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The purpose of the conducted experiment was to learn about the influence of composts obtained from post-consumer wood on the growth, flowering and nutrition
of the canna lily (Canna x generalis L.H. Bailey)‘Tropical Yellow’. The number
of microorganisms and the level of their enzymatic activity in the media in which
the plants were cultivated were also examined. Two variants of composts made
from post-consumer wood, marked OPA and OPB were used in the experiment.
Plants were cultivated in the media consisting of compost and high peat in different
volumetric combinations. The content of macro- and microelements, the pH and
salinity of particular media were the derivatives of compost and peat percentage
in the medium. It was found that the medium type had a significant influence on the
growth and flowering of the canna lily. The type of the compost used proved to be
a determining factor in changes in the number and activity of the microorganisms
in the examined media, as well as the nutritional status of the plants.
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Introduction
Canna lily is a species which is widely used in green spaces in cities. It is also
used in the process of phytoremediation. It is usually propagated vegetatively,
for example by means of rhizome division. The novelty on the market is the Tropical group which is propagated from seeds. Regardless of the propagation manner, the indispensable stage of production is preparing the seedlings under cover.
The basic medium used in cultivation under covers is high peat. Due to excessive and long-term exploitation, the deposits of high peat are shrinking [Ilnicki
2002]. Thus, alternative materials which could totally or even partially replace
this hardly-renewable natural resource are being sought. In gardening production, peat might be replaced with such components as: straw, composts of various
origins, wood waste, coconut fibres and shells [Dobrowolska et al. 2007; Krzywy
et al. 2007; Dobrowolska, Janicka 2008; Wraga 2008; Larcher et al. 2011].
Composts prepared from different kinds of wood waste can be used in order to
enrich a soil in terms of its nutrients and also hummus substances. Composts made
from post-consumer wood (old furniture, windows and doors, building structures,
wooden packaging) might, in certain cases, contain some harmful substances
(e.g. heavy metals, preservatives) coming from finishing materials, resins and
adhesives. For this reason they should not be used in the production of plants
designed for consumption, although they may be used in ornamental plant cultivation.
Different plants exhibit various soil requirements in terms of nutrient content
and also as far as microbiological medium activity is concerned. The basic role of
microorganisms in the soil is the constant transformation of organic and mineral
compounds, making nutrients available to plants [Blum 1998]. Microorganisms
are closely related to plants and their root system, and with their root excretions
too. They also take part in decomposition of toxic substances. Moreover, they
are responsible for secondary metabolite synthesis. Secondary metabolites (plant
growth hormones, phytochelatins, organic acids, B vitamins) have a favourable
effect on plant growth. Microorganisms can also release substances (antibiotics,
H2S) which are toxic towards phytopathogens or animal organisms, in this way
improving plant condition and health [Marschner 2007].
The usefulness of the media made with post-consumer wood composts in ornamental plant cultivation needs to be tested experimentally. The purpose of the
experiment discussed in the following paper was the assessment of the growth,
flowering and nutritional state of the canna lily cultivated in media consisting
of high peat and composts prepared from post-consumer wood.
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Materials and methods
Vegetation test

The experiment, whose major purpose was to assess composts made from post-consumer wood in the cultivation media, was conducted in the greenhouse of
the Department of Ornamental Plants at Poznań University of Life Sciences.
Two variants of composts (OPA and OPB) prepared in two piles of a dimension
5 m3 at the Wood Technology Institute in Poznań were used in the experiment.
The compost variant marked as OPA consisted of post-consumer wood waste
(OP) (weighing 70%) mixed with powdery waste from processed MDF boards
(6%), mature compost made from fibre board waste (19%), high peat (4%), water,
a biological inoculum “Activit Las” and 30 kg urea. The OPB compost was different from the OPA variant as it did not contain urea, but the following substances
were added: ammonium nitrate (1.5 kg), magnesium sulphate (0.4 kg), potassium
phosphate (0.8 kg) and calcium phosphate (0.9 kg).
The object of study was the canna lily (Canna x generalis L.H. Bailey)
‘Tropical Yellow’ propagated generatively, characterized by green leaves and yellow flowers. The seedlings with 2–3 leaves were planted on 3 April 2012 into
pots of 17 cm in diameter and a volume of 2100 cm3. The plants were cultivated
in substrates consisting of peat with the addition of the OPA or OPB composts
in different volume ratios. The control group consisted of plants grown in high
peat limed to pH 6.3.
The markings of the particular combinations are presented below:
1. I OPA 		
– 100% of OPA compost
2. II OPA 		
– 75% of OPA compost + 25% of peat
3. III OPA 		
– 50% of OPA compost + 50% of peat
4. IV OPA 		
– 25% of OPA compost + 75% of peat
5. I OPB 		
– 100% of OPB compost
6. II OPB 		
– 75% of OPB compost + 25% of peat
7. III OPB 		
– 50% of OPB compost + 50% of peat
8. IV OPB 		
– 25% of OPB compost + 75% of peat
9. control group
– 100% of peat
The experiment consisted of 9 combinations, each with 11 replications, where
one plant was a single replication.
Plant analyses

Measurements of the following characteristics of the canna lily plants were taken
on the last day of the experiment: the plant height, the number of leaves, the
length of the inflorescence and the shoots with inflorescences, the number of flowers in the inflorescences and the diameter of the flowers. The leaf fresh and dry
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matter, as well as the rhizome fresh matter and the number of rhizome branches
were determined. The size of the leaf assimilation area was measured by means of
a CL-202 Portable Leaf Area Meter. The index of leaf greenness (SPAD) was also
determined by means of a Yara N-Tester apparatus. This measurement is used to
determine the intensity of the green colour of the leaves and is calculated as a quotient of light absorption connected with the presence of chlorophyll at the wavelength of 650 nm and the absorption by the leaf tissue at a wavelength of 940 nm
[Samborski, Rozbicki 2004]. The results were statistically calculated by means
of the analysis of variance. The means were grouped with the use of the Duncan
test with inference at the significance level of α = 0.05.
On completion of the experiment, the plant material was taken for chemical
analyses of their macro- and microelement content. The aboveground parts of the
plants were collected and then dried at 45–50ºC and then ground. For the assays of
total nitrogen, phosphorus, potassium, calcium and magnesium, the plant material
was mineralized in concentrated sulphuric acid [�����������������������������
IUNG 1983��������������������
]. After mineralization of the plant samples, chemical analyses were performed using the following
methods: N – total according to Kjeldahl in a Parnas-Wagner distillation apparatus, P by colorimetry with ammonium molybdate, and K, Ca, Mg by atomic
absorption spectrometry (in a Carl Zeiss Jena apparatus). To determine the total
iron, manganese, zinc and copper, the plant material was mineralized in a mixture
of dioxonitric and tetraoxochloric acids (3:1 v/v) [���������������������������
IUNG 1983������������������
]. After mineralization, Fe, Mn, Zn and Cu were determined according to the ASA method. The
results of the chemical analyses of the plants for their macro- and microelement
content were analyzed statistically using the Duncan test, with inference at the
significance level α = 0.05.
Substrates analyses

Before commencing the cultivation (term I) and on its completion (term II) the
substrate samples were collected for microbiological analyses.
The microbiological analyses were performed on the basis of Koch’s plate
method and consisted in the determination, with the use of selective media, of the
counts of heterotrophic bacteria, moulds and actinomycetes. The assessment of
colony forming units (cfu) of the above-mentioned microorganisms by means of
culturing methods was a measure of the intensification of microorganisms characterised by current high metabolic activity.
The counts of heterotrophic bacteria were determined on the agar medium
(Merck 101621 Standard count agar for microbiology)�������������������������
following 5 to 6-day incubation at a temperature of 28°C. Mould fungi were determined on the Martin
medium within a period of 5 days at a temperature of 24°C [Martin 1950]. The
number of actinomycetes were determined on the Pochon selective medium [����
Kańska et al. 2001], incubating plates for 7 days at a temperature of 26°C.
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In addition, using the spectrophotometric method, enzymatic activity was determined within the collected samples of the composted material. Dehydrogenase activity was determined using 1% TTC (triphenyltetrazolium chloride) as a substrate,
after a 24-hour incubation period at a temperature of 30°C, and at a wavelength
of 485 nm. The activity of this enzyme was expressed in μmol TPF∙g-1 d.m. of
substrate∙24h-1 [Thalmann 1968]. The activity of acid phosphatase was determined
using p-nitrophenylophosphate sodium as a substrate, after one hour incubation at
37°C, at 400 nm wavelength and expressed in μmol PNP∙g-1 d.m. of substrate∙1h-1.
Urease activity was determined using urea as a substrate, after 18-hour incubation
at 37°C. Enzyme activity was expressed in μg N-NH4+∙g-1 d.m. of substrate∙18h-1.
Table 1. The chemical composition of the medium used, beginning and after the end
of the experiment
Medium
Peat –
Control

N-NO3

P

K

Ca

Mg Fe
Mn
Zn
-3
[mg·dm ]
Beginning of experiment

8

57

35

2581

139

43.5

5.78

Cu

Cl

Salinity
g NaCl

pH

3.7

0.38

72

1.33

6.3

6.2

1.24

203

1.28

7.5

1.58
0.94
0.78
0.42

37
46
55
67

2.97
2.05
2.07
1.85

3.6
5.0
5.4
6.2

1.92
2.96
2.68
2.98

229
230
224
184

2.96
2.30
2.24
1.36

4.0
5.1
5.7
6.3

0.90
0.48
0.44
0.42

39
49
66
69

4.30
2.46
2.76
2.28

3.7
5.2
5.8
6.2

2.24
1.94
2.32
2.48

184
181
221
253

1.88
2.06
2.39
1.83

4.0
5.1
5.9
6.9

12

23

20

OPA

I
II
III
IV

546
357
320
167

29
29
25
29

55
45
40
40

OPA

I
II
III
IV

422
336
253
72

33
20
33
23

55
20
10
5

OPB

I
II
III
IV

733
460
408
251

50
36
36
36

70
55
50
45

OPB

End of experiment
Peat –
Control

I
II
III
IV

251
286
283
111

30
27
30
20

35
30
20
20

2423

130

15.5

1.56

Beginning of experiment
570
47 45.0 17.68 720.0
974
67 56.5 14.70 539.5
1296 87 51.2 13.26 411.5
1887 117 46.0 9.94 203.6
End of experiment
808 105 41.2 12.32 616.0
1080 102 41.0 9.16 444.0
1464 106 34.9 3.24 346.0
1645 94 28.5 0.96 194.0
Beginning of experiment
591
53 57.4 19.40 786.0
974
70 54.5 15.26 594.5
1183 104 44.8 12.80 379.5
1845 119 41.9 10.80 244.0
End of experiment
535
66 55.4 10.28 584.0
1211 94 44.3 6.00 458.0
1585 112 32.5 2.16 359.0
2089 117 23.0 1.30 180.0
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Enzymatic activity investigations are believed to reflect substrate microbiological activity set against the background of the traditional method of determining the total count of microorganisms using Koch’s plate method.
Changes in the total count of microorganisms and their metabolic activity
levels were statistically calculated with the use of Statistica 10.0 software.
The content of macroelements (N-NO3, P, K, Ca, Mg, Cl) and microelements
(Zn, Cu, Mn, Fe) in the tested substrates as well as their bulk density, salinity and
pH were analysed prior to and after the vegetation test (table 1). The macroelements and microelements in the substrates were analysed with the method modified by Nowosielski [Breś et al. 1991]: the macroelements in a universal extract
(CH3COOH at a concentration of 0.03 mol∙dm-3) and the microelements in Lindsay’s extract. Nitrate nitrogen was determined potentiometrically, phosphorus
spectrophotometrically, potassium and calcium by flame photometry, magnesium,
copper, zinc, iron and manganese by the atomic absorption spectroscopy method
(AAS) with atomization in the flame, chlorides were determined potentiometrically, salinity conductometrically, pH potentiometrically, and density by weight
method.

Results and discussion
On the basis of the conducted experiment it can be concluded that plant development (growth and flowering) are significantly dependent on the compost variant
used, and especially on its percentage in the medium (table 2 and 3). Regardless
of the compost type, the plants cultivated with its higher percentage in the medium (100% and 75%) were, on average, 31–55% lower when compared with the
plants from the control group (table 2). According to Wilson et al. [2001, 2002],
the addition of 50%, 75% and 100% compost retards the gloxinia and angelonia
growth. A similar tendency was observed while analyzing the remaining features
under examination, such as the number of leaves, their colour and their fresh and
dry matter (table 2). This is confirmed by the study conducted by Larcher et al.
[2011], who, as a result of camellia cultivation in a peat medium with 30% compost, obtained plants which were lower, had fewer leaves of a brighter colour and
lower dry matter in shoot.
The leaf blade is a plant organ which is extremely significant in the photosynthesis process. Limiting the leaf assimilation area retards the process significantly,
which, in turn results in the plants’ lower quality. In the conducted experiment,
regardless of the compost variant, the leaf assimilation area of the plants cultivated in 100% compost and in the medium with either 75% or 50% compost was significantly smaller when compared with that of the plants from the control group.
The plants cultivated in the medium with 25% compost, on the other hand, did not
differ significantly from those cultivated in the peat (table 2). Lower fresh and dry
matter of the aboveground parts of the plants and the fresh matter of the rhizomes
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in the plants cultivated in the media with a higher content of compost (100% and
75%) also proved that the photosynthesis process was inefficient. The addition of
50% and 25% compost to the media, regardless of its composition, resulted in an
increase in the fresh and dry matter of the aboveground parts of the plants, SPAD
and the number of leaves when compared with the control group (table 2).
Table 2. The influence of OPA and OPB compost on morphological features of canna
lily

OPB

OPA

Medium

Greening Fresh
Dry
Height of
Number Leaf area index of weight of weight of
plants
of leaves
[cm2]
leaves
leaves
leaves
[cm]
[SPAD]
[g]
[g]

control-peat

32.7 d*

6.1 b

129.6 d

46.5 d

21.4 c

100% compost

14.4 a

5.2 a

63.9 ab

15.4 ab

6.1 a

3.8 b
1.1 a

75% compost + 25% peat

22.4 b

6.5 bc

73.5 b

31.0 c

13.5 b

3.5 b

50% compost + 50% peat

28.3 c

6.9 bc

97.7 c

56.6 e

24.4 d

4.9 c

25% compost + 75% peat

32.0 d

7.3 cde

128.7 d

55.7 e

24.0 d

5.1 c

control-peat

32.7 d

6.1 b

129.6 d

46.5 d

21.4 c

3.8 b

100% compost

15.5 a

4.7 a

53.7 a

11.4 a

2.8 a

0.7 a

75% compost + 25% peat

20.8 b

6.5 bc

76.6 b

21.6 b

12.4 b

2.2 ab

50% compost + 50% peat

28.7 c

8.0 e

98.6 c

59.9 e

27.5 de

5.3 c

25% compost + 75% peat

32.7 d

7.7 de

117.9 d

54.9 e

30.0 e

5.9 cd

* Means followed by the same letter are not significantly different at α = 0.05

The compost variant and its percentage in the medium had a significant effect
on plant flowering. The application of the OPB compost at a dosage of 50% and
25% proved to be more favourable. In this case, 81% and 90% of the plants, respectively, flowered. The plants in the control group did not flower, which could
be due to the low content of nutrients in the peat (fig. 1, table 3).
In the canna lily it is the rhizome which is the spore organ. Moreover it is used
as reproductive material. For this reason it is essential to obtain rhizomes which
have many branches as it is then much easier to obtain, after division, a higher
number of daughter plants. In the experiment the canna lily seedlings formed
rhizomes of different mass and branching during the vegetation process. This was
significantly dependent upon the percentage content of the compost in the medium. The lower the compost content, the higher the number of branches (table 3).
Microorganism colonization of the substrates is highly dependent on their
wealth of nutrients, such as sugars, proteins and fats. The quantitative and qualitative composition of the soil microorganisms is highly conditioned by the
presence of allopathic compounds released by plant roots, and also by the reciprocal interactions between the microorganisms [Badura 2006; Niewiadomska
et al. 2010a].

12

Hanna Wróblewska, Anita Schroeter-Zakrzewska, Katarzyna Głuchowska i in.

Table 3. The influence of OPA and OPB compost on vegetative and generative features of canna lily

OPB

OPA

Medium

Length
Number
Length
Fresh
of infloof
Diameter
Number
of infloweight of
rescences
flowers of flower
of branch
rescences
rhizome
shoot
of inflo[cm]
rhizome
[cm]
[g]
[cm]
rescences

control-peat

-

-

-

-

40.6 e

6.0 d

100% compost

-

-

-

-

3.5 a

2.5 a

75% compost + 25% peat

32.2 b

14.0 a

4.0 a

5.5 a

10.0 b

3.1 a

50% compost + 50% peat

33.0 b

12.6 a

6.3 b

6.0 a

17.8 c

4.0 b

25% compost + 75% peat

29.0 a

13.5 a

6.0 b

6.0 a

31.2 d

5.3 cd

control-peat

-

-

-

-

40.6 e

6.0 d

100% compost

-

-

-

-

3.2 a

2.7 a

75% compost + 25% peat

16.5 a

8.0 a

3.0 a

6.0 a

6.9 ab

3.0 a

50% compost + 50% peat

29.8 b

11.0 b

4.7 b

6.4 a

25.2 d

4.1 b

25% compost + 75% peat

32.8 c

11.3 b

5.3 b

7.5 ab

26.7 d

5.1 cd

* Means followed by the same letter are not significantly different at α = 0.05

Fig. 1. Percentage of flowering plants, depending on the medium

Bacteria, actinomycetes and fungi are reported to play an essential role in
organic matter mineralization in soil.
While analyzing the microbiological research results presented in fig. 2, it was
found that the general counts of heterotrophic bacteria only diminished in the variants with the pure OPB compost or pure peat (the control group) when compared
with the state at term I of the analyses, that is before commencing the cultivation
of the canna lily. In the remaining combinations, a statistically significant increase
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in the bacteria counts was observed when compared with their counts at the beginning of the experiment (term I). On both dates (before the experiment and on its
completion), the OPB compost was characterized by higher heterotrophic bacteria
counts when compared with the OPA compost. While analyzing the experimental
variants with the OPA compost, the highest counts of the abovementioned microorganisms were observed after the end of the experiment, in the combination in
which this compost was mixed with peat in a 1:1 ratio. As far as the OPB variants
are concerned, on the other hand, the highest counts of bacteria were observed in
the combination consisting of 25% OPB + 75% peat. The reason for the abovementioned phenomenon could be the different chemical composition of the media
used and also the presence of canna lily root excretions, whose quantitative and
qualitative composition is dependent on the plant’s development stage. According to Różycki and Strzelczyk [1985] as well as Barabasz and Smyk [1997] root
excretions can have both a stimulating and retarding effect on microbiological
development and activity in the medium.

* significantly differ at α = 0.05
** significantly differ at α = 0.01

Fig. 2. Changes of total bacteria number

Actinomycetes are also very important microorganisms colonizing all ecosystems: both natural and artificial. They have the ability to mineralize both simple and complex organic compounds and their metabolites have either a retarding or stimulating effect on the remaining micro flora present in the environment
[De Boer et al. 2005]. Taking into consideration changes in the actinomycete
counts at subsequent times of the analyses, it was observed that on commencing
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the experiment (term I) the highest count of actinomycetes (fig. 3) was found in
the OPB combination which consisted of 100% compost. The addition of different
amounts of peat resulted in a decrease in the actinomycete counts. After finishing
cultivation, an increase in the number of the abovementioned microorganisms was
observed only in the variant consisting of only 25% OPB compost. At this time the
highest actinomycete counts were observed in the variant in which the OPA compost was mixed with peat at a ratio of 1:1. However, the increase in these counts,
when compared with the pure OPA compost, was observed in all its combinations
with peat.

** significantly differ at α = 0.01

Fig. 3. Changes in the total number of actinomycetes

The fluctuations in the actinomycete counts in the analysed experimental combinations could be related to the quantitative and qualitative composition of the
root excretions which influence the physicochemical properties of the substrate
and microorganism multiplication [Wolna-Maruwka et al. 2012]. It can also be
related to the chemical composition of the media used (compost or peat).
Apart from bacteria and actinomycetes, fungi also play an essential role in
nutrient circulation in the soil. According to Howell [2003], the important role
of fungi in the environment is connected with the fact that they produce enzymes
which can inhibit plant pathogen development.
In all the variants of the experiment, the total count of moulds (fig. 4) was
higher at the beginning of the experiment (term I) than at the end of the experiment (term II). The highest counts of the abovementioned microorganisms were
observed at the beginning of the experiment, at term I, in the combination where
the OPA compost constituted 100% of the medium and in the control group. More-
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over, stronger mould multiplication was observed in the combination consisting
of the OPA compost when compared with the OPB compost. These differences
in fungi counts were probably due to the different chemical composition of the
composts used in the experiment. What is more, it was observed that a statistically
significant decrease in the fungi counts was related to the quantitative and qualitative changes of the root excretions at term II of the analysis [Wolna-Maruwka
et al. 2012], or to the emergence of the metabolites of microbiological reactions
with inhibitive properties.

** significantly differ at α = 0.01

Fig. 4. Changes in the number of moulds

The metabolic activity of microorganisms, which is characterized by all compounds and energy transformations, might be manifested by their enzyme activity
[Calderon et al. 2000]. According to numerous authors, the recognition of the
enzymatic activity of the substrate gives an objective image of the undergoing
processes [Drijber et al. 2000; Waldrop et al. 2000; Koper, Siwik-Ziomek 2003].
Nowadays, it is assumed that enzymatic activity of the soil is a better measure of
its fertility and productivity than other biological indicators, such as microorganism counts or their biomass [Kobus 1995; Ścigalska, Klima1997; Niewiadomska
et al. 2010b]. Determining dehydrogenase activity is an indicator of the intensity
of the respiratory metabolism of soil microorganisms, mainly bacteria and actinomycetes. The significance of dehydrogenases to the functioning of microorganisms makes it a very common indicator for determining microbiological activity
of the given substrate. According to Brzezińska and Włodarczyk [2005], on the
basis of the enzymatic activity level, one can determine the physiological condition of the microorganisms.
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Pędziwilk and Gołębiowska [1984], as well as Lynch and Panting [1980]
proved that microorganism counts are not always positively correlated with the
microorganisms’ metabolic activity level. According to these researchers, higher
microorganism counts might indicate low metabolic activity.
The highest level of dehydrogenase activity (fig. 5) was observed on completion of the cultivation in the variant consisting of 100% peat. The activity level of
the microorganisms in question in the abovementioned combinations was highly
significant statistically when compared to the other objects of study. A high level
of dehydrogenase activity was also observed in the objects with both the OPA and
OPB composts containing 75% peat. The lower activity of these enzymes in the
majority of the compost media could result from the content of the compost additives such as adhesives, resins, paints, etc., which can inhibit the activity of these
enzymes.

** significantly differ at α = 0.01

Fig. 5. Changes in dehydrogenase activity

Another class of enzymes that play a significant role in soil are phosphatases
which stimulate the chemical changes of phosphorus compounds into inorganic
phosphates (HPO4-2 and H2PO4-2) directly accessible to plants. The phosphatase
activity in the soil environment reflects enzymatic activity related to soil colloids
and humus substances, free phosphatases in the soil solution and phosphatases
linked to the live and dead cells of plants and microorganisms [Nannipierl et al.
1990; Januszek 1999; Mocek-Płóciniak 2010].
In all the analysed combinations (fig. 6), the level of acid phosphatase was
higher at the beginning of the experiment (term I) than on its completion, which
was probably related to the decrease in the contents of the decomposing organic
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phosphorus compounds. Moreover, on the second analysis date the activity level
of these enzymes grew together with the peat percentage in a given combination.

Fig. 6. Changes in acid phosphatase activity

The activity of the enzymes taking part in nitrogen changes in the soil environment can also be an indicator of the soil environment biological activity, the intensity of the changes in these compounds and nitrogen accessibility to plants. Urea
and organic nitrogen compounds in the soil and in other environments undergo the
process of hydrolysis under the influence of urease produced microbiologically.
The changes in the urease activity presented as a chart (fig. 7) show that at the
beginning of the experiment the highest activity of the enzymes in question was
found in the following combinations: OPA 100% and OPB 100%, which consisted
of composts only. However, after cultivation, the highest urease activity level was
observed in the variants in which both the OPB and OPA composts accounted
for only 25% of the media. Moreover, it was also observed that together with
an increase in the peat percentage in the medium, the urease activity level also
increased after cultivation. The increase in urease activity in the analysed objects
at the end of the experiment could result from the presence of root excretions of
nitric character. According to Bais et al. [2006] and Dąbek-Szreniawska et al.
[2006], the excretion composition can result in microorganisms producing ureases
due to higher plant demand for nitrogen.

18

Hanna Wróblewska, Anita Schroeter-Zakrzewska, Katarzyna Głuchowska i in.

* significantly differ at α = 0.05
** significantly differ at α = 0.01

Fig. 7. Changes in urease activity

The content of macro- and microelements in the examined media was dependent on the type of wood waste used to produce a given compost variant and on
the quantitative relation of the compost with the peat. This thesis is confirmed
by Wróblewska et al. [2008], according to whom the chemical parameters of the
composts depend heavily on the type of wood waste used in compost production.
In general, in the research presented, before commencing cultivation, the analyzed
media contained high quantities of nitrogen and zinc, low quantities of phosphorus, potassium and magnesium, and appropriate quantities of calcium, iron, manganese and copper (table 1). Kozik et al. [2010] in their research also observed
high quantities of nitric nitrogen and low quantities of phosphorus, potassium, and
magnesium, together with low pH levels in composts used for plant cultivation.
During the vegetation process the tendency was for nitric nitrogen, potassium,
magnesium, manganese and zinc to diminish their contents, and higher amounts
of copper and the pH levels were observed in most of the examined combinations.
On completion of the experiment, an excess content of nitrogen, low content of
phosphorus, potassium and magnesium, and a standard content of calcium, iron,
manganese and copper were observed (table 1). Contrary to the research presented, Wróblewska et al. [2008] found, after finishing Salix alba cultivation, only
trace contents of nitrogen and almost no potassium, but an increase in the contents
of calcium, chlorine and soil reaction. Wróblewska et al. [2007] state that releasing nitrogen from composts produced from wood waste can last for a long time,
even for several years.
In the experiment conducted, regardless of the compost type, no significant
differences between the average plant nutrition state, as far as both macro- and
microelements are concerned, were observed. Wróblewska et al. [2008], on the
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other hand, observed the highest amounts of zinc in the plants cultivated in the
medium with OPB compost, and of boron in the leaves of willow cultivated in
OPA compost.
Significantly the highest contents of nitrogen and phosphorus were marked
in the case of the plants grown in the OPB compost (100%) (table 4). The lower
contents of the abovementioned elements, on the other hand, were marked in the
control group combination, where the plants were cultivated in peat only; and in
the case of phosphorus, also in the medium consisting of peat with the addition
of 50% or 25% OPA compost, and also in the medium with the addition of 25%
OPB compost. The addition of peat to the medium significantly worsened plant
nutrition with these elements. Similarly, as in the case of nitrogen and phosphorus,
the highest content of potassium in the plants was found in the case of cultivation
in the medium consisting of 100% OPA compost, and, significantly, the lowest
content in the control combination and with a 75% and 50% addition of either of
the two examined compost types to the medium. The highest calcium content was
found in the plants cultivated in the medium with the addition of 75% and 50%
OPA compost and also in 100% OPB compost. The highest amounts of magnesium in the plants were found in the case of the control combination and with 25%
of either compost type in the medium. Regardless of the compost type, in all the
examined combinations in the case of N, P, K and Ca – higher contents of these
elements were found in the terrestrial parts of the plants when compared with the
control combination.
Table 4. The influence of medium on the content of macroelements in leaves
Medium
Control-peat

N

P

K

Ca

Mg

Fe

% oven dry mass
1.35 a

0.37 a

Mn

Zn

Cu

mg·kg-1 oven dry mass

1.15 a

1.79 a

2.45 cd* 0.50 ab 2.58 c

2.84 b

1.21 c

40.7 b 100.9 a

27.9 a

4.40 a

0.29 a

77.5 c 262.2 d

430.7 e

8.70 b

278.6 d

9.10 b

OPA
I
II

2.14 b

0.46 ab 2.21 b

3.74 c

0.34 a

44.2 b 244.7 d

III

1.93 b

0.39 a

1.18 a

3.48 c

0.61 b

49.2 b 207.3 c 210.5 cd 9.10 b

IV

1.54 a

0.34 a

1.19 a

2.78 b

1.39 c

41.5 b 133.5 b

135.3 b 6.40 ab

2.01 a** 0.42 a

1.79 a

3.21 a

0.66 a

53.1 a

263.8 a

Mean

211.9 a

8.33 a

OPB
I

2.80 d*

II

2.45 cd 0.60 ab 2.05 b 3.14 bc

III
IV
Mean

0.53 ab 29.9 a 137.7 b

413.5 e 5.50 ab

0.24 a

26.5 a 194.7 c

266.0 d 8.30 ab

1.70 ab 0.43 ab 1.34 a 3.08 bc 0.93 ab 45.5 b 174.4 c

251.1 d 7.20 ab

1.58 ab

0.80 c

2.31 b

3.70 c

0.38 a

1.30 a

2.77 b

1.78 d

49.0 b 155.9 bc 197.3 c 6,40 ab

2.13 a** 0.50 a

1.72 a

3.43 a

0.72 a

41.2 a 180.8 a

259.5 a

* Values in columns followed by the same letter are not significantly different at α = 0.05
** Means followed by the same letter are not significantly different at α = 0.05

7.53 a
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As far as iron is concerned the lowest contents of this element in the plants
were found in the combination in which the plants were cultivated in the medium consisting of 100% and 75% OPB compost, while the highest contents were
found in the case of the 100% OPA compost. Plant nutrition with this element was
similar to the control group. In the case of the OPA compost, the addition of peat
significantly lowered the content of iron, while in the media with the addition of
OPB, it had a favourable effect on the iron content in the terrestrial parts of the
plants. In all the examined combinations higher contents of manganese in the
terrestrial parts of the plants, when compared with the control, were found. In the
case of the OPA, these contents were of the highest values in the combination in
which this compost variation accounted for 100% and 75% of the medium, and in
the case of the OPB – in the combination with 75% and 50%. Similarly, as in the
case of manganese, significantly higher contents of zinc were found in the plants
when compared with the control. They had the highest values for OPA and OPB
(100%). Similarly, as in the case of manganese and zinc discussed above, plants
cultivated in peat were characterised by the lowest content of copper. In general,
plants cultivated in the OPA compost exhibited a higher content of this element
than those cultivated in the OPB.
Changes in the content of elements in the aboveground parts (leaves) of the
plants can be accounted for on the basis of the chemical composition of the media
used for cultivation. As far as the examined composts are concerned, it may be
concluded in general that the plants cultivated in 100% OPA compost contained
the highest quantities of nitrogen, phosphorus, potassium, iron, manganese and
zinc; those cultivated in the medium containing 75% OPA compost contained the
highest quantities of calcium; and those with 25% OPA compost had the highest
amounts of magnesium. As far as the OPB compost is concerned, the plants cultivated in the medium consisting of 100% OPB contained the highest quantities
of nitrogen, phosphorus, potassium, and calcium; those cultivated in the medium
containing 75% OPB had the highest amounts of manganese and zinc, and those
cultivated in the medium consisting of 25% OPB – had the highest amounts of
magnesium and iron.
Research into the application of OPA and OPB composts was conducted previously by Wróblewska et al. [2009]. The authors observed a particularly favourable effect of the addition of OPA compost onto the growth and development of
willow leaves and shoots when compared with the plants cultivated in mineral soil
only. They also proved the much lower influence of the addition of compost to the
substrate on the macro element content in willows than in the case of the canna
lily in the research presented here. Similarly to the research presented, Kozik et al.
[2010] observed a differentiation in plant nutrition under the influence of different
compost types.
There is very little data concerning nutrient content in canna lily in literature.
Nitrogen content, between 1.54% and 2.80% N, depending on the examined com-
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bination, considerably exceeded the contents reported by Yeh et al. [2004] in their
experiment. These authors in their research on the influence of nitrogen nutrition
in canna lily observed the nutrient content in leaves between 0.6 and 1.4% N,
which was connected with an increase in the dry matter. Broschat et al. [2008]
report that it is the fertilization applied which significantly influences the contents
of nitrogen, phosphorus, magnesium and manganese in the canna lily leaves. Depending on the combination examined, they marked similar contents of nitrogen
(2.26–2.80%) and phosphorus (0.42–0.51%), a much lower content of manganese
(43.6–152.5 mg·kg-1), and a higher content of potassium (2.49–2.86%).
Taking into consideration the growth and development of the plants in the
research presented, the following element contents (in the combination in which
25% of either the OPA or OPB compost was used) should be considered as optimal: N – 1.54–1.58%, P – 0.34–0.38%, K – 1.19–1.30%, Ca – 2.77–2.78%,
Mg – 1.39–1.78% of dry matter, and Fe – 41.5–49.0 mg·kg-1, Mn – 133.5–155.9
mg·kg-1, Zn – 135.3–197.3 mg·kg-1, Cu – 6.40 mg·kg-1 of dry matter.

