in the cellulose and hemicellulose. High
temperatures reduce the strength of the cellulose chain bonds, then they reduce
the degree of polymerisation and crystallisation of the cellulose. Heated air contributes to the formation of carbonyl groups and carboxylic acid esters through
the oxidation of the hydroxyl ion groups of cellulose. Prolonged heating leads
to an increase in the number of carbonyl groups at the expense of carboxylic
acids [ThermoWood Handbook 2003; Hill 2006; Metsa-Kortelainen et al. 2006].
As a result of heating, acetic acid acts as a catalyst in the hydrolysis of hemicelluloses. Hemicelluloses are degraded at a temperature of 200–260°C, while cellulose is degraded at 240–350°C. Insulation properties are improved and dimensional
stability also changes. The change in hygroscopicity and the improvement in dimensional stability are explained by the fact that cellulose microfibrils are surrounded by a permanent and non-elastic network comprising cross linkages formed
in the lignin structure. Cellulose microfibrils exhibit a limited swelling capacity,
thus reducing their susceptibility to increased water penetration [Tjeerdsma et
al. 1998]. Apart from the reduced moisture content, certain nutrients required for
fungal development are eliminated [Vernois 2000; Mazela et al. 2003; Mazela et
al. 2010]. Changes in the composition in the course of modification depend on
[Hill 2006; Huber 2006]:
–– the maximum temperature and duration of the process,
–– the gradient of the temperature,
–– the atmosphere of the process,
–– the pressure,
–– the moisture content and species of wood,
–– the process and its parameters,
–– the dimensions of the modified elements,
–– the application of the catalysts.
As a result of the thermal modification of the wood, its mechanical strength
decreases. This disadvantage is connected with an increase in cleavability and
a deterioration in bending strength by 10–20%, as well as a decrease in compressive
strength. Wood becomes brittle. For this reason, this type of wood should not
be used in load-carrying structures and should not be in direct contact with the
subsoil. Another drawback is the slower absorption of water-based adhesives and
lacquers. This process is typically 3 to 6 times longer and its duration increases
with modification temperatures [Jabłoński 2005]. Literature concerning studies on
the properties of thermally modified wood contains a limited body of data on the
behavior of this material under the influence of high thermal radiation [Grześkowiak, Bartkowiak 2010a, 2010b].
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Materials and methods
Analyses were conducted on modified wood coming from a commercial wood
modification plant. The analyses were conducted on thermally modified oak, ash,
poplar and locust wood, both before and after extraction carried out under laboratory conditions. Before the modification process, the elements were pre dried
in the drying kiln, for a time period relating to the wood species, to obtain 8%
moisture content. The temperature, humidity and airflow speed were automatically
adjustable and related to the initial moisture and dimension of the wood elements.
Reference material was taken after pre-drying and before the modification process. The wood samples were collected at random from batches modified in the
atmosphere of steam under different conditions:
–– oak – temperature 185°C, time 3 hours
–– ash – temperature 195°C, time 3 hours, and 205°C, 3 hours
–– locust – temperature 165°C, time 3 hours
–– poplar – temperature 165°C, time 3 hours.
The wood was collected in the form of deck and parquet boards as well as
timber. The samples of raw wood, the parquets prepared for modification and
the control samples were collected for comparison. Additionally, steamed locust
wood was sampled (temperature 105°C). The samples for thermogravimetric analyses came from individual randomly selected elements. The elements from the
reference and modified materials were conditioned for 14 days at a temperature
of 23±2°C and humidity of 65±5%. The wood was shredded and then ground.
The ground material was sieved through a set of sieves with a mesh size of
0.5–1 mm. The thermogravimetric analyses were conducted on the ground
fraction with a grain size <0.5 mm. Extraction was run in a Soxhlet apparatus
using an alcohol/benzene mixture (1:1, v/v) in order to reduce the effect of the
extractives on the thermal characteristics of the wood, as well as in order to conduct a chemical analysis and determine the contents of individual wood components. After extraction, the wood was dried at 105°C for 24 h until constant
mass.
Thermogravimetry (TG) consists of recording changes in the sample mass
during heating as a function of time or temperature (polythermal measurements) or changes in the mass under isothermal conditions as a function of
time.
TG analysis makes it possible to plot curves for the changes in the mass of the
tested samples as a function of temperature or measurement time. The results of
TG analyses facilitate the presentation of the thermal characteristics of the tested
material, including e.g.:
–– determination of the initial breakdown temperature,
–– identification of the range of temperatures in which degradation occurs dynamically (the area of active thermolysis),
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–– identification of the temperatures in which thermolysis reaches the maximum
value (maximum decomposition rate, temperature of extreme decomposition
rate),
–– determination of the mass losses at individual stages of thermal destruction.
The thermogravimetric analysis was conducted using a LabsysTM thermobalance by Setaram. Measurements were taken up to a temperature of 600°C with
a temperature rise rate of 5°C/min in a helium atmosphere. The tests were performed in three replications for each analytical variant (the results presented are
the averaged results from the replications).

Results
The thermal decomposition of lignocellulose materials is a two-stage process. The
first degradation stage affects the carbohydrate fraction of the material (hemicelluloses, cellulose), while aromatic compounds (lignin) – due to their greater thermal
resistance – break down at higher temperatures. This fact is reflected in the DTG
and TG curves recorded during the thermolysis of the natural and modified wood.
When analysing the thermograms, the initial temperature of the thermal decomposition of the modified oak samples (D185 and D185/E) increased in comparison to the initial samples (D and D/E) (table 1, figs. 1 and 2).
Table 1. Thermal characteristics of original and modified oak wood (before and after
extraction)
Weight [%]
Area of active
Thermal
Max. temp. of
Max.
Material
thermolysis decomposition decomposition decomposition in the area
to
of active
[°C]
stages [°C]
rate [°C]
rate [%/min]
600°C
thermolysis
Oak
285
2.0
200–366
58.0
73.2
control (D)
332
5.5
Oak
thermo
282
1.8
206–366
58.2
72.1
185°C/3h
332
6.2
(D185)
Oak
control
279
2.1
after
196–366
58.7
74.3
335
5.7
extraction
(D/E)
Oak
thermo
185°C/3h
286
1.8
206–365
58.6
70.4
after
334
6.0
extraction
(D185/E)
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Fig. 1. DTG curves of oak wood

Fig. 2. TG curves of oak wood

The thermolysis of the tested oak wood ran in two overlapping stages (connected with the thermal decomposition of the structural wood components). The
temperatures at which the samples of the control (D) and modified oak wood
(D185) reached extreme decomposition rates were comparable. The maximum destruction rates in the first stage in the modified and extracted oak wood (D185/E)
were reached at a temperature several degrees higher (286°C) than in the case of
the extracted non-modified wood (D/E) (279°C). The temperatures of thermo-
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lysis extremes for the second stage of the discussed experimental material were
comparable. The final temperatures of active thermolysis areas for the tested oak
wood (D, D185, D/E, and D185/E) were similar. Thermal destruction in the areas
of active thermolysis caused a mass loss amounting to approx. 58% in all the tested oak wood samples. In turn, the total mass loss determined at a temperature of
600°C in the modified wood (D185 and D185/E) was lower in comparison to the
original wood (D and D/E).
Table 2. Thermal characteristics of original and modified ash wood (before and after
extraction)

Material
Ash
control (J)
Ash thermo
195°C/3h
(J195)
Ash thermo
205°C/3h
(J205)
Ash control
after
extraction
(J/E)
Ash thermo
195°C/3h
after
extraction
(J195/E)
Ash thermo
205°C/3h
after
extraction
(J205/E)

Weight [%]
Area of active
Thermal
Max. temp. of
Max.
in
the
area
thermolysis decomposition decomposition decomposition
to
of
active
[°C]
stages [°C]
rate [°C]
rate [%/min]
600°C
thermolysis
288
2.1
195–372
64.8
76.4
343
5.6
200–377

-

288
342

1.9
5.5

61.1

72.5

191–375

-

340

5.9

60.6

69.8

189–384

-

295
338

2.2
4.4

64.0

71.6

198–373

-

288
342

2.0
5.9

61.7

73.7

192–375

-

341

6.4

62.3

73.3

The thermal decomposition of the ash wood (J) was initiated at a temperature
of 195°C. The onset of thermolysis for the ash thermowood (J195) was recorded
at 200°C, while for the J205 sample it was at 191°C (table 2). The thermal decomposition of the non-modified wood and wood exposed to a temperature of
195°C occurred in two overlapping stages. The extremes of decomposition rates
and temperatures at which they were reached were comparable for the raw and
thermally modified ash wood. In the case of the Thermo205 sample, one decomposition extreme at 340°C was established on the DTG curve (figs. 3 and 4).
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The dynamics of the thermolysis of the raw ash wood (J) were reduced at
372°C, while for the thermally modified wood, this temperature was 377°C for
sample J195 and 375°C for sample J205, respectively. The higher the wood modification temperature, the lower the mass loss of the modified ash wood (J195
and J205), caused by thermal degradation in the area of active thermolysis and at
a temperature of 600°C.

Fig. 3. DTG curves of ash wood

Fig. 4. TG curves of ash wood

The recorded thermograms indicated an increase in the initial thermolysis
temperature of the thermally modified and extracted wood (J195/E and J205/E) in
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comparison with the extracted control wood. Moreover, the ash wood Thermo205
was characterised by a lower temperature of the onset of thermolysis than the
Thermo195 ash wood. Pyrolysis of the extracted raw wood (J/E) and the wood
exposed to a temperature of 195°C (J195/E) occurred in two stages in contrast
to the thermal destruction of the Thermo205 ash wood (J205/E). For the original
extracted ash wood (J/E) and the Thermo195 sample (J195/E), similar values
were observed for the maximum decomposition rates in the first stage. However,
the temperature at which the extreme was reached was higher for the extracted
non-modified wood (J/E). The second stage of thermolysis for the extracted
Thermo195 ash wood (J195/E) was characterised by a higher temperature of
the maximum decomposition rate and a higher maximum decomposition rate in
comparison to the extracted control wood (J/E). In the case of the thermolysis of
the extracted Thermo205 ash wood (J205/E), only one decomposition extreme
at 341°C was observed. The intensity of the pyrolysis of the thermally modified
ash wood after extraction (J195/E and J205/E) decreased at a temperature approx.
10°C lower than that of the extracted raw wood. The temperatures finishing the
active pyrolysis of the extracted modified wood were comparable. The mass loss
of the extracted modified wood (J195/E and J205/E) at 600°C was approx. 2%
greater than in the case of the control material (J/E).
Table 3. Thermal characteristics of thermally modified locust wood (before and after
extraction)

Material

1
Locust
control
(R)

Locust
thermo
165°C/3h
(R165T)

Locust
steamed
105°C
(R105P)

Weight [%]
Area of
Thermal
Max. temp. of
Max.
active
in
the
area
decomposition decomposition decomposition
to
thermolysis
of
active
stages [°C]
rate [°C]
rate [%/min]
600°C
[°C]
thermolysis
2

3

4

5

6

7

206–372

-

289
343

1.6
6.5

56.3

69.5

203–229

222

0.3

1.0

231–309
-

248
273
289
303

0.8
0.5
1.6
1.8

310–372

344

6.2

38.2

-

292
346

1.6
6.3

59.4

203–372

193–375

18.1
70.8

72.2
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Table 3. Continued

1
Locust
control after
extraction
(R/E)
Locust
thermo
165°C/3h
after
extraction
(R165T/E)
Locust
steamed
105°C after
extraction
(R105P/E)

2

3

4

5

6

7

208–374

-

282
347

1.9
6.8

63.4

75.7

192–219

210

0.2

0.5

222–309
-

242
274
290
303

0.5
1.5
1.7
1.9

311–370

345

6.5

40.3

-

291
347

1.7
6.6

61.6

192–370

192–376

18.0
69.6

73.6

The conducted thermal analysis indicated a reduction in the initial decomposition temperature for the thermally modified locust wood (R) both before and after
extraction (R165T, R105P, R165T/E, and R105P/E) in comparison to the respective
control wood (R and R/E) (table 3, figs. 5 and 6). The steamed locust wood
(R105P) had a lower temperature at the onset of pyrolysis than the thermowood
sample (R165T). In turn, the samples of modified and extracted locust wood had
the same initial thermolysis temperature (192°C).
The original wood (R and R/E) and steamed wood (R105P and R105P/E)
had thermal spectra typical of lignocellulose materials, i.e. in the area of active
thermolysis, two overlapping decomposition stages could be identified. The temperature of the maximum decomposition rate for the steamed locust (R105P and
R105P/E) in the first stage was higher than that of the respective control wood (R
and R/E). In the second stage, the maximum temperatures of the decomposition
rate for the raw and steamed wood samples were comparable. The values of the
maximum decomposition rates in the second stage were similar for the steamed
and control samples. The locust thermowood (R165T and R165T/E) was characterised by a rich thermal spectrum. In the area of active thermolysis, several
separate stages of decomposition and overlapping stages could be distinguished.
The final temperatures of the enhanced thermal destruction for the tested samples
of modified wood (R165T, R105P, R165T/E, and R105P/E) and raw wood (R and
R/E) ranged from 370°C to 376°C. The mass loss at the assumed final temperature
of the steamed locust wood (R105P) was higher in comparison with the control
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wood (R), while that of the extracted steamed locust wood (R105P/E) was lower
than for the respective control wood (R/E). A similar dependence was observed
for the locust thermowood (R165T, R, R165T/E, and R/E). The steamed locust
wood underwent thermolysis to a greater degree in comparison to the samples of
locust thermowood, as manifested by higher total mass losses recorded for the
steamed wood.

Fig. 5. DTG curves of locust wood

Fig. 6. TG curves of locust wood
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Table 4. Thermal characteristics of thermally modified poplar wood (before and
after extraction)

Material

Weight [%]
Area of active
Thermal
Max. temp. of
Max.
thermolysis decomposition decomposition decomposition in the area
to
of active
[°C]
stages [°C]
rate [°C]
rate [%/min]
600°C
thermolysis

Poplar
control (T)

202–382

-

290
348

2.0
6.4

66.9

77.00

Poplar
thermo
165°C/3h
(T165)

191–380

-

262
322

1.4
4.9

56.4

67.5

Poplar
control after
extraction
(T/E)

203–379

-

291
349

2.0
6.8

68.1

78.6

Poplar
thermo
165°C/3h
after
extraction
(T165/E)

194–378

-

265
325

1.4
5.6

58.9

69.5

Fig. 7. DTG curves of poplar wood
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Fig. 8. TG curves of poplar wood

The data obtained from the thermogravimetric analysis indicated a reduction in

the initial thermolysis temperature for the samples of extracted and non-extracted
modified poplar wood (T165 and T165/E), in comparison to the respective control
samples (T and T/E) (table 4, figs. 7 and 8).
The thermal destruction of all the tested samples occurred in two overlapping
decomposition stages. The temperatures of the maximum decomposition rates for
the modified poplar wood (T165 and T165/E) were lower than those determined
for the raw wood (T and T/E). The temperatures at which the dynamics of thermolysis decreased were similar for all the tested poplar wood variants. The mass
losses caused by the thermolysis of the poplar thermowood (T165 and T165/E)
were lower than those for the respective control wood (T and T/E), both in the area
of active thermolysis and those determined at the final measurement temperature,
i.e. 600°C.

Conclusions
From the conducted analyses it can be concluded that the extraction process had
no significant effect on changes in the thermal characteristics either in the raw
wood or modified wood, irrespective of the tested wood species.
The courses of the DTG and TG curves for the control and modified wood,
non-extracted and extracted, were similar, which resulted in similar thermal characteristics of the tested wood. An exception in this respect was found for poplar

Thermogravimetric analysis of commercial thermally modified wood

35

wood modified at a temperature of 165°C for both variants: non-extracted (T165)
and extracted (T165/E), for which a marked reduction was observed for the initial
temperature of thermolysis in comparison to the respective control samples.
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COLOUR CHANGES IN BEECH WOOD MODIFIED
WITH ESSENTIAL OILS DUE TO FUNGAL AND
AGEING-FUNGAL ATTACKS WITH CONIOPHORA
PUTEANA
Fungal attacks on beech wood (Fagus sylvatica L.) samples (25 × 25 × 3) mm
were performed using the brown-rot fungus Coniophora puteana over a period of
8 weeks, without or with their previous accelerated ageing in a Xenotest and a
drying oven. Due to the fungal and ageing-fungal attacks, respectively, the top surfaces of the reference beech samples obtained a darker yellow-red shade according to the CIE-L*a*b* colour system. Similar changes in the colour coordinates L*,
a*, and b* were found for the beech wood modified with the essential oils which
were less fungicidal efficient – lavender, sage, tea-tree, and the oil-mixture. On the
other hand, the colour changes in the beech wood modified with those essential oils
which had a better fungicidal efficiency – birch, clove, oregano, sweet flag, savory,
and thyme – were less significant, confirmed by Duncan’s test. Linear correlations
with greater or lesser significance were established between the changes in the
colour parameters (∆L*; ∆a*; ∆b*; ∆E*) and the corresponding mass losses (∆m)
of attacked beech wood, the best for positive ∆b* which identified its yellowing.
Keywords: beech wood, essential oils, brown-rot, colour

Introduction
Wooden products exposed to exterior conditions, for example, garden furniture
or cladding, and also to wet interior conditions, for example, kitchen or bathroom
furniture, have to be resistant to ageing and biological damage. It is also important
to consider their initial colour after technological treatments with substances (coatings, natural oils, fungicides, etc.) or energy fields (laser, plasma, etc.), and their
colour stability during exposure.
Due to weathering, the initial colours of wood surfaces are changed mainly under the influence of sunlight, oxygen, water and dirt [Evans 2008]. Decay
Ladislav Reinprecht (reinprecht@tuzvo.sk); Matej Hulla (xhulla@is.tuzvo.sk), Technical
University in Zvolen, Zvolen, Slovak Republic
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processes in the polysaccharide, lignin and extractive components of the wood
also cause significant changes in its colour [Schmidt 2006]. In practice, the colour stability of wood is usually increased with paints containing UV-absorbents,
UV-screeners, pigments, fungicides, or other additives [Forsthuber et al. 2013].
Nowadays the protection of wooden products against wood-decay fungi,
which cause loss of strength, aesthetical defects, etc., is given through: (1) chemical preservation with synthetic or natural fungicides; (2) modifications – thermal,
chemical (acetylation, furfurylation, etc.), and biological (Trichoderma species,
etc.); and, preferably, (3) their exposure to dry conditions [Reinprecht 2013].
To the most prospective natural fungicides and modification agents for wood
protection belong mainly chitosan [Chittenden et al. 2004] and some essential oils
or extractives from plants and durable wood species. They have more advantages:
(1) permanent recoverability in nature; (2) acceptable ecological parameters and
healthiness; and (3) the usually easier liquidation of the treated wooden products
after their service life.
The efficiency of essential oils against wood-destroying fungi, wood-staining
fungi and moulds has been researched in more experimental work [Voda et al.
2003; Wang et al. 2005; Kartal et al. 2006; Yang, Clausen 2006; Maoz et al. 2007;
Dongmo et al. 2008; Chittenden, Singh 2011; Reinprecht et al. 2013; Su et al.
2013; Pánek et al. 2014]. Generally, the best anti-fungal efficiency has been
found for those essential oils which contain phenolic compounds such as carvacrol
(oregano, savory), thymol (thyme) or eugenol, as well as for oils with oxygenated
compounds such as elemol and cinnamaldehyde (cinnamon), and for geranium
oil.
The aim of this work was to analyse the colour changes in nondurable beech
wood modified with ten essential oils (birch, clove, lavender, oregano, sweet flag,
sage, savory, tea-tree, thyme, and an oil-mixture) due to fungal or combined ageing-fungal attacks. The hypothesis proposed that the colour changes would indicate which essential oils should be more efficient against wood rot in a humid,
unsterile environment.

Material and methods
Wood

Beech (Fagus sylvatica L.) wood samples with the dimensions 25 × 25 × 3 mm
(longitudinal × tangential × radial), without false heart, biological damage, knots
or other growth inhomogeneities, were used in the experiment. The sterilization
of the samples before treatment with essential oils was performed at a temperature of 103 ±2°C/4 h, and before the fungal attacks with a 30 W germicidal lamp
(Chirana, Slovakia) from a distance of 1 m at a temperature of 22 ±2°C/0.5 h,
respectively.
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Essential oils for wood modification

Selected pure essential oils of pharmacopoeia quality were used for the modification of the beech wood samples (table 1). They were dipped for 24 h in 10% (by
mass) ethanol solutions of the individual essential oils at 100 kPa and 20°C.
Table 1. Essential oils used in the experiment
Common name

Scientific name

Major effective components

Birch

Betula pendula

Methyl salycilate (99%)

Clove

Syzygium aromaticum

Eugenol (82%), Caryophyllene (16.5%)

Lavender

Lavandula
angustifolia

Linalylacetate (37.1%), Linalool (33.6%),
Terpinen-4-ol (2.6%)

Oregano

Origanum vulgare

Carvacrol (71.8%), Thymol (5%),
gamma-Terpinene (4.5%)

Sweet flag

Acorus calamus

Cis-isoasarol trimethylether (78%)

Savory

Satureja hortensis

gamma-Terpinene (41.3%), Carvacrol (31.6%),
p-cymol (13.8%)

Sage

Salvia officinalis

alpha-Thujone (26.7%), Camphor (20.2%),
1,8-Cineole (9.6%)

Tea tree

Melaleuca alternifolia

Terpinen-4-ol (42.2%), gamma-Terpinene
(20.8%),
alpha-Terpinene (9.8%), 1,8-Cineole (3.6%)

Thyme

Thymus vulgaris

Thymol (41.3%), p-cymol (22.6%),
gamma-Terpinene (7.7%), Carvacrol (2.9%)

Oil mixture
1:1:1:1:1 (by
mass) of Sage,
Thyme, Eucalypt,
Lavender, Lemon

Salvia officinalis,
Thymus vulgaris,
Eucalyptus
globulus, Lavandula
angustifolia, Citrus
limon

alpha-Thujone (5.3%), Thymol (8.2%),
1,8-Cineole (18.3%), Linalool (7.8%),
Linalylacetate (7.4%), Limonene (14.2%),
p-cymol (4.5%)

Source of essential oils: Nobilis Tilia s.r.o., Czech Republic

Wood-destroying fungus

The brown-rot fungus Coniophora puteana (Schumacher ex Freis) Karsten, strain BAM Ebw. 15 (Bundesanstalt für Materialforschung und – prüfung, D-12205
Berlin) was used for the decay attack on the modified and reference samples.
Accelerated ageing

Accelerated ageing of the modified and reference beech samples was performed
in the following sequence: (1) 1 week (168 h) in the Xenotest Q-SUN Xe-1-S
(Q-Lab Corporation, USA) equipped with a 1800 W xenon lamp and spray section
of redistilled water, using an exposure cycle according to the modified standard
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EN 927-6 [2006]: 1st Step → 24 h at 45 ±3°C and 2nd Step → 48 sub-cycles each
lasting 3 h (2.5 h = UV irradiance 0.55 Wm-2 instead of 0.89 Wm-2 at 340 nm,
and temperature on black panel 50 ±3°C instead of 60 ±3°C; 0.5 h = water spray
at 20 ±1°C); and then (2) heating in a drying oven for 8 hours at 103 ±2°C.
Fungal attack

Fungal attacks on the un-aged and artificially-aged beech samples with the
brown-rot fungus Coniophora puteana were performed according to the modified
standard EN 113 [1996], with these changes: a smaller dimension of samples,
25 × 25 × 3 mm instead of 50 × 25 × 15 mm; another treatment process (dipping
instead of vacuum impregnation); a shorter time of decay (8 weeks instead of
16 weeks). After the fungal attacks, that is, before the colour analyses and determination of the mass losses, the fungal mycelia were carefully brushed from
the top surface (25 × 25 mm) of each sample with the aim of retaining the “new”
colour. The top surfaces of the samples – on which the colour analyses were performed – (1) on ageing in the Xenotest had been directly exposed to the UV and
visible light, and also to water; (2) during fungal attack had not been in contact
with the agar-malt inside Petri dishes.
Colour analyses

The colours of the wood surfaces were analysed according to the CIEL*a*b* system using a CR-10 Color Reader (Konica Minolta, Japan). The Color Reader
had a CIE 10° standard observer, CIE standard illuminant D65, sensor head with
a diameter of 8 mm, and a detector with 6 silicon photocells. The colour coordinates L*, a*, b* of the natural, modified, aged, fungal-attacked or aged-fungal-attacked beech samples were measured in the centre of their top surfaces
(25 × 25 mm), in a conditioned state at ca. 12% EMC. The total colour differences
DE* were computed by eq. 1 [CIE 1986]:

∆E* =

∆L*2 + ∆a*2 + ∆b*2

(1)

where: L* – lightness from 100 (white) to 0 (black),
a* – the chromaticity coordinate + a* red or – a* green,
b* – the chromaticity coordinate + b* yellow or – b* blue,
D – the change between the final (aged, fungal-attacked, or aged-fungal-attacked) and initial (modified with oils) state.
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Mass losses

After fungal and aged-fungal attacks, respectively, the mass losses Dm in % caused
with the brown-rot fungus Coniophora puteana were determined for all the reference beech samples and those modified with essential oils [Pánek et al. 2014].
Statistical evaluations

The results of the colour analyses were evaluated on the basis of the mean values,
standard deviations, and statistically using Duncan’s test (Statistica 10). Linear
correlations (Microsoft Excel) were then determined between the colour changes
and the mass losses of fungal-attacked or aged-fungal-attacked beech samples.

