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Editorial

About a year ago, I received a friendly e-mail
from the editor-in-chief of the journal Drvna industrija
inviting me to take on the role of guest editor for a
special issue. I took some time to think about it and
responded positively a few days later. I decided to ac-
cept the invitation because I saw it as a great honour
and recognition of my previous work, but also as a
great challenge for me to learn how the work of an edi-
tor of a journal is done. So, the current issue of Drvna
industrija came into being in less than a year.

I am a chemist by my background and my first
contact with wood science and technology was 33
years ago, when [ was a young PhD student at the Uni-
versity of Ljubljana, Biotechnical Faculty, Department
of Wood Science and Technology. I knew next to noth-
ing about this field, and the decision to work in the field
of wood science and technology was a big jump into
the unknown for me. The first steps in entering this
field, which was completely new to me, were of course
to study professional literature, and so I quickly be-
came acquainted with the journal Drvna industrija.
The articles in the journal were interesting, and the rea-
son why I carefully examined each new issue and read
the selected articles was also the easy accessibility of
the journal and the fact that it was written in Croatian,
a language I understood well. Publications of my col-
leagues’ research results in journals with SCI impact
factor were quite rare at that time, so publishing in
Drvna industrija was an extremely important way for
Slovenian researchers to communicate with the scien-
tific community. The journal did not yet have an SCI
impact factor, but it already had a wide regional reach
in its field. Since then, I have looked forward to each
new issue of the journal with interest, following the
remarkable diversity of the interdisciplinary field of
wood science and technology, its great development
and progress, and at the same time the remarkable pro-
gress of the journal itself. A major breakthrough came
in 2010 when the journal received an SCI impact factor
of 0.146. Since then, the journal has made very good
progress, moving from the bottom of the ranking of
journals in the field of “Materials Science, Paper and
Wood” to the border between the third and second
quartile in the journal SCI-IF ranking. The journal is
now making an extremely important contribution to

Editorial

the field of wood science and technology in the wider
regional area and has a global reach.

For me personally and for all my colleagues at
the Department of Wood Science and Technology at
the Biotechnical Faculty in Ljubljana, the journal Drv-
na industrija means more than just the opportunity to
publish our research results. It is a symbol of the long-
standing excellent relationship between the Depart-
ment of Wood Science and Technology and the Faculty
of Forestry and Wood Technology at the University of
Zagreb. Researchers from the Department of Wood
Science and Technology continue to publish extensive-
ly in the journal Drvna industrija, and we have
strengthened the bonds of our friendship through our
reviewing activities and participation in the journal’s
editorial board. These have been deepened by numer-
ous teaching, research and friendship visits to both in-
stitutions, meetings at conferences in Zagreb and Lju-
bljana and various social gatherings. When I researched
the history of the study of wood engineering at the Uni-
versity of Ljubljana, I realised that my Zagreb col-
leagues played an extremely important role in the es-
tablishment and development of the study programme
of wood science and technology in Ljubljana. As lec-
turers, they took over some fields of the study for which
there were no university lecturers in Ljubljana at the
beginning, and helped to train and empower Slovenian
university lecturers in wood science and technology.
The journal Drvna industrija was also essential in this
respect. At the Department of Wood Science and Tech-
nology in Ljubljana, we are eternally grateful to our
colleagues from Zagreb for playing this role.

Speaking of the present and the creation of this
special issue of Drvna Industrija, I have seen up close
and in detail how difficult and time-consuming it is to
prepare each new issue of the journal. It is difficult to
obtain high quality articles and to judge whether they
are suitable for publication or not. A particular diffi-
culty is finding reviewers and encouraging them to
send in their reviews within reasonable deadlines. A
demanding task is then to make an overview of the re-
views and revised articles. It was particularly difficult
to assess whether an article was suitable for publication
or not when the reviewers’ assessments were contra-
dictory. Last but not least, checking the gallery proofs

DRVNA INDUSTRIJA 75 (1) 3-4 (2024) 3



Editorial

before submitting them to the press is also a very time-
consuming task. This makes me appreciate even more
than before the great work that my colleague and friend
Prof. Dr. Ruzica Beljo Luci¢ and her team have been
doing for many years.

The special issue that I edited as a guest editor is
now in front of you, dear readers. The content is very
diverse and fully reflects the challenges that wood re-
searchers are facing in the 21* century: from the con-

4 ) DRVNA INDUSTRIJA 75 (1) 3-4 (2024)

cern for the preservation of wooden cultural heritage to
the introduction of state-of-the-art wood processing
technologies, the challenges of the green transition, the
development of quality wood processing education and
the concern for safety in wood industry. I am sure that
every reader will find something interesting and useful
in such a variety of content.

Prof. Dr. Marko Petri¢
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ABSTRACT - Outdoor wood is exposed to various factors that can be described as weathering and cause the
wood to grey. The ageing processes can vary greatly depending on the exposure. Parts of wood that are not ex-
posed to external factors, e.g. under the overhanging, are less exposed, and the weathering process is therefore
slower. This can be accelerated by solutions based on iron ions. In this way, the wood greys quickly and evenly.
However, after iron treatment, the colour also depends on the previous exposure of wood to weathering. In our
study, the colour change was observed as a function of weathering time. Before treatment, the samples were ex-
posed to outdoor weathering for different periods of time and then treated with a 5 % solution of pure iron (Il) sul-
phate and commercial iron (I1) sulphate. It was determined that the pre-weathering time affected the final colour
change, as the samples exposed for five weeks before treatment have comparable colour to naturally weathered
wood. At the beginning of exposure, iron (II) sulphate limits mould growth, but after two months, staining fungi
develop on the treated samples as well. The growth of blue stain fungi on the treated samples did not significantly
affect the colour and visual appearance of the wood treated with iron-based solutions.

KEYWORDS: ageing; weathering; iron (II) sulphate; colour change; blue stain fungi

SAZETAK « Drvo za vanjsku uporabu izlozeno je razlicitim ¢imbenicima koji se mogu opisati kao vremenski utje-
caji, a uzrokuju sivljenje drva. Procesi starenja mogu uvelike varirati ovisno o izlozenosti drva tim utjecajima. Na
dijelovima drva koji nisu izravno izloZeni vanjskim ¢imbenicima, npr. ispod prevjesa, proces starenja je sporiji. Taj
se proces starenja moze ubrzati otopinama na bazi iona zeljeza tako da drvo brzo i ravnomjerno posivi. Medutim,
boja nakon tretmana zeljezom takoder ovisi o prethodnoj izlozenosti drva vremenskim utjecajima. U ovom smo
istrazivanju promatrali promjenu boje kao funkciju trajanja izloZenosti drva vremenskim utjecajima. Uzorci su
prije tretmana razlicito vrijeme bili izlozeni vremenskim utjecajima, a zatim su tretirani 5 %-tnom otopinom cistog
zeljezova (11) sulfata i komercijalnog zeljezova (11) sulfata. Utvrdili smo da je prvotna izloZenost vremenskim uvje-
tima utjecala na konacnu promjenu boje jer su uzorci koji su bili pet tjedana izlozeni vremenskim utjecajima prije
tretmana imali slicnu boju kao i prirodno drvo izloZzeno vremenskim utjecajima. Na pocetku izlaganja zeljezov (1)

" Corresponding author

' Authors are researchers at University of Ljubljana, Biotechnical Faculty, Department of Wood Science and Technology, Ljubljana Slovenia. https://orcid.
0rg/0000-0003-3965-3458; https://orcid.org/0000-0001-9963-5011
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Editorial

sulfat ogranicavao je razvoj plijesni, ali su se nakon dva mjeseca izlaganja i na tretiranim uzorcima drva razvile
gljive promjene boje. Razvoj gljiva plavila na tretiranim uzorcima nije znatnije utjecao na boju i vizualni izgled

drva tretiranog otopinama na bazi zeljeza.

starenje; izlaganje vremenskim utjecajima, zeljezov (Il) sulfat; promjena boje; gljive plavila

1 INTRODUCTION

Outdoor wood is exposed to various weather con-
ditions that cause the wood to turn grey (Feist, 1988;
Williams, 2005; Humar et al., 2020; Kropat et al., 2020;
Zabel and Morrell, 2020; Altay, 2023). The weathering
processes can vary greatly depending on the exposure
(Nejad and Cooper, 2017). Parts of wood that are not
exposed to wetting, e.g. under overhang, are much less
exposed to weathering factors. Therefore, the weather-
ing processes are slower (Zimmer et al., 2018), which
results in an uneven colour of wooden facades. Many
customers do not like such an uneven visual appearance
of wooden fagades and other vertical surfaces (Zimmer
et al. 2018). Uneven greying affects the aesthetic prop-
erties of buildings with wooden facades or other wood-
en objects exposed outdoors. This is a common reason
for choosing other materials such as polymers and min-
erals that maintain a uniform colour over a longer peri-
od of time. Such material changes have an impact on
lower wood consumption and the entire wood supply
chain. One of the possible solutions for a more even
colour is the use of pigmented coatings or wood-trans-
parent coatings with UV absorbers. However, a coating
has one major disadvantage: it requires regular mainte-
nance (Nejad and Cooper, 2017), which is expensive
and time-consuming. On the other hand, it was already
proven that treatment of wooden facades, with an ion-
based solution, results in more even and faster greying
and prevents uneven discolouration of the building
claddings (Hundhausen et al., 2020; Lesar and Humar,
2022). Iron-treated wood is also suitable for mimicking
ancient wood (Heibe and Nyrud, 2010; Sun ef al.,
2023). However, the colour of wood treated with iron
ions also depends on whether the wood has previously
been exposed to weathering or has been aged by UV
light (Nejad and Cooper, 2017; Zimmer et al., 2018). In
the case of spruce wood, for example, wood freshly
treated with iron (II) ions takes on a slightly greener hue
compared to naturally aged spruce surface. The colour
can even turn brown, if the wood is exposed only to
solar radiation and not precipitation or condensation of
surface water (Hundhausen et al., 2020). The finding of
Hundhausen and co-workers in 2020 show that staining
proceeds also on wood without the presence of wood
extractives, possibly due to the oxidization of iron (II)
that is promoted by photo-induced phenoxyl and ketyl
radicals from photolysis of lignin ether bonds. Respec-
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tive findings explain colour differences of iron (II) sul-
phate-treated fagades that are partly protected by, for
instance, a roof overhang.

The effect of iron (II) sulphate on greying is most
notable in the initial phases after treatment (Lesar and
Humar, 2022). The presence of transparent biocides
(e.g. boric acid, quaternary ammonium compounds)
had no effect on the colour of wood treated with iron
(IT) sulphate, nor on iron leaching from treated wood
outdoors. However, the biocides positively affect the
durability of the treated wood (Lesar and Humar,
2022). Positive effects on decay resistance and mould
growth were also confirmed during hydrothermal treat-
ment with different iron compounds (Aleinikovas et
al., 2021). However, after several months of outdoor
exposure, blue stain fungi develop on the surface of
wood treated with iron (II) sulphate as well. On the
other hand, iron (IT) sulphate protects the wood surface
exposed to weathering. The surface of the control sam-
ples was much more damaged than that of the treated
samples (Lesar and Humar, 2022). Long-term outdoor
weathering also shows that iron-treated wood is not
damaged by wasps as untreated wood (Lesar et al., un-
published results) (Figure 1).

This study is a follow up of the paper: Perfor-
mance of Iron (II)-Sulphate-Treated Norway Spruce
and Siberian Larch in Laboratory and Outdoor Tests
(Lesar and Humar, 2022). The aim of this work is to
elucidate the importance of the pre-treatment prior to
iron (II) sulphate impregnation. The key objective is to
ensure that the colour of the treated wood is compara-
ble to the colour of naturally weathered wood. In this
study, untreated wood was exposed to outdoor weath-
ering for various periods of time. Then the samples
were treated with 5 % solution of iron (II)sulphate. Af-
terwards, the samples were exposed to the weathering
again, and the colour changes, mould growth and other
surface properties were assessed.

2 MATERIALS AND METHODS

2.1 Materials

2.1.1 Wooden material

The specimens used for the study were made of
Norway spruce (Picea abies (L.) H. Karst) and Euro-
pean larch (Larix decidua Mill.). The dimensions of
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Figure 1 Model fagades exposed outdoors for 5 years. Above red line control samples, below iron (II) sulphate treated wood.
Left fagade exposed to nord, right fagade exposed to south. Surface damage by wasps is clearly visible on control samples.
Slika 1. Modeli fasada pet godina izloZenih vanjskim utjecajima. Iznad crvene crte nalaze se kontrolni uzorci, a ispod nje je
drvo tretirano Zeljezovim (II) sulfatom. Lijeva fasada bila je izlozena prema sjeveru, a desna prema jugu. Na kontrolnim su

uzorcima jasno vidljiva oStec¢enja povrsine, uzrokovane osama.

the specimens were 40 mm x 110 mm x 10 mm, with
the radial orientation of the fibres in the radial direction
(45+15)°. In total, 85 specimens were prepared. Of
these, 45 were spruce samples, and 40 larch samples.

2.1.2 Treatment solutions
2.1.2. Otopine za tretiranje

The Norway spruce and larch specimens were
treated with a 5 % iron (II) sulphate solution in distilled
water. Two different sources of iron (II) sulphate were
used. The concentration of the iron (II) sulphate solu-
tion was chosen based on previous studies (Lesar and
Humar, 2022). Initially, iron (II) sulphate heptahydrate
(FeSO, x 7H,0) (IS) for laboratory purposes in the
form of blue-green crystals prepared by Carlo Erba
was used. For comparison with the laboratory-grade
iron (II) sulphate, a solution was also prepared with
commercial, iron (II) sulphate with purity > 98 % and
an iron (Fe) content of 20 %. (Agrolit, Slovenia). For
commercial purposes, the name green vitriol (GV) was
used. The green vitriol was in the form of granules. A
solution of the commercial green vitriol (GV) was pre-
pared according to the same procedure as the iron (II)
sulphate solution.

2.2 Methods

2.2. Metode
2.2.1 Treatment
2.2.1. Tretman

The test specimens were treated by immersing
each specimen in a solution of laboratory grade iron
(IT)sulphate or green vitriol for 10 seconds. After the
treatment, the uptake of the solution was determined
gravimetrically. The samples were then dried for 24

hours under laboratory conditions. The samples were
then exposed outdoors.

2.2.2 Outdoor exposure
2.2.2. Vanjsko izlaganje

After conditioning, the samples were exposed
outdoors at the test field site on special stands. The
samples were exposed on the premises of the Depart-
ment of Wood Science and Technology in Ljubljana,
Slovenia (46°02°55.7 “N 14°28°47.3 “E, height above
sea level 293 m).

2.2.3 Pre-weathering before iron (Il)
sulphate treatment
2.2.3. Predizlaganje vremenskim utjecajima

prije tretmana zeljezovim (ll) sulfatom

The Norway spruce and larch test specimens
were placed on a stand at an angle of 45° and oriented
towards the south (Figure 2). On 3 May 2022, the test
specimens were exposed to outdoor weathering for 1 to
5 weeks. Each week, five samples of each species were
isolated from the test plot and stored in a dark dry
space. After the ageing was completed (after five
weeks), the samples were scanned with an A3 2400S
flatbed scanner. The colour was determined on scanner
pictures with the programme Corel Photo PAINT 8 in
the CIE Lab colour space. In the figure, the entire sur-
face of each sample was selected, and the colour was
measured using the tool in the software and all three
CIE Lab components (L*, a*, b*) were extracted. The
samples were then treated with solutions of iron (II)
sulphate or green vitriol as described in chapter 2.2.1,
conditioned for 24 hours and exposed to the test field
for a further 21 weeks. At this time, untreated control
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ment after 4, 8, 12, 21 weeks of weathering. The pres-
ence of blue stain fungi was assessed in both tests.

2.2.4 Weather data
2.2.4. Podatci o vremenu

The weather also influences the colour change of
wood that lies outdoors. For this purpose, weather data
were obtained from the archives of the Slovenian Envi-
ronment Agency (ARSO, 2022). The data came from the
ARSO monitoring station, Bezigrad, near the field test
site. The amount of precipitation per day, the average
temperature in °C and sunshine hours per day were the
focus of our interest. For this purpose, archived data
from the website of the Slovenian Environmental Agen-
Figure 2 Stand with samples facing south at exposure angle ¢ (ARSO) were obtained for the duration of our experi-
of 45° ment between 1 May 2022 and 3 November 2022.

Slika 2. Stalak s uzorcima izlozenima prema jugu pod
kutom od 45°

3 RESULTS AND DISCUSSION
3. REZULTATI | RASPRAVA

3.1 Solution uptake
3.1. Upijanje otopine

samples of both wood species, which had previously
been kept in the dark, were also exposed outdoors
alongside other treated samples.

Before and during exposure, the samples were The treatment was carried out by immersing each
scanned, and the colour was determined as described. ~ sample in the solution for 10 seconds and then placing
Microsoft Excel was used to calculate the colour dif-  the sample on a grid where the excess solution was
ference. The total colour difference AE (Eq. 1) between  drained off before weighing. The Norway spruce sam-
a reference colour (L*0, a*0, b*0) and a target colour  ples have an average uptake of 32.9 kg/m’. Pre-weath-

(L*1, a*1, b*1) in the CIE Lab colour space is calcu-  ering has a positive influence on the solution uptake.
lated by determining the Euclidean distance between = The highest uptakes were observed at the samples
two colours. treated, aged for 2 and 4 weeks. On the other hand, the

In addition to UV radiation, blue stain and mould  lowest uptake was recorded in spruce samples treated
fungi also contribute significantly to the discolouration ~ with iron (II) sulphate and aged for 1 week. It should
of wood in outdoor applications. Therefore, as part of  be noted that the differences were not very prominent.
the study, the presence of blue stain and mould fungi on ~ However, the positive effect of the weathering on solu-

the samples using an Olympus DSX1000 digital micro-  tion uptake is mainly a result of the microcracks on the
scope was determined as well. The study was conducted ~ surface, as reported by (Kerzi¢ and Humar, 2022). The
by scanning 1 to 2 representative samples of each treat-  larch samples had approximately 10 kg/m* lower up-
60
n %0 T
£
22 4 T
g ¥
£ &
28 30
= 3
£%, M
R
8 T
10
W e T e ® o o o ® P e e e
AS A \ A \ G AS A \ AL \ G
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Wood and treatment / drvo i tretman

Figure 3 Influence of pre-weathering on solution uptake of spruce and larch wood (IS- iron (II) sulphate; GV- green vitriol).
Numbers are weeks of pre-weathering.

Slika 3. Utjecaj predizlaganja smrekovine i ariSevine vremenskim uvjetima na upijanje otopine (IS — Zeljezov (II) sulfat; GV
— zeleni vitriol). Brojevi oznacavaju tjedne predizlaganja vremenskim utjecajima.
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Figure 4 Average daily temperature and daily amount of precipitation from 1 May to 3 November 2022
Slika 4. Prosjecna dnevna temperatura i dnevna koli¢ina oborina od 1. svibnja do 3. studenog 2022.

take than Norway spruce samples with an average up-
take of 22.8 kg/m?® (Figure 3). This can be mainly at-
tributed to the different densities of the wood (larch has
a higher density), as well as porosity and water-perme-
ability of wood. The solution uptakes of various speci-
mens are comparable, although the wood is weathered
for different periods of time. The differences are be-
lieved to be merely due to the variability of the wood
and described microcracks. Similar solution uptakes
were reported in previous studies (Lesar and Humar,
2022; Lesar et al., 2022).

3.2 Weather data
3.2. Vremenski podatci

As already reported, weather conditions influ-
ence the weathering of wood (Feist, 1988; Evans et al.,
1996; Williams, 2005; Gobakken and Heibg, 2011).

Samples were exposed to weathering between 3 May
and 3 November 2022. In this period, the average tem-
perature was 19.8 °C, and average precipitation 4.2
mm and average daily solar radiation 7.7. hours (Fig-
ure 4 and Figure 5). In the observed period, there were
75 days with precipitation higher then 0.1 mm and the
total rainfall in the respective period was 779.9 mm.
The highest daily precipitation of 156.9 mm was re-
ported on 16 September.

3.3 Pre-weathering before iron (ll) sulphate
treatment

3.3. Predizlaganje vremenskim utjecajima
prije tretmana zeljezovim (ll) sulfatom

Untreated samples were pre-weathered from 1 to
5 weeks before iron treatment. Total colour change in-
creased with increasing weathering duration for both

,h

Cevo zracenje.

Solar irradiation / sun

Date / datum

Figure 5 Duration of solar irradiation from 1 May to 3 November 2022
Slika 5. Trajanje Sunceva zracenja od 1. svibnja do 3. studenog 2022.
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Figure 6 Colour change of Norway spruce and larch samples (a) exposed to weathering from one to five weeks (b) after
weathering and treatment with iron (II) sulphate (IS) and green vitriol GV)

Slika 6. Promjena boje uzoraka obi¢ne smrekovine i ariSevine (a) izloZzenih vremenskim utjecajima od jednog do pet tjedana i
(b) nakon izlaganja vremenskim utjecajima i tretmana zeljezovim (II) sulfatom (IS) i zelenim vitriolom (GV)

wood species. In general, higher colour changes were
determined on Norway spruce wood than on larch
wood, predominately as the initial colour of spruce
wood was lighter. The most prominent colour change
appeared after the first week of outdoor exposure.
Namely, colour change (AE*) measured on Norway
spruce samples was 10.2, and 6.7 on larch wood (Fig-
ure 6a). Pre-weathering of spruce samples and only
minor differences for larch samples, exposed to weath-
ering for 5 weeks and later treated with iron (II) sul-
phate or green vitriol, were observed. Results are in
line with previous studies (George et al., 2005;
Niklewski ef al., 2022; Podgorski et al., 2009).

The most prominent colour changes occurred af-
ter treatment with iron (II) sulphate and green vitriol.
Colour measurement was performed only one day after
the treatment, when the samples were dried. For Nor-
way spruce samples, AE* was 27.6 to 32.6. and for
larch wood from 26.2 to 29.3 (Figure 6b). As already
observed in a previous study (Lesar and Humar, 2022),
colour change of larch samples was higher compared
to Norway spruce samples. Larch samples become
darker than spruce ones.

However, when the samples are exposed to out-
door weathering, the colour change is the most promi-

10 ) DRVNA INDUSTRIJA 75 (1) 5-17 (2024)

nent between the first and second week for both wood
species used. This phenomenon was not affected by
pre-weathering and iron solution used; it can rather be
attributed to the action of iron (II) sulphate on the wood
(Figure 7 and 8). Similar patterns of colour change
were observed in Norway spruce and larch samples.
Comparing Norway spruce and larch samples, it can be
seen that the colour change of Norway spruce samples
is, on average, 4 units higher than that of larch samples.
This can be attributed to the fact that larch is inherently
darker compared to spruce, which lowers the colour
change. After the third week, the colour change is more
uniform. This shows that the most apparent change in
colour occurs in the first two weeks of exposure after
the iron ion treatment. The samples aged for one week
and treated with iron (IT) sulphate had the highest col-
our change, which can be attributed to pre-exposure to
UV and rain for the shortest time. On average, the col-
our change of samples pre-weathered for 5 weeks is 8
units lower compared to samples pre-weathered for 1
week. This can be attributed to the fact that the more
the samples have been pre-weathered, the more promi-
nent colour change occurs before treatment with IS and
GV solutions, respectively. The colour changes of the
samples pre-weathered for 5 weeks are very uniform
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Figure 7 Colour change (AE*) of control and iron (II) sulphate and green vitriol treated Norway spruce wood samples,

exposed outdoor at 45° to south

Slika 7. Promjena boje (AE*) kontrolnih uzoraka smrekovine tretiranih zeljezovim (II) sulfatom i zelenim vitriolom izloZenih

na otvorenome i prema jugu pod kutom od 45°

after the third week of exposure, as the additional col-
our change varies only by two units. The colour change
of the control samples also shows a maximum colour
change in the first three week of exposure, followed by
a slight increase of colour change till the end of the
experiment. However, none of the control samples ex-
posed at the beginning of May or 5 weeks later did not
reach the exact colour change as the treated samples.
Untreated samples would require additional time to
reach the final appearance.

3.4 Visual appearance of weathered control
and treated samples

3.4. Vizualni izgled izlozenih kontrolnih
i tretiranih uzoraka

Figures 9 and 10 show the visual changes in Nor-
way spruce and larch samples exposed outdoors. In the
first row there is an untreated control sample of Nor-
way spruce or larch that has been pre-weathered for 5
weeks. This is followed by the samples pre-weathered

50

for 1 week and treated with a 5 % iron (II) sulphate
solution, the samples pre-weathered for 3 weeks and
treated with a 5 % IS solution, and the samples pre-
weathered for 5 weeks and treated with the same 5 %
IS solution, and the sample treated with 5 % (GV)
green vitriol is in the last row. All samples were ex-
posed for 21 weeks after treatment.

Figures 9 and 10 confirm the results of the col-
our change measurements. The control sample shows
a distinct colour change until the second week of ex-
posure, after which the colour remains fairly uniform
until the 12" week when further distinct colour chang-
es occur. However, for the samples that were pre-
weathered and treated with iron-containing solutions,
a visible colour change was observed shortly after
treatment. The one-week-pre-weathered sample is
darker and browner than the three- or five-weeks pre-
weathered samples. The five-week pre-weathered
samples show even shades of grey. It was established
that the one-week pre-weathered samples become

[

) M
10 =@ Control 0
IS 3 week

GV 5 week
IS 4 week

IS 1 week =—@— IS 2 week
—@— IS 5 week

0 5 10

15 20 25

Week of exposure / tjedan izlaganja

Figure 8 Colour change (AE*) of control and iron (II) sulphate and green vitriol treated larch wood samples, exposed outdoor

at 45° to south

Slika 8. Promjena boje (AE*) kontrolnih uzoraka ariSevine tretiranih zeljezovim (II) sulfatom i zelenim vitriolom, izlozenih

na otvorenome i prema jugu pod kutom od 45°
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Figure 9 Visual appearance of control and iron treated Norway spruce wood samples. The first column shows wood samples
before the test, the second column shows samples aged outdoors for 1, 3 and 5 weeks, the third column shows samples

immediately after treatment with iron (II) sulphate (IS) and green
changes during outdoor exposure from week 1 to week 24.

vitriol (GV), the fourth to eleventh columns show colour

Slika 9. Vizualni izgled kontrolnih uzoraka i uzoraka smrekovine tretiranih zeljezom. Prvi stupac prikazuje uzorke drva prije
ispitivanja, u drugom su stupcu uzorci izloZzeni na otvorenome jedan, tri i pet tjedana, tre¢i stupac predocuje uzorke nepo-
sredno nakon tretiranja zeljezovim (II) sulfatom (IS) i zelenim vitriolom (GV), a uzorci od ¢etvrtog do jedanaestog stupca
pokazuju promjene boje tijekom vanjskog izlaganja od 1. do 24. tjedna.

browner, while the five-week pre-weathered samples
become grey. This indicates that the UV-induced rad-
ical changes continue long after initiation, although
wood was stored in a dark place. The five-week pre-

12 ) DRVNA INDUSTRIJA 75 (1) 5-17 (2024)

weathered sample achieves a better approximation to
the colour of naturally aged wood. For the five-week
pre-weathered samples, there was only a slight differ-
ence in colour between IS and GV treatment. For
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Figure 10 Visual appearance of control and iron treated larch wood samples. The first column shows wood samples before
the test, the second column shows samples aged outdoors for 1, 3 and 5 weeks, the third column shows samples immediately
after treatment with iron (II) sulphate (IS) and green vitriol (GV), the fourth to eleventh columns show colour changes during
outdoor exposure from week 1 to week 24.

Slika 10. Vizualni izgled kontrolnih uzoraka i uzoraka arisevine tretiranih zeljezom. Prvi stupac prikazuje uzorke drva prije
ispitivanja, drugi stupac uzorke izlozene u vanjskom prostoru jedan, tri i pet tjedana, u tre¢em su stupcu uzorci neposredno
nakon tretiranja zeljezovim (II) sulfatom (IS) i zelenim vitriolom (GV ), a uzorci od ¢etvrtog do jedanaestog stupca pokazuju
promjene boje tijekom vanjskog izlaganja od 1. do 24. tjedna.

larch wood, the difference was slightly more promi- If the samples of spruce and larch are compared,
nent. It is believed that this difference is mainly re-  the relation between colour and ageing can be seen in
lated to the more prominent colour variations in fresh  both species. Although larch samples are clearly darker
wood samples. than spruce samples, there is a clear correlation be-
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tween ageing and colour change in both species ana-
lysed. This can be observed in specimens that have
been pre-weathered for one week showing more
browning and those pre-weathered for five- weeks
showing more greying. Another reason for the darker
colour of larch samples is that they have a higher pro-
portion of extractives that react with iron (Hundhaus-
en, 2020).

28.6.2022,
week 4

27.7.2022,
week 8

!
Control O

i

Control 5

|

GV a‘g_ed“‘s‘ weeks

3.5 Observation of blue stain fungi
3.5. Promatranje gljiva plavila

During the experiment, the presence of blue stain
fungi and moulds on the surface was monitored. The
analysis was performed on the exposed control, IS-
treated and GV-treated samples. The sample surfaces
were observed with a digital microscope. The measure-

3.11.2022,
week 21

31.8.2022,
week 12

Figure 11 Observation of mould growth on Norway spruce wood samples. Columns show wood samples exposed outdoors
for 4, 8, 12 and 21 weeks after treatment. The first raw control samples (0) were exposed at the same time as the treated
samples, the second raw control samples were exposed for 5 weeks before treatment, raw samples 3, 4, 5 were aged for 1, 3
and 5 weeks before treatment with iron (II) sulphate (IS) and raw samples 6 for five weeks before treatment with green vitriol

(GV). The bar is 400 um long.

Slika 11. Promatranje razvoja plijesni na uzorcima obi¢ne smrekovine. Stupci prikazuju uzorke drva izlozene na otvorenome
4,8, 121 21 tjedan nakon tretmana. Prvi netretirani kontrolni uzorci (0) izloZeni su u isto vrijeme kad i tretirani uzorci, drugi
netretirani kontrolni uzorci izlozeni su pet tjedana prije tretmana, netretirani uzorci 3., 4. i 5. izlagani su jedan, tri i pet tjedana
prije tretmana zeljezovim (II) sulfatom (IS), a netretirani uzorci 6. izlagani su pet tjedana prije tretmana zelenim vitriolom

(GV). Zuta je linija dugacka 400 pm.
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28.6.2022,
week 4

27.7.2022,
week 8

3.11.2022,
week 21

31.8.2022,
week 12

—

Figure 12 Observation of mould growth on larch wood samples. Columns show wood samples exposed outdoors for 4, 8, 12
and 21 weeks after treatment. The first raw control samples (0) were exposed at the same time as the treated samples, the
second raw control samples were exposed for 5 weeks before treatment, raw samples 3, 4, 5 were aged for 1, 3 and 5 weeks
before treatment with iron (II) sulphate (IS) and raw samples 6 for five weeks before treatment with green vitriol (GV). The

bar is 400 pm long.

Slika 12. Promatranje razvoja plijesni na uzorcima ariSevine. Stupci prikazuju uzorke drva izlozene na otvorenome 4, 8, 12 i
21 tjedan nakon tretmana. Prvi netretirani kontrolni uzorci (0) izlozeni su u isto vrijeme kad i tretirani uzorci, drugi netretirani
kontrolni uzoreci izloZeni su pet tjedana prije tretmana, netretirani uzorci 3., 4. i 5. izlagani su jedan, tri i pet tjedana prije
tretmana zeljezovim (II) sulfatom (IS), a netretirani uzorci 6. izlagani su pet tjedana prije tretmana zelenim vitriolom (GV).

Zuta je linija dugacka 400 pm.

ments were performed after 4, 8, 12 and 21 weeks of
outdoor exposure.

The figures (Figure 11 and 12) show the presence
of blue stain fungi on the aged samples of Norway
spruce and larch. The samples that were pre-weathered
before treatment, control-5 and control-0 were exposed
at the test site on the same day as the treated samples.

The samples of control-5 showed the first signs of blue
stain fungi already after nine weeks (5 weeks pre-
weathering + 4 weeks of weathering), in both wood
species. After 8 weeks, the first signs of blue stain fun-
gi were also observed on the control-0 larch samples,
that were not pre-weathered, which is comparable to
control-5 samples weathered for 4 weeks. On the other
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hand, the first signs of blue stain fungi were observed
on the control-0 Norway spruce samples after 12 weeks
of weathering. The strongest growth of blue stain fungi
occurred between week 12 and 21 for both wood spe-
cies. These changes on the surface were also detected
by colour measurements (Figure 7 and 8) and the visu-
al appearance of the surfaces (Figure 9 and 10). Such
pronounced growth was to be expected as it occurred
during the autumn months with a lot of rain (Figure 4).
This is in line with other research stating that the col-
our of the wood fluctuates due to the stronger growth
of blue stain fungi in the autumn months (Krzisnik et
al., 2018). The growth of blue stain fungi was more
intense in the early wood than in the late wood. This
can be observed especially in the control and treated
larch samples (Figure 12).

The presence of blue stain fungi on the treated
samples was influenced by the pre-weathering duration
before treatment. All samples were treated on the same
day with the same concentration (5 %) of iron (II)sul-
phate solution. The first signs of blue stain can be ob-
served already four weeks after treatment (IS-treated
samples were 5 weeks pre-weathered before treat-
ment), just like control 5. This can be observed in Nor-
way spruce and larch samples. These are only small
patches of blue-stain fungi predominately due to inoc-
ulation of the samples during pre-weathering. On other
iron-treated samples, no signs of blue stain fungi were
found until week 12. Like the control samples, the
most prominent growth of blue stain fungi was ob-
served on both wood species used between 12 and 21
weeks after exposure. Nevertheless, the surface area
covered by blue stain fungi was lower in the treated
samples than in the untreated control samples. The bi-
ocidal activity of iron can only be observed at the be-
ginning of the exposure; later, the iron was leached
from the wood (Lesar and Humar, 2022; Lesar et al.,
2022; Zimmer et al., 2020), and its biological activity
was insignificant. At the end of the exposure, there was
no statistically significant difference in the growth of
blue stain fungi between the different ageing times of
the samples before treatment. Figures 13 and 14 show
that there was no difference between IS and GV treat-
ment. The growth of blue stain fungi on the treated
samples has no significant influence on the colour and
visual appearance of the wood treated with iron.