Conclusions
The medium containing a higher percentage of post-consumer wood compost (100%, 75%) had an unfavourable effect on the plants. Composts prepared from post-consumer wood can constitute a 25% addition to peat in canna
lily cultivation. The type of compost used was found to be a factor determining
the microbiological quantity and activity. Actinomycetes and moulds multiplied
most intensively on the first date of analysis, while this happened to the bacteria
on the second date of analysis. The highest level of dehydrogenase and urease
activity was observed on completion of the experiment, while the highest level of acid phosphatase was observed before the beginning of cultivation.
The OPA compost had the most stimulating effect on the multiplication of moulds,
actinomycetes and the phosphatase activity. The OPB compost had a stimulating effect on the bacteria count and an increase in the urease and dehydrogenase
activity level.
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ZASTOSOWANIE KOMPOSTÓW Z DREWNA
POUŻYTKOWEGO W UPRAWIE PACIORECZNIKA
OGRODOWEGO (CANNA X GENERALIS L.H. BAILEY)
Streszczenie
Celem przeprowadzonych badań było poznanie wpływu kompostów uzyskanych z drewna poużytkowego na wzrost, kwitnienie i stan odżywienia paciorecznika ogrodowego
(Canna x generalis L.H. Bailey) „Tropical Yellow”. W doświadczeniu analizowano także
liczebność mikroorganizmów oraz poziom ich aktywności enzymatycznej w podłożach,
w których uprawiane były rośliny. W badaniach zastosowano dwa warianty kompostów
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z drewna poużytkowego oznaczonych symbolami OPA i OPB. Rośliny uprawiano w podłożach składających się z kompostów i torfu wysokiego w następujących kombinacjach
objętościowych: kompost 100%, kompost 75% + torf 25%, kompost 50% + torf 50%,
kompost 25% + torf 75% i torf 100% (kontrola). Zawartość makro- i mikroskładników,
pH i zasolenie poszczególnych podłoży były pochodną procentowego udziału kompostu
i torfu w podłożu. Analizując uzyskane wyniki, stwierdzono, że rodzaj podłoża wywarł
istotny wpływ na wzrost i kwitnienie paciorecznika ogrodowego. Podłoża zawierające
25% i 50% kompostu miały korzystny lub obojętny wpływ na wzrost i kwitnienie roślin
paciorecznika. Większy udział kompostu (100% i 75%) w podłożu niekorzystnie wpływał
na wzrost i kwitnienie roślin. Rodzaj zastosowanego kompostu okazał się czynnikiem determinującym zmiany liczebności i aktywności mikroorganizmów w badanych podłożach,
a także stanu odżywienia roślin.
Słowa kluczowe: poużytkowe drewno, odżywienie, aktywność enzymatyczna, paciorecznik ogrodowy
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NETWORK STRUCTURES IN THE FURNITURE
INDUSTRY – THE INDUSTRIAL NETWORK APPROACH
The aim of the article is to identify the various types of network structures occurring
in the furniture industry from the perspective of the industrial network approach,
using Poland as an example. The conceptual framework of this article, which comprises the industrial network approach and Actors-Resources-Activities model, together with a secondary sources analysis, is adopted in order to identify the various
network structures. Thus a comparison of the identified types of network structures
in the furniture industry is developed from the perspective of their actors, resources
and activities interdependencies. The main contribution of the article is a proposal to split the two main types of network structures (more formal structures with
limited membership fully observable from the outside, e.g. industry clusters and
purchasing groups, as well as those which are not fully observable from the outside
and are analysed from the perspective of the focal actor) and as a result, to identify
and analyse various network structures in the Polish furniture industry.
Keywords: industrial network approach, cooperation, ARA model, business network, industry cluster, purchasing group, furniture industry

Introduction
A network (a business network or a network structure) is quite a phenomenon and
not a straightforward concept. Within organisation management there are many
ways to understand the term network (business network, network structure) and
there is no one widely and consistently applied definition available to conceptualise
this term. It should be stressed that narrowing the analysis of network structures
down to industry clusters is a mistake. This in turn implies the need to conceptualise the division of network structures as well to adopt the industrial network approach which stresses the significance of all the contacts (network relationships)
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a company has with its surrounding environment [Håkansson, Johanson 1992;
Håkansson, Snehota 1995].
Various types of relationships and network structures can have varying effects
on entities and can lead to various results. In turn, this, in conjunction with the
interdependencies between various structures and relationships, results in managerial problems for companies. Therefore, an understanding of relationships and
network dependencies is important for future management decisions at company
level as well as within industry and the economy.
The nature of each company’s operations is rooted in the specifics of the industry in which they function. For this reason, it is worth analysing network structures for a specific industry. In this case, the focus is the furniture industry, an
important market industry which drives many other goods markets. The value
of furniture produced in Poland is estimated to be 10th in world rankings (2013)
and 4th in Europe (2010) [EPF 2011; PAP 2013]. In 2012, the share of furniture in
exports occupied 5th place in a ranking of the value of goods exported from Poland
and amounted to 4.3%. On a global scale, the value of exported furniture (about 3%) places Poland in 4th place [WTI estimates; Adamowicz, Wiktorski 2010;
EPF 2012].
The analysis of network structures in the furniture industry both in Poland
and globally is rather fragmented in nature. Very often it is limited to the analysis
of industry clusters [Roolaht 2005; Pikul-Biniek 2009; Kućmański 2011; Herbeć
2012], networks within a supply chain (supply networks) [Tunisini, Bocconcelli
2008], transportation agreements [Audy et al. 2011], production orders [Biniasz
2004]), resource networks & resource interaction [Soderlund et al. 2001] and social structures [Dibben, Harris 2001]. Moreover, the analysis pertains to specific
management issues within networks (e.g. change management [Kragh, Andersen
2008]). The most frequently analysed case in this industry is the IKEA network
structure [e.g. Ford et al. 2002; Baraldi 2003; Baraldi, Waluszewski 2007].
There is a lack of comprehensive analysis of network structures in the furniture
industry in subject literature which would serve to systematically document the
possible types of network structures (especially in Poland). Therefore, the aim of
this article is to identify the various types of network structures occurring in the
furniture industry from the perspective of the industrial network approach, using
Poland as an example.
The identification of various network structures in the furniture industry should
provide a basis for any future analysis of networks, the degree of networking and
the complexities of the relationships of a single particular company as well as
the whole industry. This in turn could have an impact on the detailed analysis of
specific research problems from the perspective of both companies as well as the
economy (regulatory ties).
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Theoretical background

Organisational management identifies a wide range of network concepts. It is
shown that networks can adopt the form of industry clusters, multinationals,
joint ventures & strategic alliances, virtual organisations, supply chain networks
including manufacturing networks, buying networks etc. As already underlined,
organisation management research identifies many ways to understand the term
business network or network structure and there is no one widely and consistently
applied definition available to conceptualise this term. Generally, social sciences, economics, management or even mathematics (graph theory) assume that
a network is a strictly or loosely defined structure of cooperating entities (nodes,
actors) linked by so-called network relationships (ties, arcs).
Taking into account the broad subject literature, it is possible to propose the
following general division of network structures and conceptions associated with
them:
–– a full network structure fully observable from outside (from the perspective
of an external observer) – more formalised networks with limited membership, where all members may be defined, e.g. industry clusters, purchasing
networks,
–– a network structure which is not fully observable from outside (from the perspective of an external observer) – networks based upon interactions and cooperation observable and analysed from the perspective of studied focal companies according to the industrial network approach.
In keeping with the first general type of network structure, a business network
involves a formalised (e.g. in a form of association, company’s internal structure)
group of business entities with limited membership collaborating for specific purposes [InterTradeIreland 2011]. In line with this, the most popular definition of
a network, a flagship company (e.g. the headquarters of a multinational company, a university in an industry cluster, or simply a so-called broker) normally
acts as the task integrator. The integrator is the one main entity that is actively
creating the network in a strategic manner. The flagship company/ institution only
has strategic control over those aspects of its partners’ business systems which
are dedicated to the network [Jarillo1995]. Under this definition of a network,
we refer to the following network structures: multinationals, industry clusters,
trade associations, strategic alliances but also, manufacturing networks (such as
suppliers collaborating to provide goods to a large manufacturer), purchasing networks (collaboration to buy things together) and service networks (collaboration
to offer a common service) [Todeva 2006]. In each of these network structures
one can exactly indicate the limited number of network members. These types of
network structures are characterised by varying degrees of formality (e.g. industry
clusters functioning in the form of associations or clusters based upon informal
cooperation), although they are mainly formalised. Often, an analysis of networks
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by industry structures and the benefits derived from them are limited to such definitions of networks which, however, results in the very limited scope of the
analysis [Ratajczak-Mrozek 2013].
According to the second general type of network structure, a business network
(an industrial network) is defined as a set of repetitive transactions based upon
structural and relational formations with dynamic boundaries comprising interconnected elements (actors, resources and activities) [Todeva 2006]. A system of
relationships is often characterised as being decentralised and largely informal
although it may also emerge in a strategic, formal manner. The business network
is the effect of historical, mainly long-term close cooperation of a particular company with the entities from its environment and a series of interactions going
beyond single buy-sell transactions, which in turn create cooperation norms and
build trust, and result in strong network relationships [Turnbull et al. 1996; Ford
et al. 1986; Ratajczak-Mrozek 2013]. The analysis of a network is conducted from
the perspective of a so-called focal company (a company from whose perspective
a network is visualised, not necessary the most powerful entity in a network).
That is why there is no single, objective network and different companies and
the individuals within them each have a different picture of the structure and characteristics of the network [Ford et al. 2002]. The industrial network approach to
defining a business network is linked to the research carried out by the Industrial
Marketing and Purchasing Group [IMP Group]. This concept stresses the significance of all the formal and informal, direct and indirect contacts (network relationships) a company has with the entities in its surrounding environment which
constitute an extended network.
Conceptual framework and the methodology

In the article, the industrial network approach and the ARA model (Actors-Resources-Activities) are adopted in order to analyse all the various network structures within the furniture industry which makes up the conceptual
framework (fig. 1).
The ARA model [Håkansson, Johanson 1992; Håkansson, Snehota 1995] is
the basic framework developed within the industrial network approach. According to the ARA model, relationships are made up of actor bonds, activity links
and resource ties, which create three overlapping networks. In the case of the ARA
model, when analysing a business relationship or a network structure it has to be
made clear who the actors are, what their activities are and with which resources they interact [Lenney, Easton 2009]. The understanding of Actors, Resources
and Activities within a network makes up part of the network picture [Henneberg et al. 2006]. The network picture refers to the views of the network and
its boundaries held by participants in that network [Ford et al. 2002; Henneberg
et al. 2006].
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Furniture industry

Company

Other
companies

(3) Different network structures
within furniture industry:
(a) a full network structure
observable from outside (industry
clusters, purchasing groups)
(b) a network structure not fully
observable from outside, analysed
from the focal company’s perspective

Companies

Other
entities

(2) Environment outside of the furniture
industry

Actors
Resources
Activities

Source: Authors’ own work

Fig. 1. Conceptual Framework

In keeping with the adopted conceptual framework, companies (actors) operating in the furniture industry have various relationships – both with actors from
the industry (1) as well as from outside it (2) (companies, but also administrative or educational institutions, for example) [Ratajczak-Mrozek, Herbeć 2013b].
Relationships are tied to interactions, the exchange of resources and conducting of
activities. These different actors and network relationships create various network
structures in the furniture industry (3).
In this article we identify and analyse the network structures in the furniture
industry from the perspective of the adopted division as part of the theoretical
background. First, we analyse more formalised networks with limited membership fully observable from outside (a). In this case we identify industry clusters
(both formal and informal) and purchasing groups. Then we present an analysis of
the potential network structures in the furniture industry not fully observable from
outside (b), i.e. according to the network approach when the network is analysed
from the perspective of the focal actor. Here as focal actors important entities for
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this industry (IKEA Group in Poland, retail companies, and institutions from the
surrounding business environment) were chosen. Finally, the main conclusions
and areas of further research are presented.
The basis for the presented discussion is the analysis of the secondary sources
concerning the data from the furniture industry, including the analysis of network
websites and phone interviews with industry cluster representatives. A comparative
analysis of sectoral data covers essentially the end of 2013.

Results – network structures in the furniture industry
The characteristics of the actors, resources and activities within the furniture industry are such that the positive effects of network participation are achievable.
Due to the significance of this industry for the country’s economy, it is essential
that some of the less beneficial factors of the industry’s development (e.g. little-known brands or insufficient innovation) should be rectified through the active
participation of companies in network structures. This is important from the perspective of both the companies and the economy. However, it is important to take
in to account the various types of network (e.g. not just industry clusters or supply
chain networks, although this in no way detracts from their role and importance)
when considering participation in network structures.
Network structures fully observable from the outside (industry clusters
and purchasing groups)
Industry clusters

In the furniture industry, clusters defined as the geographic concentration of interconnected companies active in related sectors and linked to the respective institutions from the industry’s environment, both cooperating and competing against
each other [Porter 1998] are one of the most popular forms of cooperation and
network structures. This is also the type of network structure which is often analysed in literature pertaining to this industry [e.g. Pikul-Biniek 2009; Strykowski
2010; Kućmański 2011, Herbeć 2012].
As already mentioned in the theoretical background, network structures which
are fully observable externally can be formalised to varying degrees and extents.
This applies to the clusters under analysis. In practice, there are 5 active clusters
in Poland in the furniture industry (as of December 2013)1, of which 4 can be
deemed formal and 1 informal. The analysis of these network structures from the
ARA (Actors-Resources-Activities) model perspective is presented in table 1.
1

Furniture companies can also be members of clusters where the main industry is not the
furniture industry. Few such cases have been identified in the wood industry. Due to their
limited importance, they are not subject to analysis in this article.

micro – 2
small – 4
medium – 8
large – 2

micro – 2
small – 8
medium – 3
large – 0

Wielkopolski
Furniture
Design Cluster
(Wielkopolskie
Voivodeship)
Wielkopolski Klaster
Mebel Design
2

1

1

4

Institutions
R&D
from the
Companies
Institutions surrounding
environment
2
3
4
micro – 6
small – 2
medium – 2
large – 0
1
1

Associated Furniture
Cluster in Elblag
(Warmińsko-mazurskie
Voivodeship)
Stowarzyszenie
Klaster Mebel – Elbląg

1
Eastern Poland
Furniture Industry
Cluster (Lubelskie
Voivodeship)
Klaster Przemysłu
Meblarskiego Polski
Wschodniej

Name

Actors

Wielkopolskie Chamber of
Commerce and industry
Wielkopolska Izba
Przemysłowo-Handlowa

Elblag Chamber of
Commerce
Elbląska Izba
Przemysłowo-Handlowa

6

Main goal

The creation of
an innovative and
competitive product,
namely the prevalence
of furniture produced
from light and
ecological cellular
panels. Expanding
markets and the
competitiveness of
member firms

The consolidation
and bonding of
competing firms
from the furniture
industry

5
Foundation for the Eastern NA
Poland Furniture Industry
Cluster
Fundacja Na Rzecz Klastra
Przemysłu Meblarskiego
Polski Wschodniej

Coordinator

− Delivery of research
products with R&D
institutions
− Cooperation with foreign
entities
− Organisation of meeting for
members of the cluster
− Offering free and
innovative consultation
services

− Promotion of the furniture
industry
− Participation in trade fairs
− Training (including for
students)
− Conferences

7
− Member meetings
− Activities linked to the
promotion of products
− Cooperation with schools
(training for students)

Activities

Resources and Activities Interdependencies

Table 1. Characteristics of furniture industry clusters in Poland – Actors-Resources-Activities perspective
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total – 6

5
Regional Centre for
Innovation and Technology
Transfer, West Pomeranian
University of Technology
Regionalne Centrum
Innowacji Transferu
Technologii,
Zachodniopomorski
Uniwersytet Technologiczny
w Szczecinie

Initiative
Kronospan Szczecinek
from 2013.
Discussions
are on-going
with entities
from the
surrounding
environment

1

1

Initiative
from 2013.
Discussions
are ongoing with
institutions
of higher
education

4

3

Ultimately: the
achievement of a
regional cluster or
national key cluster
(which will allow for
the cluster to apply
for EU funding) as
well as an increase
in the cluster’s
importance

− Maintaining high quality of
goods
− The implementation of new
furniture factories
− Attempts at obtaining
financing
− Making production floors
available
− Cooperation with public
institutions in terms of: the
creation of a technology
park, improvements to road
infrastructure as well as the
organisation of conferences
aking production floors
available

6
7
Expansion of the
− Initiative aimed at
wood and furniture
delivering a project jointly
industry in the
funded by the EU.
Zachodniopomorskie − The creation of a wood
voivodeship
and furniture industry
competence centre
− Promoting the development
of the industry

NA – no data
Source: Authors’ own work based upon PARP data, industry cluster websites and telephone interviews with representatives of the clusters

Szczecinek
Furniture Cluster
(zachodniopomorskie
Voivodeship)
Informal cluster
Szczecinecki Klaster
Meblowy

1
2
Wood-Furniture
total –
Cluster
approx. 10
(Zachodniopomorskie
Voivodeship)
Klaster Drzewno-Meblarski

Table 1. Continued
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It should be noted that the available sources [PARP among others] also refer
to other clusters in the furniture industry (aside from those presented in table 1)
which include: the Furniture Industry Cluster (Klaster Meblarski) in the Kujawsko-Pomorski Voivodeship, the Lubawski Furniture Industry Cluster (Lubawski
Klaster Meblowy), the Wielkopolski Furniture Cluster (Wielkopolski Klaster Meblarski) and the Zachodniopomorski Wood & Furniture Cluster (Zachodniopomorskie Drewno i Meble). However, a thorough analysis of these industry clusters
(including phone interviews with cluster representatives and analysis of cluster
websites) proved that in practice these clusters do not exist and it is impossible to
identify any activities which would serve to demonstrate that the members and/or
coordinators are active within the network [Ratajczak-Mrozek, Herbeć 2013a].
In most of these cases, there were initiatives aimed to integrate the industry actors
and to finally formalise these structures in order to among other things obtain EU
funding for their development. However, these activities did not arouse interest
among companies and currently are not being pursued.
The analysis revealed the existence of 4 formal clusters in the furniture industry. In most active formal clusters, the associated members include network
actors which are not only local companies from the furniture industry but also
representatives from institutions of higher education and those from the surrounding business environment. In turn, all of the aforementioned formal clusters
are coordinated by institutions from outside the business environment. This phenomenon could be evidence of the lack of the need to initiate network structures
through companies.
Actors in most of the aforementioned network structures are differentiated. Examples are the Associated Furniture Cluster in Elbląg (Stowarzyszenie
Klaster-Mebel Elbląg – located in the Warminsko-Mazurskie voivodeship) and
the Wielkopolski Furniture Design Cluster (Wielkopolski Klaster Mebel Design).
In the former, members not directly linked to the production of furniture include
an insurance company and a visual advertising firm. In the case of the latter, such
members include a firm experienced in the production of paper fillings (known as
“honeycombs”), a producer of steel, polyester-glass and glass components as well
as a firm selling wood-based panels, worktops and accessories.
Among the activities interdependencies, meetings, training courses and other
activities linked with attempts to encourage cooperation are dominant. Activities
aimed at implementing projects financed by the EU or attempts to obtain financing
are worrying to a certain degree. The experiences of other industry clusters (including the furniture industry) often show that once these projects are delivered and/or
financing is exhausted, the willingness to cooperate ceases. Such activities (i.e. the
attempt to gain financing) are fine, provided that it is not the most important or the
only aim of the clusters’ establishment.
Among the active furniture industry clusters, there is one where currently
(December 2013) it is difficult to identify real formal links between companies
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from the industry, although this is still an example of a network structure with
limited membership, which is fully observable from outside (it is possible to identify members of the industry cluster as well as the coordinator). This is the newly
created Szczecinek Furniture Cluster (Szczecinecki Klaster Meblowy) where the
role of the initiator and currently the coordinator is filled by a firm from the environment surrounding the furniture industry (a producer of wood-based panels).
This is an example of an informal industry cluster which is evidence of the
activities interdependencies directed towards actors from the furniture industry
by suppliers.
Despite the fact that this is a relatively new initiative, there is a high level of
advancement in the respective activities which appear to be similar to those typical of formal clusters. Within this industry cluster, there are also activities aimed
at obtaining financing for activities. However, in this case it should be noted that
during the first months of the cluster’s operations, relatively large costs were incurred in order to build new factories producing materials for furniture production. It can be assumed that in the future, the cluster will aim at creating formal
structures which will make it easier to obtain financing.
Purchasing Groups

Another type of network structure in the Polish furniture industry with a formalised
structure, limited membership and fully observable from outside are purchasing
groups, i.e. which bring together actors utilising shared resources for the purpose
of consolidated procurement or for making a purchase through one entity wishing
to achieve economies of scale or a stronger negotiating position with suppliers.
In the case of the furniture industry, this type of network structure is created largely by trading companies which purchase furniture from producers and suppliers
through these structures and then sell the products to the end customer. In turn
this type of actor relationships are partly the result of significant dispersion within
the furniture industry and somewhat limited capital resources among individual
companies, which is not conducive for the efficient development and satisfaction
of customer expectations. In such cases, resources (specifically their lack) can be
the factor which motivates actors to create formalised network structures. These
types of action can provide mutual benefits. For the producers of furniture these
are new distribution channels for finished goods, the possibility of increasing production, as well as the optimisation of produced goods. For members of the group
this means the improved effectiveness of advertisements and the distribution of
specific types of furniture on the market [Hryniewicki 2012].
It can be assumed, that on the Polish market there are up to 5 purchasing
groups (whilst in Germany, Poland’s main trading partner, there were 24 in 2011
[PBRZ]). The best known examples of this type of network structure are the
Polish Furniture Traders Group (Grupa Polskich Kupców Meblowych) as well as
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the “Good Furniture” project (Projekt Dobre Meble). An analysis of these groups
from the perspective of the ARA model is presented in table 2.
From the perspective of the ARA model, both the analysed network structures
are similar in terms of their actors (trading companies and sometimes producers
engaged in trading activity), resources (stores owned by associated group members, products) and activities which are mainly aimed at improving companies’
performance through negotiating preferable terms for purchasing furniture and
therefore increasing sales margins, achieving better access to market information
as well as improving the management process.
Table 2. Characteristics of purchasing groups in Poland, as network structures from
the perspective of the ARA model
Name
Polish
Furniture
Traders Group
(active since
1996)
Grupa
Polskich
Kupców
Meblowych

The Good
Furniture
Project*
(active since
2012)
Projekt Dobre
Meble

Number
of actors

Resources

Activities

30 furniture stores
in 19 cities, with
a combined total
floor space of
approx. 91 km2

− Purchase of furniture from producers and
suppliers under the umbrella of an organised
trading group
− Sale of purchased furniture to end consumers
(unified store facades for all group members)
− Cooperation in the face of growing Polish
and foreign competition
− Coordinated marketing strategies and
promotions
− Market research
− Staff training
− Cooperation with industry press
− Trade fair participation

Almost 150 stores
with a combined
total floor space of
approx. 300 km2,
which translates
into a total market
share of around
15%

− Purchase of furniture from producers (often
produced exclusively for the group)
− Sale of furniture including items from various
price bands
− Aim towards achieving a larger sales margin
through lower procurement costs
− Cooperation in the face of increasing
competition from internet-based stores and
the sale of furniture over the internet (internet
stores do not incur costs related to things
such as the rental of floor space & furniture
displays)

11

50

* Data as of November 2012
Source: Authors’ own work [Hryniewicki 2012; GPKM]

Network structures not fully observable from the outside

Besides mainly formalised networks whose full structure with limited membership can be observed from the outside, in business practice it is possible to identify
those where it is difficult to identify all network actors. These types of networks
are analysed from the perspective of focal companies and both their formal and
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informal relationships with the surrounding environment and their perception of
the network picture. In the case of the furniture industry, these types of networks
can be analysed from the perspective of each individual company from the industry or entities from the surrounding business environment by examining their
interactions between actors, resources and activities (the ARA model). However,
it should be remembered that the network structure will be larger and more structured in the case of the focal company – a large furniture company utilising the
services of sub-contractors etc., than in the case of small firms which often aim
towards creating a final product using their own resources and investment. Here
as focal actors we choose important entities for the furniture industry and the cooperation within this industry.
An example of such a network structure considered from an individual actor
perspective could be a Polish subsidiary of an international group (e.g. IKEA).
The network of such a subsidiary includes both the formal organisational structure
of a multinational company (whose parts are located in Poland and abroad) and
relationships with other business entities which do not formally belong to the organisational structure. Such other network actors are its suppliers, sub-suppliers,
service providers, customers or even research & development institutions with
whom the subsidiary cooperates. In such a case, the network structure can even,
to some extent, be based upon informal activities on behalf of the actors which are
often the result of long-term close cooperation (e.g. despite long-term cooperation, suppliers do not make up part of the formal group. However, this cooperation
can be based upon agreements or just upon routine or trust). This generally applies to large companies with foreign capital which along with domestic suppliers
also utilise the resources of local actors. Here the IKEA Group serves as a good
example, as well as the suppliers (of materials, accessories etc.) and other network
actors linked with but not belonging to the group. One such supplier is a firm
(for the purposes of this paper it is called Firm A), which produces mattresses,
duvets and pillows mainly for IKEA. From Firm A’s perspective, IKEA is one of
the main buyers in the network, whilst suppliers are, among others, the producers
of textiles (often from Asian markets) and other materials. The boundaries and
picture of this cooperation network visualised by Firm A will not cover those
of the network viewed from the perspective of the IKEA Group, but in both of
the networks it is possible to identify common actors (e.g. transport companies),
resources (mattresses, duvets, pillows) and activities (purchase/sale transactions,
meetings with company representatives, negotiations etc.) Moreover, the boundaries of such a network change frequently and, due to the presence of informal
connections, are therefore also relative, to some extent.
Another different, but important, example would be a network structure analysed
from the perspective of the supply chain. Particularly important actors – focal
companies from whose perspective such a network should be analysed are retail
networks (mostly funded by foreign capital), such as Castorama Polska Sp. z o.o.,
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Leroy Merlin Polska Sp. z o.o., OBI Polska or discount stores (e.g. Biedronka).
As in the previous example, an analysis of these entities’ network structures as focal companies from the perspective of the ARA model would indicate the actors,
resources and activities linking them with actors from the furniture industry and
in each case, the network picture would be different. Thus the network picture
created from the perspective of a firm like Castorama would be extensive, including among all the actors the international subsidiaries of Castorama, suppliers
of different products (not only furniture), transport and services companies etc.
One of the activities linking furniture suppliers with Castorama would be purchase/sale transactions, repetitive actions with mainly formal cooperation.
Under these activities, the actors could use their own or other entities’ resources
(e.g. furniture producer’s vehicles used for transport purposes). Other activity
characteristics for Castorama would be selling their products to end-users – both
the legal entities and individuals. In the case of the furniture producer, a supplier
of Castorama, the network picture would be different in terms of the boundaries
of the network, actors, resources and activities. This furniture producer would be
in close cooperation with the companies providing the raw materials and materials
for the production of the furniture. Among the actors would be the services companies, such as companies providing services in the field of joinery and upholstery, design companies, transport companies and entities from the surrounding business environment as well. Moreover, the produced furniture could be sold within
the brand of the producer to legal entities or individuals or as “no name” products
to Castorama. Thus, the resources and actions occurring within the network from
the furniture producer’s perspective depend on the actors from this network.
It is also possible to refer to certain institutions which can offer strong network/cooperation potential and therefore it is worth analysing network structures
from their perspective as focal institutions. Examples include institutions from
the surrounding business environment which are particularly important from the
perspective of the furniture industry. By definition these institutions focus around
those actors towards whom their activities are directed (e.g. Poznań University of
Life Sciences – Centre for Transfer Innovation and Technology for the Furniture
Industry, The Polish Forest-based Sector Technology Platform, The Polish Economic Chamber of Wood Industry, The Polish Chamber of Commerce of Furniture
Manufacturers and Wood-Based Panel Producers Association of Poland). The numerous Research & Development institutions which are important for the wood
sector (as well as the furniture industry) are another such example (e.g. Research
& Development Centre for Wood-Based Panels Sp. z o.o., The Wood Technology
Institute as well as Poznan University of Life Sciences’ Wood Technology Department). These units can contain various actors in their network structures which
can include companies who use their research services, experience etc. These
kinds of activities which are not always formal are evidence of the joint utilisation
of resources which can be underlined by carrying out an analysis from the per-
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spective of the ARA model. The activities of these R&D institutions as well as the
institutions from the surrounding business environment concern the conducting
of basic and applied research for the development of the wood sector, including
the furniture industry, providing accreditation and certification services, analysis
and thematic studies, and contributing to knowledge transfer. They address these
services mainly to companies (including these from the furniture industry), which
are the most important entities in their network structure. On the other hand, from
the furniture producers’ perspective, these institutions are in their further business
environment and collaboration with them is less important than with other entities
(e.g. suppliers of materials). Thus, depending on the focal company/institution,
the network picture is different.