Results and discussion
Colours of beech wood modified with essential oils

The colour parameters L*, a* and b* in the beech wood modified with the essential oils did not significantly differ from those of the reference unmodified beech
(table 2). This was confirmed by Duncan’s test (table 2).
Table 2. Colour parameters L*, a* and b* in beech (Fagus sylvatica) wood modified
with essential oils
Essential oil in beech

L*

a*

b*

1

2

3

1

2

3

1

2

3

Birch

66.3

(2.54)

c

7.7

(1.24)

d

17.4

(1.42)

d

Clove

67.5

(2.23)

d

9.2

(0.98)

c

17.3

(0.98)

d

Lavender

66.9

(2.77)

d

8.8

(1.16)

d

16.7

(1.22)

d

Oregano

66.9

(2.21)

d

9.2

(0.77)

c

17.1

(1.10)

d

Sweet flag

67.9

(2.88)

d

7.7

(0.88)

d

16.2

(1.08)

d

Savory

66.9

(2.14)

d

8.5

(0.91)

d

15.8

(1.32)

d

Sage

67.6

(2.90)

d

8.2

(1.37)

d

16.2

(1.42)

d

Tea-tree

67.5

(2.69)

d

9.2

(1.01)

d

17.3

(0.85)

d

Thyme

67.8

(1.99)

d

8.1

(0.86)

d

16.2

(1.61)

d

Oil-mixture

70.3

(3.05)

d

7.3

(1.44)

d

16.4

(1.83)

d

Reference – unmodified
beech

68.7

(2.22)

–

7.6

(1.06)

15.3

(2.18)

–

1) Mean values from 12 samples
2) Standard deviations
3) Duncan’s test in relation to the reference at the 99.9% significance level (a), the 99% significance
level (b), the 95% significance level (c), and without an evident significant difference at p ≥ 0.05 (d)
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Colours of modified beech wood after accelerated ageing

As a result of only the accelerated ageing, carried out in the Xenotest Q-SUN
Xe-1-S and a drying oven, the colour changes ∆L*, ∆a*, ∆b*, and ∆E* in the beech
wood modified with the essential oils in most cases did not differ from those of the
reference. This was confirmed by Duncan´s test, in which between the two groups
“modified with oils” versus “reference”, mostly no significant differences were
found (table 3). All the modified and reference beech samples following exposure
to the UV-light obtained a yellower shade, with the positive ∆b* from 4.6 with
the use of oregano oil to 6.7 with the use of clove oil or no oil (reference). Other
colour parameters, the ∆L* and ∆a*, changed within a very small range from −2.1
to 0.9, with only the beech wood modified with clove oil acquiring an evidently
darker tone (∆L* = −4.9).
Table 3. Colour changes in beech wood modified with essential oils due to accelerated
ageing
Essential oil

∆L*

∆a*

∆b*

∆E*

1

2

3

1

2

3

1

2

3

1

2

3

Birch

−1.8

(3.25)

d

0.3

(1.21)

c

4.9

(1.44)

c

6.1

(1.77)

d

Clove

−4.9

(2.11)

a

0.5

(1.52)

b

6.7

(1.50)

d

8.5

(2.36)

d

Lavender

0.9

(2.50)

d

−1.7

(0.95)

d

5.3

(1.26)

d

6.2

(1.20)

d

Oregano

−0.4

(1.98)

d

−2.1

(1.09)

c

4.6

(1.92)

c

5.7

(1.47)

c

Sweet flag

−1.6

(2.75)

d

−0.2

(1.09)

d

5.1

(1.50)

d

6.0

(1.82)

d

Savory

−0.6

(2.06)

d

−1.3

(1.13)

d

5.6

(1.12)

d

6.2

(1.00)

d

Sage

−0.2

(2.21)

d

−0.8

(1.03)

d

6.1

(2.33)

d

6.7

(2.19)

d

Tea-tree

0.0

(2.79)

d

−1.2

(1.12)

d

5.4

(1.11)

d

6.3

(1.10)

d

Thyme

−0.5

(2.53)

d

−1.0

(0.96)

d

5.6

(2.18)

d

6.3

(2.17)

d

Oil mixture

−0.6

(1.65)

d

−0.6

(0.83)

d

5.6

(1.80)

d

6.1

(1.47)

d

Reference

−0.9

(3.68)

–

−1.0

(1.65)

–

6.7

(2.87)

–

7.6

(3.36)

–

1) Mean values from 6 samples
2) Standard deviations
3) Duncan’s test in relation to the reference at the 99.9% significance level (a), the 99% significance
level (b), the 95% significance level (c), and without an evident significant difference
at p ≥ 0.05 (d)

Generally, following the short artificial weathering, no negative or positive effects of the essential oils on the colour stability of the beech wood were observed.
The surfaces of both – the natural and oiled – beech samples obtained a yellower
shade. However, in practice, it should be noted that with an extended period of
outdoor weathering, it is likely that a greying of the beech surfaces treated or
untreated with essential oils will occur, owing to the washing out of the yellow
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depolymerized and more polar parts of the lignin, and also due to the adsorption
of pollutants [Evans 2008].
Colours of modified beech wood after fungal-attacks and ageing-fungal-attacks
with Coniophora puteana

The wood substance due to degradation with brown-rot fungi obtains darker, yellower and browner shades [Bech-Andersen 1995]. The intensity of such colour
changes depends on a number of factors: the species of wood, the species of
brown-rot fungus, the type of fungicide or modification agent present in the wood,
the ageing history of the wood before its fungal attack, cellulolytic and other bio-mechanisms of decay, the degree of decay, the uniformity of decay, the colour
of the fungal mycelia, the distribution of the fungal mycelia in cells of wood, etc.
Table 4. Colour changes in beech wood modified with essential oils due to fungal
attack with Coniophora puteana
Essential oil

∆L*

∆a*

∆b*

∆E*

1

2

3

1

2

3

1

2

3

1

2

3

Birch

−3.0

(2.40)

a

2.1

(0.70)

d

4.2

(1.89)

a

6.1

(1.49)

a

Clove

−6.4

(1.68)

b

1.0

(0.72)

d

2.2

(0.94)

a

7.0

(1.59)

a

Lavender

−17.2

(2.21)

a

3.4

(0.81)

d

6.6

(1.83)

a

18.9

(1.72)

d

Oregano

−4.4

(1.97)

a

−0.2

(0.80)

b

1.1

(0.83)

a

4.7

(1.98)

a

Sweet flag

−2.6

(2.06)

a

1.3

(0.90)

d

2.8

(1.24)

a

4.3

(1.95)

a

Savory

−3.8

(1.84)

a

0.3

(1.01)

c

2.0

(1.15)

a

4.6

(1.57)

a

Sage

−10.9

(2.69)

d

3.9

(0.33)

d

8.4

(1.57)

a

14.5

(1.71)

d

Tea-tree

−11.9

(2.30)

d

3.4

(0.59)

d

8.1

(1.52)

a

14.9

(1.88)

d

Thyme

−4.9

(1.34)

a

0.7

(1.27)

d

1.5

(0.98)

a

5.4

(1.30)

a

Oil mixture

−10.0

(2.76)

d

4.6

(1.09)

c

9.1

(1.82)

b

15.2

(2.46)

d

Reference

−9.1

(2.23)

–

2.5

(1.96)

–

12.8

(3.85)

–

16.0

(2.34)

–

1) Mean values from 6 samples
2) Standard deviations
3) Duncan’s test in relation to the reference at the 99.9% significance level (a), the 99% significance
level (b), the 95% significance level (c), and without an evident significant difference at p ≥ 0.05 (d)

As a result of the brown-rot fungus Coniophora puteana activity the surfaces of the reference beech wood and the beech modified with essential oils,
acquired greater or lesser colour changes ∆L*, ∆a*, ∆b*, and ∆E* (table 4). The
colours changed the most in the reference beech (∆L* = −9.1, ∆a* = 2.5, ∆b* = 12.8,
and ∆E* = 16.0), and also in the beech modified with lavender oil, sage oil, teatree oil, and the oil-mixture (∆L* = from −10.0 to −17.2, ∆a* = from 3.4 to 4.6,
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∆b* = from 6.6 to 9.1, and ∆E* = from 14.5 to 18.9). On the other hand, the colour
changes in the beech wood modified with other oils – birch, clove, oregano,
sweet flag, savory, and thyme – were apparently lower (∆L* = from −2.6 to −6.4,
∆a* = from -0.2 to 2.1, ∆b* = from 1.1 to 4.2, and ∆E* = from 4.3 to 7.0). This was
also confirmed by Duncan’s test (table 4).
Similar tendencies relating to the colour changes in the surfaces of the beech
samples were found following a combination of the accelerated ageing (in the Xenotest Q-SUN Xe-1-S and a drying oven) and the decay attack with Coniophora
puteana (table 5).
Table 5. Colour changes in beech wood modified with essential oils due to combination of accelerated ageing and fungal attack with Coniophora puteana
Essential oil

∆L*

∆a*

∆b*

∆E*

1

2

3

1

2

3

1

2

3

1

2

Birch

−4.6

(2.89)

a

3.6

(1.34)

d

9.3

(1.84)

d

11.4

(1.66)

3
a

Clove

−11.6

(2.79)

d

1.7

(2.32)

c

6.2

(1.91)

a

12.1

(1.27)

b

Lavender

−10.8

(2.85)

d

3.2

(1.13)

d

9.9

(2.14)

d

15.2

(2.88)

d

Oregano

−7.1

(1.75)

a

−1.1

(1.37)

a

5.9

(2.00)

a

9.6

(1.79)

a

Sweet flag

−5.5

(2.09)

a

2.5

(0.93)

d

10.3

(1.41)

d

12.2

(0.73)

b

Savory

−6.8

(1.73)

a

0.4

(1.49)

a

8.2

(0.61)

d

10.8

(1.16)

a

Sage

−9.2

(2.07)

c

3.8

(1.54)

d

10.4

(2.81)

d

15.5

(1.64)

d

Tea-tree

−12.3

(3.00)

d

2.9

(0.98)

d

9.5

(1.70)

d

16.9

(2.17)

d

Thyme

−4.6

(2.38)

a

−0.7

(0.84)

a

4.8

(2.15)

a

7.0

(2.28)

a

Oil-mixture

−13.1

(1.49)

d

5.3

(2.04)

d

10.8

(2.13)

d

17.9

(2.45)

d

Reference

−13.0

(1.15)

–

3.8

(1.93)

–

10.8

(2.42)

–

15.9

(4.49)

–

1) Mean values from 6 samples
2) Standard deviations
3) Duncan’s test in relation to the reference at the 99.9% significance level (a), the 99% significance
level (b), the 95% significance level (c), and without an evident significant difference at p ≥ 0.05 (d)

However, all the modified beech samples after the ageing-fungal-attack
gained slightly more yellow shade (higher +∆b*, and then also higher ∆E*) in comparison to the beech samples exposed immediately to Coniophora puteana – i.e.
only after the fungal-attack. This can be explained by their previous yellowing at
accelerated ageing (table 3). As a consequence, after the ageing-fungal attack, the
positive ∆b* values for the beech samples treated with the fungicidal effective oils
(birch, clove, oregano, sweet flag, savory or thyme) and the fungicidal ineffective
oils (lavender, sage, tea-tree or the oil-mixture) were within a narrower range from
4.8 to 10.8 (table 5) than those obtained only after fungal attack from 1.1 to 9.1
(table 4).
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Connection between colour changes and mass losses of fungal-attacked and aged-fungal-attacked modified beech wood

Brown rot is connected preferentially with the depolymerisation of polysaccharides and the destruction of the secondary layers in the cell walls of wood. The degree of brown rot can be indirectly characterized by the physical and mechanical
properties of wood: mass loss; density loss; strength loss; elasticity loss; hardness
loss; sorption change; colour change; etc. [Reinprecht 2013].
A comparison of the colour differences (∆L*, ∆a*, ∆b*, and ∆E*) in the fungal-attacked and aged-fungal-attacked beech samples with their mass losses (Dm)
was expressed with the linear correlations by eq. 2 (figs. 1 and 2):
∆Colour parameter = A + B * ∆m

(2)

The achieved results indicated:
–– a change in the colour of the beech wood even without its deterioration by
the brown-rot fungus Coniophora puteana, or by accelerated ageing and the
subsequent action of this fungus – see the values A from 1.20 at ∆a* to 10.67
at ∆E* valid for the zero mass loss (figs. 1 and 2); this was probably due to the
laboratory test conditions in glass Petri dishes, where stains could be created
on the top surfaces of the beech samples due to drops of condensate water and
their contact with the essential oils in the samples,
–– an existence of certain connections between the mass losses and the darkening,
yellowing and redness of the beech wood exposed to the fungus Coniophora
puteana – see the values B from 0.097 to 0.468, and also the coefficients of
determination R2 from 0.296 to 0.790 (fig. 1),
–– the possibility to determine the degree of brown rot in the beech wood by
Coniophora puteana (fig. 1) based on yellowing of its surfaces (larger positive
∆b*), due to the degradation of the polysaccharides having white colour and
the increased proportion of the yellow-brown lignin,
–– a less pronounced yellowing of the beech wood due to decay by Coniophora
puteana in a situation when it was exposed to the combined ageing-fungal
attacks – in linear correlations for the ∆b* see higher values A (7.49 instead
of 3.01) and lower values B (0.140 instead of 0.384) if the wood samples
were firstly subjected to the accelerated ageing (figs. 1 and 2); this can be
explained by a significant yellowing of the beech wood during the accelerated ageing, following which, the subsequent yellowing at decay was not so
dominant.
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Fig. 1. Correlations between the differences of individual colour parameters (∆L*,
∆a*, ∆b*, ∆E*) and the mass losses (∆m) caused by Coniophora puteana for the fungal-attacked beech wood
Note: The mean values of colour parameters (table 4) and mass losses for reference and modified
samples are given.

Fig. 2. Correlations between the differences of individual colour parameters (∆L*,
∆a*, ∆b*, ∆E*) and the mass losses (∆m) caused by Coniophora puteana for the aged-fungal-attacked beech wood
Note: The mean values of colour parameters (table 5) and mass losses for reference and modified
samples are given.
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Conclusions
From the achieved results the following conclusions can be stated:
–– The accelerated ageing of the beech wood modified with the tested essential
oils caused its apparent yellowing (∆b* values were ca. 6). However, due to
1 week’s exposure to UV-light, water and increased temperatures, its other
colour parameters changed only slightly (∆L* and ∆a* values were from ca.
−2 to 1).
–– The fungal and combined aged-fungal attacks of the modified beech wood in
the presence of the brown-rot fungus Coniophora puteana caused its darker
yellow-red shades, which were less apparent when the fungicidally more effective essential oils (birch, clove, oregano, sweet flag, savory, and thyme)
were used, and more apparent when fungicidally ineffective oils (lavender,
sage, tea-tree, and the oil-mixture) were used.
–– The presence and degrees of the brown rot in the wooden products could be
quickly determined by their colour changes, as these were indicated from the
linear correlations between the individual colour parameters (∆L*, ∆a*, ∆b*,
DE*) and the mass losses (∆m).
–– In the linear correlations „colour change = f (degree of decay determined by
mass loss)” the yellowing (positive Db*) was manifested as the most suitable
colour parameter for the identification of wood attack by the brown-rot fungus
Coniophora puteana. However, following the combined accelerated ageing
and fungal attack, the darkening parameter (negative ∆L*) was more apparent.
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WHITE MUSTARD STRAW AS AN ALTERNATIVE
RAW MATERIAL IN THE MANUFACTURE OF
PARTICLEBOARDS RESINATED WITH DIFFERENT
AMOUNTS OF UREA-FORMALDEHYDE RESIN
In this work the optimum resination rate of white mustard straw particles with UF
resin in the production of straw particleboards was investigated. The resination
rates used in this study were 10, 12 and 14%. For the selected resination rate, the
possibility of reducing the density of the straw particleboards was also determined.
In order to evaluate the hygienic parameters of the experimental boards, the formaldehyde content and volatile organic compounds (VOC) were determined. Moreover,
using a thermogravimetric analysis (TGA) the boards’ disposal options by means
of burning or co-incineration were investigated. The study results showed that
a 10% resination rate enabled the production of white mustard particleboards of
type P1 and P2, while the simultaneous reduction in their density to 600 kg/m3
limited their application to dry conditions only, i.e. boards of P1 type. Thermogravimetric analysis revealed a variable thermal performance of the studied boards.
The pine particleboards showed a higher thermal resistance, however, up to a temperature of 750°C, the samples of the experimental boards underwent a similar
process of thermal destruction.
Keywords: white mustard straw, particleboards, mechanical properties, VOC, thermogravimetric analysis

Introduction
Wood availability and its price largely affect the economic condition of the timber
industry. Increasing competition for wood, related to enhanced wood consumption for energy purposes, has resulted in higher wood prices and has led to difficulties for producers of wood-based materials in obtaining adequate quantities
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of raw materials. Therefore, some steps have been taken with the aim of using
wood more efficiently and sustainably, e.g. by applying substitutes in the form
of tree species not used so far in the particleboard industry, such as alder [Nemli
2003] or even agricultural biomass. For many years, there has been a growing
interest in the possibility of using biomass for energy purposes. It is currently the
largest potential source of energy in the world. Biomass processed into briquettes
or pellets is a substitute for non-renewable fuels. In addition, a rapidly growing
wood processing sector, which includes the production of particleboards, MDFs
and other wood-based materials, has created the need for the effective disposal
of post-production waste, 90% of which is composed of a biomass in the form
of comminuted wood. Its disposal by means of incineration or co-incineration
in boilers of a special design, provides an additional source of energy for plants
producing such materials. Numerous studies carried out so far have demonstrated
that the waste of annual plants can serve as a wood substitute for the wood-based
board industry, and paper industry [Boquillon et al. 2004; Guler, Ozen 2004; Dziurka et al. 2005; Dukarska et al. 2006; Czarnecki, Dukarska 2010; Dziurka et
al. 2010; Azizi et al. 2011; Li et al. 2011; Dukarska et al. 2012; Park et al. 2012;
Bekhta et al. 2013]. This particularly concerns cereal straw, with EU overproduction amounting to 140 million tons, 70% of which can be used for industrial
purposes. Some of undoubted advantages of this type of material include the
possibility of obtaining large quantities every year, its wood-like chemical composition and its morphology which facilitates felting. On the other hand, the seasonal availability of straw and the resulting irregular supply, seriously restricts its
industrial application. Therefore, the feasibility of alternative crops, harvested in
different periods to cereals, for particleboard production, has been investigated.
An example of such a plant is white mustard (Sinapis alba), known for its high
yield, rapid growth in a short growing season (80–125 days) and production
of large amounts of biomass. Currently, mustard cultivation is most popular
in Europe, Asia, Africa and North America. According to FAO STAT reports
[2012], the largest producers of mustard in 2012 were Nepal – 145.2 thousand
tons, Canada 118.4 thousand tons, Myanmar – 68 thousand tons and the Russian
Federation – 41.5 thousand tons. Mustard is a multi-purpose plant. It is grown
mainly for seeds, used in the food, pharmaceutical, and cosmetic industries, and
as a stubble crop. It is classified as an energy crop, although it is less economically important than rape. Recent years have brought a markedly higher interest
in mustard cultivation and the possibility of its further applications in various
fields. This is due to the above-mentioned advantages as well as the low price of
the seeds, the possibility of using mustard as an energy crop, and new prospects
offering varieties of improved seed oil composition, similar to rapeseed oil [Piętka
2007]. It can therefore be expected that alternative plants, including mustard, will,
to some extent, replace traditional crops [Suleimenov et al. 2005; Sawicka, Kotiuk
2007]. Dukarska et al. [2011] investigated the possibility of using white mustard
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straw as a substitute for wood particles in the production of particleboards. This
study also determined the usefulness of mustard straw in the manufacturing process, by comparing its chemical composition with wood and other often studied
plant species (wheat and rape) and by comparing their fractional composition and
dimensional analysis. Previous works have shown that the chemical composition
of mustard is comparable to that of wood and rape straw. Moreover, the shape factors of the straw particles (slenderness and flatness) are similar to the parameters
of the particles from the particleboard core layer. Mustard straw particles are more
slender than wood particles, which may positively affect the board structure by reducing empty spaces and improving the board bending strength. Tests performed
on wood and straw boards with a different share of straw particles resinated with
UF resin confirmed that the addition of mustard particles to the mixture of wood
particles did not significantly affect the board bending strength and modulus of
elasticity. However, a reduced internal bond was observed, particularly when
the straw share exceeded 25%. Nevertheless, the boards containing even 100%
mustard straw particles met the requirements of the EN 312 standard for boards
intended for general use in dry conditions. Reducing the straw content to 75%
allowed for the production of P2 boards, i.e. boards intended for interior design,
including furniture, and for use in dry conditions.
With the above findings in mind, the aim of this study was to determine the
optimal resination rate of white mustard straw particles (Sinapis alba) during the
production of boards resinated with urea-formaldehyde resin, and to analyze the
process of the boards’ thermal decomposition during incineration.

Materials and methods
The experimental boards were manufactured from industrial pine particles and
white mustard (Sinapis alba) straw particles, obtained from a farm in western
Poland. The straw particles were generated in the laboratory, by a single-stage
fragmentation on a shredder cutter. The full characteristics of white mustard straw
and wood particles were provided in a previous work by Dukarska et al. [2011].
They were glued with an urea-formaldehyde resin (UF) produced by Silekol
(Kedzierzyn-Kozle, Poland) with a viscosity of 554 mPa s, a density of 1.282 kg/m3,
assumed amount of dry substances 66%, pH 7.85, and 65 s gel time at 100°C. The
curing agent, which was a 20% ammonium nitrate (NH4NO3) solution, was used
to the amount of 2% of dry weight of the UF resin.
The experimental boards were produced in a laboratory: they were single
layer boards with a density of 700 kg/m3, a thickness of 12 mm and resination
rate of 10, 12 and 14%. Taking into account the considerable interest of the particleboard industry in low density materials, boards were also manufactured
with a density reduced to 600 and 500 kg/m3, and a resination rate determined
on the basis of the studies discussed above. Pressing was performed at 200°C,
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at a unit pressure of 2.5 N/mm2 for 22��������������������������������������
 �������������������������������������
s/mm of the board thickness. The control boards were pine (Pinus sylvestris) particleboards, manufactured in the same
conditions.
The resulting experimental boards were tested for their physical and mechanical properties, in accordance with applicable technical standards, and the following parameters were determined: the modulus of rigidity (MOR), modulus
of elasticity (MOE) in accordance with EN 310, internal bond (IB) according to
EN 319, swelling after 24 hours of soaking in water (TS) according to EN 317
as well as water absorption (WA), and free formaldehyde content by perforator
method according to EN 120.
Studies on the VOC emissions were conducted on the boards manufactured
from straw and wood particles with resination rates and densities selected based
on the physico-mechanical properties of boards 30 days (±5) after they had been
produced. The tests were performed in a glass chamber of 0.025 m3, in which the
following conditions were maintained: temperature 23 ±2°C, relative humidity
50 ±5%, air exchange rate 0.5 dm3/h, and chamber loading 0.005 m2/m3. Air samples were collected into tubes filled with Tenax TA at 120 mg (35/60 mesh, by
Alltech). In each case, three simultaneous air samples of 1000 ml were collected at
a rate of 100 ml/min. Analytes adsorbed on the Tenax TA were released thermally
and then determined by gas chromatography coupled with mass spectrometry.
The GC/MS parameters are presented in table 1. Individual compounds were
identified by comparing the obtained mass spectra with the spectra stored at the
NIST MS Search library – program version 1.7 and were then confirmed by juxtaposing the mass spectra and retention times of the identified compounds with the
spectra and retention times of the appropriate standards. Quantitative analyses of
the VOCs emitted from the examined wood surfaces were carried out by adding
the 4-bromofluorobenzene standard (Supelco).
Table 1. Operating conditions of TD/GC/MS
Elements
of measuring system

Parameters

Injector

Thermal desorber connected to sorption microtrap;
purging gas: argon at 20 m3/min; purge time: 5 min

Microtrap

Sorbent: 80 mg Tenax TA/30 mg Carbosieve III;
desorption temperature: 250°C for 90 s

Gas chromatograph

TRACE GC, Thermo Finnigan

Column

RTX – 624 Restek Corporation, 60 m × 0.32 mm ID;
Df – 1.8 µm: 6% cyanopropylphenyl, 94% dimethylpolyoxosilane

Detector

Mass spectrometer (SCAN: 10 – 350)

Carrier gas

Helium: 100 kPa, ~2 cm3/min

Temperature settings

40°C for 2min, 7°C/min to 200°C, 10°C/min to 230°C, 230°C
for 20 min
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In order to analyze the thermal decomposition of the experimental boards containing mustard straw particles during incineration, a thermogravimetric analysis
was carried out, using a SETARAM LabsysTM thermobalance, with a final analysis
temperature of 750����������������������������������������������������������
°���������������������������������������������������������
C, increasing at a rate of 5�����������������������������
°����������������������������
C/min. The analysis was conducted in the presence of helium flowing through the reaction chamber at a rate of
2 dm3/h, while the mass of each sample was 20 ±1 mg. The thermal analysis of the
tested samples was recorded as thermograms which included thermogravimetric
curves (TG) and differential thermogravimetric curves (DTG).

Results and discussion
The physical and mechanical properties of the experimental boards made of wood
and mustard straw particles, with regards to their UF resination rate, are presented
in table 2 and in fig. 1. The symbols “a, b, c, d” denote the groups of homogeneous
means identified based on a post hoc analysis of the Tukey’s test. The data in table
2 indicate that the use of mustard straw particles as a substitute for wood particles
resulted in an enhanced modulus of rigidity (MOR). The values of the modulus of
rigidity, obtained for the resination rate reduced to 10%, exceeded the parameters
of the boards made of wood particles alone, and met the requirements of the
EN 312 standard for general-purpose P1 boards (required value 12.5 N/mm2), and
P2 boards for interior design, including furniture (required value 13.0 N/mm2),
used in dry conditions. Post hoc tests confirmed that increasing the resination rate
of the straw boards did not significantly affect the MOR (homogeneous group
“a”). However, a slightly greater effect of the resination rate on the rigidity of the
investigated straw boards was observed. Based on post-hoc tests, it was found that
significant differences in the mean MOE values were perceived only when the
resination rate exceeded 12%.
Table 2. Properties of the experimental boards depending on resination rate of UF
resin
Z*

MOR

[%]

Kind
of particles

MOE

TS

10

wood

12.8 (1.38)** b

2750 (225) a

51.0 (4.56) b

104.6 (11.0) bc

13.1 (2.77) b

3170 (111) cd

40.8 (3.45) a

88.5 (4.84) a

15.8 (2.76) a

2890 (387) ab

22.14(3.68) c

91.0 (7.69) a

16.0 (1.11) a

2980 (180) abc

62.1 (2.35) d

113.8 (8.99) c

12

16.2 (1.20) a

3050 (245) bc

52.6 (4.07) b

100.8 (11.21) a

14

16.8 (1.21) a

3360 (305) d

39.2 (3.87) a

85.6 (8.54) a

12
14
10

straw

[N/mm ]

WA
[%]

2

*Z – resination rate of board, ** – standard deviation, a, b, c… – homogenus groups, MOR – modulus of rigidity, MOE – modulus of elasticity, TS – thickness swelling,WA – water absorption; density
of the particleboards – 700 kg/m3
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It can therefore be concluded that increasing the resination rate from 10 to
12% is statistically unjustifiable. Despite the observed changes in the mean MOE
values, the boards, as in the case of the modulus of rigidity, met the requirements
for P2 boards (required value 1800 N/mm2). The results received for the internal bond perpendicular to the board planes differed considerably, as presented
in fig. 1. As might be expected, replacing the pine particles with mustard straw
particles resulted in a significant reduction in the internal bond and significantly
different mean IB values (ANOVA: for resination rate – F(2;84) = 31.1, p < 0.0001,
for raw material F(1;84) = 289.3, p < 0.0001). As the internal bond is one of the
factors affecting the strength of furniture joints, it is important that the boards
intended for furniture production meet the relevant requirements of the EN 312
standard, prepared for general purpose boards used in dry conditions.