4 CONCLUSIONS

For the treatment, it was sufficient to immerse
the samples in the iron aqueous solution for 10 sec-
onds to obtain the desired effect. The solution uptake
is different for spruce and larch since larch wood is
denser and less permeable. It was noted that the pre-
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weathering has an influence on the higher uptake of
iron-based solutions in both wood species. As expect-
ed, pre-weathering of the wood affects the colour
change, and the changes are visible faster after con-
tinuous exposure. The most prominent colour chang-
es occur in the first few weeks of outdoor exposure.
Lower solution uptake of iron-based solutions in
larch wood specimens had no effect on the colour
change. It is believed that this is due to the higher
proportion of extractives in larch that react with iron
ions compared to Norway spruce.

During a 21-week observation period of aged
samples treated with iron-containing solutions, the col-
our of larch and Norway spruce wood samples changed
significantly during the first two weeks of exposure.
After that, the colour changes are less prominent. In
addition, samples that were pre-weathered for 1 week
before treatment show a stronger colour change than
those that were exposed to outdoor weathering for 5
weeks. This is also confirmed when analysing the visu-
al appearance, for both the Norway spruce and larch
samples: The samples pre-weathered for 1 week are
browner than those weathered for 5 weeks. This indi-
cates that the UV induced changes continue long after
the exposure. However, samples pre-weathered for
only 5 weeks are more similar to naturally aged wood,
i.e. they have a brownish-grey colour. Blue stain fungi
are the main cause of wood discolouration, along with
UV light and rain. It was found that they are present in
all samples but in varying amounts. The growth of blue
stain fungi on the treated samples had no significant
effect the colour and visual appearance of the wood
treated with iron-based solutions. There was no differ-
ence in colour change and mould growth between pure
iron (II) sulphate and green vitriol solutions prepared
from industrial-grade iron sulphate. It can be conclud-
ed that it makes sense to use industrial green vitriol for
the commercial application for accelerated greying of
wood, as it is much cheaper than that for laboratory
analysis. Further research is needed to investigate the
possibility of artificially ageing or otherwise pre-treat-
ing the wood prior to treatment with iron (II) sulphate
to achieve a uniform grey colour similar to that of natu-
rally aged wood. This could be a good basis for the
commercialisation of the whole process of wood age-
ing with iron (II) sulphate.
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ABSTRACT ¢ In this study, the provinces in which enterprises operate heavily in the Turkish furniture industry
were subjected to an efficiency assessment using the data envelopment analysis (DEA) method based on work ac-

cidents and occupational diseases. The data related to the furniture industry was obtained from the Social Security
Institution (SSI) and the Ministry of Labor and Social Security (MoLSS). The number of operating businesses and
the number of employees insured in each province were evaluated as inputs for the analysis. The total number of
workplace physicians and other health personnel in each province, the number of workplace physician and occu-

pational safety centers and A, B, and C-class occupational health and safety specialists were used as outputs. The
number of employees who experienced work accidents and occupational diseases, deaths resulting from work ac-

cidents and occupational diseases, total temporary disability periods, the number of beneficiaries, and the number
of those receiving permanent disability income in each province were evaluated as undesirable outputs. The data
was analyzed using the DEA method by modeling the undesired outputs in 6 different ways, and the efficiency of
each province was determined. It was seen that Model 6 gave the most ideal results in DEA efficiency assessments.

Aydin, Canakkale, Diyarbakir, Eskisehir, Malatya, Mugla, Trabzon and Zonguldak were determined as the most
effective provinces in terms of occupational health and safety. The results were evaluated along with the literature,

and recommendations were presented.

KEYWORDS: DEA; data envelopment analysis; non-parametric evaluation methods; work accident and oc-
cupational health; furniture industry

SAZETAK « U ovom Jje istrazivanju primjenom metode analize omedivanja podataka (DEA) na temelju broja
nezgoda na radu i profesionalnih bolesti napravljena procjena uspjesnosti pokrajina u kojima intenzivno posluju
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poduzeca turske industrije namjestaja. Podatci vezani za industriju namjestaja dobiveni su od Zavoda za socijalnu
skrb i Ministarstva rada i socijalne skrbi Turske. Ulazni podatci za analizu bili su procijenjeni broj operativnih
poduzeca i broj zaposlenika u svakoj pokrajini, a izlazni podatci sadrzavali su ukupan broj lijecnika medicine rada
i drugoga medicinskog osoblja u svakoj pokrajini, broj centara za zastitu na radu te broj strucnjaka zastite na radu
A, B i C klase. Kao nepozeljni izlazni podatci za analizu u svakoj su pokrajini uzeti u obzir broj zaposlenika koji
su dozivjeli nezgodu na radu i/ili oboljeli od profesionalne bolesti; broj smrti uzrokovanih nezgodama na radu i/ili
profesionalnom bolescéu, ukupno trajanje privremene nesposobnosti za rad, kao i broj korisnika te onih koji prima-
Ju trajnu invalidninu. Podatci su analizirani uz pomo¢ DEA metode (analize omedivanja podataka) modeliranjem
nezeljenih izlaza na Sest razlicitih nacina te je odredena ucinkovitost svake provincije. Pokazalo se da je model 6.
dao optimalne rezultate u procjeni ucinkovitosti DEA metodom. Utvrdeno je da su Aydin, Canakkale, Diyarbakur,
Eskisehir, Malatya, Mugla, Trabzon i Zonguldaku najuspjesnije pokrajine u smislu zdravlja i sigurnosti na radu.

Rezultati su analizirani usporedno s literaturom te su dane preporuke za moguca poboljsanja.

analiza omedivanja podataka (DEA),; neparametarske metode evaluacije; nezgoda na radu;

turska industrija namjestaja

1 INTRODUCTION

Occupational health and safety (OHS) is an es-
sential element of the business world. At this point, oc-
cupational accidents and diseases (OADs) are an issue
that particularly concerns employees in many sectors.
Sectors such as manufacturing, production, mining,
construction, transportation, underground and under-
water contain many risks for employees. The issue of
OAD:s is not only a matter of concern for employees,
but also affects and concerns employers, the relatives
for whom the employee is responsible, and the govern-
ment. In Turkey, this issue has been taken more seri-
ously since the adoption of the Occupational Health
and Safety Law No. 6331 in 2012 within the frame-
work of the European Union (EU) adaptation laws. Al-
though the law contains important provisions for work-
places and employers to take serious measures
regarding OHS and to protect employees, and provides
for serious sanctions for non-compliance, the rates of
OADs in Turkey are still at low levels. According to
Serin et al. (2015), in terms of the manufacturing sec-
tor, Turkey takes the first place in Europe and second in
the world when rankings are examined according to the
frequency of occupational accidents. This situation
shows the necessity of analyzing occupational acci-
dents seriously in Turkey (Akyiiz et al., 2016).

During work life, OHS has a priority that requires
a national-level effort involving not only preventive
measures taken by employers at the workplace but also
contributions from employees and the government.
Therefore, as in other countries, various regulations
have been implemented and will continue to be imple-
mented in Turkey to continuously improve the working
conditions, ensure effective participation of employees
in OHS efforts, and plan national-level education on
this subject. To measure the effectiveness of such regu-
lations and see their impact, it is necessary to look at
the indicators of countries’ performance in this area.

20 DRVNA INDUSTRIJA 75 (1) 19-29 (2024)

Statistical data on OHS and its changes and distribu-
tion over the years are essential elements of the busi-
ness world.

Data on OADs in Turkey are recorded and pub-
lished by the Social Security Institution (SSI). Until
2013, only accident data for incidents that occurred
and were closed within the year were published. How-
ever, with the implementation of heavy sanctions for
those who fail to report accidents, particularly follow-
ing Law No. 6331, all reported accidents have been
published since 2013. However, it is an issue to be con-
sidered that these statistical data only cover the report-
ed OADs. According to Kurttekin and Taggin (2019), it
is known that many occupational accidents are not re-
ported or recorded due to insufficient control and in-
spection. In addition, identifying occupational diseases
is also quite difficult because most occupational dis-
eases emerge either in advanced age or after the work-
er’s retirement, so they are not considered as occupa-
tional diseases and are not recorded. Therefore, the
accuracy of the data obtained from SSI statistics is ac-
cepted as a limitation of the research.

The furniture industry is one of the leading sub-
sectors within the manufacturing industry. According
to Magezi and Okan (2023), the Turkish furniture in-
dustry has made good use of the opportunities in the
last ten years and has become competitive in EU. There
are 21,758 businesses in the sector, with 154,829 in-
sured employees (SSI, 2019). Furniture companies are
mainly classified as dangerous and highly dangerous
based on their risk group. The sector includes many
hazardous tools such as cutting, drilling, carving, and
crushing equipment, as well as many chemicals that
threaten human health, such as wood dust and formal-
dehyde, paint, and thinner. In addition, there are many
heavy tasks and workloads during production and as-
sembly that can harm the musculoskeletal system of
workers.

There are many different studies on the subject in
the literature. Kog et al. (1998) examined OADs in the
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furniture industry and developed recommendations for
their prevention. Akyliz et al. (2016) studied accident
statistics in the forest products industry sector and made
general evaluations regarding the issue. Gedik and ilhan
(2014) analyzed OHS issues among furniture manufac-
turers in Sakarya province. Sevim Korkut and Gedik
(2010) examined occupational safety in the Turkish for-
est products industry sector. Ulutas (2016) evaluated
provinces in Turkey in terms of OADs. Bilim and Bilim
(2015) conducted a statistical study on OHS in Turkey
and analyzed the issue. Lombardi et al. (2019) modeled
a risk profile using the European Statistics on Accidents
at Work (ESAW). Xu and Xu (2021) statistically re-
vealed fatal accidents, accident numbers, accident loca-
tions, and accident areas in the construction sector in
China. Nissi and Rapposelli (2012) evaluated occupa-
tional accidents in three economic sectors (manufactur-
ing, construction and distribution trades) in Europe
through VZA analysis. In this study, unlike the studies in
the field, besides an activity evaluation, a model is also
proposed that can be used in evaluating the activity.

This research is aimed to develop suggestions to
minimize the work accidents (WA) or occupational
diseases (OD) that occur in the provinces where the
Turkish furniture industry is concentrated. The prov-
inces determined for this purpose were evaluated in
terms of the number of enterprises, employees, work-
place physicians (WP) and other health personnel
(OHP), and the number of occupational health and
safety specialists (OHSS).

1.1 Data envelopment analysis (DEA)

The data envelopment analysis (DEA) method
has been chosen for the evaluation. It is one of the non-
parametric evaluation methods. It allows efficiency
evaluation with many inputs and outputs, and at the
same time, it is easy to include undesirable outputs
(UO) in efficiency evaluation with various models.

DEA was developed by Charnes et al. (1978) to
measure and compare the technical efficiency of public
institutions based on an article by Farrell (1957) on
productivity measurement (Safak ef al., 2014). DEA is
a linear programming-based technique used to measure
the performance efficiency of organizational units
called Decision Making Units (DMUs). This technique
measures how efficiently DMUs use available resourc-
es in producing a set of outputs (Charnes et al., 1978).

DEA gets its name from covering observations to
set a cutoff value for evaluating investigations that rep-
resent the performance of all assets. It can be used to
evaluate the performance not only of enterprises but
also of public institutions and non-profit organizations
such as schools, hospitals, and banks, and also of cities,
regions, and countries in various fields (Cooper et al.,

2006; Ulutas, 2016; Depren, 2008). For this purpose,
the definition of DMUs has been kept flexible to in-
clude any entity that uses similar inputs to produce
similar outputs (Cooper et al., 2006).

1.2 Classic DEA models

Charnes et al. (1978) designed a model ‘that gen-
eralizes a single output rate efficiency measure for a
single DMU in terms of a fractional linear program-
ming formulation that converts multiple outputs into a
single virtual output (Manzoni and Islam, 2012;
Charnes et al., 1994). 1t is called the ‘Charnes, Cooper
and Rhodes (CCR) Model’ in the literature. When this
model is used to solve the problem for each DMU un-
der investigation, it determines the best set of weights
for each DMU (Pasupathy, 2002). Later, the model was
developed by Banker et al. (1984) and the two models,
BCC and CCR, have started to be used in the literature.
Then, the DEA technique was used and improved by
many people (Ulutas, 2016; Depren, 2008; Charnes et
al., 1978; Banker et al., 1984). While the CCR model
used the assumption of constant returns to scale only in
the measurement of technical efficiency, the BCC
model developed the concept of efficient scale and re-
arranged the linear programming formula in the CCR
model for the estimation of the return to scale (Depren,
2008; Besen, 1994).

DEA is used to determine the “most efficient” or
effective decision-making units (DMUs) within a set of
DMUs by using the least inputs to produce the most
outputs. The accepted efficiency boundary is 1, and the
efficiency levels of ineffective DMUs are measured us-
ing this boundary as a technical reference. DEA ena-
bles obtaining a single efficiency value for each DMU
based on multiple input and output variables by using a
linear programming model (Depren, 2008).

In a simple DEA model, the efficiency of a ran-
dom DMU(i) can be defined as:

Weighted sum of outputs

Effectiveness of DMU(i) = Jor DMU(i)

Weighted sum of inputs
for DMU(i)

The solution of the formula is iterated with linear
programming for each DMU under a set of predefined
constraints. One of the constraints is the weighting fac-
tor. When reaching the solution, the unit is not allowed
to choose weights that would cause it to achieve an ef-
ficiency greater than 100 %. The weighted sum of the
DMUs outputs must be less than or equal to the weight-
ed sum of its inputs. In addition, the weighted sum of
the inputs is assumed to be 1 to prevent limitless solu-
tions (Manzoni and Islam, 2009). The principal aim of
this equation is the assumption of obtaining the maxi-
mum output with the minimum input.
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One of the points to be considered for DEA is the
number of DMUs. The number of DMUs is crucial as
it affects the decision-making ability of the model. For
the optimal sample size, the number of DMUs should
be greater than the sum of the inputs and outputs. In
addition, the sample size is acceptable if the number of
fully productive DMUs is not more than one-third of
the total number of DMUs in the sample (Cooper et al.,
2006; Manzoni and Islam, 2009).

1.3 DEA models with undesirable outputs

The DEA approach has a structure that aims to
bring the DMU closer to the determined efficiency limit
by reducing inputs or increasing outputs after an active
limit value is determined in general. However, UO or
inputs may also occur in this process (Zhou et al., 2008).
UO are the unexpected results of manufacturing pro-
cesses aimed at maximizing outputs while minimizing
inputs. For this reason, the perspective of DEA to ap-
proach the effective limit by increasing the output should
be handled differently in terms of UO (Seiford and Zhu,
2002). Therefore, many different DEA models have
been developed, including UO. Seiford and Zhu (2002)
or Faere et al. (1989) can be shown as the most widely
known and used DEA models. Whereas Seiford and
Zhu’s (2002) model focuses on data transformation,
Faere et al. (1989) show an approach that ignores UO
(Zhou et al., 2008; Seiford and Zhu, 2002). Table 1 lists
six specific models that are most frequently used and
recommended in the literature.

2 MATERIALS AND METHODS

Sectoral data in the study were taken from SSI
2019 statistical annuals. First, the provinces where the
furniture sector was intense were determined using
these data. From the insurance and workplace statistics
table in statistical annuals of SSI 2019, the data under

Table 1 DEA models used with UO
Tablica 1. Primijenjeni DEA modeli s nezeljenim izlazima

the furniture manufacturing title with the code 31 in the
NACE coding system have been compiled according
to the provinces. In 2019, the number of workplaces
with SSI registration in the furniture sector was 21.758,
and the number of employees was 154.829. In the
study, it was determined that approximately 92 % of
the insured employees in the sector are concentrated in
30 provinces (Table 2). The number of enterprises in
30 cities constitutes about 88 % of the total number of
enterprises (SSI, 2019). For this reason, the research
was limited to 30 provinces, as the representativeness
of the data is high.

Table 3 presents the number of WP, OHP in the
provinces and the numbers of A, B and C class OHSS.
These data were taken from the statistical table on the
website of the Ministry of Labor and Social Security
(MoLSS, 2021). The information on the Ministry web-
page is irregular and does not include the distribution by
year. That was assumed as a constraint of the research.

The data used in the study have been compiled
from the tables in the SSI 2019 Occupational Accident
and Occupational Disease Statistics. These data were
the number of employees who have had WA and OD,
the number of cases of WA and OD, Temporary Inca-
pacity for Work Duration (TIWD), the number of right
holders and the number of permanent incapacity in-
come recipients. Table 4 shows the distribution of these
data by province. These data include only data reported
and officially registered cases. There was no informa-
tion about the unreported and unregistered data. That is
another limitation of the study.

In this study, the DEA Solver add-on included in
the Excel program was used for the efficiency evalua-
tion of the data compiled and tabulated for data envel-
opment analysis. DEA Solver is a very suitable pro-
gram for the evaluation of data to a maximum of 30
DMUs and it does not need to be purchased separately
as it is included in the Excel program. As a method in
the analysis, six different model approaches shown in
Table 1 were preferred.

I;?:)n Method / Metoda Source / Izvor

1 Ignoring undesirable factors / ignoriranje nepozeljnih cimbenika Faere et al. (1989)
Treating unwanted outputs (inputs) as inputs (outputs) (U=-u)

2 tretiranje nezeljenih izlaza (ulaza) kao ulaza (izlaza) (U=-u) Dyckhoff and Allen (2001)
Improvement of undesirable factors in nonlinear DEA model

3 poboljsanje nepozeljnih cimbenika u nelinearnom DEA modelu Faere et al. (1989)
Applying a nonlinear monotone decreasing transform (U=1/u) to undesirable factors

4 | primjena nelinearne monotone padajuce transformacije (U=1/u) na nepozeljne Dyckhoff and Allen (2001)
cimbenike

5 A linear monotone decrez.m’ng transform tondeal VYltvh und.es1rablez fa‘ctlorsv . . Seiford and Zhu (2002)
linearna monotona padajuca transformacija za rjesavanje nepozeljnih ¢imbenika

6 D1rect19nal ﬁlstance funcﬂop approx1mat10n ' Fua and Bian (2007)
aproksimacija funkcije usmjerene udaljenosti
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Table 2 Distribution by provinces with intense furniture industry, number of enterprises and employees by provinces
Tablica 2. Pregled pokrajina u kojima je industrija namjestaja bila intenzivna te broj poduzeca i zaposlenika u njima

Enterprise Employee Enterprise Employee (Furniture)
Item Provinces (General) (General) (Furniture) Zaposlenici
No Pokrajine Poduzeca Zaposlenici Poduzeca (u proizvodnji
(opcenito) (opcenito) (namjestaja) namjestaja)
1 |istanbul 537,982 4,130,578 5,073 29,855
2 |Bursa 78,554 682,103 2,388 25918
3 | Kayseri 32,423 220,267 1,206 23,511
4 | Ankara 144,459 1,116,500 2,481 13,343
5 | Izmir 131,243 889,856 1,668 10,867
6 |Antalya 74,551 503,569 856 4,954
7 | Kocaeli 46,580 500,326 360 2,981
8 | Sakarya 23,059 179,564 314 2,472
9 |Konya 46,424 306,968 455 2,336
10 | Gaziantep 33,702 299,808 263 2,273
11 |Adana 41,767 301,270 498 2,240
12 | Samsun 26,118 166,688 426 1,981
13 | Hatay 24,092 168,446 397 1,763
14 | Diizce 8,127 70,727 126 1,578
15 | Eskisehir 20,888 170,464 208 1,574
16 | Mersin 37,791 248,307 374 1,546
17 | Canakkale 14,343 85,437 128 1,410
18 | Manisa 27,748 238,198 185 1,333
19 | Denizli 25,811 186,613 253 1,151
20 | Sivas 10,015 72,591 133 1,102
21 | Diyarbakir 17,017 151,506 118 1,087
22 | Balikesir 29,698 172,904 219 1,083
23 | Ordu 13,494 83,907 182 1,077
24 | Tekirdag 24,019 268,967 126 1,073
25 | Trabzon 19,753 116,044 227 1,061
26 | Zonguldak 11,269 86,844 119 741
27 | Kahramanmaras 16,281 144,710 118 673
28 | Aydm 27,380 149,941 145 612
29 |Malatya 12,695 99,419 115 552
30 |Mugla 36,301 182,747 170 523
Subtotal 1,593,584 11,995,269 19,331 142,670
Sum Total 1,891,512 14,314,313 21,758 154,829

Table 3 Distribution of workplace physicians, other healthcare personnel, occupational physicians and occupational safety

centers and OHSSs by provinces
Tablica 3. Raspodjela lije¢nika medicine rada i drugoga medicinskog osoblja, lije¢nika medicine rada i centara za zastitu na
radu te OHSS-ova prema pokrajinama

Item No | Provinces / Pokrajine WP OHP WPOSC OHSS (A) | OHSS (B) | OHSS (C)
1 istanbul 7,108 3,308 414 3,112 5,854 7,996
2 |Bursa 1,290 659 85 638 846 1,739
3 |Kayseri 430 203 29 221 278 629
4 | Ankara 2,794 1,666 295 1,744 1,900 4,195
5  |izmir 2,138 1,304 164 1,146 1,319 2,743
6 |Antalya 945 457 39 402 442 1,038
7 |Kocaeli 766 873 53 483 1,017 1,785
8 |Sakarya 350 208 34 148 249 437
9 |Konya 722 354 38 285 400 816
10 |Gaziantep 523 184 43 173 254 623
11 |Adana 653 382 55 341 633 1,265
12 |Samsun 398 312 16 183 232 600
13 |Hatay 349 223 10 152 281 647
14 | Diizce 142 70 5 50 83 143
15 | Eskisehir 408 341 37 213 300 668
16 |Mersin 513 303 28 202 391 926
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Table 3 Continuation
Tablica 3. Nastavak

Item No | Provinces / Pokrajine WP OHP WPOSC OHSS (A) OHSS (B) OHSS (C)
17 Canakkale 176 181 8 87 146 337
18 Manisa 354 322 18 185 258 628
19 Denizli 422 247 29 222 218 458
20 Sivas 177 129 8 78 140 284
21 Diyarbakir 443 217 39 108 265 595
22 Balikesir 369 322 22 176 307 556
23 Ordu 134 130 9 56 90 272
24 Tekirdag 426 264 10 253 364 608
25 Trabzon 274 224 26 129 209 513
26 Zonguldak 208 123 46 222 180 449
27 Kahramanmarasg 272 137 10 101 162 426
28 Aydin 364 218 31 171 189 395
29 Malatya 261 132 24 116 135 374
30 Mugla 388 250 14 182 214 425
TOTAL 28,822 17,267 1,639 13,289 20,453 40,092
*WP — Workplace physicians, OHP — Other health personnel, WPOSC — Workplace physician and occupational safety center
*WP — lijecnici medicine rada, OHP — ostalo medicinsko osoblje, WPOSC — lijecnici medicine rada i centri za zastitu na radu
Table 4 Distribution of data on work accidents and occupational diseases by provinces
Tablica 4. Pregled podataka o nezgodama na radu i profesionalnim bolestima prema pokrajinama
Number of
5 Employee Employee TIWD" Number of permanent incapacity
Item | Provinces .. .. Death right holders Ar
Mo | Police Zaposle;zzcz Zaposle;zzcz Smrt (WA) (Total / B vausstioie . recipients '
(WA) (OD) Ukupno) Broj osoba s trajnom
prava (WA) &
nesposobnoscu
1 |Istanbul 109,695 186 199 697,844 641 12,757
2 |Bursa 23,075 29 48 227,941 175 3,715
3 | Kayseri 10,274 9 25 87,551 83 1,850
4 | Ankara 30,286 54 88 214,421 262 4,578
5 | Izmir 34,618 115 55 338,322 213 5,026
6 |Antalya 23,483 2 47 118,221 125 1,757
7 | Kocaeli 25,944 133 41 292,383 176 3,570
8 |Sakarya 7,555 30 6 64,564 50 1,087
9 |Konya 7,413 6 36 72,975 162 1,662
10 | Gaziantep 6,048 2 28 75,511 125 1,379
11 |Adana 6,550 3 31 64,036 166 1,782
12 | Samsun 3,082 0 5 25,265 67 1,490
13 | Hatay 2,257 5 16 32,315 124 1,299
14 | Diizce 2,567 11 4 28,355 34 467
15 | Eskisehir 7,283 15 14 66,524 25 979
16 | Mersin 4,073 0 31 49,179 111 1,316
17 | Canakkale 2,207 11 7 24,751 35 353
18 | Manisa 14,128 25 13 153,599 59 1,393
19 | Denizli 6,772 2 20 79,036 82 1,012
20 |Sivas 1,606 2 12 11,853 41 580
21 |Diyarbakir 1,880 0 20 18,201 180 1,022
22 | Balikesir 4,135 5 21 46,080 82 1,108
23 | Ordu 1,401 0 7 10,810 68 1,075
24 | Tekirdag 12,188 19 14 128,777 86 1,324
25 | Trabzon 1,640 1 15 16,047 63 663
26 |Zonguldak 5,670 48 10 77,932 386 6,150
27 |Kahramanmaras 2,426 1 7 25,079 82 966
28 | Aydin 4,500 4 18 50,040 67 1,005
29 | Malatya 1,830 0 11 14,122 59 1,393
30 |Mugla 7,322 6 23 55,606 35 616
TOTAL 371,908 724 872 3,167,340 3,864 63,374

*WA — Work accident, OD — Occupational diseases, TIWD — Temporary incapacity for work duration
*WA — nezgoda na radu, OD — profesionalne bolesti, TIWD — trajanje privremene nesposobnosti za rad
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Table 5 Models used in DEA analysis and their inputs and outputs
Tablica 5. Modeli primijenjeni u DEA analizi te ulazi i izlazi u tim modelima

Model No Input Output Undesirable output
Broj modela Ulaz Izlaz Nezeljeni izlaz
Model 1 Gl1, G2 01,02,03 Ignored / zanemareno
G1, G2, U1, U2, .
Model 2 U3, U4, Us, U6 01, 02,03 As an input / kao ulaz
01, 02,03, Ul, . A
Model 3 Gl, G2 U2, U3, U4, Us. U6 As an improved output / kao poboljsani izlaz
Model 4 Gl. G2 01, 02,03, Ul, As a transformed output (a nonlinear monotone decreasing)
i U2, U3, U4, US, U6 | kao transformirani izlaz (nelinearno monotono padanje)
Model 5 Gl. G2 01, 02,03, Ul, As a transformed output (a linear monotone decreasing)
’ U2, U3, U4, US, U6 | kao transformirani izlaz (linearno monotono padanje)
As a transformed output by (directional distance function
01, 02,03, Ul, approximation)
Model 6 Gl,G2 U2, U3, U4, US, U6 | kao transformirani izlaz (aproksimacija funkcije usmjerene
udaljenosti)

The abbreviations in Table 5 can be listed as fol-
lows:

G1 (number of enterprises), G2 (number of em-
ployees insured), Ol (total number of WP and OHP),
02 (number of WPOSC), O3 (A, B, and C-class
OHSSs), Ul (number of employees who experienced
WA), U2 (number of employees who experienced OD),
U3 (number of deaths resulting from WA and OD), U4
(total temporary incapacity for work duration), U5
(number of beneficiaries) and U6 (number of perma-
nent incapacity income recipients).

3 RESULTS AND DISCUSSION

Table 6 shows the distribution of the efficiency
scores according to the provinces obtained as a result
of DEA, in which UO are modeled with the six differ-
ent models shown in Table 1.

First, the model of Faere et al. (1989) was used.
In the model, UOs are ignored. In the classical DEA,
the increase of the outcomes is assumed by keeping the
inputs. As a result of the analysis, Aydin, Diyarbakir,
Mugla and Zonguldak came to the fore as the most ef-
fective cities. Kayseri was the most ineffective prov-
ince with an efficiency score of 0.1143. The average
efficiency of the states is 0.6199.

In the second model, UOs were included in the
analysis as inputs, as proposed by Dyckhoff and Allen
(2001). In the DEA analysis, UOs were defined as in-
puts by inverting them according to the addition pro-
cess (U=-u). As a result of the analysis, Aydin,
Diyarbakir, Manisa, Mugla, Tekirdag and Zonguldak
were seen as the most effective provinces. With an ef-
ficiency score of 0.1443, Kayseri was again the most
ineffective city. The average efficiency score is 0.6339.

Seiford and Zhu (2002) stated that including UO
as input into DEA like in the second model does not
reflect the actual production process. For this reason, in

their research, they predicted that UO in Faere et al.
(1989) nonlinear DEA model should be included in the
analysis by improving them with data transformation.
Therefore, in the third model, according to this ap-
proach, UOs were improved and included in DEA as
output. According to the DEA result, Aydin, Diyarbakir,
Kahramanmarag, Malatya, Mugla and Zonguldak came
to the fore as effective provinces. Kayseri was in the
last place in the efficiency evaluation as the most inef-
fective city with an efficiency score of 0.1071. In this
model, the average efficiency score is 0.69100.

In the fourth model, as suggested by Dyckhoff
and Allen (2001), undesirable factors are transformed
into desired outputs by applying a nonlinear monoto-
nous decreasing conversion (U=1/u). Then, they are
included in DEA as natural outputs. In Table 6, where
the results of the analysis are shown, Aydin. Canak-
kale, Diyarbakir, Kahramanmaras, Malatya, Mugla,
Tekirdag and Zonguldak are seen as the most effective
cities. With an efficiency score of 0.1443, Kayseri is in
the last place as the most ineffective province. The av-
erage efficiency score was calculated as 0.7561.

A linear monotone decreasing transformed model
was applied as the fifth model. This model is suggested
by Seiford and Zhu (2002). The undesirable factors
were improved and added in DEA with natural outputs.
As seen in Table 6, Aydin, Canakkale, Diyarbakir,
Diizce, Eskisehir, Kahramanmarag, Malatya, Mugla,
Ordu, Sakarya, Samsun, Sivas, Trabzon and Zongul-
dak were the most efficient provinces. While the aver-
age efficiency score of the provinces was calculated as
0.7871, Kayseri was seen as the most inefficient city
with an efficiency score of 0.1443.

According to Yang et al. (2008), UOs can be
transformed into desired outcomes by curing them
with the Shephard distance function. Hua and Bian
(2007) stated in their study that undesired factors can
be transformed into desired outputs by using the direc-
tional distance function and that DEA results can better
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Table 6 Distribution of efficiency scores of six different models calculated with DEA by province
Tablica 6. Rezultati u¢inkovitosti Sest razli¢itih modela izracunanih uz pomo¢ DEA-e prema pokrajinama

Item Province Efficiency scores / Rezultati ucinkovitosti
No Pokrajina Model 1 Model 2 Model 3 Model 4 Model 5 Model 6
1 Istanbul 0.4569 0.4569 0.4799 0.4569 0.4569 0.4569
2 Bursa 0.1660 0.1660 0.1554 0.1660 0.1660 0.1660
3 Kayseri 0.1443 0.1443 0.1071 0.1443 0.1443 0.1447
4 Ankara 0.4685 0.4685 0.4875 0.4685 0.4685 0.5391
5 Izmir 0.4840 0.4846 0.4426 0.4840 0.4840 0.4878
6 Antalya 0.3405 0.3405 0.3566 0.4466 0.3483 0.3432
7 Kocaeli 0.8905 0.9034 0.9911 0.8905 0.8905 0.9030
8 Sakarya 0.3655 0.3687 0.4010 0.7491 1 0.2488
9 Konya 0.5228 0.5228 0.5411 0.5228 0.5228 0.1861
10 Gaziantep 0.5026 0.5026 0.5054 0.8097 0.5073 0.5026
11 Adana 0.7013 0.7013 0.7496 0.7316 0.8148 0.8365
12 Samsun 0.3895 0.3895 0.3926 0.6386 1 1
13 Hatay 0.4056 0.4057 0.4492 0.5077 0.5582 0.4766
14 Diizce 0.2636 0.2719 0.9648 0.8700 1 0.2643
15 Eskisehir 0.7346 0.7346 0.7302 0.9681 1 1
16 Mersin 0.6504 0.6504 0.7098 0.6782 0.8925 0.8797
17 Canakkale 0.7793 0.7835 0.9560 1 1 1
18 Manisa 0.7056 1 0.7280 0.8148 0.7766 0.7056
19 Denizli 0.6313 0.6313 0.6367 0.7420 0.7216 0.6493
20 Sivas 0.5439 0.5439 0.9079 0.9311 1 0.6106
21 Diyarbakir 1 1 1 1 1 1
22 Balikesir 0.8515 0.8519 0.7515 0.8549 0.9343 0.8762
23 Ordu 0.3862 0.3863 0.6442 0.9193 1 0.4213
24 Tekirdag 0.9054 1 1 1 0.9275 0.9073
25 Trabzon 0.6692 0.6692 0.6416 0.8876 1 1
26 Zonguldak 1 1 1 1 1
27 Kahramanmaras 0.6876 0.6876 1 1 1 0.9259
28 Aydin 1 1 1 1 1 1
29 Malatya 0.9510 0.9510 1 1 1 1
30 Mugla 1 1 1 1 1 1
?}Yeilr;geevsrj;er;}iosti emliata 0.6199 0.6340 0.6910 0.7561 0.7871 0.6844

reflect the actual production process. This approach
model of Hua and Bian (2007) was used as the sixth
model. According to the DEA result in Table 6, Aydin,
Canakkale, Diyarbakir, Eskischir, Malatya, Mugla,
Samsun, Trabzon and Zonguldak were the most influ-
ential cities. Kayseri took the last place again as the
most ineffective province with an efficiency score of
0.1447. The average efficiency score is 0.6844.

Coping with UO is very important in DEA. In
this study, the data with UO were improved and trans-
formed according to six different models in Table 1.
Then, they were included in DEA and subjected to an
efficacy evaluation. Table 6 shows that Model 2, Mod-
el 3 and Model 6 produce similar results in terms of
DMUs. When Table 6, Table 2, Table 3 and Table 4 are
evaluated together, it can be observed that optimal re-
sults in terms of efficiency are obtained with the Model
6. Hua and Bian (2007) state that in this model, since
the direction vector is strongly affected by the weights
determined by the users, optimum results for DMUs
can be achieved more effectively.
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According to the OHS Law, an OHSS must be
assigned to every 1000 employees for the less hazard-
ous class, every 500 employees for the dangerous
group, and every 250 employees for the very precari-
ous class. Likewise, there is a requirement to appoint a
workplace physician for every 2000 employees in the
less dangerous business class, every 1000 employees
in the hazardous class, and every 750 employees in the
very precarious enterprise. According to the current
law, these numbers in the sector are sufficient.

The 30 provinces within the scope of the study
are about 88 % of the total number of enterprises or
employees in the furniture sector. Also, they cover ap-
proximately 84 % of the total number of enterprises or
employees in Turkey (Table 2). Istanbul is the city with
the highest number of enterprises and employees coun-
trywide. One out of every 38 employees in Istanbul had
a work accident. One out of every 20757 employees
died in a work accident (Table 2 and 4). Besides, the
number of employees per one WP or OHP in Istanbul
is approximately 380. The number of enterprises per
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workplace physician and occupational safety center is
1300. The number of enterprises per OHSS is 32, and
the number of employees is 244 (Table 2 and 3).