Conclusions
The main contribution of the article is the proposal to split the two main types of
network structures (more formal structures with limited membership fully observable from the outside as well as those which are not fully observable from the
outside and are analysed from the perspective of the focal actor) and as a result,
to identify and analyse various network structures in the Polish furniture industry.
These are industry clusters (both formal and informal), purchasing groups and
networks analysed from the perspective of the important entities for this industry
– IKEA Group in Poland, retail companies and institutions from the surrounding
business environment. It should be stressed that there is a need to expand analysis
beyond the formal structures such as industry clusters. The identification of various network structures and network relationships, including those informal but
important for the focal company, is an important base for management decisions
both at company level as well as throughout the whole economy, including the
support of regulatory ties.
The analysis carried out within the article is not free of certain limitations, but
these may lay the foundations for future research. The identification of various
network structures within the furniture industry constitutes a certain conceptual
framework providing for the future analysis of network and relationship complexities of a single company, as well as of a whole industry. Moving forward,
it is advisable to carry out a more detailed set of case studies regarding specific
network structures, including the networks as seen from the perspective of individual focal companies within the industry. It is also important to identify the
relationships between different structures, which additionally increase potential
management problems within such interconnected networks (so called übernetworks). In addition, different types of relationships and network types may have
different effects on various entities and result in different effects. Therefore, it is
important to carry out a detailed analysis of these effects i.e., to answer the qu-
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estion as to whether any specific types of networks are more effective than others
and generate better results.
It is to be expected that network structures will gain in importance (at a government level as well at the level of individual companies, which notice the positive effects which these networks bring). Hence, the issues presented here require
further study both in terms of quantitative and qualitative research.
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STRUKTURY SIECIOWE W BRANŻY MEBLARSKIEJ –
PODEJŚCIE SIECIOWE (INDUSTRIAL NETWORK APPROACH)
Streszczenie
Celem artykułu jest identyfikacja różnych typów struktur sieciowych z perspektywy podejścia sieciowego (industrial network approach) występujących w branży meblarskiej
analizowanych na przykładzie Polski.
Do analizy wykorzystano model ARA (Actors-Resources-Activities) pozwalający na
charakterystykę aktorów, zasobów i działań przedsiębiorstw meblarskich i podmiotów
z ich otoczenia z perspektywy podejścia sieciowego.
Zaproponowano podział struktur sieciowych na dwa główne typy: po pierwsze pełna
struktura sieciowa możliwa do zaobserwowania z zewnątrz, o ograniczonym członkostwie,
oraz po drugie struktura sieciowa niemożliwa w pełni do zaobserwowania z zewnątrz,
analizowana z perspektywy poszczególnego dowolnie wybranego przedsiębiorstwa i jego
relacji z otoczeniem. Zgodnie z zaproponowanym podziałem i z wykorzystaniem modelu ARA zidentyfikowano i zanalizowano różne struktury sieciowe w branży meblarskiej
w Polsce. Są to w ramach pierwszego typu klastry (w tym formalne i niesformalizowane)
i grupy zakupowe, a w ramach drugiego sieci analizowane z perspektywy oddziału zagranicznej firmy, podmiotu sieci handlowej i instytucji otoczenia biznesu wyzwalających
potencjał sieciowy. Podkreślono konieczność wyjścia z analizami poza klastry, których
działania nie zawsze są efektywne.
Dokonana identyfikacja różnych struktur sieciowych w branży meblarskiej stanowi pewien schemat koncepcyjny, który daje podstawę do przyszłych analiz z zakresu struktur
sieciowych i kompleksowych relacji pojedynczych przedsiębiorstw jak i całej branży.
Słowa kluczowe: podejście sieciowe, współpraca, model ARA, sieć biznesowa, klaster, sieć

zakupowa, branża meblarska
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DETERMINATION OF MOISTURE CONTENT CHANGES
IN KILN-DRIED SCOTS PINE TIMBER DURING STORAGE
The sorption isotherms of Scots pine (Pinus sylvestris L.) wood were determined.
The experiments were carried out for wood previously dried in industrial batch
and progressive kilns according to various drying schedules. The experiments performed made it possible to determine the influence of different drying technologies,
as well as parameters, on the sorption characteristics of kiln-dried Scots pine wood.
The relationship between the sorption hysteresis and changes in the moisture content of seasoned wood was found. Practical guidelines for equalizing the spread
of the final moisture content of individual boards forming a stack were proposed.
Keywords: sorption isotherm, moisture content spread, drying quality, kiln drying

Introduction
Industrial timber kiln drying usually results in a spread of the final moisture content of individual boards forming a stack. The moisture content spread can be
significantly reduced when timber is stored in an environment of controlled air parameters, i.e. temperature and relative humidity. The proper selection of air parameters during timber seasoning after drying depends, among other factors, on the
relation between the target and final moisture content values, sorption hysteresis
etc. [Salin 2010]. In the case of the mean final moisture content being lower than
the target moisture content, the air parameters during storage should be selected in
such a way that the first adsorption isotherm is taken into account. Unfortunately,
due to a lack of experimental data for different wood species, and sorption phases,
as well as the effect of hysteresis, the values of wood equilibrium moisture content (EMC) are usually calculated from sorption isotherms without distinguishing
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between adsorption and desorption. Moreover, these isotherms were obtained for
Sitka spruce (Picea sitchensis (Bong.) Carr.) wood considered to represent the
mean sorption characteristics of U.S. wood species [Wengert 1976]. It is also well
known that the (EMC) is reduced by wood thermal treatment [Kollmann 1963;
Kubojima et al. 2003]. Skaar [1988] pointed out that kiln-dried wood had a lower
final EMC than either green or air-dried wood, and that the higher the temperature
during drying, the lower the final EMC. Recently, it was observed that there was
a tendency to increase kiln drying temperatures beyond 80°C. Gjerdrum [2008]
suggested that the EMC values tabulated in the Forest Products Laboratory,
Madison U.S.A. [Wood Handbook 1955] might be somewhat too high when
determining the EMC for timber dried in modern kilns. According to Gjerdrum
[2008], the EMC values for spruce timber kiln-dried at 85°C are on average 95%
lower than the data reported in the Wood Handbook. Such differences in EMC
values may cause problems in the correct determination of wood moisture content
after drying. Ahmet et al. [1999] compared the results of sorption experiments for
two wood species, i.e. beech and spruce, as well as green, air-dried and kiln-dried
wood samples. The EMC values obtained were always lower than the reference
data from the Wood Handbook. It was concluded that the observed differences
resulting from the drying history were small and on average equal to ca. 0.5%.
However, the highest EMC differences of 2% were observed for relative air humidity above 90%. In the case of kiln-dried spruce wood, the highest differences
were found for a much lower relative air humidity of 65%. Moreover, Riehl and
Welling [2005] stated that reversed air flow during kiln drying is responsible for
oscillations in air temperature and relative humidity, and therefore for a variation
in EMC values in the inlet and outlet faces of a stack. It was observed that the EMC
variation was as high as 3% for spruce wood. Stamm and Loughborough [1935]
reported that oscillations in relative air humidity caused alternate desorption and
adsorption. It resulted in the establishing of an intermediate equilibrium state.
Therefore, the oscillating sorption isotherm approached the normal desorption
curve at high relative humidity, and the adsorption curve at low relative humidity.
According to other studies, the drying data obtained under industrially-controlled
conditions gave sorption isotherms which fell within the sorption hysteresis loop.
When considering the factors already discussed, it can be expected that the sorption isotherms of timber dried in progressive kilns should be different from the
ones obtained for wood dried in batch kilns. This is primarily due to the fact that
progressive kilns are characterized by air flow without fan reversion.
The primary objective of the study was to determine the sorption isotherms of
Scots pine (Pinus sylvestris L.) wood previously dried according to various drying
schedules in industrial batch as well as progressive kilns. The secondary objective
was the application of the data obtained to improve the prediction of time and
moisture content changes during the storage of timber after drying.

Determination of moisture content changes in kiln-dried scots pine timber during storage

47

Materials and methods
The investigations were made for Scots pine (Pinus sylvestris L.) wood. Four twin
boards with dimensions: 50 mm thick, 150 mm wide and 4 m long were obtained
from a green log (moisture content above the fiber saturation point). Immediately
after sawing the boards, they were marked and three of them were placed in three
different stacks. The fourth board was not dried. Then, the prepared stacks were
placed into the three selected convective driers. The final moisture content was
12±2% for all the analyzed drying processes. The stacks with the first and second
boards were placed in two different batch kilns, in which the drying processes
were carried out according to the assumptions of a mild schedule (a maximum
drying temperature of 55°C) and a severe schedule (a maximum drying temperature of 85°C). The stack with the third board was placed in a progressive kiln, in
which the drying process was carried out according to the assumptions of a severe
schedule (a maximum drying temperature of 85°C). In the case of the drying in
the batch kilns, the investigated board was located in an outer face of the stack
which is the most susceptible to the air parameter oscillations due to reversed air
flow [Riehl, Welling 2005]. Immediately after the end of each drying process,
13 subsamples measuring 1.5 × 30 × 50 mm, in the radial, tangential and longitudinal direction respectively, were cut from the middle part of each board.
Twin samples were obtained from the fourth board (not dried). All samples were
stored in a desiccator and dried over phosphorus pentoxide (P2O5) in order to
obtain an oven-dry state. The adsorption and desorption experiments were carried out in the previously prepared test set-up, in which the wood samples were
placed in a chamber, while the relative humidity was controlled by salt solutions
[Majka, Olek 2007]. The air temperature and relative humidity were measured by
a thermo-hygrometer. The application of salt solutions made it possible to obtain
nine levels of relative humidity inside the chamber. All the samples were weighed
at least twice after obtaining the equilibrium at each humidity level. The results
obtained were stored by the data acquisition system. At the end of the sorption
experiments, all the samples were placed in a laboratory drier and their oven-dry
mass was determined. The sorption isotherms were determined at 22±1°C in order to apply the results obtained from the sorption experiments to determine the
EMC values during timber seasoning after kiln drying. The sorption data were approximated using the Hailwood-Horrobin two-hydrate (n = 2) model [Hailwood,
Horrobin 1946]:

EMC 

18  KH
K KH  2 K 1K 2 K 2 H 2 
 1
W  1  KH 1  K 1KH  K 1 K 2 K 2 H 2 

(1)

where: H is the relative humidity of air and W, K, K1, K2 are the parameters of the
equation (1).
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For the purpose of comparison, the parameters of the Hailwood-Horrobin model were also calculated according to the procedure proposed by Simpson [1973]
with the assumption that temperature (t) is equal to 22°C:
W  349  1.29  t  0.0135  t 2

(2)

K  0.805  0.000736  t  0 .00000273  t 2

(3)

K1  6 .27  0 .00938  t  0 .000303  t 2

(4)

K 2  1 .91  0 .407  t  0 .000293  t 2

(5)

SigmaPlot 9.0 software with the implemented Levenberg-Marquardt iterative
algorithm was applied in order to find the coefficients of the model of the investigated sorption isotherms.
The experimental data obtained and the results of the modeling were compared.
The comparison criterion was defined as follows:
(6)
where: EMCFPL and EMCe are equilibrium moisture content values modeled with
the Hailwood-Horrobin equation (1–5) and experimental data, respectively.

EMC  EMCFPL  EMCe

In order to determine the influence of drying temperature and kiln type on the
hystersis phenomenon, the hysteresis ratio was determined, calculated as:
EMC ads
EMC des

(7)

Moreover, in order to verify the correctness of the assumptions from the common practice of using a set of FPL sorption data [i.e. Wood Handbook 2010] in
determining the EMC of wood during timber post-drying storage, as well as the
effect of the sorption hysteresis phenomenon on the changes in the moisture content of the timber, an additional experiment was carried out under industrial conditions. The experiments consisted of registering changes in the moisture content of
already dried 25 mm Scots pine timber. Before starting these experiments, boards
were sorted into two groups (each group consisted of 20 boards). The first group
of boards was characterized by a moisture content of 8%, lower than the target
moisture content after kiln drying, while the second one had a higher moisture
content of 16%. The measurements of moisture content were made using a Brookhuis® FME meter equipped with isolated pins according to the PN-EN 13183-2:
:2004 standard. The storage phase was studied under industrial conditions and the
air parameters were as follows: temperature 20±2°C, relative humidity 55±5%.

49

Determination of moisture content changes in kiln-dried scots pine timber during storage

Results and discussion
Fig. 1 presents the sorption data approximated by the Hailwood-Horrobin model.
The post-kiln isotherms of Scots pine timber obtained during the experiments
were significantly different from the sorption curves derived from the FPL data
fitted by Simpson [1973].
(a)

(b)
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Fig. 1. Sorption isotherms of green and dried Scots pine (Pinus sylvestris L.) at
22±1°C. Upper plots – measured data and results of modeling using Hailwood-Horrobin (n = 2) equation for (a) 1st adsorption, (b) 2nd desorption. Bottom plots – EMC
differences between measured data and results of modeling

The observed differences were particularly high for the desorption phase
(fig. 1b). However, it was found that the EMC values of green and kiln-dried Scots
pine timber as estimated using the Hailwood-Horrobin model were always higher than the corresponding EMC values reported in the Wood Handbook [2010].
These observations were valid for the entire range of relative air humidity under
consideration, i.e. 0–90%.
Table 1 summarizes the values of the estimated coefficients of the Hailwood-Horrobin sorption model. The values of the coefficients clearly depend on the
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sorption phase as well as the parameters of prior drying. The values of the determination coefficient (R2) indicate the very high capacity of the model to approximate the empirical data.
Table 1. Estimated coefficients of Hailwood-Horrobin (n = 2) sorption model fitted to
the FPL data [Simpson 1973] and EMC data determined for green and dried Scots
pine timber (temperature of 22±1°C)
Timber

Kiln
type

Drying
temperature
[°C]

Sorption
phase

Dried

batch

55°C

Dried

batch

Dried

Coefficients of sorption model
K2

W

R2

K

K1

Ads.
Des.

0.8372
0.6930

8.170
5.455

1.142 367.1 0.9997
0.0123 194.8 0.9995

85°C

Ads.
Des.

0.8282
0.6877

7.786
6.138

1.591 391.6 0.9994
0.1064 214.1 0.9997

progressive

85°C

Ads.
Des.

0.8749
0.7087

16.00
6.640

2.216 465.9 0.9986
0.0789 218.3 0.9995

Green

–

–

Ads.
Des.

0.8150
0.7234

8.104
6.430

0.0959 286.1 0.9993
0.0481 203.4 0.9991

Green*

–

–

–

0.8199

5.917

2.664

383.9

–

* FPL data for Sitka spruce

Table 2 presents the estimated values of the EMC for Scots pine timber during
after-drying storage at typical levels of relative humidity (RH). The similarity of
the estimated empirical data with the FPL sorption data was observed only in the
case of the Scots pine timber dried at 55°C in a batch kiln (1st adsorption). In the
other cases, the compared data varied greatly – especially for the 2nd desorption.
Comparison of the EMC values for the dried pine timber with the EMC values
typical for the green timber (not dried) indicated that the higher the temperature
of drying, the greater the reduction in the wood EMC. However, the difference
between the adsorption and desorption EMC values for the same storage climate
(sorption hysteresis phenomenon) was at a level of approx. 2%, regardless of the
drying parameters.
The values of the hysteresis ratio as calculated with Eq. (7) are presented
in fig. 2. The ratio was determined with the data obtained for the kiln-dried 50 mm
Scots pine timber. The insignificant differences in the ratio values were found for
the timber dried in the batch kilns with the application of mild and severe drying
schedules, i.e. drying temperatures of 55 and 85ºC, respectively (fig. 2a). It can
be concluded that the drying temperature has a minor influence on the hysteresis
phenomenon in kiln-dried timber. In contrast to that, the values of the hysteresis
ratio obtained for the timber dried at 85ºC in the batch and progressive kilns were
significantly different (fig. 2b). This allowed the conclusion that the oscillations
of air parameters in the batch kilns reduced the unfavorable hysteresis
phenomenon.
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Table 2. Selected EMC values calculated from the Hailwood-Horrobin (n = 2) sorption model fitted to the FPL data, green and dried Scots pine timber (storage conditions: temperature 20±2°C, relative humidity 55±5%)

Kiln
type

Drying
temperature
[°C]

Dried

batch

55

Dried

batch

85

Dried

progressive

85

Timber

Green

–

–

Green*

–

–

Relative air humidity
[%]

Sorption
phase

40

Ads.

7.4

8.2

8.9

9.8

10.7

Des.

9.1

10.0

11.0

12.0

13.0

Ads.

7.2

7.9

8.7

9.5

10.3

Des.

8.7

9.5

10.4

11.3

12.3

Ads.

7.1

7.7

8.4

9.1

9.9

45

50

55

60

Equilibrium moisture content
[%]

Des.

8.8

9.6

10.5

11.4

12.4

Ads.

7.8

8.6

9.4

10.3

11.3

Des.

9.5

10.4

11.3

12.4

13.5

–

7.7

8.4

9.2

10.0

10.9

* FPL data for Sitka spruce

Fig. 2. Hysteresis ratio for EMC data obtained for 50 mm Scots pine timber (a) drying process in the batch kiln according to the mild schedule (temperature of 55°C)
and the severe schedule (temperature of 85°C), (b) drying process in a batch kiln and
a progressive kiln (temperature of 85°C)

Fig. 3 illustrates the changes in the moisture content of the 25 mm dried Scots
pine timber, which was stored after drying for a period of 4 weeks under con-
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ditions which resulted in a reduction of the spread of timber moisture content.
In spite of a long storage period due to the sorption hysteresis phenomenon, the
moisture content of the dried timber (MC approx. 8% and 16%) did not reach
the target MC of 10% (table 2), which can be calculated using the procedure
of Simpson [1973] based on the intermediate sorption data for Sitka spruce (Picea
sitchensis (Bong.) Carr.) [Wood Handbook 2010]. Moreover, a different course
and scope of changes in the moisture content of timber which was too dry (below
the target MC) and timber which was too wet (above the target MC) were observed
(fig. 3).

Fig. 3. Moisture content changes of 25 mm Scots pine timber dried at a temperature
of 55°C (target MC = 10%) during storage at temperature of 20±2°C, RH = 55±5%,
(striped area – sorption hysteresis, solid line – target MC for desorption phase, dashed line – target MC for adsorption phase)

Conclusions
1. The kiln drying of the timber caused permanent changes in the hygroscopic
properties of the wood. Whereby, the drying temperature had a greater impact
on the reduction of the equilibrium moisture content of the wood than the
drying process (e.g. batch or progressive kilns).
2. The oscillations of air parameters due to reversed air flow in the batch kilns
had a more significant influence on the reduction of the hysteresis phenomenon than the drying temperature according to the mild and severe schedules,
respectively.
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3. In order to determine air parameters for the after-drying storage of timber it
is necessary to take into account the sorption hysteresis phenomenon. Thus,
the procedure proposed by Simpson [1973] has very limited application when
timber with excessive moisture content spread has to seasoned.
4. Sorption hysteresis phenomenon, as well as the different course and extent of
changes observed in the moisture content of dried timber (below and above
target MC), is the basis for concluding that the after-drying storage of timber
with the wrong moisture content should not be carried out under the same
climate conditions (temperature and relative humidity of the air).
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List of standards
PN-EN 13183-2:2004 Wilgotność sztuki tarcicy. Część 2: Oznaczanie wilgotności za pomocą
elektrycznego wilgotnościomierza oporowego (Moisture content of a piece of sawn timber. Pont 2: Estimation by electrical resistance method)

WYZNACZANIE ZMIAN WILGOTNOŚCI WYSUSZONEJ
TARCICY SOSNOWEJ PODCZAS JEJ KLIMATYZOWANIA
Streszczenie
Celem pracy było wyznaczenie izoterm sorpcji drewna sosny pospolitej (Pinus sylvestris L.) uprzednio wysuszonego w warunkach produkcyjnych oraz określenie wpływu
technologii suszenia na przebieg i zakres zmian wilgotności tarcicy podczas jej klimatyzowania bezpośrednio po suszeniu. W badaniach zostały uwzględnione różne warianty realizacji konwekcyjnego procesu suszenia tarcicy sosnowej. Uwzględniono również
warunki odpowiadające założeniom łagodnego (maksymalna temperatura suszenia 55°C)
i intensywnego programu suszenia (maksymalna temperatura suszenia 85°C). Ponadto
procesy suszenia zostały zrealizowane w suszarkach o odmiennej konstrukcji, tj. suszarce
komorowej i tunelowej. Stwierdzono ograniczoną przydatność wartości wilgotności równowagowej drewna opublikowanych w Wood Handbook, powszechnie uznawanych jako
referencyjne, do prawidłowego określania zakresu zmian wilgotności tarcicy sosnowej
po suszeniu, z uwagi na różnice z uzyskanymi danymi empirycznymi oraz brak możliwości uwzględnienia zjawiska histerezy sorpcji. Stwierdzono również, że realizacja procesu
konwekcyjnego suszenia tarcicy sosnowej powoduje tym wyższe obniżenie jej wilgotności równowagowej po suszeniu im wyższa była temperatura powietrza podczas suszenia.
Natomiast charakterystyczne dla realizacji procesu suszenia tarcicy w suszarkach komorowych oscylacyjne zmiany parametrów powietrza, wywołane rewersyjnymi zmianami
kierunku przepływu powietrza, powodują zmniejszenie zjawiska histerezy sorpcji. Zebrane informacje nt. wilgotności równowagowej i zjawiska histerezy sorpcji wysuszonego
drewna sosny można wykorzystać do zwiększenia efektywności klimatyzowania tarcicy
sosnowej bezpośrednio po suszeniu.
Słowa kluczowe: izotermy sorpcji, rozrzut wilgotności, jakość suszenia, suszenie konwekcyjne

Drewno 2014, Vol. 57, No. 191
DOI: 10.12841/wood.1644-3985.064.04

Jonas Vobolis, Darius Albrektas1

RESEARCH INTO SORPTION AND MECHANICAL
PROPERTIES OF NATURAL AND MODIFIED BIRCH
WOOD
The research presented examined wood treatment at high temperatures. Wood specimens were tested at an original working station. In order to increase the durability, environmental resistance and size and shape stability of wood products,
the wood underwent a modification process. One modification method included
high-temperature heating (140–230°C). Exposure to heat contributed to changes
in the chemical composition and physical and mechanical properties of the wood.
In addition, assortments of natural and modified birch wood were studied.
The sorption properties of the wood were evaluated during the moistening and drying processes. The resonance vibration method was used to assess the modulus of
elasticity and the coefficient of damping. The specimens were tested by subjecting
them to 3-hour heating at temperatures of 120, 150, 180 and 210°C and soaking
them in water afterwards. It was found that the modulus of elasticity of the heated
wood increased by 12% and the coefficient of damping decreased by 40%. It was
established that the amounts of water absorbed by the heated wood were 5 times
smaller in comparison to the natural wood.
Keywords: birch wood, heated wood, coefficient of damping, resonance vibration,
modulus of elasticity

Introduction
In order to extend the durability of wood products, to enhance their resistance to
environmental stresses and to ensure the stability of their dimensions and shapes,
wood undergoes a modification process. One approach involves heating wood
at high temperatures (140–230°C). Due to the effect of temperature, irreversible
chemical changes occur in the wood. The main components of wood are cellulose
and hemicellulose, which constitute 40–50% and 25–35% of wood, respectively.
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Cellulose forms long chains composed of glucose elements and hemicellulose
consists of shorter chains of various monosaccharides [ThermoWood Handbook
2003; Huang et al. 2012; Yildiz et al. 2013]. Thermal treatment causes alterations
to both groups, however greater changes can be observed in the case of hemicellulose, since it produces acetic acid during thermal treatment. Heat-treated and
untreated wood exhibit differences in their content of extractives and other polymers [Huang et al. 2012]. Depolymerization also contributes to a significant
decline in the amount of hemicellulose in wood, as it breaks long glucose chains
down into shorter chains. A decrease in the amount of hemicellulose leads to a
substantial decline in hydroxyl groups which can attract water. Lignin tends to
connect wood cells. It contains phenylpropane units which usually form linkage
through ether and hydrocarbon bonds. Though lignin is one of the most heat resistant components of wood, bonds between phenylpropane units are partly broken
during thermal treatment [ThermoWood Handbook 2003; Tjeerdsma, Militz 2005;
Windeisen, Wegener 2008]. Thermal modification changes the sorption properties
of wood [Candan et al. 2013]. It is known that when wood undergoes heat treatment, its resistance to harmful insects increases, assortments acquire more stable
shapes and its response to the environment becomes diminished [Hyttinen et al.
2010]. In addition, it was established that in contrast to heating untreated wood,
the indoor exploitation of heat-treated wood products results in lower emissions
of volatile or semi-volatile organic compounds in the air. A number of tests have
shown [Gobakken, Westin 2008] that it is unnecessary to cover wood with various
chemical materials and oils, and to acetylate it in order to prevent fungal development. It is sufficient to heat wood assortments at a temperature of 200–220°C.
One previous study [Younsi et al. 2010] analyzed the effect of heat treatment in
order to enhance the stability of wood measurements and the resistance of wood
to pests. Applying “Thermowood” technology, the wood underwent heating at a
temperature of 180–240°C. All the processes occurring during the heat treatment
(heat and moisture migration, and etc.) were described mathematically. There was
a good correlation between the theoretical results in relation to these processes
and those obtained from the experiments.
There is a close relationship between the strength and density of wood.
During the thermal treatment of wood, its density begins to decrease, thus, in
some cases it leads to a decline in strength [Tiryaki, Hamzacebi 2014]. In some
studies it has been shown that an increase in heating temperature and duration decreased the mechanical properties of wood (MOE, modulus of elasticity by 40%)
[Candelier 2013; Korkut 2008]. Increasing the heating temperature from 120 to
180°C, resulted in the MOE of hazelnut wood decreasing from 10–15 to 25–27%.
In a temperature 200°C, after 6 h the MOE of spruce decreased approx. 41%
but the MOE of beech wood increased 39% after 10 h [Korkut, Hiziroglu 2009].
During heat treatment the compression strength and MOR (Modulus of Rupture)
of ash decreased while the MOE increased 4–41% [Yildiz et al. 2013]. However,
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in other cases the relationship between mass and strength remained unchanged.
In addition, the mechanical properties of wood are highly dependent on the bound
moisture content. As a rule, thermally-modified wood has smaller amounts of moisture. The high-temperature treatment of wood (above 220°C) is known to cause
greater deterioration in mechanical properties. One study [Gunduz et al. 2009]
also examined how temperature affected the mechanical and physical properties
of the wild pear tree. After exposing the wood to heating for 2, 4 and 6 h at temperatures of 160°C and 180°C, it was determined that the elastic modulus of wood
increased by up to 5%, whereas, the bending and compressive strength decreased
by approximately 7.5%. Moreover, this contributed to changes in the wood swelling in various fibre directions, colour and density, and the wood absorbed smaller
amounts of environmental moisture. Another work [Gunduz et al. 2008] focused
on the Camiyani black pine. The specimens were subjected to heat treatment by
alternating the temperature (within a range of 120–180°C) and duration (within
a range of 2–10 h). It was found that an increase in heating duration and temperature led to a decrease in wood density, compressive strength, Janka hardness,
surface roughness and swelling. Furthermore, the specimens absorbed smaller
amounts of moisture and acquired more stable shapes.
Wood is a biological material with a heterogeneous structure. Therefore, during an analysis of its mechanical properties an extensive spread of data is obtained. One possible solution is to use a large quantity of specimens and statistical
data processing. Another solution is to apply non-destructive dynamic testing methods for the evaluation of the mechanical properties. The main advantage provided by this method is that the specimens remain intact and can have different
dimensions. In addition, the use of dynamic methods for the analysis of specimens
allows a quite accurate determination of their elastic modulus and damping coefficient [Santos 2000; Vobolis, Albrektas 2007, 2009; Albrektas, Vobis 2010].
Over recent years, thermal modification has mainly been used for coniferous
wood. Birch forests are widespread across Europe, Russia and North America,
however birch wood is usually used for particle boards, veneers or, in rare cases, furniture production. The optimization of the thermal modification process
of birch wood would allow an expansion in its areas of application and its use in
those fields where thermally-modified coniferous wood or more expensive deciduous wood (for instance, ash wood) is used.
The objective of this study was to evaluate how heating temperatures influence
the sorption and mechanical properties of birch wood.