Fig. 1. Internal bond of the experimental boards depending on resination rate of UF
resin (density of boards 700 kg/m3)

The values obtained for the straw boards, even for the maximum resination rate
of 14%, were still lower than for the wood particleboards with 10% gluing. The
data presented in fig. 1 show that an increase in the resination rate more strongly
influenced the internal bond of the straw boards than the wood particleboards. No
improvement in the internal bond of the straw particleboard for the resination rate
exceeding 12% was probably due to the fact that this resin content was optimal,
and its increase caused no further improvement in this respect. The reduced IB
of the particleboard, visible on the graph and associated with increasing the resination rate from 12% to 14%, was due to a scattering of the results around the
mean IB values that, after allowing for standard deviations, were between 0.77
and 0.97 N/mm2 for the 12% resination rate and 0.70 and 0.89 for the 14% resination rate. Despite this, the tested boards met the requirements for both P1 and P2
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boards, regardless of the type of raw material (for the boards type P1 and P2 with
a thickness of 6–13 mm the required values were 0.29 and 0.40 N/mm2, respectively). For these types of boards, the EN 312 standard only includes requirements
concerning the modulus of rigidity and internal bond. However, to provide a full
specification of the produced experimental boards, their water resistance was determined by measuring their swelling and water absorption following a 24 hour
period of soaking in water. Data from table 2 indicate that a higher resination rate
in the boards containing straw particles improved their water resistance to a much
greater degree than in the boards made of wood particles. In the straw boards
with 14% resination rate, swelling and water absorption were reduced to a level
comparable to the parameters of the wood particleboards with 12% resination
rate (homogeneous group ”a”). The values of swelling and water absorption were
different due to the lack of outer layers, which normally effectively block water
penetration inside the board. Therefore, it may be concluded that using a 10%
resination rate with UF resin ensures the manufacture of P1 and P2 boards made
of mustard straw particles with the required strength. Taking this into account,
further experiments were focused on the possibility of reducing the density of the
boards made exclusively of straw particles, glued with a 10% resination rate of
the UF resin. The results of the tests are shown in table 3 and in fig. 2. Based on
the tests, it was concluded that lowering the density of the straw boards down to
500 kg/m3 reduced the internal bond perpendicular to the board plane to a value
of 0.17 N/mm2. Thus, these boards did not meet the requirements of the EN 312
standard, even for P1 boards. On the other hand, the straw boards with a density
of 600 kg/m3 had a internal bond of 0.35 N/mm2, thus it is possible to reduce the
density of mustard straw boards and to use them for general purposes in dry conditions (boards of P1 type).
Table 3. Properties of the experimental boards depending on their density
Density
[kg/m3]

Kind
of particles

MOR
5.98 (1.21) a

1270 (218) a

28.9 (2.73) b

117.1 (10.3) b

wood

10.1 (1.29) b

2160 (237) d

30.4 (2.74) b

103.9 (3.54) a

12.8(1.38)* c

2750 (225) b

51.0 (4.56) a

104.6 (11.0) a

500
600
700
500
600
700

straw

MOE

TS

[N/mm2]

WA
[%]

6.3 (0.66) a

1260 (83.0) a

53.1 (3.37) a

158.1 (5.26) d

10.4 (1.13) b

1680 (141) c

52.9 (5.05) a

141.8 (16.7) c

16.0 (1.11) d

2980 (180) b

62.1 (2.35) c

113.8 (8.99) ab

Legenda as in table 2; resination rate of particleboards Z = 10%

Lowering the density of the straw boards also resulted in a lower bending
strength, although the obtained values were comparable to the parameters of the
wood particleboards with the same density (homogeneous groups ”b”). However,
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it is worth mentioning that the wood particleboards showed a smaller downward trend in this respect than the straw boards, as compared to the boards with
a density of 700 kg/m3. The modulus of rigidity for the wood particleboards with
a density of 600 and 500 kg/m3 was 22% and 53% lower, while in the straw
boards the corresponding decrease was 35% and 60%. Significant differences in
the rigidity and water resistance of the straw and wood particleboards were also
noticed. In comparison to the analogous wood particleboards, the straw boards
were characterized by a 28% lower modulus of elasticity, and lower swelling and
water absorption (by 74% and 36%, respectively).

Fig. 2. Internal bond of the experimental boards depending on their density (resination rate of boards Z = 10%)

The results of the studies on the possibility of using mustard straw as a sub-stitute for wood particles in the manufacture of particleboards glued with UF
resin were similar to those obtained for different types of raw materials, such
as cereal straw or alternative crops e.g. rape or evening primrose, tested previously [Dziurka et al. 2005; Dukarska et al. 2006; Dukarska et al. 2012].
The evaluation of the mustard straw particleboards was considerably affected by the fact that they were single-layer boards, without any outer layers
that determine to a large extent the values of the modulus of rigidity and
modulus of elasticity. The higher bending strength and stiffness of the boards
were certainly due to their increased cohesiveness, resulting from the greater
specific surface area and the slenderness of the straw particles. The greater
specific area of the straw particles, as compared to the wood particles, meant that
for the same resination rate, the surface of the adhesive joints was lower, and thus
the board’s internal bond was reduced. Furthermore, as shown by Dukarska et
al. [2011], the degree of slenderness of the mustard straw particles was greater
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than of the wood particles, which positively influenced the board’s modulus of
rigidity, and had a negative effect on the internal bond. The lower values of the
internal bond were also due to the poorer wettability of the straw particles, resulting from the significant content of wax substances and minerals in their surface
layer. In addition, the less porous straw surface made the resin penetration more
difficult. As a consequence, the bonds between the straw particles were weaker,
and thus the internal bond of the straw board was lower. Therefore, it is clear
that the increased resination rate of the straw particles improved the mechanical
properties of the boards due to the formation of more abundant adhesive joints
on their surface. Apart from the structure, the amount and the type of binder, one
of the main factors determining the physical and mechanical properties of particleboards is the density. Increased density results in an improvement in all the
mechanical properties, due to the greater compression of the boards, accompanied by the greater contact surface of the lignocellulosic material particles. Thus,
according to expectations, lowering the board density in the study caused a drop
in their strength, thereby limiting their use as P1 boards.
The tests of the hygienic parameters of the experimental boards, based on the
free formaldehyde content, showed an increasing content of formaldehyde with an
increasing resination rate with the UF resin. Regardless of the type of raw material,
these changes did not significantly affect the hygienic parameters of the boards,
as evidenced by the perforator values ranging within 3.6–4.8 mg CH2O/100 g
of dry mass, obtained for the 14% resination rate. Therefore, the investigated
boards can be classified as E1 hygiene class.
The VOC emissions were determined for the boards with a 10% resination
rate and densities of 700 and 600 kg/m3. The results recorded for the volatiles
are presented in table 4. The concentrations of organic volatiles released by the
tested boards ranged from 145 to 378 µg/m3. The amounts of volatiles released
into the air by the boards manufactured from mustard at 262 up to 378 µg/m3 were
greater than by the boards produced from the pine particles, for which they ranged
from 145 to 207 µg/m3. The spectrum of compounds released by the tested types
of boards varied slightly. All the boards released toluene, α-pinene, hexanal and
benzaldehyde. Toluene was released in the greatest amounts. The straw boards
emitted from 200.6 to 223.9 µg/m3 of toluene, while the boards made from pine
wood released its smaller amounts ranging from 88.9 to 95.1 µg/m3. The boards
made of mustard also released slightly greater amounts of α-pinene. The concentration of hexanal fell within a similar range of 28.8 to 37.2 µg/m3. As shown in
literature reports [Salthammer et al. 1999; Uhde, Salthammer 2007], the presence
of aldehyde compounds may be caused by the degradation reactions of the fatty
acids contained in the wood. Hexanal is a typical degradation product of linolic
acid. In turn, the concentration of benzaldehyde ranged from 7.5 to 40.4 µg/m3.
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Table 4. Concentrations of VOC from experimental boards [µg/m3]
Kind of particles
wood

Compound

straw
density [kg/m3]

700

600

700

600

–

–

57.8

–

Toluene

95.1

88.9

223.9

200.6

Hexanal

28.8

30.0

37.2

29.5

Phenylethyne

26.5

–

–

–

α-pinene

9.4

9.6

28.8

11.6

Benzaldehyde

40.4

7.5

9.6

7.7

2-propanol

Unidentified

6.6

9.1

21.1

12.9

TVOC

207

145

378

262

The greatest amounts of this compound were emitted by the particleboards
with a density of 700 kg/m3. The straw boards with the same density also emitted
relativelyhigh amounts of 2-propanol, which was not recorded in the case of the
other boards, while the boards produced from pine wood were a source of phenylethylene emissions. A reduction of the board density to 600 kg/m3 caused a reduction in TVOC emissions. As shown in literature data, the concentration of volatile
organic compounds emitted from wood-based materials may change within a very
wide range of values. Brown [1999] reported that VOC emissions from particleboard resinated with melamine-urea-formaldehyde resin after 24 h exposure
amounted to 160 µg/m3. Analyses conducted by Stachowiak-Wencek et al. [2011]
on particleboards produced under commercial conditions showed that emissions
ranged from 459 to 3477 µg/m3. Levels of VOC emissions from wood-based materials recorded by Kowaluk et al. [2011] were not high. Boards manufactured
from fibrous particles released volatile substances at 50–431 mg/m3, while boards
produced from typical commercial particles emitted 117 mg/m3. In turn, Jensen et
al. [2001] presented aldehyde emissions from wood-based materials. The highest
emission of aldehydes among the tested wood-based materials was recorded for
OSB resinated with phenolic resin at approx. 530 µg/m2h, while it was the lowest
one from MDF resinated with urea-formaldehyde adhesive, amounting to approx.
130 µg/m2h. Among the tested particleboards, the greatest amounts of aldehydes,
approx. 300 µg/m2h, were emitted by the boards resinated with polyurethane adhesive. The emission of aldehydes from the particleboards manufactured using
urea-formaldehyde and melamine-urea-phenolic resin was lower, amounting to
200 and 180 µg/m2h, respectively.
Considering the use of such boards for general purposes and interior decoration
in a dry environment, the possibilities of post-production waste disposal through
incineration or co-incineration were also investigated. The process of the thermal
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decomposition of the mustard straw particleboards was compared with that of wood
particleboard based on thermogravimetric analysis. The obtained thermograms were
used to determine the thermal performance (table 5) of the experimental boards made
of wood and mustard straw particles. The registered DTG curves made it possible to
determine: the initial thermal decomposition temperature (Ti), the temperature of the
maximum weight loss rate (Tmax), the final thermal decomposition temperature (Tf),
the weight loss at the above-mentioned temperatures (WTi, WTmax, WTf) and the total
weight loss (WT). In addition, the weight loss at up to 120°C was determined (W120;
related to the sample water content) and at 200°C (W200; pressing temperature of the
experimental boards). The thermograms (DTG curve) displayed two peaks (figs 3
and 4). The first peak covered the temperature range from approximately 40–43°C
to 120°C and was associated with the loss of water contained in the sample. The
weight loss determined for this temperature range was approximately 7% (table 5).
The second peak visible on the thermograms was associated with the thermal decomposition of the samples. The DTG curves recorded for the experimental boards
indicated that the thermal decomposition of the samples was triggered after exceeding the temperature (Ti) of 183°C for the pine particleboards and 173°C for the
straw boards. The weight loss calculated for Ti of the studied material was similar
and amounted to approximately 10%. Pyrolysis of the experimental particleboard
proceeded at a maximum rate of (Tmax) 336°C. The value of Tmax determined for the
straw board was 308°C. At the maximum degradation rate, the pine particleboard
lost (WTmax) about 54% of its initial weight, and for the straw board this value was
44%. It was observed that the dynamics of the thermal decomposition process of the
experimental boards was reduced at similar temperatures (Tf).
Table 5. Thermal characteristic of the experimental boards
Parameter
Ti
WTi
Tmax
WTmax
Tf
WTf
WT
W120
W200

Units
[°C]
[%]
[°C]
[%]
[°C]
[%]
[%]
[%]
[%]

Kind of particles
wood
183
10.72
336
54.24
379
68.24
85.35
7.81
11.11

straw
173
10.44
308
44.23
377
65.53
84.38
7.74
11.31

Ti – initial thermal decomposition temperature, WTi – weight loss at the initial thermal decomposition temperature, Tmax – temperature of maximum weight loss rate, WTmax – weight loss at the temperature of maximum weight loss rate, Tf – final thermal decomposition temperature, WTf – weight
loss at the final thermal decomposition, WT – total weight loss, W120 – weight loss at 120°C, W200
– weight loss at 200°C
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Fig. 3. Thermogram for experimental boards made from: a) wood particles b) straw
particles

The value of Tf for the wood particleboard was 379°C and it amounted to
377�������������������������������������������������������������������������������
°C for
����������������������������������������������������������������������������
the board made of straw. Until it reached the final temperature of thermal decomposition, the wood particleboard degradation degree was about 68%.
The weight loss at the final temperature of active thermal decomposition, observed for the straw particleboard, was approximately 65%. A thermogravimetric
analysis was conducted to a final temperature of 750°C, when the total weight
loss due to the thermal decomposition of the experimental boards was determined.
As a result of the thermal decomposition at a temperature of up to 750°C, the
boards made of the pine particles and mustard straw lost 85.35% and 84.38% of
their initial mass, respectively. The thermal performance analysis of the studied
boards was supplemented by determining their weight loss at the pressing temperature, i.e. at 200°C. At this temperature, the experimental boards lost about
11% of their initial weight.
The thermogram analysis revealed a variable thermal performance of the
studied materials. The samples of the experimental boards varied in their initial
pyrolysis temperature (Ti) and the temperature of the maximum decomposition
rate (Tmax). Differences in the thermal performance of the studied boards can be
explained by using different raw materials for their manufacture. These raw materials, despite both being lignocellulosic materials, differ in the content of structural and nonstructural components [Dziurka et al. 2005]. Literature data show
that the main components of lignocellulosic materials (cellulose, hemicellulose,
and lignin) undergo thermal degradation at various temperatures [Hill 2006]. Research has shown that the thermal decomposition temperature of the cellulose
amorphous regions were lower than in the crystalline regions [Kim et al. 2001].
This also indicated the lower thermal stability of hemicelluloses than cellulose
[Fengel, Wegener 1989]. Lignin is the most heat-resistant structural component of
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lignocellulosic materials, but its thermolysis may begin at relatively low temperatures as evidenced by the appearance of various phenolic compounds among the
degradation products [Yoshida et al. 1987].

Conclusion
In summary, it can be concluded that white mustard straw is a valuable substitute
for wood in general purpose particleboards, intended for interior design and furniture, i.e. P1 and P2 boards. A ten percent resination rate is necessary to achieve the
required mechanical properties. In addition, such an amount of UF resin enables
the manufacture of low density P1 boards, made of straw, with a density reduced
to 600 kg/m3, which further contributes to lowering production and transportation
costs.
VOC emission tests revealed that higher amounts of volatile substances were
emitted by the boards made of mustard straw (from 262 to 378 mg/m3) than ones
made of wood (from 145 to 207 mg/m3)�������������������������������������
. The spectrum of the identified compounds was only slightly different.
The comparison of thermal performance of the studied boards revealed the
higher thermal resistance (Ti values) of wood particleboard than white mustard
straw particleboard. It was found that the dynamics of the thermal decomposition
process in the experimental boards were reduced at similar temperatures. The degradation degree (WT) of both experimental boards was similar at the final pyrolysis temperature.
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EFFECT OF SCREW-DISC EXTRUSION PROCESS ON THE
LEVEL OF MICROBIOLOGICAL CONTAMINATION OF
WOOD-PLASTIC COMPOSITES (WPC)
The article presents the results of an analysis of the effect of the screw-disc extrusion process on the microbiological quality of WPC composites. The research material consisted of components used for the manufacture of wood-plastic composites
in a form of flour, and chips from two kinds of trees (deciduous and coniferous),
as well as the PP granulate and composites obtained from them. The study was
conducted in two stages. Stage I involved determining the microbiological contamination level in the components used for wood-plastic composite manufacturing.
Stage II involved an examination of the microbiological purity of the final composites. The composites under examination were in two forms, i.e. rods and plates.
The composites were obtained using a screw-disc extruder and molds for plate
compression. The microbiological examinations were conducted according to the
standard PN-EN ISO 21527-1:2009. It was observed as a result of the analysis
performed that the wood waste used for the production of wood-plastic composites
demonstrated strong microbiological contamination, unlike the original polymer
material used in the composites matrix. Irrespective of the kinds and forms of the
chips used (tree species, degree of pulverization and share), the applied extrusion
parameters (temperature and pressure) caused the sterilization of the obtained
composites. It may be concluded that the problems presented in the literature,
related to an occurrence of molds and fungi on WPC elements used outside, are the
result of secondary contamination.
Keywords: screw-disk extrusion, wood-polymer composites, microbial contamination

Introduction
Wood and its derivatives are included in those materials susceptible to environmental degradation which is mainly caused by microorganisms, UV-light, as
well as by the activity of wood pests (wood beetles, termites, wood wasps and
others). Because of their application (terrace decking, fences, roof truss, park
Iwona Michalska-Pożoga (iwona.michalska-pozoga@tu.koszalin.pl), Ewa Czerwińska
(ewa.czerwińska@tu.koszalin.pl), Koszalin University of Technology, Koszalin, Poland
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infrastructure elements, small garden architecture, etc.), wooden elements are
susceptible to moisture activity, which in the case of the absence of protection
creates suitable environmental conditions for the development of microorganisms
(wood-destroying fungi and molds) contributing to wood decay [Sanchez-Silva,
Rosowsky 2008]. The list of fungi occurring on wooden constructions is long,
thus the biological corrosion of materials constitutes a considerable problem. The
most commonly observed species include: Serpula lacrymans, Coniophora puteana, Antrodia sinuosa, Paxillus panuoides, Antrodia serialis and Daedalea quercina [Grzywacz 1997]. Other mold species on wood include primarily: Alternaria
alternata, Aspergillus flavus, Aspergillus ochraceus, Aspergillus versicolor,
Cladosporium cladosporioides, Cladosporium herbarum, Penicillium chrysogenum, Penicillium velutinum and Penicillium waksmani. The type of wood decay
caused by fungi may be brown, white and grey. The most dangerous fungi in the
first group include Serpula lacrymans or Coniophora puteana, which due to the
cellulolytic enzymes produced decompose light, fibrous cellulose into monosaccharides. In the second group, the most expansive are Polyporus hispidus fungi,
which secrete ligninolytic and cellulolytic enzymes, which as a consequence cause
the white colour of decomposed wood. In the third group, the grey colour of decomposed wood is the result of the destruction of the structural components as
well as cellulose decomposition, mainly in the wood surface layers. The fungus
responsible for this phenomenon is Chaetomium globosum [Witomski 2005].
It is worth emphasising that the fungi inhabiting inorganic materials secrete
compounds causing chemical corrosion processes, and fungi developing on
organic origin materials collect nutrients from them causing their decomposition.
It is also important in the human health safety context, that numerous fungi secrete
toxic substances, such as endotoxins, enterotoxins, enzymes, and groups of mycotoxins [Flaninngan 1992; Janińska 2002]. Therefore, wood requires the application of arduous and costly maintenance treatments (impregnation and painting).
An alternative to wood are increasingly popular elements manufactured from
wood-plastic composites. They are characterized by good mechanical properties
and also a high susceptibility to traditional processing methods used in the case of
wood (sawing, drilling, and cutting) [Wilkowski et al. 2013].
Wood-plastic composites are made of wood waste and polymer matrix, which
may include recycled materials [Mirowski et al. 2010; Tomaszewska, Zajchowski
2013] and primary materials. The share of wood used for WPC manufacturing
may contain sawmill waste, shredded woodwork and wood swarfs in a form of
flour, or various size chips. Wood waste is characterized by a high level of contamination, mainly environmental [Witomski 2005]. The processes accompanying
WPC manufacture (temperature, pressure) may favour an inactivation of microbiological contamination, both of the wood share and recycled polymer materials.
Literature presents reports describing the results of the degradation of elements made of WPC composites (wall and terrace panels) affected by external
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factors, which may result from the primary contamination of the WPC components or a secondary one resulting from exploitation [Rowell 2006; Weinfurter,
Eder 2009].
The aim of the study presented in this article is to determine changes in the microbiological contamination level in materials used for the manufacture of WPC
caused by the parameters of the screw-disc extrusion process.

Research materials and methods
The research material consisted of pulverized chips of coniferous trees of Lignocel C 300 (A type chips) and Lignocel 3–4 type (C type chips), as well as chips
from deciduous trees of Lignocel 150–500 (B type chips) and RaucherGold class
1–4 type (D type chips) purchased in Rettenmaier and Söhne GmbH+Co. KG
company from Germany (fig. 1), and also polymeric material PP (polypropylene),
type Moplen HP 456J manufactured by Basell Orlen Polioleﬁns sp. z o.o, and
wood-plastic composites (WPC) manufactured from these materials.

Fig. 1. View of samples for testing phase I: a) the type of conifer shavings Lignocel C
300 (wood shavings type A), b) the type of leafy tree shavings Lignocel 150–500 (wood
shavings type B), c) the type of conifer shavings Lignocel 3–4 (wood shavings type C),
d) the type of leafy tree shavings RaucherGold kl. 1–4 (wood shavings type C)

The wood material and PP granulate were stored in open bags in normal storage conditions for approximately 24 months. The aim of this kind of storage was
to obtain the actual conditions of wood waste and recycling material storage.

68

Iwona Michalska-Pożoga, Ewa Czerwińska

Fig. 2 presents the granulometric composition of the applied chips, while
the bulk density for particular chips was as follows: type A – r = 261.5 kg/m3,
type B – r = 252.5 kg/m3, type C – r = 116.0 kg/m3 and type D – r = 305.5 kg/m3.

Fig. 2. Granulometric composition of applied chips type: A, B, C and D
Technology of composites production

The research site for the WPC composite production was a screw-disc extruder
(fig. 3).

Fig. 3. Test bench – screw-disc extruder: a) general view, b) longitudinal section of
plasticizing system: 1 – feed hopper, 2 – cold zone of the screw and barrel, 3 – hot
zone of the screw and barrel, 4 – the chink, 5 – insulation spacers, 6 – electric heaters,
7 – thermal insulation, 8 – drive shaft [Rydzkowski, Michalska-Pożoga 2014]

Extrusion parameters:
–– rotational speed n = 26 rpm,
–– hot zone temperature t = 200°C,

Effect of screw-disc extrusion process on the level of microbiological contamination of wood-plastic ... 69

–– chink width s = 1 mm,
–– time of residence in the plasticising system T = 90 s.
The samples in the form of rods were obtained directly from the extrusion
head, and they were further freely cooled in air.
Following this, in order to obtain the composite plates, after moving the plasticizing system of the screw-disc extruder, the fragments of the extrudates were
placed between two flat plates made of stainless steel with a thickness of 40 mm,
equipped with a heating (regulated temperature) and cooling system, and then
a load of approx. 100 kN was applied using a hydraulic cylinder. After sample
pressing to the established thickness, the system was cooled.
Research methods

The study was conducted in two stages:
–– in stage I of the microbiological examinations, the wood samples in a form of
flour and chips before the extrusion process (fig. 1abcd), as well as polymer
material in the form of polypropylene granulate used as a matrix, were the
subject of evaluation,
–– in stage II of the microbiological examinations, the WPC composites obtained
using selected types of chips: type B (fig. 4b) and C (fig. 4a.) with their differing shares (10 and 35%) were the subject of evaluation.

Fig. 4. View of samples for testing phase II: a) composites in the form of rods (2) and
plates (1) obtained from the C-type shavings with a polypropylene matrix, b) composites in the form of rods (2) and plates (1) obtained from the B-type shavings with
a polypropylene matrix
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The samples for microbiological examinations in stage I and II were collected
in sterile flasks to maintain the required sterile conditions. In the first, and also in
the second stage of the study, 10-1 dilutions were made in sterile distilled water and
the washings were inoculated using Koch’s deep inoculation method. Fungi were
cultured on Sabouraud medium with chloramphenicol.
The identification of the mold fungi was conducted based on the macro- and
microscopic features of the morphological structures, such as: structure of hyphae, sporangia and spores, as well as the conidial system, conidiophores or conidial spores. The bioMerieux ID 32C test was used to identify the cultured yeasts.
The study was conducted according to the standard PN-EN ISO 21527-1:2009.

Results and discussion
On analysis of the results of stage I (table 1), quite large quantitative and species differences among the cultured fungi were observed. The detected fungi are
not typical for wood waste but for storage facilities and pests. In term of quantity, the highest number of microorganisms were cultured in the chips of type C
(3.2 × 102 cfu/g), and the lowest in type A (0.4 × 101 cfu/g). In turn, with regards
the species differentiation of the microorganisms, the most differentiated were
the chips of type B (fig. 5a plate B), where Penicillium digitatum, Penicillium
expansum, Mucor mucedo, and Rhodotorula rubra were identified, and the least
differentiated were the chips of type D (fig. 5a plate D), where only Penicillium
glaudicole was noted. The examined chips were characterized by a varying degree
of pulverization (fig. 1) and were derived from various tree species. The degree
of fineness in the case of chips A and B was higher compared to C and D, and the
contamination of C and D was higher. The tree species that the chips were derived
from did not affect the number of identified microorganisms. No microorganisms
were identified on material used for the matrix (granulate PP) (fig. 5b).