As a result of DEA, Aydin, Diyarbakir, Mugla,
and Zonguldak emerge as the most effective provinces
in all models. Zonguldak is a significant city in both the
furniture and mining sector. One of every 16 employ-
ees in Zonguldak has a work accident. One of every
8685 employees died in a work accident (Table 2 and
4). The employees’ number per WP or OHP in Zongul-
dak is about 263. The number of enterprises per work-
place physician and occupational safety center is deter-
mined as 245 (Table 2 and 3).

The death rate due to work accidents or occupa-
tional diseases in Turkey is 8.01 per 100,000 employ-
ees. The average of 30 provinces is 7.27. In the Euro-
pean Union (EU), the average rate is 1.77. In Romania,
where the highest number of deaths occurred, this rate
is 4.33, or in Luxembourg 4.22. When examining the
ratio of work accidents, while it is 2951 per 100,000
in Turkey, the EU average is 1650. This rate is around
3450 in France. The average of 30 provinces within
the scope of the research is 3100 (Eurostat, 2021),
(Table 2 and 4).

4 CONCLUSIONS

Previous studies show that the work environ-
ments of enterprises in the furniture sector are not suit-
able enough in terms of OHS. For example, according
to Kog et al. (1998), 59 % of the enterprises were not
adequately ventilated. Likewise, Karademir and Kog
(2020) found in their study that 30 % of the enterprises
were completely without air, while 40 % were not
properly ventilated. Although 20 years elapsed be-
tween the two studies, it seems that the work environ-
ments of the enterprises have not been brought to a
good point in terms of OHS. At this point, it is known
that the sector enterprises should be effectively super-
vised and kept under control, especially in terms of em-
ployees’ safety and health.

In the study, according to Model 6, 9 of 30 prov-
inces were found to be effective and 21 of them were
found to be ineffective. The most ineffective is Kayseri
with an efficiency value of 0.1447. At this point, Kay-
seri should reduce the number of its employees by 10
% compared to Diyarbakir, for example, and 14 %
compared to Zonguldak. Likewise, it should increase
the number of WPOSC by 40 % compared to Diyarbakir
and by 52 % compared to Zonguldak.

OHSSs’ field tours, risk analyses, environmental
measurements, periodic inspections and workups, and
feedback from employees are very important for ac-
celerating the detection and improvement of malfunc-

tions in the workplace (Ulutas. 2016). Reports and re-
cords kept by the occupational physician, other health
personnel, occupational physician and occupational
safety centers and OHSSs increase the accuracy and
reliability of statistical data on occupational accidents
and diseases.

Although the number of OHSSs seems sufficient
according to the current laws, the data in the field shows
that these numbers are insufficient to prevent OADs.
Despite being the most efficient province in all analyses,
the number of employees per WP is high even in Zon-
guldak. Herein, according to the hazard classes, work
accidents that have occurred from the past to the present
should be examined. According to accident frequency,
causes of accident and death statistics, a sectoral status
evaluation should be made in the enterprises. Optimal
numbers should be determined according to assessment,
and workloads should be recalculated. The relevant arti-
cles of the OHS law should be updated.

Increasing numbers and reducing workloads will
play a significant role in preventing occupational acci-
dents and deaths. However, it is not enough by itself.
At this point, training programs with the participation
of all stakeholders such as business owners, white and
blue-collar employees, WP, OHP and OHSSs should
be planned and periodically implemented.

Up till today, full cooperation between industry
and universities has not been established in practice.
For having a good collaboration, a legal basis must be
established between the parties, and this legal ground
must be a forcing factor. Universities must be involved
as a partner in projects preparation, training, auditing
and consultancy services.

According to Lombardi et al. (2019), learning
from accidents is one of the steps that can be taken to
prevent possible future accidents. The most substantial
step for the learning approach is to create a detailed
accident database on a sectoral basis across the coun-
try. The variables of all work accidents that occur
should be determined, and the variables interrelation-
ships should be calculated. In this way, the most prob-
able accident causality models for each accident should
be revealed and the accident proximal and distant spe-
cific features should be defined. As a result, risk profil-
ing for each accident will provide foremost and practi-
cal information for the safety precautions.

As to the European Agency for Occupational
Safety and Health (OSHA), the key to sustainable eco-
nomic recovery is the employees’ well-being. Moreo-
ver, OSH is seen as a significant aspect of responsible
and sustainable development of rapidly growing new
technologies (nanotechnologies and green jobs).
Therefore, there is a need to establish an OHS culture,
namely a cultural evolution, to increase the value of
occupational health among an extensive range of stake-
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holders, from decision-makers to OHS experts, em-
ployers, workers and their representatives, and ulti-
mately the whole society (Gagliardi. 2012).
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ABSTRACT . Based on the previous study of the heat-treated wood at 0-3 mm surface layer; this study focuses
on the transition of thermal modification intensity on 160-220 °C heat-treated poplar from surface to core layers.
The color change was evaluated by CIELAB, and surface hardness was detected via Shore D (HD) and pressing
ball method (H), furthermore, the FT-IR was applied to detect the thermal degradation of wood components. The
results show that the degradation of cell wall components in the surface layer of heat-treated poplar wood is great-
er than that in the core layers, and the thermal degradation intensity of the surface layer of the heat-treated poplar
wood is greater than that of the other inner layers. Surface color and hardness properties of the heat-treated wood
between S and S -S. test surfaces were significantly different under the same heat treatment conditions, the surface
hardness showed an increasing trend, and the H, value of the H,,, , core layer was 105.71 % higher than that of the
surface layer. Heat treatment temperature is the main _factor affecting the property of wood surface, while the effect
of duration is smaller. The hemicellulose content change was mainly related to the degradation intensity on heat-
treated wood at different locations. An accurate prediction model of surface color, hardness, and other properties
of the heat-treated wood at different locations was established by Table Curve 3D software.

KEYWORDS: heat treatment; modification intensity; transition; hardness, color; surface layer; inner layers;
poplar wood

SAZETAK « Prethodno istrazivanje toplinski modificiranog drva odnosilo se na povrsinski sloj od 0 do 3 mm,
a ovo se istrazivanje bavi prijelazom intenziteta toplinske modifikacije pri 160 — 220 °C s povrsinskoga prema
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unutarnjim slojevima topolovine. Za evaluaciju promjene boje primijenjen je CIELab sustav, a tvrdoca povrsine
utvrdena je Shore D (HD) metodom i metodom utiskivanja kuglice (HR). Osim toga, procjena toplinske razgrad-
nje spojeva u drvu napravljena je FT-IR spektroskopijom. Rezultati pokazuju da je razgradnja stanicne stijenke
spojeva drva u povrsinskom sloju toplinski modificirane topolovine vecéa nego u sredisnjim slojevima te da je inten-
zitet toplinske razgradnje povrsinskog sloja topolovine veci od intenziteta razgradnje ostalih unutarnjih slojeva.
Boja povrsine i svojstva tvrdoce toplinski modificiranog drva izmedu S0 i S1-S5 ispitnih povrsina znacajno su se
razlikovali uz jednake uvjete toplinske modifikacije. Tvrdoca povrsine pokazala je rastuci trend, a HR vrijednost
H220-2 unutarnjeg sloja bila je 105,71 % vrijednosti povrsinskoga. Temperatura toplinske modifikacije glavni je
c¢imbenik koji utjece na svojstva povrsine drva, dok je utjecaj trajanja modifikacije manji. Promjena sadrzaja he-
miceluloze uglavnom je povezana s intenzitetom razgradnje toplinski modificiranog drva na razlicitim lokacijama.
Tocan model predvidanja boje i tvrdoce povrsine te drugih svojstava toplinski modificiranog drva na razlicitim

mjestima uspostavljen je uz pomo¢ Table Curve 3D softvera.

toplinska modifikacija; intenzitet modifikacije; prijenos; tvrdoca; boja; povrsinski sloj; unu-

tarnji slojevi; topolovina

1 INTRODUCTION

Wood, a renewable and green material, has
unique material properties and excellent visual charac-
teristics such as lightweight, good toughness, high
plasticity, beautiful texture, rich color, and easy pro-
cessing (Wang et al., 2019; Ansell, 2015). Wood is now
widely used in the field of furniture and construction
(Gurleyen et al., 2017; Yang et al., 2020). Due to the
deepening conflict between the growing wood process-
ing industry and the scarce natural forest resources,
China has vigorously promoted the planting of fast-
growing wood to alleviate it (Liu et al., 2019; Yang et
al., 2020). According to the results of the Ninth Na-
tional Forest Resources Inventory Report of the Na-
tional Forestry and Grassland Administration (2018),
the dominant tree species (groups) in China’s artificial
arbor forest area are Cunninghamia lanceolata, Popu-
lus spp., Eucalytus spp., Larix spp., Pinus massoniana,
Pinus tabuliformis. In 2021, China’s plantation area
accounted for 73 % of the global plantation area (Wang
and Shen, 2022). Poplar, as one of the major plantation
woods in China, can provide a vast quantity of raw ma-
terials for processed products such as paper making
and wood-based panels. Although poplar has a rela-
tively short growth cycle and gives a high yield, it usu-
ally exhibits some dimensional instability and low-
density problems, which limits its efficient utilization
and large-scale application as a solid wood material
(Pan et al., 2019; Yang et al., 2020).

Modification of fast-growing poplar wood can
effectively improve its properties, and increase its eco-
nomic benefits (Kamperidou et al., 2012; Shi and Li,
2014). The modification refers to the treatment of
wood materials by chemical, physical or biological
methods to change the internal composition or struc-
ture of the wood to enhance some aspects of wood per-
formance (Hill, 2006), of which heat treatment is an
environmentally friendly technology without any addi-
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tion of chemicals. Heat-treated wood is popular for its
excellent performance, green and safe process, and has
developed remarkably (Gu et al., 2020).

Property changes of heat-treated wood and its
modification mechanism have been widely studied.
Most of the existing research is focused on the overall
performance or surface properties of heat-treated
wood. However, the process of thermal treatment is
commonly applied to sawn wood of especially large
dimensions, and the properties of the treated wood on
different locations in the thickness direction vary with
the progression of the heat treatment and mass transfer.
Kadem et al. (2020) performed a transient analysis of
heat and mass transfer processes during heat treatment
and found that, as the sample thickness increased, there
was a gradual difference in the temperature at the cent-
er of the sample, attributed to the lower thermal con-
ductivity of the wood. Wang (2011) studied the thermal
effects of vacuum heat treatment of rough-barked eu-
calyptus wood and found that the sample thickness has
a significant effect on heat absorption per unit mass
and that thickness differences lead to uneven heat
transfer in thin slices. The modification intensity of
wood is unequal at different locations or layers in the
direction of thickness. Our previous study uncovered
the surface properties change, including surface hard-
ness, roughness, and abrasion of heat-treated poplar,
and the discrepancy of those surface properties of heat-
treated poplar at the 3 mm surface layer, showing that
the most thermal degraded part located in the 1 mm
outer surface layer, and the surface hardness, wet-abil-
ity, and bonding strength of the heat-treated wood
could be remarkably enhanced by removing the outer
surface layer (Chu et al., 2020).

The performance change of heat-treated wood
from surface to core layers is still unknown. This study
aims to reveal the variation of heat-treated poplar on
different test layers located from the surface to the
center core layers in the direction of thickness. Proper-
ties including surface color, Shore and pressing ball
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hardness, and cell wall component changes were taken
into consideration. Besides, the FT-IR and XRD were
applied to detect the degradation of wood components
and explore the mechanism of the modification inten-
sity variation from outside to core layers, which pro-
vided the basis for evaluating the performance of the
heat-treated poplar wood.

2 MATERIALS AND METHODS
2.1 Sample preparation

The 12-year-old Zhonglin 46 poplars were se-
lected, and the straight part of the air-dried lumber was
cut into 200 mm x 150 mm %30 mm boards. The mois-
ture content of all the samples was around 10 %.

The heat-treated poplar wood was prepared by a
self-made high temperature experiment device. The
poplar wood samples were evenly put in the device,
and the temperature inside the box was raised to 130
°C at a heating rate of 20 °C-min"' and maintained for
30 minutes, and then raised to the target temperature
(160 °C, 190 °C, and 220 °C) at a heating rate of 10
°C-min’ and maintained for 2 h or 4 h. After that, the
samples were removed to the climate chamber to
achieve an equilibrium moisture.

Then the modified poplar wood was cut with a 3
mm gradient using a precise sliding saw on the tangen-
tial section, forming 6 different testing surfaces (S, S
S,,S8,,8,,8,), and 5 testing layers (T, T T, T),as
shown in Figure 1.

2.2 Measurement of surface color and
hardness changes

According to the CIE1976LAB standard colori-
metric system, a precision colorimeter (HP-200, Shen-
zhen Hampoo) was used to obtain the surface color
parameters of different heat-treated wood layers,
namely S to S, of wood in each group. Five sites were
randomly selected for each sample, and each group
was repeatedly tested three times, and then the average
value of the results was taken. Before the measure-
ment, all the samples were subjected to humidification
balance treatment in a conditioning chamber with a

temperature of 20 °C and relative humidity of 65 %.
Color difference value 4E" was calculated according to
Egs. (1) to (4).

AL=L L (1)
da=a—a 2)
Ab=b b 3)
JE = [(AL) +(da) + (b} ]2 )

Where L, a, b, are the chromatic parameters of
the poplar wood after HT, and L, a, b are the chromatic
parameters of wood before HT.

Press ball hardness test adopts a high-precision
double-column universal testing machine (AG-X plus,
Shimadzu, Japan), using a hemispherical steel indenter
mold, referring to the national standard GB/T1941-2009
wood hardness test method. The hemispherical steel in-
denter was pressed into the surface of the balanced spec-
imen at a uniform speed of 1 mm/min, the pressing load
was marked as P, and each experimental group was re-
peated 15 times. Based on the indentation load of the
untreated Poplar wood, the pressing ball hardness (H,)
was calculated with Eq. (5) (Yu et al., 2020).

HR:_ (5)

Where P is the load at | mm on the surface of the
heat-treated wood (N) and P, is the load at I mm on the
surface of the untreated wood (N).

A Shore D hardness tester (HS-D, Wenzhou
Baoyi) was used to test the surface hardness of the bal-
anced samples. Ten positions were randomly selected on
the surface of each sample for testing, and each experi-
mental group was repeated three times. The surface
hardness value (HD) was calculated as shown in Eq. (6).

100—_5L- 100% (6)

HD =

Where L is the displacement of the Shore D hard-

ness tester needle tip relative to the pressure foot sur-

face when the tester pressure foot is completely at-
tached to the surface of the sample, unit: mm.

2.3 Chemical analysis

According to Figure 1, the parts T, to T, of each
sample were smashed into 100-120 meshed wood
powder, and the absolutely dried samples were selected

v.|

i
i [/ Shcmg cmg

12-year-old /!
Zhonglin 46 poplar ‘

Figure 1 Flow chart of layering of heat-treated poplar board

4 Vi
T, / v, / 7T

Sllcmg Shcmg
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Slika 1. Dijagram toka raslojavanja ploce od toplinski modificirane topolovine
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for chemical analysis. The Fourier transform infrared
spectra were collected in a Tensor-II (Bruck, Germa-
ny), the wave number interval was 400-4000 cm™', and
the resolution was 4 cm’'. Each sample was scanned
and analyzed 32 times.

2.4 Data analysis and modeling of surface
properties

For the surface color and hardness, multiple com-
parisons were first subjected to analysis of variance
(ANOVA), and significant differences between the av-
erage value of untreated and heat-treated samples were
determined using Duncan’s multiple range test. Be-
sides, differences between S ~S_ test surfaces of the
wood treated under the same treatment condition were
also determined, and then the Curve 3D software was
used to establish the prediction models of AL", 4E", H ,
and HD values.

3 RESULTS AND DISCUSSION

3.1 Color and hardness of different test
surfaces on heat-treated poplar wood

The main purpose of heat treatment is to change
the color of the wood, improve the single and light
color of the fast-growing wood surface, and therefore
enhance the decorative properties (Lei et al., 2021).
The L’, a’, and b" values of the test surfaces (S-S,) at
the position of different thicknesses on 160-220 °C
heat-treated poplar wood are shown in Figure 2.

From Figure 2, it can be seen that the lightness
value L* of the heat-treated wood tends to decline with
the increase of heat treatment temperature and dura-
tion, while the red-green value a” and yellow-blue val-
ue b* increase first, and then decline. The changing
trend of chromatic parameters is consistent with the

Table 1 ANOVA analysis of color and hardness of different test layers of heat-treated poplar wood
Tablica 1. ANOVA analiza boje i tvrdoce razlicitih ispitnih slojeva toplinski modificirane topolovine

Sum of squares of Degree of Mean square
Source of difference deviations (SS) freedom (df) (MS) F-value P-value
Izvor razlike Zbroj kvadrata Stupanj slobode | Srednji kvadrat | F-vrijednost | P-vrijednost
odstupanja (SS) (df) (MS)

HT temperature 60035.16 2 30017.58 281475 | 1.40E-131

HT temperatura

HT duration / HT trajanje 603.13 1 603.13 56.56 2.95E-12
AL" | Test layer location 1179.14 5 235.83 2211 4.66E-17

lokacija ispitnog sloja

Deviation / odstupanje 1823.61 171 10.66

Summation / zbroj 173782.04 180

HT temperature 57552.64 2 28776.32 293401 | 4.45E-133

HT temperatura

HT duration / HT trajanje 601.92 1 601.92 61.37 4.78E-13
AE" | Test layer location 1038.93 5 207.79 21.19 1.86E-16

lokacija ispitnog sloja

Deviation / odstupanje 1677.14 171 9.81

Summation / zbroj 188136.76 180

HT temperature 117 2.00 0.59 36.53 8.13E-15

HT temperatura

HT duration / HT trajanje 0.67 1.00 0.67 41.70 4.70E-10
Hy | Test layer location 7.38 5.00 1.48 92.19 5.02E-57

lokacija ispitnog sloja

Deviation / odstupanje 4.47 279.00 0.02

Summation / zbroj 241.60 288.00

HT temperature 79.32 2.00 39.66 11.88 1.12E-05

HT temperatura

HT duration / HT trajanje 56.45 1.00 56.45 16.91 5.15E-05
FD\Test layer location 932.93 5.00 186.59 55.91 3.97E-40

lokacija ispitnog sloja

Deviation / odstupanje 931.09 279.00 3.34

Summation / zbroj 638614.85 288.00
34 DRVNA INDUSTRIJA 75 (1) 31-42 (2024)
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Figure 2 Chromatic parameters of different test surfaces on heat-treated poplar wood
Slika 2. Kromatski parametri razlicitih ispitnih povrsina toplinski modificirane topolovine

previous research (Hill, 2006; Chu et al., 2016; Gao et
al., 2019). Interestingly, for all the heat-treated wood,
the L” value of the test surface increased as the position
changed from S to S,, and this increment of the L”
value varies with the HT temperature and duration. For
160 °C and 190 °C heat-treated wood, the a” value de-
creased as the position changed from S to S, the great-
est decreasing amplitude being 22.2 % in the H ..
The b" value increased from S| to S, when the heat
treatment temperature was 190 °C and 220 °C; the b*
value of the H ; , on S surface was 28 % higher than
that of the S, surface. It could prove that the heat-treat-
ed wood was not uniform regarding surface color in the
direction of thickness, and the properties of real pro-
cessing surface after cutting or sanding needed to be
further studied. The lightness difference 4L" between
the S, and S, of heat-treated wood increased with the
HT temperature, in which the lightness of the S, sur-
face of the H,, , increased by 24.1 % compared with
that of the S surface.

It could be clearer that the surface color and hard-
ness changed as the position of different thickness
ranged from S to S, based on the lightness difference
AL" and the color difference 4E". Two different meth-
ods, that is the surface pressing ball hardness and Shore

hardness, were used to characterize the hardness of the
test layers of heat-treated poplar wood at different po-
sitions, and the results are shown in Figure 3. ANOVA
analysis of the chromatic parameters and surface hard-
ness are shown in Table 1.

Figure 3 and Table 1 show that the HT tempera-
ture, duration, and test surface layer location all have
significant effects on the surface hardness of the test
layers. The change of the test surface position has a
more significant effect on the surface hardness of the
heat-treated wood, proving that the modification inten-
sity of the heat-treated wood was different in the thick-
ness direction. H, and HD values of heat-treated poplar
board decreased with increasing HT temperature, while
it increased only slightly with increasing HT duration.
As predicted, the /7, and HD values of the S| on the
heat-treated poplar wood decreased significantly with
increasing HT temperature in all groups. Interestingly,
the other test surfaces S-S also decreased but to a
relatively lesser extent. There is a certain thickness of
brittleness layer on the surface of the heat-treated
wood, and its degree of thermal degradation and brit-
tleness is higher than that of the internal material. The
overall increasing trend of the surface hardness of the
heat-treated wood from the surface to the core layer
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Figure 3 Surface pressure ball and Shore hardness of test layers in different positions of heat-treated poplar board
Slika 3. Tvrdoca povrsine izmjerena utiskivanjem kuglice i tvrdo¢a po Shroreu ispitnih slojeva na razli¢itim mjestima

toplinski modificirane topolovine

exhibited an “M” shape, and the difference between the
surface and core layers increases with the increase of
the HT temperature.

The AL", AE”, H,, and HD values of the test sur-
faces on S to S; of the same experimental group were
analyzed by SPSS. The S-N-K (Student Newman
Keuls) method was selected for pairwise comparison,
and the obtained data were marked with letters, as
shown in Table 3. The HT temperature, duration, and
test surface location all have significant effects on the
color change of the heat-treated poplar boards, with the
effect of HT temperature being the most significant. It
is obvious that the 4E"values of the test surfaces at the
same position gradually increase with the increase of
the HT temperature. The extended HT duration in-
creased the AE" value, and the effect was less compared
to the HT temperature, which is consistent with the
findings of the ANOVA in Table 1.

The color change of heat-treated wood was close-
ly related to treatment factors like treatment time, tem-
perature, agent of treatment (Zhan et al., 2022). In ad-
dition, the effect of HT duration on wood color

36 ) DRVNA INDUSTRIJA 75 (1) 31-42 (2024)

gradually decreases at higher HT temperatures. For
example, the 4E" of H  , H, , was 4.46 and 8.58,

while the 4E" of H,, ,, H,, , was 53.46 and 53.62, in-
dicating that the color of poplar wood no longer
changed significantly when the HT duration exceeded
2 h under the HT temperature of 220 °C. The AL" and
AE" values, whose test surfaces of the wood board were
treated by the same HT temperature and duration but
located in a different position in the direction of thick-
ness, were also significantly different. Except forH, , _,
there were significant differences regarding 4L" and
AE” values between the S and S-S, surfaces of the
heat-treated poplar boards at the 0.05 level. For H  ,,
the color change of S and S, were statistically signifi-
cantly different from that of S,~S_ surfaces.

Based on the result in Table 2, it could be con-
cluded that the depth of the Shore hardness tester probe
into the wood is about 1.3 mm, which is quite close to
the depth of 1 mm pressure ball. The changing trend of
H, is basically consistent with that of HD. The H, of
the heat-treated wood S and S test surfaces showed
significant differences at different HT conditions. As
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Table 2 Color change and hardness of test surfaces at different positions of heat-treated poplar
Tablica 2. Promjena boje i tvrdoce ispitnih povrsina na razli¢itim mjestima toplinski modificirane topolovine

Groups AL” AE* H, HD Groups AL” AE” H, HD

S, 297 | 4.46° 0.66° | 45.3° S, -6.05* | 8.58° 0.93° | 46.96°

S, 2320 | 434 0.99* | 48.18 S, -5.02° | 6.55° | 0.97% | 47.80°

- S, 027> | 2.67° 0.74> | 46.75% - S, 23770 | 5419 | 0.70° | 46.28°
1602 S, -0.32° | 257 1.00° | 47.05® 1604 S, 438 | 5740 1.05* | 46.59
S, -0.60° | 2.61° 1.07* | 48.65° S, 23720 | 5.18% | 1.03* | 48.25°

S, -0.41° | 1.94° 1.00° | 45.88° S, 2454 | 435¢ 1.06* | 46.59°

S, 2437 | 2720 | 0.50° | 43.99¢ S, 235360 | 37.23* | 0.71¢ | 44.24¢

S, 21.86" | 24.52° | 1.00° | 50.83° S, -33.39° | 3576* | 1.20° | 50.09°

S, -19.33¢ | 22.02¢ | 0.67° | 46.03¢ S, -28.27¢ | 31.18 | 1.10° | 49.69

1902 S, -14.74¢ | 17.00° | 1.02* | 48.31° 1904 S, -25.89 | 28.76° | 1.19* | 49.60°
S, -17.99¢ | 20.73¢ | 1.09° | 46.56° S, -27.25¢ | 30.27" | 1.10° | 50.33°

S, -15.82¢ | 19.01¢ | 0.83> | 45.75¢ S, 26,18 | 29.21% | 0.85° | 46.46°

S, -53.08° | 53.46° | 0.35¢ | 41.08 S, 253,13 | 53.6%a | 0.51c | 43.21°

S, -50.24° | 50.87° | 0.91° | 51.01° S, -50.52° | 51.15° | 0.98 | 50.23°

S, -46.88¢ | 47.84° | 0.66° | 45.11¢ S, -40.62¢ | 42.37° | 0.75¢ | 45.69°

202 S, -46.32¢ | 47.37¢ | 091° | 46.25¢ . S, -41.37° | 42.88° | 0.89° | 47.19°
S, -48.14¢ | 4898 | 1.04 | 47.96° S, -46.08¢ | 47.25¢ | 1.11° | 48.80°

S, 47.25¢ | 48.12¢ | 0.72¢ | 43.64 S, -44.82¢ | 46.05¢ | 0.77° | 46.28

Different superscript letters indicate significant differences at 0.05 statistical level.
Razlicita slova u eksponentu oznacavaju statisticki znacajne razlike pri razini od 0,05.

displayed in Table 2, the H, and HD value of the heat-
treated poplar wood has several levels with significant
differences between the different positions of S ~S,
surfaces (except for H ). When the HT temperature
was relatively low, there were only two significantly
different levels in the H, ,, and differences between
S.-S, test surfaces were insignificant. As the HT tem-
perature increased, the difference between the S, and
core layers increased. For instance, the /7, value of the
S, of H,,,, was 105.71 % higher than that of S, and
four in five test surfaces were significantly different.

3.2 Chemical component change of
different test surface layers

The FT-IR spectrum of the changes in chemical
functional groups of poplar wood before and after heat
treatment are shown in Figure 4. The experiments in
the spectral range of 4000-400 cm™ mainly analyzed
the changes of characteristic peaks in the range of
1800-1750 cm™. The shear vibration peak of cellulose
at 1424 cm™' changed to a lesser extent after heat treat-
ment, so the peak here was selected for normalization
of the spectrum (Wentzel et al., 2019), and the ratios of
the peaks are shown in Table 3.

The changes in the functional groups on the sur-
face of the heat treatment were analyzed by combining
Figure 4 and Table 3. The characteristic peak at 1735
cm! is the hemicellulose acetyl non-conjugated car-

bonyl group (Li et al., 2009), and the intensity of this
peak decreases with the increasing heat treatment tem-
perature. This phenomenon is mainly caused by hemi-
cellulose degradation, and the higher the heat treatment
temperature, the more intense degradation.

The characteristic peak at 1163 cm™' is attributed
to the C-O-C stretching vibration of cellulose and
hemicellulose. Moreover, the characteristic peak near
1058 cm™ is the C-O stretching vibration of cellulose
and hemicellulose, and the intensity of this peak in-
creases during low temperature heat treatment, indicat-
ing the formation of alcoholic and aldehyde pyrolysis
products during heat treatment (Gao, 2019). The char-
acteristic peak near 1058 cm! reflects the C-O conden-
sation vibration of cellulose and hemicellulose, and the
intensity of this peak increases at low heat treatment
temperatures, indicating the generation of alcoholic al-
dehydes pyrolysis products during heat treatment.
However, its intensity decreases with increasing tem-
perature, suggesting that the condensation reaction of
alcohols and aldehydes occurs.

The carbonyl stretching vibration peak at 1650
cm! is attributed to lignin and is mainly present on the
propyl-branched chain. A spectral peak at 1603 cm'!
corresponds to the stretching vibration peak of the ben-
zene ring backbone of lignin conjugated to C=0, and
1264 cm™! corresponds to the absorption peak of the
C=0 stretching vibration of the G ring and acyloxy
bond in lignin (Gao et al., 2020). The intensity of the
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Figure 4 Infrared spectra of different surface layers of heat-treated poplar wood
Slika 4. Infracrveni spektri razli¢itih povrsinskih slojeva toplinski modificirane topolovine
Table 3 Strength ratios of peaks normalized at 1424 cm'!
Tablica 3. Omjeri intenziteta vrhova normalizirani na 1424 cm'!
Groups 11735 11603 11512 11463 11264 11163 11058
Control 0.865 0.801 0.737 0.974 1.840 0.904 2.560
T, 0.782 0.824 0.725 0.944 1.620 1.577 2.542
T, 0.827 0.992 0.717 0.992 1.677 1.496 2.543
H . T, 0.808 0.859 0.712 0.955 1.311 1.537 2.446
T, 0.784 0.852 0.733 0.955 1.403 1.580 2.426
T 0.780 0.954 0.721 0.963 1.358 1.505 2.339
T, 0.773 0.864 0.733 0.962 1.553 1.538 2.659
T, 0.777 0.921 0.748 0.971 1.295 1.518 2432
H,,, T, 0.787 0.806 0.755 0.968 1.387 1.535 2.626
T, 0.795 0.888 0.739 0.975 1.267 1.534 2.484
T, 0.855 0.796 0.763 0.980 1.434 1.546 2.579
T, 0.709 0.847 0.810 0.985 1.518 1.358 2.234
T, 0.742 0.856 0.825 1.009 1.336 1.507 2.686
H,,,, T, 0.770 0.867 0.819 1.000 1.566 1.588 2.942
T, 0.788 0.872 0.847 1.010 1.355 1.498 2.507
T, 0.819 0.896 0.850 1.016 1.383 1.466 2.425
T, 0.816 0.810 0.741 0.966 1.425 1.598 2.534
T, 0.868 0.755 0.759 0.972 1.637 1.519 2.594
H . T, 0.801 0.768 0.755 0.960 1.470 1.536 2.377
T, 0.830 0.785 0.756 0.970 1.719 1.541 2.733
T, 0.741 0.856 0.759 0.966 1.345 1.517 2.236
T, 0.846 0.787 0.757 0.978 1.375 1.551 2.603
T, 0.840 1.000 0.769 0.982 1.296 1.515 2.444
1904 T, 0.852 1.000 0.723 0.992 1.287 1.525 2.451
T, 0.861 0.933 0.733 0.976 1.315 1.576 2.533
T, 0.864 0.950 0.721 0.979 1.443 1.600 2.721
T, 0.707 0.900 0.833 1.013 1.360 1.387 2.280
T, 0.744 0911 0.867 1.017 1.311 1.461 2411
H,,,., T, 0.766 0.886 0.864 1.011 1.250 1.457 2310
T, 0.789 0.871 0.860 1.018 1.421 1.503 2.468
T, 0.771 0.866 0.843 1.000 1.465 1.449 2.543
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peaks at 1650 cm™ and 1264 cm™ decreased with the
increasing heat treatment temperature, while the inten-
sity of the peak at 1603 cm™ increased, indicating that
the relative lignin content increased, while the
branched-chain breakage occurred by thermal degrada-
tion and possibly cross-linked condensation reaction.
The benzene ring carbon skeleton vibration peak of
lignin at 1512 cm™ and the C-H bending vibration peak
in lignin and carbohydrates at 1463 cm™' were enhanced
with increasing heat treatment temperature and dura-
tion, which may be caused by the increase in relative
lignin content due to hemicellulose degradation (Zang
etal, 2018).

As can be seen in Table 3, the characteristic peak
at 1735 cm™ showed a small difference between the
surface and core layers at 160 °C treatment. With the
increasing heat treatment temperature, the intensity of
this peak showed an increasing trend from the surface
layer to the core layer, and the characteristic peak at
H,,,, was 0.709 in the surface layer, which was 13.43
% lower than that in the core layer. Therefore, hemicel-
lulose degradation was less at 160 °C treatment. The
difference in the degree of hemicellulose degradation
between the surface and core layers increased with the
increase in temperature, while it decreased with in-
creasing duration. At 160 °C treatment, the intensity of
the characteristic peak at 1163 cm™ in the surface layer
was greater than that in the core layer. As the heat treat-
ment temperature increased, the intensity of this ab-
sorption peak tended to enhance from the surface layer
to the core layer, probably since the surface hydroxyl
groups of cellulose and hemicellulose in the surface
layer formed ether bonds earlier than those in the core
layer at lower temperatures. However, it is also the
ether bond in the surface layer that breaks first when
the temperature increases, and the extension of the du-
ration has minor effect on this peak. Only at the tem-
perature of 220 °C, the absorption peak intensity of the
core layer at 1058 cm! was significantly stronger than
that of the surface layer. With the increase of heat treat-
ment temperature, the hemicellulose and cellulose in
the surface layer were the first to undergo ring-opening
reactions to form alcohols and aldehydes. Then, with
the further increase of temperature, the alcohols and
aldehydes in the surface layer underwent condensation
reactions and the core layer was less reactive than the
surface layer, and the difference increased with the ex-
tension of the duration.

Under different heat treatment conditions, the
variation of absorption peak intensity at 1512 cm™ and
1463 cm! between the surface and core layers was
light, indicating that the heat treatment had small effect
on the lignin benzene ring skeleton. The intensity of
the characteristic peak at 1264 cm™ showed a decreas-
ing trend from the surface layer to the core layer after 2

h duration, reflecting that the relative lignin content in
the surface layer of the heat-treated wood was greater
than that in the core layer; however, the intensity of the
characteristic peak at 1264 cm™ in the surface layer
was gradually greater than that in the core layer with
the extension of the duration, suggesting that the py-
rolysis of lignin in the surface layer was greater than
that in the core layer.

3.3 Prediction of surface properties on
different test surface layers

Surface color and hardness of S, surface on the
heat-treated wood are significantly different from those
of the S ~S, core layer surfaces, and the H, of the S
surface is significantly different from all other test sur-
faces. Therefore, the S ~S. test surfaces have a unique
property variation that warrants a separate study. As
the effect of HT temperature on the color of heat-treat-
ed wood is relatively small, this study mainly investi-
gates the influence of HT temperature of the test sur-
faces at different positions. Table Curve 3D software
was used to establish the prediction models of 4L" and
AE" values. The fitting surfaces are shown in Figure 5.