Materials and methods
The test involved the use specimens of tangential sections of the wood of one
silver birch (Betula pendula) tree (fig.1), which grows in the territory of the State
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Forest Enterprise of Kaunas City. The specimens were free of knots, sapwood and
defects.
In order to ensure a more accurate assessment of the effect of the heating process on the sorption properties of the wood, specimens with similar sorption properties were selected. After completion of the moistening and drying processes,
specimens with similar moisture contents were chosen. For this purpose,
120 specimens were selected out of 250 specimens which underwent moistening
and drying in the air. The moistening process was carried out in a climatic chamber
where the temperature was 30±1°C and relative humidity was 90 ±1%. The drying
process was carried out in the same climatic chamber where the temperature was
30 ±1°C and relative humidity was 30 ±1%. These processes lasted 168 hours.
This allowed the selection of specimens with moisture content differences of up
to 1.2%.

Fig. 1. Scheme of removal of specimens from the wood blank: 1 – specimen; 2 – moisture section; 3 – scrap

After the drying process was completed, the specimens had the following measurements: 250 × 40 × 25 mm. Their moisture contents changed within
a range of 6.0–7.2%.
A sliding caliper was used to measure the dimensions (with an accuracy
of 0.05 mm in length and 0.01 mm in width and thickness).
The amount of moisture was measured by applying a drying method (Standard LST EN 13183-1:2003). Immediately after the cutting of specimens from
the wood blank, moisture test sections (fig. 1, 2) were weighed with an accuracy
of 0.01 g and dried at a temperature of 103°C until a steady mass was ensured.
The moisture content was calculated according to the following formula:

W =

m w − mo
⋅ 100
mo

where: mw – the mass of the moist section;
mo – the mass of the dry section.

(1)
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The specimens were also simultaneously weighed (fig. 1, 1) and it was
accepted that the amount of moisture contained by a specimen from the same
wood blank corresponded to one of the test sections. When the moisture and mass
of the specimen was determined, the mass of a completely dry specimen was calculated based on the same formula (1).
After the drying process was finished, the specimens were divided into groups
A, B, C, D and G based on their moisture content to ensure that the specimens
had a roughly equal average amount of moisture (which was 6.7%). In addition,
their viscous elastic properties were established (the modulus of elasticity and the
coefficient of damping). An original working station was used for this purpose
[Vobolis, Albrektas 2007].

Fig. 2. Scheme of test stand: 1 – specimen; 2 – vibration damping material (foam
rubber); 3 – massive supports; 4 – loudspeaker; 5 – vibration generator; 6 – sensor;
7 – measuring instrument; 8 – oscilloscope; 9 – phasemeter; h – thickness of specimen

The tested specimen (1) was placed on elastic elements (2) in a free position.
The acoustic vibrator (loudspeaker) (4), which was regulated by the generator
of electric signals (5), was used to induce the resonance vibrations of the tested
specimen. These vibrations were recorded by the sensor (6) attached to the tested object. By changing the frequency of the generator, the resonance vibrations
of the specimen were induced and measured with the measuring instrument (7).
The shape of the vibrations was observed on the screen of the oscilloscope (8).
To determine the bending direction of the specimen, the phase of vibrations was
measured using the phasemeter (9) which received signals from the measuring
instrument and the generator.
The viscous elastic properties of the tested specimen were evaluated using
a resonance curve, i.e. the amplitude versus frequency response characteristic
[Timoshenko 1985].
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Fig. 3. The amplitude-frequency characteristics of the assortment: where fr – resonance frequency, f1, f2 – frequencies

Its shape predetermined the internal friction – the damping of the specimen. Knowing the resonance frequency f r and the frequency band width
∆f = f 2 − f1 , it was possible to calculate the indicator of the internal friction
(the coefficient of damping):
(2)
where:

was the general characteristic of the internal friction of the specimen
– the tangent of loss angle.

The coefficient of damping is a dimensionless value. Therefore, for the sake
of clarity, dimension “relative units” (r.u.) were used.
The modulus of elasticity can be calculated according to the following formula:
(3)
where: fr – resonance frequency;
ρ – density of material;
s – cross-sectional area;
l – length of beam;
I – inertia moment of beam cross-section;
A – coefficient characterizing the fastening method of beam ends and
modes.
After the evaluation of the modulus of elasticity and the coefficient of damping of the unheated specimens was completed, the specimens in groups B, C,
D and G were exposed to 3 hour heating in the air (at 120°C, 150°C, 180°C and
210°C, respectively). The specimens were placed in a chamber and kept under atmospheric pressure conditions. The temperature was maintained with an accuracy
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of 2 degrees. The specimens in group A did not undergo heating. After the heating
process was completed, the assortments were assessed in order to determine changes in measurements, mass and viscous elastic properties. Then the specimens
from each group were soaked in room temperature water under atmospheric pressure for 4 hours while their moisture and viscous elastic properties were recorded
on an hourly basis.

Results and discussion
Fig. 4 demonstrates the changes in the mass and volume of the specimens (%)
during the heating process.
It can be observed that as the heating temperature continued to increase, the
change in the mass and volume of the specimens tended to grow. When the specimens underwent heating at a temperature of 120°C, the average decrease in the
mass and volume was 6% and approx. 3%, respectively. When the heating temperature rose to 210°C, the change increased up to 12% and 6.5%. In other studies
it was found that thermo – degradation reactions began at higher temperatures, at
around 200°C and were fully effective at 230°C (by 12%) [Candelier et al. 2013].
The decline in volume and mass occurred due to the decomposition of hemicellulose and cellulose and the removal of extractive substances and water during
the heating process [ThermoWood Handbook 2003; Huang et al. 2012; Tiryaki,
Hamzacebi 2014].

Fig. 4. Changes in the mass (1) and volume (2) of birch wood specimens during the
heating process

Fig. 5 shows the changes in the modulus of elasticity and coefficient of damping of the specimens.
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a

b

Fig. 5. Changes in the modulus of elasticity (a) and coefficient of damping (b) of
birch wood specimens during the heating process: 1 – value before heating; 2 – after
heating

It was found that after exposure to heating at a temperature of 180°C, the
average increase in the modulus of elasticity of the specimens was 3.1% (from
9899 MPa to 10210 MPa). Meanwhile, when the specimens underwent heating
at a temperature of 210°C, the change reached 9.9% (from 9909 MPa to
10895 MPa). The modulus of elasticity of the group B and group C specimens
rose by 6.9% and 4.5% on average. Other authors found that the MOE of ash increased 4–41% and the MOE of beech, at a temperature of 200oC, increased 39%
after 10 h of heat treatment [Yildiz et al. 2013; Korkut, Hiziroglu 2009]. In this
study, it was found that in general, there was a decrease in the average coefficient
of damping of the specimens subjected to heating. The smallest change in the
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coefficient of damping was recorded in the case of the group C specimens (from
0.0313 to 0.0251 r.u. (19.9%)), whereas, the largest change was observed in the
case of the group D specimens (from 0.0352 to 0.0227 r.u. (35.3%). The rise in the
modulus of elasticity and the fall in the coefficient of damping can be explained
by the reduced density and plastic substances found in the wood [ThermoWood
Handbook 2003; Gunduz et al. 2009].
Afterwards, the specimens from each group were soaked in water and their volume, average moisture content, modulus of elasticity and coefficient of
damping were recorded on an hourly basis. The specimens were soaked for 4 h.
This time was sufficient to show the difference in the sorption properties of the
wood. Fig. 6 shows the dependence between the average moisture content and the
soaking duration.

Fig. 6. Changes in the average moisture content of the specimens during the soaking
process

It was found that during the soaking process, the largest amounts of water
were absorbed by the unheated wood (group A specimens). Before the soaking
process, the average moisture content of these specimens was 7.1% and after
4 h of soaking it was 28.5%. In the case of the specimens heated at a temperature of 120–180°C, the wood moisture increased between 5.15% and 22.8%.
Meanwhile, when the specimens underwent heating at a temperature of 210°C, the
wood moisture rose from 2.5 to 8.2%. Heat-treated and untreated wood exhibited
different wetting behaviour due to the differences in the content of extractives
and other polymer components induced by the heat treatment. This occurred as
a result of the decrease in hydroxyl groups which allowed the wood to attract water
[ThermoWood Handbok 2003; Huang et al. 2012].
Fig. 7 demonstrates the consistent pattern of volume change during the
soaking process.
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Fig. 7. Changes in the volume of specimens during the soaking process

It was found that the volume of the unheated specimens increased by approximately 8.2% within 4 h, whereas, when the specimens were subjected to
heating at a temperature of 120–180°C, the volume rose by roughly 7.65%.
The smallest growth in volume (due to the acquired hydrophobic properties) was
observed in the specimens exposed to heating at a temperature of 210°C, i.e. up
to 1.1% on average.
Fig. 8 reveals the consistent patterns of changes in the modulus of elasticity
and coefficient of damping during the soaking process.
It was found that during the soaking process, there was a decline in the average
modulus of elasticity of the specimens in each group (fig. 8a). It was established
that in the case of the unheated specimens, the average change was between 10350
MPa and 7900 MPa (the difference was 23.6%). When the specimens underwent
heating at a temperature of 120–180°C, their modulus of elasticity decreased from
11050–11450 MPa (groups B and C) to 7350–8000 MPa (groups D and C).
It can be observed that after exposure to temperatures of 120°C, 150°C and
180°C, within the 4 h period the modulus of elasticity of the specimens fell by
27.8%, 30.1% and 28.4%, respectively. The smallest decrease in the modulus of
elasticity was determined in the case of the specimens heated at a temperature
of 210°C, i.e. up to 7.3% (from 10950 to 10150 MPa). This was caused by the
amount of absorbed water. the non-heated assortments absorbed noticeably larger
quantities of water, which led to a significant increase in their density.
During the soaking process, different patterns of change in the coefficient
of damping of the specimens were established. It was found that the coefficient
of damping of the unheated specimens declined from 0.0295 to 0.0235 r.u. (constituting a 20.3% change). When the specimens were subjected to heating at
a temperature of 120°C, during the first hour of soaking the coefficient of dam-
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ping increased from 0.0242 to 0.0420 r.u. and afterwards decreased to 0.0285 r.u.
When exposed to heating at a temperature of 150°C, the damping coefficient of
the specimens ranged between 0.0250 and 0.0340 r.u. When the specimens underwent heating at temperatures of 180°C and 210oC, their coefficient of damping rose from 0.0230 to 0.0292 r.u. and from 0.0219 to 0.0276 r.u., respectively.
This can be explained by the fact that lower temperature heating contributed to the
partial breaking of the bonds between the phenylpropane units contained by lignin
[Thermo Wood Handbook 2003] and, as a result, the wood became less homogeneous and more ductile. However, it retained a sufficient number of hydroxyl
groups which attracted water. Water had no impact on the structure of the unheated wood, and the wood exposed to higher temperatures tended to absorb smaller
amounts of water. This is why the coefficient of damping varied within a smaller
range in the present cases.

a

b

Fig. 8. Changes in the modulus of elasticity (a) and coefficient of damping (b) of the
specimens during the soaking process
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It was determined that depending on the previous heating temperature applied
to the wood, the damping coefficient of the soaked wood changed within a range
of 73.6%, 36.0%, 27.0% and 26.0%. It can be observed that in comparison to the
unheated specimens, the smallest change in the coefficient of damping occurred
when the specimens were heated at higher temperatures and were subsequently
soaked in water.
During the drying and heating process, there was uneven distribution of moisture and temperature in the wood assortments, which resulted in the formation
of stresses. If they exceeded the strength limit, the wood assortments developed
cracks and became unsuitable for production in the majority of cases.
Fig. 9 provides the amplitude-frequency characteristics of some birch specimens after the moistening and heating processes.

a

b

Fig. 9. The amplitude-frequency characteristics of different birch wood specimens
(a – specimens 1 and 2; b – specimens 3 and 4) those which cracked during the moistening and heating Process

Research into sorption and mechanical properties of natural and modified birch wood

67

It can be observed that the amplitude-frequency characteristics of the first, second, third and fourth specimens had the following peaks: 6, 7, 4 and 5, respectively. It is obvious that during the moistening and drying processes, the specimens
split into a certain number of separate parts. Due to such amplitude – frequency
characteristics, it was not possible to calculate the modulus of elasticity and coefficient of damping.
It can be concluded that the wood showed more stability when it was exposed
to higher temperatures. As the ambient moisture tended to vary, the measurements
and the elastic and plastic properties of the wood underwent slight changes.

Conclusions
1. It was established that when the birch wood specimens underwent heating
at a temperature of 120–210°C, there was an average 4.7% decrease in their
volume, a 12% increase in their modulus of elasticity and a 40% decrease in
their coefficient of damping.
2. It was demonstrated that in comparison to the non-heated specimens, when
the heated specimens underwent soaking in water, they absorbed amounts
of water which were 4–5 times smaller and retained a volume which was
6–9 times steadier.
3. It was determined that after 4 hours of soaking, the modulus of elasticity of the
non-heated specimens and the specimens heated at up to 180°C and 210°C,
declined by 30% and 7.3%, respectively.
4. It was found that there was a substantial rise (up to 73.6%) in the coefficient of
damping in the case of the soaked specimens which were heated at lower temperatures (up to 180°C). The coefficient of damping of the specimens heated
at higher temperatures (210°C) remained steadier (and changed up to 20.3%)
after they were subsequently soaked in water.
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BADANIA NAD SORPCJĄ I WŁAŚCIWOŚCIAMI
MECHANICZNYMI NATURALNEGO I MODYFIKOWANEGO
DREWNA BRZOZY
Streszczenie
Niniejsze badania dotyczyły obróbki drewna w wysokich temperaturach. Próbki drewna
zostały przebadane z wykorzystaniem oryginalnego stanowiska badawczego. W celu podniesienia trwałości, odporności środowiskowej oraz stabilności rozmiarowej i stabilności
kształtu produktów drzewnych, drewno poddawane jest procesowi modyfikacji. Jedna
z metod modyfikacji obejmuje ogrzewanie w wysokiej temperaturze (140–230°C). Poddanie działaniu ciepła przyczynia się do zmian w składzie chemicznym oraz zmian właściwości fizycznych i mechanicznych drewna. Dodatkowo przebadano sortymenty naturalnego i modyfikowanego drewna brzozowego. Właściwości sorpcyjne drewna oceniono
podczas procesów zwilżania i suszenia. Metodę wibracji rezonansowych wykorzystano
do oceny modułu sprężystości oraz współczynnika tłumienia. Próbki przebadano, poddając je 3-godzinnemu ogrzewaniu w temperaturach 120, 150, 180 and 210°C i mocząc
je potem w wodzie. Zaobserwowano, iż moduł sprężystości drewna poddanego obróbce
termicznej wzrósł o 12%, a współczynnik tłumienia obniżył się o 40%. Ustalono, że ilości
wody wchłonięte przez drewno poddane obróbce termicznej były pięciokrotnie mniejsze
niż ilości wchłonięte przez drewno naturalne.
Słowa kluczowe: drewno brzozowe, drewno modyfikowane termicznie, współczynnik tłumienia, wibracje rezonansowe, moduł elastyczności
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POSSIBILITIES OF LIMITING FORMALDEHYDE
CONTENT IN PARTICLEBOARDS TO A LEVEL
CHARACTERISTIC OF NATURAL WOOD
The article presents the results of research on the influence of selected technological parameters, changed within a range similar to values presently used in industry, on the properties of three-layer particleboards produced from pine particles
obtained from sawmill waste. The particles were glued with amine resins. The panels,
produced using urea-formaldehyde resin modified with melamine, were characterised
by the lowest content of formaldehyde, i.e. below 2 mg/100 g of ovendry board,
after conversion into a value corresponding to the moisture content of the panels
equalling 6.5%. The emissions of formaldehyde determined by the chamber and gas
analysis methods were much lower than the threshold values recommended in international regulations and used as a basis for the classification of particleboards.
Keywords: particleboards, formaldehyde content and emission, panel strength

Introduction
This article is publication prepared on the basis of research carried out within the
framework of project no. NN309 078 338, whose aim was to reduce formaldehyde
content in particleboards to a level similar to that characteristic of natural wood.
In previous publications the following test results were presented: the influence
of the molar ratio of glue resins and the addition of urea on formaldehyde content
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duction, in alternative raw materials, whose suitability for panel production was
proved in statutory research carried out in the Institute, and also in post-consumer
wood and particles randomly sampled at different particleboard producers plants.
These publications also discussed literature concerning methods to reduce formaldehyde content in wood-based panels. The latest articles on formaldehyde in
wood-based materials now frequently concern legislative issues, as well as the costs
and economic effects of their implementation. They also discuss the test methods and
threshold values for permissible formaldehyde emissions which are the basis for the
classification and certification of wood-based panels [Steckel 2009, Fischer 2013].
The United States Environmental Protection Agency suggests that, as regards
wood-based materials, the United States on their territory should introduce rigorous
standards for formaldehyde emissions, developed by the California Air Resources
Board (CARB) [IKEA 2009]. A Congress decision has already been signed by the
US President; however, the date for its enactment has not yet been decided. Europe
has also been discussing changes in the regulations concerning formaldehyde emissions from wood-based panels. Presently, the Swedish concern IKEA requires that
its suppliers provide materials with a formaldehyde content reduced to the level determined by CARB [IKEA 2009]. A critical review of the methods of formaldehyde
testing, the factors influencing the results obtained by the various methods, and the
difficulties resulting from producers and certification bodies using different methods
were addressed, inter alia, at a conference in Hannover [Steckel 2009]. A scientific
conference in Gottingen, where factors deciding the emission level and possibilities
of its reduction were discussed, was also devoted to the possibilities and results of
tightening the requirements within this area [Fischer 2013]. The conference also
drew attention to the factors that may cause an excessive concentration of formaldehyde and other volatile compounds�����������������������������������������������
, e.g. as much as a hundredfold reduction, compared to the 1960s, in air exchange in rooms in buildings, the use of inappropriate
materials, and the lack of protection against the excessive insolation or dampness
of materials during construction and service life. The effect, most often negative, of
the implementation of known solutions for formaldehyde reduction on the quality
and the effectiveness of wood-based panel production was also discussed. The results of the research carried out by Roffael [2011] and Kraft et al. [2012] concerning
formaldehyde emissions from particles and wood fibres and the influence of factors
connected with the processes of their obtainment in wood-based panel production
on these properties, are interesting in terms of the determination of formaldehyde
emission threshold values and research aimed at the reduction of the emissions to
a level characteristic of natural wood. Warcok [2013] exhaustively discussed the
development, properties, structure, advantages and disadvantages of amine resins,
methods for the reduction of formaldehyde content in and emissions from panels
produced using these resins, as well as the economic aspects of the implementation
of new solutions. The review of formaldehyde reduction methods carried out by
the author suggests that the most effective method is still a reduction in the resin

Possibilities of limiting formaldehyde content in particleboards to a level characteristic of natural wood

73

F/U molar ratio and the addition of urea to the glue. The author also proved that
there is no possibility of substituting another compound for formaldehyde, for there
is no raw material base which would facilitate the production of over 4 M tonnes of
glue resins per year, i.e. the amount already produced in Europe in 2005.

Materials and methods
Raw wood material

The panels were produced using particles from pine chips obtained from sawmill
waste. The particles were cut using a flaker-mill type DD01 (Pallmann set), knife
position – 0.9 mm. After preliminary drying to a moisture content of 8±1%, the
particles were sorted to the fractions required for particular layers of the panels
(using an Allgaier sorter). The fraction composition of the particles for the outer
layers and the middle layer of the panels is given in tables 1 and 2.
Table 1. Fraction composition of particles intended for outer layers, moisture content
of particles 8.1%; bulk density 127.91 g/dm3
Dimensions
of the square
meshes in sieves
[mm]

Mass and percentage share of fraction
[g]

[%]

[g]

[%]

I

[g]

II

[%]
III

Mean share
of fraction
[%]

2.00

4.99

1.52

7.96

2.38

4.29

1.25

1.72

1.00

76.74

23.40

81.57

24.42

72.07

23.03

23.61

0.50

218.74

66.69

217.86

65.23

209.01

66.78

66.23

0.25

25.60

7.80

24.81

7.43

26.14

8.35

7.86

< 0.25

1.85

0.56

1.57

0.47

1.74

0.56

0.57

Table 2. Fraction composition of particles intended for the middle layer, moisture
content of particles 8.6%; bulk density 103.17 g/dm3
Dimensions
of the square
meshes in
sieves
[mm]
8.00

Mass and percentage share of fraction
[g]

[%]

[g]

I

[%]

[%]

Mean share
of fraction
[%]

0.30

0.07

0.04

[g]

II

0.09

0.02

4.00

66.87

2.00

199.85

1.00
0.50

III

0.12

0.03

14.57

67.00

15.30

69.83

16.79

15.55

43.54

194.25

44.35

176.88

42.52

43.47

171.80

37.43

162.39

37.08

155.35

37.34

37.28

16.21

3.53

10.99

2.51

11.63

2.80

2.95

0.25

1.41

0.31

0.67

0.15

0.92

0.22

0.23

< 0.25

1.82

0.40

0.81

0.18

0.97

0.23

0.27
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Table 3 presents the results of the measurement of the geometry of the particles intended for the middle layer of the panels.
Table 3. Geometry of particles used for the middle layer of panels
Value

Length

Width

Thickness

[mm]

x

15.93

1.97

0.72

xmax

51.31

7.68

1.60

3.50

0.20

0.13

σ

7.304

1.222

0.287

xmin

Slenderness

Flatness

22

2.7

Glue resins

The particleboards were produced using urea-formaldehyde resins of various molar ratios (F/U 1.03, 0.96, and 0.85) and urea-formaldehyde resin of molar ratio
F/U 0.91–0.93 modified with melamine during the condensation process (three
batches). The results of tests of the resins’ properties are compared in table 4.
The properties of the resins were tested according to the following standards:
PN-C-04504:1992 Chemical analysis. Determination of density of chemical products – liquid and solid in the form of powder.
PN-C-04963:1989 Chemical analysis. Determination of pH of water solutions of
chemical products.
PN-C-89352-3:1996 Adhesives for wood. Test methods. Determination of gelation time.
PN-EN ISO 12058-1:2005 Plastics. Determination of viscosity using viscometer
with falling ball. Part 1 Hoeppler method.
PN-EN 827:2006 Adhesives. Determination of conventional and constant content
of dry substance.
Tests of the mass average molecular mass were performed using a GPC chromatograph by Agilant Technologies; RID detector, eluant DMSO, sample concentration 10–20 mg/l, PSS column – Proteema 100, and calibration was performed
using a PMMA.
Determination of the F/U molar ratio was carried out using a CN analyzer by
LECO TruSpec CN.
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Table 4. Characteristics of glue resins used
Resin marking

Unit of
measure

1

2

3

4

5

6

-

8.7

8.8

8.6

8.6

8.4

8.1

[mPa*s]

380

120

440

420

420

460

Dry substance content

[%]

67

69

66.3

66.8

67

66.8

Gelation time

[s]

60

78

63

98

97

118

-

1.03

0.85

0.96

0.91

0.93

0.91

20.9

20.8

23.2

23.6

21.1

21.6

21.6

Resin property
pH
Viscosity

Molar ratio F/U
50

Mean content of fraction
of mean molecular mass1

100

5.6

7.6

5.7

6.5

8.3

8.6

8.6

500

12.4

10.9

8.6

11.2

12.7

13.5

13.5

10^3

36.0

37.5

36.4

36.6

34.0

33.5

33.5

10^4

12.2

11.6

12.9

12.2

12.0

10.4

10.4

10^5

11.6

10.3

11.1

8.2

8.9

7.8

7.8

10^6

1.5

1.2

2.1

1.0

3.0

4.7

4.7

tests carried out using a GPC Chromatograph by Agilant Technologies; RID detector, PSS Column
by Proteema 100
1

Parameters of particleboard production

The following parameters were constant in all the test variants:
–– wood raw material: pine particles,
–– fraction composition and geometry of particles – tables 1–3,
–– panel composition: three-layer; share of layers: outer – 32%, middle – 68%;
nominal thickness – 16 mm,
–– nominal density – 670 kg/m3,
–– moisture content of particles after drying – 2 ±1%,
–– gluing degree: ol – 11%, ml – 9% (ol – panel outer layers; ml – panel middle
layer),
–– type of hardener: water solution of ammonium nitrate – 45% + urea – 35%,
–– type and amount of paraffin (emulsion 65%) – 0.35% in relation to dry mass
of particles,
–– pressing parameters: unit pressure – 2.5 MPa, pressing temperature – 210°C.
Parameters that were changed are given in the section “Results and discussion”.
The panel properties were tested in accordance with the following standards:
–– moisture content acc. to PN-EN 322:1999,
–– bending strength and modulus of elasticity in bending according to
PN-EN 310:1994,
–– tensile strength perpendicular to the planes according to PN-EN 319:1999,
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–– formaldehyde content according to PN-EN 120:1994,
–– formaldehyde emission by the flask method according to PN-EN 717-3,
–– formaldehyde emission by the chamber method according to ASTM D 6007-02,
–– formaldehyde emission by the gas analysis method according to PN-EN 717-2.
The density and density profile of the panels was determined using a Gre-Con
DA-X apparatus.