Fig. 5. Fungal growth on the substrate in the first stage of the study: a) view of the
shavings type: A, B, C and D, b) view for the material used in the matrix (PP)
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Table 1. Results of phase I the number of cultivated species of fungi
No.

Research material

Number of cultivated
mushrooms [cfu/g]

1.

A chip-type

0.4 × 101

Penicillium chrysogenum,
Rhodotorula rubra

2.

B chip-type

2.6 × 101

Penicillium digitatum,
Penicillium expansum,
Mucor mucedo, Rhodotorula rubra

3.

C chip-type

3.2 × 102

Penicillium citrinum, Mucor racemosus

4.

D chip-type

4.0 × 10

Penicillium glaudicole

1

Species of fungi

On analysis of the four types of chips in this study, a high differentiation in
fungi species was noted, which rather proves contamination originating from the
environment of the examined samples, not the trees inhabited by fungi which
were dangerous for them. In particular the presence of Rhodotorula rubra is evidence that this is secondary contamination, which presumably occurred during
technological processing. The other fungi identified inhabit various environments
and may also have been transferred to the samples by insects or rodents. These
fungi contribute to wood destruction, which should be prevented by the application of suitable chemical agents (impregnates).
It was noted after completing stage II of the study that the samples obtained
of wood-plastic composite, irrespective of the wood species, pulverization degree
and weight share in the composite, were free from all kinds of fungi and molds
(table 2).
No growth of fungi and mold colonies was observed on analysis of photographs
(fig. 6) presenting Petri dishes with inoculations of the examined composite washings after the incubation period.

Fig. 6. Results of phase II of microbiological tests: a) for the composites in the form
of rods obtained from shavings B-type and C-type of the polypropylene matrix, b) for
the composites in the form of shavings obtained from plates obtained from shavings
B-type and C-type of the polypropylene matrix
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Table 2. Results of phase II the number of cultivated species of fungi
Research material
Form composite WPC
a) rods
b) plates

Number of cultivated fungi
[cfu/g]

Species of fungi

0

–

Conclusions
1. The study conducted demonstrated the strong microbiological contamination
of the wood waste used in wood-plastic composite manufacturing.
2. The fungi species detected in the wood waste were not typical for wood but
for storage pests and facilities.
3. Primary (virgin) polymer material used for the WPC composites matrix did
not exhibit any microbiological contamination.
4. Composites obtained as a results of extruding, irrespective of kinds and forms
of chips applied (tree species, pulverization degree and weight share) were
free from molds and fungi.
5. Applied extrusion parameters (temperature and pressure) in combination with
the time of residence in the plasticising unit caused the sterilization of the
materials obtained.
6. Based on the study conducted, it was concluded that the problems presented in
the literature related to the occurrence of molds and fungi on WPC elements
used outside, result from their secondary contamination, since after processing the composites are microbiologically pure.
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DISSOLVING LIGNIN COMPONENTS IN SPENT LIQUOR
OF SIMPLE INORGANIC COMPLEX BLEACHING
EUCALYPTUS PULP
Promising results from the catalytic bleaching (Cat-bleaching) of oxygen-delignified
hardwood kraft pulp (Eucalyptus urophylla × Eucalyptus grandis) with simple inorganic complexes prompted interest in discovering the soluble lignin components.
The dissolved substances can be harmful to the environment and some dissolved substances may also have toxic effects on the environment. For these reasons, study of the
the composition and structure of dissolved lignin components are of great importance.
This investigation is part of a project on Cat-bleaching to obtain more information
regarding the lignin components of bleaching effluents. The Cat-treatments of the
pulp were performed at bench scale using simple inorganic complexes composed of
(NH4)2S2O8 plus Cu(CH3COO)2 (Cu) or Co(CH3COO)2 (Co). The spent liquors obtained
after Cat-bleaching were extracted using chloroform, in portions, and the compounds of
interest from both the chloroform extracts were isolated using gravity column chromatography with the aid of the UV technique. The samples were analyzed by spectrometric
(FT-IR, HSQC 2D-NMR, GC-MS) methods. The dissolved components extracted from
the spent liquors from the Cat-bleaching were confirmed to be structurally similar to
lignin. The major constituents extracted by organic solvents were identified as phenols,
benzaldehydes, phenylethanones, benzoic acid and benzoic acid ethyl ester, which indicated extensive oxidation reactions on the pulp lignin including Cα–Cβ and alkyl-aryl
cleavage in the lignin upon catalytical attack. The 2-methoxy phenol predominated, and
its proportion was higher from the Cu-bleaching. But the carbonyl compounds (benzaldehyde + phenylethanone) released from the pulp after Co-bleaching had a higher ratio
than those after Cu-bleaching. Identification of these carbonyl compounds from among
the dissolved compounds contributed to the relation between lignin oxidation and lignin
removal.

Keywords: simple inorganic complex bleaching, eucalyptus pulp, dissolved lignin
component, bleaching effluents, spectrometry
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Introduction
In recent years, a trend in pulping and bleaching has been moving towards total
chlorine free [TCF] bleaching; this has been prompted by both technological and
environmental incentives. New bleaching technologies have been developed to
replace environmentally detrimental chlorine-based bleaching technologies. The
use of different chemical agents and enzymes as alternative delignification agents
has been examined and, in some cases, implemented [Karim 2011; Hart, Rudie
2012].
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Fig. 1. Persulfate decomposition

Persulfate (also
�������������������������������������������������������������
known as peroxysulfate)��������������������������������
is one of the strongest oxidizing agents, and its oxidation of aromatic compounds is believed to be due to its
major decomposition product SO4-·. Persulfate anions [S2O82-] can be thermally
or chemically activated by transition metal ions to produce sulfate free radicals
[SO4-·] which are very powerful oxidants (fig. 1). High aqueous solubility, high
stability in the subsurface, the relatively low cost and benign end products makes
persulfate oxidation a promising choice among oxidation processes [Johnson et
al. 2008; Yang et al. 2008]. As simple inorganic complexes, persulfate plus Cu[II],
Co[II], Ag[l], Fe[II] and Mn[II] have been successfully reported in the oxidative
degradation of phenols and lignin model compounds providing an environmentally
benign technology for pulp bleaching. They also have the advantages of chemical
and biological agents. Simple inorganic complexes can resemble ligninases in the
oxidative degradation of dihydroanisoin, veratrylglycerol-β-guaiacyl ether and
veratryl alcohol. The reaction pathways in both chemical and enzymatical systems
are similar [Crawford et al. 1981; Huynh 1986; Criquet et al. 2010; Olmez-Hanci,
Arslan-Alaton 2013]. Zhao and Ouyang [��������������������������������������
2012����������������������������������
] investigated the effect of ammonium persulfate on the structures and properties of modified lignin. Compared to
hydrogen peroxide, ammonium persulfate exhibited a relatively strong oxidation
of lignin. A low dosage of oxidant resulted in an increase in the content of active
phenolic hydroxyl and carboxyl groups, and β-O-4 and C-C linkages were cleaved
in the lignin molecule.
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The Cat-bleaching of oxygen-delignified hardwood kraft pulp [E. urophylla × E.
grandis] with simple inorganic complexes [[NH4]2S2O8 plus Cu[CH3COO]2,
Co[CH3COO]2] was studied. Lignin detection for bleaching effluents has generally been performed with a UV detector at a wavelength of 280 nm, but, thus far,
no reports have appeared dealing with the composition and structure of the lignin
components of these bleaching liquors. This study reports on the isolation and
detailed characterization of lignin components dissolved in the Cat-bleaching of
oxygen-delignified eucalyptus kraft pulp. Comparisons were made of the lignin
components extracted from the Cu- and Co-bleached spent liquor of the pulp. The
dissolved substances can be harmful to the environment and some dissolved substances may also have toxic effects on the environment because they can penetrate
through the membranes of living organisms [Tarkpea et al. 1999; Sponza 2003;
Pessala et al. 2010; Suess 2010]. For these reasons, the study of the composition
and structure of dissolved lignin components are of great importance. The results
may provide a basis for the development of modifications to the industrial process
which would reduce environmental pollution.

Materials and methods
Materials

The raw material for pulping and bleaching was hybrid eucalyptus chips (E. urophylla × E. grandis), supplied by Yunjing Forestry Development Co. Ltd of Yunnan.
All the chemicals were purchased commercially (Sinopharm Chemical
Reagent Co. Ltd.) and used without further purification, unless otherwise noted.
Deionised water was used in the all experiments.
Pulping and bleaching

The chips were kraft pulped (K) in a laboratory digester (HK ZZ01, Dongguan
Hengke Automation Equipment Co., Ltd.). The K-pulp was oxygen delignified
(O) at 10% consistency. The O-pulp was freeze-dried and extracted in a Soxhlet
apparatus with acetone-water (9:1, v/v) for 24 h to remove all lipophilic materials
[Puro 2011]. The extractive-free O-pulp was catalytically bleached in a neutral solution at 5% consistency in a laboratory for the preparation of laboratory spent liquors. The liquors from each bleaching were collected in plastic bottles for further
processing. In order to obtain a representative sample of spent liquor, five separate
bleachings were performed and the five spent liquors were combined into one. In
order to extract the lignin present in the liquor, the pH of the liquor was adjusted
to 2 with 0.1 M HCl which was slowly added under vigorous stirring.
The characteristics and parameters obtained during pulping and bleaching are
given in table 1.
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Table 1. Characteristics and parameters of pulp obtained during pulping and
bleaching
Pulp

K

O

Cu

Co

Kappa
number
TAPPI
T236

17.6

11.3

10.9

10.5

Viscosity
[ml g-1]
TAPPI
T230

1127

967

826

779

Brightness
[%ISO]
TAPPI T452

35.2

45.3

48.2

49.0

Yield
[%]

Process

52.2

Kraft pulping.
Active alkali charge 17% [on o.d. wood],
sulfidity 28%, liquor ratio 1:4, maximum
temperature 165°C, 120 min to 165°C,
165°C for 90 min

50.1

Oxygen delignification.
O2 pressure 0.6MPa, NaOH charge 2.5%
[on o.d.p], MgSO4 charge 0.5% [on
o.d.p], 100°C for 60 min

48.6

Cu-bleaching.
Cu[CH3COO]2 charge 0.01% [on
o.d.p], 2:1 M/M portion of [NH4]2S2O8/
Cu[CH3COO]2, 70°C for 120 min

47.8

Co-bleaching.
Co[CH3COO]2 charge 0.01% [on
o.d.p], 2:1 M/M portion of [NH4]2S2O8/
Co[CH3COO]2, 70°C for 120 min

Yield: calculated on the basis of dried raw material

Extraction of the Cat-bleaching liquor

A 4L sample of the Cat-bleaching liquor was filtered using a glass fiber filter
[GF 50] to remove micro-fines, and extracted using approximately 12L of chloroform in portions. The organic phase was dried over anhydrous Na2SO4 and evaporated on a rotary evaporator at 30°C.
General chromatography

All the compounds from both the chloroform extracts were extracted successively
with dichloromethane, hexane, ethyl acetate and methanol using gravity column
chromatography packed with silica gel. The compounds of interest were isolated
with the aid of the UV technique.
HSQC 2D-NMR

All HSQC 2D-NMR spectra were recorded at room temperature on a 400 MHz
Varian UNITY-INOVA spectrophotometer using standard Bruker pulse sequences. The solvents used were deuterated acetone(CH3COCH3-d6). The chemical shift values were all recorded in ppm relative to TMS (tetramethylsilane).
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The central solvent peak (δH 2.04 ppm, δC 29.83 ppm) was used as the internal
reference. The assignment of the observed correlations was based on lignin model
compound data [Ralph et al. 2006; Ralph, Landucci 2010].
FT-IR

FT-IR spectra of samples on KBr pellets were recorded using a Nicolet Impact
400D Fourier-Transform Infrared (FT-IR) spectrometer. All the data were acquired using the OMNIC software.
GC-MS

The separation and identification of the lignin components were performed using
gas chromatography-mass spectrometry (GC-MS) with an Agilent Technologies HP
6890/5973 system fitted with a fused silica column (HP-INNOWAX, 30 m × 0.25 mm
i.d., 0.25 μm film thickness). Each sample was injected into a deactivated glass liner
inserted into the GC injection port and using He as the carrier gas (~1.0mL min-1).
The GC oven was programmed from 80°C (with a 5 min initial delay) to 290°C
(held 40 min) using a 4°C min-1 temperature ramp. The GC injector and GC-MS
interface were maintained at 290°C. The mass spectrometer was operated in the
electron ionization mode (EI, 70eV). Compound identification was performed
using GC retention times, model compounds and the Mainlib database.

Results and discussion
After pulping, about 10% of the lignin is left in the pulp [���������������������������
Sixta 2006]����������������
. Due to the selectivity of simple inorganic complexes which mimic the reaction pathways for the
ligninases, most oxidation products formed during Cat-bleaching can, therefore, be
expected to be related to the residual lignin. With the progression of Cat-bleaching,
lignin dissolution may occur as a result of lignin fragments involving aryl cation
radical intermediates (fig. 2) [Kersten et al. 1985; Huynh 1986; Wong 2009].
OH
Ar

C

R

OH

(a)

Ar
e-

H

C

+.
R

(b)

H

CHO

+ H+

R

(c)

H+

O

OH
Ar

Ar

C

.

R

(d)

Ar

C

R + H+

e-

R
OCH3
OH

Fig. 2. Formation of phenol, aldehyde, and ketone from residual lignin
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2D-NMR results
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Fig. 3. HSQC 2D-NMR of solvent extracts from Cat-bleaching liquors

2D-NMR is a powerful tool for lignin structural characterization [Kim et al.
2008; Rencoret et al. 2009; Wen et al. 2013]. The HSQC 2D-NMR spectra (fig. 3)
showed that both extracts contained lignin-like aromatic C–H correlations (aromatic region C/H, 100–130/6–8.5 ppm), methoxyl correlations typical for aromatic
ring methoxyl shifts (OCH3, 56–57/3.7–4.2 ppm), benzaldehyde (Ar–CHO, 191–
–193/9.8–10.2 ppm) and benzoic acid (Ar–COOH, 129.23–133.68/7.49–8.03 ppm)
groups. Aromatic moieties appeared more abundant than aliphatic moieties in
both the extracts (aliphatic region C/H, 10–40/0–3 ppm).
An important correlation found in the spectra of the extracts at C/H 49.8/3.30 ppm
was consistent with the methyl groups of methanol (CH3OH). Methanol identified
in the extracts indicated the occurrence of demethoxylation reactions. Consistent
with this result was lignin demethoxylation during Cat-bleaching based on the
results of a methoxyl analysis of the residual lignin isolated from O- (19.27%),
Cu- (11.81%), and Co- (11.31%) pulp. In addition, the correlations observed at
52.84/3.83 ppm may be indicative of Ar–CO–CH3 structures. The occurrence of
maleic acid (COOH–CH=CH–COOH] at 132.59/6.37 ppm in both the Cu- and
Co-extracts would offer evidence that Cat-bleaching involved ring opening.
FT-IR results

FT-IR is a useful technique for analyzing chemical and structural changes that
occur in wood components due to different treatments [Colom, Carrillo 2005;
Popescu et al. 2007]. The FT-IR spectra of the Cu-, Co-extracts showed the same
basic structure as all pulp lignins isolated from kraft pulp, oxygen delignified pulp
using a two-step mild enzymatic/acidolysis isolation procedure [Lachenal et al.
1995] (fig. 4): strong broad OH stretching (3300–4000 cm-1), C–H stretching in
methyl and methylene groups (2800–3000 cm-1), and a strong broad superposition
with sharp and discrete absorptions in the region from 1000 to 1750 cm-1 [Owen,
Thomas 1989; Faix 1991; Pandey 1999; Rana et al. 2010]. Comparing the spectra
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of the extract and the pulp lignin revealed that the absorptions situated at 1510
and 1600 cm-1 (aromatic skeletal vibrations) were caused by the lignin, and the
absorption located at 1730 cm-1 indicated the C=O stretch in non-conjugated ketones, carbonyls and in ester groups. The appearance of the band near 2935, 2830,
1460, 1425 cm-1 was strongly associated with the aromatic OCH3 stretching mode.
On the other hand, it is seen from fig. 4 that a band of phenolic groups existed at
1260–1234 cm-1.
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Fig. 4. FT-IR of solvent extracts from Cat-bleaching liquors

The FT-IR spectra contained signals characteristic of lignin and provided evidence of lignin structure in the extracts from the Cat-bleaching liquors. The differences were found in the region 1600–1750 cm-1, particularly in the absorption
bands of carbonyl groups. The band related to C=O stretch in non-conjugated ketones, carbonyls and in ester groups at 1730 cm-1 was much broader and abundant
for the dissolved lignin components versus the pulp lignins. Interestingly, on the
other hand, a more or less pronounced band assigned to carbonyl stretch, particularly assigned to conjugated p-substituted aryl ketones around 1660 cm-1 existed
in the spectra of both the Cu- and Co-extracts, but not in the spectra of all the pulp
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lignins. This is probably explained by the fact that the lignin enriched in carbonyl
groups was easily degraded and dissolved from the pulp during bleaching due
to the oxidation of the lignin at in? the carbonyl group [Fengel, Wegener 1989;
Silverstein et al. 1991], which is known to be one of the main mechanisms in simple inorganic complex oxidation [Huynh 1986].
GC-MS results

In addition to FT-IR and HSQC 2D-NMR characterizations, even if they are useful
in elucidating changes in functional groups, GC-MS analysis was also performed
on the product mixture extracted from the Cat-liquors. The GC-MS method has
proven useful for a comparison of lignin products of different origin [Louchouarn
et al. 2010; Chan et al. 2013; Lee et al. 2013]. The compounds identified in the
extracts from both the Cu- and Co-liquors resulting from the bleaching of the pulp
are shown in table 2, in descending order of proportion detected. The composition
was in agreement with the results reported for polyoxometalate (POM) liquors
from kraft pulp bleaching [Bujanovic et al. 2007] and in disagreement with those
for thermomechanical pulping (TMP) effluent [Andersson et al. 2008]. Details of
the composition of the extracts obtained by HSQC 2D-NMR and FT-IR spectroscopy were mainly confirmed by the results of the GC-MS analysis. It verified the
similarity in chemical structure of the lignin components extracted from both the
Cu- and Co-liquors. By normalization of the peaks in the chromatograms, differences were observed in the proportion of lignin components.
2-methoxyphenol predominated in both the Cu- and Co-extracts from the spent
bleaching liquors. After Cu-bleaching, the proportion of 2-methoxyphenol in the
extract from the liquor was higher (63.3%). The proportion of 2-methoxyphenol
in the extract from the Co-bleaching liquor was, on the contrary, lower (33.8%).
2-methoxy-4-vinylphenol was also found in the spent liquors. This compound
constituted about 2.7% of the total components in the Cu-extract, and 5.4% in the
Co- extract from spent bleaching liquor. All these phenol compounds can be attributed to the cleavage of α- and β-ether linkages [Wu, Heitz 1995; Bujanovic et
al. 2011]. In fact, the same trend was observed by H-1 NMR spectroscopy in this
study of pulp lignin behaviour during the Cat-bleaching of eucalyptus pulp. The
phenolic-OH content of the reacted lignin [Cu-lignin, 1.79%; Co-lignin, 1.99%]
was lower than that of O-lignin [4.25%].

Dissolving lignin components in spent liquor of simple inorganic complex bleaching eucalyptus pulp

83

Table 2 The identity and proportion of compounds identified in both Cu- and Cospent bleaching liquors, as determined by GC-MS
Compound

2-Methoxyphenol

2-Methoxy-4-vinylphenol

Molecular
formula

HO

C7H8O2

C9H10O2

Proportion [%]

Structure

Cu

Co

63.3

33.8

2.7

5.4

66.0

39.2

11.0

19.3

7.3

7.9

1.6

3.7

19.9

30.9

4.0

8.1

1.9

4.1

1.7

3.7

7.6

15.9

3.4

7.4

3.1

6.4

6.5

13.8

CH3O

HO
CH3O

∑Phenols

–

4-Hydroxybenzaldehyde

C7H6O2

[E]-Cinnamaldehyde

C9H8O

4-Hydroxy-3methoxybenzaldehyde [Vanillin]

C8H8O3

∑Benzaldehydes

–
HO

CHO

CHO

HO

CHO

CH3O

–

–
O

4-Acetoxy-3methoxyphenylethanone

C11H12O4

4-Hydroxy-3methoxyphenylethanone

C9H10O3

CH3

O
O
CH3O

HO
O
CH3O

CH3O

4-Hydroxy-3,5dimethoxyphenylethanone

C10H12O4

HO
O
CH3O

∑Phenylethanones

–

4-Hydroxy-3-methoxybenzoic
acid ethyl ester

C10H12O4

4-Hydroxy-3-methoxybenzoic
acid

C8H8O4

∑Benzoic acids

–
O

HO

O
CH3O

–

OH

HO

O
CH3O

–
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As confirmed by HSQC 2D-NMR and FT-IR spectroscopy on the structure
of the extracts, benzaldehyde compounds such as 4-hydroxybenzaldehyde, and
(E)-cinnamaldehyde, vanillin and phenylethanone compounds as 4-hydroxy-3-methoxyphenylethanone, 4-acetoxy-3-methoxyphenylethanone, and 4-hydroxy-3.5-dimethoxyphenylethanone, resulting from the guaiacyl (G) and syringyl (S) units of lignin respectively [Bose et al. 2009; Tobimatsu et al. 2013] were
found. This result was in accordance with the results obtained with POM showing
that catalysis included the oxidation of C in the β-O-4 aryl ether structure promoted
α
by catalyst [Evtuguin et al. 2000]. But the carbonyl compounds (benzaldehyde
+ phenylethanone) released from the pulp after the Co-bleaching had a higher
proportion [about 47% of the total components] than those after the Cu-bleaching
[about 27% of the total components], because the cobalt acetate was more reactive
towards the reaction [Chaplin et al. 1984; Khodakov et al. 2007; Hebrard, Kalck
2009; Zhang et al. 2013]. There is a relation between lignin oxidation and lignin
removal [Lachenal et al. 1995; Bujanovic et al. 2005; Hart, Rudie 2012]. As illustrated in table 1, the pulp after the Co-bleaching had a lower kappa number than
that after the Cu-bleaching. This confirmed that the rate of carbonyl compound
production was in agreement with the efficiency of lignin removal [Pranovich et
al. 2005]. In spite of the significance of the Cat-induced lignin depolymerization,
part of the oxidized lignin moiety probably became more soluble in the water phase
and accumulated in the bleaching liquor. Overall, this probably reflected oxidative
changes in the bleached lignin, particularly side-chain cleavage with the formation
of Cα-keto compounds by catalysis [Lange et al. 2013; Wang et al. 2013].
Cα carboxylic acids were identified as 4-hydroxy-3-methoxybenzoic acid and
its ethyl ester due to the Cat-induced oxidation of side chains in the aromatic
moieties [Arpe 2010; Soldán et al. 2013]. They represented a relatively small
amount, being about 6% of the total components in the Cu-liquor, and 14% in the
Co-liquor (4-hydroxy-3-methoxybenzoic acid:4-hydroxy-3-methoxybenzoic acid
ethyl ester, 1:1).