Table Curve 3D software was used to establish the
prediction models of HT temperature (T) and test sur-
faces (F) with lightness change (4L") and color changes
(4E"). The fitting surfaces are shown in Figure 5.

The prediction models for AL and AE" of the
heat-treated poplar wood are:
AL=160.69-1.09*T-43.92*F-1.15%x10-"
*T241.43%F2+0.44* T* F+2.90x 10-5*% 73+0.05* F3-
0.01*7T*F2-9.72x10** T**F (R*>=0.966);
AE™=199.51-29876.22/T+13.35*F-1308772.50/
T*+2.80*F?-(8820.77*F)/T+1.84x108/7%-0.04* F>-
(386.87*F?)/T+(1026586.80*F)/T* (R*=0.966).

The model fits well and the empirical prediction
model could be used to predict the changes in the sur-
face color of poplar boards at different positions under
different HT conditions.

This color difference on heat-treated wood in the
direction of thickness could be explained by the diver-
sity of chemical components degradation intensity, as
well as extractives migration from the core layer to the
surface layer. Shi and Bao (2021) found that the extrac-
tives of heat-treated wood migrate under hydrothermal
conditions, which may cause differences in the color of
different layers. Under the HT conditions, polysaccha-
rides, especially the hemicellulose, degrade and, nu-
merous hydroxyl groups are oxidized to carboxyl
groups and carbonyl groups. As the HT proceeds, these
degradation products continue to react and generate
furfural and phenolic compounds with color-emitting
or color-assisting groups. At the same time, lignin un-
dergoes condensation and oxidation reactions with
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Figure 5 Fitting surface of AL*, AE*, H,, HD of heat-treated poplar board
Slika 5. Fitanje povrSine AL*, AE*, H,, HD za ploCe od toplinski modificirane topolovine

degradation products under high temperature condi-
tions, generating new color-emitting substances that
change the color of heat-treated wood (Cao et al.,
2018; Konnerth et al., 2010; Kamperidou, 2012).

Table Curve 3D software was used to establish
the prediction models of HT temperature (7) and test
surfaces () with the hardness of the heat-treated pop-
lar board in terms of ball hardness (/7,) and Shore hard-
ness (HD). The fitting surfaces are shown in Figure 5.

The prediction models for H, and HD of the heat-
treated poplar wood are:
H,=-1.30-8.13*InT+2.30*(InT)*+0.08*(InT)*-
0.04*(InT)*+1.99*F-2.65*F>+1.31*F3-
0.27*F*+0.02*F° (R>=0.729)
HD=-1015.94+407.34*In7-39.11*(InT)*+21.68*F-
25.39*F2+11.24*F3-2. 11*F*+0.14*F° (R*=0.704)

The equations fit well, so the empirical prediction
model can be used to predict the variation of hardness
at different locations of poplar wood boards under dif-
ferent heat treatment conditions. Besides, the surface
hardness of heat-treated wood is influenced by multi-
ple factors. Konnerth et al. (2010) used hemicellulose
for targeted hemicellulose removal and found that
wood hardness is most sensitive to changes in cell wall
hemicellulose content, so the reduction in wood hard-
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ness after heat treatment is mainly influenced by hemi-
cellulose degradation. The difference in hardness be-
tween the surface and core layer increases with
increasing temperature, probably because the hemicel-
lulose, a cell wall filling material, decreased to a differ-
ent extent. Altgen et al. (2018) found by infrared spec-
troscopy that wood undergoes cross-linking reactions
in the cell matrix during heat treatment, and that differ-
ences in the degree of cross-linking between the sur-
face layer and core layer may also contribute to their
differences.

4 CONCLUSIONS
4. ZAKLJUCAK

The surface color and hardness of the heat-treat-
ed wood were not uniform from the surface layer to the
core layer, and there were several levels with signifi-
cant differences as the temperature increased. The sur-
face color and hardness properties between S and
S ~S, test surfaces were significantly different under
different heat treatment conditions. The color differ-
ence of heat-treated poplar wood tended to decrease
from the S surface to the core layers, from 4.46 to 1.94
forH _  and from 53.46 to 48.12 for H , _; the surface

160-2 220-2°
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hardness shows an increasing trend. H, , increases
from 0.66 to 1.0, an increase of 34 %. The hardness of
the H,, , core surface layer increases by 105.71 %
compared to the S  surface.

The degradation of cell wall components in the
surface layer of heat-treated poplar wood was greater
than that in the core layers. FT-IR showed that the ther-
mal degradation of hemicellulose and lignin of the T,
surface layer was greater than that in the core layers.
The difference of the test surfaces could be predicted
as it related to the location and heat treatment condi-
tions. Table Curve 3D software was used to establish
an accurate prediction model of the trend of surface
color, hardness, and other properties at different loca-
tions of the heat-treated wood and different heat treat-
ment temperatures.

In conclusion, this paper displayed the property
difference of test surface from outside to core layers of
the heat-treated wood and proved that the thermal modi-
fication intensity of the heat-treated poplar wood was
different in the direction of thickness. Accurate models
were established, which could be used to predict the sur-
face color and hardness on each test surface of the heat-
treated poplar wood in the direction of thickness.
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ABSTRACT ¢ The main task of wood manufacturers is to ensure the supply of safe wood products. In this
respect, the use of plants as raw material for the wood coatings production is a sustainable alternative to fossil
fuels, especially since innovative materials minimize the health and environmental risks of the final product over
its entire lifespan. This paper presents a study of the water permeability of a water-borne bio-based coating ap-
plied to spruce (Picea abies), a study of the adhesion strength of the same coating applied to spruce (Picea abies),
beech (Fagus sylvatica L.) and beech plywood, as well as a study of the adhesion strength on spruce after the water
permeability test. The tests were performed according to EN 927-5:2006 and EN ISO 4624:2016. The roughness
parameters were measured before and after the water permeability test. The coating was found to be hydrophobic
but also water permeable. The highest value of adhesion strength was observed for beech surface, the lowest for
spruce. The changes in the surface profiles after the water permeability test are insignificant. According to the wa-
ter absorption criteria, this coating system could only be applied on exterior wood intended for end-use categores
such as overlapping cladding, fencing, garden sheds, open cladding, and ventilated rain screen.
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SAZETAK « Izrada sigurnih proizvoda od drva glavni je zadatak njihovih proizvodaca. U tom je smislu upotreba
biljaka kao sirovine za proizvodnju premaza za drvo odrziva alternativa fosilnim gorivima, pogotovo zbog inova-
tivnih materijala koji umanjuju zdravstvene i ekoloske rizike finalnih proizvoda tijekom cijeloga njihova zivotnog
vijeka. U clanku je prikazano istrazivanje vodopropusnosti biopremaza na bazi vode nanesenoga na smrekovinu
(Picea abies), istrazivanje adhezivne ¢vrstoce tog premaza na smrekovini (Picea abies), bukovini (Fagus sylvatica
L.) i bukovoj furnirskoj ploci te istrazivanje adhezivne cvrstoce na smrekovini nakon ispitivanja vodopropusnosti.
Ispitivanja su provedena prema EN 927-5:2006 i EN ISO 4624:2016. Prije i nakon ispitivanja vodopropusno-
sti izmjereni su parametri hrapavosti povrsine drva. Utvrdeno je da je premaz hidrofoban, ali i vodopropustan.
Najvece vrijednosti adhezivne cvrstoce zabiljezene su za bukovinu, a najmanje za smrekovinu. Promjene profila
povrsine nakon ispitivanja vodopropusnosti neznatne su. Prema kriterijima upijanja vode, taj se sustav premaza
moze nanositi samo na drvo u eksterijeru koje se upotrebljava za fasadne obloge koje se preklapaju, za ograde i
vrtna spremista, kao i za otvorene fasadne obloge i ventilirane zaslone protiv kise.

KLJUCNE RIJECI: vodopropusnost; adhezivna ¢vrstoca; biopremaz, bukovina; smrekovina
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1 INTRODUCTION

Wood lignocellulosic biopolymers (cellulose,
lignin, hemicelluloses) are subjected to progressive
oxidative degradation processes under the action of en-
vironmental factors (UV radiation, moisture, heat/cold
variations, atmospheric oxygen), which affect wood
native durability and cause the occurrence of signifi-
cant structural and colour changes (discoloration),
along with a progressive diminution of its resistance
against biological agents (biodegradation or decay de-
velopment) and its mechanical properties (Teaca et al.,
2019). Furthermore, wood is a hygroscopic material
that can adsorb or desorb water in response to the tem-
perature and relative humidity of the surrounding at-
mosphere. Consequently, the moisture content of wood
is one of the most important variables affecting its
physical and mechanic properties (Hartley, 2001). In
this context, wood products are easy to absorb water
and steam when they are exposed to environmental
conditions for a long time, which greatly affects the
durability of wood products and degrades their proper-
ties. One effective way to prevent wood degradation
processes is to apply coatings on the surface. The vary-
ing moisture content of wood results in dimensional
and conformational instability, which can compromise
the performance of other materials combined with
wood, such as adhesives and surface coatings (Man-
tanis and Papadopoulos, 2010). For protective and
decorative reasons, coatings (varnishes) are generally
applied on wooden substrates as multi-layered systems
that are composed of primer and topcoat. Their appli-
cation on wood materials aims to enhance the biologi-
cal, physical, and mechanical properties of wood.

The wood coatings industry represents an active
field of research and development, driven by the neces-
sity to produce high-performance materials able to re-
spond to different environmental regulations and con-
straints. Recently, the attention is turning towards the
development of coatings based on green materials,
namely “bio-based coatings”, obtained through sus-
tainable processes that do not generate toxic emissions
(Sarcinella and Frigione, 2023). Recent trends in this
area include the use of bio-based natural products (such
as wood and plant extractives, vegetable oils, natural
waxes, different biopolymers, and biological control
agents) and nano-based materials (Teaca et al., 2019).
For all these products, the main criterion for the esti-
mation may be represented by the protection provided
by the physical and mechanical properties of coatings
applied on the wood surface. The basic properties of a
coating are determined by its main components, name-
ly binders, pigments, solvents, fillers, and additives
(Sandberg, 2016). Permeability of coatings for water
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and water vapour is a supreme factor in their wood pro-
tective function. Permeability is a measure of the ease
with which fluids are transported through a porous
solid under the influence of a pressure gradient (Siau,
2012). Liquid water and water vapour uptake are af-
fected by coating film thickness, number of coats, and
coating composition.

In order to perform satisfactorily, coatings must
adhere to the substrates on which they are applied. Ad-
hesion is a complex physico-chemical phenomenon for
which, however, there is not a rigorous theoretical def-
inition. Adhesion is difficult to define, and an entirely
satisfactory definition has not yet been found (Silva et
al., 2011, Ebnesajjad and Landrock, 2014). Therefore,
a quantitative analysis of coating adhesion on wood is
needed. One of the main factors used for the evaluation
of the adhesion of coatings is the adhesion strength.
Adhesion strength is an important feature to measure
the durability of the coatings. Various methods are used
to evaluate adhesion strength of the coats. The most
objective and widespread method is the pull-off test.
The main advantage of this method includes its practi-
cality and simple application for different surfaces. Ad-
hesion of a single coating or a multi-coat system of
paint, varnish or related products is assessed by meas-
uring the minimum tensile stress necessary to detach or
rupture the coating in a direction perpendicular to the
substrate.

In furniture production, the coating processes
have great importance for technical, economic, aes-
thetical, and ecological evaluation of the wood materi-
als. Different coating technologies provide different
levels of protection. More than 95 % of exterior wood
coatings are applied as liquid coatings, either solvent-
or water-borne (e.g. acrylic, polyurethane, alkyd), but
their use and subsequent emission of volatile organic
compounds (VOCs) represents a dominant concern be-
cause of their significant contribution to global warm-
ing (Teaca et al., 2019). As the coatings industry seeks
to improve its environmental impact, plant-based tech-
nologies present a major innovation opportunity. Natu-
ral extractives, vegetable and essential oils, natural
resins and waxes, and various biopolymers can be in-
cluded in coating formulations (primarily water-borne
ones) to prevent or limit the harmful impact of these
formulations on the environment due to their specific
properties (e. g. non-toxicity, reversible character, re-
sistance to moisture and solvents, compatibility). The
aim of this study is to determine the water permeability
and adhesion strength of bio-based coating for the pro-
tection of wood surfaces. Therefore, the axial pull-off
test was used to determine the adhesion strength of
samples manufactured from different wood species to
provide an initial data for improving the quality of fin-
ished products manufactured from bio-based raw mate-
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rials. The standard method described in EN 927-5:2006
was used to evaluate the water permeability of bio-
based coating films.

2 MATERIALS AND METHODS
2. MATERIJALI | METODE

For the tests, spruce (Picea abies) with an aver-
age density of 440 kg/m3, European beech (Fagus syl-
vatica L.) with an average density of 730 kg/m* and
beech plywood with an average density of 750 kg/m?
were used. The plywood surface was sanded with a
P80-120 grain size sandpaper supplied by the manu-
facturer (S. C. Cildro Plywood, Romania).

Two sets of test specimens were prepared.

The samples from spruce with dimensions 150
mm X 70 mm x 20 mm (longitudinal, tangential, and
radial directions, respectively) were prepared for the
water permeability test. The test samples were manu-
factured in accordance with the specifications in EN
927-5:2006. The specimens were chosen for their lack
of defects, such as knots, cracks, or resin spots.

For the adhesion strength test, samples of spruce
and beech wood with dimensions 150 mm X 50 mm X
20 mm and beech plywood with dimensions 50 mm X
150 mm x 15 mm were prepared.

All samples were conditioned prior to coating ap-
plication (temperature of (20£2) °C and relative hu-
midity of (65£5) %).

For coating of samples, a bio-based wood stain
with the colour “tobacco” for outdoor application, pro-
duced by Industrias Quimicas Masquelack, S. A.
(Spain), was used (Figure 1). According to the infor-
mation given by the manufacturer, it creates a water-
resistant, breathable and flexible film with high out-
door durability. The coating system is water-borne with
a bio-based content of 39 % and contains Decovery®
SP - 7450 by Covestro. Decovery® SP - 7450 is an
acrylic copolymer emulsion with elongation, blocking
resistance, and early water resistance that is suitable
for clear and opaque formulations in high-demand out-
door durability applications. The bio-based wood stain
mixtures had a viscosity of 21 s when measured at 23
°C in a DIN 4 mm viscosity cup.

A
Figure 1 Wood surfaces coated with bio-based wood stain: A — spruce (Picea abies); B — European beech (Fagus sylvatica
L.); C — beech plywood
Slika 1. Drvene povrsine premazane biolazurom: A — smrekovina (Picea abies); B — bukovina (Fagus sylvatica L.); C — bu-
kova furnirska ploca

The test samples were sanded with P150 grain size
sandpaper, and the first layer of the bio-based wood stain
was applied by brush. After drying, the surfaces were
treated with abrasive steel wool (Scotch-brite®) and a
second layer was applied. The stain amounts Q for the
two layers were O, = 80 g/m* and Q, = 30 g/m’, respec-
tively. After the coating drying, the average dry residue
content of hardened film is 17.34 %.

To establish the coating hydrophobicity, the be-
haviour of drops of distilled water on the surfaces of the
various test specimens was observed. The drops are
dosed with a micropipette and have a volume of 2.5 pm.

The European standard EN 927-5:2006 specifies
a test method for assessing the liquid water permeabil-
ity of coating systems for exterior wood by measuring
the water absorption of coated wood panels. After the
application of the coating, all the remaining sides were
sealed with a two-component polyurethane (PU) sys-
tem. The PU system has a predetermined water perme-
ability of 16 g/m? For each set of six replicates, the
arithmetic mean value of the weight increase and the
standard deviation were calculated. The arithmetic
mean value of the weight increase after 72 hours of
floating is reported as the mass of absorbed water per
test face areca. The amount of water absorbed by each
sample was measured as mass of absorbed water
(MWA) per test face area relative to the weight of the
conditioned specimen prior to the test, Eq. (1):

MWA, =(w,—w,)/ A4 €))

Where MWA, — mass of absorbed water per area
in g/m* at time 1; w, — weight in g at time 0; w, — weight
in g at time 1; 4 — area of test face in m>.

The adhesion strength of the coating is defined by
a standardized pull-off method (ISO 4624:2016) with a
glued stamp (dolly). The test is performed by securing
a loading fixture (dolly) perpendicular to the surface of
the coating with an adhesive. After the adhesive is
cured, a testing apparatus is attached to the loading fix-
ture and aligned to apply tension perpendicular to the
test surface. The force applied is gradually increased
and monitored until either a plug of coating material is
detached, or a specified value is reached.
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The Mitutoyo SJ-210 surface roughness measur-
er (Mitutoyo, Japan) was used to indicate the surface
roughness at the following settings: profile — R (radius
- 5 um), filter - Gauss; number of segments N = 6; cut-
off length Ac — 2.5 mm; measuring speed — 0.25 mm/s.
The measurements were made perpendicular to the
wood grains. Surface parameters like arithmetic mean
deviation of the assessed profile (Ra), maximum height
of profile (Rz), maximum profile peak height (Rp), total
height of profile (Rf), maximum profile valley depth
(Rv) and mean width of the profile elements (RSm)
were estimated according to ISO 4287:1997. Rough-
ness depth (Rk) reduced peak height (Rpk), as well as
reduced valley depths (Rvk) were estimated by ISO
13565-2:1996.

3 RESULTS AND DISCUSSION
3. REZULTATI | RASPRAVA

3.1 Water permeability of bio-based

coating

3.1. Vodopropusnost biopremaza

The obtained bio-based coating is hydrophobic
because the static water contact angle 0 is > 90° (Figure
2). The water permeability test, on the other hand, re-
vealed that the bio-based coating applied on the spruce
specimens showed extremely high water-permeability
(the average value of 725 g/m?).

The time-dependent mass of absorbed water
(MWA) during the water permeability test of spruce (Pi-
cea abies) coated with bio-based stain is shown in Fig-
ure 3. Manufacturers mention that the used bio-based
wood stain is water resistant, but the two coats applied
were completely insufficient. According to the water ab-
sorption criteria in EN 927-2:2022, this coating system
is non-stable. Mostly, this is due to the porous, breatha-
ble, and thin protective coating made by bio-based stain.

Figure 2 Behaviour of liquid (distilled water) in contact
with bio-based coating surface (static water contact angle 0
is 99°)

Slika 2. Ponasanje tekucine (destilirane vode) u dodiru s
povrsinom biopremaza (staticki kontaktni kut vode 0 je 99°)

It is also possible to free the movement of coated wood-
en products. By classification in EN 927-1:2013, this
system could be used outdoor only for end-use catego-
ries such as overlapping cladding, fencing, garden sheds,
open cladding, and ventilated rain screen.

After the water permeability test, the surface pro-
files of the investigated samples have changed. A quan-
titative assessment of these changes is given by the
roughness parameters. The changes in the roughness
parameters in the selected study phases indicate the re-
distribution mechanism of the remaining water in the
test specimen.

Table 1 shows the average roughness parameters
of a surface coated with bio-based stain before and af-
ter water permeability testing. The table also presents
the percentage changes in the roughness parameters
after 72 hours of drying the samples at room tempera-
ture (20 +£2 °C) and relative humidity (65 £5 %). Meas-
urements of roughness parameters were made on the

1000 ; T T T T T T
900 1 = = = border between sorption (72 h) and desorption
A border at 30 g/m?
800 I spruce (Picea abies) coated with bio-based stain [
700 / ﬁl\ uncoated spruce (Picea abies) L
E 600 / : \\.\
= 1
;f 500 / i
1
§ 400 : N
300 : \\\
/ / ) —— I
200 / | —o |
—
1 [—
100 / |
0 | 1 | | | |
0 20 40 60 80 100 120 140 160 180 200 220

Time / vrijeme, h

Figure 3 Time-dependent mass of absorbed water (MWA) during water permeability test of spruce (Picea abies) coated with

bio-based stain

Slika 3. Vremenski ovisna masa apsorbirane vode (MWA) tijekom testa vodopropusnosti smrekovine (Picea abies) premaza-

ne biolazurom
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Table 1 Roughness of a spruce surface coated with bio-based stain before and after water permeability testing, and 72-hour

drying

Tablica 1. Hrapavost povrsine smrekovine premazane biolazurom prije i nakon ispitivanja vodopropusnosti te nakon
72-satnog susenja

Average values, pm Accuracy index, % Change, %
ROUTe Srednje vrijednosti, umn . Indeks preciznosti, % 72h Promjena, "742 .
parameter After drvin After drvin After drvin
Parametri Initial testing Tyme Initial testing Tying testing Tying
. . Nakon . Nakon Nakon
hrapavosti | Na pocetku Nakon Na pocetku Nakon Nakon
L 72-satnog TR 72-satnog | . .. . 72-satnog
ispitivanja L ispitivanja . ispitivanja .
susenja susenja susenja
Ra 4.84 4.77 4.87 2.16 222 2.11 -1.57 222
Rz 35.73 34.25 34.24 1.80 1.87 2.09 -4.13 -0.03
Rp 16.81 15.51 15.48 1.90 2.06 2.23 -7.76 -0.17
Rv 18.91 18.74 18.76 2.11 2.10 2.37 -0.91 0.09
RSm 279.95 282.18 295.10 2.40 3.09 3.41 0.80 4.58
Rt 46.14 44.30 44.62 2.26 2.50 2.67 -3.98 0.73
Rk 15.22 14.99 15.69 2.50 2.49 2.32 -1.52 4.63
Rpk 6.86 6.18 6.26 2.39 3.23 3.35 -9.84 1.29
Rvk 7.52 7.67 7.35 2.31 2.72 3.00 1.95 -4.19

same sections of the same length. The values show a
decrease in the roughness of the coating after the water
permeability test, with the largest percentage decrease
in the parameters Rp (maximum profile peak height)
and Rpk (reduced peak height). This means that the
coating is elastic enough to act as a barrier which limits
grain raising.

Based on the high water-permeability of the stud-
ied coating, it can be concluded that using the bio-
based stain by itself will not provide proper water pro-
tection of the wood products. It is advisable to apply an
acrylic topcoat with proven hydrophobic properties.

3.2 Adhesion strength of bio-based coating

After the pull-off test according to ISO
4624:2016, (90-100) % adhesion destruction was ob-
served between the substrate and the coating (Figure
4). According to the wood species (Figure 5), the adhe-
sion strength of stain is higher on European beech (Fa-
gus sylvatica L.) and on beech plywood than on spruce
(Picea abies). These results confirm the general state-
ment that the adhesion strength of coatings is higher on
hardwood than on softwood (Kaygin and Akgun,
2008). There are a lot of factors that may cause this
difference among the species, e.g. intensity, cell struc-
ture, basic and secondary compounds of wood, texture,
extractive substances (Kaygin and Akgun, 2008).

The two-layer bio-based coating on wood sur-
faces has sufficiently good adhesion strength (Figure
5). According to the technological criteria for outdoor
paints and varnishes (Decision, 2009), the critical val-
ue of the adhesion strength is 1.5 N/mm?.

Adhesion of coatings on wood is most critical un-
der wet conditions (de Meijer, 1999; Sonmez et al.,

Figure 4 Typical destruction after axial pull-off test
Slika 4. Tipi¢ni lom nakon pull-off testa
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Figure 5 Adhesion strength of wood samples coated with
two-layer bio-based stain

Slika 5. Adhezivna ¢vrstoc¢a uzoraka drva premazanih
dvama slojevima biolazure

2009). In this regard, the adhesion strength of the
spruce specimens was measured after the water perme-
ability test, i.e. after 72 h of sorption and 144 h of des-
orption. The average value obtained for the adhesion
strength of the spruce specimens after the water
permeability test is 2.58 N/mm?, which is a decrease of
2.7 %. This means that the coating of bio-based stain

DRVNA INDUSTRIJA 75 (1) 43-48 (2024) 47



Angelski, Atanasova: Water Permeability and Adhesion Strength of Bio-based Coating Applied on Wood

applied to wood retains almost all its adhesion strength
after contact with water.

4 CONCLUSIONS
4. ZAKLJUCAK

Under the conditions of this study and based on
the results obtained, the following conclusions can be
made specifically for the above-mentioned materials:

Good hydrophobicity of the studied bio-based
stain applied to wood has been established;

The water permeability of the studied two-layer
bio-based coating is 725 g/m? According to the water
absorption criteria, this coating system is non-stable.
This coating system could be used outdoor only for
end-use categories such as overlapping cladding,
fencing, garden sheds, open cladding, and ventilated
rain screen;

The two-layer bio-based coating on wood surfaces
has comparatively high adhesion strength and retains al-
most all of it after 72 hours of contact with water.
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ABSTRACT - In recent years, additive manufacturing has become a regular process in various industries, and
consequently there is an increasing need to evaluate the environmental aspects of this technology and its associ-
ated materials. In this paper, comparative cradle-to-grave life cycle assessments between a conventional product
and a 3D-printed alternative made of polylactic acid (PLA) and PLA-wood material were investigated based on
the standard ISO 14044:2006. The environmental impact of each product was quantified for 18 categories. The
goal of life cycle assessment (LCA) was to determine whether the use of 3D printed PLA/PLA-wood products can
be a sustainable alternative to traditional metal products. The paper presents a case study in which a comparative
LCA was conducted. The results show that a metal part manufactured using conventional subtractive processes
(milling, drilling, welding, etc.) has a higher environmental impact compared to 3D-printed alternatives made
from renewable materials. However, there are many sub-issues that need to be adequately addressed.

KEYWORDS: /ife cycle assessment; 3D printing; environmental impact, carbon footprint; wood-PLA composite

SAZETAK - Posljednjih je godina aditivna proizvodnja postala redoviti proces u raznim industrijama, a poslje-
dicno se pojavila sve veca potreba za procjenom ekoloskih aspekata te tehnologije i s njom povezanih materijala.
U ovom su radu ispitane i usporedene procjene zivotnog vijeka konvencionalnog proizvoda ,,0d kolijevke do
groba” te 3D isprintane alternative izradene od polilakticne kiseline (PLA) i PLA-drvnog materijala na temelju
standarda ISO 14044:2006. Utjecaj svakog proizvoda na okolis kvantificiran je unutar 18 kategorija. Cilj procjene
zZivotnog vijeka takvih proizvoda (LCA) bio je utvrditi moze li uporaba 3D printanih PLA/PLA-drvnih proizvoda
biti odrziva alternativa tradicionalnim metalnim proizvodima. U radu je prikazana studija slucaja u kojoj je pro-
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vedena komparativna procjena Zivotnog vijeka — LCA. Rezultati pokazuju da metalni dio proizveden primjenom
konvencionalnih subtraktivnih procesa (glodanja, busenja, zavarivanja itd.) ima veci utjecaj na okolis nego 3D
isprintane alternative izradene od obnovljivih materijala. Medutim, u vezi s tim postoje i mnoga potpitanja koja

se moraju adekvatno rijesiti.

procjena Zivotnog vijeka; 3D printanje; utjecaj na okolis; ugljicni otisak; drvo-PLA kompozit

1 INTRODUCTION

Three-dimensional printing (3DP) is a manufac-
turing process in which a product is built up layer-by-
layer using a digital model. Since its introduction in the
1980s, additive manufacturing (AM) has been used
primarily for rapid prototyping due to its ability to pro-
duce objects with complex geometries. Of these meth-
ods, FDM (Fused Deposition Modeling) or FFF (Fused
Filament Fabrication) is the most researched and in-
creasingly appreciated in the last decade and has be-
come the manufacturing method for 3D printers. FDM
3D printers are now affordable and available to a com-
munity of do-it-yourself enthusiasts (Krapez Tomec
and Kariz, 2022).

3D printing creates shifts in work patterns as the
process is highly automated and human workers are
only needed in pre- and post-processing (Lindemann et
al.,2012). Through 3D printing, chains are expected to
become shorter by reducing the need for centralized
manufacturing and tooling. Production-related energy
requirements and CO, emissions are reduced by short-
ened processes and more direct manufacturing. This
reduces the need for tooling, the need for handling, and
it lowers indirect material-related energy through high-
er resource efficiency (Reeves, 2013).

Numerous perspective research articles on using
wood in AM have already been published and are pre-
sented in (Krapez Tomec and Kariz, 2022). In this re-
gard, it is also worth promoting life cycle assessment
(LCA) analysis, a quantitative evaluation of the envi-
ronmental impacts that occur during the life cycle of
the product.

AM replicates biological processes by building
products layer-by-layer. It is inherently less wasteful
than traditional subtractive production methods and
holds the potential to decouple social and economic
value creation from the environmental impact of busi-
ness activities. There are many potential sustainability
benefits of this technology, from less material waste,
energy efficiency, local production, carbon footprint
reduction, to circular economy, optimized design and
innovation driver; three of them stand out: (1) Im-
proved resource efficiency - improvements can be real-
ized in both the production and use phases, as manu-
facturing processes and products can be redesigned for
AM,; (2) Extended product life -achieved through tech-
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nical approaches such as repair, remanufacture and re-
furbishment, and more sustainable socio-economic
patterns such as stronger human-product affinities and
closer producer-consumer relationships (Kohtala,
2015); (3) Redesigned value chains - shorter and sim-
pler supply chains, more localized production, innova-
tive distribution models and new collaborations (Ford
and Despeisse, 2016).

Reeves (2012) has shown in a case study of a
structural aircraft component that manufacturing-related
energy demand and CO, emissions can be reduced by up
to 75 %. 3D printing-induced light weighting also leads
to usage savings, amounting to 63 % savings in energy
and CO, emissions over the entire life cycle of the prod-
uct. This shows that 3D printing has great environmental
potential beyond just manufacturing of products.

3D printing enables a buy-to-fly ratio of nearly
1:1, leading to a significant reduction in resource re-
quirements and manufacturing-related waste. Case
studies show that up to 40 % of raw material-related
waste can be avoided by 3D printing, while 95-98 % of
non-melted raw material can be reused (Petrovic Fili-
povic et al., 2011). Other indirect manufacturing inputs
can be avoided as 3DP does not require auxiliary mate-
rials such as coolants, lubricants or other substances
that are sometimes harmful to the environment.

In general, 3D printing methods have better envi-
ronmental characteristics. In terms of low carbon emis-
sion, there are five primary environmental benefits: (1)
Reduction of raw material requirements in the supply
chain. This reduces the mining and processing of ores
as primary materials. (2) Reduced need for energy-in-
tensive manufacturing processes, such as casting, and
wasteful/harmful materials, such as cutting fluids in
CNC machining. (3) Flexibility in designing more ef-
ficient components with better operational perfor-
mance. (4) Reduced weight of products, helping to im-
prove carbon footprint when used in the vehicle they
are integrated into, e.g. aircraft. (5) Parts could be
manufactured closer to the point of consumption, re-
ducing energy consumption in logistics (Peng, 2017).
All five points speak in favor of our 3D-printed ver-
sions from PLA and PLA-wood.

Despite the potential increase in recycling rates,
the materials used for AM are not necessarily more en-
vironmentally friendly than those used in traditional
manufacturing. The only exception could be the bio-
polymer polylactic acid (PLA) (Faludi et al., 2015).
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Potential material savings may be partially offset by
the relative toxicity of the material used for AM and the
impact of energy consumption to produce the feed-
stock and the processing itself. Therefore, the full envi-
ronmental performance of AM needs to consider the
energy demand from a system perspective and not just
the process itself (Faludi et al., 2015).

Wood fiber/flour stands out as a premier choice
among raw materials for manufacturing plant fiber-plas-
tic composites. PLA, a compostable synthetic polymer
made from a monomer feedstock derived from corn
starch, is an acceptable substitute for petroleum-derived
plastics. The integration of wood-based materials into
AM has garnered considerable attention, primarily due
to their dual advantages: a favorable ecological footprint
and enhanced material attributes (Tao et al., 2017).

However, little research has been done on the
toxicity and environmental impact of AM processes
and materials. Such effects may exist in the processing
and disposal of materials used in AM processes (Ford
and Despeisse, 2016).

The fact that there are not many papers studying
environmental impact of 3D-printed PLA-wood prod-
ucts led us to perform a comparative LCA analysis for
the existing conventional product (metal chair connec-
tor) and the 3D-printed alternatives made of biocom-
patible material PLA and PLA-wood blend material
(according to manufacturer wood makes up to 40 %).
This case study presents a comparative sequence LCA
of a part produced by two different manufacturing pro-
cesses - Conventional Manufacturing (with milling,
drilling, welding) and 3D printing process (FDM —
Fused Deposition Manufacturing). A specific part — a
chair connector - made of metal is analyzed from cra-

Figure 1 Chair design — chair type: domestic seating for
adults (Cvetko, 2020)

Slika 1. Dizajn stolice — tip stolice: kuéni namjestaj za
sjedenje namijenjen odraslima (Cvetko, 2020.)

dle to gate. The LCA is analyzed to provide a frame-
work to choose the most appropriate manufacturing
process in terms of environmental impact.

2 MATERIALS AND METHODS
2. MATERIJALI  METODE

2.1 A case study: A chair connector
2.1. Studija slucaja: poveznik stolice

A metal connector from a modern chair for do-
mestic use (Figure 1) was chosen for a case study. The
chair consists of the following components:

- the shell of the seat and backrest are made of plastic
composite material and represent the seat part of the

c)
Figure 2 a) 3D model of connector (SolidWorks), b) connector made of PLA material, ¢) connector made of metal (Cvetko, 2020)
Slika 2. a) 3D model poveznika (SolidWorks), b) poveznik od PLA materijala, c) poveznik od metala (Cvetko, 2020.)

Table 1 Three versions of connectors defined with material usage, printing time, material price and weight
Tablica 1. Tri verzije poveznika definirane utroSkom materijala, vremenom printanja, cijenom materijala i masom

Version Material Prmtntlme, h Materlal used,.g Price of material, €/kg | Weight, g
.. .. Vrijeme Utrosak materi- .. ..
Verzija Materijal . . . Cijena materijala, €/kg | Masa, g
printanja, h jala, g

Metal connector / metalni poveznik metal / no data no data 1340
Optimized connector 2-PLA . 19.52
optimizirani poveznik 2-PLA PLA 13013 min 387 (7.03 per item) 360
Optimized connector 2-WPC . 30.50
optimizirani poveznik 2-WPC PLA-W | 14h 58 min 444 (15.12 per item) 347
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chair. The seat part, in which there are four uphol-
stery nuts, is fixed to the metal connector with four
M6x%14 screws.

- another component of the chair is a metal connector
used to attach four oak legs and the seat part. The
four oak legs are screwed to the metal connector with
eight M6x45 screws and nuts.

The materials included in this case study are an
original metal-based, alternative 3D- printed part from
polylactic acid and a 3D-printed part from a filament
mixed with PLA and wood.