Results and discussion
Table 5 presents the results of the research on the properties of the panels pressed
for various times and produced using urea-formaldehyde resins (1 and 2) and
urea-formaldehyde resin modified with melamine during the condensation process (4). The content of the formaldehyde in the panels containing resins 1 and 2
was the same irrespective of the pressing time, and the differences in the values
of formaldehyde emissions from the panels were within a range admissible at
testing of one sample. The changes in the formaldehyde content in and emissions from the panels containing the resin modified with melamine were in line
with the known trend of the favourable influence of pressing time lengthening on
the above-mentioned properties; however, these changes were also insignificant.
On the other hand, the effect of the resin used was clear: the panels containing
urea-formaldehyde resin modified with melamine were characterised by lower
content and lower emissions of formaldehyde irrespective of the pressing time.
The pressing time had a significant bearing only on the bending strength of the panels containing urea-formaldehyde resin; whilst a shortening of the pressing time
had no significant bearing on the value of the modulus of elasticity and tensile
strength perpendicular to the planes of these panels. On the other hand, the influence of the pressing time on the strength of the panels containing urea-formaldehyde resin modified with melamine was quite different. The results of the calculations of the significance of the differences between the discussed results are given
in table 6.
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Table 5. The influence of pressing time on the properties of panels produced using
urea-formaldehyde resins of F/U molar ratio 0.85 (2) and 1.03 (1), and urea-formaldehyde resin modified with melamine during the condensation process (4)
Molar ratio of F/U resin
ol – 0.85, ml – 1.03

0.91 ol and ml

hardener addition [%]
Tested
property

Value

ol – 2, ml – 5

Unit of
measure

ol – 3, ml – 10
urea addition

10

10

Pressing time coeffcient [s/mm]
6(x2)

4.5 (x3)

8(x1)

6(x2)

4.5(x3)

Fz

x

[mg/100g]

2.3

2.3

2.3

1.7

1.6

1.8

Eb

x

[mg/kg]

2.5

2.2

2.5

1.6

1.7

2.0

Ek

x

[ppm]

0.045

0.043

0.046

-

-

-

Eg

x

[mg/(m2h)]

1.4

1.5

1.3

-

-

-

Rg

σ

x
v
x
E

σ
v
x

Rr

x
σ
v
Fz
Eb
Ek

8 (x1)

σ

[N/mm2]
%
[N/mm2]
[%]
[N/mm2]

11.9

9.3

8.6

13.2

11.9

12.2

0.63

0.47

0.42

1.17

0.87

0.90

5.3

5.1

4.9

8.9

7.3

7.4

3100

3160

2970

3290

3090

3160

134

51.5

103

155

181

137

4.3

1.6

3.5

4.7

5.9

4.3

0.44

0.42

0.42

0.41

0.37

0.37

0.02

0.02

0.03

0.02

0.02

0.02

4.5

4.8

5.8

5.0

5.4

5.4

v

[%]

d

x

[kg/m ]

675

683

677

677

679

682

dmin/dx

x

[%]

88.5

86.9

86.9

86.1

87.5

86.0

3

– mean value
– standard deviation
– variability coefficient
– formaldehyde content according to PN-EN 120:1994,
– formaldehyde emission determined by the flask method according to 717-3:1999
– formaldehyde emission determined by the chamber method according to
ASTM D 6007-02(08)
Eg
– formaldehyde emission determined by the gas analysis method according to
PN-EN 717-2:1999,
Rg
– bending strength according to PN-EN 310:1994
E
– modulus of elasticity at bending according to PN-EN 310:1994
Rr
– tensile strength perpendicular to planes according to PN-EN 319:1999,
dx
– mean density determined by a Grecon DA-X apparatus,
dmin/dx – relation of minimum density to mean value (based on the programme of the Grecon
DA-X apparatus)
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Table 6. Calculations of the significance of differences between bending strength,
modulus of elasticity and tensile strength perpendicular to planes of panels produced
using urea-formaldehyde resins of F/U molar ratio 0.85 (2) and 1.03 (1), and urea-formaldehyde resin modified with melamine during the condensation process
F/U – 0.91
Resin

Pearson formula

1 and 2

x1-x3 ≥3√ σ /n1+ σ n

Property

4

2
2
3 / 3

x1-x3≥3√ σ 12/n1+ σ 32n3

Result

3√ σ 12/n1+ σ 32n3
0.77

significant

E

130

179.3

insignificant

Rr

0.02

0.047

insignificant

Rg
2
1

Value
x1-x3
3.3

Rg

1.0

1.6

insignificant

E

130

253

insignificant

Rr

0.05

0.024

significant

The results of the testing of the panels produced using resins stored for 8,
14, 36 and 50 days after they were produced are given in table 7. Based on these
results, the influence of the resin storage period on the content and emissions of
formaldehyde cannot be determined unambiguously. The values of these properties determined after various storage periods are slightly diverse and what is more
they do not demonstrate any trend towards change, irrespective of the emission
determination method used. Therefore, it can be assumed that the formaldehyde
content in and emissions from the panels containing the applied urea-formaldehyde
resins was independent of their storage period up to 50 days.
On the other hand, the bending strength of the panels containing resins stored
for various periods was clearly diverse; at the same time, changes in this property
did not demonstrate any constant trend. The differences between the initial mean
value and the values determined after particular storage times were significant (table 8). The influence of the resin storage period was favourable only up to 36 days.
The bending strength of the panels containing resin stored for 50 days was 15%
lower than the initial value, and 30% lower than the maximum value. The modulus of elasticity demonstrated a similar trend, i.e. its value was the highest in the
case of the use of resins after 36 days and the lowest after the longest storage period; however, the differences between the mean values of the same property were
significant only in the case of resin storage for 36 days. The panels containing
resin stored for 36 days were also characterised by the highest tensile strength
perpendicular to the planes; changes in this property were also significant for the
storage period of 36 days. After 50 days, the tensile strength decreased almost to
the initial level. Changes in the strength of the panels in the examined resin storage period were relatively insignificant; however, they may be of importance in
practice, for their values vary within the range required by the effective standard.
An explanation for the reasons for the observed phenomena requires a continuation of the research, taking into account an instrumental analysis of resins.
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Table 7. Properties of panels produced according to constant parameters using urea-formaldehyde glue resins stored for different periods in the same conditions at
a temperature of 20±3°C. The molar ratio of resin for ol – 0.96 (3), for ml – 1.03 (1),
hardener addition in ol – 2%, ml – 7%, urea addition ol – 15%
Storage period

Tested
property

Value

Unit of measure

Fz

x

[mg/100g]

Eb

x

[mg/kg]

2.0

2.4

2.5

2.3

Ek

x

[ppm]

0.058

0.054

0.046

0.050

Eg

x

[mg/(m2h)]

x
Rg

σ
v
x

E

σ
v
x

Rr

σ

days

[N/mm2]
[%]
[N/mm2]
[%]
[N/mm2]

8(x1)

14(x2)

36(x3)

50(x4)

2.3

2.0

2.1

1.9

1.0

1.5

1.3

1.2

10.6

11.8

13.1

9.2

0.6

0.9

0.4

0.7

5.7

7.5

3.1

7.6

2900

2980

3380

2790

125

163

197

54

4.3

5.5

6.2

1.9

0.28

0.35

0.36

0.30

0.031

0.033

0.032

0.030

11.1

9.4

8.8

10.0

v

[%]

d

x

[kg/m ]

671

672

670

675

dmin/dx

x

[%]

85.8

84.0

79.3

86.3

3

Table 8. Calculation of the significance of differences between the modulus of elasticity and the tensile strength perpendicular to planes of panels produced using urea-formaldehyde resins of F/U molar ratio 0.96 (3 – ol) and 1.03 (1 – ml)
Pearson formula

x1-xn≥3√σ 12/n1+ σ n2/n

Property

Value

Result

x1-xn

3√ σ 12/n1+ σ x2/nx

Rg x1-x2

1.2

0.96

significant

Rg x1-x3

2.5

0.43

significant

Rg x1-x4

1.4

0.75

significant

Rr x1-x2

0.07

0.043

significant

Rr x1-x3

0.08

0.044

significant

Rr x1-x4

0.02

0.040

insignificant

Ex1-x2

80

218

insignificant

E x1-x3

400

218

significant

E x1-x4

110

137

insignificant

The strength of the panels containing the urea-formaldehyde resin modified with
melamine stored for different periods was connected with their density (table 9).
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The influence of density was especially visible in the period of resin storage up to
36 days. For this period, determination coefficients R2 calculated for the relations
between the panel bending strength, modulus of elasticity and tensile strength
equal Rg – 0.98, E – 1.0, and Rr – 1.0, respectively, and after taking into consideration the results obtained using the resin stored for 50 days, the coefficients
decrease and equal Rg – 0.86, E – 0.50, and Rr – 0.80, respectively. Hence, one
can assume that the weakening of the said relations was due to the changes in the
resin resulting from its lengthy storage.
The resin storage period had no influence on the formaldehyde content in
the panels; whilst the formaldehyde emissions determined by the flask method
decreased as the storage period lengthened, i.e. after 36 days, the emissions
decreased by almost 40%. Research on the influence of a storage period lasting
from 36 to 50 days on the properties of panels and on the changes in the resin over
this period could bring nearer the development of a resin of a structure favourable
in terms of both formaldehyde emission and panel strength.
Table 9. Properties of panels produced according to constant parameters using urea-formaldehyde glue resin modified with melamine (4) stored for different periods
in the same conditions at a temperature of 20±3°C. The resin F/U molar ratio 0.91,
hardener addition to the outer layer – 10%, to the middle layer – 3%, urea addition
to the middle layer – 10%
Storage period
Tested property

Value

Unit of measure

days
8

14

36

50

Fz

x

[mg/100g]

1.8

1.6

1.7

1.6

Eeb

x

[mg/kg]

1.8

1.7

1.3

1.1

Rg

σ

x
v
x
E

σ
v
x

Rr

σ

[N/mm2]
[%]
[N/mm2]
[%]
[N/mm2]

14.1

11.9

11.9

12.3

1.27

0.87

0.38

0.59

9.2

7.5

3.3

4.6

3530

3090

3030

2920

226.1

181

93.7

86.6

6.6

5.6

3.2

3.0

0.41

0.35

0.34

0.35

0.03

0.03

0.03

0.03

7.3

8.6

8.8

8.6

v

[%]

d

x

[kg/m ]

714

679

673

696

dmin/dx

x

[%]

87.5

87.5

86.8

88.4

3

Table 10 presents the results of tests of the panels produced using resins 1 (ol)
and 3 (ml). Urea was added to the resin used for the outer layers, and the amount
of hardener was changed in the middle layer. Although the amount of hardener
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was changed only in the middle layer of the panels, it had a favourable influence
on both the content and emissions of formaldehyde, and thus a 2% increase in
the amount of hardener (from 5% to 7%) resulted in a reduction in formaldehyde
content of over 30%, and reductions in formaldehyde emissions of 40%, using the
flask method, and of 32%, using the chamber and the gas analysis method.
Table 10. Properties of panels produced using urea-formaldehyde resins with various
amounts of hardener in the middle layer and various amounts of urea in the outer
layer, pressing time coefficient – 6 s/mm
Molar ratio of F/U resin
ol – 0.96 (3), ml – 1.03 (1)
Tested
property

hardener addition [%]
Value

Unit of measure

ol – 2, ml – 5

ol – 2, ml – 6

ol – 2, ml – 7

urea addition [%]
ol – 10
Pressing time coefficient – 6 s/mm

Fz

x

[mg/100g]

3.4

2.3

2.3

Eb

x

[mg/kg]

3.5

3.1

2.1

Ek

x

[ppm]

0.062

0.055

0.042

Eg

x

[mg/(m h)]

x
Rg

σ
v
x

E

σ
v
x

Rr

σ

2

[N/mm2]
[%]
[N/mm2]
[%]
[N/mm2]

1.9

1.6

1.3

11.6

12.1

11.6

0.91

0.16

1.0

7.8

1.3

8.6

2510

2790

2850

99.5

118

121

3.9

4.2

4.2

0.37

0.39

0.40

0.02

0.02

0.03

v

[%]

5.4

5.1

7.5

d

x

[kg/m3]

668

674

681

dmin/dx

x

[%]

88.0

87.6

86.6

However, due to the differences in panel density, it is difficult to unambiguously state that the level of panel strength was connected with the amount of
hardener. Nevertheless, it may be said that increasing the amount of hardener did
not result in a decrease in the values of the examined properties. Fig. 1 presents
the relations between the amount of hardener and the content and emissions of
formaldehyde determined by various methods.
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Fig. 1. The influence of the amount of hardener on formaldehyde content and emissions determined by various methods

To identify the diversity of panel properties resulting from the possible variability of different batches of resin of the same type, the influence of the urea amount
was tested using a urea-formaldehyde resin modified with melamine during the
condensation process (5 and 6). The parameters of the panel production, apart
from the amount of urea added to the resin, were constant. Urea was added to the
resin intended for the outer layers, and in some variants also to the resin intended
for the middle layer. The results of the tests are presented in table 11.
Table 11. The influence of the amount of urea added to urea glue resin modified with
melamine (4, 5, 6) on the properties of particleboards produced using this resin, pressing time coefficient – 7 s/mm
Molar ratio of F/U resin – 0.91
hardener addition ol – 3%, ml – 10%
Tested
Value
property

Unit of
measure

resin
5

6

4

6

5

6

5

6

urea addition [%]
0

0

ol – 10 ol – 10 ol – 12 ol – 12

ol – 12, ol – 12,
ml – 2 ml – 2

1

2

3

4

5

6

7

8

9

10

11

Fz

x

[mg/100g]

1.7

1.9

1.7

1.9

1.6

1.7

1.5

1.6

x

[mg/kg]

1.3

1.5

1.1

1.1

0.9

1.0

1.0

1.1

x

[ppm]

0.025

0.30

-

-

-

-

0.022

0.025

12.8

13.8

13.1

13.1

12.5

13.0

12.4

11.9

0.79

0.26

1.08

1.01

1.08

1.30

0.61

1.21

6.2

1.9

8.2

7.7

8.6

10.0

4.9

10.2

Eb
Ek

Rg

x
σ
v

[N/mm2]
[%]
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Table 11. Continued
1

2
x

E

σ
v
x

Rr

σ

3
[N/mm2]
[%]
[N/mm2]

4

5

6

7

8

9

10

11

3040

2950

2950

2820

3000

2920

3070

2903

110

42.9

122

124

213

206

166

165

3.6

1.5

4.1

4.4

7.1

7.0

5.4

5.7

0.41

0.44

0.37

0.43

0.38

0.41

0.38

0.42
0.03

0.02

0.04

0.03

0.03

0.03

0.02

0.02

v

[%]

4.9

9.1

2.7

6.9

7.8

4.9

5.3

7.1

d

x

[kg/m3]

673

690

693

685

688

687

686

698

dmin/dx

x

[%]

86.7

87.9

88.2

88.4

87.1

87.0

87.7

88.1

The content of formaldehyde in the panels produced using tested batches of
urea-formaldehyde resin modified with melamine without the addition of urea
differed by 0.2 mg/100 g; whilst the emissions determined by the flask and the
chamber methods differed by 0.2 mg/kg and 0.005 ppm, respectively. These differences, insignificant as regards the assessment of the panels, remain also when
urea is used, irrespective of its amount, therefore it may be assumed that they
result from the characteristics of the resins applied. It should be stressed that the
formaldehyde content and emissions were very low irrespective of the method
applied and that the urea had very little bearing on these values.
An analysis of the impact of the resin batch and the addition of urea on the
panel strength is difficult due to the varying density of the panels; however,
irrespective of the strength value and the addition of urea, the properties tested
fulfilled the requirements described in standard PN-EN 312: February 2011 for
type P2.

Conclusions
The tests performed suggest the possibility of limiting the formaldehyde content
in particleboards to a level approximate to the maximum value determined at
the previous research stage for natural wood, i.e. to approximately 1.4 mg/100 g
(pine, sapwood). A formaldehyde content below 2 mg/100 g of ovendry board,
after conversion into a value corresponding to the moisture content of the panels
equalling 6.5%, was characteristic of the panels produced using the urea-formaldehyde resin modified with melamine. The formaldehyde emissions, determined
by the flask and the chambers methods, were within a range of 1.0–1.8 mg/kg and
0.022–0.030 ppm, respectively. Pressing time, within a range of 4.5–8 s/mm, as
well as the addition of urea and its amount were deemed insignificant in terms of
their influence on the said properties of the panels. The above-mentioned values
are much lower than threshold values suggested in pending international regulations used as a basis for the classification of particleboards in terms formaldehyde
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content and emissions. The strength of the particleboards was in accordance with
the requirements of standard PN-EN 312:2011 for type P2.
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MOŻLIWOŚCI OGRANICZENIA ZAWARTOŚCI
FORMALDEHYDU W PŁYTACH WIÓROWYCH DO POZIOMU
CHARAKTERYZUJĄCEGO DREWNO NATURALNE
Streszczenie
W artykule przedstawiono wyniki badań wpływu wybranych parametrów technologicznych, zmienianych w przedziale zbliżonym do wartości aktualnie stosowanych w przemyśle, na właściwości trzywarstwowych płyt wiórowych wytwarzanych z wiórów sosnowych pozyskanych z odpadów tartacznych. Do zaklejania wiórów stosowano żywice
aminowe. Najmniejszą zawartością formaldehydu, poniżej 2 mg/100g zupełnie suchej
płyty, po przeliczeniu na wartość odpowiadającą wilgotności płyt – 6,5%, charakteryzowały się płyty wytworzone z żywicą mocznikowo-formaldehydową modyfikowaną melaminą. Emisja formaldehydu badana metoda komorową i analizy gazowej była znacznie
mniejsza od wartości granicznych, obowiązujących i proponowanych w przepisach międzynarodowych, jako podstawa klasyfikacji płyt wiórowych.
Słowa kluczowe: płyty wiórowe, zawartość i emisja formaldehydu, wytrzymałość płyt
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EMISSION OF VOLATILE ORGANIC COMPOUNDS (VOC)
FROM UV-CURED WATER-BASED LACQUER PRODUCTS
The paper presents the results of chamber tests conducted on UV-cured water-based
lacquer coatings applied on different wood species. Volatile organic compounds
were transferred onto Tenax TA and then they were assayed by gas chromatography
coupled with mass spectrometry and thermal desorption. It was found that
UV-cured water-based coatings may be potential sources of the emission of volatile
substances and thus pollute indoor air. Concentrations of these compounds in the
chamber depended on the type of the lacquer system used and the type of finished
surface. The highest emission of volatile substances was recorded from coatings applied onto the surface of pine wood. The coatings tested released aldehydes, ketones
and alcohols, while in the case of pine wood, terpenes were also emitted. Analyses
conducted 24 h and 72 h after the samples had been placed in the chamber, showed
that the amounts of compounds released varied over time.
Keywords: VOC, water-based lacquers, UV-cured, surface coatings, chamber tests,
TD/GC/MS

Introduction
Wood is lacquered in order to increase its durability and resistance to the action
of external factors and to enhance its colour and pattern. The contribution of
lacquered wood products to indoor air pollution varies depending on the chemical
composition of the applied lacquer product, its solvent content, coating thickness
as well as the application, drying and curing conditions. Solvents contained in
lacquer products are considered to be the primary source of VOC (Volatile Organic
Compounds) emissions.
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UV-cured lacquers can be products free from solvents. They contain 100%
film-forming substances and no components evaporating into the environment
[Proszyk 1999; Bongivanni et al. 2002]. An interesting solution is to combine formulations of water-based products with UV-cured products [Anonymous 2007].
The application of UV radiation to cure lacquer coatings is currently being developed. UV curing technology facilitates the almost immediate further
woodworking of finished elements and the application of further layers, thus shortening the duration of the manufacturing process. Moreover, this technology provides excellent performance properties of the finished surface [Salthammer 1996;
Bongiovanni et al. 2002].
UV radiation may be applied to cure only certain types of lacquer products,
containing first of all unsaturated polyester and acrylic resins and their copolymers. Special photoinitiators are indispensible components of UV-cured systems.
As a result of photoinitiator fragmentation, several volatile products may be
formed, which may constitute a source of indoor air pollution. Studies on VOC
emissions from the surface of wood and wood-based materials finished with
UV-cured products have been presented by several researchers, e.g. Salthammer
[1997], Salthammer et al. [1999], Uhde and Salthammer [2007] and Kagi et al.
[2009]. According to literature, UV-cured coatings are also sources of emissions
of volatile substances.
The aim of this study was to determine the type and amounts of volatile compounds emitted from the surface of selected wood species finished using selected
UV-cured water-based systems.

Material and methods
Sample preparation

Analyses were conducted on three wood species: pine, oak and beech wood. Samples of 280 × 200 × 16 mm were prepared under commercial scale production
conditions. Wood was dried in a drying kiln [Hamech SK 55, Hajnówka] equipped
with software by Automatex. Samples for analyses were collected from strips of
100 mm in width, glued with polyacetate vinyl adhesive. The wood surface was
sanded with sandpaper of 180 and 220 grits. The moisture content of the samples
determined by the gravimetric method fell within the range of 7.5–8.5%. In turn,
the density determined by stoichiometry was 569 kg/m3 for the pine wood (an
average level), 672 kg/m3 for the beech wood and 680 kg/m3 for the oak wood.
The samples of the selected wood species were covered on both sides with
three types of UV-cured water-based products (WB/UV1, WB/UV2, WB/UV3B),
whose characteristics are presented in table 1. The selected products are used in
the surface finishing of most wood species used indoors. They are multicoat products, which may be used as undercoat and topcoat lacquers. They form transpa-
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rent coatings of high mechanical and chemical resistance. The technical parameters of the water-based UV lacquers are shown in table 1.
Table 1. Technical parameters of water-based UV
Parameters

Lacquers
WB/UV1

Photoinitiator

HCPK*

Dilutant
Gloss [°G]

WB/UV3

unsaturated acrylic oligomers
and prepolymers

Film-forming substance

Solid content [%]

WB/UV2

water
35 ± 1

38 ± 1

45 ± 1

4–7

26–29

8–12

Specific gravity [kg/cm3]

1050 ± 30

1050 ± 30

1050 ± 30

Commercial viscosity [s]

40–50

40–50

40–50

Application viscosity

delivered

* 1-hydroxycyclohexyl phenyl ketone

Lacquering products were applied on the wood surfaces by means of a pneumatic spray gun (nozzle diameter – 1.4 mm). The application amount of the
lacquering product applied was 110 ± 5 g/m2.
The drying and curing process consisted of three parts. The first part was
a flash-off-period – 10 min at a temperature of 23–25°C. The second part was
the proper drying period – 15 min at a temperature of 60°C. The third part
was the ultraviolet curing with a UV unit equipped with a Mercury lamp and
an eliptical (focused) reflector. The power of the UV lamp was characterised
as 120 W/cm. The speed of the conveyor during the drying and curing process
was 10 m/min.
Chamber tests

All the experiments were carried out in a 0.225 m3 glass chamber under the following conditions: temperature: 23 ± 2°C, relative humidity: 45 ± 5%, air exchange
rate: 1 h-1 and loading factor: 1.0 m2/m3.
Sampling and TD/GC/MS analyses

Air samples were collected on a Tenax TA (35/60 mesh, Alltech Company) at a 1l
total volume and at a flow rate of 100 ml/min. Air samples for the analyses were
collected 24 h and 72 h after the elements had been placed in the chamber. In each
case, three air samples were collected. Analytes adsorbed on the Tenax TA were
analysed using a GC/MS apparatus, equipped with a thermal desorber, according
to the procedure presented in table 2.
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Table 2. Operating conditions of TD/GC/MS
Elements of measuring
system
Injector

Microtrap

Gas chromatograph
Column
Detector
Carrier gas
Temperature settings

System’s working conditions
Thermal desorber connected to sorption microtrap;
Purging gas: argon at 20 m3min-1;
Purge time: 5 min.
Desorption temperature: 250°C
Sorbent: 80 mg Tenax TA/30 mg Carbosieve III;
Desorption temperature: 250°C for 90 s
TRACE GC, Thermo Finnigan
RTX – 624 Restek Corporation, 60m x 0.32mm ID;
Df – 1.8 mm: 6% cyanopropylphenyl, 94% dimethylpolyoxosilane
Mass spectrometer (SCAN: 10 – 350)
Helium: 100 kPa, ~2 cm3min-1.
40°C for 2min, 7°C min-1 to 200°C, 10°C min-1 to 230°C,
230°C for 20 min.

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 appropriate standards.
Quantitative analyses of VOCs emitted from the examined wood surfaces
were carried out by adding the 4-bromofluorobenzene standard (Supelco).

Results
In order to provide a more detailed characteristics of the wood used in this study
and to determine the source of the emissions for the identified VOCs, their emissions were recorded from the wood prior to the finishing procedures. The results
of these analyses are listed in table 3.
Among the tested wood species, the greatest amounts of volatile substances
were emitted to the atmosphere by the pine wood. The total amount of all the
assayed compounds at 24 h after the tested samples had been placed in the chamber was 377 µg/m3. At 72 h, it had decreased to 215 µg/m3. The beech and oak
wood were characterised by lower emissions of volatile substances, which after
24 h amounted to 143 and 169 µg/m3, respectively, while after 72 h amounted to
86 and 96 µg/m3.
The relatively low emission of VOCs from the pine wood was probably related to the drying process.
Studies by Lavery and Milota [2000], Milota [2000], Manninen et al. [2002]
and Thompson and Ingram [2006] concerning the timber drying process and its
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effect on VOC emissions indicate that timber drying conditions have a significant
effect on later VOC emissions from wood products.
Table 3. Chamber concentrations of VOC from uncoated pine, beech and oak wood
after 24 and 72 h exposure
Pine

Beech

Compound

Oak

VOC concentration [µg/m ]
3

24 [h]

72 [h]

24 [h]

72 [h]

24 [h]

72 [h]
-

Butanal

-

-

19.2

11.3

-

Pentanal

12.8

8.7

14.8

-

-

-

Hexanal

36.2

27.6

36.4

40.1

49.8

30.2

Furfural

31.2

22.8

44.5

27.6

52.1

28.2

Acetone

31.6

21.2

47.5

18.2

21.6

16.1

α-pinene

169.8

98.2

-

-

-

-

Camphene

12.9

7.2

-

-

-

-

3-carene

36.3

12.8

-

-

-

-

Limonene

46.2

16.2

-

-

-

-

Acetic acid

-

-

-

-

45.8

21.3

377

215

143

86

169

96

TVOC*:

*TVOC – sum of emitted VOC

The spectrum of compounds released by the tested wood species varied. The
broadest spectrum of volatile compounds was emitted by the pine wood. The analysed air collected from the chamber contained both monocyclic monoterpenes
(α-pinene, delta-3-carene, camphene) and bicyclic monoterpenes (limonene),
as well as aldehydes and ketones. The oak and beech wood mainly released
compounds from the groups of aldehydes and ketones. In the case of the oak
wood, an emission of acetic acid was also detected. As found in literature reports
[Salthammer et al. 1999; Uhde, Salthammer 2007], the presence of aldehyde
compounds is caused by degradation reactions of fatty acids found in the wood.
Typical degradation products of oleic acid are saturated aldehydes from heptanal to
decanal, while linoleic acid releases mainly hexanal. In turn, the presence of acetic
acid and furfural may be explained by the degradation reactions of hemicelluloses.
The spectrum of identified volatile compounds released by the tested wood
species may be confirmed based on the analyses of VOC emissions from different
wood species conducted in previous years e.g. by Risholm-Sundman et al. [1998],
Jansen et al. [2001] and Manninen et al. [2002].
The process of finishing the wood samples with selected lacquer coatings altered both the type and amounts of the released compounds. The test results of
UV-cured water-based lacquer coatings applied on the surfaces of the pine, beech
and oak wood are presented in table 4.
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Table 4. Chamber concentrations of VOCs from UV-cured water-based systems
Pine

WB/UV1

Lacquer

Compound
Acetone
1-butanol
1,4-dioxane
Hexanal
Furfural
Cyclohexanone
α-pinene
camphene
3-carene
Limonene
Benzaldehyde
Unidentified

WB/UV2

TVOC
Acetone
1-butanol
1,4-dioxane
Hexanal
Furfural
Cyclohexanone
α-pinene
camphene
3-carene
Limonene
Benzaldehyde
Unidentified

WB/UV3

TVOC
Acetone
1-butanol
Toluene
Butyl acetale
Hexanal
Furfural
Cyclohexanone
α-pinene
Camphene
3-carene
Limonene
Benzaldehyde

TVOC

*TVOC – sum of emitted VOC

24 [h]
48.9
61.2
28.41
33.5
10.1
89.2
78.9
6.9
12.1
12.5
152.4
22.4
557
29.1
37.8
10.7
13.1
4.7
50.8
59.2
13.8
12.5
29.8
113.2
22.1
397
43.5
48.5
12.8
11.5
28.9
8.2
12.1
86.1
12.2
19.2
26.4
98.5
408