Conclusions
During the Cat-bleaching of eucalyptus pulp with simple inorganic complexes
([NH4]2S2O8 plus Cu[CH3COO]2, Co[CH3COO]2), lignin components were released into water. The lignin components dissolved in the Cat-liquors consisted
mainly of phenols, benzaldehyde, phenylethanone and small quantities of benzoic
acid and benzoic acid ethyl ester, comprising predominantly 2-methoxyphenol,
which was proportionally different between the Cu- [63%] and Co- [34%] liquors. The carbonyl compounds (benzaldehyde + phenylethanone) released from
the pulp after the Co-bleaching had a higher proportion of the total components
(about 47%) than after the Cu-bleaching (about 27%), suggesting that cobalt
acetate was more reactive towards oxidation. Identification of these carbonyl
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compounds among the dissolved compounds contributed to the relation between
lignin oxidation and lignin removal. The rate of carbonyl compound production
was in agreement with lignin removal efficiency.
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ALKALINE SULPHITE ANTHRAQUINONE PULPING
OF CAUCASIAN SPRUCE (PICEA ORIENTALIS L.) CHIPS
WITH ADDED SODIUM BOROHYDRIDE AND ETHANOL
The study determined and compared the yield, viscosity, and chemical and physical properties of the pulps obtained as a result of Alkaline Sulfite–Anthraquinone
(AS-AQ) pulping of Caucasian spruce wood with and without the addition of sodium borohydride (ASAB process) and ethanol (ASAE). It was found that the addition of ethanol to the AS-AQ pulping had a favourable influence on the screened
yield and kappa number of the pulps. The addition of NaBH4 to the AS-AQ pulping
in general also had a favourable influence on these pulps’ indices, provided that the
amount added was not higher than 1–2% and the time of pulping was 180 mins. The
higher yield of the ASAE pulps resulted from the higher retention of both cellulose
and hemicelluloses, while the higher yield of ASAB pulps resulted from the higher
retention of hemicelluloses and lignin. Regarding the AS-AQ pulping conditions,
a distinct negative effect of modification on the viscosity of the pulps was observed
in the case of the NaBH4 a additions to this pulping process. The viscosity reduction was, however, lower with extended pulping time. The static strength properties
(tensile index and burst index) of the ASAB and ASAE pulps were in general lower than the AS-AQ pulps. In the case of the tear index, the tendency was similar.
The addition of ethanol and especially NaBH4 to the AS-AQ pulping had a distinctly
unfavourable influence on the whiteness and brightness of the pulps.
Keywords: spruce wood, alkaline-sulfite-anthraquinone pulping, additives, sodium
borohydride, ethanol, pulp evaluation

Introduction
In recent years, the issue of research and development based on eco-friendly technologies has been one of the most widespread subjects in the pulp and paper industry as well as other subject areas. For a long time, the Kraft (Sulphate) pulping
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process has been the most widely-used process in the world for the production of
pulp from wood. Despite there being several advantages in the process, problems
such as low pulp yield and high consumption of bleaching chemicals to reach lower kappa numbers, plus the additional issue of bad odour, still remain.
In the late sixties and early seventies, a more eco-friendly pulping process
”Alkaline Sulfite (AS)” was developed as an alternative to the Kraft process
[Ingruber, Allard 1970; Ingruber et al. 1971; Virkola et al. 1981; Patt et al. 1998;
Sixta et al. 2006]. AS pulping is a cooking process in which the cooking liquor
is mainly made up of NaOH and Na2SO3 with a cold cooking pH of 10.0–13.5.
Investigations of AS pulping have indicated that it is possible to obtain Kraft-like
pulp properties in terms of the pulping yield, unbleached brightness and especially
bleached pulp strength and also reduce the odour problems associated with the
Kraft process [Hauki, Reilama 1982; Ingruber et al. 1982; Gullichsen, Fagelholm
1999]. However, the AS pulping process had some disadvantages such as lowered
rates of delignification at a high chemical charge and decreased pulping yield
in the same kappa number range compared to that of the Kraft pulping process.
To reach the delignification rate of the Kraft pulping process, the proportion of
sodium hydroxide in the AS cooking liquor was increased, but the yield of the AS
pulping process diminished as a result of carbohydrate degradation in stronger
alkaline pulping conditions [Sixta et al. 2006].
In all types of alkaline pulping conditions, two dominant reaction types
occur upon cellulose chains [Fengel, Wegener 1989]: The Alkaline Hydrolysis
and Peeling-off Reactions. Generally, the degree of polymerization (DP) of polysaccharide is affected mostly by the alkaline hydrolysis. The peeling-off reactions
begin from so-called Reducing End Groups (REG), which are at the end of cellulose chains and have reactive aldehyde carbonyl groups [Lai 2001; Sixta et al.
2006; Henriksson, Lennholm 2009]. The new REGs on cellulose chains are also
created as a result of the cleavage of glycosidic bonds during alkaline hydrolysis
reactions. Therefore, the REGs of cellulose chains must be stabilized against undesirable alkaline reactions. Stabilization of REGs can be recognized in different
ways: oxidation, reduction or derivatization [Testova et al. 2014].
During the eighties, the addition of anthraquinone (AQ) and related compounds to the alkaline pulping process opened up new possibilities for developing
novel processes. Many studies have revealed that with the addition of AQ, the
efficiency and selectivity of delignification by oxidation improve. Compared to
the Kraft process, the AQ in AS-AQ pulping under alkaline conditions behaved
selectively, providing both a higher yield and viscosity at a given kappa number
[Virkola et al. 1981; Kettunen et al. 1982].
In order to improve pulp properties, the AS-AQ pulping was modified by adding methanol (ASAM) or ethanol (ASAE) to replace 50% of the water in the
cooking liquor [Patt, Kordsachia 1986; Kirci et al. 1994]. The pulps produced
by the ASAM and ASAE processes showed better strength properties, higher
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yield and improved bleachability compared to the Kraft process [Kordsachia,
Reipschläger 1990; Sixta et al. 2006; Hedjazi et al. 2009].
Using the ASAM process as opposed to the Kraft process, a lower kappa number can be achieved without degradation in the cellulose chains [Patt et al. 1998].
However, methanol and ethanol are highly volatile and flammable solvents. Therefore, the recovery of chemicals used during cooking is problematic. Methanol is
also known to be highly toxic for humans [Oliet et al. 2002; Patt et al. 2003; Sixta
et al. 2006].
In the late fifties, several groups used sodium borohydride to increase the rate
of delignification and total pulp yield in the Kraft pulping process. Courchene obtained a good review for these earlier studies on the effects of sodium borohydride
[Courchene 1998]. Later, some researchers [Tutuş 2005; Akgul, Temiz 2006;
Istek, Özkan 2008; Istek, Gonteki 2009; Tutuş et al. 2010; Testova et al. 2013] investigated the influence of sodium borohydride (BH) on the Kraft pulping process
using different raw materials and cooking conditions. They concluded that sodium
borohydride stabilizes the reduction REGs of the polysaccharides regarding the
peeling-off reaction in alkaline pulping conditions, and caused an increase in the
pulping yield. On the other hand, the effects of sodium borohydride in the AS-AQ
pulping process of spruce wood have not previously been investigated. The aim
of this study is to determine the effects of adding sodium borohydride to the
AS-AQ pulping (ASAB) of spruce chips by characterizing the pulp and paper
sheet properties as well as to improve the knowledge of the effects of boron additives on alkaline pulping methods.

Materials and methods
Caucasian spruce wood samples (Picea orientalis L.) used as the raw material
were collected in the Eastern Black Sea region of Turkey. For the pulping experiments, the spruce wood was debarked and homogeneously chipped by hand into
chips of 20.0 × 20.0 × 3.0 mm. After determining the moisture content of the air
dried chips, 800.0 g of spruce chips (grams oven-dry basis) were weighed separately in a polyethylene bag.
The sampling, preparing and measuring of the chemical composition of the
wood were carried out according to TAPPI Test Methods: Sampling and Preparing Wood for Analysis [TAPPI T257 cm-12:2012], Solvent Extractives of
Wood and Pulp [TAPPI T204 cm-07:2007], Water Solubility of Wood and Pulp
[TAPPI T207 cm-08:2008], One Percent Sodium Hydroxide Solubility of Wood
and Pulp [TAPPI T212 om-12:2012], Alpha, Beta and Gamma-Cellulose in
Pulp [TAPPI T203 cm-09:2009] and Acid-Insoluble Lignin in Wood and Pulp
[TAPPI T222 om-11:2011]. Wise’s Chloride method was used to determine the
holocellulose content of the wood and Kürschner-Hoffner’s approach was used
for to determine the cellulose content [Browning 1967].
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The spruce chips were digested by the Alkaline Sulfite Anthraquinone
(AS-AQ) method. Ethanol (instead of half (50%) of the water in the cooking liquor)
and NaBH4 (1, 2, 3%; calculated as Oven-Dried wood) were added to improve
the pulp yield and delignification ratio. The liquor-to-wood ratio for all the cooks
(L/g) was 4/1. The Active Alkali charge, AQ charge and cooking temperature were
consistent at 25%, 0.2% (calculated as Oven-Dried wood) and 180°C, respectively. The pulping processes were carried out in a batch-type digester rotating
at 4 rpm with an automatic temperature control. The pulping conditions of the
spruce wood are presented in table 1.
Table 1. Pulping conditions of spruce wood chips
Methods
AS-AQ
ASAE

ASAB

Trials

Time [min]

Et OH [%]

NaBH4 [%]

A1

150

-

-

A2

180

-

-

E1

150

50

-

E2

180

50

-

B1

150

-

1

B2

150

-

2

B3

150

-

3

B4

180

-

1

B5

180

-

2

B6

180

-

3

The chips were impregnated for 60 min at 115°C in pulping conditions before
the main cooking process began. The cooking trials were carried out in a batch type
digester rotating at 4 rpm with automatic temperature control. 800 g of wood chips
(calculated as Oven-Dried wood) were used for each cooking trial. The cooking
time, ethanol and NaBH4 addition ratios were selected as variables for each
process.
The pulp yield and reject ratios were determined according to the TAPPI T210
cm-03 standard method [2003]. The kappa number [TAPPI T236 om-06:2006]
and viscosity [SCAN cm 15:88:1988] of the pulp were determined by conducting
duplicate experiments. The holocellulose content of the pulps was determined
using the standards mentioned above. The Alpha-Cellulose content of the pulps
was determined according to TAPPI T429 cm-10 [2010].
The pulps were beaten to 50±2°SR by a Valley type hollander [TAPPI T200
sp-10:2010]. The freeness levels of the pulp were determined according to SCAN-C
19:65 standard methods [1964]. The paper sheets were produced by a Rapid-Kothen Sheet Forming Machine. The tensile, burst and tear indexes of the paper sheets were determined according to the TAPPI T494 om-01 [2006], T403
om-10 [2010] and T414 om-12 [2012] standards, respectively. The optical
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[ISO 2470-1:2009; ISO/DIS 11476] and color [ISO/CD 5631:2009] properties of
the pulps were measured using an Elrepho-3300 diffuse reflectance spectrophotometer. The statistical analyses were recorded by Statgraph plus 5.0 software.

Results and discussion
Table 2 shows the main components of the spruce woody cell walls (carbohydrates, lignin and wood extractives) determined using the previously discussed
standard methods, and the results of previous studies for comparison.
Table 2. Chemical content and solubility of spruce wood
Determined

Serin et
al. 2003

Holocellulose [%]

72.62

Alphacellulose [%]

46.20

Holocellulose – Alphacellulose

26.42

Cellulose [%]

54.97

Lignin [%]

26.21

Chemical Content

Hafızoğlu,
Usta 2005

Ucar
2005

73.56

n/a

80.4

43.08

43.55

50.5

30.48

n/a

29.9

55.97

53.80

n/a

26.93

27.50

26.1

Alcohol-benzene solubility [%]

4.16

1.11

1.90

1.5

% 1 NaOH solubility [%]

12.19

10.58

11.85

10.5

Hot water solubility [%]

2.98

1.83

2.30

2.6

Cold water solubility [%]

2.63

0.99

0.90

n/a

The main components of the wood (cellulose, hemicellulose and lignin) indicated a good correlation with previous studies but the solubility of the wood was
slightly higher than that of Serin et al. [2003], Hafizoǧlu, Usta [2005] and Ucar
[2005]. The differences between the chemical compositions of the spruce wood
samples could have originated from the age and ecological factors of the trees in
their plantation areas.
All the cooks were performed at 180°C and the cooking time was a variable of
150 and 180 min. The active alkali charge was 25.0% on the basis of wood chips
(calculated as Oven-Dried wood), calculated as NaOH. The Na2SO3/NaOH ratio
was constant at 80/20, calculated as NaOH. The results of the AS-AQ, ASAE and
ASAB cooks are listed in table 3. The chemical contents of the pulps (holocellulose and α-cellulose) obtained from the AS-AQ, ASAE and ASAB processes were
also determined and are given in table 3.
It is clearly seen in table 3 that all of the results of the ASAB pulping trials
resulted in a higher screening yield than that of the AS-AQ cooking trials in similar cooking conditions. Generally, some wood carbohydrates (hemicelluloses and
small cellulose chains) are degraded and dissolved in the alkaline pulping liquor.
The positive effect of sodium borohydride in the alkaline pulping conditions can
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be accounted by selectively reducing the effect on the carbonyl groups of cellulose chains to alcohols [Istek, Özkan 2008; Istek, Gonteki 2009; Tutuş et al. 2010;
Testova et al. 2014].
Table 3. Some the pulp properties of AS-AQ, ASAE and ASAB cooking trials
Methods
ASAQ
ASAE

ASAB

pH of Cooking
Liqour

Cooking yield [%]

white

black

rej.

A1

n/a

10.00

A2

13.19

9.72

E1

13.47

E2

13.43

B1
B2

Kappa
No

Holocel.
[%]

Alphacel.
[%]

screened

total

4.57

47.11

51.68

42.1

90.54

86.52

4.49

46.35

50.84

41.9

89.90

85.86

9.98

3.12

49.25

52.37

32.3

92.18

87.56

9.89

3.09

49.16

52.25

30.9

92.60

87.33

13.17

10.42

4.32

49.78

54.10

37.9

91.78

84.45

13.13

10.36

4.69

51.62

56.31

48.8

89.96

84.06

B3

13.14

10.28

5.49

48.73

54.22

48.6

88.96

85.64

B4

13.22

10.33

1.95

49.64

51.59

35.1

92.21

84.82

B5

13.18

10.36

2.73

51.27

54.00

42.3

92.33

84.16

B6

13.12

10.21

3.09

49.73

52.82

44.9

92.72

84.44

Besides this, it can be seen from the data in table 3 that the amount of reject in the B1 pulping (the addition of 1% NaBH4 to the AS-AQ method) was
lower than in the A1 method (the AS-AQ pulping without additives), but it rose
proportionally with the amount of NaBH4 used. The same trend can also be observed in the case of the kappa number of ASAB pulps; with the addition of 1%
of NaBH4 (calculated as Oven-Dried wood) to the pulping liquor, the kappa number of the B1 pulp was lower by 7 units than that of the A1 pulp. However, in
the case of process with 3% NaBH4 added (B3), it was higher by 2 units than
the A1 pulp.
Thus, the reason for the reject increase in the ASAB process as a result of the
higher amounts of NaBH4 addition is the decrease in the delignification effectiveness
of the wood at higher amounts of boron additive, which negatively affect the
transformation ability of the wood into pulp, composed of separate fibers.
Some data concerning the influence of NaBH4 on yield, kappa number and the
amounts of reject of Kraft pulps can be found in literature. For example, Akgül
et al. [2007] reported that using NaBH4 in Kraft pulping led to a small decrease
in the kappa number compared to the controlled Kraft cooking using Brutia pine
(Pinus brutia ten.) wood as a raw material. They also confirmed that a significant yield increase was observed when using NaBH4 in Kraft pulping. Çöpür and
Tozluoğlu [2008] reported that adding AQ and NaBH4 to the Kraft pulping of
Brutia pine (Pinus brutia ten.) wood resulted in an increase in the pulp yield and
a reduction in both kappa number and rejects.
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The lowering effectiveness of the delignification in the case of the ASAQ
pulping with higher amounts of NaBH4 could also be the result of decreased hemicellulose degradation, known to be covalently connected with lignin which binds
fibres together in the wood matrix and is also located in the fibre wall. Another
cause could possibly be the reaction of NaBH4 with NaOH and Na2SO3 at higher
amounts of the former. However, the pH measurements of the black liquor did not
confirm this. The pH values of the black liquors in all the ASAB trials in table 3
were significantly higher than those of the other pulping methods.
In table 3, the results of the ASAE pulping experiments of the Caucasian
spruce wood are compared to those of the AS-AQ and ASAB pulps produced.
The presence of ethanol in the AS-AQ pulping accelerated delignification significantly. From the kappa number measurements of the ASAE pulps, the amount of
residual lignin resulted in approximately 10 units lower than that of the AS-AQ
pulps. The use of ethanol also positively affected the yield of the pulps and reject content in the AS-AQ pulping process, which were higher by approximately
2.5% and lower by approximately 1.43%, respectively, than that of the AS-AQ
process.
The issue of influence on the use of NaBH4 and EtOH in the pulping yield
of the ASAB and ASAE pulps was also studied in terms of the contents of cellulose, hemicelluloses and lignin in the pulps. This was done on the basis of
the a-cellulose, hemicellulose and lignin contents in the pulps (the hemicellulose constituents of the pulps were determined by the difference between the
holo- and a-cellulose contents). The results of the calculations are presented
in figs. 1–3.
Figs. 1–3 show that the reason for the higher yield in the ASAE process
was due to a higher retention of both the a-cellulose (higher by approximately
1.0–1.5% in fig. 1) and hemicelluloses (higher by approximately 0.6–1.2% in fig.
2), but not the lignin (lower content of lignin in fig. 3). With regards to the ASAB
process, the cause of the higher yield of pulps was different. The higher pulping
yield during the ASAB process essentially originated from a higher retention of
hemicelluloses and lignin in some experiments (the a-cellulose content in the
ASAB pulps was lower than in the ASAQ pulps). According to Courchene, Istek
and Ozkan, a decrease in α-cellulose content in ASAB pulps can result from higher hemicellulose content [Courchene 1998; Istek, Özkan 2008].
Table 3 represents the relationships between the pulp viscosity and pulping
conditions of the AS-AQ without and with the addition of ethanol or sodium borohydride. The data would seem to suggest that the viscosity of the pulps showed
a decrease with the addition of sodium borohydride to the AS-AQ liquor, as compared to the viscosity of the AS-AQ pulps. The drop in pulp viscosity was slightly
lower with extended pulping time. The effect could be explained by the increasing
retention of hemicellulose and lignin in the ASAB pulps with lower DP and
a-cellulose content.
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Fig. 1. The Cellulose Yield of AS-AQ, ASAE and ASAB pulps

Fig. 2. The Hemicellulose Yields of AS-AQ, ASAE and ASAB pulps

Fig. 3. Hemicellulose contents of AS-AQ, ASAE and ASAB pulps

Concerning the effect of the cooking time on the pulp viscosity, lower viscosity values were obtained in the cooking trials with extended times of 180 mins with
regards to the AS-AQ and ASAE pulping experiments. However, in the case of the
ASAB pulping trials, the viscosity values of the pulps were affected differently by
the cooking times. For instance, with a lengthened cooking time, an increase in the
pulp viscosities could be noticed. This tendency was irrespective of the amount
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of NaBH4 added and can be explained by the lower content of lignin in the B4-B6
pulps than in the B1-B3 ones. The effects of the sodium borohydride on the pulp
viscosity displayed a good correlation with that documented in the literature. For
example Çöpür, Tozluoğlu [2008]; Tutuş et al. [2010] and Gülsoy, Eroǧlu [2011]
found that using sodium borohydride in Kraft pulping considerably decreased the
viscosity values of Kraft-Borohydride pulps. They also reported that when the
amount of sodium borohydride in Kraft pulping was increased, the pulp viscosity
rose by a small proportion [Akgül, Temiz 2006; Çöpür, Tozluoğlu 2008].
The effect of using NaBH4 and EtOH in the ASAQ pulping was also evaluated
in terms of the strength and optical properties of the resulting pulps. These results
are presented in figs. 4–6 and in table 4.

Fig. 4. Effects of cooking time on viscosity and kappa number in AS-AQ, ASAE and
ASAB pulping; AS-AQ and ASAE pulping trials on left, ASAB pulping trials on right

Fig. 5. Comparison of tensile strength of pulps in 50°SR
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Fig. 6. Comparison of tear strength of pulps in 50°SR

Fig. 7. Comparison of burst strength of pulps in 50°SR

Figs. 4 and 5 show that the static strength properties (tensile index and burst index) of the ASAB and ASAE pulps were in general lower than those of the AS-AQ
pulps by relatively 34.2 and 13.7%, respectively. As for the tear index (dynamic strength property), the tendency was similar (fig. 6). The tear strength of the
ASAB and ASAE pulps greatly decreased compared to that of the AS-AQ pulps,
by relatively 23.3 and 10.9%, respectively. Taking into account these results, on
the whole the ASAE pulps had better static and dynamic strength properties than
the ASAB pulps.
According to Gülsoy and Eroğlu [2011]; Akgül et al. 2007, the lower strength
properties of the paper sheets (tensile, burst and tear) obtained from the KraftNaBH4 process than those of Kraft pulps can be explained by the higher pulp yield
which results from the increased retention of hemicelluloses, which decrease the
fiber content per unit weight of oven dried pulp and the cellulose/hemicellulose
ratio in the pulp.
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Table 4. The Optical and Colour properties of papersheets (50 SR°) of AS-AQ, ASAE
and ASAB pulps
Methods

Trials

Whiteness
[% ISO]

Brightness
[% ISO]

Opacity
[% ISO]

L*

a*

b*

A1

50.7

35.97

93.86

76.49

4.32

18.26

A2

50.5

36.01

91.64

76.37

4.09

17.99

E1

48.3

35.08

93.95

75.01

4.40

16.89

AS-AQ
ASAE

ASAB

E2

46.98

33.77

93.2

74.18

4.69

17.24

B1

44.41

29.23

94.7

72.5

5.02

20.85

B2

42.83

27.63

96.25

71.44

5.13

21.50

B3

41.97

26.84

95.92

70.85

5.56

21.74

B4

46.04

30.36

94.82

73.57

4.66

21.01

B5

43.28

28.08

96.69

71.68

5.19

21.29

B6

42.65

27.32

97.06

71.31

5.30

21.79

Table 4 shows the optical properties of the ASAQ, ASAB and ASAE pulps.
The data from table 4 show that additions of ethanol and especially NaBH4 to
the ASAQ pulping had an unfavorable influence on the whiteness and brightness
of the pulps. The whiteness and brightness of the ASAE and ASAB pulps was
lower by relatively 17.8% and 5.1%, respectively, than the indices of the ASAQ
pulps. Thus, the addition of EtOH to the ASAQ pulping affected the optical properties of the pulps negatively but as not much as addition of NaBH4. The fact that
these properties of the ASAE and ASAB pulps were lower than in the case of the
ASAQ pulps, even when the kappa number of the former pulps was lower, suggests that additions of EtOH and NaBH4 may favour the creation of chromophores
in pulps. In a previously published study, it was shown that adding NaBH4 to Kraft
cooking of brutia pine chips, NaBH4 showed a beneficial effect on the brightness
of the paper sheets [Çöpür, Tozluoğlu 2008].
The optical property of the pulps, which was also determined, was opacity.
The data from table 4 shows that the addition of EtOH and NaBH4 to the ASAQ
pulping improved the opacity, but this was a consequence of the lower brightness
values of the ASAE and ASAB pulps.

Conclusions
The AS-AQ, ASAE and ASAB pulping processes of spruce (Picea orientalis L.)
wood were carried out in a laboratory. The physical and chemical properties of the
pulps were compared. The results were as follows:
1. The addition of ethanol to the ASAQ pulping in general had a favourable influence on the screened yield and kappa number of the pulps.
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2. The addition of NaBH4 to the ASAQ pulping also had a similar influence on
the screened yield and kappa number of the pulps on the condition that the
amount added was not higher than 1–2% and the time of pulping was 180 min.
3. The higher yield of ASAE pulps ed from the higher retention of both cellulose
and hemicelluloses, while the higher yield of ASAB pulps resulted from the
higher retention of hemicelluloses and lignin.
4. A distinct negative effect regarding the modification of the ASAQ pulping
conditions on the viscosity of the pulps was observed in the case of additions
of NaBH4 to this pulping process. The decrease in viscosity with reference to
these pulps was lower with extended pulping times.
5. The static strength properties (tensile index and burst index) of the ASAB and
ASAE pulps were in general lower than the AS-AQ pulps. In the case of the
tear index, the tendency was similar.
6. The addition of ethanol and especially NaBH4 to the ASAQ pulping had an
unfavourable influence on the whiteness and brightness of the pulps.
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THE UTILIZATION OF KIWI (ACTINIDIA DELICIOSA)
PRUNING WASTE FOR KRAFT PAPER PRODUCTION
AND THE EFFECT OF THE BARK ON PAPER
PROPERTIES
In this study, samples of pruning residuals from kiwi (Actinidia deliciosa) with and
without bark were used in order to identify the negative impacts of the bark on pulp
and paper production. The Kraft method was used to cook the samples, and six tests
were conducted, three with bark and three without bark. In the six tests, the active
alkaline/sulfide ratios, temperature, and time were stabilized at 18/22, 170°C and
170 min, respectively. Some of the physical, optical, and mechanical properties of
the unbeaten papers produced at 35 SR° and 50 SR° were compared. For all of the
mechanical properties that were measured, the bark had a negative effect. This
could be explained by the high content of brittle inorganic material in the bark’s
fibers.
Keywords: Kiwi, Actinidia deliciosa, kraft process, bark, pruning waste

Introduction
The world’s population is increasing rapidly, resulting in increased consumption of
products and resources. Thus, the demand for wood as a raw material is increasing.
Using solid wood for the production of fiber-based materials can increase the
cost of the product. Therefore, it would be more economical to use non-wood or
waste materials in the paper industry as much as possible. Waste materials which
are used in the forest industry are lignocellulosic material waste and agricultural
waste. The major non-wood products used in the production of pulp and paper
are grain stalks, straws and bushes, and bark from wood. Usually bark is used for
generating steam in plants, and this causes air pollution. The utilization of lignocellulosic waste can be more economical and more environmentally appropriate
than discarding the waste, and many studies have been conducted in this area.
Ayhan Gençer (ayhangencer61@hotmail.com), Faculty of Forestry, Forest Products Engineering, Bartin University, Bartin, Turkey
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Kalaycıoğlu and Nemli [2006] indicated that kenaf can be used to manufacture
particleboard. González et al. [2011] showed that the prunings from orange trees
can be used to obtain soda pulp of acceptable quality with yields from 34.10 to
51.81%. The annual yield in stalks after pruning is 5t/ha, which is greater than the
average yield of forests in temperate zones [Ntalas, Grigoriou 2002]. Alaejos et
al. [2006] studied Kraft, soda anthraquinone, and organosolv pulping methods for
holm oak trimmings and indicated that the Kraft method was the best among these
methods. Gençer et al. [2001] reported that medium density fiberboard (MDF) of
standard quality should be made from whole cotton stalks. The investigation of the
fibers, lignin, and cellulose content of the bark of cotton stalks indicated that the
bark had high cellulose (79%) and low lignin (13.7%) and that single cells were
shorter than those obtained from some other agricultural byproducts. Because
of this advantage, the bark of cotton stalks is suitable for making lignocellulosic
products [Reddy, Yang 2009]. Investigation of fiber dimensions and the lignin and
cellulose content of various non-wood plants and agricultural residues, along with
the use of certain indices, has shown that kenaf is suitable for producing paper of
various grades, whereas reed, switchgrass, miscanthus, and cotton stalks are suitable
for producing mainly writing and printing papers or mixing with conventional
wood pulps to produce paper for various uses. The prunings from olive trees and
almond trees have shorter and thicker fibers and produce relatively poor index
values. The pulp from these species is expected to have relatively low mechanical
strength, making it suitable only for replacing hardwood pulps in low or moderate
proportions to produce newsprint or tissue paper [Ververis et al. 2004].
The kiwi plant is native to China, where it is grown to yield fruit in ecologically appropriate conditions; it is a fast-growing, clinging species [Haung, Ferguson
2001]. The prunings from kiwi plants generate an abundant, renewable, lignocellulosic residue, which is usually burned in the field to prevent the propagation of
vegetal diseases which could incur economic costs and environmental concerns.
Kiwi residue of any type must be taken out of the field, because dead and dry residues host disease and insects [Janie 1994]. Also, waste or pruning residues support
more organisms than living plants [Paul, Clark 1989]. For this reason, kiwi prunings should be converted to more beneficial products. Nemli et al. [2003] found
that the MOR of the particleboard for general purpose exceeded the minimum requirements according to the European standards when kiwi prunings contributed
up to 50% of the material added to the core of the particleboard. The average fiber
length, fiber width, lumen width, and fiber membrane thickness of kiwi (Actinidia
deliciosa) are 1583.9, 35.97, 22.30, and 6.84 µm, respectively. Its felting ratio,
elasticity coefficient, rigidity coefficient, Runkel ratio, and Mühlsteph ratio are
44.03, 61.99, 19, 0.61 and 61.58, respectively [Yaman, Gençer 2005]. Extremely
long fibers cause formation defects in paper production. However, the resistance
values of paper made of very short fibers are low. Therefore, fibers of trees with
short and thin lamella are preferred.
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With an average fiber length of 1583.9 µm, kiwi fibers are shorter than softwood
fibers, but longer than hardwood fibers. Thus, kiwi fibers are advantageous for
both fiber groups. The aim of the present study was to examine the effect of bark
on kraft paper properties.