2.2 3D printing of PLA and wood-PLA
connectors

The digital models of 3D parts were modeled in
SolidWorks software (SolidWorks Corp., Waltham,
MA, USA) and exported to STL format. The STL mod-
els were sliced and prepared for 3D printing in Z-Suite
software (Zorttrax, Olsztyn, Poland).

Parts used for the LCA comparison with original
metal connector (from Maxxim, Dipo, reference un-
known) were printed on Zorttrax M-200 (Olsztyn, Po-

Table 2 Life cycle inventory database used for different versions of connector (SimaPro references written in both bold and

italic letters)

Tablica 2. Baza podataka inventara zivotnog ciklusa koja se primjenjivala za razlicite verzije poveznika (SimaPro reference

napisane su podebljanim i kurzivnim slovima)

Life cycle inventory database / Baza podataka inventara Zivotnog ciklusa
Life cycle stage Metal connector 3D-printed 3D-printed
Faza zivotnog Metalni poveznik PLA connector PLA-wood connector
ciklusa 3D isprintani PLA poveznik 3D isprintani
PLA-drveni poveznik
Premanufacturing | - materials processing - input - polylactide, granulate / - polylactide, granulate |
or raw material from nature: iron ore / obrada polilaktid, granulat polilaktid, granulat
extraction materijala - ulaz iz prirode: - filament production — input: - wood wool (as replacement for
pretproizvodnja ili | Zeljezna ruda electricity, medium voltage, S1/ | wood flour) / drvena vuna (kao
ekstrakcija sirovina | - transformation input: electricity, | proizvodnja filamenta — ulaz: zamjena za drvno brasno)
medium voltage, SI / transfor- elektricna energija, srednji - filament production — com-
macijski ulaz: elektricna energija, | napon, SI pounding — electricity, medium
srednji napon, SI voltage, SI / proizvodnja
filamenata — kompaundiranje
— elektricna energija, srednji
napon, SI
Manufacturing and | - product manufacturing — pro- - product manufacturing — 3D | - product manufacturing — 3D
processing cesses (sheet rolling, milling, printing; input is electricity, printing; input is electricity,
proizvodnja i drilling, welding) / izrada medium voltage, SI / izrada medium voltage, SI/ izrada
prerada proizvoda — procesi (valjanje proizvoda — 3D ispis; ulaz je proizvoda — 3D ispis; ulaz je
lima, glodanje, buSenje, zavari- | elektricna energija, srednji elektricna energija, srednji
vanje) napon, SI napon, SI
- transport from processing site to
manufacturing site: transport,
fireight, lorry 16-31 metric ton,
euro5 / prijevoz od mjesta obrade
do mjesta proizvodnje: prijevoz,
teret, kamion 16-31 metricka
tona, euro5
- electricity, medium voltage, SI /
elektricna energija, srednji
napon, SI
Transportation - transport from manufacturing - no transport — 3D printing - no transport — 3D printing
transport site to distribution site transport, |takes place at manufacturing takes place at manufacturing site
freight, lorry 16-31 metric ton, site / nema transporta — 3D / nema transporta — 3D ispis se
euro5 / prijevoz od mjesta ispis se obavlja na mjestu obavlja na mjestu proizvodnje
proizvodnje do mjesta distribuci- | proizvodnje - distribution to individual
Jje: prijevoz, teret, kamion 16-31 |- distribution to individual consumer is excluded /
metricka tona, euro5 consumer is excluded / iskljucena je distribucija
iskljucena je distribucija pojedinacnom potrosacu
pojedinacnom potrosacu
Usage / uporaba - all 3 products have the same use phase / sva tri proizvoda imaju istu fazu uporabe
End-of-life or - wasted metal is melted down for | - wasted PLA is recycled for - wasted PLA is recycled for
waste disposal reuse / otpadni se metal tali za reuse (or abiotically degraded) / |reuse (or abiotically degraded) /
kraj Zivotnog vijeka | ponovnu upotrebu otpadni PLA se reciklira za otpadni PLA se reciklira za
ili odlaganje ponovnu upotrebu (ili se ponovnu upotrebu (ili se
otpada abioticki razgraduje) abioticki razgraduje)
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land). Pure PLA filament and PLA-wood filament (with
up to 40 % wood flour content), both commercially avail-
able, were used. The diameter of the filament was 1.75
mm, the diameter of the print nozzle was 0.6 mm, the
layer thickness was set to 0.4 mm and the infill to 40 %.

2.3 LCA methodology
2.3. LCA metodologija

The study applied the LCA methodology based
on the standard ISO 14044:2006 following four major
steps to quantify the difference in environmental im-
pact between conventional metal connector and two
3D printed alternatives. A “cradle-to-gate” evaluation
was conducted within the SimaPro 9.0 software, devel-
oped by PRé Sustainability, Amersfoort, 2019. Addi-
tionally, all phases to the end of the life cycle were also
taken into consideration, based on data from scientific
papers. SimaPro 3D printing is not supported by
SimaPro, as it was not yet included in the library at the
time of this study. The geography for the manufactur-
ing and distribution phases were set in Slovenia at time
horizon 2021. The process trees are presented in Figure
4 and the input information of the Life Cycle Impact
Assessment (LCIA) in Table 2.

For consistency, it was assumed that the input
mass of all three versions of chair connector is 1 kg of
raw material.

It was also assumed that all transport is carried
out by road with a truck (SimaPro reference: Transport,
freight, lorry 16-32 metric ton, EUROS5 {GLO}). The
geography for the manufacturing and distribution is set
in Slovenia, where distances are short (typically less
than 50 km) and no specific locations were determined
(of manufacturing companies, etc.). For this study, it

was assumed that the metal is processed by manufac-
turer A, while the metal part is formed by a nearby sub-
contractor and later distributed to a warechouse B (pre-
sumably in Kranj; halfway between Jesenice and
Ljubljana - to negate the impact of distances between
production sites, as they are fictitious). On the other
hand, filaments are extruded by manufacturer B in Lju-
bljana and 3D parts are printed and assembled in ware-
house B. In this sense, the 3D printing variants elimi-
nate some manufacturing and transportation phases
— considering that 3D printing can be produced at the
same site where it is later assembled.

The classification and characterization processes
were carried out according to the standard ISO
14040:2006. For the assessment of impacts, ReCiPe
2016 Midpoint (Hierachist) was applied to calculate
the environmental impacts, and 18 impact categories
were included in the LCA. Midpoint characterization
factors are calculated based on a consistent environ-
mental cause-effect chain, except for land-use and re-
sources. Its regional validity is Europe; it is global for
climate change, ozone layer depletion and resources.
Its temporal validity is present time.

3 RESULTS AND DISCUSSION
3. REZULTATI | RASPRAVA

3.1 Life cycle impact assessment of three
versions of chair connector

Procjena utjecaja na okoli$ Zivotnog
vijeka triju verzija poveznika za stolicu

3.1.

The results of the cradle-to-gate comparative
LCA between the three types of chair connectors are
shown in Figure 3, 4 and 5.
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Figure 3 Impact assessment of 3 versions of chair connectors using ReCiPe 2016 Midpoint (H) method with normalization of results
Slika 3. Procjena utjecaja na okolis triju verzija poveznika za stolicu primjenom metode ReCiPe 2016 Midpoint (H) s

normalizacijom rezultata
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Figure 4 Impact assessment of 3 versions of chair connectors using ReCiPe 2016 Midpoint (H) method with normalization of

results and excluded long-term emissions

Slika 4. Procjena utjecaja na okolis triju verzija poveznika za stolicu primjenom metode ReCiPe 2016 Midpoint (H) s

normalizacijom rezultata i iskljucenim dugoro¢nim emisijama

Normalization results can be used to compare
different categories of impacts, as these impacts are in-
dividually converted by a multiplication factor to have
all impacts in a single unit or ratio form.

Considering all three versions of connector, Fresh-
water and Marine ecotoxicity, and Human carcinogenic
toxicity are the major environmental impacts. In all

three impact categories, the metal connector has by far
the highest values (70-80 %). As shown in Figure 5, this
is due to operations related to processing of iron, part
milling operation, high electricity usage and transport.
When comparing the two 3D-printed versions, it is evi-
dent that the values of PLA-wood connector are 20 to 30
% lower than those of pure PLA connector.

‘ IRON connector

B PLA connector B PLA_W connector ‘

100

%

Figure 5 Impact assessment of 3 versions of chair connectors using ReCiPe 2016 Midpoint (H) method with characterization

of results, excluding long-term emissions

Slika 5. Procjena utjecaja na okolis triju verzija poveznika za stolicu primjenom metode ReCiPe 2016 Midpoint (H) s

karakterizacijom rezultata i isklju¢enim dugoro¢nim emisijama
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Comparing all three versions of connector, when
excluding long-term emissions, Terrestrial and Marine
ecotoxicity, and Human carcinogenic toxicity are the
major environmental impacts. In all three impact cate-
gories metal connector has by far (above 80 %) the
highest values. Comparing the two 3D-printed ver-
sions, PLA-wood connector has around 30 % lower
values than pure PLA connector. All three impact cat-
egories are defined by the use of electricity in 3D print-
ing and also by the raw material used, i.e. PLA.

In Characterization, all results are plotted on a
percentage scale.

The carbon footprint is the sum of greenhouse gas
emissions caused directly or indirectly by an organiza-
tion, product, service, or other activity that causes or
contributes to greenhouse gas emissions over a period of
time. It is defined in units of CO, equivalents (CO,e) (Le
Treut et al., 2007). Impacts are calculated per unit of
CO,e of the six major greenhouse gasses (GHGs). The
average of all these gasses causing global warming is
known as Global Warming Potential (GWP) and is usu-
ally given in the time frame of 100 years.

The 3D-printed alternatives showed (Figure 5)
62 % (PLA) and 73 % (PLA-wood) lower GWP than
the conventional metal part. However, the results of the
cradle-to-gate life cycle assessments suggest that the
3D-printed PLA alternative may cause greater environ-
mental impacts than the conventional products in some
impact categories — Stratospheric ozone depletion, Ma-
rine eutrophication, Land use and Water consumption.

In terms of LCA, 3D-printed PLA-wood and
PLA alternatives would be much more environmental-
ly friendly compared to conventional products, al-
though the environmental benefits might be insignifi-
cant from the manufacturer’s point of view.

3.2 Life cycle interpretation (LCI)

The aim of our case study was to determine with
a quantitative analysis whether a 3D-printed product
can be a sustainable alternative to the conventional
connector from the manufacturing and material point
of view.

3DP induces CO, emission reduction potentials
over the entire lifecycle of a product. The life cycle of
the connector component includes several phases, from
raw material production/acquisition to the end-of-life
phase of the connector. For each phase, the data from
literature is described to estimate the environmental
impacts throughout the connector life cycle.

The transportation of each material to the manu-
facturing site (which is assumed to be Slovenia) has
also been considered (and described previously in
subchapter “LCA analysis” of chapter Method and
Materials).

3.2.1 Raw material phase

In iron ore processing, substantial solid waste,
mainly slag, could be repurposed as secondary raw ma-
terials, aligning with circular economy principles. This
also applies to energy waste from steelmaking. The
most environmentally impactful stages are blast fur-
nace and coke oven operations, driven by energy con-
sumption and emission toxicity (Renzulli ez al., 2016).
Raw materials (coal, pulverized coal, iron ore) are
largely imported (Australia, South Africa, USA, Cana-
da, Venezuela, Brazil, Mauritania).

Despite high initial production impacts, metal ben-
efits from usage and end-of-life recycling, offsetting
compared to non-metallic alternatives. A cradle-to-gate
study is limited for LCAs involving metals, meanwhile
cradle-to-grave provides comprehensive insights (ISO
14040/14044) (Santero and Hendry, 2016).

Metal production averages 20-25 MJ (5550-6950
Wh)/kg (Low-tech magazine, 2023), 6 kWh in
SimaPro. Furthermore, crude PLA synthesis and fila-
ment conversion are considered, assuming 15 kg/hour
production with 1 kWh/kg consumption and no extru-
sion waste.

For PLA-wood chair connectors, wood benefits
(cost, renewability, recyclability, non-toxicity, reduced
plastic use) attract manufacturers as a filler. Wood, cost-
effective vs. petroleum/bioplastics, is combined with
polymers for diverse performance (Ayrilmis ez al., 2019).

In raw material stage, metal connectors show
higher environmental impact due to primary sourcing,
meanwhile PLA and PLA-wood use renewable sources
(plant-derived starch, trees).

3.2.2 Manufacturing phase

Observed sustainability challenges for the case-
studied part include: (a) material and process stand-
ardization, (b) limited speed and reliability of AM
technologies, (c¢) constrained quality and aesthetics of
products, (d) cost efficiency and energy efficacy en-
hancement at higher production volumes.

From a sustainability standpoint, AM’s additive
nature reduces waste compared to subtractive tech-
niques, despite potential higher energy intensity per
unit. AM’s make-to-order capacity aligns with better
overall performance and dematerialization due to in-
creased raw material utilization (Chen ef al., 2015).

AM’s direct production from 3D CAD models
eliminates tooling costs, promotes design sharing, cus-
tomization, and faster prototyping. Energy intake in-
volves electrical and material-based energy. AM’s
main environmental benefits over CNC machining are
less waste and lower pollution, especially from metal-
working fluids (Huang et al., 2013).
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While AM’s energy consumption can be higher
than conventional methods, benefits emerge from utili-
zation rates. Sharing machines reduces environmental
impact. Fused Deposition Modeling (FDM) shows
lowest environmental impact per part with both high
and low utilization (Ford and Despeisse, 2016).

3D printing’s energy consumption surpasses that
of injection molding, but it’s relatively low in FDM.
Material waste is minimized, but print time affects en-
ergy consumption. Lightweight 3D-printed designs re-
duce fuel costs during use (Gebler et al., 2014).

In terms of production costs, 3D printing intro-
duces shifts in the cost structure with a focus on ma-
chine costs. Material costs are case-specific but often
comprise a smaller portion, although 3D printing mate-
rials are costlier, they pay off due to higher material
efficiency (Reeves, 2008).

Comparatively, FDM 3D printing is cost-efficient
below a break-even point, making it optimal for spe-
cific production volumes (Hopkinson et al., 2006). 3D
printing generates less waste than conventional meth-
ods, but supports and failed prints contribute to post-
processing waste.

Hybrid manufacturing processes offer advantag-
es such as improved surface quality and shorter pro-
duction times. Integrating AM with traditional process-
es enhances these benefits (Ford and Despeisse, 2016).

3.2.3 Use phase

Concerning product use, the lightweight of a
3D-printed part must be highlighted. Both 3D-printed
parts are approximately 4 times lighter than original
metal part.

Optimized 3D-printed connectors were printed
from polylactic acid (PLA) and wood-plastic compos-
ite and tested in the Furniture Testing Laboratory ac-
cording to the requirements of the SIST EN 12520:2010
standard. The optimized 3D-printed connector made of
PLA material met the requirements of the standard, and
the connector made of wood-plastic composite did not,
as a fracture occurred.

Observed sustainability challenges for the case-
studied part are: (a) uncertain performance of product
and component due to low maturity of technology and
(b) uncertain performance of product and component
over a longer lifetime.

3.2.4 Repair and remanufacturing phase

Another important segment is that of spare parts.
If a part is broken and the replacement part is no longer
manufactured by the industry, the entire object needs to
be thrown away, resulting in various environmental
impacts. However, if the spare part can be printed, the
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object will last longer and the process time for repair is
reduced. This unequivocally contributes to sustainabil-
ity objectives by mitigating waste generation and con-
sequently reducing the associated carbon footprint.

Companies are beginning to discover the impact
of using AM technologies to extend product lifecycles
and close the loop (Ford and Despeisse, 2016).

3.2.5 End-of-life phase

In the end-of-life phase, metal’s negative envi-
ronmental impact turns positive due to its recyclability
advantage. The highest value recovery occurs locally
during manufacturing when unused AM material (pow-
der or resin) is reclaimed. One the other hand, approxi-
mately 95-98% of metal powders can be reused (Petro-
vic Filipovic et al., 2011).

Ford and Despeisse (Ford and Despeisse, 2016)
noted that AM can integrate in situ recycling to divert
waste to new applications. Simplified recycling sys-
tems are feasible with increased PLA use and reduced
plastic variety. PLA’s recyclability without quality loss
enables closed material loops (Chen et al., 2015).

‘Biodegradable’ materials decompose based on
conditions. Composting is a controlled process. Accord-
ing to EN 13432, ‘compostable’ means 90 % conversion
in industrial composting within 6 months. PLA degrades
rapidly under these conditions, but takes decades in the
wild, contributing to pollution (3Dnatives, 2023).

PLA degradation mechanisms include hydroly-
sis, thermal degradation, and photodegradation. Slow
ambient degradation is observed, and PLA persists in
certain environments (Bagheri ef al., 2017; Karaman-
lioglu and Robson, 2013).

AM enhances material recycling efficiency, rais-
es awareness, and promotes recycled material accept-
ance.

4 CONCLUSIONS

Industrial sustainability is a persistent priority,
with growing emphasis on enhancing production effi-
ciency and environmental harmony. Sustainable devel-
opment seeks to reduce the ecological impact of manu-
facturing, a pursuit achievable through AM.

The focal point of this case study revolves around
the comprehensive evaluation of diverse materials and
manufacturing methodologies employed in the fabrica-
tion of a chair connector, uniting four oak legs with the
seat component. This project aimed to assess the envi-
ronmental life cycle of 3D-printed parts comparing the
result with conventional metal part.

It was found that a metal part, manufactured with
conventional technologies, has a higher environmental
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impact compared to 3D-printed alternatives from re-
newable materials.

These observations are due to the fact that the 3D
printing uses significantly smaller amount of material
as it is an additive manufacturing- in other words, it
generates less waste during manufacturing, it is possi-
ble to optimize geometries and create lightweight com-
ponents that reduce material consumption during man-
ufacture and energy consumption during use, it reduces
transportation in the supply chain and an inventory
waste due to the ability to manufacture spare parts on
demand.

In addition, it was found that the material used
can strongly influence the environmental footprint in
other impact categories, leading to important trade-
offs. Challenges in AM with biodegradable materials,
such as wood composites, include processing issues
during extrusion and part fabrication, particularly with
respect to part dimensional stability and material brit-
tleness depending on the degree of stress on the wood
components, as well as effects on polymer crystalliza-
tion behaviour during processing (Gardner and Wang,
n.d.). In certain cases, the mechanical and physical
properties of the printed parts can approach the prop-
erty range of conventional wood composites such as
particleboard, fiberboard, and wood-thermoplastic
composites. With the proper incorporation of wood fib-
ers, nanocellulose and continuous fiber printing, this
could even be improved.

However, there is still an open question of PLA
material environmental impact. It is, nevertheless, a re-
newable material, derived from natural, plant-based
starch. Furthermore, it is advertized as biodegradable
although studies (Bagheri et al., 2022; Castro-Aguirre
et al., 2016; Karamanlioglu and Robson, 2013; Rez-
vani Ghomi ef al., 2021) show that its degradability is
either abiotic (with hydrolysis, thermal- or photo-deg-
radation) or very slow.

As for AM in general, it is still in its early stages
and requires further research to reduce material and
machine costs, create faster and more accurate printing
processes, and operate autonomously (Gopal et al.,
2023).

The case study of a wooden chair with three dif-
ferent connectors is based on several assumptions, and
future work (additional LCA analysis and comparison)
is needed to better understand the environmental im-
pact of 3D-printed products. This approach aligns with
the principles of the European Bauhaus framework, a
paradigm endeavouring to synthesize sustainability,
aesthetic considerations, and innovative approaches.
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ABSTRACT « Wood is one of the most important materials that has been used for several millennia. It is therefore
not surprising that wood plays an important role in the cultural and technical heritage of several European countries
and beyond. An excellent example of cultural and technical heritage is a wooden mill, almost 100-year-old, near
Cazin in Bosnia and Herzegovina. These mills played an important role, especially in times of Bosnian war (1992-
95), when this region was cut off from electricity. The microscopic analysis of the wood materials used in the mills
revealed that the mills were made of chestnut (Castanea sativa) and oak (Quercus sp.) wood. Sufficient durability of
these wood species resulted in good structural integrity of the mills. The surface of the wood materials in the mills
showed partial degradation patterns caused by weathering over the years. However, the interior parts of the wood
materials were intact probably due to smoke deposits from the open fireplace. It is suggested that the roofing in the
mills should be maintained regularly to prevent possible leaks to protect this heritage for future generations.

KEYWORDS: cultural heritage; technical heritage; wood; non-destructive assessment; decay

SAZETAK « Drvo Jje jedan od najvaznijih materijala koji se u industriji i graditeljstvu upotrebljava ve¢ neko-
liko tisucljeca. Stoga ne cudi da drvo ima vaznu ulogu u kulturnoj i tehnickoj bastini vise europskih zemalja.
Izvrstan primjer kulturnoga i tehnickog nasljeda drveni je mlin u blizini Cazina, u Bosni i Hercegovini. Takvi su
drveni mlinovi imali izrazito vaznu ulogu u ratnim vremenima, kada je na ovom podrucju bila prekinuta opskrba
elektricnom energijom. Mikroskopskom analizom utvrdeno je da su mlinovi najcesce izgradeni od drva pitomog
kestena (Castanea sativa) i drva hrasta (Quercus sp.). Dobra trajnost pojedinih vrsta drva od kojih su mlinovi
izgradeni rezultirala je njihovom dobrom strukturnom cjelovitos¢u. Povrsina drva promatranog mlina djelomicno
e oStecena vremenskim utjecajima. Interijer je zasticen od bioloske razgradnje zbog naslaga dima koji je dolazio
s otvorenog kamina. Vazno je naglasiti da kroviste drvenih mlinova treba redovito odrzavati kako bi se sprijecilo
potencijalno prokisnjavanje te bastina zastitila za buduce generacije.

KLJUCNE RIJECI: kulturna bastina, tehnicka bastina; drvo; nerazorna procjena; propadanje
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1 INTRODUCTION

Wood is subjected to biotic and abiotic degrada-
tion processes when used in outdoor applications (Ea-
ton and Hale, 1993; Hasan et al., 2008). In nature,
these processes are desirable and necessary as they
contribute to the carbon cycle and soil formation.
However, when wood is used for technical purposes
(constructions, bridges, buildings), the degradation
processes should be slowed down as much as possible.
Under favourable conditions, wood can become a nu-
trient for a variety of organisms that degrade one or
more components of the wood to the point where they
can metabolise them. Among biotic decomposers, fun-
gi cause the most damage, while insects cause some-
what less damage in temperate climates (Schmidt,
2006; Humar et al., 2020).

The intensity of decomposition of wood has in-
creased in the last decade due to climate change.
Wood, in similar applications, is decaying faster to-
day than it did decades ago. This difference is most
pronounced in Alpine valleys (Humar et al., 2021;
Van Niekerk et al., 2022). The main reasons for the
increased fungal decay intensity are higher tempera-
tures, milder winters and more precipitation in the
winter months (Humar et al., 2021).

Wood has been one of the most widely used ma-
terials by mankind in the course of its long evolution-
ary history. Wood has been used for structural applica-
tions and for decorative, ritual and religious purposes.
People’s close association with wood over thousands
of years has been embedded in the cultural heritage
made of wood and represents people’s lives and values
(Kim and Singh, 2016). Many of the historic objects
made of wood reflect the availability of wood and the
processing tradition as well as its natural origin and
beauty (Lo Monaco ef al., 2018).

The water mills in the Kovacevi¢i and Cazin area
are a testimony to the ingenuity and resourcefulness of
the local people in using the natural resources at their
disposal. These mills were used to grind wheat and
maize and provided the local population with flour and
other essentials. All the mills had been built by the lo-
cal communities of Corali¢i and Liskovac. The impor-
tance of these water mills cannot be overestimated, as
they had played a crucial role in the survival of local
communities, especially in times of war during WWII
and the Bosnian war (1992-95). However, the need for
water mills declined over time, and many were aban-
doned (Ceki¢, 2021). In Kovaleviéi, there are five
wooden mills, while in the Cazin area, there are ap-
proximately 50 such water mills.

They remain important for the cultural and tech-
nical heritage of Bosnia and Herzegovina. Each of
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these mills had its own name, reflecting local traditions
and culture. For example, “Vilenica”, one of the older
water mills in the area, was built by the local Kovacevic¢
family. Other mills were named after their location or
owners, such as Novak, Cardak, Mali mlin and Mlin
Slap. The construction of the water mills was crucial
for their functioning, as the water flow had to be regu-
lated to ensure enough energy to drive the millstones.
Most of the mills were built from local, durable wood
species such as sweet chestnut (Castanea sativa Mill)
and oak (Quercus sp.) (Ceki¢, 2021).

The chestnut and oak forests in Bosnian Krajina
are well known. They are widespread in the wider sur-
roundings of Cazin, Velika Kladusa, Buzim and part of
Bosanska Krupa. According to the forest inventory in
Bosnia, oak grows on more than 8000 ha and sweet
chestnut on 6000 ha of the forests in Una-Sana Canton,
providing natural material for a wide range of uses
(Federalna uprava za Sumarstvo, 2012). Oak and sweet
chestnut are ring-porous species with coloured heart-
wood. The sapwood is usually narrow. Large vessels in
the early wood are typical for oak (diameter over 200
um) and somewhat smaller for the sweet chestnut, and
radially oriented groups of small vessels in latewood.
In addition, rays are clearly visible in oak species,
while in sweet chestnut wood rays are visible only un-
der magnification (Wagenfiihr, 2014). Oak wood is tra-
ditionally used for the production of wooden struc-
tures, bridges, railway slippers, barrels and furniture
(Dogu et al., 2017). Oak wood is characterised by high
variability in durability and is therefore classified in
durability classes from DC 2 (durable) to DC 4 (less
durable) according to EN 350 (Brischke et al., 2013;
Meyer et al., 2014). The reason for the classification of
oak wood in low durability classes is related to the high
variability of the chemical and anatomical structure of
wood (Meyer et al., 2014). Part of the variability can
be related to the ring width. It is reported that the dura-
bility of oak with a ring width of less than 1 mm is
comparable to that of beech. The vessels dominate the
narrower sapwood with large lumens, which reduces
the effectiveness of water exclusion and durability
(Humar et al., 2008). On the other hand, sweet chestnut
is the most durable wood species in Europe, along with
black locust (Robinia pseudoacacia L.), with much
less variation in durability (Diamandis, 2010; Eichhorn
etal.,2017).

Oak and sweet chestnut wood is decomposed by
both white rot fungi (e.g. Donkioporia expansa (Desm.)
Kotlaba & Pouzar, Laetiporus sulphureus (Bull.) Mur-
till, Trametes versicolor (L.) Lloyd, Stereum hirsutum
(Willd.) Pers) and brown rot fungi (Daedalea quercina
(L.) Pers., Antrodia sp.) (Schmidt 2006). Insects that
attack older oak wood include Bostrychus capucinus L.
and Anobium punctatum De Geer. Ants (Formica sp.)
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have recently become more common on wood includ-
ing oak wood (Unger ef al., 2001; Humar et al., 2022).

After the end of the Bosnian war (1992-1995),
the need for water mills was no longer present and they
were abandoned. However, these mills have recently
become a symbol of Gracanica and the local communi-
ties. As they were not properly maintained after the
war, they started to deteriorate. Therefore, efforts have
been made to preserve and restore them for future gen-
erations. Thus, it is necessary to determine their condi-
tion in order to prepare recommendations for conserva-
tion and protection for future generations. Moreover,
the mills are an excellent example to study the perfor-
mance of wood in harsh environments.

2 MATERIALS AND METHODS
2. MATERIJALI | METODE

The analysis was carried out at one single mill
(Figure 1) founded at the entrance to the gorge of the
Gracarica River near the village of Kovacevici (GPS co-
ordinates: 45.020898, 15.871152), whilst there are sev-
eral other mills at this location. The investigated mill is
a representative example of traditional architecture and
construction. It was powered by water as the region was
cut off from the leading electricity grid during the war in
the 1990s. The wooden mill in question was built in the
early 1930s and rebuilt after the floods of 1962. The ma-
jority of the construction is almost 100 y old. In the 60s
the roofing, water wheel and water channels were re-
built. The analysis of the mill described in this paper
was carried out on November 16, 2022.

Fungal spore concentrations found in the air were
determined at four sites: two indoors and two outdoors.
The control was outdoor air. PDA (Potato Dextrose
Agar) medium (Difco) was used as the medium. Name-
ly, 100 L air samples were taken. MAS-100 VF sam-
pler from Merck was used. After sampling, the media
plates were sealed with parafilm and incubated at 25 °C

Figure 1 Water mill in the area of Kovacevici
Slika 1. Vodeni mlin u naselju Kovacevici

in a dark climate chamber. The plates were inspected
daily and after 72 hours the colonies grown were iden-
tified and the number of colony forming units (CFU)
per m* (CFU/m?) was calculated. The presence of
spores was determined, and only the crucial individual
species were identified.

The moisture content of the wood in the water-
mill was determined using an electrical resistance me-
tre from GANN (Gann GmbH, Gerlingen, Germany),
which allows measurement of wood moisture content
between 6 % and 60 % (Otten et al., 2017). The mois-
ture content of the wood was determined as usual in
wood technology (the ratio between the weight of wa-
ter and the weight of the wood in an absolutely dry
state, expressed in %).

Wood degradation was assessed using an IML
PD500 resistograph (IML Instrumenta Mechanik La-
bour System GmbH, Wiesloch, Germany) based on the
recording of the drilling resistance. A hole was drilled
into the wood with a tiny drill with a diameter of 2 mm
and the resistance of the material to drilling was re-
corded. The method is based on the fact that less ener-
gy is needed to drill a hole in decayed wood than in
sound wood. If the device does not record the resist-
ance, the wood is heavily decomposed (Sharapov et
al., 2019). Alternatively, non-recording of the drilling
resistance could also be the result of cracks, holes or
other voids.

The mechanical properties of the wood were de-
termined non-destructively. The speed of sound was
determined using a device manufactured by Fakopp
Microsecond timber. Two electrodes were driven into
the wood at a distance of 500 mm. Then the emitting
electrode was tapped with a 100 g steel hammer and
the transit time of the sound was determined. From the
distance and time, the sound transmission was deter-
mined. Based on the wood density and sound transmis-
sion data, the dynamic modulus of elasticity was calcu-
lated according to Eq. 1.

dMoE = p xV? (1)
Where:
dMOoE — dynamic modulus of elasticity, MPa,
v —sound velocity, m/s
p — density, kg/m?>.

It should be noted that the dynamic modulus of
clasticity is, as a rule, consistently higher than the stat-
ic modulus. Dynamic determination of the modulus of
elasticity, compared to static determination, usually
gives about 10 % to 20 % higher values (Chauhan and
Sethy, 2016). Measurements were performed on the ar-
eas without cracks, knots and growth anomalies with
parallel fibre orientation.

At selected sites, density was determined indi-
rectly by the screw withdrawal technique. A screw with
a diameter of 3 mm and a depth of 15 mm was screwed
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into the wood with a screwdriver. The maximum force
required to extract the screw was determined using a
Screw Withdrawal Resistance Meter (Fakopp Enter-
prise Bt). The screw extraction force correlates well
with the mechanical properties and is a good indicator
of the initial, invisible stages of decay (Xue et al.,
2019).

In addition, four samples were isolated from the
mill at representative locations, as presented in Table 1.
These samples were examined in detail in the labora-
tory, as described below. Microscopic analysis was
performed using an Olympus DSX1000 digital micro-
scope (Olympus, Tokyo, Japan). The surface area and
cross-section of the selected samples were analysed.
Before the microscopic analysis, the transverse xyl-
otome plane was prepared using a GSL 1 sliding mi-
crotome (Kiinten, Switzerland). The analysis was per-
formed under mixed illumination (light and dark field).

Wood density was determined using a GeoPyc
device (Micrometics, Norcross, USA), which allows
accurate volume measurement with a dry, flowable me-
dium made of a mixture of very small graphite parti-
cles and ceramic microspheres. The oven-dry mass of
the samples was determined before the measurement.
The measurements were performed on absolutely dry
wood, as the system is best suited for determining the
density of wood in the absolutely dry state, where the
moisture content of the sample does not change (Arni¢
etal.,2021; Humar et al., 2022).

Quantitative elemental analysis was also per-
formed on isolated samples. The inorganic elemental
content of the samples was determined using an XRF

imm

eem——
A)

TwinX X-ray fluorescence spectrometer manufactured
by Oxford instruments (Abingdon, UK). Measure-
ments were performed with a PIN detector (U= 26 kV,
I=112 pA, t=360s).

3 RESULTS AND DISCUSSION
3. REZULTATI | RASPRAVA

Microscopic analysis revealed that the mill in
question consists predominantly of sweet chestnut (C.
sativa) and European white oak (Quercus sp.) (Figure
2). The ring-porous structure is clearly visible in the
images (Figure 2). The presence of the wide parenchy-
ma rays distinguishes the oak from the sweet chestnut
(Wagenfiihr, 2014).

The use of chestnut and oak wood in the con-
struction of the mills indicates that part of the local
population was aware of the importance of the use of
durable wood species in harsh conditions with high
relative humidity. Chestnut and oak wood are known
for their durability and resistance to fungal decay
(Brischke et al., 2013). This made them an ideal mate-
rial for building the mills and ensured that the structure
would last for many decades.

The assessment of the timber in the mill was car-
ried out in November 2022. The outside temperature at
the time of the visit was 13 °C, and the relative humid-
ity was between 75 % and 85 %. It should be noted that
the mill is located near running water, so high relative
humidity is to be expected. The high relative humidity
resulted in a relatively high moisture content (MC) of
the wood (Figure 3). The MC of the object varied be-

B

H
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Figure 2 Cross-section of sweet chestnut (C. sativa) (A) and oak (Quercus spp.) wood sample (B); cross-section holes are

caused by insect damage

Slika 2. Poprecni presjek uzorka pitomog kestena (C. sativa) (A) i hrasta (Quercus spp.) (B). Rupe na popreénom presjeku

oStecenja su nastala djelovanjem insekata.
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Figure 3 Wood moisture content at various locations in
water mill (n = 10)

Slika 3. Sadrzaj vode u drvu na razli¢itim mjestima u
vodenome mlinu (n = 10)

tween 20.0 % and 36.3 %. The highest individual and
average moisture content was determined on the log
that was adjacent to the ground and thus exposed to
splash water. The average MC decreased with increas-
ing distance from the ground. Relatively high MC was
determined on the roof elements caused by roof leak-
age. Although the roofing was still not degraded.