Beech
Oak
VOC concentration [µg/m3]
72 [h]
24 [h]
72 [h]
24 [h]
72 [h]
22.1
49.4
15.2
28.1
8.9
21.4
41.5
20.1
53.8
22.8
14.2
22.7
24.0
31.0
12.8
36.2
16.1
12.9
25.4
30.1
6.1
11.2
2.2
36.4
78.2
34.2
81.2
39.2
58.2
4.2
3.9
81.2
142.2
79.8
132.1
75.9
5.2
17.1
4.8
19.2
9.8
283
373
191
382
202
19.2
27.2
15.2
26
16.8
24.6
45.2
18.2
58.3
29.2
8.2
3.2
28.2
16.5
16.2
14.2
16.2
19.2
20.1
8.2
0
6.2
2.2
31.2
42.2
21.1
61.2
25.9
42.2
5.2
4.3
15.2
88.4
115.2
75.2
102.5
62.3
7.2
25.2
17.2
12.9
7.7
254
286
166
315
181
25.2
42.0
28.7
33.5
18.1
31.2
30.9
13.3
31.9
17.2
4.3
11.4
6.2
9.6
6.4
7.2
11.5
5.4
12.5
6.6
36.4
25.9
27.2
37.2
33.2
2.2
6.9
4.2
9.5
7.5
5.2
10.0
4.8
16.4
5.7
58.0
9.2
8.2
16.3
77.2
112.2
79.8
103.8
81.2
281
251
170
254
176
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These results indicate that coatings produced from UV-cured water-based
lacquer systems are also sources of emissions of volatile substances. The concentrations of volatile compounds in the first stage of the study, i.e. 24 h after the
placement of samples in the chamber, ranged from 251 to 557 µg/m3.
When comparing the test results with those obtained for the coatings containing water-based products not cured by UV radiation, it may be stated that the
results were relatively low. The concentrations of volatile substances emitted from
the water-based lacquer coatings not cured by UV radiation fell within a markedly
greater range of 388 to 1794 µg/m3 [Stachowiak-Wencek, Prądzyński 2011].
Among the tested UV-cured systems, the greatest amounts of volatile substances
were released by the coatings based on WB/UV1 lacquer. The emission of
volatile substances from the coatings on the pine wood after 24 h was 557 µg/m3.
The amount of substances released from the coatings on the beech and oak wood
was lower, amounting to 373 and 382 µg/m3, respectively. Lower amounts of
volatile substances were released by the coatings produced from the WB/UV2
and WB/UV3 lacquers. After 24 h, the coatings on the pine wood released volatile
substances at 397 and 408 µg/m3, those on the beech wood emitted 286 and
251 µg/m3, while on the oak wood released 315 and 254 µg/m3, respectively.
The analyses showed that the air samples collected from the testing chamber
contained compounds mainly from the groups of aldehydes, ketones and alcohols,
as well as terpenes, in the case of the pine wood.
Benzaldehyde was the predominant component released by all the tested
coating types. Moreover, the coatings from the WB/UV1 and WB/UV2 lacquers
released considerable amounts of cyclohexanone. According to literature reports [Salthammer et al. 1999; Salthammer 2004; Uhde, Salthammer 2007, Kagi
et al. 2009], cyclohexanone and benzaldehyde are degradation products of the
photoinitiator such as HCPK (1-hydroxy-cyclohexyl-phenone).
The greatest concentrations of benzaldehyde were recorded in the case of the
coating based on WB/UV1. After 24 h, the concentration of this compound in the
chamber, depending on the wood species, ranged from 132.1 to 152.4 µg/m3. The
coatings of the WB/UV2 and WB/UV3 lacquers released lower amounts ranging
from 102.5 to 113.2 µg/m3 and 98.5 to 112.2 µg/m3. The concentration of cyclohexanone in the air from the chamber was lower and more varied. It ranged from
78.2 to 89.2 µg/m3 for WB/UV1, from 42.2 to 61.2 µg/m3 for the WB/UV2 and
from 10.0 to 16.4 µg/m3 for WB/UV3.
Moreover, acetone was also detected in the tested air. According to literature
data [Salthammer 2004], acetone may also be a degradation product of UV systems. However, the analyses of the emissions of the volatile substances from the
wood not covered with lacquer coatings (table 3) showed that the wood itself may
be a source of emission of this compound. The concentration of acetone in the
unfinished wood ranged from 21.6 to 47.5 µg/m3. When analysing the recorded
results, it may be found that the coatings from WB/UV1 and WB/UV3 constituted
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an additional source of acetone emissions, while the coatings from the WB/UV2
lacquer reduced its emission into the air.
In the air samples collected from the chamber, the presence of 1-butanol was
also detected. Salthammer et al. [2002] stated that certain acrylates may hydrolyse
of producing volatile alcohols. After 24h, the concentration of butyl alcohol
ranged from 30.9 to 61.2 µg/m3.
Moreover, the emission of 1,4-dioxane was detected in the case of the coatings
from the WB/UV1 and WB/UV2 lacquers, while slight amounts of toluene and
butyl acetate were released from the WB/UV3 coatings.
Additionally, terpenes were released from the pine wood. The application of
finishing coatings resulted in a reduction in their emissions. When comparing the
results of the tests conducted on the pine wood uncoated with lacquer coatings
with the results recorded for the finished wood, it may be stated that the coatings
caused a reduction in terpene emissions by 41–58%, depending on the type of
lacquer product. The greatest reduction in the amount of released terpene compounds was caused by the WB/UV1 coatings, while the decrease was slightest
in the case of the WB/UV3 coatings. After 72 h, the terpene concentrations were
even lower. Depending on the type of applied lacquer product, it decreased by
a further 17–22%.
When comparing the test results recorded after 24 h and 72 h, it may be stated
that except for hexanal, the concentrations of the other determined compounds in
that period decreased.
After 72 h, the total concentration of all the determined compounds ranged
from 166 to 283 µg/m3, i.e. between the first and second stage of the analyses,
the amounts of released compounds decreased in the case of the WB/UV1
coatings by 47–49%, the WB/UV2 coatings by 36–43%, while for the WB/UV3
product, with the highest solids content, its reduction was the smallest, amounting
to 31–32%.
Based on these results, it may be stated that the level of these changes was
dependent to a greater extent on the type of lacquer system applied rather than on
the type of finished surface. In the case of the WB/UV2 and WB/UV3 lacquers,
the lowest reduction in the concentrations of the assayed compounds was recorded
for the coatings on the pine wood. In turn, in the case of the WB/UV1 coating, the
lowest decrease in the amounts of the released substances was recorded for the
coatings on the beech wood, while it was greatest for the coatings on the pine wood.

Conclusions
Studies on the emission of volatile substances from UV-cured systems were also
presented by Salthammer [1997], Salthammer et al. [1999], Uhde and Salthammer
[2007] and Kagi et al. [2009].
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Salthammer et al. [1999] identified 12 compounds, including solvents, monomers and photoinitiators, e.g. also cyclohexanone and benzaldehyde. They also
detected the presence of propylene glycol-monomethyl ether (isomers), acetophenone, 2-phenyl-2-propanol, 1-methoxy-ethanol-benzoate, Texanol-1, Texanol-2,
T4MDD, acrylic monomer, benzophenone and hydroxy-cyclohexanoid acid.
In addition, emissions of cyclohexanone and benzaldehyde were shown in
studies analysing a wooden floor finished with a UV-cured system conducted by
Kagi et al. [2009]. They also found that in the case of reference samples, there was
a release of formaldehyde, acetaldehyde, crotoaldehyde, butyl aldehyde, acetic
acid, toluene, methylenecyclohexane and high emissions of benzene.
Tests on cork parquet coated with UV-cured coatings, published by Uhde and
Salthammer [2007], also showed emissions of cyclohexanone and benzaldehyde
from UV-cured systems. Moreover, Uhde and Salthammer identified CS2, acetic
acid, furfural, styrene, phenol, methyl benzoate, 4-phenyl cyclohexane and benzophenone inside the testing chamber.
When comparing results presented in this study with those reported by other
authors, it may be stated that the tested systems differed in the type of volatile
substances released. However, all the elements tested released cyclohexanone and
benzaldehyde into the atmosphere.
1. Based on the results of the analyses, it was found that coatings produced from
UV-cured water-based lacquers may be sources of emissions of volatile substances. Total concentrations of all the identified compounds were lower than
those recorded for conventional water-based products not cured by UV radiation [Stachowiak-Wencek, Prądzyński 2011].
2. Compounds emitted by the lacquer coatings and those originating from the
wood were detected in the tested air. The determined compounds mainly included aldehydes, ketones and alcohols, while in the case of the pine wood
there were also terpenes. Benzaldehyde was the compound released in the
greatest amounts, probably being the degradation product of the photoinitiator
contained in the lacquer systems.
3. The studies on the emission of volatile organic compounds from the lacquer
coatings applied on the wood species differing in their anatomical structure and
physico-chemical properties showed the effect of the wood species on the level
of released volatile substances. The greatest amounts of volatile substances
were released by the coatings on the pine wood.
4. The chamber test showed that the concentrations of volatile substances
released by the tested samples decreased in time. The level of recorded
changes was also dependent on the type of lacquer product used and on the
wood species.
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EMISJA LOTNYCH ZWIĄZKÓW ORGANICZNYCH (VOC)
Z WODOROZCIEŃCZALNYCH WYROBÓW
LAKIEROWYCH UV
Streszczenie
W pracy przedstawiono wyniki testów komorowych wodorozcieńczalnych powłok lakierowych utwardzanych promieniowaniem UV, naniesionych na różne gatunki drewna.
Lotne związki organiczne pobierano na Tenax TA, a następnie oznaczono metodą chromatografii gazowej sprzężonej z spektrometrią masową i termiczną desorpcją. Stwierdzono,
że powłoki oparte na wodzie, utwardzane UV mogą stanowić potencjale źródło emisji
substancji lotnych i zanieczyszczać powietrze wewnętrzne. Poziom stężenia tych związków w komorze był uzależniony od rodzaju użytego systemu lakierowego oraz od rodzaju
wykończanego podłoża. Najwyższą emisję substancji lotnych stwierdzono z powłok naniesionych na powierzchnię drewna sosny. Badane powłoki wydzielały związki należące
do aldehydów, ketonów i alkoholi a w przypadku drewna sosny również do terpenów.
Badania wykonane po 24 h i 72 h po umieszczeniu prób w komorze wykazały, że ilość
uwalnianych związków jest zmienna w czasie.
Słowa kluczowe: VOC, lakiery wodorozcieńczalne, UV- utwardzane, powłoki powierzch-

niowe, badania komorowe, TD/GC/MS
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HYDROPHOBICITY AND WEATHERING RESISTANCE
OF WOOD TREATED WITH SILANE-MODIFIED
PROTECTIVE SYSTEMS
The study presents the hydrophobic effect of silane-modified protective systems on
wood resistance to aging factors (water and UV radiation). This paper is focused
on conventional and low VOC emulsion systems for exterior use, which were
improved with silanes such as methyltrimethoxysilane (MTMOS), aminoethylaminopropyltrimethoxysilane (AEAPTMOS) and glycidoxypropyltrimethoxysilane
(GPTMOS). The performance of the new protective systems, applied on pine wood
by surface impregnation, was demonstrated through an accelerated weathering test
and evaluated by contact angle, colour and gloss changes. The study showed improvement in the hydrophobicity and photostability of the protective systems modified with selected silanes. The highest protection from the accelerated weathering
conditions was obtained using the treatment with a solvent-borne formulation with
5% AEAPTMOS and an alkyd emulsion with 5% MTMOS.
Keywords: silanes, surface impregnation, hydrophobicity, weathering

Introduction
The weathering process is a complex combination of chemical, mechanical and
biological changes, all of which occur simultaneously and affect each other.
Unprotected wood exposed to atmospheric factors undergoes several modifications followed by colour change, loss of gloss, formation of cracks and staining
on the surface [Chang et al. 1982; Hon et al. 1985; Dawson et al. 2008; Evans et
al. 2008; Cristea et al. 2010; Saha et al. 2013]. Since wood degradation through
weathering is one of the major causes of the reduction in the lifespan of wood
products, proper protection should be applied. Increased wood resistance to
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the abovementioned factors might be obtained by using a specific treatment
method based on hydrophobation which results in a change in the hygroscopic
properties of the wood, thus reducing the negative effects of its exposure to water
[Rowell, Banks 1985; Feist 1992; Donath et al. 2007]. Among hydrophobic agents
such as oils and waxes, silanes comprise an important group. Their ability to impart hydrophobicity as well as improve dimensional stability have been reported
[Tshabalala et al. 2003; Donath et al. 2005; Weigenand et al. 2007; Vetter De
et al. ���������������������������������������������������������������������������
2010]. Wood treated with silanes after accelerated weathering have also revealed reduced surface erosion and enhanced colour stability [Ghosh et al. 2009;
Baur et al. 2012]. Since silanes form a very thin layer on the wood surface, they
exhibit low water resistance, thus effective wood protection with silane alone is
only obtained in high concentrations (over 20%). However, silane as a component
of the protective system for wood in use class 3 might be applied at 5%, creating
a thicker coating and potentially guaranteeing low production costs. Organosilicon compounds are useful not only due to their exceptional hydrophobic properties but also to their low toxicity. Since formulating new low VOC coatings with
equal or better performance than conventional systems is an important aspect,
silanes can provide environmentally-acceptable protection.
In view of the abovementioned arguments, it was decided to undertake research
connected with the effect of the hydrophobicity of a wood surface treated
with a silane-modified protective system on its resistance against aging factors,
including water and UV radiation.

Materials and methods
Composition and properties of protective systems

Tests were performed on Scots pine sapwood (Pinus sylvestris L.) samples with
a size of 7.5 × 25 × 50 mm (the last dimension along the grain). The surfaces
of the samples were sanded using 80 and 220 grit sandpaper. Before impregnation,
the end-grains of the samples were also sealed with a single-component polyurethane adhesive in order to prevent penetration of the agents along the grain.
Solutions containing alkyd resin in an organic solvent (SB/resin) or in a form
emulsified in water (emulsion), or a blend of natural oils (SB/oil) were used as
the base system. The following silanes as modyfying agents were chosen (fig. 1):
methyltrimethoxysilane (MTMOS), aminoethylaminopropyltrimethoxysilane
(AEAPTMOS) and glycidoxypropyltrimethoxysilane (GPTMOS). The characteristics of the protective systems are presented in table 1. The proportion of commercial resin or oil in the formulation was 30%, while the concentration of organosilicon compounds amounted to 5.0%.
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Fig. 1 Chemical structure of silanes

The wood samples were treated by immersion or brushing. For the SB systems the immersion method was applied, while for the emulsion the brushing method was used due to the higher viscosity and density of the solution. 5 replicates
were used for each treatment variation.
In order to assess the applicability of the proposed protective systems, retention
of solutions, preliminary technological tests of the product (colour, the presence
of sediment, skinning and gelation) as well as density, viscosity and fluidity, were
conducted. 14 days after their preparation the tested solutions were characterized by
uniform colour, absence of sedimentation, skin or gelation. Analysis of the recorded
data (table 1) showed that the addition of silanes to the protective systems slightly
reduced the retention rate. In addition, the density of the SB/resin and oil systems
was 0.821 and 0.832 g/cm3, meeting the limits specified by the respective standards
(0.810–0.875 g/cm3) for such products. The values of relative viscosity fluctuated
between 11 s for the alkyd products and 14 s for the oil products, meeting the standard
requirements (11–18 s). The introduction of the silanes to the solutions resulted in
a slight increase in the density and viscosity. The alkyd emulsion exhibited a slightly
higher density and viscosity (0.888 g/cm3 and 18 s). The addition of MTMOS and
GPTMOS caused a decrease in the viscosity to 13 and 14 s, respectively, while the
addition of AEAPTMOS resulted in its increase to 19 s. The tested systems were
characterized by very good fluidity, receiving a score of 10 on the adopted scale.
Table 1. Summary of the protective systems’ variants
Variants
SB/resin
SB/resin/AEAPTMOS
SB/oil
SB/oil/AEAPTMOS
Emulsion
Emulsion/MTMOS
Emulsion/AEAPTMOS
Emulsion/GPTMOS

Mean
retention
[g/m2]
125
120
135
135
105
105
101
94

Properties
density
[g/cm3]
0.821
0.826
0.832
0.835
0.888
0.894
0.898
0.897

viscosity
[s]
11
12
14
15
18
13
19
14

fluidity
[rating scale 0–10]

10
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Accelerated aging test

Artificial weathering was performed following the methodological assumptions specified in the standard EN 927-6. An assessment of the resistance of the
treated wood to the action of atmospheric factors was conducted in a SOLARBOX
chamber (M/S Erichsen, model 522). During the aging procedure a temperature
of 70ºC and a wavelength of 280 nm were applied, corresponding to direct solar irradiation. The samples in the chamber were periodically wetted to simulate
precipitation. The samples were exposed to the accelerated aging test for a total
of 20 cycles, with one continuous light cycle amounting to 102 min with UV-radiation and water spray of 18 min. An evaluation of the exposed specimens was
done after every 5 cycles by contact angle, colour and gloss measurements.
The contact angle [Θ] test was performed according to PN-EN 828 using
a biological microscope equipped with a goniometer attachment. Drops of 3.5 µl
redistilled water with a surface tension of γL = 72.9, (γLd = 23.6; γLp = 49.3) mN/m,
were transferred with a chromatographic injector. The value of the contact angle
was determined at 5 selected points perpendicular to the grain. Based on the value of the contact angle, the values of free surface energy [γS], work of adhesion
[Wa] and surface tension at the interface [γSL] were calculated together with their
dispersion (d) and polar (p) components, according to formulas given in literature
[Kloubek 1974; Neumann et al. 1974; Nguyen, Johns 1978; Liptáková 1980].
The colour of the finished surface was determined using a Datacolor colorimeter (Model 600) equipped with a UV lamp EMITA WT 410. Measurements
were made using a D65 illuminant and 10-degree standard observer. The value of
the colour was analysed after each cycle, at 3 selected points perpendicular to the
grain. The values of coordinates L*, a* and b* were measured and the differences
in colour were calculated in relation to the reference standard (1).
(1)
where: ∆L, ∆a, ∆b denote differences in parameters of compared colours
L* – axis defining lightness (values from 0 to 100%)
a* – axis running from the red colour (+a*) to the green colour (−a*)
b* – axis running from the yellow colour (+b*) to the blue colour (−b*).
Gloss was measured by the photoelectric method according to ISO 2813, using
a PICOGLOSS gloss meter (Erichsen, Model 503), at 5 selected points along the
grain at a light incidence angle of 60º. The percentage change in the gloss of the
specimen during accelerated weathering relative to its initial gloss value was calculated and defined as gloss retention.
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Results and discussion
Wetting characteristics

The differences in the wetting characteristics of the selected systems are presented in fig. 2. During the course of the impregnation process, the surface protected
with silanes achieved a contact angle in the range of 72º18’ to 84º42’ receiving
a similar or higher contact angle to the surface when protected only with resin or
oil. The exception was the emulsion with AEAPTMOS which showed the most
hydrophilic nature compared to all the other formulations.
The contact angle decreased as the aging time increased for all the systems. Emulsion modification with the use of MTMOS at a concentration of
5% made it possible not only to obtain a surface with enhanced hydrophobicity
(angle ����������������������������������������������������������������������
Θ���������������������������������������������������������������������
82°12’), but also showing the highest resistance to the aging conditions (after 20 cycles, angle Θ of 69°42’). The combination of AEAPTMOS with
a solvent-borne oil-based system was also effective in protecting the wood surface
(final angle Θ 65°54’).

Fig. 2. Values of angle �������������������������������������������������������������
Θ������������������������������������������������������������
in the function of the number of aging cycles for wood surface treated with selected systems

Based on measurements of the contact angle, the parameters γS, Wa and γSL
were determined together with their components (fig. 3–5). The values of γS
(below 50 mJ/m2) obtained for all the systems should be considered advantageous
from the point of view of the assumed criteria of the adsorption theory of polymer adhesion to wood. The level of adhesion effects is determined by the γS
ratio of the materials in contact. In order to provide effects of high quality, γS of
the formed coating has to be lower than that of the protected wood. According
to literature data [Liptáková 1987] these values for pine wood are as follows:
γS = 67.6, (γSd = 24.7; γSp = 42.9) mJ/m2. The values of γS for all the tested systems
increased in the function of the number of aging cycles, caused by an increase
in the polar component. The values of component γSd were almost constant
and fell within the range of 30–33 mJ/m2. An increase in the values of com-
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ponent γSp resulted in a reduction in the hydrophobic properties of the treated
wood surface.

Fig. 3. Values of γS and its components in the function of the number of aging cycles
(0–5–10–15–20) for wood surface treated with selected systems

Fig. 4. Values of Wa and its components in the function of the number of aging cycles
(0–5–10–15–20) for wood surface treated with selected systems

Fig. 5. Values of γSL and its components in the function of the number of aging cycles
(0–5–10–15–20) for wood surface treated with selected systems

In accordance with literature data [Liptáková, Kudela 1994] for a wood-coating system, a linear dependence is found between the adhesion work Wa and
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surface tension γSL on the layer interface. The higher the Wa value, the lower
the γSL level. For all the analysed systems, the value of Wa at the initial stage of
aging was below 100 mJ/m2, while for the parameter γSL it was at least 4 times
higher than 3 mJ/m2. In view of the above, the systems did not meet the criterion
of energy minimization (0–3 mJ/m2) at the interface of the materials in contact
[Pirmasens 1983; Paprzycki 1991]. The aging cycles had a significant effect on
the fluctuations in Wa and γSL values. The adhesion work showed slight upward
trends. When analysing the data concerning γSL, a considerable reduction was recorded, amounting to 4.3 mJ/m2. Such considerable changes in Wa and γSL occurring during the course of aging were influenced first and foremost by the polar
components of these parameters.
Colour changes

The artificial weathering resulted in photodegradation of the wood surface, which
affected the colour of the surface (table 2). After 20 cycles the non-treated wood
was characterized by the parameter ∆E amounting to 14.80 units. The colour
changes in the untreated wood were mainly attributable to the high ∆b value,
which showed a yellowing of the surface caused by carbonyl-groups forming due
to lignin degradation and photo-oxidation of the cellulose [Pandey 2005]. Comparable behavior was observed in the samples treated with the SB/resin and oil
systems. The emulsion displayed lower ∆E values than the SB systems, amounting to 10.51 units.
The evaluation of ∆E values (fig. 6) revealed that the use of silanes significantly
improved the colour stability of the wood surface. The most effective formulations were the SB/oil/AEAPTMOS and the emulsion/MTMOS, which obtained
∆E amounting to 5.19 and 5.81 units, respectively. The enhanced colour stability
of those systems was evident from minor changes in the values of the chromaticity
coordinates ∆L, Δa and Δb.
Gloss retention

The results of gloss retention at an angle of 60º in the function of the number of
aging cycles are given in fig. 7. The tested systems demonstrated a loss of gloss
retention with the final gloss values slightly lower than those of the untreated
wood, with one exception. The gloss of the emulsion 30%/GPTMOS 5% amounted to 38% during the artificial aging. A lack of pronounced changes in the gloss
retention indicated the stability of the aesthetic-decorative features of the treated
wood surfaces.
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Table 2. Changes in colour components for wood surface treated with selected systems after 20 cycles of exposure to UV irradiation and water
Variants

Changes in colour components
ΔL

Δa

Δb

ΔE

Untreated wood

−6.87

4.78

12.21

14.80

SB/resin

−4.35

4.15

11.62

13.08

SB/resin/AEAPTMOS

−8.96

5.02

6.46

12.13

SB/oil

−8.02

4.28

8.75

12.62

SB/oil/AEAPTMOS

−2.53

1.70

4.20

5.19

Emulsion

−5.90

3.94

7.76

10.51

Emulsion/MTMOS

−4.87

3.13

0.51

5.81

Emulsion/AEAPTMOS

−3.43

2.54

7.86

8.94

Emulsion/GPTMOS

−6.84

3.23

4.79

8.95

Fig. 6. Fluctuations in ∆E in the function of the number of aging cycles for wood surfaces treated with selected systems

Fig. 7. Changes in gloss retention in the function of the number of aging cycles for
wood surfaces treated with selected systems
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Conclusions
The addition of silanes improved the hydrophobic properties of the systems based
on alkyd resin and a blend of natural oils. The emulsion modified with the use of
MTMOS at a concentration of 5% showed the highest hydrophobicity and resistance to the aging conditions. Amongst the solvent-borne systems, protection to
the accelerated weathering conditions was obtained through treatment with the
SB/oil with 5% AEAPTMOS share. The developed systems met the requirements
of the criteria concerning the adsorption theory of polymer adhesion to wood in
relation to the parameters γS and Wa, which showed adequate adhesion to form
coatings of a good quality.
The protective systems, in terms of their applicability, showed:
–– advantageous properties in the liquid state and for coatings in terms of the
preliminary technological tests, density, relative viscosity and fluidity;
–– enhanced resistance to the weathering process;
–– enhanced colour stability of the wood surface in relation to AEAPTMOS.
–– stable aesthetic-decorative value under the aging conditions as evident from
the gloss changes.
The accelerated aging test showed that silanes, due to their hydrophobic
properties, inhibit the weathering process. Therefore, it is suggested that silanes
might be used in combination with suitable coatings for the treatment of wooden
elements, such as garden furniture.
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List of standards
EN 927-6:2006 Paints and varnishes. Coating materials and coating systems for exterior wood.
Exposure of wood coatings to artificial weathering using fluorescent UV lamps and water
PN-EN 828:2000 Adhesives – Wettability – Determination by measurement of contact angle
and critical surface tension of solid surface
PN-EN ISO 2813:2001 Paints and varnishes. Determination of specular gloss of non-metallic
paint films at 20, 60 and 85 degrees

HYDROFOBOWOŚĆ I ODPORNOŚĆ NA CZYNNIKI
STARZENIOWE DREWNA IMPREGNOWANEGO SYSTEMAMI
OCHRONNYMI MODYFIKOWANYMI ZWIĄZKAMI
KRZEMOORGANICZNYMI
Streszczenie
Celem pracy było zbadanie wpływu związków krzemoorganicznych wprowadzonych do
modelowych systemów impregnacyjno-ochronnych na hydrofobowość i odporność powierzchni drewna na abiotyczne czynniki niszczące.
Badania przeprowadzono na drewnie bielu sosny zwyczajnej (Pinus sylvestris L.).
Próbki drewna poddano impregnacji metodą powierzchniową wybranymi systemami impregnacyjno-ochronnymi bazującymi odpowiednio na żywicy alkidowej oraz mieszaninie olejów naturalnych z udziałem silanów w postaci metylotrimetoksysilanu (MTMOS),
aminoetyloaminopropylotrimetoksysilanu (AEAPTMOS) oraz glicydoksypropylotrimetoksysilanu (GPTMOS).
Zakres pracy obejmował ocenę właściwości fizykochemicznych opracowanych kompozycji, charakterystykę zwilżania oraz badania odporności na procesy starzeniowe zabezpieczonych powierzchni drewna. Do oceny jakości wyrobów i wymalowań zastosowano
oznaczenie gęstości, lepkości i rozlewności. W celu określenia wpływu promieniowania
UV i wody na badane systemy porównano takie właściwości jak zwilżalność, barwę oraz
połysk przed i po ekspozycji na czynniki niszczące. Pomiarów dokonano odpowiednio po
5, 10, 15 i 20 cyklach starzeniowych.
Na podstawie analizy wyników przeprowadzonych badań stwierdzono, że powierzchnia drewna sosny zabezpieczonego systemami impregnacyjno-ochronnymi z udziałem
związków krzemoorganicznych (MTMOS, AEAPTMOS, GPTMOS) wykazała podwyższone właściwości hydrofobowe, a przez to zwiększoną odporność na promieniowanie
UV i wodę. Powierzchnię drewna o najwyższej hydrofobowości oraz odporności na
czynniki starzeniowe uzyskano poprzez impregnację systemem SB/olej z udziałem 5%
AEAPTMOS oraz emulsją alkidową z udziałem 5% MTMOS. Opracowane systemy spełniały również wymagania kryterialne adsorpcyjnej teorii adhezji polimerów do drewna
w odniesieniu do parametrów γS i Wa. Systemy pod względem aplikacyjnym wykazywały
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zwiększoną odporność na procesy fotodegradacji oraz stabilne walory estetyczno-dekoracyjne w warunkach starzenia.
Słowa kluczowe: związki krzemoorganiczne, impregnacja powierzchniowa, hydrofobizacja, starzenie
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IMPACT OF CHOSEN PARAMETERS ON
SURFACE UNDULATION DURING THE CUTTING
OF AGGLOMERATED MATERIALS WITH AN ABRASIVE
WATER JET
The paper deals with the cutting of agglomerated materials with an abrasive water
jet from the point of view of surface finish undulation. It shows the impact on undulation of technical and technological parameters (feed rate and abrasive mass
flow) and material parameters (material thickness and cutting direction). The paper
also contains a methodology for the assessment of the effect of these parameters on
surface finish undulation, and presents the results of experiments using this methodology on MDF, OSB boards and on technical beech plywood. MDF boards, out of
all the materials monitored, have the most homogeneous structure throughout their
whole cross section, which affected the insignificance of parameter Ra. For OSB
boards, a lower surface quality with a higher feed rate was found, in contrast to
plywood, where a higher feed rate improved the surface quality. A higher amount
of abrasive flow caused lower surface quality. In the change of cutting direction
from longitudinal to cross cutting, the arithmetic average deviation increased and
surface quality declined.
Keywords: feed rate, abrasive flow, abrasive water-jet, cutting by abrasive water-jet

Introduction
Unconventional technologies use electrothermal, electrochemical, chemical and
mechanical principles for the reduction of manufactured material. Among mechanical technologies, the most suitable is water jet machining. Water jet machining
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seems to be the best unconventional, mechanical (erosive) method because of its
outstanding features. This technology has wide appplication. The right title for
this technology is “water jet machining” because it is used for various operations.
The possibility of using AWJ is determined by various input factors and also
by the quality requirements of the final product. AWJ can be used for the cutting
of metal materials, but also for manufacturing in the wood processing industry.
Therefore, the parameter characterizing the geometric and shape accuracy of the
cutting surface is extremely important. This mainly concerns roughness, wave
shapes, and shape surface deflection. These are the parameters which describe the
topography of the cutting surface, created by the application of AWJ technology.
The paper aims to eliminate particular deficiencies within the practical use of
AWJ in the wood industry. It presents the results of an experimental investigation
of the influence of selected technological and material factors on the arithmetic
mean deviation (Ra) as an indicator representing the surface finish undulation of
manufactured agglomerated materials.
The quality of the surface finish is given by the surface roughness, which is
formed after processing. Monitoring surface roughness is the most common way
to assess the quality of the surface. Surface roughness is created by irregularities
in the surface of a relatively small pitch – irregularities resulting from the machining method used.
Water jet technology is one of the latest untraditional industrial methods used
for manufacturing/cutting. Two practical methods of water jet manufacturing/cutting are used: pure Water Jet (WJ) and Abrasive Water Jet (AWJ). Both have
unique properties for industrial application. Cutting power is reached by the transformation of hydrostatic energy (400 MPa) into steam with sufficient kinetic energy
(almost 1000 m.s-1) [Kulekci 2002; Hashish 1993].
The principle of waterjet machining technology can easily be explained
as the removal of material by mechanically-impacted fluid on the workpiece
[Bernd 1993].
Clean water is used after chemical and mechanical processing without added
mechanical particles. The properties of water at high pressure (water pressure of
around 400 MPa) is used as a cutting tool [Maňková 2000].
When hard and tough materials are machined or when it is necessary to increase
cutting efficiency, the water jet is replenished by abrasive grains. This kind of
method is called Abrasive Water Jet machining [Krajný 1998].
The nature of the material breach caused by the water jet is based on the principle that the beam – the tool moving at a certain speed (max. 885 m∙s-1 at a pressure of 400 MPa) – can be seen as a solid body in terms of its effect. Disruption
of the material is a result of the transformation of the input energy of a continuous
flow of drops which create a beam directed into the material. The input energy
causes tension in a very small area (e.g. a 0.3 mm diameter beam represents an
area of 0.07 mm2), which leads to deformation of the original structure and the
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removal of a certain volume of material. A water jet with abrasive grains is not
dissimilar to a wedge tool with an undefined cutting edge (like grinding), and
the basic mechanism of material removal is also similar to the abovementioned
method. Cutting wedges are formed with abrasive grains randomly oriented in the
beam [Barcík et al. 2011].
Water jet cutting technology is a unique, future-oriented option for the introduction of high automation in the heavy-duty cutting of materials [Fabian,
Hloch 2005].
Flexibility and cold cutting are the typical features of AWJ and also the
features of a tool for the cutting of new materials, e.g. composite materials, and
sandwich materials, which are hard-to-machine materials in terms of traditional
technology [Kalpakjian 1995; Öjmerts Amini 1994].
The surface quality should meet the quality of flat milling. This is the requirement for the application of AWJ as the final operation in surface finishing. Milling
can be divided, from the point of view of surface quality, into smooth milling,
middle smooth milling and rough milling [Barcík et al. 2011].
Surface roughness is evaluated by the system in which the spatial character of
inequalities formed on the surface during the process of implementation is reduced
to the plane. At this level, the profile obtained is evaluated in accordance with the
centerline profile [Dubovská 2000].