Materials and methods
The samples used in the experiment were obtained from Trabzon Province, located
on the coast of the Eastern Black Sea region in Turkey. They were obtained at an altitude of 10 meters from the northern exposure. The kiwi samples were prepared in
two groups, i.e., with and without bark, for the Kraft cooking process. The bark ratio
over perfect dry sample weight was calculated in the pruning waste from which the
bark had been removed, and then the samples were chipped manually. Following
this, the moisture content of the chips was determined based on the oven-dry and
air-dry weight. The samples were ground in a Wiley mill according to the TAPPI T
11 os-75 standard [1975]. This was followed by screening with the 60 mesh size,
and the resulting material was used for chemical analysis. The TAPPI T 203 os-71
standard [1999] was used to determine the alpha cellulose; the TAPPI T 222 om-02
standard [2002] was used to determine the lignin content; the TAPPI T 207 cm-99
standard [1999] was used to determine the material’s solubility in cold and hot
water; and the TAPPI T 204 cm-97 [1997] standard was used to determine the
material’s solubility in alcohol.
Dry sample weights of 700 g for both types of chips were prepared and kept
in polyethylene bags in the absence of air. The Kraft process was used in this
study since it is suitable for all wood species in pulping. In addition, Vu et al.
[2004] indicated that they found it to be the best cooking temperature for bamboo
165–170°C. The cooking conditions were based on values in literature, and a temperature of 170°C was used. The active alkali/sulfidity ratios were 18/22, and the
cooking time was 170 min. Six cookings were conducted, including three replicates
with bark and three without bark. The pulping process was electrically heated in
a pressure-resistant, rotary boiler which revolved at a rate of two revolutions per
minute. Unbeaten papers, at 35 SR° and 50 SR°, were made from the pulp which
was obtained from the cooking, and the thickness, surface smoothness, air permeability, brightness, opacity, tearing index, burst index, and breaking length of
each of the papers were determined. The experimental papers were subjected to
the following tests after they were conditioned in an environmental test chamber
with 65% relative humidity at a temperature of 23 ±1°C for 24 h, according to the
TAPPI T402 om-88 standard.
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Table 1. Physical, mechanical and optical tests conducted for kiwi (Actinidia deliciosa)
paper
Experiment
Grammage
Thickness
Humidity
Cutting of trial papers
Tearing index
Breaking length
Air permeability
Surface smoothness
Burst index
Opacity
Brightness value

Standard
TAPPI 410 om-88
TAPPI 411 om-89
TAPPI 412 om-90
TAPPI 220 om-88
TAPPI 410 om-88
TAPPI T494 om-01
ISO 5636-3
ISO 8791-2
TAPPI 403 om-91
TAPPI T519 om-02
TAPPI T525 om-02

The ”Statgraphics Plus for Windows 3.1” software package was used in this
study. Variance analysis test was used to determine the differences among the
treatments, and also Duncan test was used to determine the which one had the best
effect.

Results and discussion
In this study, the average kiwi plant bark ratio was calculated to be approximately
22% according to the oven-dry weight of the raw material from the kiwi prunings.
Reddy and Yang [2009] investigated the bark content of cotton stalks, and they
found that the outer bark comprised approximately 20% of the weight of the cotton stalk. Domingues et al. [2011] investigated the extraction yields of the bark of
several eucalyptus species, and they found that the outer bark extraction yield was
higher than the inner bark. Some chemical and physical features of kiwi (Actinidia
deliciosa) wood are given in table 2.
Table 2. Chemical and physical features of kiwi (Actinidia deliciosa) wood
Experiment
Chip moisture
Alcohol Solubility
Holocellulose
Alpha Cellulose
Lignin

Ratio [%]
9.55
2.01
73.50
38.30
25.26

The holocellulose content of the kiwi is approximately equal to that of the
hardwoods, which indicates that kiwi should give a fairly high yield of pulp when
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cooked properly. Table 3 shows the screened yield, screenings, and total yield of
the pulp obtained from the prunings of kiwi plants with and without bark.
Table 3. Kiwi (Actinidia deliciosa) pulp yield
Screened Yield [%]

Reject [%]

Total Yield [%]

Kappa Number

Without bark

Sample

44.39

1.48

45.87

17

With bark

38.50

3.44

41.94

19

In this study, the total yield from the samples without bark was found to be
45.87%, which was greater than the yield of the samples with bark. The pulp
yields from olive tree wood obtained by soda, sulfite, and kraft pulping were
44.9, 43.1, and 41.9%, respectively [López et al. 2000]. Some physical, mechanical, and optical values of the papers produced at different SR° are given
in table 4.

50

35

debarked

26

debarked

with Bark

debarked

with Bark

with Bark

15

Test
sample

2.51
163.00B
2.05
107.25C
3.02
103.25D
2.94
101.00 E
3.48
97.25 F
2.55

x

±s

x

±s

x

±s

x

±s

x

±s

166.00A

thickness
[µm]

±s

x

S.v.

18.06

385.00E

22.04

382.90E

129.01

553.15C

50.98

529.30C

61.16

866.00A

51.31

830.60A

S.s. [ml/
min]

Physical properties

2.06

92.5F

9.44

105.25E

8.13

131.70D

24.06

206.35C

0

>5000A

0

>5000A

A.p. [ml/
min]

0.16

99.45F

0.11

99.79E

0.14

99.69D

0.14

99.85C

0.05

99.88A

0.11

99.89A

0.37

15.05F

0.20

14.19E

0.07

17.21D

0.13

15.23C

0.07

19.35B

0.02

16.84A

brightness
[%]

Optical properties
opacity
[%]

0.05

3.97E

0.17

3.89E

0.08

4.87D

0.11

3.78C

0.34

2.01A

0.12

1.80A

2.61

68.13F

2.80

58.11E

2.45

60.03D

1.49

50.28C

0.41

18.36 A

0.73

18.29A

B.l. [km]

0.16

3.42F

0.16

2.87E

0.12

3.05D

0.11

2.56C

0.19

0.81A

0.34

0.74A

B.i.
[kPa.m2/g]

Mechanic properties
tear index
[Nm.m2/g]

x = Average, ±s = Standard deviation
S.v.: Statistical values, S.s.: Surface smoothness, A.p.: Air permeability, B.l.: Breaking length, B.i.: Bursting index

Unbeaten

SR°

Table 4. Physical, mechanical and optical features of the papers produced from kiwi wood with and without bark at different SR°
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The Duncan test was conducted to determine the physical, optical and mechanical features of the papers produced from kiwi (Actinidia deliciosa), and the
results are shown in table 4. According to these results, the values within the 95%
confidence interval are shown at unbeaten, 35 and 50 SR° pulp with A and B, C
and D, E and F, respectively.
Khristova et al. [2006] found the alpha cellulose value of bagasse to be 51.90%
and Gümüşkaya et al. [2007] found the alpha cellulose value of hemp (Cannabis
sativa L.) bast fibers to be 63.77% and the value of holocellulose to be 86.93%.
Deniz et al. [2004] found the alpha cellulose value of wheat straw to be 38.20%,
the holocellulose value to be 74.50% and the lignin value to be 15.30%. The alpha
cellulose value determined in this study was 38.30%, while the holocellulose value was 73.50%; these values were similar to the wheat straw values given above.
The average lignin ratio was reported to be 28 ±3% in softwood and 20 ± 4%
in hardwood [Suchsland, Woodson 1986]. The lignin ratio of kiwi was 25.26%,
between those of softwood and hardwood. Despite being in brush form, kiwi had
the high lignin values as the trees, therefore it is believed that the amount of alkaline used in the study was appropriate considering the lignin ratio. The kappa
number of kiwi pulp samples without bark was found to be 17 and for the samples
with bark it was 19. The yield and kappa number are inversely proportional, and
therefore this can be explained by the bark having a higher lignin and extractive
content. Vu et al. [2004] studied bamboo and they found that the lignin ratio was
25.8%, the EA was 18%, and the kappa number was 18.6 at 15% sulfidity. They
also reported that increasing sulfidity did not decrease the kappa number significantly.
The thickness, surface smoothness, air permeability, brightness, and opacity
values of the papers obtained from the pulp with and without bark decreased as
the beating degree increased. The burst index and breaking length increased. The
tearing index increased at the beginning of the beating and decreased later. These
results were the expected outcomes of beating.
In making bleached Kraft pulp from hardwoods, the acceptable amount of
bark was determined to be 5% [Kırcı 2003]. The average bark ratio according to
the full dry raw material weight in the kiwi pruning waste in this study was calculated as 22.20%. Although the amount of bark was well above the acceptable
tolerance level, the physical, mechanical and optical values of papers with bark
were affected to a small extent, excluding air permeability and breaking length.
The likely reason was that kiwi’s bark is softer than the barks of other trees. In this
study, the pulp yield of the samples without bark was 45.87%, which was better
than those with bark. One reason for this was that the screenings in the samples
with bark were high, and another reason was that the rate of extractives and non-fibrous materials in the structure of the bark was relatively high compared to
wood.
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Physical properties

The handsheet thickness of the papers at different SR° decreased as the beating
degree increased. The handsheet thickness of the samples without bark was less
than that of the samples with bark at unbeaten, 35 and 50 SR°, and the difference
was significant at the 95% confidence level. This was because the fibrous structure
of the bark was more voluminous. The surface smoothness value decreased as the
beating degree increased. However, this decrease was inversely proportional to
numerical values from the rough surface towards the smooth surface. Therefore,
the surface smoothness improved as the beating degree increased. The surfaces
of the samples without bark were smoother than those with bark at different SR°.
However, the difference was not significant at the 95% confidence level. This result
was expected because the fibrous structure of the bark, which is rougher than that
of wood. Since the air permeability of the unbeaten papers was over 5000 ml/min,
it was considered to be non-standard. The air permeability value decreased as the
degree of beating increased. The air permeability of the samples with bark at 35
and 50 SR° was significantly greater than that of the samples without bark, and
the difference was significant at the 95% confidence level. The fact that the porosity of the bark was very high compared to that of wood increased the difference
between the air permeability values.
Optical properties

The opacity value was directly related to the light transmittance of the paper, and
it increased as the colour of the paper darkened. The opacity of unbeaten pulps
was found to be higher than that of the debarked pulps but the difference was not
found to be statistically significant. The opacity value of the papers decreased as
the beating degree in the papers increased. Because of the dark colour of the bark,
the opacity values of the samples with bark were greater than those of the samples without bark, 35 and 50 SR°, and the difference was significant at the 95%
confidence level. The brightness value was directly related to the opacity feature
of the paper.
The white colour was significantly more reflective than the black, which absorbed the light. The b rightness value decreased as the beating level increased.
Therefore, the brightness value was found to be greater in the samples without
bark at unbeaten 35 and 50 SR°, and the difference was significant at the 95%
confidence level.
Mechanical Properties

The mechanical properties increased in direct proportion to the fibers’ stiffness
and length. The tearing index of the papers increased at the beginning of the
beating and decreased towards the end of the beating. The tearing index of the
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pulps with bark was found to be lower than the unbeaten, 35 and 50 SR° and the
difference was found to be statistically significant at the 95% confidence level.
The tearing index at unbeaten (2.01 Nm m2/g) of the kiwi wood paper fibers
without bark was greater than that of the samples with bark (1.80 Nm m2/g), while
the tearing index at 50 SR° (3.97 Nm m2/g) of the kiwi wood paper fibers without
bark was greater than that of the samples with bark (3.88 Nm m2/g), but the difference was not significant at the 95% confidence level because some of the bark
was removed after screening. The tearing index at 35 SR° (4.87 Nm m2/g) of the
kiwi wood paper fibers without bark was greater than that of the samples with
bark (3.78 Nm m2/g), and the difference was significant at the 95% confidence
level. The breaking length increased as the beating degree increased. The breaking
length of the samples with bark was found to be lower than the unbeaten, 35 and
50 SR° pulps and the difference was found to be statistically significant at the 95%
confidence level. Finally, the burst index was found to be greater at 35 and 50 SR°
and the difference was significant.
Jiménez et al. [2006] used vine shoots in different pulping processes,
and found that the Kraft process provided paper with better breaking length
(13.16 km), burst index (1.63 kPa m2/g), and tear index (1.59 Nm m2/g) than
samples without bark, which had a breaking length of 68.13 km and a burst index
of 2.61 kPa m2/g. In this study, it was found to be higher in samples with bark
(58.10 km and 2.87 kPa m2/g ) and the difference between them was significant
at 5% confidence interval. However, bark up to 20% was reported to have no
effect on the strength of Kraft (Douglas fir) pulps [Casey 1961]. Mutjé et al.
[2005] found that sheets from olive prunings that were obtained by means of an
organosolv process had a burst index of 3.02 kPa m2/g. The burst test is very important in sack papers, packing papers, and paperboard for packs. High breaking
strength increases resistance against breakage in the printing press. Therefore,
it is important in newspaper and other printing paper [Casey 1961]. Since bark
lowers the burst index, the papers obtained from samples with bark should not
be used in producing sack papers, packing papers, and paperboard for packs. In
addition, paper obtained from samples with bark can be used in newspaper and
other printing paper.

Conclusions
The fibrous material ratio of the bark was relatively low compared to wood. Therefore, the chips put into the cooking tank should not have bark. It occupies a larger
volume and consumes more chemical materials during cooking. However, it
might not always be very economical to completely debark the raw material. Bark
tolerance could be high in some pulp types. Still, most of the wood bark in this
pulp should also be removed. For the types of pulp in which bark does not cause
problems, paper can be produced from kiwi prunings with bark. This eliminates
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the cost of debarking. Pulp making with and without bark should then be decided
based on an economical analysis.
The kiwi plant is not very widespread in Turkey. However, growing kiwi has
recently become more common in the Black Sea region. Since kiwi is pruned every
year, the waste raw material potential of the plant is high. Besides this, since its
cellulose ratio is high, it can be used for pulp production. In this study, the Kraft
method was used. However, by trying other chemical, semi-chemical, and mechanical methods, more precise decisions on the advisability of using kiwi wood for
pulp production can be made.
Pruning waste obtained from the kiwi plant is a sustainable fiber source since
the plants are pruned annually. This waste should be utilized in the pulp and paper
industry in order to provide income for growers.
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POLLUTANT CONCENTRATIONS FROM TWO-STAGE
THERMAL CONVERSION OF PINE WOOD LOGS
IN A 25 KW BOILER WITH FIXED AIR SUPPLY
A study and further analysis of the two-stage process of burning pine wood logs
(gasification and wood gas combustion) in a 25 kW heating boiler were performed.
The air stream for combustion was set manually and was constant throughout the
given test run. The values of the carbon monoxide, hydrocarbons and nitric oxide
in the flue gas were measured. The correlation between the concentration level of
these pollutants and the temperature in the wood gas firing nozzle was established,
as well as the link between the nitric oxide and carbon monoxide concentrations
and the influence of the oxygen concentration in the combustion air on the carbon
monoxide emission.
Keywords: wood combustion, pollutant emission, heating boiler

Introduction
Burning biomass in low heat output boilers

Different fuels have their own characteristics, arouse specific kinds of problems
and thus require particular considerations when burned. Interesting study results
in the area of pollutant emissions from burning biomass and other fuels can be
found in recent studies [Musialik-Piotrowska et al. 2010; Musialik-Piotrowska,
Kolanek 2011; Hardy et al. 2012]. As far as wood is concerned, the lowest emission of incomplete combustion products is obtained while burning wood pellets,
especially in comparison with wood logs. It is well known that the main criteria
for complete burnout are temperature, time, and turbulence (TTT). A smaller size
of pellets, as compared to logs, makes it easier for the air to reach the fuel during
combustion. The fact that the pellets are fed automatically and do not require the
opening of the combustion chamber during feeding keeps the temperature raised,
Marek Juszczak (marekjuszczak8@wp.pl), Poznań University of Technology, Institute of
Environmental Engineering, Division of Heating, Air Conditioning and Air Protection,
Poznań, Poland
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as opposed to what happens during manual wood log feeding. In spite of the favourable characteristics of wood pellets in terms of a reduction in incomplete
combustion products, small heating boilers are commonly fed with wood logs,
especially pine, due to their widespread availability and low price, which is precisely why they are the subject of this study.
The limited availability of high quality and cheap wood pellets in Poland
(which are currently used in power plants) has aroused interest in agricultural
biomass pellets as fuel for heating boilers with a low heat output. Agricultural
biomass is known for its low ash melting temperature, which is why it should be
burned at a temperature lower than 700°C [Werther et al. 2000], in order to avoid
the production of slag, which hampers furnace operation and the combustion process. In addition, chlorine content is an important factor in biomass combustion as
it can form KCl that melts at a low temperature. Therefore, it is recommended that
additives are used, such as Ca(OH)2 or dolomite, which react with the chlorine and
impede KCl formation [Poskrobko et al. 2010a,b, 2012].
When burning biomass, it is worth remembering that its lower heating value
is smaller in comparison with hard coal, which translates to a lower temperature
in the combustion chamber. This results from the fact that at the first stage of
combustion, it releases as much as 80% of volatile organic compounds (VOC),
the rest being charcoal, whereas for hard coal it is only 20%, the rest being coke.
This makes the flue gas from biomass combustion reach the cold heat exchange
surfaces and get cooled even quicker. Therefore, in order to maintain the flue gas
inside the combustion chamber for an adequate period of time, wood-fired combustion chambers should be of considerable size, much bigger than the ones supplied
with hard coal.
For the reasons described above, boilers supplied with biomass, especially
wood, require bigger combustion chambers screened with ceramic elements and
heat exchange surfaces located outside of the combustion chambers, in order
to maintain a high temperature and ensure a higher heat output. Unfortunately,
however, wood-fired domestic heating boilers – for economic and logistical reasons
– are equipped with small combustion chambers with walls functioning directly
as heat exchange surfaces which are reached by the flue gas much too quickly.
As a consequence, the air is cooled and the combustion process is hampered. For
this reason, the time of the burning process in the combustion chambers of low
heat output boilers is much shorter than in the combustion chambers of boilers
with a higher heat output. Therefore, conditions for the complete burnout of such
a large quantity of volatile compounds are insufficient.
As this study examines low heat output heating boilers (<50 kW) typically
used in domestic heat stations, it is important to note that these boilers, in comparison with higher heat output boilers (>1MW), present a much larger emission
of incomplete combustion products (carbon monoxide, hydrocarbons and sooth)
per produced energy unit. It is estimated that in Germany in 2000, the share of
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small-scale wood combustion systems contributing to the emission of incomplete
combustion products was between 16 and 40%, although their total energy production was only approximately 1% [Knaus et al. 2000]. These numbers have
since changed as currently more modern boilers are being used in Germany,
however this does show the scale of the problem. In Poland, the emission ratio per
energy unit is similar or even higher, as cheap boilers of simple and old design,
with low heat efficiency and lacking a proper automatic air stream regulation system with an oxygen probe (lambda sensor) are much more commonly used. The
high emissions of incomplete combustion products from old-fashioned small wood-fired heating boilers has been confirmed in bibliographical sources [Johansson
et al. 2004]. It is therefore of extreme importance to examine the possibility and
methods of reducing pollutant emissions from these particular kinds of boilers.
Two-stage combustion of wood logs

Wood logs can be burned either with a flame on the grate or in a two-stage combustion process that includes wood gasification in the gasification chamber at
a temperature of approximately 250–300ºC with air shortage, and the subsequent
wood gas combustion in the nozzle at a temperature of 650–900ºC. In two-stage
combustion, a reduced oxygen feed to the gasification chamber ensures that the
logs smoulder rather than burn, whereas the nozzle needs to be supplied with
enough air to conclude complete combustion of the wood gas.
Modern two-stage thermal conversion boilers are equipped with a fan and
automatic air regulation system with an oxygen probe installed at the flue gas
outlet. In case the air concentration in the flue gas is lower than expected, the
regulation system increases the air stream supplied for combustion by increasing
the fan resolutions. The placement of the fan at the flue gas outlet creates negative
pressure and therefore helps avoid flame combustion in the gasification chamber
as the flame that could arise is “sucked in” from the gasification chamber to the
wood gas firing nozzle.
In Poland, however, these kinds of modern boilers are still rare. Meanwhile,
old-type two-stage residential combustion boilers are more commonly used.
In such boilers, the gasification process is poorly controlled: air is supplied to
the gasification chamber and the gas firing nozzle by a fan located at the inlet
and the flue gas is evacuated to the chimney by its natural draught (no fan used).
This creates the risk of introducing too much air to the gasification chamber and
creating conditions for flame combustion (overpressure). As these boilers lack an
automatic air flow regulation system with an oxygen probe, an adequate amount
of air is set manually at the beginning according to the chimney draught, by
regulating the valve while observing the gasification chamber through a sight
glass. During boiler operation, however, the fan resolutions and air stream are
constant. Old-type boilers for two-stage wood log thermal conversion with the
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properties described above are commonly used in Poland for heating purposes
in detached houses, especially in villages and smaller towns. A typical example
of one is the Orlan 25, a boiler produced by Eko Vimar Orlański, and its slightly
modified version, the Vitolig 150, sold under the Viessmann brand, both yielding
a heat output of 25 kW. The second boiler was used in the present study.

Materials and methods
The experiments were carried out in a full-scale heat station located in a laboratory belonging to Poznań University of Technology (the Department of Heating,
Air Conditioning and Air Protection in the Institute of Environmental Engineering)
in conditions resembling the ones existing in domestic boilers. The equipment used
in the study was a Vitolig 150, a two-stage wood log thermal conversion boiler with
a heat output of 25 kW, commonly used in residential houses in Poland (fig. 1).

Fig. 1. Vitolig 150 log boiler – scheme and view

The study examined pine wood logs with the dimensions of 10 cm in diameter and 40 cm in length. The properties of the given wood were examined in an
accredited laboratory with the following results: the lower heating value of the
dry wood – approx. 19 MJ/kg, moisture – 24% (measured as water mass divided
by dry wood mass), lower heating value of the wet wood – approx. 13.9 MJ/kg,
element contents: carbon – 49%, hydrogen – 6.1%, nitrogen – 0.13%, oxygen –
43.2%, ash content – approx. 1%.
The measurement methods were as follows: the gas pollutant concentrations
in the flue gas downstream of the boiler, as well as the flue gas temperature, were
measured continuously using a Vario Plus (MRU) flue gas analyzer (Germany). The oxygen, nitric oxide and nitrogen dioxide (NO2) concentrations were
measured using electrochemical cells. The carbon monoxide and hydrocarbon (pre-
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sented as methane) concentrations were measured using the infrared procedure.
The NOx concentration was calculated using the gas analyzer by summing up
the concentration of NO (transformed to NO2) and NO2, and it was presented in
the form of NO2 concentration. At the temperature in the nozzle of up to 1000ºC
(which is the case in this study), nitrogen dioxide formation is negligible, however
in pollutant concentration measurements from boilers, the NOx concentration is
customarily indicated in order to be able to compare it with the Polish standard
[PN-EN-303-5:2004]. The temperature in the gasification area, as well as in the
wood gas firing nozzle, was measured with radiation shielded thermocouples
PtRhPt connected to a temperature meter for value comparison. The heat received
by the boiler water and boiler heat output was measured using an ultrasonic heat
meter. The boiler heat efficiency was calculated as heat transferred to the boiler
water divided by fuel mass, then multiplied by the fuel lower heating value. The
values obtained were compared with the heat efficiency values calculated using
the flue gas analyzer (based on chimney loss which depends on the flue gas temperature).
During the study, 10 batches of pine logs were loaded into the boiler. The total
burnout time of each batch was approx. 1.5 hours. Parameter values were registered in the computer every 3 seconds. For analysis purposes, however, values
from 2 selected batches (of 25.740 and 25.120 kg) were taken into account. These
batches were chosen for reasons of diversity in the mean values of their oxygen
concentration and temperature in the nozzle. The different values are presented in
the table and as dots in the figures. Diagrams were used to illustrate the influence
of these two parameters on pollutant concentrations in the flue gas. In addition,
the variation of the measured parameters in time and the correlation between the
nitric oxide and carbon monoxide concentrations in the flue gas were analyzed.