The key question in connection with MC is: What
is the limiting MC for fungal decay? Fungi can decom-
pose wood if the MC is above a certain limit. A wide
range of data is available in the literature. The first set
of data states that the limits of MC depend primarily on
the fungal species. For example, Schmidt (Schmidt,
2006) reported that the minimum MC of wood varies
between (30 %) (Fibriporia vaillantii (DC.) Parmasto
and Gloeophyllum trabeum (Pers.) Murrill) and 25 %
(Coniophora puteana (Shum.: Fr.) P. Karst and Serpula
lacrymans (Wulfen) P.Karst). However, new data indi-
cate that MC limits for fungal growth also depend on
the fungal species and wood species. For example, the
limit MC for the decay of G. trabeum on Scoots pine
sapwood is 16 %. However, it should be borne in mind
that such low-limit values are only possible if the water
source is nearby. On the other hand, the limiting mois-
ture content of oak wood varies between 23.0 % (Coni-
ophora puteana) and 33.8 % (Trametes versicolor)
(Meyer and Brischke, 2015). Unfortunately, limit MC
data are not available for sweet chestnut wood. As can
be seen in Figure 3, the MC in the respective mill is
above the threshold value in several places. It was
found that the critical dose (number of days with MC
suitable for wood decay) corresponding to incipient
decay can be seen as more or less independent of the
wood species. The critical dose was found to be around
325 days with favourable conditions for fungal decay
(Isaksson et al., 2013).

One of the prerequisites for fungal infestation is
the presence of fungal spores. Therefore, the spore

Figure 4 Fungal conidia that developed from collected
spores belonging to genus Penicillium

Slika 4. Konidije gljivica koje su se razvile iz nakupina
spora roda Penicillium

concentration in the mill (1625 CFU/m?) and before
the mill (3480 CFU/m?) was determined. Usually, be-
tween 360 and 1230 CFU/m? are reported in the air
(Flores et al., 2014). As higher values are reported in
the vicinity of the mill, this indicates the potential of
the fungus in the environment. From the microscopic
analysis, it can be concluded that the majority of the
colonies identified belong to the genus Penicillium
(Figure 4). Penicillium is a genus of ascomycetous
fungi that is part of the mycobiome of several species
and is of great importance in the natural environment.

However, in addition to moulds, wood-destroy-
ing fungi have also been identified. Secondary myce-
lium with clamps was found in the vessels of oak wood
(Figure 5A). This type of mycelium is characteristic of
basidiomycetes, which usually cause decay of wood
(Schmidt, 2006). In addition, pink slime moulds were
present on the wood surface (Figure 5B). These fungi
typically occur on surfaces in high relative humidity
environments (Eaton and Hale, 1993).

The outer part of the logs exposed to weathering
was grey (Figure 1). Loose cellulose fibres can be seen
on the microscopic image. The surface of the wood ab-
sorbs light due to the presence of lignin. As a result of
UV irradiation, the lignin is degraded and leached from
the surface layers. Loose cellulose fibres remain on the
surface resulting in the silver-grey colour of weathered
wood (Kropat et al., 2020). No blue colouration was
observed in oak and sweet chestnut wood. The pres-
ence of extractives seems to limit the growth of blue
stain fungi on the wood surface (Vek et al., 2019).

The density of the wood corresponded to the in-
formation found in literature. The average density of
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Figure 5 Secondary, clamp fungal mycelium in oak wood vessel (A) and slime fungus growing on wood surface (B)
Slika 5. Sekundarni micelij stezaljke u traheidi hrastovine (A) i sluzava gljiva koja raste na povrsini drva (B)

Figure 6 Presence of loose cellulose fibres on weathered
wood surface

Slika 6. Gubitak celuloznih vlakana na povrsini drva
izlozenoga vremenskim utjecajima

oak logs was 778 kg/m?, while the density of sweet
chestnut was slightly lower (590 kg/m®). These values
are in agreement with the literature data for both spe-
cies. The literature shows that the density of oak varies
between 390 kg/m?® and 930 kg/m? (Wagenfiihr, 2014).
A high density indicates that the wood has not been
degraded. Furthermore, it is generally assumed that
density has a positive influence on durability within the
same ring-porous species. Denser wood is more dura-
ble than wood with lower density (Brischke et al.,
2013). The density determined in the laboratory agrees
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Figure 7 Density of mill sweet chestnut (CaSa) and oak
(Qu) wood determined in laboratory (n = 5)

Slika 7. Laboratorijski odredena gusto¢a drva pitomog
kestena (CaSa) i drva hrasta (Qu) od kojih je mlin izgraden
(n=35)

with the density determined during screw withdrawal
(787 kg/m?). This evaluation proves that only high-
quality material was used for the respective construc-
tion. The high quality of the wood is reflected in the
dynamic modulus of elasticity (dMoE). The dynamic
modulus of elasticity was only determined on oak logs.
The average dMoFE of oak logs was 14.0 GPa. This is
consistent with literature data for the static MoE of oak
logs, which range from 10.0 GPa to 13.2 GPa. As men-
tioned earlier, the dMoFE is always higher than the stat-
ic MoE (Chauhan and Sethy, 2016). This is evidence of
good structural integrity of the logs in the studied work.

The analysis of the wood with the resistograph
confirmed previous studies. Twenty-six resistograph
measurements were taken. Signs of rot were only found
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Figure 8 Resistograph profiles of non-decayed and decayed beam in the analysed mill
Slika 8. Profili rezistografa neraspadnute i raspadnute grede u analiziranome mlinu

at one point in the roof structure. This is consistent
with the measurements of MC and is probably a result
of roof leakage. The logs were not decayed. Only the
outer surface was partially softened, probably due to
weathering (Figure 8). The outer part of the logs was
partially degraded due to the presence of the less dura-
ble sapwood, which was partially degraded by beetles
of the genus Anobium (Figure 9). Anobium beetles are
common in old constructions of wet hardwood (Unger
etal.,2001).

Insect galleries were mainly found on the outside
of the structure. The interior was at least partially pro-
tected by smoke deposits. The chimney without a flue
was located inside the mill. The smoke could therefore

i3

400pm

__‘

Figure 9 Insect hole in sweet chestnut wood filled with
debris typical for beetles from genus Anobium

Slika 9. Rupe od kukaca u drvu pitomog kestena ispunjene
ostatcima tipi¢nima za kornjase iz roda Anobium

casily spread over the entire volume of the building
and escape through the opening in the roof. It should be
remembered that the mills also operated at night, so the
fire was the source of light and heat. Rahmat and co-
workers (2020) reported that condensed gases from
wood burning have fungicidal effect. As can be seen
from the XRF spectra of the corresponding deposits,
they contain high concentrations of iron (Fe), sulphur
(S), chlorine (Cl), cadmium (Cd) and manganese (Mn).
These elements are assumed to have originated from
the corrosion of metal roof and smoke (Humar, 2010).
However, it should be noted that these deposits were
present only on the interior side of the beams.

Figure 10 Deposits on oak beams surface in mill interior
Slika 10. Naslage na povrsini hrastovih greda u
unutras$njosti mlina
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Figure 11 Representative XRF spectra of wood from mill interior
Slika 11. Reprezentativni XRF spektri drva iz unutrasnjosti mlina

4 CONCLUSIONS
4. ZAKLJUCAK

The oak and sweet chestnut wood in the mill ex-
amined is in quite good condition, as revealed by mi-
croscopic and mechanical analysis. The decay is limit-
ed to the sapwood and some other exposed elements.
The main reason for the good condition of the respec-
tive building is the use of durable wood species and
good construction. Respective mills offer a great op-
portunity to monitor the performance of wood in a re-
alistic environment. To protect the respective mills for
future generations, the roof should be maintained regu-
larly to avoid possible leaks. The respective mill con-
firms that wooden structures can last for decades if
proper wood is selected for the application, and protec-
tion by design measures is fully considered.
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ABSTRACT -« The fast-growing species of Populus deltoides is of significant commercial importance to the
Indian wood merchants. Despite its abundant availability and better treatability, the use of P_deltoides is limited
due to its perishable nature. Heat treated and chemically modified Populus deltoides L. was thus explored for
dimensional stability and biological durability to commercialise its use. Chemical modification was performed
using a combination of citric acid and sodium hypophosphite. Heat treatment was done in a laboratory oven in
air at 140 °C for 8h. Both chemically modified and heat-treated samples exhibited improvements in dimensional
stability and biological durability in comparison to the untreated control sets. Chemical modification resulted in
better dimensional stability. Anti-swelling efficiency of Populus deltoides was 2-2.5 times more for the chemically
modified set compared to heat treatment in both radial and tangential divections. Chemically modified set became
significantly more resistant to biodeterioration showing 5 times less mass loss by termites, whereas controls and
heat-treated sets returned loss percentages which were comparable. Soil block bioassay with Trametes versicolor
(TV) exhibited mass loss of 9.46 % for chemically modified samples, 40.26 % for heat treated samples and 50.02 %
for the untreated controls, respectively. Rhodonia placenta (OP) followed a similar trend with mass loss of chemi-
cally modified set being 5.72 % and heat-treated set being 37 %, respectively, with the controls showing 43.85 %
mass loss. Mass loss exhibited by the heat-treated samples were less than the controls, but the values suggested
that heat treatment at 140 °C for 8 h failed to impart any substantial resistance against rotting fungi and termites.

KEYWORDS: biological durability; chemical modification; dimensional stability; heat treatment

SAZETAK « Brzorastuéa vrsta Populus deltoides ima veliku komercijalnu vaznost za indijske trgovce drvom.
Unatoc¢ velikoj dostupnosti i dobroj obradivosti, upotreba drva P._deltoides ogranicena je zbog njegove slabe
trajnosti. Stoga je radi bolje komercijalizacije drva Populus deltoides L. istrazen utjecaj toplinske i kemijske mo-
difikacije na njegovu dimenzijsku stabilnost i bioloSku trajnost. Kemijska modifikacija provedena je kombinacijom

" Corresponding author
! Authors are researchers at Forest Research Institute, Dehradun, India. https://orcid.org/0000-0002-8238-8023; https://orcid.org 0000-0001-9190-2621; https://
orcid.org 0000-0003-1289-7161

) DRVNA INDUSTRIJA 75 (1) 69-78 (2024) 69



Samani, Ganguly, Kumar Hom, Sharma: Comparative Study on Dimensional Stability and Biological Durability of Poplar...

limunske kiseline i natrijeva hipofosfita. Toplinska modifikacija u trajanju od osam sati obavljena je u laboratorij-
skom susioniku pri 140 °C, uz prisutnost zraka. Kemijski i toplinski modificirani uzorci drva pokazali su bolju di-
menzijsku stabilnost i biolosku trajnost od nemodificiranih kontrolnih uzoraka. Kemijska modifikacija rezultirala
Jje i ve¢com dimenzijskom stabilnoscéu. Ucinkovitost u sprecavanju bubrenja drva Populus deltoides bila je 2 — 2,5
puta veéa u kemijski modificiranih uzoraka nego u toplinski modificiranih uzoraka, i to u radijalnome i tangen-
cijalnom smjeru. Kemijski modificirani uzorci drva postali su znatno otporniji na biolosko propadanje i pokazali
su pet puta manji gubitak mase pri djelovanju termita nego toplinski modificirani i nemodificirani uzorci. Test s
Trametes versicolor (TV) pokazao je gubitak mase od 9,46 % za kemijski modificirane uzorke, 40,26 % za toplinski
modificirane uzorke i 50,02 % za nemodificirane uzorke. Za test s Rhodonia placenta (OP) uocen je slican trend
gubitka mase, koji je za kemijski modificirane uzorke iznosio 5,72 %, za toplinski modificirane uzorke 37 %, a za
nemodificirane uzorke 43,85 %. Gubitak mase toplinski modificiranih uzoraka drva bio je manji od gubitka mase
nemodificiranih uzoraka, ali su vrijednosti pokazale da se toplinskom modifikacijom pri 140 °C tijekom osam sati

nije uspjela postic¢i znacajna otpornost protiv gljiva truleznica i termita.

bioloska trajnost; kemijska modifikacija; dimenzijska stabilnost; toplinska modifikacija

1 INTRODUCTION

The use of wood is abundant in modern life and is
often promoted due to its natural origin, aesthetic ap-
peal, and ability to sequester carbon in service. Despite
being preferred over other construction materials, the
use of wood is often limited due to its inherent properties
like bio deterioration, poor dimensional stability (DS)
and fire susceptibility, which are highly undesirable in
service (Hom et al., 2020a). Treating wood with several
chemicals can make its performance more acceptable
and enhance its durability. However, these may contain
some biocides often associated with environmental con-
cerns and health hazards. With the level of environmen-
tal pollution from other sources reaching extremes, re-
strictions on the use of such chemicals have been
proposed by the environmentalists. Many countries have
already banned the use of formulations containing chro-
mium, arsenic and pentachlorophenol, which has result-
ed in intensified research on more eco-friendly practices
(Hill 2006; Ganguly, 2018; Ganguly ef al., 2020)

Wood modification is a new approach to overcome
one or more such disadvantages associated with wood
by means of altering the physical and chemical proper-
ties of the material to enhance its performance and dura-
bility in service (Rowell, 2006; Sandberg et al., 2017,
Samani et al., 2019; 2020; Ganguly et al., 2021). Chem-
ical modification (CM) of wood offers a viable good al-
ternative to conventional wood preservation. Chemical-
ly modified wood is expected to be more dimensionally
stable, more durable against blue stain and rot fungi, and
more resistant to UV radiation than unmodified wood
(Hom et al., 2020b). Chemical modification of wood is
an efficient way to improve dimensional stability (DS),
Biological Durability (BD) and UV resistance, which is
particularly interesting in service. This has been estab-
lished through various studies using different chemicals,
and their negative impacts on wood and the environment
were also discussed at length (Singh et al., 1979; Row-
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ell, 1982; Kumar and Agarwal, 1983; Kumar and Kohli,
1985; Matsuda, 1987; Kumar et al., 1991; Donath et al.,
2004; Hansmann ef al., 2005; Hom et al., 2020b). Acetic
Anhydride was found to be the most suitable reagent for
chemical wood modification through acetylation (Singh
et al., 1992; Mantanis, 2017), although most of the re-
searchers reported a net loss of more than 50 % of the
reagent due to formation of acetic acid, which may af-
fect the strength of wood and increase corrosiveness to
metal fittings. Chemical modification by DMDHEU (1,
3-dimethylol-4, 5-dihydroxyethyleneurea) had report-
edly increased dimensional stability of wood up to 50-60
% (Despot et al., 2008) and increased durability of mod-
ified wood (Videlov, 1989; Ashaari ef al., 1990; Militz,
1993; Yusuf et al., 1994), although formaldehyde re-
lease is an associated problem (Katovi¢ and Soljacic,
1988). Heat Treatment (HT) is also known to impart di-
mensional stability to wood but varies from species to
species (Militz, 2002) and is different in different direc-
tions. The dimensional stability, thus induced, is primar-
ily due to the reduced hygroscopicity and subsequent
decreased Equilibrium Moisture Content (EMC) of heat
treated wood (Esteves and Pereira, 2009). Tjeerdsma et
al. (1998) mentioned a possibility of the loss of methyl
radicals of some guiacylic and syringylic units of lignin
leading to the increase of phenolic groups and propor-
tion of free ortho positions, which results in the increased
dimensional stability of heat-treated wood.

Inhibiting wood affinity towards water should be
the fundamental step in protecting it against rapid de-
cay and subsequent distortion. This is highlighted in
the research on wood modification, which sheds light
on non-biocidal modes of action, such as water exclu-
sion efficacy (Winandy and Morrell, 2017), anti-swell-
ing efficiency (ASE) and dimensional stability (Hom et
al., 2020b). CM is known to improve decay resistance
of wood (Hill et al., 2005; Hill, 2006; Rowell et al.,
2008). The use of citric acid (CA) for wood preserva-
tion and chemical modification is well known and can
be traced back to the first part of the last decade. Wood
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modified by CA and cured by temperature or by micro-
waves showed improved dimensional stability. As a
raw material, CA is easily affordable and adheres to
strict ecological and environmental requirements. Wa-
ter is used as a solvent during CM of wood with CA,
which also makes it a cost-effective alternative to wood
preservatives. CA modified wood was reported for its
enhanced BD (Hasan et al., 2006, 2007; Despot et al.,
2008; Sefc et al., 2009; Treu et al., 2020). Heat treat-
ment of wood at higher temperatures has also been re-
ported to become significantly durable by Dirol and
Guyonnet (1993). Kim et al. (1998) further concluded
that heat treatment at higher temperatures and longer
duration imparts more resistance to fungal decay than
it does at lower temperatures and exposure durations.

The fast-growing species of Populus deltoides
(PD) is of significant commercial importance to the In-
dian wood merchants due to its rapid use for various
purposes and is an integral part of the agroforestry sys-
tem in the country. Previous studies of this species as-
certained that the wood of poplar is of non-durable
nature and is susceptible to the attack of Trametes ver-
sicolor (Casado-Sanz et al., 2019).

Keeping in mind the above cited literatures, the
present study was conducted on highly perishable pop-
lar wood in order to assess and evaluate the impact of
chemical modification and heat treatment on its dimen-
sional stability and biological durability, which may
give an indication to its performance in service in both
indoor and outdoor conditions. The primary aim of this
study was to commercialise the use of poplar, a sec-
ondary timber species in Indian wood sector by making
it more durable and less prone to damage due to mois-
ture induced movements in wood.

2 MATERIALS AND METHODS
2.1 Sample preparation and treatments

Logs of Populus deltoids of 183 cm in length were
procured from the Forest Range office of Forest Re-
search Institute, Dehradun, India. Logs were converted

Table 1 Chemical treatments and sample distribution
Tablica 1. Kemijski tretmani i distribucija uzoraka

into planks of full length. The dimensions of the planks
were 182 cm x 25.4 cm x 9 cm. Samples of dimensions
of 50 mm x 50 mm x 50 mm for dimensional stability
test and 19 mm x 19 mm % 19 mm for soil block assay
were prepared from seasoned planks. For termite mound
test (TeMoT), the sample size was maintained as 100
mm X 25 mm X 6 mm. Defect free samples were chosen
for the study and samples were prepared parallelly from
the same part of the board. In total 3 sets of samples
were prepared, with each set having 6 replicates for DS,
SBA and TeMoT (Table 1). The first set (T1) was treated
with CA (6.9 %) and SHP (6.5 %). The samples were
treated by giving an initial vacuum of 30 mm of Hg
(4kPa) for 10 min, and then the vessel was filled with the
treating solution. Samples were maintained under the
same vacuum for 3 h. Vacuum was released after 3h and
samples were allowed to remain soaked in the solution
for 18 h under atmospheric pressure (Despot et al.,
2008). After completion of impregnation cycle, samples
were removed from treating solution, air dried for 48h at
room condition and kept in the laboratory oven at
140 °C for 8 h. The second set (T2) was kept in the oven
at 140 °C for 8 h to see the effect of heat treatment. This
was done to explore a cost-effective potential solution to
an otherwise cumbersome method of heat treatment.
The third set (T3) was made of control samples without
any treatment (Table 1).

2.2 Weight percent gain (WPG)

The weight percent gain (WPG) of the specimens
after chemical modification and heat treatment (Loss)
was calculated by:

WPG =W W)/ W x100 (1)

Where, W and W, are oven dried (OD) weights of
unmodified and chemically modified and heat-treated
samples, respectively.

2.3 Water immersion

2.3.1 Dimensional stability (DS)

DS was determined by comparing the total volu-
metric swelling (V'S) of treated and control samples. The

S. Treatment Chemical reagents Species: PD / Vrste: PD Total
No. Tretman Kemijski reagensi DS | SBA | TMT | RS | TS | VS | Ukupno
| T1 Citric acid (6.9 %) and sodium hypophosphite (6.5 %) 6 6 6 6l6le 36

(CA 6.9+SHP 6.5) | limunska kiselina (6,9 %) i natrijev hipofosfit (6,5 %)
T2 Heat treatment 140 °C for 8 h
2 (Heat) toplinska modifikacija pri 140 °C tijekom 8 h 6 6 6 6166 36
3 13 Control / kontrolni uzorak 6 6 6 6 | 6|6 36
(Control)
Total / ukupno 18] 18 18 | 18 | 18 | 18 | 108

R —Radial, T — Tangential, V — Volumetric, S — Swelling coefficient (e.g., RS — radial swelling coefficient)
R — radijalno, T — tangencijalno, V — volumetrijski, S — koeficijent bubrenja (npr. RS — radijalni koeficijent bubrenja)
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samples of all sets were oven dried at (103+2) °C for 24
h, and oven dried weight and initial dimensions were
recorded. Swelling was determined by a water immer-
sion test. All samples were submerged in distilled water
and kept under vacuum (30 mm Hg/ 4 kPa) for 30 min-
utes and allowed to soak for 24 h under atmospheric
pressure (Sefc et al., 2009). Weight and dimensions of
saturated samples were recorded. Swelling coefficient
(S) was calculated using the following Eq.
S (%) =V -V )V <100 2)
Where, V_is the volume of soaked sample and V|
is the volume of oven dried sample.
ASE (%) =(S,—S,) /S, > 100 3)
Where, S and S, are swelling coefficients of un-
modified and modified wood samples, respectively.

2.3.2 Water exclusion efficiency (WEE %)
2.3.2. Ucinkovitost odbojnosti drva prema
vodi (WEE %)

WEE was calculated using the following method:
WEE (%)= (W_-W)/ W_x 100 4)
Where, W_is water absorbed by untreated controls
in g and W, is water absorbed by treated samples in g.

2.4 Soil block bioassay (SBA)
2.4. Ispitivanje bioloSke trajnosti (SBA)

2.41
2.4.1.

Test fungi and specimens
Ispitne gljive i uzorci

One brown rot, Rhodonia placenta (Fr.) Niemeld,
K.H. Larss. & Schigel (OP) (FRI Culture No. 180) and
one white rot, Trametes versicolor (L.) Lloyd (TV)
(FRI Culture No. 651) fungi were selected for the SBA
study (IS 4873:2008). Fresh cultures of the fungi were
obtained from the collection of Forest Pathology Disci-
pline of Forest Research Institute, India for research
purposes. The test blocks of size 19 mm x19 mm x19
mm and the feeder blocks of size 4 mm x19 mm %35
mm were prepared along the length of grain. The feed-
er blocks were prepared from sapwood of Bombax
ceiba. The test blocks were oven dried at (103+2)
°C for 24 h and then conditioned at 75 % RH till con-
stant weights (W) were achieved. W, was considered
as the weight before incubation.

2.4.2 Preparation of soil culture bottles
2.4.2. Priprema posuda s hranjivom
podlogom

Sieved, air-dried garden soil (125 g), having pH
5.0-7.0, was filled (compacted by tapping) in screw
capped bottles. Distilled water (44 ml) was added to
the bottles to obtain 130 % of water holding capacity of
soil in test bottles. Two feeder blocks of size 4 mm X 19
mm x 35 mm were placed directly on the surface of the
soil. The prepared bottles with caps loosened were
sterilized in an autoclave at a pressure of 98066.5 Pa
for 30 min prior incubation.
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2.4.3 Preparation of test culture
2.4.3. Priprema ispitne kulture

Sterilized culture bottles were cooled and the
fungus inoculum from freshly grown culture, approxi-
mately 8-10 mm in diameter, was placed on the edge of
the feeder blocks in culture bottles. The inoculated
bottles were incubated in B.O.D. (Biochemical oxygen
demand) with slightly loosened lids at (25+2) °C and
(70+4) % relative humidity (RH) for approximately 3
weeks, till the feeder blocks were completely covered
by the test fungi.

2.4.4 Incubation of test blocks in culture
bottles
2.4.4. Inkubacija ispitnih blokova u

posudama s kulturama

Two blocks were placed on feeder blocks in con-
tact with mycelium along the cross-section face in each
culture bottle. The bottles containing the test blocks
were incubated for a period of 12 weeks in the incuba-
tor maintained at (25+2) °C and a RH of about (70+4)
%. At the end of the incubation period the blocks were
removed from the culture bottles, cleaned off from the
adhering mycelium with a soft tissue and dried at room
temperature for 3-4 days. Subsequently the blocks
were again dried in a hot air oven at (103+2) °C for 24
h and then conditioned at 75 % RH till the constant
weights (W) were obtained.

2.5 Calculation of mass loss (ML)
2.5. lzracun gubitka mase (ML)

ML (%) was calculated from the conditioned
weight of the blocks before and after SBA.
ML (%) = (W -W,)/W % 100 (%)
Where, W, is the conditioned weight of the blocks
before test, and W, is the conditioned weight of the
blocks after test.

2.6 Termite mound test (TeMoT)
2.6. Ispitivanje otpornosti drva na djelovanje
termita (TeMoT)

TeMoT was conducted as per Shukla (1977).
CM, HT and control blocks were buried at different
places inside a termite mound of Odontotermes obesus
(rambur) at the beginning of the month of May. Blocks
were removed from the mound in November when the
activity of termites almost ceased due to fall in tem-
perature. The blocks were examined for termite attack
and reinstalled in next May to have exposure to ter-
mites for two successive termite seasons. Blocks were
cleaned of mud and debris and evaluated visually to
ascertain and quantify damage by termites. Efficacy of
treatments in terms of protection against termites was
evaluated by ML % (wood consumed) as reported by
previous researchers (Shukla, 1977; Kumar and Dev,
1993) (Table 2).
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Table 2 Classification of wood into various resistance
classes after TeMoT

Tablica 2. Klasifikacija drva u razlicite klase otpornosti
prema TeMoT-u

ML, Termite resistance class
% Klasa otpornosti na termite
0-6 Very resistant (Class I) / vrlo otporno (klasa 1)
7-16 Resistant (Class II) / otporno (klasa II)
17-30 Moderately resistant (Class IIT)
srednje otporno (klasa 111)
31-50 Poorly resistant (Class [V+)
slabo otporno (klasa IV+)
zéoavlzd Perishable (Class IV-) / neotporno (klasa 1V-)

2.7 Statistical analysis

Statistical analysis was done using SPSS (Ver-
sion 16) software package (IBM, Chicago, USA). The
mean, standard deviation and standard error of mean
(SE) were calculated, and ANOVA was performed.
Duncan Analysis was performed further to compare
the means statistically at 95 % significance level.

3 RESULTS AND DISCUSSION

The results of the overall study are presented in
Table 3 and 4 and Figures 1, 2 and 3. Chemical modifi-
cation (CM) showed better dimensional stability and
biological durability over heat-treated (HT) and con-
trol samples. WPG of chemically modified samples
were satisfactory and comparable with previous stud-
ies and provided enough resistance to fungi and ter-
mites (Larnoy et al., 2018) The treatment methods cho-
sen might have added to the modification as CA cured
better when it was followed by curing at high tempera-
tures (Larngy et al., 2018). For HT samples, a cheap
alternative was explored by trying to modify the sam-

ples in oven at a relatively lower temperature. Heat
treatment (HT) by this method was fairly successful
and HT sets performed marginally better, but the per-
formance was not up to the mark and further research
should be carried out.

3.1 Dimensional stability (DS)

A 12 % increase in weight observed by CM was
due to substitution of OH groups of the cell wall by
citric acid cross linking (Lee et al., 2020), while HT
causes a loss in weight. Similar weight loss (1.5 % at
180 °C for 4 h) was observed in previous studies (Alén
et al., 2002). Stamm, (1956) showed that wood heated
in the presence of oxygen causes degradation of wood
more rapidly than wood heated in an oxygen-free at-
mosphere, which was also reported by Mitchell (1988).
Weight loss occurs to a higher extent in hardwoods as
compared to softwoods (MacLean, 1951, 1953; Hills,
1975; Hill et al., 2021). Mass loss was 2-3 % higher in
hardwoods than softwoods treated under identical con-
ditions (Zaman et al., 2000).

The WEE observed for CM was higher as com-
pared to HT. Citric acid modification resulted in 24 %
while HT caused 16 % WEE. Previous studies have
stated that the molecular volume of the substituted
group along with a degree of substitution of the hy-
droxyl groups influences WEE of modified wood
(Chang and Chang, 2002). The data of WEE for CM
was similar to that observed by Rowell and Banks,
(1985) of 20 % and 25 % for Acetic Anhydride and
Butylene Oxide.

From Table 3 and Figure 1, it can be clearly de-
duced that both CM and HT have significantly reduced
the swelling of PD wood as compared to control. It was
observed that the swelling coefficient was lowest for
CM (CA 6.9+SHP 6.5) as compared to T2 or T3 for
radial, tangential and volumetric samples. The swell-

Table 3 Mean of weight percent gain/loss due to treatment and swelling in water immersion test of PD (Standard Error (SE)

Values are in parenthesis)

Tablica 3. Srednja vrijednost povecanja/gubitka mase zbog tretmana i rezultati testa bubrenja uranjanjem uzoraka drva
Populus deltoides u vodu (vrijednosti standardne pogreske SE navedene su u zagradama)

Radial swelling Tangential swelling | Volumetric swelling
T;j:::::: t LS Kog€;;:£?i;e;;alnog Koeﬁcci]('):rftﬁ tcc;:g;ztnog Koeﬁg'j)zgc\:z;l;mnog RN
bubrenja bubrenja bubrenja
THCASSHPES) | (G | (on 0 07m coson | @rinp
12 (e G016 oo, 013 eoely | wom
T3 (Control) . (i;‘): ii)c (ﬂ7) ..ﬁ)o ( il ()3.}13; ) ]

Note: Different alphabets denote different homogeneous groups as per Duncan Analysis. Duncan Analyses were performed separately for all
above parameters and reported accordingly. a, b, ¢ denote different groups for radial swelling; m, n, o denote different groups for tangential
swelling and x, y, z denote different groups for volumetric swelling, p and q represent the same for WEE.

Napomena: Razlicita slova oznacavaju razlicite homogene skupine prema Duncanovoj analizi, koja je provedena za svaki parametar naveden
u tablici zasebno, a rezultati su prikazani u skladu s tim. Pritom a, b, ¢ oznacavaju razlicite skupine za radijalno bubrenje; m, n, o obiljezavaju
razlicite skupine za tangentno bubrenje, x, y, z predocuju razlicite skupine za volumno bubrenje, a slova p i q predstavijaju isto to za WEE.

DRVNA INDUSTRIJA 75 (1) 69-78 (2024) 73



Samani, Ganguly, Kumar Hom, Sharma: Comparative Study on Dimensional Stability and Biological Durability of Poplar...

TIR T2R HET3R TI1T T2T T3T HETIV T2V ET3V ‘ 13.36 £ 0.07
14 Z
10.20 £ 0.61
© 12 y
£ 10
§ 7.35+0.11 7.13 +0.40
T g 6.230.15 o X
S
%" 6 4.50+0.07 +
5 3.25+0.07 4.183:0.15 m
& 4 b o -
2.11 £0.07 -
a
2 I = — - -—
0

Figure 1 Swelling coefficient (S) after different treatments in radial (R) and tangential (T) direction and volumetric swelling
coefficient (¥) (T1 — chemical modification, T2 — heat treatment, T3 — control)

Slika 1. Koeficijent bubrenja (S) nakon razli¢itih tretmana u radijalnome (R) i tangencijalnom (T) smjeru te koeficijent
volumnog bubrenja (¥) (T1 — kemijska modifikacija, T2 — toplinska modifikacija, T3 — kontrola)

Table 4 Anti swelling efficiency (4SE) of modified PD wood (SE values in parenthesis)
Tablica 4. Ucinkovitost smanjenja bubrenja (4SE) modificiranog drva Populus deltoides (SE vrijednosti su u zagradi)

Treatment / Tretman ASE radial ASE tangential ASE volumetric
T1 (CA 6.9+SHP 6.5) 49.44 (+0.84) 38.79 (£1.02) 45.10 (£0.63)
T2 (Heat) 22.16 (£0.76) 15.26 (+£0.95) 20.23 (£1.4)

ing for non-modified samples ranged between 4.18-
13.36, while the S observed for T1 was between 2.11-
7.12, which was significantly lower than T2 having S
ranging between 3.25-10.20. The S obtained from T2
treatment was similar to that obtained by CM of radiata
pine using acetic anhydride by combination of 689 kPa
pressure for 30 mins followed by 137 kPa pressure and
curing at 120 °C for 30 mins (Hom et al., 2016). Heat
treated wood is hydrophobic in nature and hence re-
duces shrinkage and swelling due to decrease in the
hydroxyl groups and decomposition of a large portion
of the hemicelluloses in the wood cell wall (Boonstra,
2008; Korkut and Kocaefe, 2009).

The ASE, calculated for CM from S, was ob-
served to be higher as compared to HT for all the sam-
ples. Radial samples showed highest ASE followed by

volumetric and minimum for tangential samples. The
ASE was between 39-49 % for CM, while HT resulted
in 15-22 %. The ASE for CM was similar to that of
Fagus sylvatica when modified with 7.0 % water solu-
tion of CA with 6.5 % SHP as a catalyst when cured at
140 °C causing ASE of 43 % (unleached) and 30 %
(leached) (Sefc et al, 2009). Similarly, the ASE ob-
served by CM using CA is comparable to the values
reported by previous researchers with maleic anhy-
dride with ASE of 35-45 % (Essoua Essoua ef al; 2016).

3.2 Soil block bioassay (SBA)
3.2. Ispitivanje bioloSke trajnosti (SBA)

Figure 2 shows that ML reduced significantly af-
ter both CM and HT, with CM returning excellent bio-
logical durability against both brown rot and white rot

HOP moP mOoP v vV vV
o 50.02 +1.05
43.85+127 z
50 I
37.04 £ 1.49 ¢ 4026 = 1.79
b y
40 LA

3]
(=]

5.72+0.50
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W
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Figure 2 Mean mass loss (ML) percentage in PD after SBA against OP and TV (SE values are mentioned after + and different
alphabets (a, b, ¢ for OP and x, y, z for TV) denote different homogeneous subsets as per Duncan analysis)

Slika 2. Srednji postotni gubitak mase (ML) uzoraka drva Populus deltoides nakon SBA s obzirom na OP i TV; vrijednosti SE
prikazane su nakon znaka +, a razlicita slova (a, b, ¢ za OP i x, y, z za TV) oznacavaju razli¢ite homogene podskupove prema

Duncanovoj analizi
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fungi. Several authors reported higher rot resistance of
HT wood when not in direct contact with ground (Es-
teves and Pereira, 2009). After HT, several wood poly-
mers, like hemicellulose, degrade and release acetic
acid, which may result in some chemical modification
of wood compounds (Esteves and Pereira, 2009; Hill et
al., 2021). The primary reason for increased durability
against rotting fungi was reported to be the formation of
several molecules after HT, like furfural, which reticu-
lates with lignin in wood and becomes unrecognisable
by the decaying fungi (Weiland and Guyonnet, 2003).
Additionally, reduced EMC after HT and lower FSP
also adds to protection of wood against decay. In the
present study, HT reduced biodeterioration but not to a
greater extent. A mere 7 % reduction in ML % against
brown rot OP was observed in the HT sets with respect
to the untreated control sets. For white rot, HT set per-
formed slightly better as it resulted in ML % 0f40.26 %,
which was about 10 % less than ML observed in the
control set (50.02 %). These findings are in conformity
with the results of previous studies, where 35 % to 65 %
rot resistance was reported for heat treated wood at dif-
ferent temperatures and time durations (Kim et al.,
1998), and the researchers highlighted that BD in-
creased with increasing temperature and treatment time
after HT. It can be said that, for highly perishable spe-
cies like PD, HT at such low temperature level might
not provide the required resistance to wood, and that
wood may remain somewhat susceptible to fungal at-
tack if no additional treatment is applied. CM however
showed remarkable improvement in BD against both
white and brown rot fungi and exhibited 6-8 times less
reduction in mass against untreated samples exposed to
TV and OP, respectively. This enhanced durability can
be attributed to the cross linking of CA on -OH groups
of cell wall components (Larney et al., 2018) of PD
wood, which made it quite unrecognisable as a food
source to the decaying fungi. Another possible reason
could be the leaching of treating solution in the culture

jars with higher MC, which might have reduced the
virulence of test fungi with time.