Material and methods
During the experiment, samples of agglomerated materials were used with the
following dimensions:
–– thickness of the test samples:
22 mm / 44 mm / 66 mm – MDF,
					
16 mm / 32 mm / 48 mm – OSB,
					
18 mm / 36 mm / 54 mm – plywood,
–– required width of the test samples:
w = 180 mm (±2.5 mm),
–– required length of the test samples:
l = 500 mm (±5 mm),
–– moisture content of the test samples:
w = 8% (±2%).
Medium Density Fibreboard is medium hardboard with an almost homogeneous structure. Due to their good qualities, these boards often replace solid wood.
Their density is ρ – 750 kg∙m-3.
Particle board oriented strand (OSB) is a developing large-scale material. It consists of long, thin wood chips of a length 60–150 mm, a width of
5–12 mm and thickness of 0.4 to 0.6 mm. The experiment used plates at a density
of ρ – 590 kg∙m-3.
Plywood is a board created by gluing together three or more veneer sheets,
with the fibers of adjacent layers usually arranged perpendicular to each other.
Dimensional stability and balanced property values in both directions are achieved in this way, in contrast to solid wood (ρ – 730 kg∙m-3).
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The cutting of the samples was done at DEMA Ltd., Zvolen. The equipment
was assembled based on the components of the American firm FLOW Int. by the
firm PTV Ltd., Prague. It consisted of a high-pressure pump PTV 37-60 Compact,
and a work table with a water-jet head WJ 20 30 D-1Z supplied by the firm PTV.
Working cuts were performed on three samples for each thickness in order to
eliminate the impact of specific characteristics of the samples.
The experiments were carried out using equipment with the following technical parameters:
–– cutting liquid pressure: 4000 bar = 400 MPa
–– abrasive: Australian garnet GMA (grain size 80 MESH = 0.188 mm)
–– diameter of abrasive jet nozzle: 1 mm
–– diameter of water-jet: 0.013 inch = 0.33 mm
–– distance of jet nozzle above the workpiece: 4 mm
–– abrasive mass flow: ma = 250 g∙min-1/ma = 350 g∙min-1/ma = 450 g∙min-1
–– feed rate: vf = 0.6 mm∙min-1/vf = 0.4 m∙min-1/vf = 0.2 m∙min-1
Working steps

Each working sample was further divided into particular parts according to the
following cutting plan (fig.1) [Kvietková 2011].

Fig. 1. Cutting plan of samples
Definition of measured indicator

During the experiments, the relevant parameter-surface abrasiveness Ra was monitored – representing the arithmetic average deviation of abrasiveness profile.
Ra – arithmetic average deviation of abrasiveness profile: this means the arithmetic average level of absolute profile deviations within the basic length, measured
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on the abrasiveness profile (i.e. the profile derived from the primary profile by
eliminating particles with long wave length).
Procedure of measuring

The sample was oriented in the laser profilometer in such a direction that it was
possible to measure the roughness of the processed surface in a given track.
The Laser profilometer LPM 120 has a working range of 200 micron – 30 mm
(ISO 4287). The device consists of a personal computer (Lenovo N 1000) to
facilitate communication with a laser profilometer (via IEEE 1394 FireWire)
equipped with software for evaluation of the recorded profiles (LPM View V 2.0).
Compact laser profilometry LPM provides an optical non-contact measurement of
2D profile objects along a defined cut. The measured surface is initially a screened
laser line, which is then captured using a digital camera. For each scanned image
it is possible to evaluate the current 2D surface profile of the body. The applied
laser line creates a virtual cut surface pre-selected for the evaluation of the surface. This principle corresponds exactly with the methodology of determining the
characteristics of the profile according to ISO 4287.
Conditions

–– all tracks were parallel with the lateral edge of the sample,
–– the first track was 5 mm from the lateral edge of the sample,
–– each further track was moved by 5 mm,
–– the last track was 5 mm from the opposite lateral edge of the sample,
–– tracks were lined up with the centre of the sample length.
The track of measurement represented places in the sample´s height where the
measurement was carried out. The given system of measurement corresponded to
the 3 cutting zones of AWJ. The first zone is the so-called zone of cutting erosion,
the second zone is the zone of material erosion through deformation and the final
zone is the zone of material which is not fully cut through.
Finally, the measured data were exported to the program STATISTICA 7,
where they were evaluated.

Results and discussion
During the experiment the arithmetic average deviation Ra of the profile was monitored and evaluated and, in addition, was statistically processed by the analysis
of variance.
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MDF boards

It can be seen from the analysis of variance for MDF, that all the monitored factors
were statistically unimportant (table 1).
Table 1. Final results from variance analysis of arithmeticaverage deviation Ra for
MDF boards
Arithmetic average deviation
Ra [μm]

Significance
level (p)

Values (F)

Intercept

0.32

1.01

Feed rate

0.37

0.99

Abrasive flow

0.37

0.99

Thickness

0.32

1.00

Cutting direction

0.37

0.99

MDF boards, out of all the monitored materials, have the most homogeneous
structure throughout their whole cross section, which affected the insignificance
of parameter Ra.
OSB boards

The measured file of arithmetic average deviaton of Ra was processed by a multifactorial analysis of variance (table 2).
Table 2. Final results from variance analysis of the arithmeticaverage deviation
Ra for OSB boards
Arithmetic average deviation
Ra [μm]

Significance
level (p)

Values (F)

Intercept

0.00

17687.6

Feed rate

0.02

0.71

Abrasive flow

0.00

14.52

Thickness

0.01

4.51

Cutting direction

0.00

108.77

The feed rate had an important impact on the surface roughness. The arithmetic average deviation Ra varied according to the feed rate (table 3):
–– the arithmetic average deviation decreased by 0.22 μm* when the feed rate
changed from 0.2 to 0.4 m∙min-1,
–– the arithmetic average deviation increased by 0.08 μm* when the feed rate
changed from 0.4 to 0.6 m∙min-1.
* given value corresponds to table 3.
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Table 3. Arithmetic average deviations Ra for OSB board
Arithmetic average deviations of surface roughness Ra [μm]

Feed rate
[m∙min-1]

average value

bottom limit

upper limit

0.2

10.39

10.18

10.61

0.4

10.17

9.91

11.43

0.6

10.25

9.84

10.66

250

9.96

9.69

10.22

350

9.99

9.69

10.29

450

10.86

10.52

11.12

Abrasive flow
[g∙min-1]

Thickness
[mm]
16

9.95

9.63

10.27

32

10.34

10.10

10.64

48

10.50

10.21

10.81

Cutting direction
Across

9.46

9.24

9.67

Along

11.07

10.85

11.28

With an increase in shift speed from 0.4 to 0.6 m∙min-1 there was also increased roughness which negatively impacted surface quality. The given effect can
be explained: with increased feed rate, the cutting tool had to dismantle more
material which lowered surface quality. This was caused by the higher uprooting
of fibres from the cutting material.
The arithmetic average deviation Ra changed according to the amount of abrasive flow, as shown in (table 3):
–– during the change of abrasive flow from 250 to 350 g∙min-1, the change of
–– deviation was only 0.03 μm*,
–– during the change of abrasive flow from 350 to 450 g∙min-1, the deviation in
creased by 0.87 μm*.
* given value corresponds to table 3.
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roughness and therefore a further lowering of the quality of the material surface in accordance with the
natural decomposition of AWJ. This was a similar effect to that in the feed rate.
The arithmetic average deviations Ra increased with increasing thickness (table 3):
–– during the change of thickness from 16 mm to 32 mm, the arithmetic average
deviation increased by 0.39 μm*,
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–– during the change of thickness from 32 mm to 48 mm, Ra again increased by
about 0.16 μm*.
*given value corresponds to table 3.
The increasing thickness of OSB caused an increase in the arithmetic average
deviation Ra and therefore a lower surface quality of the material. It could be seen
that in thicker materials, there was a higher uprooting of the fibres from the cutting
material, and consequently this led to a decrease in roughness.
The arithmetic average deviation Ra for the longitudinal cutting direction was
9.46 μm*, and for cross cutting this value was 11.07 μm* (table 3).
The effect of this dependence can be explained from the energy perspective –
cross cutting of OSB boards is more energy consuming than longitudinal cutting.
This effect is apparent in the reduction of cutting depreciation and in the extension
of the zone of deformation depreciation, which leads to worse roughness in cross
cutting.
Technical beech plywood

The results for all the experiments for plywood are presented in tables 4 and 5.
Table 4. Summary results of variance analysis for arithmetic average deviation
Ra for plywood
Arithmetic average deviation
Ra [μm]

Significance
level (p)

Values
(F)

Intercept

0.00

16232.7

Feed rate

0.01

8.35

Abrasive flow

0.16

1.82

Thickness

0.92

4.51

Cutting direction

0.11

0.08

The multifactorial analysis of variance confirmed that the abrasive flow was
a statistically unimportant parameter.
The arithmetic average deviation Ra changed according to the feed rate
(table 5):
–– the arithmetic average deviation decreased by 0.35 μm* when the feed rate
changed from 0.2 to 0.4 m∙min-1,
–– the arithmetic average deviation decreased by 0.46 μm* when the feed rate
changed from 0.4 to 0.6 m∙min-1.
* given value corresponds to table 5.
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Table 5. Arithmetic average deviations Ra for plywood
Feed rate
[m∙min-1]

Arithmetic average deviations of surface roughness Ra [μm]
average value

bottom limit

upper limit

0.2

11.34

11.02

11.65

0.4

10.99

10.73

11.30

0.6

10.53

10.27

10.81

250

10.96

10.69

11.24

350

10.11

10.79

11.43

450

10.72

10.35

11.11

18

10.96

10.66

11.25

36

10.97

10.67

11.26

54

10.99

10.66

11.18

Across

10.66

10.46

10.96

Along

11.21

10.99

11.52

Abrasive flow
[g∙min-1]

Thickness
[mm]

Cutting direction

It was confirmed that with increasing feed rate, the arithmetic average deviation of roughness Ra decreased. The quality of the material surface also increased.
During the cutting of technical beech plywood, there were easily-removed wood
elements causing smaller surface destruction and therefore less roughness of the
surface.
With a change in cutting direction from longitudinal to cross cutting, the
value of the arithmetic average deviation increased by approx. 0.45 μm*.
As presented in table 5, the arithmetic average deviation Ra for the longitudinal
cutting direction was 10.66 μm* and for the cross-cutting direction this value was
11.21 μm*.
* given value corresponds to table 5.
When the cutting direction was changed from longitudinal to cross-cutting,
the arithmetic average deviation grew and this caused a lower quality of material
surface. This was a similar result to that of OSB boards.
The arithmetic average deviation Ra for plywood changed according to material thickness (table 5):
–– during the change of thickness from 18 mm to 36 mm, the arithmetic average
deviation increased by 0.01 μm*,
–– during the change of thickness from 36mm to 54 mm, the arithmetic average
deviation increased by approx. 0.02 μm*.
* given value corresponds to table 5.
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Material thickness was a statistically unimportant factor which only minimally
impacted the arithmetic average deviation.
The arithmetic average deviation Ra changed according to the change in abrasive flow, as follows (table 5):
–– during the change in abrasive flow from 250 to 350 g∙min-1, the deviation
Ra decreased by 0.85 μm*,
–– during the change in abrasive flow from 350 to 450 g∙min-1, the deviation
Ra increased by 0.61 μm*. This parameter is statistically unimportant.
* given value corresponds to table 5.
The value of the arithmetic average deviation was statistically unimportant
for this material. Plywood is very similar in structure and characteristics to native
raw wood because the surface is created by a cutting tool cutting planes and the
amount of abrasive flow does not change their size but only their number.
Economic aspects of measured parameters

First of all, it is necessary to decide whether to use water jet cutting (WJC) or
conventional cutting methods. Water jet cutting is an economical way to cut 2D
shapes into a very wide range of materials with no tooling costs. The unique
process of water jet cutting provides reasonably good edge quality, no burrs and
usually eliminates the need for secondary finishing processes. The process also
generates no heat so the material edge is unaffected and there is no distortion. Water jet cutting can cut single or multi-layer materials [Pavelková, Knápková 2005].
It is essential to take into account the economic viewpoint for the whole process of WJC. It should be compared to other cutting techniques from the point
of view of costs and benefits. The costs of WJC assembly and the whole material flow must be monitored and quantified; including fixed costs, variable costs
(e.g. energy consumption) and also alternative costs related to other (conventional)
methods of cutting [Chromjaková, Tuček 2007].
Other very important parameters which should be considered are the costs of
potential repairs or of the bad-quality performance of water jet cutting.
Another vital economic aspect to consider is the total time of production
(the cutting itself, as well as the necessary operations that precede and follow
it) which affects the total capacity utilization and also productivity of assembly
within the material flow. A shorter processing time leads to a more satisfied
customer. Of course, production must correlate with demand and it must also meet
quality demands.
Last but not least, the amount of waste from water jet cutting must also be
considered compared to conventional methods of cutting [Rašner 2001].
All the measured and monitored parameters which impact the arithmetic average deviation Ra – abrasive flow, material thickness, feed rate and cutting direction – also impact the economic aspect of AWJ cutting performance. Therefore,
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it can be said that these four parameters are some of the most important parameters affecting the costs of material processing by the AWJ method of cutting, and
especially from the point of view of material and energy consumption, as well as
machinery amortization.

Conclusions
The quality of a surface is given by its undulation, which is created during material processing and manufacturing. The quality of a surface corresponds to a scale
from middle smooth milling to rough milling. The monitoring of surface roughness is the most common method for surface quality assessment.
As can be seen from the abovementioned results, the fundamental indicator
for roughness assessment is the arithmetic average deviation of roughness profile
Ra. MDF boards have the most homogeneous structure throughout their whole
cross section and therefore these boards were evaluated as statistically unimportant material.
The impact of the feed rate on OSB boards and plywood was a statistically important parameter. For OSB boards, lower surface quality with a higher feed rate
was noted, whereas for plywood, a higher feed rate improved the surface quality.
From these results it can be said that the Ra for OSB is higher and for plywood
this indicator is lower.
The impact of abrasive flow only seemed to be a statistically important parameter for plywood. The bigger the abrasive flow, the higher the values of the
arithmetic average deviation Ra. A bigger amount of abrasive flow caused lower
surface quality (this did not apply to MDF boards and plywood because this factor
was statistically unimportant for them).
The impact of cutting direction was a statistically important parameter for
OSB boards and plywood. Higher values of Ra were measured in cross-cutting
than in longitudinal cutting. With a change in cutting direction from longitudinal
to cross-cutting, the arithmetic average deviation increased and surface quality
declined.
The impact of material thickness was a statistically important parameter only
for OSB boards. The experiments showed that a greater thickness corresponded to
a lower surface quality and this implied a higher value of Ra.

References
Barcík Š., Kvietková M., Aláč P. [2011]: Effect of chosen parameters on deflection angle
between cutting sides during the cutting of aglomerated materials by water jet. Wood
Research 56 [4]: 577–588
Barcík Š., Kvietková M., Kminiak R., Aláč P. [2011]: Optimization of cutting process of
medium density fibreboards by abrasive water jet. In: Drvna Industrija 62 [4]: 263–268

122

Monika Kvietková, Štefan Barcík, Jan Bomba, Patrik Aláč

Bernd K. et al. [1993]: Schneiden mit Laserstrahlung und Wasserstrahl. Ehningen bei Böblinger:
expert verlag. 3–93
Dubovská R. [2000]: Niektoré poznatky o kvantifikácii drsnosti pri obrábaní dreva (Some
knowledge on quantifying roughness in woodcutting). In: Procesy trieskového a beztrieskového obrábania dreva. 43–47
Fabian S., Hloch S. [2005]: Influence of abrasive water jet process factors on stainless steel
AISI 304 Macro geometrical cutting duality. Scientific bulletin, Volume XIX, North
University of Baia Mare, Romania: 261–266
Hashish M. [1993]: Prediction models for AWJ machining operation. In: Proceedings of the
Seventh American Waterjet Conference, USA: 205–209
Chromjaková F. [2008]: Flexibilné riadenie nákladov vo výrobe (Flexible cost management
in production). Plzeň: BPM Portál
Krajný Z. [1998]: Vodný lúč v praxi (Water jet and its application in practice). Bratislava:
EPOS: 10–250
Kulekci M.K. [2002]: Processes and apparatus developments in industrial water jet applications, int. j. mach. tool manuf. 42, pp. 1297–1306
Kvietková M. [2010]: Analýza faktorov vplývajúcich na kvalitu opracovania drevných materiálov pri rezaní vodným lúčom (Analysis of factors which impact the quality of manufacturing wood materials by abrasive water jet cutting). Písomná práca k dizertačnej skúške. 59
Maňková I. [2000]: Progresívne technológie (Progressive Technologies). Košice: VIENA-LA. 63–90
Öjmerts C., Amini N. [1994]: Discrete approach to the abrasive waterjet milling process,
In: Proceedings of the 12th International Conference on Jet Cutting Technology, Rounen
France, 425–434
Pavelková D., Knápková A. [2005]: Výkonnost podniku z pohledu finančního manažéra
(Business performance from the perspective of a financial manager). Praha: Linde, 302
Rašner J. et al. [2001]: Economy and management of logistics and distribution systems
of wood industrial enterprises. 1/2001/B. 140
Tuček D., Zámečník R. [2007]: Řízení a hodnocení výkonnosti podnikových procesů v praxi
(Management and performance evaluation of business processes in practice). Zlín:
Technická univerzita vo Zvolene, 206

WPŁYW WYBRANYCH PARAMETRÓW NA POFAŁDOWANIE
POWIERZCHNI W TRAKCIE CIĘCIA MATERIAŁÓW
AGLOMEROWANYCH Z WYKORZYSTANIEM TECHNOLOGII
AWJ (ABRASIVE WATER JET)
Artykuł omawia cięcie materiałów aglomerowanych z wykorzystaniem technologii AWJ
(abrasive water jet) z puktu widzenia pofałdowania wykończenia powierzchni. W opracowaniu przedstawiono wpływ parametrów technicznych i technologicznych (prędkość posuwu i przepływ masy ściernej) oraz parametrów materiału (grubość materiału i kierunek
cięcia) na pofałdowanie. Omówiono także metodologię oceny wplywu tych parametrów
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na pofałdowanie wykończenia powierzchni oraz przedstawiono wyniki eksperymentów
z zastosowaniem tej metodologii do płyt MDF i OSB oraz do technicznej sklejki bukowej.
Ze wszystkich skontrolowanych materiałów, płyty MDF mają najbardziej homogeniczną
strukturę na całej powierzchni przekroju poprzecznego, co miało wpływ na brak istotności parametru Ra. W przypadku płyt OSB, w odróżnieniu of sklejki, występowała gorsza
jakość powierzchni oraz większa prędkość posuwu, która przyczyniała się do poprawy
jakości powierzchni. Większy przepływ ścierny skutkował gorszą jakością powierzchni.
Zmiana kierunku cięcia ze wzdłużnego na poprzeczny spowodowała wzrost średniego
odchylenia arytmetycznego oraz pogorszenie jakości powierzchni.
Słowa kluczowe: prędkość posuwu, przepływ ścierny, technologia AWJ (abrasive water jet),
cięcie z wykorzystaniem technologii AWJ
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AIR FLOW RESISTANCE ACROSS NONWOVEN FILTER
FABRIC COVERED WITH MICROFIBER LAYER USED
IN WOOD DUST SEPARATION
Modern nonwoven filter fabrics covered with a microfiber layer make it possible
to carry out surface filtration. A dust cake forms only on their upstream side and
influences the air flow resistance across the filter. The mode of formation of the
flow resistance caused by such a fabric during the separation of very fine wood
dust particles was the subject of a comparative investigation using a homogeneous, standard nonwoven filtering fabric. The experiments carried out in a pilot-scale pulse-jet bag filter enabled a detailed description of the increase in pressure
drop across the dust cake formed during filtering cycles repeated hundreds of times.
Based of the results obtained the difference in this filtration parameter between
polyester-based nonwoven filter fabrics with a standard and a layered structure
with microfiber was also shown.
Keywords: wood dust, pulse-jet filter, microfiber, nonwoven fabric, filtration

Introduction
The development of filtering techniques used in industrial gas dedusting focuses
on the geometry optimization of filtering devices, the influence of flow parameters, pulse-jet cleaning systems and the selection of an appropriate fabric. With the
aim of improving the fibrous structures of filter fabrics separating dust particles
from the gas stream various methods have been investigated and put into practice
[Hemerka et al. 2001; Huang and Yang 2004; Mukhopadhyay 2009]. The main
purpose of this improvement is always to maximize the efficiency of the separation of solid particles from the gaseous phase because the separation process is the
essence of all efforts to eliminate or minimize industrial dust emissions [Lydon
2004]. The enhanced performance of a filter fabric can be achieved by the modiStanisław Dolny, Wood Technology Institute, Poznan, Poland
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fication of its surface properties using typical finishing methods such as calendering, heat setting or singeing. Other modern methods are: laminating and coating
fabric surfaces with membranes, foams and inert powders, and covering with
a nano- or microfiber layer [Mukhopadhyay 2009]. Therefore, the reduced dust
emission is strongly connected with better dust cake release characteristics and
the longer life of the filter elements. Callé et al. [2002] showed that covering the
filter surface with a layer of very fine fibers promotes the detachment of the dust
cake and reduces particle penetration through the filter. These studies concerned
various industrial dusts, but Dobak [2002] suggested that the microfiber layer on
the nonwoven fabric could also create very efficiently the conditions of surface
filtration in wood dust filters.
Proper surface filtration is possible by the fact that this layer, just from
the beginning of the dust-laden air inflow in a filtration cycle, makes it easier
a permanent dust cake to form which has an essential separating function. Such
a dust cake prevents the penetration of dust particles across the filter medium.
Filtration on nonwoven fabrics covered with a microfiber layer has an additional
advantage. It influences the improvement of the cleaning of the filter elements
because the dust is wholly collected on their surface and can be efficiently removed from the filter surface during the cleaning pulse. Hence, filter materials with
a layered structure provide an improvement in filtration efficiency at a relatively
low increase in pressure drop [Kabsch 1992; Warych 1998; Mukhopadhyay 2009].
Filtration efficiency and pressure drop are the two variables which describe the
performance of the filter and are monitored to evaluate it.
As a result of this existing knowledge and these suppositions, a new filter
fabric was designed for use in wood dust filtration. This fabric, known as KYS
– FINESS series, has been available in the filter fabric market for a few years,
however there has been no comprehensive investigation concerning the filtration
processes in the woodworking industry (using nonwoven filter fabrics covered on
the upstream side with a microfiber layer) and the pressure drop on the filter material. Thus, the aim of this study was to determine the air flow resistance across filter bags made of a fabric modified by a microfiber in comparison with a standard
fabric, and to evaluate this material in terms of its application in wood dust filters.
An additional aim was to obtain data concerning filter resistance for a comprehensive description of the characteristics of the polyester nonwoven fabric known
as KYS – FINESS, based on the of existing results of the separation efficiency of
this fabric.
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Material and methods
The industrial conditions of the course of filtration processes were imitated using
a pilot-scale testing baghouse which allowed the free setting of the filtration parameters in order to investigate the performance of pulse-jet filtration and to determine the pressure drop curves of filtration within different operating parameters.
The construction and operating principle of this testing equipment was described
in detail by Dolny [1998].
The experiments’ similarity to the running of industrial filters was also obtained through the appropriate selection of the operating parameters of the pulse-jet
cleaning system which is a component of the test filter. Operation of the cleaning
device was characterized by an air pulse pressure of 0.5 MPa and pulse frequency
of 1 min-1.
General information on the granularity of the dust is represented by particle-size distribution. The experiments were conducted using beech wood dust with
the particle-size distribution given in fig. 1. It was obtained using an Analysette
22 MicroTec Plus laser particle sizer. A calculation of the distribution was done
using the MaSControl software.
The bulk density of the dust amounted to 183 kg·cm-3 and the tapped bulk density was – 315 kg·cm-3. The polyester nonwoven fabric known as KYS – FINESS
series covered with a microfiber layer was tested. A fabric of the same type with
the standard homogenous internal structure known as KYS – PROGRES series
was also tested for clear-cut catching the operating performance of the nonwoven
fabric covered with microfiber in the case of wood dust collection. The common
properties and the differences found in both kinds of filter media are shown in
table 1. Bags of 1.5 m in length and 150 cm in diameter were made for the test.
The dimensions were similar to those used in other investigations of filtration processes carried out using pilot-scale pulse-jet testing filters [Tsai, Lu 1998; Saleem,
Krammer 2007].