Results
The results obtained in the study are presented below for the two selected batches
of burned pine logs. The mean values of the measured combustion parameters
(oxygen concentration, air excess ratio, gas pollutant concentrations, temperature
in the nozzle, boiler heat output, and boiler heat efficiency) are shown in table
1. Figs. 2 and 6 present the variation in time of the parameter values (oxygen
concentration, pollutant concentrations: nitric oxide, nitrogen oxides, hydrocarbons, air excess ratio, temperature in the nozzle) for the first and second batch,
respectively. Figs. 3 and 7 illustrate the correlation between the aforementioned
gas pollutant concentrations and the temperature in the wood gas firing nozzle.
In figs. 4 and 8, the mutual relation between the concentrations of nitric oxide and
carbon monoxide can be observed, whereas in figs. 5 and 9 the carbon monoxide
concentration was presented as a function of the oxygen concentration in the flue
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gas. The figure pairs described above refer to the first and second batch, respectively. The dots marked in the diagrams (except fig. 2 and 6) were obtained in the
course of the simultaneous measurement of the different parameters.
Table 1. Mean parameter values for pine wood logs burned in Vitolig 150 boiler
Batch

1

2

25.740

25.120

O2 concentration [%]

12.7

10.0

2.3

1.8

CO concentration [mg/m3] (10% O2)

6125

3136

NO concentration [mg/m3] (10% O2)

161

109

NOx concentration [mg/m3] (10% O2)

247

167

HC concentration [mg/m ] (10% O2)

858

55

Temperature in the nozzle [°C]

521

683

Boiler heat output [kW]

18.1

20.4

64

74

Mass [kg]
Air excess ratio λ

3

Boiler heat efficiency [%]
CO – carbon monoxide
O2 – oxygen
NO – nitric oxide
NOx – nitrogen oxides
HC – hydrocarbons
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Fig. 2. Variation of the measured parameters in time (oxygen and pollutant concentrations in the flue gas, temperature in the nozzle, air excess ratio) during pine wood
log combustion in wood gasification boiler (Vitolig 150); first batch
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Fig. 3. Oxygen and pollutant (CO, NO, NOx, HC) concentrations in the flue gas versus temperature in the wood gas firing nozzle; first batch
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Fig. 4. Nitric oxide concentration versus carbon monoxide concentration in the flue
gas; first batch
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Fig. 5. Carbon monoxide concentration versus oxygen concentration in the flue gas;
first batch
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Fig. 6. Variation of the measured parameters in time (oxygen and pollutant concentrations in the flue gas, temperature in the nozzle, air excess ratio) during pine wood
log combustion in wood gasification boiler (Vitolig 150); second batch
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Fig. 9. Carbon monoxide concentration versus oxygen concentration in the flue gas;
second batch

Discussion
The results shown in table 1 convey the mean values of the measured parameters
for the batches of pine logs which presented the most diverse results. All the concentration values are presented for 10% O2 content in the flue gas. It was observed
that the carbon monoxide emission in the case of the first batch was almost twice
as high (6125 mg/m3) as in the second batch (3136 mg/m3). The carbon monoxide
level in the first batch exceeded the limit value of 5000 mg/m3 established in
the Polish standard [PN-EN-303-5:2004]. It is commonly known that oxygen and
temperature are important factors conditioning complete combustion. In addition,
in our study they seem to have influenced the pollutant emission levels. The high
emission of carbon monoxide observed in the first batch was related to the low
temperature in the nozzle (521ºC) and an excessive oxygen concentration in the
flue gas (12.7%). Some previous studies have revealed that the optimum temperature in the nozzle for this specific kind of furnace should range between 750 and
850ºC [Juszczak 2007]. In the case of the second batch, the oxygen concentration
was 10% and the temperature in the nozzle was 683ºC.
Although the NO and NOx concentration value is not regulated by the Polish
standard [PN-EN-303-5:2004], it can be assumed that it should not exceed
400 mg/m3 [Kubica 1999]. As shown in table 1, these concentrations are much
lower in both batches.
The hydrocarbon concentration in the flue gas was significant in the case of the
first batch (853 mg/m3) and could have potentially (including other sources of organic carbon, e.g. soot) caused the breach of the organic carbon limit value defined in
the Polish standard [PN-EN-303-5: 2004]. In the case of the second batch, the hydrocarbon concentration was very low (55 mg/m3). During the experiments, the boiler
heat efficiency was not high: 64 and 74% for the first and second batch, respectively.
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On analyzing variations in the measured parameters in time for the first
(fig. 2) and second batch (fig. 6), considerable changes in the pollutant concentrations can be observed, especially in the case of the carbon monoxide and hydrocarbons. This is due to the fact that the wood gas generation and its combustion in
the nozzle was variable in time. Log mass in the gasification chamber gradually
decreased as the batch was burned, causing wood logs to move down gravitationally and constantly change their arrangement in the gasification chamber.
As a result, significant instantaneous changes in the concentrations of carbon
monoxide and hydrocarbons in the flue gas occurred. In terms of the correlation
between the carbon monoxide concentration and the temperature, this relation
is clear in the case of the second batch: the carbon monoxide concentration decreased as the temperature in the nozzle increased (fig. 6), whereas in the first
one (fig. 2) it was not as noticeable, as the temperature in the nozzle was not high
enough for the carbon monoxide to by properly oxidize to carbon dioxide.
The influence of the temperature variation on the oxygen concentration and
pollutant concentrations is shown in figs. 3 and 7 for the first and second batch,
respectively. The experimental set-up worked with a fixed air stream supply system, meaning that no automatic combustion air stream regulation with an oxygen
probe was applied. As a consequence, the intensity of the wood gas combustion
increased, influencing both the temperature in the wood gas firing nozzle (which
gradually increased) and the oxygen concentration (which decreased). In general
terms, the temperature in the gasification area ranged between 300 and 350ºC
for both batches. The concentrations of carbon monoxide and hydrocarbons
decreased with the increasing temperature. Although the oxygen concentration
decreased, it did not affect the correlation between the temperature and the pollutant concentrations, as it was still high enough.
Particularly worth noting is the nitric oxide concentration (as well as the
concentration of nitrogen oxides). As previously proven [Kordylewski 2000], at
a temperature of up to 1000ºC, the nitric oxide concentration depends mostly on
the fuel nitrogen content but also, to a lesser extent, on the oxygen concentration
and temperature in the combustion area. Usually, an increase in both the oxygen
concentration and the temperature causes a reduction in the nitric oxide concentration. Nitrogen oxides behave analogically. In the present study, however, as
can be observed in figs. 3 and 7, the influence of the oxygen concentration on
the nitric oxide concentration seemed to be predominant. Therefore, although the
temperature increased, the nitric oxide concentration still increased because of the
simultaneously decreasing oxygen concentration.
As far as the correlation between the carbon monoxide and nitric oxide is concerned, it was very different for the two pine log batches studied. While burning
the second batch, as the temperature was high enough, it was observed that the
increased carbon monoxide concentration resulted in a decrease in the nitric oxide
concentration (fig. 8). This shows the previously found reducing influence of
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the carbon monoxide and hydrocarbons on the nitric oxide [Kordylewski 2000].
In the case of the second batch (fig. 4), due to the low temperature in the
nozzle and higher oxygen concentration, as the carbon monoxide concentration
increased, so the nitric oxide concentration decreased.
Figs. 5 and 9 show the correlation between the carbon monoxide and oxygen
concentrations. As previously proven [Nussbaumer 2003], while the oxygen concentration increases during fuel combustion, the carbon monoxide concentration
initially decreases and then, after reaching its minimum (at a certain optimum
oxygen concentration level, specific for each type of furnace), it starts to increase.
As can be observed in figs. 5 and 9, for the type of furnace studied and fuel, the
lowest carbon monoxide concentration was obtained at the oxygen concentration
level of 7%. This observation is particularly important and might be useful in case
the analyzed boiler was to be modernized and equipped with an automatic air flow
control with an oxygen probe.

Conclusions
During the two-stage thermal conversion of pine wood logs of significant moisture
in a 25 kW boiler with no automatic air stream regulation with an oxygen probe,
a significant emission of carbon monoxide and hydrocarbons may be observed,
and the boiler may demonstrate low heat efficiency. In order to reduce the carbon
monoxide and hydrocarbon concentrations, it is important to burn drier wood,
and maintain the temperature in the wood gas firing nozzle above 650°C. Further
reduction of the concentrations of carbon monoxide and hydrocarbon, as well as
a boost to the boiler heat efficiency, would require boiler modernization: installing an automatic air stream regulation system with an oxygen probe and induced
draught fan located downstream of the boiler. The oxygen concentration would
then have to be set to approx. 6–7%, which is the value found to be optimum for
the type of boiler studied.
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WOOD DECOMPOSITION BY PORODAEDALEA PINI
STRAINS FROM DIFFERENT REGIONS OF POLAND
The results of studies on heartwood decomposition caused by Porodaedalea pini
in pine, spruce and larch are presented. It was found that spruce wood was decomposed to the greatest extent, while pine and larch less so. No relationship was
found between the geographical origin of the isolate and its wood decomposition
capacity.
Keywords: white pocket rot, weight loss, Porodaedalea pini, wood decomposition

Introduction
Red ring rot (Porodaedalea pini (Brot.) Murrill., previously Phellinus pini) is
a fungus frequently found in pure and mixed pine stands and in tree plantings
partly composed of pines. Porodaedalea pini sensu lato has been documented as
occurring on a wide variety of coniferous and some hardwood hosts, including
the following genera: Abies, Acer, Betula, Calocedrus, Cedrus, Chamaecyparis,
Crataegus, Larix, Picea, Pinus, Pseudotsuga, Taxus, Thuja and Tsuga [Gilbertson,
Ryvarden 1986; Larsen, Cobb-Poulle 1990]. The range of P. pini covers the whole
of Europe, northern Asia and North America [Gilbertson, Ryvarden 1987].
In Poland, this fungus infests approx. 8% of Scots pine wood [Szewczyk 2008].
Porodaedalea pini decomposes heartwood (affecting stands starting from age
class II), forming white pocket rot as a result [Ezhov, Konyushatov 2001].
The older the stand, the greater the number of infested pines. It is estimated
that in a 100-year-old stand, approx. 15–35% of the pines are infested, while in
a 160-year-old stand, it may be as much as 100% of the trees. The range of rot
Wojciech Szewczyk (wszew@up.poznan.pl), Poznań University of Life Sciences,
Poznań, Poland
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increases with time and in old stands the development of rot may exceed the increment in volume of non-infested wood tissue [Szewczyk 2008]. The mycelium of
P. pini actively overgrows the infested wood tissue. It has a unique type of wood
decomposition. Lignin and cellulose are decomposed more or less at the same
time; however, the content of the cellulose in the softwood is almost two-fold
greater than that of lignin. The fungus causes the formation of numerous holes
(pockets) filled with white cellulose, visible to the naked eye over the dark brownish red background [Boyce 1961; Ważny 1968]. Losses are very high, since this
parasite is a common species and destroys the lower sections of stems, which are
the most commercially valuable [Szewczyk 2008]. The aim of this study was to
determine the decomposition capacity of P. pini in the heartwood of pine, spruce
and larch in relation to the geographic origin of the isolates.

Materials and methods
Investigations into the wood-decomposing capacity of P. pini were conducted
using 26 isolates, collected in the years 2008–2010, from living Pinus sylvestris
trees. Their sporophores were collected in forests of north-west Poland located
20–600 km apart. Axenic, dikaryotic (n + n) cultures were obtained from the fresh
sporophore context material taken from above the hymenium with a sterile scalpel
and plated on Goldfarb’s selective medium (malt agar 15 g L-1, prochloraz 1 mg
L-1, benomyl 1 mg L-1, thiobendazole 1 mg L-1, streptomycin 1 mg L-1, rose Bengal 1 mg L-1). Fungi were incubated at 24°C in darkness. After 7–14 days, they
were transferred to 1.5% malt medium (malt extract 15 g L-1, peptone 5 g L-1, agar
(Difco) 15 g L-1) and maintained at 4°C in darkness. Previously the isolates had
been subjected to an analysis of the phylogenetic variation [Szewczyk et al. 2014].
Tests were conducted on the heartwood of three native species, i.e. Scots pine,
Norway spruce and European larch. To ensure the greatest possible similarity
of the wood samples, the wood of a given species was all taken from the same
specimen. Analyses of the wood decomposition rate were conducted in accordance
with the specifications of the Polish standard [PN-EN 350-1:2000]. The prepared
wood samples of 5.0 × 2.5 × 1.5 cm were dried for 72 hrs in an electric drier at
105°C until they were absolutely dry. They were then weighed on a laboratory
balance, accurate to 0.01 g, and samples of comparable weight were selected for
analysis. The weight of each wood sample was recorded. Kolle flasks containing
2% maltose culture medium (2% maltose extract, 2% agar), sterilized in an
autoclave at 121°C for 30 min, were inoculated with the P. pini mycelium. After
7 days, six wood samples, previously soaked in sterile water, were placed in each
flask to verify whether the mycelium used in the test was live and uncontaminated with other organisms. The mycelium of each isolate was tested on each
wood species in a separate flask. Six replicates of each isolate were tested on the
wood of each tree species. After 6 months of incubation at 21°C, the samples were
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again surface-cleaned to remove the mycelium, dried once more in an electric
drier for 72 hrs at 105°C until absolutely dry and then weighed on a laboratory
balance accurate to 0.01 g. The weight data were subjected to a two-way (isolate
and species as factors) analysis of variance (ANOVA) in order to test the null
hypotheses that there were no individual effects of the isolate and species, and no
isolate × species interactions on the wood decomposition. The means, standard deviations and coefficients of variation (cv) were calculated [Kozak et al.
2013]. Values for the least significant differences (LSD) were estimated and on
their basis, homogeneous groups were established for comparisons of the isolates in terms of their wood-decomposing capacities. All the calculations in the
statistical analyses were performed using the GenStat 15 statistical software
package.

Results and discussion
All the isolates showed the capacity to decompose the heartwood of spruce, pine
and larch, but to different extents. The one-way ANOVA showed significant differences between the isolates and between the wood samples from the different tree
species (table 1). There was also significant interaction (P < 0.001) showing that
the different isolates decomposed the wood from the different tree species to different extents. The greatest wood decomposing capacity, averaged over all the wood
types, was recorded for isolate 23/2011 (2.04 g weight loss). It caused the most
decomposition in the spruce wood. This isolate came from forests in the Rudka
Forest District and it was the only isolate from that part of Poland, which was
also the most easterly location. Isolate 6/2011, from stands in the Kutno Forest
District, ranked second in terms of wood decomposition, with most decomposition
(2.64 g weight loss) found in the pine wood. The isolate ranked next in terms of
its decomposing ability was 24/2011, collected from a stand in the Mieszkowice
Forest District, the most westerly area included in this study. The isolates that decomposed the heartwood to the greatest extent came from extreme locations, and
a common characteristic of these isolates was that they were collected from fruit
bodies growing on relatively young trees (55–70 years).
Table 1. One-way analysis of variance showing e�������������������������������������
ffects of isolates and wood from different tree species, and isolate × wood-type interaction
Independent
variables

Sum of
squares

Degrees of
freedom

Mean
square

Variance ratio
(F)

Probability
(P)

Isolate number

25.8222

25

Wood type

64.5580

2

1.0329

4.032

<0.001

32.2790

125.996

<0.001

Isolate number
× Wood type

27.0522

50

0.5410

2.112

<0.001
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The smallest weight loss was caused by isolate 27/2011 (1.09 g). Isolates from
the same locations decomposed the wood to different extents (in the case of the
isolates from Zielonka and Mieszkowice). In contrast, the three isolates (16/2010,
2/2011, 10/2011) from Góra Śląska were very similar in terms of decomposing
ability. Statistical analysis showed seven homogeneous groups (table 2).
Table 2. Mean loss in weight [g] and standard deviation [SD] of wood from different
tree species decomposed by individual isolates of P. pini
Species
isolates

Larch

Scots pine

Spruce

Mean

mean

SD

mean

SD

mean

SD

mean

SD

10/2011

1.01

0.118

1.396

0.052

1.906

0.544

1.43defg

0.482

14/2011

0.72

0.406

1.670

0.145

1.11

0.424

1.16fg

0.517

16/2010

0.61

0.087

1.390

0.225

1.842

0.429

1.28efg

0.586

16/2011

1.08

0.292

1.718

0.690

2.556

0.229

1.78abcd

0.751

2/2011

0.72

0.246

1.468

0.680

2.066

0.349

1.42efg

0.711

21/2011

1.02

0.452

2.092

0.621

2.43

0.580

1.84ab

0.807

23/2011

1.17

0.356

2.150

0.837

2.81

0.302

2.04a

0.864

24/2011

1.05

0.171

1.884

0.455

1.334

0.640

1.42defg

0.558

27/2011

0.66

0.462

1.554

0.209

1.076

1.157

1.09g

0.772

28/2011

0.78

0.713

1.890

0.148

1.168

0.877

1.28efg

0.772

29/2011

0.73

0.254

1.518

0.101

1.64

0.464

1.29efg

0.506

30/2011

0.89

0.227

1.334

0.368

1.878

0.523

1.37fg

0.551

31/2011

0.92

0.277

1.916

1.097

2.676

0.340

1.83ab

0.974

37/2011

0.84

0.660

1.566

0.341

1.32

0.524

1.24efg

0.575

39/2011

0.91

0.185

1.402

0.465

1.66

0.933

1.32efg

0.651

4/2010

0.80

0.128

1.322

0.395

2.516

0.333

1.54bcde

0.795

4/2011

0.81

0.554

1.568

0.137

1.816

0.189

1.39efg

0.546

45/2011

0.96

0.458

1.616

0.040

1.756

0.537

1.44cdefg

0.519

46/2011

2.03

1.557

1.19

0.244

2.368

0.891

1.86ab

1.095

47/2011

0.90

0.280

1.658

0.334

1.972

0.546

1.51bcdef

0.595

5/2011

1.20

0.247

1.79

0.370

1.656

0.592

1.54bcde

0.474

51/2011

0.78

0.149

1.624

0.497

1.982

0.578

1.46cdefg

0.666

52/2011

1.34

0.318

1.894

0.285

2.182

0.478

1.80abc

0.498

6/2011

1.10

0.440

2.644

0.220

2.162

0.582

1.96a

0.782

7/2010

0.60

0.104

1.58

0.152

1.636

0.176

1.27efg

0.509

1.26efg

0.787

8/2010

0.77

0.183

1.054

0.806

1.978

0.700

Species

0.942C

0.5037

1.65B

0.5292

1.904A

0.7041

LSD0.05

Isolate: 0.364; Species: 0.1235; Isolate × Species: 0.6299

LSD – least significant difference at P = 0.05
Means followed by the same letters are not significantly different
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The most numerous group was composed of 10 isolates and caused a weight loss of
1.245 to 1.421 g during wood decomposition. These isolates came from different
regions, indicating that the geographical origin of P. pini isolates had no effect on
their decomposing ability. This is in line with the theory of the genetic structure of
the pathogen’s population, which is typically composed of a range of many different
physiological races, with a few dominant ones [Burdon 1993]. The area from
which the isolates originated (100 000 km2) may, however, have been too small to
allow identification of the effects of isolate origin on decomposing ability.
Most weight loss during decomposition occurred, on average, in the spruce
(1.90 g), while the least weight loss was in the larch (0.94) (table 2). Larch
wood is considered to be more durable wood than the moderately durable pine
and spruce wood. The basic macrostructural characteristic of wood is its density,
a value expressed as a synthesis of many traits of wood tissue structure. Although
there is no marked correlation between density and natural stability of wood
[PN-EN 350-2[2000]], many properties of wood, including resistance to fungal
decomposition, depend on density [Szczepkowski 2010]. The decomposition
could also have been influenced by wood density, which according to Zenkteler and
Woźniak [1965] in spruce is 0.47 g cm-3, in pine 0.52 g cm-3, and in larch 0.59 g cm-3.
The heartwood of larch is also characterised as having the lowest pH value among
the three species (pH 4.27); the pH of pine heartwood is 4.58, and that of spruce
is the highest among these three species at 5.04 [Zenkteler, Woźniak 1965]. Wood
decomposition by P. pini is also proportional to cellulose content in heartwood,
which in spruce amounts to 57.04%, in pine to 51.9% and in larch to 34.00%
[Nikitin 1962; Levin et al. 1978], as well as to lignin content, which in spruce is
27.14%, pine 26.73% [Fengel, Wegner 1989] and larch 21.6% [Tsvetaeva et al.
1958]. Weight loss in the spruce wood samples caused by most of the test isolates,
expressed as %, exceeded the lignin content of the wood. This suggests that both
wood components were decomposed. Blanchette [1982] reported that P. pini first
causes decomposition of the lignin, as also stated by Otjen et al. [1987]. Mańka
[2005] later stated that both of these wood components decomposed at a uniform
rate. Studies on wood decomposition by other fungal species showed pine and
spruce wood exposed to the action of Coniophora cerebella and Merulius lacrymans lost 24–55% of their minerals; the loss of elements was greatest in spruce
wood, and less in pine [Ważny 1968]. In the present study, the decomposition rate
was found to be relatively high, ranging from 6.62% (larch) to 42.19% (spruce).
In contrast, Zarzyński [2009] reported that the heartwood of different tree species
was decomposed by P. pini to a very limited extent under laboratory conditions,
and suggested the fungus had potential for development only in live trees. This
seems rather unlikely since the fungus develops in heartwood, which is composed
of dead elements. Most probably the mycelium needs adequate moisture content
for its development, as evidenced by the occurrence of live fruit bodies on lying
pine logs [Nowińska et al. 2009]. The results of the present experiments may also
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have been influenced by the method of sample preparation, since the wood was
wetted after drying and weighing, which would have simulated natural conditions and probably promoted colonisation by the mycelium. The primary causes
for the differences in the rate of wood decomposition in a given tree species by
the mycelium of a specific fungal species may comprise many factors, the most
important being the origin of the mycelium strain and the provenance of the wood
(both geographical and within the trunk) [Zarzyński, Andres 2010]. Heartwood
extractives play a key role in natural durability, beside lignification and growth
characteristics [Zabel, Morrell 1992]. Gierlinger et al. [2004] proved then the concentration of phenolics was strongly correlated with decay resistance in the wood
of larch. The isolates of P. pini used in the present experiment came mostly from
the northern part of Poland and the isolate with the greatest wood decomposition
capacity came from north-eastern Poland [Szewczyk et al. 2014]. The presence
of seven homogeneous groups, shown by statistical analysis, shows that the
geographic origin of P. pini isolates had no effect on the wood-decomposition
trait.

Conclusions
The heartwood of the larch was the most resistant of the three tree species to
decomposition by Porodeadeala pini. There was no correlation between the geographical origin of the P. pini isolates and their wood decomposition capacity.
Younger stands in which P. pini has been reported should be reconstructed in order
to avoid greater losses.
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CONTENT OF RESPIRABLE AND INHALABLE
FRACTIONS IN DUST CREATED WHILE SAWING
BEECH WOOD AND ITS MODIFICATIONS
This paper presents the results of the granulometric analysis of sawdust, created
during the sawing of modified and unmodified beech wood with a circular saw. The
aim of this work was to analyze the effect of the treatment of beech wood (Fagus
sylvatica L.) on the content of respirable and inhalable particles in sawdust generated during the sawing process using a modern circular saw. Different methods of
particle-size determination were used. The results obtained from the sieve analysis
prove that the sawdust created during the cutting of DMDHEU was finer than the
sawdust from native beech and other modified materials. It was also discovered that
the dust created during the cutting of Bendywood was finer than when machining
native beech and Lignamon. There was an increase in the share of fine fraction in
the range of granularity x < 100 μm at the expense of the fraction x = 0.25–1 mm.
The properties of Lignamon are primarily based on the properties of raw wood
material, therefore this modified material had a similar cumulative particle-size
distribution to the native beech dust.
Keywords: beech, modified wood, wood dust, circular saw blade, particle-size distribution

Introduction
During woodworking some amount of dust is produced as waste. Wood dust is
an assembly of individual particles whose shape and size depend on the properties of the worked wood material and working parameters. Dust created during
woodworking and dispersed in the air presents a great problem in the working
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environment of the wood machining industry. Dust is an occupational hazard for
workers employed at woodworking machines and they run the risk of disorders of
the human respiratory tract and mucous membranes. Wood dust exposure is also
causes nose and eye irritations. Protection against wood dust should be based on
detailed knowledge of the sources of dustiness in the air around woodworking
machines [Dutkiewicz, Prażmo 2008]. Thus, it is necessary to determine the mass
rate of generated dust and its particle-size distribution in order to evaluate the
health hazard created while working with different wood materials from dust particles dispersed in the air.
Different working operations and wood materials are the reason for the changeability of the total dust created and the rate of the concentration of inhalable or
respirable particles in the air [Beljo-Lučić et al. 2011]. Beech wood is one of
the most hazardous materials used in furniture and wood product manufacturing
[Baran, Teul 2007; Jacobsen et al. 2010]. Recently, modification technology has
made it possible to obtain new materials based on solid wood. This technology
changes the properties of the wood. It influences the working parameters of these
materials and the properties of the wood dust generated [Barcík, Gašparík 2014].
Dolny et al. [2011] found that dust particles with smaller dimensions are generated
during the sanding of thermally-modified oak wood than during the sanding of natural oak wood. A similar conclusion was reached by Dzurenda, Orłowski [2011]
where sawdust generated during the sawing of modified and unmodified ash wood
on a sash gang saw. There has been a development in wood sawing technology
aimed at increasing the raw material yield, decreasing energy consumption and
improving the working precision and the quality of the sawed surface. This development in woodworking techniques is represented by narrow-kerf sawing using
a thin band of circular saws (Wintersteiger, A), thin-cutting band saws (Neva,
CZ; Wintersteiger, A) and narrow kerf sash gang saws (PRW15M, PL) [Orłowski
2007, 2010]. However, narrow-kerf sawing operations can be a source of increased
air dustiness because the particle-size of the sawdust generated may be smaller
than during the sawing using traditional saws.
The aim of this work was to analyse the effect of the treatment of beech wood
(Fagus sylvatica L.) on the content of respirable and inhalable particles in sawdust generated during the sawing process using a modern circular saw. Different
methods of particle-size determination were used.

Material and methods
The experiment was performed on a modernized experimental testing device used
to research circular sawblade cutting [Kopecký, Rousek 2012]. This device simulates the conditions of circular-saw blade cutting in actual operation as closely as
possible. The parameters of the cutting process (cutting force Fc, feed force Ff and
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workpiece feed velocity vf) were recorded by sensors installed in the measuring
stand. This experimental equipment also makes it possible to measure the vibrations of the circular sawblades and their noise. For research into dustiness, it was
necessary to equip the stand with a sucking device (URBAN Technik, CZ) and
a GTE device (Gravimetric Techniques Emissions, TESO Praha, CZ) for isokinetic sampling of the dust.
Research into dustiness primarily obtains information on the machine dust
emission where knowledge of the grain size composition of the sawdust and dust
is known. It is suitable to select cutting conditions in such a way that the machine
dust emission is expressed by a functional relation to the removed chip thickness.
Sampling of the sawdust and dust is carried out isokinetically. The actual air sampling is closer to the isokinetic sampling most when it is carried out by a probe
with optimum dimensions and shape, and if the air velocity in the sampling probe
nozzle is identical (as for size and direction) with the velocity of air in the place
of measurement.
Sampling was carried out by an isokinetic gravimetric GTE set consisting of
a sampling isokinetic probe (2), a TESTO (5) flowmeter, a cyclone pre-separator of sawdust and dust (6), a sucking device and BECKER connecting pipe
(fig. 1). The sampling probe construction has to guarantee preferably the smallest
disturbance of the air flow pattern before the nozzle. The shape and design of the
face edges of the nozzle are especially important to minimize any disturbance of
air flow at the probe entry. The sucking device has to guarantee controllable air
flow through the sampling device so that the conditions for isokinetic sampling
are maintained at every point of the process. The sampling period is determined
on the basis of the number of sampling points, in the cross-section measurement
and by the period of sampling at one point. The method of sampling has to be in
accordance with the ČSN ISO 9096 standard.