3.3 Termite mound test (TeMoT)
3.3. Ispitivanje otpornosti drva na termite
(TeMoT)

From Figure 3 it can be inferred that CM using
CA and SHP has imparted a very high level of biologi-
cal resistance to an otherwise perishable poplar (PD)
wood. After two successive termite seasons, the con-
trol samples were almost destroyed, which is evident
as their ML was 69.27 %. The biological durability
(BD) is often attributed to the presence of toxic chemi-
cals in wood, but the ML observed in case of PD in the
present study indicates that PD is poor in terms of in-
herent natural durability, which is obvious as it has a
very limited range of use in the Indian woodworking
sector. Susceptibility of several Poplar species to bio-
deterioration, especially fungi, was previously reported
(Karimi et al., 2013; Casado-Sanz et al., 2019). The
chemically modified set of PD exhibited 6 times less
ML and elevated the perishable PD species, which nor-
mally belonged to class IV, to class II and established it
as resistant to termite decay. Decay resistance by CA
treated wood were also reported before (Lee et al.,
2020; Treu et al., 2020). Treu et al. (2020) highlighted
in their study that the primary reason for such results
the potential leaching of the chemicals
(CA+Sorbitol) due to changes in wood-water relations
after modification, along with higher mortality rate of
the termites. Another possible explanation of such en-
hanced BD against termites can be the decreased level
of protozoa in certain termite species after being ex-
posed to acetylated wood, which leads to starvation
after one or two weeks as highlighted by Duarte ef al.
(2017). BD of the HT sets of PD was comparable with
the control set as the HT set exhibited a ML of 65.46
%, which was marginally less than the control set. Es-
teves and Pereira (2009) highlighted the possibilities of

was
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Figure 3 ML % and corresponding durability class for different treatments with TeMoT (SE values are mentioned after + and

different alphabets denote different homogeneous subsets)

Slika 3. Postotak AML-a i odgovarajuca klasa trajnosti za razlicite tretmane s TeMoT-om (vrijednosti SE prikazane su nakon
znaka +, a razliCita slova oznacavaju razli¢ite homogene podskupove)
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an esterification of cellulose after degradation of hemi-
celluloses as the reason for enhanced biological dura-
bility of heat-treated wood, which produces substances
that are not recognisable as food materials to decaying
agents. Additionally, the FSP of HT wood is low-
er than untreated wood, which is a desirable property to
impart better resistance against biological degradation.
Further change of hemicelluloses from hydrophilic and
easily digestible to hydrophobic molecules may also
play some part (Esteves and Pereira, 2009). From the
study, it can be concluded that HT at such lower modi-
fication temperature is not enough to ascertain suffi-
cient BD to PD. The findings are in line with previous
work by Nunes et al. (2004), where the researchers
also reported insignificant improvement in biological
durability against termites for heat treated wood.

4 CONCLUSIONS

From the present study, it can be concluded that
chemical modification of wood using Citric Acid with
Sodium Hypophosphite as catalyst, is an eco-friendly
modification process and resulted in better overall per-
formance of modified wood in comparison to the heat-
treated wood. Both the modification methods exhibited
enhanced properties of dimensional stability and im-
proved resistance to bio deterioration with respect to
the untreated controls and improved durability class of
treated wood against termites. Chemically modified
wood with CA and SHP showed excellent resistance to
both white and brown rot fungi as well as termites.
This should further be investigated for threshold con-
centrations including additional test sites with varying
climate and more decaying agents to further elucidate
on the mode of action. The concentrations of the chem-
icals may be varied in order to establish an optimum
combination for best output. These studies may pro-
vide valuable inputs to establish this mode of chemical
modification as a cost effective alternative and further
establish its use in the niche domain of wood science.
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ABSTRACT e The roughness of the machined surface is a crucial factor in the woodworking process because
it influences the quality of future operations like gluing, sanding, pressing, surface treatment and protection, and
assembly. The quality of the machined surface is determined by a number of machining process parameters as well
as material properties, and their proper selection and optimization will yield the best results. The purpose of this
article is to demonstrate how specific parameters and wood species affect surface roughness. In the experiment,
three species of wood: beech (Fagus sylvatica), fir (Abies alba), and poplar (Populus alba) with the same moisture
content were used, and combinations of feed speed (5 and 8 m/min) and cutting depth (2 and 4 mm) were created.
The processing was done on a wood planer (thickener) machine of the SD-B-510 series manufactured by Robland
Machines Belgium. Following that, roughness measurements of Ra, Rz, Rt, and Rq were taken with a focus on the
mean deviation of the profile Ra, and an analysis of the results was presented, revealing that different roughness
values are obtained with the same processing parameters depending on the wood species. The difference between
the greatest (5.36 um) and lowest (2.41um) roughness values (Ra) for beech is 2.95 um, 1.25 um for poplar, and
1.34 um for fir.

KEYWORDS: surface roughness; planing; feed speed; depth of cut; quality

SAZETAK ¢ Hrapavost obradene povrsine kljucni je cimbenik u procesu obrade drva jer utjece na kvalitetu naknad-
nih postupaka poput lijepljenja, brusenja, presanja, povrsinske obrade, zastite i montaze. Kvaliteta obradene povrsi-
ne odredena je brojnim parametrima obrade i svojstvima materijala, a njihovim pravilnim odabirom i optimizacijom
postizu se najbolji rezultati. Svrha ovog clanka jest pokazati kako specificni parametri i vrsta drva utjecu na hrapa-
vost povrsine obradene blanjanjem. Istrazivanje je provedeno na uzorcima od bukovine (Fagus sylvatica), jelovine
(Abies alba) i topolovine (Populus alba) te uz kombinaciju dviju posmicnih brzina (5 i 8 m/min) te dvaju dodataka za
obradu blanjanjem (2 i 4 mm). Obrada je provedena na blanjalici (debljaci) proizvodaca Robland Machines (serija
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SD-B-510) iz Belgije. Nakon toga izmjereni su parametri hrapavosti Ra, Rz, Rt i Rq, s fokusom na srednjem odstupa-
nju profila Ra. Analiza rezultata pokazala je da se razlicite vrijednosti hrapavosti dobivaju pri jednakim parametrima
obrade za razlicite vrste drva. Razlika izmedu najvece (5,36 um) i najmanje (2,42 um) vrijednosti hrapavosti (Ra) za
bukovinu je iznosila 2,95 um, za topolovinu 1,95 um, a za jelovinu 1,34 um.

hrapavost povrsine; blanjanje; posmicna brzina; veli¢ina dodatka za obradu blanjanjem,

kvaliteta

1 INTRODUCTION

The roughness of the machined surface is one of
the parameters by which the quality of the processing
itself is evaluated. In order for the product to be eco-
nomical and competitive on the market, one of the im-
portant factors is the quality of the processing, which
includes the precision of the processing and the rough-
ness of the processed surface. The roughness of the
machined surface directly and indirectly affects the
quality of the product itself because further treatments
such as surface treatment and gluing depend on the
roughness of the machined surface.

In the final processing of wood, roughness repre-
sents defects on the surface of the wood that, among
others, occur due to the action of the tool on the work-
piece. Controlling the surface roughness of the work-
piece is crucial in maintaining the quality of the prod-
uct, and it is essential to constantly implement the flow
of the entire production. This depends on the type of
processing (sawing, planing, milling, etc.), but with
each processing, even with the same processing param-
eters, a change in roughness can occur on the same
sample of wood. This can be affected by the dullness of
the tool, a change in moisture content in the wood, or
the occurrence of certain defects in the wood
(Karahasanovi¢, 1988; Bjeli¢, 2022).

It is known that the quality of processing is influ-
enced by the anatomical, physical, and mechanical
properties of wood. They differ not only depending on
the species of wood but also within the same species.
In addition, the quality is affected by factors such as
blade geometry, cutting direction, cutting depth, feed
rate, cutting speed, etc. (Skalji¢ et al., 2009).

Roughness is a microcosmic geometric shape on
the surface of a measuring piece composed of depres-
sions and peaks with a small space between them.
There are a number of parameters that describe the
roughness of the surface; the basic problem is the cor-
rect choice of parameters that correctly describe the
surface being measured. Roughness parameters (ac-
cording to ISO 4289/11) can be divided into sizes re-
lated to: height characteristics of irregularities (ampli-
tude parameters), characteristics of irregularities in the
length direction (distance parameters), and profile de-
viation form (hybrid parameters) (Sofuoglu and
Kurtoglu, 2015; Bojovi¢ and Janji¢, 2013).
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Due to the effort to provide the most precise
roughness values, two different measuring systems
have appeared: M (Medium) system and E (Enve-
lope) system. System M is a system of the middle
line, while system E is a system of a separate line, and
they differ only in the rate of occurrence of the rough-
ness problem.

The basic difference between these two systems
is in the way roughness is separated from other types of
deviation. The basic parameters of roughness are deter-
mined by the standard BAS EN ISO 4287:2000, which
refers to terms, definitions, and parameters of rough-
ness that are currently in use (Bjeli¢, 2022).

The mean deviation of the profile (Ra) is the
arithmetic mean value of the deviation of the profile
within the sampling length, approximately determined

according to Eq. 1:
_2
n

R

. (M

Where:

Yi — distance of a single point of the effective profile
from the middle line in absolute value,

n —total number of measured points of the effective
profile. (Sofuoglu and Kurtoglu, 2015)

The medium deviation of the profile (Ra) shown
in Figure 1 is the generally recognized and most widely
used international parameter for roughness. In addition
to Ra (the arithmetic mean value of profile deviation
within the length of sampling), Figure 1 also shows the
parameters Rz (maximum height of irregularity), Rq
(root mean square profile deviation), and Rt (total
height of peak and valley).

The aim of this study is to show how the type of
wood, i.e. the anatomical structure of wood and vari-
ous processing parameters, influence the surface qual-
ity of the processing and which are the optimum pro-
cessing parameters to obtain the best surface quality.

2 MATERIALS AND METHODS
2.1 Samples preparation

Samples of solid beech (Fagus sylvatica), fir
(dbies alba), and poplar (Populus alba) wood with di-
mensions of 35 mm x 15 mm x 500 mm were used for
testing. The wood from which the samples were pre-
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Figure 1 Graphics of roughness parameters evaluated included Ra, Rq, Rt , and Rz (Nicolas-Silvente ef al., 2020)
Slika 1. Graficki prikaz istrazivanih parametara hrapavosti Ra, Rq, Rt i Rz (Nicolas-Silvente et al., 2020.)

pared underwent a drying process where the moisture
content of the wood was brought to (8+1) %. Wood
samples were machined on a planer (thickener) SD-B-
510-serie manufactured by Robland machines Bel-
gium.

Figure 2 presents a machine for planing samples
and their appearance. It has a knife holder with a diam-
eter of 100 mm on which 3 knives are placed. The ro-
tational frequency of the tool is 6000 min, and the

Table 1 Processing parameters for tested samples
Tablica 1. Parametri obrade ispitivanih uzoraka

engine power is 5.5 kW. The specifications of the ma-
chine are automatic movement of the workpiece feed
speed of 5, 8, 10 and 16 m/min and adjustable cutting
depth.

The planing of samples for each wood species
(beech, fir, and poplar) was done at a feed speed of 5
and 8 m/min, and cutting depth of 2 and 4 mm. Thus,
two samples were planed for each of the mentioned
combinations.

Test mark | Wood species | Wood density, g/cm? Feed speed, m/min Cutting depth, mm
Oznaka uzorka Vrsta drva Gustoca drva, glcm? Posmicna brzina, m/min | Dodatak za obradu blanjanjem, mm
1B-52 Beech 0.664 2
2B-54 Beech 0.664 5 4
3B-82 Beech 0.664 8 2
4B-84 Beech 0.664 8 4
S5T-52 Poplar 0.495 5 2
6T-54 Poplar 0.495 5 4
7T-82 Poplar 0.495 8 2
8T-84 Poplar 0.495 8 4
9J-52 Fir 0.432 5 2
10J-54 Fir 0.432 5 4
11J-82 Fir 0.432 8 2
12J-84 Fir 0.432 8 4

Figure 2 Machine for planlng samples and their appearance
Slika 2. Stroj za blanjanje uzoraka i izgled uzoraka
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Figure 3 Measurement of moisture content and determination of density of samples

Slika 3. Mjerenje sadrzaja vode i odredivanje gustoce uzoraka

2.2 Measurement procedures
2.1. Postupci mjerenja

Before measuring the roughness, two tests were
performed: measurement of wood density of the above
samples and their moisture content. The moisture con-
tent of the samples was measured in accordance with
the ASTM D4442 standard using the Laserliner
082.011A Damp Finder Plus wood moisture meter. The
calibration of the equipment according to the manufac-
turer’s instructions is part of the test method. The hy-
grometer probes are then pressed against the selected
sample, and the moisture values for the given sample
are displayed on the display. For every trial made, this
method was repeated.

The ISO 3131 standard was used to calculate
wood density. The test was performed using previously
measured samples with dimensions of 30 mm x 30 mm
x 15 mm and moisture content of (8+1) %. Six samples
of each wood species were taken, and the arithmetic
mean was determined following the measurements.

The measurement of the surface roughness of the
machined samples was done using the TMR 120 TM
Teck Instrument Co. roughness meter. Ltd. The basic
characteristics of this device for measuring the rough-
ness are the measurement parameters (um): Ra, Rz, Rt,
and Rgq, stroke length of 6 mm, sampling length (Lr)
values of 0.25, 0.8, and 2.5 mm, access length of 1.25

Figure 4 Measurement of roughness on samples
Slika 4. Mjerenje hrapavosti na uzorcima
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and 4.0 mm, and indication error =15 %. This device
complies with EN, ISO, DIN, ANSI, JIS, and ASME
B46.1 national standards. The difference in the meas-
urement parameters is reflected in the accuracy of the
results and the reduction of errors. This measurement
was made at a sampling length of 2.5 mm and an ac-
cess length of 4.0 mm. The test was carried out in the
direction of fibre stretching of processing at three arbi-
trarily determined points (Figure 4), where the results
and the average value were recorded.

This test was done in the Wood Testing Labora-
tory at the Technical Faculty in Biha¢, following all the
recommendations for roughness testing according to
the EN ISO 4287:2010 standard.

3 RESULTS AND DISCUSSION
3. REZULTATI | RASPRAVA

The results of the roughness measurement are
shown in Table 2; more precisely, the mean value of the
measurement for each sample is shown. In addition to
Ra, data are given for Rz, Rq, and Rt.

The following diagram shows that the measure-
ment parameters (Ra, Rz, Rt, and Rq) change depending
on the processing parameters for feed speed 5 and 8 (m/
min) and cutting depth 2 and 4 mm. It is also shown for
all three examined wood species (beech, fir, and poplar).

Measurement points
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Table 2 Mean values of measurement results
Tablica 2. Srednje vrijednosti rezultata mjerenja

Test mark Number of measurements Ra, pm Rz, um Rq, pm Rt, pm
Oznaka uzorka Broj mjerenja
1B-52 9 2.41 10.42 3.01 15.48
2B-54 9 3.39 14.95 4.00 25.57
3B-82 9 3.82 13.30 4.45 22.77
4B-84 9 5.36 18.54 6.41 33.80
5T-52 9 1.61 7.37 1.96 10.79
6T-54 9 2.86 13.02 3.33 21.69
7T-82 9 2.08 9.20 2.80 15.77
8T-84 9 2.86 11.01 3.51 20.33
9J-52 9 2.53 12.13 3.20 19.27
10J-54 9 3.87 13.47 4.60 26.27
11J-82 9 3.20 13.17 3.93 19.47
12J-84 9 3.87 13.63 4.47 20.20
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Figure 5 Graphic representation of results of measuring samples roughness according to processing parameters and wood

species
Slika 5. Graficki prikaz rezultata mjerenja hrapavosti uzoraka prema parametrima obrade i vrsti drva
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8 mm/min, 4 mm

5 mm/min, 4 mm

8 mm/min, 2 mm

brzina i dodatak za
obradu blanjanjem

Feed speed and cut depth
posmicna

5 mm/min, 2 mm

W Poplar M Beech

Ra, pm

Figure 6 Ra — arithmetic mean value of profile deviation shown as comparison for fir, poplar and beech and given parameters
Slika 6. Usporedni prikaz aritmeti¢ke srednje vrijednosti odstupanja profila (Ra) za jelovinu, topolovinu i bukovinu te za

zadane parametre

The diagram shows the mean value of profile de-
viation (Ra) as an indicator of surface roughness on the
measured samples. The dependence of the surface
roughness on the processing parameters and the type of
wood is visible, and the results showed that the lowest
roughness is at feed speed of 5 m/min and cutting depth
of 2 mm for all three wood species. Analogously, the
highest surface roughness was obtained with increased
feed speed and depth at 8 m/min and 4 mm.

The diagram and results show that the influence
of feed speed on roughness also depends on the type of
wood (that is, the density of the wood), so in the case
of beech, the depth of cut had a greater influence on the
change in roughness, while in fir and poplar, the oppo-
site was the case as a greater change in roughness is
caused by feed speed.

Changes in the mean value of the deviation of the
Ra profile for the same processing parameters and dif-
ferent species of wood are obvious, with beech being
the most pronounced. The difference between the high-
est and lowest roughness values is 2.95 pm (2.41-
5.36); in poplar, this difference is 1.25 um (1.61-2.86);
and in fir, it is 1.34 pm (2.53-3.87). Likewise, the low-
est roughness measured for samples made from poplar
is 1.61 um.

The quality of the machined wood surface de-
pends on the processing parameters. The influence of
the tool rotational frequency and feed speed results in
varying levels of surface roughness; hence, increasing
cutting speed while decreasing feed speed improves
the processed surface quality in beech wood (Bojovi¢
and Janji¢, 2013). The behaviour of wood during pro-
cessing can also be seen in wood-based materials. Ac-
cording to Prakash and Palanikumar (2011), spindle
rotation frequency and feed rate, tool shape, and tool
diameter have the biggest effects on surface roughness.
The study findings showed that the surface roughness
values of wood-based panels increased with increasing
cutting tool diameter while decreasing with increasing
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spindle rotation frequency and feed speed (Demir et
al., 2022). The porosity of the wood has an impact on
the quality of the processed surface (Kudela et al.,
2018). This work also shows that the influence is pre-
sent for the same parameters but different types of
wood. For the process of managing wood milling ma-
chines or CNC woodworking machines using the mill-
ing method, design data is needed with the aim of
achieving the highest productivity and lowest energy
consumption, while ensuring the desired surface qual-
ity. As a result, optimal processing parameters for this
type of wood are provided (Loc and Hung, 2021). Fur-
ther to the above, it is important to know the influence
of all processing factors on the quality of the processed
surface in order to create the conditions for optimal
processing with the desired quality.

4 CONCLUSIONS
4. ZAKLJUCAK

In this study, the surface roughness of beech,
poplar, and fir was examined. The samples were pro-
cessed at various feed speed rates - 5 and 8§ m/min and
cutting depths - 2 and 4 mm. After examining the sur-
face roughness results on the above samples, the fol-
lowing can be concluded:

- The influence of the processing parameters on the
roughness is visible, and the results show that the
smallest roughness is at feed speed of 5 m/min and at
cutting depth of 2 mm, for all three species. Analo-
gously, the highest surface roughness was obtained
with increased feed speed and depth at 8 m/min and
4 mm. The reason for this is that the increase in feed
speed and depth directly affects the roughness of the
processed surface; the higher these parameters are,
the higher is the roughness in all three species.

- The density and anatomical structure of the different
wood species provide variable results when the same
processing conditions are used. The mean value of
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profile deviation Ra for the parameters feed speed of
5 m/min and cutting depth of 2 mm shows that pop-
lar has the lowest value while beech has the highest.
This difference is also obvious when considering
other factors - Rz, Rt, and Rq.
The difference between the highest and lowest meas-
ured value of Ra is 2.95 um for beech (Ra,, = 2.41,
Ra = 536). It is 1.25 m for poplar (Ra_, =1.61,
Ra_  =2.86)and 1.34 m for fir (2.53 - 3.87). Further-
more, the lowest value of Ra was observed for poplar
samples and is 1.61 m. Such changes are also visible
in other measured values of Rz, Rf and Rgq.

This research shows the influence of the process-

ax

ing parameters on the surface roughness, that is, the
influence of the feed speed and depth of cut, along with
the effect of wood species on the roughness at the same
processing parameters. Knowing this, but also consid-
ering other research, opens the possibility of improving
the processing quality, such as the surface roughness,
by changing the processing parameters of feed and cut-
ting depth, but also by choosing the type of wood that
can provide improved results.
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ABSTRACT « Global challenges, including climate change, land and ecosystem degradation, and a growing popu-
lation have direct or indirect impact on natural resources and are forcing people to seek new ways of production and
consumption that respect the ecological limits of our planet. To meet the challenges, the 2030 Agenda for Sustainable
Development was adopted by 193 countries at the United Nations Summit in September 2015. The forest-wood chain
has also been identified as closely linked to sustainable development and the Sustainable Development Goals (SDGs).

Especially in countries with high forest cover, such as Slovenia, forest-wood chain is recognized in policy documents
as key element for achieving the SDGs. The importance of the SDGs is not only recognized in national legislation, but
also in relation to higher education and research institutions. With the aim to investigate how well higher education
teachers and students are familiar with SDGs and whether they consider them important for the forestry and wood
industry and if high education teachers and researchers integrate the SDGs into educational programs and research,

survey was conducted with the employees (n=61) and students (n=185) of the University of Ljubljana, Biotechnical
Faculty, Department of Forestry and Renewable Forest Resources and Department of Wood Science and Technology.

The results show that both employees and students of the Department of Forestry and Renewable Forest Resources as
well as employees and students of the Department of Wood Science are familiar with SDGs. All the respondents find
SDGs important for the forestry and wood industry. All the participants especially emphasized SDG 15 — Life on land.

The results also showed that, in the future, employees of both departments plan to integrate more SDGs into their edu-
cational and research process. Finally, it was concluded that educational and research institutions and integration of
SDGs into their educational and research process could be an important step towards sustainability and achieving
goals of 2030 Agenda for Sustainable Development. Students who will work in the forestry and wood industry sectors
in the future could integrate and promote more sustainable practises in the sectors if they have sufficient knowledge
of the SDGs and high perception of sustainability.
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SAZETAK « Globalni izazovi kao $to su klimatske promjene, unistavanje zemljista i ekosustava te sve veci broj
stanovnika izravno ili neizravno utjecu na prirodne resurse i poticu ljude da traze nove nacine proizvodnje i po-
trosnje koji postuju ekoloska ogranicenja naseg planeta. Kako bi odgovorile na te izazove, 193 zemlje usvojile
su na skupu Ujedinjenih naroda u rujnu 2015. Agendu odrzivog razvoja do 2030. Lanac Suma — drvo takoder je
prepoznat kao usko povezan s odrzivim razvojem i ciljevima odrzivog razvoja (SDG). Osobito je u zemljama koje
imaju veliku pokrivenost sumama, poput Slovenije, lanac Suma — drvo u politickim dokumentima prepoznat kao
kljucni element za postizanje ciljeva odrzivog razvoja. Vaznost ciljeva odrzivog razvoja nije naglasena samo u
nacionalnom zakonodavstvu ve¢ i u obrazovnim i istrazivackim institucijama. Cilj istraZivanja bio je utvrditi ko-
liko su nastavnici i studenti u visokom obrazovanju upoznati s ciljevima odrzivog razvoja, smatraju li ih vaznima
za Sumarstvo i drvau industriju te integriraju li nastavnici i znanstvenici ciljeve odrzivog razvoja u obrazovne
programe i istrazivanja. Na Biotehnickom fakultetu Sveucilista u Ljubljani, na Odsjeku za Ssumarstvo i obnovljive
Sumske resurse te na Odsjeku za znanost o drvu i drvnu tehnologiju, provedena je anketa sa zaposlenicima (n = 61)
i studentima (n = 185). Rezultati pokazuju da su zaposlenici i studenti obaju odsjeka upoznati s ciljevima odrzivog
razvoja. Svi ispitanici smatraju da su ciljevi odrzivog razvoja vazni za Sumarstvo i drvnu industriju. Svi su posebno
istaknuli cilj odrzivog razvoja 15 — Zivot na kopnu. Rezultati su takoder pokazali da zaposlenici obaju odsjeka
planiraju u buducnosti integrirati vise ciljeva odrzivog razvoja u svoj obrazovni i istrazivacki proces. Zakljucili
smo da bi integracija ciljeva odrzivog razvoja u obrazovni i istrazivacki proces mogla biti vazan korak prema
odrzZivosti i postizanju ciljeva Agende odrzivog razvoja do 2030. Studenti koji ¢e u buducnosti raditi u sektoru
Sumarstva i drvne industrije mogli bi integrirati i promicati odrzive prakse u tim sektorima ako imaju dovoljno

znanja o ciljevima odrzivog razvoja i visoku svijest o odrzivom razvoju.

KLJUCNE RIJECI: ciljevi odrzivog razvoja, Sumarstvo; znanost o drvu; obrazovanje; istrazZivanje

1 INTRODUCTION
1. UVOD

Natural resources are the fundamental basis for
life and human well-being. Global challenges, includ-
ing hunger and poverty, gender inequality and inequal-
ity in general, climate change, land and ecosystem deg-
radation, deforestation, biodiversity loss, resource
depletion and a growing population have direct or indi-
rect impact on natural resources and are forcing people
to seek new ways of production and consumption that
respect the ecological limits of our planet (European
Commission, 2018).

Until 1972, these challenges were not adequately
addressed neither by general public nor policy makers
(UNEP, 2023). In 1972, the Declaration of the United
Nations Conference on the Human Environment was
adopted addressing global challenges. Since then, vari-
ous policy documents were adopted such as the Rio
Declaration on Environment and Development (1992),
the Agenda 21 (1992), the Millennium Declaration
(2000), the Johannesburg Declaration on Sustainable
Development (2002) and the Rio+20 Outcome Docu-
ment (2012), which, together with various other envi-
ronmental and development conventions as well as re-
gional and global commitments, led to the development
of the 2030 Agenda for Sustainable Development
(United Nations, 2015). The 2030 Agenda for Sustain-
able Development was adopted by 193 countries at the
United Nations Summit in September 2015 (United
Nations, 2015). The 2030 Agenda for Sustainable De-
velopment integrates the three dimensions of sustaina-
ble development - economic, social and environmental
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(United Nations, 2015). These three dimensions are
integrated into the 17 overarching Sustainable Devel-
opment Goals (hereafter: SDGs) and 169 associated
targets, with the aim of addressing economic, social
and environmental issues addressing crucial global
challenges (Gue ef al., 2020; Niestroy, 2016; Ramirez
et al., 2019; Belmonte-Urena et al., 2021; Katila et al.,
2019). The SDGs and their targets form a complex, in-
tegrated system with clear sectoral emphasis but also
strong interlinkages among goals and targets. The 2030
Agenda for Sustainable Development forms an over-
arching framework that is expected to guide govern-
ment and non-state actors’ efforts at different scales,
from global to local, until 2030 (Katila ef al., 2019).
Regarding the legal status of the SDGs, it is important
to note that they are not legally binding at the national
level. However, the 2030 Agenda for Sustainable De-
velopment influences and informs international agree-
ments, policies and programmes (United Nations,
2015). Individual countries can integrate SDGs into
their legal and policy frameworks and make them le-
gally binding.

The 2030 Agenda for Sustainable Development
offers an extensive framework for shaping and coordi-
nating governmental policies. Cultural differences of
the general public and understanding of sustainability
can influence the willingness of people to accept and
understand SDGs (Guan and Zhang, 2023). Some pre-
vious studies (Novieastari, 2022; Zamora-Polo et al.,
2019) suggest that the general public knowledge, espe-
cially among university students, about sustainability
and 2030 Agenda for Sustainable Development is not
sufficient.
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Since forests cover about 35 % of European land,
they are crucial for provisioning timber for wood indus-
try (Forest Europe, 2020). Therefore, both sectors are
crucial for sustainable development at all scales, from
global to local. Forests are explicitly mentioned in the
context of SDG 15 — Life on land, where sustainable use
of forests and reversing biodiversity loss is mentioned.
In relation to SDG 6 — Clean water and sanitation, for-
ests are seen as water-related ecosystems (United Na-
tions, 2015). Furthermore, there are strong synergies
between forests and SDG 13 — Climate action, as for-
ests are important for carbon sequestration and storage
(United Nations, 2015). Although the wood industry is
not explicitly mentioned in the context of the SDGs,
there are strong links to SDG 9 — Industry, innovation
and infrastructure (Mancini et al., 2019). This specific
goal is focused on promoting inclusive and sustainable
industrialization, where wood, wood products and
wood residues could represent a sustainable raw mate-
rial for extended value chains organized along the key
principles of circular bioeconomy (i.e., adding value
through the cascading use biomass, closing the energy
and material loops). In line with this, the wood industry
can be considered as part of SDG 9 — Industry, innova-
tion and infrastructure (United Nations, 2015; IN-
TRuST, 2022). The forest-wood chain, considered by
most countries as a sector that includes both forestry
and wood processing, is also recognized in the connec-
tion with other SDGs like SDG 1 — No poverty, SDG 2
— Zero hunger, SDG 3 — Good health and well-being,
SDG 5 — Gender equality, SDG 7 — Affordable and
clean energy, SDG 8 — Decent work and economic
growth, SDG 11 — Sustainable cities and Communities
and SDG 12 — Responsible Production and Consump-
tion. SDG 17 — Partnerships for the goal is also related
to the forestry and wood industry because partnerships
and support facilitate the achievement of the goals, not
only in social initiatives, but also in the industry and
above all in environmental protection strategies (Ma et
al., 2022; Baumgartner, 2019; Hazarika and Jandl,
2019; United Nations, 2015).

Slovenia has a forest area of 58.0 % (ZGS, 2022).
Consequently, wood is the most important strategic
raw and industrial material (MGTS, 2021; MGRT,
2020). The importance of the forest-wood chain is rec-
ognized in multiple strategies and policy documents.
For example, the Slovenian Development Strategy
2030 (MKRR, 2017), which is the fundamental strate-
gic document of Slovenia, also recognizes the impor-
tance of forests and wood industry for achieving SDGs.
Furthermore, the Slovenian Industrial Strategy 2021-
2030 (MGTS, 2021) promotes wood-based industry,
decarbonization of energy-intensive industries (e.g.,
paper industry) and transition to a low-carbon circular
economy. This is also recognized in the National

Energy and Climate Plan 2030 (MOPE, 2020).
Forest-related policy documents (e.g., the Operational
Programme of the National Forest Programme 2022-
2026 (2022)), recognize sustainable forest manage-
ment as a key instrument to achieve the 2030 Agenda
for Sustainable Development Goals.

The importance of the SDGs is recognized not
only in the national strategic documents, but also in
the strategic documents of higher education and sci-
entific research institutions (University of Freiburg,
2021; SLU, 2019; CZU, 2023; Wageningen Univer-
sity and Research, 2022; BOKU, 2020; Univerza v
Ljubljani, 2022). The importance of SDGs is also rec-
ognized by the Biotechnical Faculty, which is part of
the University of Ljubljana (Biotehniska fakulteta,
2023), where it is possible to study forestry and wood
science. However, some previous research shows that
there are also challenges and gaps in the implementa-
tion of SDGs in the higher education and research
process globally (Grano and Correia, 2020). Anyhow,
higher education and scientific research institutions
can contribute to SDGs from a variety of perspec-
tives: research, education, operations and governance
and external leadership (SDSN Australia/Pacific,
2017). In addition, Belmonte-Urena et al. (2021) re-
port that scientific research plays a crucial role in the
success of the SDGs, Walentowski et al. (2020) report
that well-educated young academics are key to put-
ting knowledge-based thinking into practice for re-
sponsible resource management for a sustainable
world, and Zuluaga-Ortiz et al. (2022) report that uni-
versities influence the basic competencies of students
in order to produce good professionals. In addition,
some previous studies (e.g. Novieastari et al., 2021;
Omisore et al., 2017; Zamora-Polo et al., 2019) sug-
gest that knowledge and awareness about the SDGs is
not sufficient among young people, especially stu-
dents in higher education. Based on the insights
gained from reviewing previous research articles and
the limited availability of research articles on the top-
ic of higher education teachers and researchers’
knowledge of the SDGs and their influence on stu-
dents’ knowledge of the SDGs, the aim of this study
was to: 1) find out how well the higher education
teachers, researchers and students of the Department
of Forestry and Renewable Forest Resources (hereaf-
ter: Department of Forestry) and the Department of
Wood Science and Technology (hereafter: Depart-
ment of Wood Science) of the Biotechnical Faculty of
the University of Ljubljana know the SDGs (i.e. ac-
quaintance, understanding), and 2) whether they con-
sider the SDGs to be important for the forestry and
wood industry (i.e. perceived significance), and 3)
investigate whether high education teachers and re-
searchers integrate the SDGs into educational pro-
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grammes and research, and 4) how they will integrate
the SDGs into their educational and research process
in the future.

2 METHODS
2. METODE

The data for this study was collected by develop-
ing the structured questionnaire for the employees
(higher education teachers and researchers) and students
of the Department of Forestry and the Department of
Wood Science. The questionnaire for employees con-
sisted of 17 questions and a questionnaire for students
consisted of 10 questions. The questionnaire for em-
ployees was pre-tested in March 2023 by five employ-
ees, and the questionnaire for students was pre-tested by
the same five employees in September 2023. Based on
the pre-tests, both questionnaires were revised to make
the questions as understandable and precise as possible.
Most of the questions were Likert-type scale responses
(Likert, 1932), some of them required additional expla-
nations (open questions), and some were binary. The
surveys were conducted on-line, using 1KA programme
(FDV, 2017). The questionnaire was distributed to all
employees who are engaged in educational or research
process (n= 84) and all students (n= 440) of the Depart-
ment of Forestry and the Department of Wood Science.
The data (available in Uhan ef al., 2023) for employees
were collected between 4 and 19 April 2023, and the
data for students were collected between 15 September
and 27 October 2023.