Fig. 1. Particle-size distribution of dust
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Table 1. Properties of nonwoven filter fabrics used in experiments
Filter fabric

KYS – PROGRES series

Properties

KYS – FINESS series

Fiber material:
filter surface
basic layer

polyester
polyester

polyester with microfiber
poliester

Thinness of fibers

basic layer
1.5 dtex

filter surface
0.8 dtex
basic layer
1.5 dtex

Diameter of fibers

basic layer
13 µm

filter surface
6 µm
basic layer
13 µm

Fabric finish

heat setting, singeing, calendering

Basic weight

500 g·m-2

Thickness
Permeability

525 g·m-2

2.1 mm

2.0 mm

240 dm3 · dm-2 · min-1

190 dm3 · dm-2 · min-1

The highest tension force
longitudinal

140 daN

Transverse

220 daN

Retracility at 140°C

<1%

Maximum temperature:
continuous

140°C

intermittent

150°C

Table 2. Flow conditions in testing filter unit
Air-to-cloth ratio

Filtration velocity

m3 · s-1

Volume air stream
m3 · h-1

m3 · m-2 · h-1

m · s-1

0.0284

102.1

145.9

0.0405

0.0339

122.1

174.4

0.0484

0.0415

149.5

213.6

0.0583

0.0536

193.0

275.8

0.0766

Each experiment, both for the first and second nonwoven fabrics, was conducted using the air flow parameters taking into consideration the range of variability of filtration velocity, which is typical for the operating of fabric filters
in the woodworking industry (table 2). Measurements of the differential pressure
on the down- and upstream side of the filter bag were taken for the purpose of
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determining the air flow resistance across the clean nonwoven fabrics and across
the filtering layers created on the filtering bags made of these fabrics. For these
measurements, a MPR-10 digital differential manometer was used. The filtration
curves were drawn and the flow resistance correction coefficient of the layered
structure was calculated on the basis of the results obtained using Microsoft Office
Excel. The concentration of dust particles on the output side of the filter was not
determined in this study. The existing results described in literature concerning
separation efficiency were used for further analysis.

Results and discussion
The first series of experiments produced data to determine the air flow resistance
across the clean nonwoven fabrics. The formation of this resistance depending
on the filtration velocity is shown in fig. 2. Pressure drop increased linearly with
filtration velocity. There was a noticeable difference showing a greater air flow
resistance caused by the nonwoven fabric covered with the microfiber layer. The
constant of proportionality of this increase amounted to 1.215. As a result, the air
flow resistance across the clean filter at every filtration velocity, during the filtration process carried out using the nonwoven fabric covered with microfiber was
larger approximately by 21.5% than during the filtration process using the nonwoven fabric without the layered structure. This was due to the additional microfiber
layer on the filter surface which decreased the permeability of the fabric.

Fig. 2. Air flow resistance across the clean fabrics

The main experiments made it possible to describe the course of the increase in air flow resistance during continuous separation while 200 filtration cycles
were completed (cleaning pulses were repeated every minute). Measurements of
air flow resistance were taken for four earlier assumed filtration velocities. Their
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results for the nonwoven fabric covered with microfiber and for the nonwoven
fabric without the layered structure are shown on the graphs in fig. 3 and 4, respectively. Four curves on each graph show the same type of increase in the air
flow resistance across the dust layer deposited on the surface of the filtering bags.
In every case, the tendency of the resistance to stabilize became clearer and clearer
after a sharp increase in the pressure drop during the initial cycles. The duration
time of the experiments did not enable the stabilization of a permanent pressure
balance which is characteristic for the long-lasting operation of a bag filter. However, the appearance of small differences in the last stages of every experimental
filtration process, especially at lower filtration velocities, portends reaching the
target level of the pressure drop.

Fig. 3. Air flow resistance across the nonwoven fabric covered with microfiber layer

Fig. 4. Air flow resistance across the standard nonwoven fabric during filtration
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An analysis of the absolute values of the air flow resistance during filtration
conducted at different filtration velocities indicated that the level of pressure drop
in the same flow condition was always higher for the nonwoven fabric covered
with microfiber. These differences appeared at every filtration velocity used. The
degree of increase in the air flow resistance along with the increase in the filtration
velocity was different in both types of nonwoven fabrics. It was always higher
when the nonwoven fabric covered with microfiber was investigated due to the
lower permeability of this fabric. The increase in the air flow resistance within
the whole range of the filtration velocity (0.0405–0.0804 m·s-1) defined in the
experiments, amounted to 264% for the standard nonwoven fabric, and 275%
for the nonwoven fabric covered with microfiber. The relationship in the air flow
resistance described by the pressure drop values measured at the end of every
experiment is shown in the graph in fig. 5. The level of the differences between
the air flow resistance at every filtration velocity included was very similar for
both fabrics.

Fig. 5. Air flow resistance at end of filtration processes

The experiments carried out made it possible to develop data to calculate the
air flow resistance across a filtering layer during operation of a filter equipped
with filtering elements made of nonwoven fabrics with any surface properties.
According to the calculation method described in literature [Dolny 1998], values
for the correction coefficient of the layered structure, which is included in the basic formula for the air flow resistance across a dust layer deposited on a filtering
medium, are a result of the structural properties of the filter medium.
The correction coefficient of the layered structure calculated on the basis of
the results obtained depended on the filtration velocity (fig. 6). The values for this
coefficient were the ratio of the pressure drop of the nonwoven filter fabric with
the microfiber layer to the pressure drop of the standard nonwoven fabric at any
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filtration velocity. The relative increase in the air flow resistance across the nonwoven fabric covered with microfiber compared to the standard fabric was smaller
at a higher filtration velocity probably due to the better dust cake detachment condition on the smoother surface of the microfiber layer. This opens up the possibility of the practical use of this fabric in difficult conditions of a very hard load (high
air-to-cloth ratio) of the filter in the woodworking industry with an expected small
increase in air flow resistance and significant increase in the separation efficiency.
This makes it to possible to clean a large amount of air at a very high level with
a relatively small increase in energy expenditure.

Fig. 6. Correction coefficient of layered structure

The appearance of the increased air flow resistance across the dust layer
formed on the nonwoven fabric covered with the microfiber layer compared to the
standard nonwoven fabric could suggest a decrease in the operating characteristic
in this scope. The data concerning the air flow resistance should be related to the
results of the investigation on the separation efficiency of dust particles from the
carrier air. The advantage of the separation efficiency of a nonwoven filter fabric
over the energetic results of its use should be taken into consideration. An advantageous view of this relationship results from earlier research conducted by Dobak
and Dolny [2004] and Dolny [2005]. These authors calculated the dust concentration in the air on the clean side of the filter relying on the results of measurements
of particle content taken by a MicroAir 5250A laser particle counter. They stated
that the use of a nonwoven fabric covered with a microfiber layer in the separation
of wood particulate matter made it possible to achieve a dust concentration at a level of approx. 0.2 mg·m-3. These were values 2.5 to 3 times lower than the values
obtained in comparable conditions by using a standard nonwoven fabric. Now it
can be stated that this multiple enhancement of the separation efficiency of modified filter material was associated with a relatively small increase in air flow resi-
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stance across very similar filtering layers. This increase factor amounted to only
about 1.25. Adverse energy consumption consequences due to the introduction
of a nonwoven fabric with microfiber layer to the filtering technique used for air
cleaning in the woodworking industry are hardly noticeable in comparison with the
significant advantages described by the main effects of the separation processes.

Conclusion
The experiments conducted described by the results shown above provided the
basis for essential extension of the practical knowledge regarding wood dust separation related to the operating parameters of the latest kinds of advanced filter
media such as nonwoven fabrics covered with a microfiber layer. The addition of
these results to the existing characteristics of separating properties of the polyester
nonwoven fabrics type KYS of both the PROGRES and FINESS series provides
a comprehensive assessment of their usefulness as filter media in pulse-jet bag filters used in the woodworking industry at a very broad range of basic flow parameters. The more difficult the flow conditions during the filtering process, the more
advantageous the use of the nonwoven fabrics covered with a microfiber layer for
wood dust, due to a low increase in energy consumption and the expected significant improvement in the quality of the cleaned air. Detailed economic benefits
can be calculated with regard to the specific operating conditions of the industrial
filter based on of the results of this paper, showing the proportion in filter resistance and its separation efficiency. What should be particularly taken into account in
this calculation is the filter’s size, the dust and gas load and other conditions of the
filtration process, as well as the expected level of air cleanliness.
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OPORY PRZEPŁYWU PRZEZ WŁÓKNINY FILTRACYJNE
Z POWIERZCHNIOWĄ WARSTWĄ MIKROWŁÓKIEN
STOSOWANE DO PYŁÓW DRZEWNYCH
Streszczenie
Stosowane w odpylaniu, nowoczesne materiały włókniste z powierzchnią roboczą uformowaną z mikrowłókien, dają możliwości prowadzenia tzw. filtracji powierzchniowej.
Warstwa pyłowa tworzy się prawie wyłącznie na ich powierzchni a to w zdecydowanej
mierze wpływa na opory przepływu powietrza przez odpylacz. Sposób kształtowania się
tych oporów, w porównaniu do filtracji prowadzonej z użyciem materiałów o jednorodnej
strukturze przestrzennej na całej grubości, stał się przedmiotem badań laboratoryjnych
przy zastosowaniu pyłu drzewnego o bardzo wysokim stopniu rozdrobnienia. Doświadczenia przeprowadzone w tzw. skali zwiększonej dały dokładny obraz przebiegu narastania strat ciśnienia na warstwie pyłowej tworzącej się na przestrzeni następujących po
sobie kilkuset cykli filtracyjnych. Uwidoczniono też różnice, jakie w obrębie tego parametru procesu filtracyjnego występują w przypadku stosowania struktur filtracyjnych
wytwarzanych na bazie włókien poliestrowych o budowie jednorodnej i modyfikowanej
powierzchniowo mikrowłóknami.
Słowa kluczowe: pył drzewny, regeneracja pneumatyczna, mikrowłókno, włóknina, filtracja
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growth of spruce trees of different provenances have been conducted for 41 years.
The conditions in which the trees grow are very similar and it may be assumed that
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It was found that wood coming from Zwierzyniec Lubelski had the greatest values
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Introduction
The genetic resources of Norway spruce in Poland have not been comprehensively
researched [Barzdajn 1994]. A variation of spruce populations depends on many
factors, including e.g. the length of the vegetation period, mean total precipitation,
altitude, the occurrence of early or late frost, snow pressure etc. Long-term provenance studies need to be conducted in order to determine the variations between
trees of individual provenances.
The aim of studies on variations in the traits between trees of different provenances (growing under comparable conditions) is to broaden current knowledge
in terms of the ecological adaptations of specific populations. These experiments
are to provide insight into phenotypic plasticity or the contrary – into the adaptation of individual tree species (provenances) to local and more extreme conditions
[Barzdajn 2003].
Results recorded on provenance plots may provide a tool to support the decision-making process concerning the future productivity of commercial forests
[Kulej 2001]. In the case of spruce, the results of provenance studies are of particular value due to the use of spruce timber on a commercial-scale by industry.
Provenance experiments on Norway spruce, in which the wood was analysed,
have been conducted particularly by Scandinavian researchers. Gerendiain et
al. [2008] carried out experiments on 20 Norway spruce clones in south-eastern
Finland, with the aim of identifying the correlations between different traits
(growth, fibre properties and wood density). In another study, researchers investigated the dependencies between the cambial age, clone and climate [Zubizarreta-Gerendiain et al. 2012]. A similar study was presented by Grenadin et al. [2009a],
who considered the genetic characters, in addition to growth traits, density and
many other traits. In that study, a total of 20 clones were analysed (10 Finnish provenances, 2 Russian, as well as hybrids). Other experiments conducted on clones
of Picea glauca and including several wood characteristics (e.g. density, proportions of late and early wood, and microfibril angle (MFA)) were performed by
Park et al. [2012]. The international team of Hannrup et al. [2004] estimated the
genetic parameters and heritabilities of wood and the growth traits in two 19-yr-old
clonal trials and a 40-yr-old full-sib progeny trial of Norway spruce. The authors
tested the wood density traits, lignin content, number of internal cracks, growth
traits, spiral grain and number of resin canals.
Analyses of tree traits and spruce wood properties are an important subject for
scientific investigations and research projects [Raiskila et al. 2006; Gerendiain et
al. 2009b; Steffenrem et al. 2009]. In addition, there are some studies concerning
the same topic but from other regions, such as Canada [Blouin et al. 1994],
Germany [Isik et al 2010], and Romania [Sofletea et al. 2012]. ����������������
The scope of Polish research in the field of wood analyses is limited, comprising thematically
similar studies by Kobyliński [1967] and Barzdajn [1996]. Spruce populations in
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Poland have been analysed in terms of external characteristics, making it possible to distinguish characteristic provenances [Giertych 1998] and correlations of
different traits, primarily related to growth [Barzdajn 1994, 2003]. Many publications in Polish literature on the subject focus rather on the quality attributes of the
round wood [Michalec 2007, 2011], Michalec et al. [2013], Barszcz and Michalec
[2007] than on the characteristics of the wood themselves. This paper fills the gap
in research and provides new information from a plantation sufficiently mature
for wood analyses.
This paper presents the results of analyses conducted on material collected
from a unique experimental plot located at Siemianice Forest Experimental Station. The aim of this study was to investigate and analyse the basic wood density
of Norway spruce of seven selected Polish provenances. The analyses focused on
the basic wood density of Norway spruce trees from the experimental plot located
at Siemianice Forest Experimental Station.

Materials and methods
The experimental plot, from which the materials for the analyses were collected,
was established in 1975 in Compartment 89 m, situated in the Marianka Forest
District of Siemianice Forest Experimental Station, within the framework of the
IUFRO 1972 experiment. The experimental plot, measuring 378 × 96 m, was
divided into 5 complete blocks of 20 randomly-placed populations of Norway
spruce of different provenances. Each such sub-plot was 324 m2 in area. A total of
144 seedlings at a spacing of 1.5 × 1.5 m were planted on each sub-plot.
The range of diameter at breast height was from 17 to 23 cm. The height was
very similar – between 18 and 19 m. Only trees with a regular and healthy crown
were cut.
Field analyses began with a preliminary examination of the experimental plot
and an accurate identification of the boundaries between the individual provenance sub-plots. Following this analysis, trees of seven provenances were selected:
–– Orawa (O)
–– Międzygórze (M)
–– Nowe Ramuki (NR)
–– Istebna Bukowiec (IB)
–– Kartuzy (K)
–– Zwierzyniec 281 B (Z)
–– Zwierzyniec Lubelski (ZL).
The name of the provenance refers to the region from which the trees planted
on the experimental plot originated. A total of 12 model trees of each provenance
were selected with a diameter (measured at breast height) of approx. 21 cm.
The parameters of the model trees were calculated based on the Urich II method
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[Grochowski 1973]. The northerly direction and a height of 1.3 m were marked on
the trees. Upon felling of the marked specimens, logs of approx. 70 cm were cut,
starting from the identified breast height. Following this, boards were cut from the
central part (including the pith) of the produced logs along the north-south axis.
Bars of 20 × 20 × 30 mm were cut. A basic density was calculated according the
equation [Kokociński 2004]:
(1)
where: ρu – basic density [kg·m-3]
mo – the oven-dry mass of a wood sample
Vmax – green volume − the solid volume of a wood sample when it is in
equilibrium with surrounding water.
The density was the subject of statistical analysis. An analysis of variance and
Duncan’s test were used to verify the differences between the provenances.

Results and discussion
Analyses were conducted on a total number of 647 samples. The number of samples differed between provenances (table 1), due to necessary selection in terms
of wood defects. On average, the number of samples was approx. 100 which provided a satisfactory sample for statistical analyses. The mean wood density for the
entire studied population was 390 kg·m-3. In turn, the difference between the lightest and heaviest samples was as high as 318 kg·m-3, which is a considerable value
and indicates great variation in the populations. The scattering of values within the
entire population was rather symmetrical, since the median was 388 kg·m-3, i.e.
almost identical to the mean. Differences between the provenances were marked
and confirmed statistically. The ZL provenance, with a density of 417 kg·m-3, was
the population with the greatest wood density. This population differed markedly
from all the others, which was confirmed statistically (table 2). Duncan’s test also
indicated other populations differing significantly from one another, with statistically significant differences found between the O and K provenances (table 2).
The difference between the means was 41 kg·m-3 (between O and Z), while in
the other cases, the means were similar (fig. 1). Based on Duncan’s test, similar results could be grouped into sets (table 2). Four groups were distinguished.
The first group comprised provenances from O, M, NR and IB. This was the set
with the lowest wood density. The second set was composed of the M, NR, IB and
K provenances. The third set consisted of the NR, IB, K and Z provenances, while
the fourth set comprised only the ZL provenance (table 3).
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Table 1. Basic density [kg∙m-3] of wood of individual provenances. ������������������
Descriptive statistics
N

Maximum

Mean

Standard
deviation

Median

Minimum

94

478

376

42

373

306

M

92

455

379

33

375

289

NR

102

473

381

36

381

312

IB

83

470

389

41

389

292

K

98

597

391

53

388

279

Z

86

490

394

37

393

334

ZL

92

556

417

43

414

338

Provenance
O

Table 2. Duncan’s test – differences between provenances (the level of probability)
O

M

NR

IB

K

Z

ZL

O

Provenance

-

0.5404

0.3832

0.0510

0.0222*

0.0070*

0.0000*

M

0.5404

-

0.7486

0.1545

0.0813

0.03289*

0.0000*

NR

0.3832

0.7486

-

0.2334

0.1346

0.06097

0.0000*

IB

0.0510

0.1545

0.2334

-

0.6923

0.4259

0.0000*

K

0.0222

0.0813

0.1346

0.6923

-

0.6480

0.0000*

Z

0.0070*

0.03289*

0.06097

0.4259

0.6480

-

0.0002*

ZL

0.0000

0.0000

0.0000

0.0000

0.0000

0.0002

*

*

*

*

*

*

-

*

Tabele 3. Groups of populations identified on the basis of Duncan’s test
Provenance

Density [kg∙m-3]

Group 1

Group 2

Group 3

Group 4

O

376

M

379

X

-

-

-

X

X

-

NR

-

381

X

X

X

-

IB

389

X

X

X

-

K

391

-

X

X

-

Z

394

-

-

X

-

ZL

417

-

-

-

X

The above results may be compared to the earlier studies by Kobyliński [1968]
and Barzdajn [1996], conducted on similar provenances of spruce in Poland.
Among the populations mentioned in this study there were only five of seven, i.e.
O, M, NR, IB and Z. When considering only those five provenances, O had the
lowest density and it was the only case in which the results were confirmed, whereas in the other cases there was no consistency. While between three provenances
(M, NR, IB) the differences in the means were slight, and these populations were
similar in terms of density, the situation was rather different in the case of Z.
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Two samples were prepared, of which one had a relatively low density, while the
other had an average density. However, both cases indicated a lower wood density
in the Z provenance than in M and NR. To conclude, both types of analyses performed on the numerous samples showed different results. Wood density changes
with cambial age and Kobyliński collected samples for analyses from mature trees considerably varied in age (90–170 years), while growth conditions for those
stands were different. While analysing data presented by Kobyliński, it was not
possible to state which provenance had the highest density.

Fig. 1. Average density of different provenances of spruce for the provenance experiment at Siemianice Forest Experimental Station – a) mean values, b) median values.

At this stage of both stand development and progress in wood tissue examination, it is very difficult to point out which factor decides the differentiation in basic
density among provenances. The results obtained simply allow the statement that
trees from different provenances have different densities despite growing in the
same conditions. The differentiation may come from the microscopic or even submicroscopic structure of the wood.

Conclusions
Differences in the basic wood density of Norway spruce (Picea abies [L.] Karst.)
were found between provenances at the Siemianice Forest Experimental Station.
The greatest mean wood density among the seven analysed populations was
recorded for the provenance from Zwierzyniec Lubelski (ZL). This density was
markedly higher and it was significantly different from all the investigated provenances.
Significant differences were also observed between the populations coming
from Międzygórze (M) and Zwierzyniec 281 B (Z), Orawa (O) and Zwierzyniec
281 B (Z), as well as Orawa (O) and Kartuzy (K).
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GĘSTOŚĆ UMOWNA DREWNA ŚWIERKA POSPOLITEGO
(PICEA ABIES [L.] KARST.) POCHODZĄCEGO
Z POWIERZCHNI DOŚWIADCZALNEJ ZLOKALIZOWANEJ
NA TERENIE LEŚNEGO ZAKŁADU DOŚWIADCZALNEGO
SIEMIANICE
Streszczenie
Artykuł zawiera porównanie gęstości siedmiu proweniencji świerka wyrosłych na powierzchni doświadczalnej na terenie LZD Siemianice. Powierzchnia ta jest unikatowym
obiektem badawczym, na którym od wielu lat prowadzone są obserwacje dotyczące wzrostu świerka różnych pochodzeń. Warunki, w których wzrastają drzewa są do siebie bardzo zbliżone i można przyjąć, że elementem różnicującym wzrost i właściwości drewna
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jest ich pochodzenie. Drzewa rosnące na powierzchni osiągnęły na tyle duże rozmiary,
że możliwym było pozyskanie materiału badawczego w formie wyrzynków, z których
wyrobiono próbki drewna do dalszych badań. Badania przeprowadzono na 651 próbkach
pozyskanych z 7 pochodzeń (Orawa, Międzygórze, Nowe Ramuki, Istebna Bukowiec,
Kartuzy, Zwierzyniec, Zwierzyniec Lubelski). Uzyskane wyniki pozwalają stwierdzić,
że drewno z poszczególnych pochodzeń istotnie różni się w zakresie badanej cechy. Ustalono, że w zakresie gęstości umownej najwyższe wartości przyjmuje drewno pochodzenia
Zwierzyniec Lubelski, a najmniejsze wartości z proweniencji Orawa. Dokonano również
podziału badanych pochodzeń na cztery grupy, tworząc tym samym „listę rankingową”
najlepszych pochodzeń świerka pospolitego.
Słowa kluczowe: gęstość drewna, świerk pospolity, proweniencja, właściwości fizyczne drewna
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GRAMMAGE AND STRUCTURAL DENSITY AS
QUALITY INDEXES OF PACKAGING GRADE PAPER
MANUFACTURED FROM RECYCLED PULP
Corrugated packaging production is currently facing the challenge to ensure a satisfactory strength of packaging despite the continuous increase in recycled paper
as the main fibrous component. This research addresses a very common technical
problem for the corrugated board industry – the difficulty of predicting the properties of paper products produced from heterogeneous sources. Grammage and structural density, being easily available data, were examined as quality parameters of
the most common categories of packaging paper in Europe. Grammage, ranging
from 100 to 225 g/m2, has been found to be a dominant parameter for estimating
the strength properties of paper.
Keywords: recycled paper, liners, fluting-medium, grammage, structural density,
packaging

Introduction
Due to favourable legislation [European Commission 1994, 2004, 2005] and
environmental restrictions placed on the use of forest-based materials, packaging
grade paper contains 80 to 100% recycled fibres [Adamopoulos, Oliver 2006;
FEFCO 2012]. Recycled fibres tend to be broken or damaged and have different
physical properties to virgin fibres. These differences in fibre properties contribute
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per or paperboard products [Ince 2004; Adamopoulos et al. 2007]; therefore, the
use of additional process technology is necessary (mechanical refining, coatings,
sizing, bonding adhesives, etc.) to compensate for the inherent disadvantages of
recycled fibres. The process additions, however, increase manufacturing costs.
A step towards a more economical and sustainable utilization of different
packaging paper grades could be the classification of the different grades, therefore allowing the selection of the appropriate raw material for each end-use. Corrugated packaging companies are in need of tools to predict the strength properties
of heterogeneous and time-varying raw materials (recycled papers) and to utilize
the data in an optimal manner.
Grammage or basis weight, the weight per unit area expressed as g/m2, is the
most fundamental property of paper and paperboard. Paper is sold by weight but
the buyer is interested in the area of paper per given weight. The paper manufacturer always strives to achieve all desired paper properties with the minimum
possible grammage. The structural density of paper, the grammage divided by the
structural thickness expressed as kg/m3, is also an important property in papermaking with wide use in paper physics (e.g. the use of engineering calculations of
strength and stiffness). The objective of the present work was to relate grammage
and structural density with the mechanical properties of grade paper most commonly used by packaging companies throughout Europe, and to explore the most
suitable quality parameter.

Materials and methods
Twenty one types of paper were selected to cover different grades of liners and
fluting-corrugating medium available on the European market for the production
of corrugated board. The paper was provided by five European corrugated
board companies and came from twelve paper suppliers from the global market.
The characteristics of the paper are shown in table 1.
All the paper was tested for the following properties: grammage
[ISO 536:1995], thickness [ISO 534:2005], compressive strength according to
short-span test SCT [ISO 9895:2008], tensile strength [ISO 1924-3:2005], and
burst strength [ISO 2759:2001]. Compressive strength was also determined for
the liners according to the ring crush test RCT [ISO 12192:2002] and for the
fluting-medium according to the corrugated crush test CCT [SCAN-P 42:81]. Before testing, the samples were conditioned at 23oC and 50% RH. The structural
densities of the samples were calculated by dividing the grammage by the bulking thickness (determined according to ISO 534:2005 as the distance between
two parallel plates resting on the paper with a specified force) and not according
to the SCAN-P 88:01 standard, which requires the structural thickness, e.g. the
thickness determined from the distance between two different spherical probes
when the paper is fed into the nip at a constant speed. The structural thickness is
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more accurate as surface unevenness is accounted for and therefore it is used for
advanced paper physics.
Table 1. Paper characteristics
Paper category/ Classification1

Grammage2 [g/m2]

Supplier

125, 140, 170, 170, 225

No1, No2, No1, No3, No4

TL: brown testliner
(predominantly recycled fibre
based)

100, 115, 170

No5, No6, No7

BB: brown bicolor
(predominantly recycled fibre
based with burst index ≥1.6)

105, 110, 110, 160

No8, No4, No9, No9

SCF: semi-chemical fluting
(predominantly made from semi
chemical primary fibres pulp)

112, 127, 150, 150

No10, No7, No7, No11

RFM: recycled fluting-medium
(predominantly recycled fibre
based)

95, 105, 110, 125, 160

No7, No8, No12, No6, No11

Liners
KL: brown kraftliner
(predominantly made from
primary kraft pulp)

Fluting-medium

1
2

According to CEPI Containerboard [2012] classification code
According to the supplier

Results and discussion
In figs. 1 and 2, the strength properties are plotted against grammage and structural density. Only the statistically significant linear regression equations (ANOVA,
P = 5%) were reported, and in the other cases, the data were plotted without fitting
a regression line. The strength properties showed greater sensitivity with changes
in the grammage than in the structural density.
The linear relationships with a positive intercept between all the strength properties and the grammage were obtained with coefficients of determination ranging from 0.725 to 0.915 in the case of the liners [fig. 1] and from 0.580 to 0.885
in the case of the fluting-medium [fig. 2]. In general, for both the liners and the
fluting-medium, the influence of structural density on the strength properties was
either non-existent or had a weak positive relationship [fig. 1, 2]. This suggests
that grammage is a better estimator of the influence of the bulk structure of recycled paper on paper strength. No statistically significant correlation was found
between grammage and structural density for either of the two paper categories
(liners and fluting-medium).
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Fig. 1. Relationships between grammage (left) and structural density (right) and mechanical properties of liners. Note: machine direction [●], cross direction [○]
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Fig. 2. Relationships between grammage (left) and structural density (right) and mechanical properties of fluting-medium. Note: machine direction [●], cross direction [○]
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It should be noted that it was not part of this study’s intention to identify the
extent to which the strength of a specific paper grade within the liner or fluting-medium category is influenced by its structural characteristics, grammage, or
density. That approach would require a different experimental design monitoring
a number of parameters (ash content, content of strength additives, fibre properties etc.), and also take into account the formation parameters of the paper sheets
[Nordström 2003; I’Anson et al. 2007]. This study, therefore, included a search
for dependencies in each of the liner and fluting-medium categories. This approach is close to industrial practice, where the selection of grade paper for a specific
packaging use is based on availability, cost and empirical quantification of performance.

Conclusions
This study showed that the variety of packaging paper grades produced from heterogeneous recycled pulp in Europe can be characterized by their grammage,
irrespective of the paper category or subcategory to which they belong. The results can be used for a quick prediction of the strength properties of recycled
paper based on grammage, thus permitting sensible use in appropriate corrugated
packaging applications.
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GRAMATURA I GĘSTOŚĆ STRUKTURALNA JAKO
WSKAŹNIKI JAKOŚCI GATUNKOWEGO PAPIERU
OPAKOWANIOWEGO WYTWARZANEGO Z MASY
PAPIERNICZEJ POCHODZĄCEJ Z RECYKLINGU
Streszczenie
Obecnie produkcja opakowań z tektury falistej stoi przed wyzwaniem, którym jest zapewnienie ich zadowalającej wytrzymałości, pomimo stałego wzrostu udziału papieru
z recyklingu jako głównego komponentu włóknistego. W niniejszych badaniach zajęto się
bardzo powszechnym w przemyśle wytwarzania tektury falistej problemem technicznym,
a mianowicie trudnością w przewidywaniu właściwości produktów papierowych wytwarzanych z heterogenicznych surowców. Gramatura i gęstość strukturalna, czyli łatwo dostępne dane, zostały przebadane jako parametry jakościowe najbardziej powszechnych
kategorii papieru opakowaniowego w Europie. Gramatura, mieszcząca się w przedziale
od 100 do 225 g/m2, okazała się być dominującym parametrem przy szacowaniu właściwości wytrzymałościowych papieru.
Słowa kluczowe: papier z recyklingu, linery, fluting, gramatura, gęstość strukturalna, opakowania
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