Fig. 1. Isokinetic gravimetric set: 1 – piping, 2 – isokinetic probe, 3 – Prandtl’s tube
and measuring device (eg. TESTO 512), 4 – configuration for speed measurements
in isokinetic unit, 5 – cyclone pre-separator, 6 – configuration with filter, 7 – Becker
vacuum pump [Gerek 2010]
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Measurements were taken of samples of native beech ρ = 684 kg∙m-3, hydro-thermally treated, compressed Bendywood beech ρ = 739 kg∙m-3 [What is Bendywood®
2014], Lignamon beech compressed and modified by ammonium ρ = 1066 kg∙m-3
and chemically-treated beech DMDHEU ρ = 707 kg∙m-3 [Bollmus et al. 2009; Pařil
et al. 2014; Troppová et al. 2013]���������������������������������������������
, which were used in the experiment. The rectangular prisms (700 × 120 × 21 mm) were dried (moisture content approximately
6.9%) and unified in the same thickness e = 21 mm on a thicknesser.
The dustiness was evaluated for the typical working conditions of the dimension saws. The sawdust for analysis was obtained during the experimental longitudinal sawing of beech wood and different types of modified beech wood. The
cutting process was performed using a high-efficiency thin circular G.D.A saw
blade (produced by the Italian company Gianluca-Donatella-Adami) for trimming
boards to size. The technical and technological conditions of sawing are presented
in table 1.
Table 1. Technical and technological conditions of sawing
Parameter

Value

Diameter of saw D

350 mm

Number of teeth z

108

Tooth shape

WZ

Saw blade thickness

2.8 mm

Clearance angle α

12°

Edge angle β

68°

Rake angle γ

10°

Inclination angle of the main cutting edge ls

15°

Cutting speed vc

73.3 m/s

Feed speed vf

9 m/min

Chip thickness hm

0.013 mm

Distance between the table and the saw axis ae

125 mm

Momentary number of cutting teeth

3

Native Beech wood is not suitable for outdoor application or moisture-sensitive areas, because of its poor natural durability and dimensional stability. Therefore, modified beech wood products, which reduce these disadvantages, have been
developed [Bollmus et al. 2009].
Bendywood – this is a solid hardwood that can be worked like normal wood
and then bent in a cold and dry state. This special wood is obtained from blanks of
hardwood (beech, ash, oak and maple) which has undergone a particular thermo-mechanical process. The timber is treated with steam and then, while still damp,
it is compressed along approx. 20% of its length and is then clamped into a mould
to that length and dried. The wood can then be easily worked using traditional
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methods and bent to a radius of ten times (1:10) its thickness in a cold and dry
state offering great time savings, cost savings and products with a better finishing compared to traditional wood bending or laminating techniques [What is
Bendywood® 2014].
DMDHEU – this modified beech wood product is based on a vacuum-pressure
impregnation with DMDHEU (dimethyloldihydroxyethyleneurea) which reacts
under hot steam conditions within the cell wall. It is assumed that there is a cross-linking between the hydroxyl groups of cell wall compounds with DMDHEU
as well as polycondensation. Hence, durability and dimensional stability are improved and coating or gluing is possible. The mechanical properties react differently. The compression strength and hardness are increased, the bending strength
and modulus of elasticity do not change significantly, and the shear strength,
tensile strength and impact bending strength decrease [Bollmus et al. 2009].
Lignamon – this material is based on a compressed beech wood modified
by ammonium. The technological process is composed of four basic steps. First,
untreated beech wood with a high moisture content (18 ± 3%) is heated to a maximum of 103°C. Second, the sample is plasticized using ammonia steam. Then the
sample is compressed within the range of 0.8 MPa to 1.3 MPa. The higher the pressure, the denser the final Lignamon sample becomes. Lignamon exhibits higher
durability and density, and a darker colour. This material can be used as a substitute for imported tropical wood, alloys, and plastics. The properties of Lignamon
are primarily based on the properties of raw wood material (Fagus sylvatica L.)
and its technological processing [Pařil et al. 2014; Troppová et al. 2013].
Under precisely defined conditions, sampled dust and sawdust were exposed
to grain size analysis by means of Retsch AS 200 digit apparatus on a set of
sieves with mesh sizes 1 mm, 0.5 mm, 0.25 mm and 0.100 mm, respectively, during
a time of T = 10 min. The weights of fractions on the sieves were determined on
Vibra AJ-420-CE laboratory scales with a weighing accuracy of 0.001 g.
Sieve analysis gives only a general particle-size distribution without any
information considering the mass concentration of respirable fraction of dust
[Dzurenda, Orłowski 2011]. Therefore, the Analysette 22 Microtec Plus laser particle sizer was used to specify details concerning the size of the respirable particles
of dust smaller than 100 μm which collected in the bottom collector. The laser
particle sizer automatically carries out a particle size measurement according
to a predetermined Standard Operating Procedure and theoretical assumptions.
The obtained results were processed by MaScontrol software in order to generate
the particle size distribution curves of the tested dust samples.
The curve of cumulative distribution Qr(x) demonstrates the total quantity of
all the particles with an equivalent diameter smaller than or equal to x. Each point
of this distribution represents the sum of all the particles from xmin to x. The curve
of the density distribution qr(x) is the first derivative of Qr(x) by x. It is frequently
a bell shaped curve.
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In agreement with dQr(x) = qr(X) dx, qr(x) is the component of a quantity
dQr(X), which is contained in the interval dx for particles from x and x + dx.
It follows a random quantity r (when r = 3, it means volume distribution), where
[MaScontrol 2009]:
(1)

Results and discussion
Table 2 presents the results of the granulometric composition of dry sawdust
which were created during cutting of native beech and modified beech samples.
The results were obtained by the method of sieving. This overall interpretation of
particle-size distribution provides preliminary and general information about the
sawdust. The highest gravimetric proportion occurred at an interval of 0.100 mm
to 0.250 mm except in the cutting of the DMDHEU. The highest gravimetric
proportion of modified beech DMDHEU was in the particles which were smaller
than 0.100 mm. The percentage of occurrence of the particles was relatively high
and in terms of occupational health and safety, they are the most dangerous for
workers in the woodworking environment.
Table 2. Particle size distribution of dust particles
Particle size
[mm]

Mass share [%]
Lignamon

DMDHEU

Bendywood

beech

<0.1

15.77

73.13

20.48

16.36

0.1–0.25

62.56

25.81

47.78

51.69

0.25–0.5

20.75

0.50

22.47

26.30

0.5–1.0

0.82

0.40

8.03

4.89

>1.0

0.10

0.16

1.24

0.76

Fig. 2 presents the granularity plots of sawdust obtained during the sawing of
different modified beech samples and native beech wood ranging from 100 μm
to 1 mm. The cumulative remainder of the fraction and also the results obtained
from the sieve analysis prove that the sawdust created during the cutting of the
DMDHEU was finer than the sawdust from native beech and other modified
materials. This fact can be attributed to the increased fragility of this modified
beech wood. In contrast to native beech, chemically impregnated and compressed
DMDHEU beech is of greater hardness, but, on the other hand, it is a fragile material. Shear stress and tensile strength are reduced, which substantially influences
the creation of fine sawdust [Bollmus et al. 2009]. It was also noticed that the
dust created during the cutting of Bendywood was finer than when machining the
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native beech and Lignamon. There was an increase in the share of fine fraction in
the range of granularity x < 100 μm at the expense of the fraction x = 0.25–1 mm.
Bendywood is known as a material with higher density and very good bending
properties. Therefore, a higher content of finer sawdust can be explained by the
characteristic features of the inner structure which include micro-cracks on the
walls of the libriform fibres and chemical changes in the lignin-carbohydrates
matrix. A slight waviness of the fibres, created as a reflection of the longitudinal
compression load, also had a positive effect on producing finer sawdust in the
sawing process. The properties of Lignamon are primarily based on the properties
of raw wood material, therefore this modified material had a similar cumulative
particle-size distribution to native beech dust.
100

Cumulative mass share Q 3 [%]

90
DMDHEU
80

BENDYWOOD

70

LIGNAMON
BEECH

60
50
40
30
20
10
0
1

10
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1000

10000

Particle size x [µm]

Fig. 2. Cumulative particle-size distribution

Fig. 3 shows the results of the analysis of dust taken from the bottom collector
of the sieving machine which were generated by MaScontrol software on analysing the measuring data from the particle sizer. For the graphic representation, the
overall data is arranged according to the geometric dimension of the particle (for
example, the equivalent diameter) and plotted on the x-axis of a coordinate system. The components that are associated with the size of the individual elements
and indicate the shares of individual particles within the overall distribution are
depicted along the y-axis.
These results indicate that the content of ultrafine particles in the tested dust
created during the cutting of the modified DMDHEU beech was higher than in the
case of the other samples. The particle-size distribution obtained by the particle
measurement method with laser diffraction gave a different range of the most numerous particles. It can be seen that the dust particles with a size below 100 μm
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constituted about 50% (for Bendywood, Lignamon and native beech) and about
75% (for DMDHEU) of the total analysed material. This demonstrates the uncertain limits of both methods due to the specific shape of the wood dust particles.
The length of the particles is usually greater than their thickness and width and
this fact may be the reason why the wood dust particles pass through a smaller size
of sieve mesh than their length.
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Fig. 3. Particle-size distribution of dust created during the sawing of beech wood and
its modifications obtained by laser particle measurement
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On the plots, two types of quantities can be seen:
–– the cumulative distribution Q3,
–– the density distribution q3.
These empirical functions of the particle size distribution of the tested dusts
measured by the laser particle sizer are the source of statistical data (table 3).
Additional information on the particle size distribution which may be useful to its
evaluation can be derived from these data.
Table 3. Statistical values
Arithmetic
mean

Material

Median
value

Modal
value
[μm]

DMDHEU

73.3

72.4

65.1

Bendywood

100.8

100.1

88.9

Lignamon

103.4

104.2

92.3

Native beech

103.6

100.1

91.7

On the basis of the particle-size distribution obtained by the laser diffraction
method, the fractions of dust were calculated (in the most important ranges <2.5 μm,
2.5–4 μm, 4–10 μm, 10–20 μm and further). The content of the fractions of dry
sawdust from the unmodified beech and modified beech samples in the total mass
of dust is presented in table 4 and in table 5.
Table 4. Mass rate of the smallest particles
Upper limit
[μm]

Mass rate in the smallest fraction from the sieving
[%]
DMDHEU

Bendywood

Lignamon

native beech

2.5

1.10

0.52

0.25

0.41

4

1.49

0.65

0.31

0.46

10

1.96

0.81

0.56

0.50

20

5.09

2.02

2.27

1.35

30

12.74

5.96

6.44

4.72

40

23.07

12.19

12.62

10.47

50

34.12

19.68

19.92

17.66

60

44.81

27.71

27.70

25.54

70

54.57

35.74

35.51

33.55

80

63.11

43.47

43.04

41.35

90

70.49

50.74

50.15

48.75

100

76.69

57.42

56.72

55.58
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Table 5. Mass rate in the total dust
Upper limit
[µm]

Mass rate in the total dust
[%]
DMDHEUr

Bendywood

Lignamon

native beech

2.5

0.802

0.106

0.039

0.067

4

1.087

0.134

0.050

0.075

10

1.433

0.166

0.088

0.081

20

3.723

0.413

0.357

0.221

30

9.313

1.221

1.016

0.772

40

16.870

2.497

1.990

1.713

50

24.955

4.032

3.140

2.889

60

32.766

5.676

4.368

4.178

70

39.906

7.321

5.598

5.489

80

46.150

8.904

6.786

6.765

90

51.549

10.395

7.908

7.974

100

56.082

11.762

8.943

9.092

It should be noted that the occurrence of particles with a size lower than
10 μm, expressed by distribution function Qr , was only about 1.4% for the chemically treated DMDHEU beech, about 0.17% for the hydro-thermally treated
and compressed Bendywood beech, and about 0.08% for the native beech and
compressed and ammonium treated beech Lignamon. The occurrence of these
particles which pose the risk of occupational diseases is generally negligible, but
it is a large amount of dust, which might pollute a huge volume of air at the acceptable limit of dust concentration during a work shift
Such fine particles were not created in the sawing conditions on the narrow-kerf frame sawing machine. Dzurenda and Orłowski [2011] observed sawdust
particles ranging from 33.5 μm to 9.9 mm in the sawing of modified ash wood, and
from 35.6 μm to 13.8 mm in the sawing of native ash at a feed speed in the range
of 0.36–1.67 m·min-1. Dzurenda et al. [2010] found that the sawdust created at
the same feed speed during the sawing of thermally modified oak wood contained
particles ranging from 41.2 μm to 3.6 mm and the sawdust from unmodified oak
wood contained particles from 44.8 μm to 12.1 mm. These authors, as well as
Dolny et al. [2009] and Barcík, Gašparík [2014], have stated that the tooling of
modified wood in different conditions is a source of finer dust particles. A similar
relationship has been found in this work on the sawing process with a circular saw
of 3 modifications of beech wood. Their sawdust is finer than sawdust from native
beech wood except Lignamon, which differs little from the sawdust of unmodified
beech. This especially concerns the finest particles which can be respirable when
dispersed in the air.
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Conclusion
Based on the analysis carried out, it can be concluded that the sawdust from the
chemically treated DMDHEU beech produced during the sawing process with the
circular saw blade is finer with a distinctly larger share of the fraction in the granularity range x = 100–250 μm. Finer dust can be attributed to changes in wood
structure which becomes more brittle. The differences between the native beech
dust and modified material Lignamon dust are comparatively small.
Although based on the tests carried out a seemingly insignificant amount of
dust of the size of 10 μm and smaller was found, it leads us to the assumption that
the process of machining modified materials can be included in the technological
processes which pollute the working environment. A higher content of fine dust
particles poses a risk to the health of workers employed at woodworking stations.
If the suction systems are inefficient, the permissible exposition limits to airborne
dust in the working environment may be exceeded. If the suction device is sufficiently dimensioned and covers show the optimum shape, then it is possible to
reduce the airborne dust concentration.
The sieving method is widely used to determine the particle-size distribution of
wood dust [Očkajová et al. 2010]. But determining the content of fine dust particles
required the simultaneous application of two methods due to the large dimensional
range of the tested particles. The dust created during the sawing of beech wood
modifications contains both the very fine fraction and large particles which often
fall outside the measuring range of a laser particle sizer. Therefore determing the
particle-size distribution of such a dust required the use of the simple sieving method and the advanced laser diffraction method [Rogoziński, Očkajová 2013].
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NEW DESIGN OF CIRCULAR SAW BLADE BODY AND ITS
INFLUENCE ON CRITICAL ROTATIONAL SPEED
Oscillation is an unwelcome state as it has adverse effects not only on the work
piece but also on the tool. This paper deals with the problem of circular saw blade
oscillation and the effect of modification of the circular saw blade body on the
natural frequency as well as on the critical rotational speed. The calculation and
experimental investigation of the natural frequencies and node shapes on two types
of circular saw blades were carried out. Two methods used to determine the natural
frequencies are presented: the first, modal analysis (FEM), a theoretical method,
and the second, experimental measurement. The results of the investigation were
used to compare the FEM and experimental methods and to show which modification achieved a higher critical rotational speed. Both methods were conducted on
two circular saw blades for continual cutting with 36 teeth and slots.
Keywords: circular saw blade, critical rotational speed, modal analysis, natural
frequencies, slots

Introduction
Inaccurate cutting, low surface quality and high noise level during sawing are the
main problems of cutting with circular saws. These adverse effects are related to
the oscillation of the circular saw blade.
Strict requirements have been imposed strict for cutting with circular saw
blades, such as high surface quality , straight cutting, reduced noise level, etc. To
achieve these requirements it is necessary to use a high rotational speed. However,
there is then a problem with the critical rotational speed and instability of the circular saw blade. During the cutting process, oscillation occurs in the circular saw
blade which may lead to its instability. A reduction in the amplitude of the oscillation is essential in order to reduce the adverse effects.
Adam Droba (adam.droba@tuzvo.sk), Lubomir Javorek (lubomir.javorek@tuzvo.sk),
Ján Svoreň (svoren@tuzvo.sk), Dušan Paulíny (dpauliny@gmail.com), Technical
University in Zvolen, Zvolen, Slovakia
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Slots are used by some manufactures to reduce oscillation. Similar slots for
the reduction of the amplitude were presented for example by Kanefusa (Japan)
[2014] a few years ago, and now this manufacturer produces circular saw blades,
known as Yield Pro. The Italian company Freud [2014] produces discs with various slots and these are termed “noiseless”.
The phenomenon of oscillation has been the subject of many scientific publications. Determination of the oscillation of circular saw blades using experimental methods has been carried out by Mote [1965], Stakhiev [1970, 1998, 2000],
Schajer, Mote [1983], Schajer [1992], Holøyen [1987], Hutton [1991], Yu, Mote
[1987], Svoreň [1986], Nishio, Marui [1996], Orlowski et al. [2007] and Veselý
et al. [2012].
Application of the finite element method to solve the oscillation of saw blades
was the research area of Gogu [1988], Leopold, Münz [1992], Michna, Svoreň
[2007], Ekevad et al. [2009], Cristóvão et al. [2012] and Droba et al. [2013].
In order to determine the resonant and critical rotational speed a theory of
oscillation is used which says that the oscillation of a circular saw blade is the
superposition of two moving waves travelling in opposite directions to each other
(a forward- and backward-travelling wave). The frequency of these waves can be
expressed as follows [Stakhiev 1970]:
Forward-travelling wave:
(1)
Backward-travelling wave:
(2)
Where: fdyn (n) – frequency of rotating circular saw blade in Hz,
f1
– frequency of forward-travelling wave in Hz,
f2
– frequency of backward-travelling wave in Hz,
k
– number of nodal diameters,
n
– rotational speed in rpm.
In the case that the rotational speed of the circular-saw blade increases, the
frequency of the backward-travelling wave at a certain rotational speed (besides
the nodal diameters k = 0 and 1) becomes zero. This working speed is called the
“critical rotational speed”. At this critical rotational speed, the angular speed of
the circular-saw blade is equal to the speed of the wave in the circular-saw blade
and the backward-travelling wave appears as if it had stopped in space. This is
a resonance point where even a small lateral force will cause a large lateral deflec-

New design of circular saw blade body and its influence on critical rotational speed

149

tion of the circular-saw blade [Stakhiev 1970], therefore, from equation (2) it is
possible to derive the following equation:
(3)
As a result of centrifugal force, the natural frequency of the rotating circular
saw blade increases parabolically with the increasing operating speed. The relationship between the natural frequency of the rotating circular saw blade and the
rotation speed is expressed in the equation:
(4)
Where: f stat – natural frequency of non-rotating circular saw blade in Hz,
λ – coefficient of centrifugal force.
This critical rotational speed can be expressed by substituting equation (4)
with (3). Then we receive the following form (5) of equation [Nishio, Marui 1996]:
(5)
The aim of this experiment was to find a design solution, which could increase the dynamic stiffness of the saw disc without increasing its thickness. The
dynamic stiffness would be evaluated indirectly, i.e. determination of the critical
rotational speed, when saw blade disc will lose stability.

Materials and methods
Two methods were used to determine the natural frequencies of the circular saw
blades:
–– experimental measuring,
–– FEM.
The tested subjects were two circular saw blades Ø 350 × 2.4/36 with tooth height h = 13 mm. These circular saw blades have variable slots cut in their
body as shown in (fig. 1ab). Both the circular saw blades have a non-uniform
pitch, the CB1 repeating after 1/18 of a circle and CB2 repeating after 1/6 of
a circle.
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a) CB1

b) CB2

Fig. 1. Construction of circular saw blades used for experimental measuring
Experimental measuring

The natural frequencies fstat of the non-rotating circular-saw blade and frequencies f2 of the backward-travelling waves were measured experimentally for k = 11 ,
2, 3, 4 on the measuring stand constructed at the laboratory of the Department of
Woodworking Machines and Equipment at the Technical University in Zvolen.
Clamping collars were used with a diameter du = 110 mm (clamping ratio
α = 0.314). A diagram showing the connecting instruments is shown in (fig. 2).

Fig. 2. Diagram of equipment for experimental measuring: 1 – belt drive, 2 – electric
motor, 3 – frequency converter, 4 – tone generator, 5 – amplifier, 6 – electromagnetic
(solenoid) driver, 7 – circular saw blade mountedwith clamping collars, 8 – oscillation sensor , 9 – electric source 10 – digital oscilloscope, 11 – PC, 12 – spindle in the
bearings, 13 – non-contact tachometer
1

The critical rotational speed does not exist for k = 1.
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FEM

For the theoretical experiment, Pro/Engineer WF4 software was used which
enabled a simulation of static and dynamic modal analysis. This software used
the FEM (finite element method). Modal analyses were created of the models of
the circular saw blades. These models were created according of real circular saw
blades (fig. 1a, 1b).
Both models of the circular saw blades were clamped using function constraint displacement with a diameter of 110 mm. This absolutely rigid area was
as clamping collars used. This simplification was conducted on both saw blades,
where the model was defined as a thin shell disc. The mesh for analysis was
created using shell elements with a maximum size of 5 mm (fig. 3). The zoom
on the right side shows the mesh in more detail and the interconnection of finite
elements; the symbols round the saw disc ( ) represent the mass of the cutting
plate (in this case, from tungsten carbide) which is centralized to pinpoint of saw
disc tooth. This type of mesh was selected because of the higher accuracy of the
calculated results.

CB1

CB2

Fig. 3. Mesh used for modal analysis for CB1 and CB2

The calculated values of the natural frequencies and graphical results of the
displacement of the circular saw blades for nodal diameter k = 1, 2, 3, 4 were
obtained from the modal analysis. In this research, the most important the values
are k = 3.

Results and discussion
In this paper it is shown that the relevant values of the natural frequencies were
determined by using both the experimental and FEM methods. The values of the
natural frequencies of cosine and sine components of the split modes [Yu, Mote
1987] are shown in the tables; in table 2 from the experiment and in table 3 from
the modal analysis.
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Table 2. Experimentally measured values of natural frequencies of CB1 and CB2
k

1

2

3

4

cosine

sine

cosine

sine

cosine

sine

cosine

sine

CB1

101

101

124

126

182

188

276

280

CB2

106

106

142.7

142.8

235

240.5

381.1

381.15

Unit
f
[Hz]

Table 3. Calculated values of static natural frequencies of CB1 and CB2 from modal
analysis
k

1

2

3

4

cosine

sine

cosine

sine

cosine

sine

cosine

sine

CB1

123.7

123.7

143

143

193.2

200.4

280.6

280.7

CB2

135.5

135.5

157.4

157.4

224.8

236.2

347.1

347.1

Unit
f
[Hz]

The graphical results of the modes of CB1 and CB2 from the modal analysis
are shown in fig. 4 and 5.

k=2

k=4

Fig. 4. Results of deformed CB1 from modal analysis for k = 2 and 4

k=2

k=3

Fig. 5. Results of deformed CB2 from modal analysis for k = 2 and 3
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N

As shown (fig. 6), the values of the natural frequencies of CB1 for k = 1, 2, 3, 4
obtained from FEM were a little higher than the values measured experimentally.
However, for CB2 (fig. 7) the values of the natural frequencies obtained from
FEM were higher only for k = 1 and 2. For k = 3, they are relatively similar, and for
k = 4, the experimental values were higher than from FEM. This phenomenon was
observed on some other circular saw blades with a similar shape of slots to those
on CB2 [Ekevad et al. 2009].

N

Fig. 6. Comparison of natural frequencies obtained from experimental measurement
and modal analysis for CB1

Fig. 7. Comparison of natural frequencies obtained from experimental measurement
and modal analysis for CB2
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Table 4 shows the average values from the experimentally measured values of
the centrifugal coefficient of each circular saw, which were used to calculate the
critical rotational speed of both circular saw blades. Table 5 shows the centrifugal
coefficient of each model of circular saw blade, which were used to calculate the
critical rotational speed of both models of circular saw blade.
The values of coefficient λ (table 4) were computed using formula (4) from the
experimentally measured values of the natural frequencies fstat and f2.
The values of coefficient λ (table 5) were computed using formula (4) from the
natural frequencies fstat and fdyn(n) obtained by FEM.
Table 4. Calculated values of coefficient of centrifugal force and critical rotational
speed from experimentally measured values of natural frequencies
k

2

Type

CB1

Component of
the split mode

sine

3
CB2

cosine

4

CB1
sine

sine

CB2
cosine

CB1
sine

sine

CB2
cosine

sine

λ

2.32

1.91

1.91

2.62

2.44

2.68

3.69

3.79

3.79

nk [rpm]

5740

5928

5928

4323

5506

5733

4720

6544

6544

Table 5. Calculated values of coefficient of centrifugal force and critical rotational
speed from natural frequencies obtained by FEM
k

2

3

4

Type

CB1

CB2

CB1

CB2

CB1

CB2

Component of the
split mode

cosine

cosine

cosine

cosine

cosine

cosine

λ

2.07

2.13

2.51

2.87

3.12

3.78

nk [rpm]

6171.5

6913.8

4550.3

5449.4

4692

5958.7

The influence of the design of the circular saw blade body on the critical rotational speed is shown in fig. 8. There were only small differences (approx. 3%)
for k = 2 between the critical rotational speed of CB1 and CB2. But for k = 3, the
increase in the critical rotational speed was over 27%, and for k = 4, it was over
38% for the experimental values. CB2 achieved better values for the critical rotating speed in the experimental measuring.
According to the results obtained from the modal analysis for k = 2, CB2
achieved a higher critical rotational speed (by 12%), for k = 3 it was higher by
19.8%, and for k = 4, it was 27% higher than CB1 (fig. 9).
Therefore, it could be said that the types of slots cut in CB2 have a extremely
positive effect on increasing the critical rotational speed of the circular saw
blades, and it is essential to know the position, shape, and thickness, etc. of the
slots cut into the body of the circular saw blade.
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Fig. 8. Comparison of critical rotational speed calculated from experimental measured values of natural frequencies CB1 and CB2

Fig. 9. Comparison of critical rotational speed calculated from natural frequencies of
CB1 and CB2 obtained by FEM

Conclusions
On the basis of the experiments conducted, it could be stated that:
1. Both the methods applied confirmed the positive influence of the saw disc
body’s design on its dynamic stiffness, which was evaluated indirectly
(figs. 8, 9). On average, the increase in the critical rotational speed detected in
the experiment for k = 2, 3, 4 was 1140 rpm; using FEM (for the same “k”, i.e.
for k = 2, 3, 4) it was 969 rpm. The increase in critical rotational speed was in
every case, i.e. for all monitored modal shapes.
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2. The good conformity of both results can be positive impulse for manufacturers to use of available software that can relatively exactly simulates the behaviour of saw disc. Using software saves the time and money of manufacturers
for the production of circular saw blades and their testing.
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