Within the employees’ survey period activity, 61
persons completed the survey, which means that the re-
sponse rate was 73 % (Figure 1). Within the students’ sur-
vey period activity, 185 persons completed the survey,
which corresponds to a response rate of 42 % (Figure 2).

The collected data were imported and coded in
MS Excel and processed in JASP, version 17.1 (JASP
team, 2023). To check the quality of the data and to

detect errors, outliers and missing values, all data were
first checked with frequencies. Variables in the ques-
tionnaires were analysed using frequency distributions
and mean values. In order to determine the differences
between departments, the non-parametric Mann-Whit-
ney U test was used (Navarro et al., 2019).

3 RESULTS AND DISCUSSION
3. REZULTATI | RASPRAVA

Altogether 61 higher education teachers and re-
searchers completed the survey, 51 % from the Depart-
ment of Forestry and 49 % from the Department of
Wood Science. The largest share of respondents among
employees of both departments were teaching assis-
tants and researchers (31 %), followed by assistant pro-
fessors (23 %), full professors (20 %), specialist advis-
ers (13 %) and associate professors (8 %). One senior
lecturer and a teacher of skills also participated in the
survey. Among the respondents, the majority (over 90
% all together) are engaged in research work, and 66 %
of them also identified themselves as being engaged in
education (Figure 1).

Altogether 185 students responded to the survey,
44 % from the Department of Forestry and 56 % from
the Department of Wood Science. Most of the students
who participated in the survey in both departments
were undergraduates, from Academic Study Pro-
grammes (51 %) and Professional Study Programmes
(31 %), while the students enrolled in Masters’ Study
(18 %) made up a significantly smaller proportion of
respondents (Figure 2). The distribution of the answers
represents a direct consequence of number of enrolled
students per specific studies and specific year as in both
departments there are more students enrolled in Aca-
demic Study Programmes or Professional Study Pro-
grammes (Department of Forestry — 86 %, Department
of Wood Science — 81 %).

. 13%
Non-active / neaktivni

B Department of Wood Science ™ Department of Forestry
Odsjek za znanost o drvu

Odsjek za sumarstvo

obrazovna djelatnost | istrazivacka djelatnost

Educational activity | Research activity

) o 87 %
s o s 5
. - 30 %
N ek (e .,

. A 70 %

0% 10% 20%

30 %

40% 50% 60% 70% 80% 90% 100 %

Figure 1 Respondents educational and research activities of employees
Slika 1. Obrazovne i istrazivacke aktivnosti ispitanih zaposlenika
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Figure 2 Distribution of students who have responded
Slika 2. Raspodjela studenata koji su odgovorili

3.1 General knowledge about sustainable
development goals

3.1. Opcenito poznavanje ciljeva odrzivog
razvoja

The first part of the survey focused on the employ-
ees and students’ general knowledge about the SDGs.
Both rated their knowledge about the SDGs on a Likert-
type scale from 1 (I know very little about the SDGs) to
5 (I know a lot about the SDGs). The employees rated
their knowledge about the SDGs with an average value
of 3.4, where 27 % rated their general knowledge about
the SDGs as good. Furthermore, no statistical differ-
ences were found between employees of the Department
of Forestry and the Department of Wood Science (Mann-
Whitney U-test, U=305, p=0.087) in relation to their
knowledge about the SDGs. Students rated their general
knowledge about the SDGs with an average value of 2.9.
56 % of students rated their general knowledge about the
SDGs as good. Among students from both departments
no statistical differences were found (Mann-Whitney U-
test, U=4076.000, p=0.069). Differences in general
knowledge about the SDGs between employees and stu-
dents were significant (Mann-Whitney  U-test,
U=3608.000, p=0.003), employees rated their general
knowledge about the SDGs as better. The importance of
familiarity with the SDGs was also studied by Jabeen
(2022), who found that the knowledge about the SDGs
had increased. Alm et al., (2020), who studied student
awareness and knowledge about the SDGs, emphasized
that higher education teachers in higher education insti-
tutions and universities can play a crucial role in achiev-
ing the SDGs. However, previous studies report that low
percentage of students and employees have good knowl-
edge about the SDGs (Smaniotto et al., 2019; Omisore
et al., 2017), which is not consistent with our study, es-
pecially concerning the results of students’ survey. On
the contrary, Fajar Jati et al. (2019) report that 89.5 % of
students are aware of the SDGs and 62.5 % have good
knowledge about the SDGs, which is in line with our

results. However, Fajar Jati ef al. (2019) focused only on
students and did not include employees.

3.2 Importance of sustainable development
goals for forestry and wood industry
sectors

3.2. Vaznost ciljeva odrzivog razvoja za
sektor Sumarstva i drvne industrije

The employees and students of both departments
were asked to judge the general importance of the
SDGs for the forestry and wood industry sectors (Fig-
ure 3 and Figure 4) on five-point Likert-type scale from
1 (Not important) to 5 (Very important). Both the em-
ployees and students of the Department of Forestry
have rated SDG 6 — Clean water and sanitation and
SDG 15 — Life on land as the most important SDGs for
forestry. Employees rated both SDGs with an average
value of 4.7, while students gave SDG 6 — Clean water
and sanitation a lower value (average value 4.5) and
SDG 15 — Life on land even lower rating (average val-
ue 4.4). The results are in line with expectations as for-
ests are seen as one of the water-related ecosystems in
SDG 6 — Clean water and sanitation. The emphasis on
SDG 15 — Life on land is also expected as it focuses on
the protection, restoration and sustainable use of ter-
restrial ecosystems, and halting the loss of biodiversity
recognizes forests and their rich biodiversity as essen-
tial for sustainable development (Katila et al., 2019).
In addition, employees also rated SDG 7 — Affordable
and clean energy (average value 4.5), SDG 12 — Re-
sponsible consumption and production (average value
4.5), and SDG 13 — Climate action (average value 4.5)
as very important. Students additionally recognized the
importance of SDG 12 — Responsible consumption and
production (average value 4.2), and SDG 13 — Climate
action (average value 4.2). Results are in line with pre-
vious research since forests play an important role in
the supply chain for energy production, and because
the role of forest is also recognized for ensuring access
to affordable, reliable and sustainable energy services
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Slika 3. Znacajnost svakoga od SDG-ova za Sumarstvo ili drvnu industriju (zaposlenici)

though SDG 7 — Affordable and clean energy (Katila et
al., 2019). In addition, responsible consumption and
production can make a positive contribution to forest
conservation and contribute to a more sustainable sup-
ply of wood and forest raw materials (Katila et al.,
2019). Forests are regularly mentioned in the context
of the climate change, carbon sequestration and stor-
age, and reduction of greenhouse gas emissions, which
is the main goal of SDG 13 — Climate action (Katila et
al., 2019).

The employees of the Department of Wood Sci-
ence have rated SDG 9 — Industry, innovation and in-
frastructure as the most important, with an average
value of 4.6. Results are expected as this goal is centred
on three main pillars: industry, infrastructure and in-
novation, which is the focus of wood industry sector

(United Nations, 2015). In addition, the employees
also recognized SDG 7 — Affordable and clean energy
(average value 4.5), SDG 12 — Responsible consump-
tion and production (average value 4.5), and SDG 15
— Life on land (average value 4.5) as important. Stu-
dents from the Department of Wood Science recognize
the majority of SDGs as important for wood industry:
SDG 2 — Zero hunger, SDG 3 — Good health and well-
being, SDG 4 — Quality education, SDG 6 — Clean wa-
ter and sanitation, SDG 7 — Affordable and clean en-
ergy, SDG 8 — Decent work and economic growth,
SDG 9 — Industry, innovation and infrastructure and
SDG 15 — Life on land (with average value 4.5 each).
The recognition of SDG 7 - Affordable and clean en-
ergy is also expected as wood industry contributes to
the affordable and clean energy through sustainable
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use of traditional wood fuels (firewood and charcoal),
processed wood fuels (pellets), liquid biofuels and bio-
power, which can play an important role in the provi-
sion of energy (Katila et al., 2019). The relation to
SDG 12 — Responsible consumption and production is
also expected as the wood industry promotes responsi-
ble consumption and production, as wood is neither a
toxic raw material nor hazardous waste (Verkerk et al.,
2021; Maier, 2021). Furthermore, wood industry offers
complementary opportunities to forestry to achieve the
SDGs within the forest-wood chain, so the importance
of the wood industry in the context of SDG 15 — Life on
land is predictable. SDG 15 — Life on land focuses
mainly on the sustainable management of all types of
forests and halting deforestation, to which a responsi-
ble and sustainable wood industry can contribute (Ka-
tila ez al., 2019); this can explain why the employees
and students emphasized this SDG. Finally, SDG 8 —
Decent work and economic growth, that was identified
by both employees and students of the Department of
Wood Science as an important one (average value 4.5),
which mainly refers to the promotion and support of
sustainable economic growth, is probably recognized
because wood industry is related to sustainable eco-
nomic growth (Maier, 2021).

3.3 Integration of sustainable development

goals into higher educational an
research process

UkljucCivanje ciljeva odrzivog razvoja u
proces visokoSkolskog obrazovanja i
istrazivanja

3.3.

The survey conducted among employees of both
departments also included the part about the integration
of the SDGs in their research and educational process.
These results were compared with the students’ answers,

to determine whether the students recognize the integra-
tion of the SDGs into the educational process in both
departments. The results of the employees of both de-
partments (Figure 5 and Figure 6) show that higher edu-
cation teachers at the Department of Forestry most fre-
quently integrate SDG 13 — Climate Action (average
value 4.0) and SDG 15 — Life on land (average value
4.0) into their educational process, which is expected as
both SDGs are related to the sustainable use of natural
resources (United Nations, 2015). For example, SDG 13
— Climate action and SDG 15 — Life on land are inte-
grated in the courses: Wildlife Ecology and Manage-
ment Planning, Management of Wildlife Populations,
Close-to-nature Silviculture, Silviculture, Dendrology
with Breeding of Forest Trees, Introduction to Nature
Conservation, The Basics of Forest Protection, Use of
Forest Biomass and Forest Policy. It was also found that
the research process of the employees of the Department
of Forestry is mainly related to SDG 15 — Life on land
(average value 3.1) and SDG 13 — Climate action (aver-
age value 2.7); however, the integration of the SDGs
into their research work is much lower. For example, the
employees of the Department of Forestry are currently
engaged in the projects related to SDG 13 — Climate ac-
tion (average value 2.7) (Learning to realize multiple
forest policy objectives under climate related stress and
disturbance and Natural regeneration and tending of
forests following large-scale disturbances: harmoniza-
tion of ecological, economic and forest policy aspects)
and to SDG 15 — Life on land (average value 3.1) (Effi-
cient management of private forests to support wood
mobilization, Learning to realize multiple forest policy
objectives under climate related stress and disturbance,
and Support for improved management of the interac-
tions between large herbivores and forests).

M Education activity of employees at Department of Forestry / obrazovna djelatnost na Odsjeku za Sumarstvo
Research activity of employees at Department of Forestry / istrazivacka djelatnost na Odsjeku za sumarstvo
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Figure 5 Involvement of SDGs in teaching and research at Department of Forestry and Renewable Forest Resources
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Slika 6. Ukljucenost SDG-ova u obrazovanje i istrazivanje na Odsjeku za znanost o drvu i drvnu tehnologiju

On the contrary, higher education teachers from
the Department of Wood Science most frequently inte-
grate SDG 12 — Responsible Consumption and Produc-
tion (average value 4.1) and SDG 7 — Affordable Clean
Energy (average value 3.9) into their education and re-
search process. For example, SDG 12 — Responsible
consumption and production and SDG 7 — Affordable
and clean energy are integrated, in the courses: Environ-
mental Protection in Wood Industry, Biotechnology in
Wood Industry, Biotechnology of Higher Fungi, Envi-
ronmental and Economic Aspects of Wood Protection
and Wood Modification, Economics of Wood-Industry
Company and Basics of Entrepreneurship, Management
of Wood Industry Company with Microeconomics,
Management of Production Processes in Wood Industry,
Organization of Production in Wood Industry Company.
Similar to the Department of Forestry, the SDGs are
considered to a lower extent in the research process of
employees of the Department of Wood Science than in
the educational processes. The research process current-
ly relates to SDG 4 — Quality education (average value
3.6) (Alliance of Centres of Vocational Excellence in the
Furniture and Wood Sector, Study in the shortage of per-
sonnel in the wood industry as a basis for the renewal of
training and SDG 7 — Affordable clean energy (average
value 3.5) (Affordable Clean Energy: Wood and Ligno-
cellulosic Composites).

Further, answers of the employees from both de-
partments were compared with the students results (Fig-
ure 7). The results show that the students from the De-
partment of Forestry find SDG 12 — Responsible
consumption and production (average value is 4.1) as the
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most integrated SDG in the forestry studies, followed by
SDG 12 - Responsible consumption and production,
SDG 7 — Affordable and clean energy (average value is
3.9), SDG 13 — Climate action (average value is 3.8) and
SDG 9 — Industry, innovation and infrastructure (aver-
age value is 3.5). These SDGs are integrated, for exam-
ple, into the courses: Close-to-nature Silviculture, Silvi-
culture, Forest Management and Planning, Introduction
to Nature Conservation, Basics of Forest Protection, For-
est Policy, Meteorology, Old-growth Forests and Forest
Reserves and Planning of Harvesting Technologies. Stu-
dents from the Department of Wood Science emphasized
only two SDGs— SDG 4 — Quality education (average
value is 3.6) and SDG 7 — Affordable and clean energy
(average value is 3.5). These SDGs are integrated, for
example, into the courses: Environmental Protection in
Wood Industry, Environmental and Economic Aspects of
Wood Protection and Wood Modification, Economics of
Wood-Industry Company and Basics of Entrepreneur-
ship, Management of Wood Industry Company with Mi-
croeconomics, Management of Production Processes in
Wood Industry, Organization of Production in Wood In-
dustry Company and Technical Mechanics.

SDGs are integrated into education and research
process at the Department of Forestry and the Depart-
ment of Wood Science, probably because most of the
current research programmes (e.g., Horizon Europe, In-
teregg Europe, Forestvalue, Forestvalue2) include top-
ics related to sustainable development and achieving
SDGs (Borchardt et al., 2023; European Commision,
2020; Interreg Europe, 2023; Forestvalue, 2023). More-
over, research process in higher education institutions is
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responses

Slika 7. Ukljuc¢enost SDG-ova u obrazovanje i istrazivanje na Odsjeku za Sumarstvo i Odsjeku za znanost o drvu na temelju

studentskih odgovora

directly related to the education process and therefore
SDG 4 — Quality education (Elsen et al., 2009). The stu-
dent’s responses confirm that courses in both depart-
ments integrate SDGs, but students do not always recog-
nize that specific SDGs are integrated into the course, as
the results show that students recognized different
courses in relation to SDGs and emphasized different
SDGs than employees, which could be a consequence of
the limitations regarding emphasis on the SDGs, which
was also recognized by Leal Filho (2023).

3.4 Future integration of sustainable
development goals into educational
and research process

Uklju€ivanje ciljeva odrzivog razvoja u
proces visokog obrazovanja i istrazivanja
u buduénosti

3.4.

This part of the research focused only on employ-
ees of both departments. They were asked whether they
intend to incorporate more SDG-related content in
their educational and/or research process in the future.
Employees of both departments rated this question
with an average value of 3.7 on a Likert-type scale
from 1 (I will not include the SDGs at all) to 5 (I will
definitely include the SDGs). From the results, it can
be concluded that SDGs are likely to be more included
in the educational and research process of employees
of both departments. The results are promising since
integrating sustainable development and SDGs into the
educational programmes, curricula and research cre-
ates meaningful learning outcomes (Lozano et al.,
2017; Alm et al., 2020; Walentowski et al., 2020; Bel-
monte-Ureda ef al., 2021).

4 CONCLUSIONS
4. ZAKLJUCAK

Sustainable development is a comprehensive topic
that affects the economy, society and environment. Fur-
ther, forest-wood chain represents an opportunity to
achieve the 2030 Agenda for Sustainable Development.
Moreover, higher education and research institutions
were recognized as important actors who should inte-
grate SDGs into their research and educational process
and spread awareness about sustainability. Employees at
the Department of Forestry and the Department of Wood
Science of the Biotechnical Faculty of the University of
Ljubljana already integrate SDGs in both educational
and research processes. Further, it is important to note
that the employees intend to include more SDGs in their
work in the future, recognizing that their curriculum in-
fluences students’ knowledge about the SDGs and their
perception of sustainability. Based on these facts it can be
concluded that educational and research institutions and
integration of SDGs into their educational and research
process could be an important step towards sustainability
and achieving goals of 2030 Agenda for Sustainable De-
velopment. Students who will work in the forestry and
wood industry sectors in the future could integrate and
promote more sustainable practises in the sectors if they
have sufficient knowledge of the SDGs and high percep-
tion of sustainability. New approaches in the industry
could help in achieving goals of the 2030 Agenda for
Sustainable Development. The study and its findings
open up an interesting discussion on the relevance of the
SDGs for higher education in the forest-wood chain.
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The study must consider some limitations regard-
ing the interpretation of the results, as there were some
limitations in the survey implementation. The main
drawback of the study is that the population studied is
very limited as it focuses on only two departments of
one university. However, the results open up promising
possibilities for a future extension of the study to simi-
lar higher education programmes at other universities
(Europe and globally). Another major drawback is that
the results are based on self-assessment. Therefore, the
results, especially the answers to the questions on fa-
miliarity with the SDGs, cannot be viewed with abso-
lute certainty.
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ABSTRACT - There is insufficient data regarding the biodegradation of wood-based composites (WBC) by
wood decay fungi. This study aimed to evaluate the biological durability and water-related properties of different
WBC types. Although WBC are primarily designed for dry environments, in building applications, they may face
increased moisture risks due to water leakage, condensation, or humid air. The panels, including oak-pine shield
parquet (OPP), oriented strand board (OSB), birch plywood (BP), particle board (PB), laminated particle board
(LPB), moisture-resistant particle board (MRPB), medium density fibreboard (MDF), laminated medium density
fibreboard (LMDF) and moisture resistant medium density fibreboard (MRMDEF), were subjected to attack by
brown rot fungus Coniphora puteana. After 16 weeks of exposure, the most resistant WBC against biodegradation
were BP, moisture-resistant MDF, and laminated MDF, as they exhibited a mass loss lower than 5 %. Conversely,
all other WBC types showed high susceptibility to biodegradation, with a mass loss exceeding 35 %. LMDF (8—51
%) and MRMDF had the lowest water absorption (WA) within 168 h (2 — 46 %), while non-treated MDF exhibited
the highest WA among all composite types with 190 % water uptake. With regards to thickness swelling, all WBC
types, except for LPB and MDF, demonstrated values below 20 %. The influence of adhesives (phenol-formalde-
hyde or melamine urea-formaldehyde) used in WBC did not show a clear impact on water-related properties or
biological durability.

KEYWORDS: biodegradation; fungi; thickness swelling; water absorption; wood-based composites

SAZETAK ¢ Ne postoji dovoljno podataka o biorazgradnji kompozita na bazi drva (WBC) gljivama truleznicama.
Cilj ovog istrazivanja bio je procijeniti biolosku trajnost i svojstva razlicitih vrsta kompozita na bazi drva u doti-
caju s vodom. lako su kompoziti na bazi drva ponajprije dizajnirani za suhe okolisne uvjete, u zgradama se mogu
naci izlozeni povecanom riziku od vlage zbog curenja vode, kondenzacije ili povecane viage u zraku. Napadu
gljiva smede trulezi Coniphora puteana izlozeni su povrsinski obradeni viseslojni parket od hrastovine i borovine
(OPP), ploca iverica s usmjerenim makroiverjem (OSB), brezova furnirska ploca (BP), ploca iverica (PB), ploca
iverica oblozena laminatom (LPB), vodootporna ploca iverica (MRPB), ploca vilaknatica srednje gustoce (MDF),
ploca viaknatica srednje gustoce oblozena laminatom (LMDF) i vodootporna ploca viaknatica srednje gustoce
(MRMDEF). Nakon 16 tjedana izlaganja u ovom istrazivanju najotpornijim kompozitima na bazi drva na bioraz-
gradnju pokazali su se brezova funirska ploca, vodootporni MDF i MDF oblozen laminatom jer su imali gubitak
mase manji od 5 %. Suprotno tome, svi ostali tipovi kompozita na bazi drva pokazali su visoku sklonost bioraz-
gradnji, uz gubitak mase veci od 35 %. Najnizu apsorpciju vode (WA) unutar 168 sati imali su LMDF (8 —51 %) i
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MRMDF (2 — 46 %), dok je neobradeni MDF pokazao najvecu apsorpciju medu svim vrstama kompozita, uz 190
%-tno upijanje vode. Kad je rijec o debljinskom bubrenju, sve su vrste kompozita na bazi drva, osim ploce iverice
oblozene laminatom i MDF-a, pokazale vrijednosti nize od 20 %. Za ljepila (fenol-formaldehidno ili melamin
urea-formaldehidno) upotrijebljena u kompozitima na bazi drva nije potvrden jasan utjecaj na svojstva u doticaju

s vodom ili njihov utjecaj na biolosku trajnost kompozita.

biorazgradnja; gljive; debljinsko bubrenje; apsorpcija vode, kompoziti na bazi drva

1 INTRODUCTION

Wood-based composites (WBC) are widely used
in furniture production and building construction for
both interior and exterior applications. Scientific studies
still address the issue of moving WBCs towards im-
proved performance and higher sustainability (Zanuttini
and Negro, 2021). The wood composite products are
made of thin veneers, strands, flakes, particles, and fi-
bres glued with an adhesive resin. Accordingly, the
wood within the composites often has the same physical
and biological properties as the original log. These wood
properties include hygroscopicity, tendency to swell as
moisture content (MC) increases, and susceptibility to
biological attack at the same moisture level.

The type of adhesive and manufacturing process
are among the most important factors contributing to
differences in wood moisture relationships between
wood composites and solid wood. The more water-re-
sistant the bonded resin system becomes and the more
deeply that resin system penetrates the wood cell wall,
the more durable the wood composite becomes
(Winandy and Morrell, 2017). Phenol-formaldehyde
(PF) resins are typically used in the manufacture of
construction plywood and oriented strand board, where
exposure to weather during construction is a concern.
Other moisture exposure situations, such as temporary
weather exposure, occasional plumbing leaks, or wet
foot traffic, may also necessitate the use of PF resins.
Urea-formaldehyde (UF) resins are typically used in
the manufacture of products used in interior applica-
tions, primarily particleboard and medium-density fi-
breboard (MDF). Melamine-formaldehyde (MF) resins
are used primarily for decorative laminates and paper
coating. Melamine urea-formaldehyde (MUF) resins
are often used when greater water resistance is required
than that obtained with UF resin (Stark et al., 2010).

Many WBC are generally intended for interior
uses in a dry environment. However, in buildings, they
are potentially subjected to elevated moisture risks due
to water leaks, condensation, or damp air. When water
intrusion occurs, a critical factor that affects water pen-
etration is the water absorption rate of the wood-based
materials (TenWolde and Rose, 1993). As a result, high
moisture levels in building materials reach conditions
where biological attack is possible, and this can result
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in substantial repair costs. Biodegradation has a big in-
fluence on the life cycle of various materials. Rot fungi
are among the biggest groups of organisms that de-
grade wood materials (Schmidt, 2006). The biodegra-
dation surveys in wooden constructions have mainly
been focused on the type of decayed wood (soft- or
hardwood), fungal species, and location of fungal at-
tack (roof, floor, ceiling, etc.) (Alfredsen et al., 2005;
Irbe et al., 2012), and environmental conditions (Vii-
tanen ef al., 2010). There is a lack of data on the bio-
degradation of WBC by wood decay fungi. The litera-
ture survey showed that laboratory studies on fungal
biodegradation of WBC are mainly limited to the test-
ing of a few panel types (Curling and Murphy, 1999;
Kartal and Green III, 2003) or focused specifically on
wood-plastic composites (Feng et al., 2020; Yeh et al.,
2021; Buschalsky et al., 2022) or deterioration of WBC
by mould fungi (Yang, 2008). In the present study, the
different types of WBC, including laminated and mois-
ture-resistant panels, were investigated in relation to
moisture and decay resistance properties. The brown
rot fungus Coniphora puteana was selected for experi-
ments as a widespread and economically important
wood decay fungus in wooden constructions.

2 MATERIALS AND METHODS

2.1 Wood-based composites

Commercial oak-pine shield parquet (OPP)
(thickness 14.1 mm), oriented strand board (OSB)
(thickness 20.7 mm), birch plywood (BP) (thickness
14.7 mm), particle board (PB) (thickness 15.8 mm),
laminated particle board (LPB) (thickness 16.1 mm),
moisture resistant particle board (MRPB) (thickness
16.1 mm), medium density fibreboard (MDF) (thick-
ness 16.2 mm), laminated medium density fibreboard
(LMDF) (thickness 18.2 mm), and moisture resistant
medium density fibreboard (MRMDF) (thickness 16.1
mm) were purchased from the retail market. The panels
were conditioned at a temperature of 20 °C and 65 %
relative humidity (RH) to a constant weight. The den-
sity of materials was determined for specimens Scm x
Scm in size using the conditioned volume and condi-
tioned mass.
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2.2 Water absorption and thickness
swelling

2.2. Apsorpcija vode i debljinsko bubrenje

The water absorption (WA) and thickness swell-
ing (TS) of different WBC panels were measured ac-
cording to ASTM D1037-12 (2020), with modifica-
tions using 5 cm x 5 cm specimens (6 replicates in each
group). The specimens were immersed in distilled wa-
ter and the weight was measured after 2 h, 4 h, 6 h, 8 h,
24 h,48 h, 72 h, 96 h, and 168 h. Water absorption was
calculated using the following equation:

WA (%) = ((m, - m))/ m,)) x100 @)

Where m, is the mass of the specimen before im-
mersion and m, is the mass of the specimen after im-
mersion.

Thickness swelling was measured after 24 h, 48
h, 72 h, 96 h, and 168 h and calculated as follows:

TS (%) = ((¢, - )/ t,)) <100, )

Where ¢, is the thickness of the specimen before
immersion and ¢, is the thickness after immersion.

2.3 Fungal resistance
2.3. Otpornost na gljive

The fungal resistance of WBC specimens was de-
termined according to the modified European Prestand-
ard ENV 12038:2002. Six parallel specimens with di-
mensions of 50 cm x 25 cm X 15 ecm were cut from the
pre-conditioned panels and exposed to the brown rot
fungus C. puteana (Schumacher ex Fries) Karsten
(BAM Ebw. 15) on a medium containing 5 % malt ex-
tract concentrate and 3 % Fluka agar (Sigma-Aldrich) in
Kolle flasks. Scots pine wood was used as a control.
Sterilized specimens were aseptically placed on a 3-mm
glass supports and incubated at 22+2 °C and 70 % RH

800

for 16 weeks. Aftero cultivation, the specimens were re-
moved from the culture vessels, brushed free of myceli-
um, and oven dried at (103 £ 2) °C. The loss in dry mass
(%) of the specimens was used as the criterion for deter-
mining the extent of the fungal attack. If the mean mass
loss is greater than 3 %, the decay susceptibility index
(DSI) is calculated as follows:

DSI=T/8§x%100 3)

Where 7 is the mass loss (%) of an individual test
specimen, S is the mean mass loss (%) of the appropri-
ate set of control specimens.

DSI values of 100 indicate the same decay resist-
ance as that of the timber used for the control. Materi-
als with lower DS values are more resistant to fungal
attack.

3 RESULTS AND DISCUSSION
3. REZULTATI | RASPRAVA

The density of composites ranged from 526 kg/
m? for OPP composite to 771 kg/m?* for MDF (Figure
1). The highest density of over 700 kg/ m* was deter-
mined for BP, MDF, LMDF, and MRMDF materials.

Figure 2 shows the water absorption results of all
tested specimens during the 2 to 168 h immersion. The
lowest absorption was observed for BP, LMDF, and
MRMDF reaching ~50 % at the end of the experiment.
The lowest absorption correlated with the higher den-
sity of these composites (except for MDF) (Figure 1).
OPP, OSB, PB, and MRPB specimens demonstrated
similar absorption behaviour during the test reaching
28-47 % after 24 h, and 70-80 % after 168 h.

MDF had the highest absorption after 168 h
reaching ~190 %, although after 24 h, OPP, BP, PB,

700

Density / gustoca, kg/m?

600
500
400
300
200
100

0

OPP OSB BP PB LPB

MRPB MDF LMDF MRMDF

Figure 1 Density of tested specimens - oak-pine shield parquet (OPP), oriented strand board (OSB), birch plywood (BP),
particle board (PB), laminated particle board (LPB), moisture-resistant particle board (MRPB), medium density fibreboard
(MDF), laminated medium density fibreboard (LMDF), moisture resistant medium density fibreboard (MRMDF)

Slika 1. Gustoca ispitivanih uzoraka: povrsinski obradenoga viseslojnog parketa od hrastovine i borovine (OPP), ploce
iverice s usmjerenim makroiverjem (OSB), brezove furnirske ploce (BP), ploce iverice (PB), ploce iverice oblozene
laminatom (LPB), vodootporne ploce iverice (MRPB), ploce vlaknatice srednje gusto¢e (MDF), ploce vlaknatice srednje
gustoce oblozene laminatom (LMDF) i vodootporne ploce vlaknatice srednje gustoce (MRMDF)
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Figure 2 Water absorption of tested specimens after 2 h to 168 h - oak-pine shield parquet (OPP), oriented strand board (OSB),
birch plywood (BP), particle board (PB), laminated particle board (LPB), moisture resistant particle board (MRPB), medium
density fibreboard (MDF), laminated medium density fibreboard (LMDF), moisture resistant medium density fibreboard

(MRMDF)

Slika 2. Apsorpcija vode ispitanih uzoraka nakon 2 do 168 h: povrsinski obradenoga viseslojnog parketa od hrastovine i boro-
vine (OPP), ploce iverice s usmjerenim makroiverjem (OSB), brezove furnirske ploce (BP), ploce iverice (PB), ploce iverice
oblozene laminatom (LPB), vodootporne ploce iverice (MRPB), ploce vlaknatice srednje gusto¢e (MDF), ploce vlaknatice
srednje gustoce oblozene laminatom (LMDF) i vodootporne ploce vlaknatica srednje gusto¢e (MRMDF)

LPB, and MRPB specimens had higher absorption
compared to MDF. In general, MDF lamination and
moisture resistance treatment decreased the water up-
take, resulting in significantly lower absorption of
LMDF (8-51 %) and the lowest absorption for MRMDF
(2-46 %) specimens.

The laminated surface of PB did not protect the
composite from elevated water uptake. LPB had sig-
nificantly higher absorption during all immersion peri-
ods (67-103 %) than PB (13-82 %), while moisture-
resistant PB had slightly lower absorption (11-79 %)
compared to PB. LPB had the highest absorption after
24 h (~80 %) compared to other composites. In similar
research, the physical-mechanical properties of PB
manufactured with Eucalyptus wood, bamboo, and rice
husk particles were assessed. Water absorption after 24
h of wood particle board was ~43 %, while for other
combinations it was 67-72 % (de Melo et al., 2014).

The findings provide proof that the commercial
treatment aimed at reducing water absorption was ef-
fective for moisture-resistant PB and MDF compared
to untreated or laminated composites. An alternative
method to enhance the water-repellent properties of
WBC is through modification techniques such as acet-
ylation or thermal modification. Research conducted
by Pipiska et al. (2020) demonstrated that OSB strand
boards made of acetylated strands and thermally modi-
fied strands exhibited a substantial improvement in wa-
ter resistance.

102 ) DRVNA INDUSTRIJA 75 (1) 99-106 (2024)

Figure 3 illustrates the thickness swelling of all
WBC specimens over the period of 24 to 168 hours.
Wood products incorporating larger-size wood parti-
cles like BP and OPP demonstrated consistently low
and minimal swelling ranging from 6.5 % to 8.6 %
throughout the entire 168h testing duration. In contrast
to most particle-based panels, plywood undergoes neg-
ligible irreversible thickness swelling when subjected
to moisture (Stark et al., 2010). Additionally, OSB pan-
els displayed relatively low swelling levels ranging
from 7 % to 15 % during the entire testing period. Pre-
vious studies have reported that untreated BP experi-
enced swelling between 6 % and 12 % during immer-
sion periods of 2 to 72 hours (Bekhta et al., 2020),
while for untreated OSB the swelling was 20 % and
25 % after 24 h and 168 h, respectively (Pipiska et al.,
2020). There was no clear relation between the mate-
rial density and swelling. For example, OPP and BP
with similarly low swelling had different densities,
while MDF with the highest density demonstrated the
highest thickness swelling.

Notably, PB exhibited lower thickness swelling
(13-18 %) after all testing periods, in contrast to lami-
nated PB (22-26 %). Moisture-resistant PB demon-
strated similar swelling levels to untreated PB, sug-
gesting that lamination and moisture-resistant treatment
did not effectively protect PB from long-term water
exposure. In a study by de Melo ef al. (2014), PB man-
ufactured with Eucalyptus wood, bamboo, and rice
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Figure 3 Thickness swelling after 24 h to 168 h immersion in water of tested specimens - oak-pine shield parquet (OPP), ori-
ented strand board (OSB), birch plywood (BP), particle board (PB), laminated particle board (LPB), moisture resistant particle
board (MRPB), medium density fibreboard (MDF), laminated medium density fibreboard (LMDF), moisture resistant medium
density fibreboard (MRMDF)

Slika 3. Debljinsko bubrenje ispitivanih uzoraka nakon 24 do 168 h potapanja u vodi: povrSinski obradenoga viseslojnog parketa
od hrastovine i borovine (OPP), ploce iverice s usmjerenim makroiverjem (OSB), brezove furnirske ploce (BP), ploce iverice
(PB), ploce iverice obloZene laminatom (LPB), vodootporne ploce iverice (MRPB), ploce vlaknatice srednje gustoce (MDF),
ploce vlaknatice srednje gustoce obloZene laminatom (LMDF) i vodootporne ploce vlaknatice srednje gustoce (MRMDF)

husk exhibited thickness swelling of 31 %, 30 %, and
49 % after 24 h, respectively.

MDF showed the highest swelling after 48 hours,
reaching 34 %, and remarkably increased to 134 % af-
ter 168h. Laminated MDF and moisture-resistant MDF
displayed similar swelling patterns during the experi-
ment, reaching 4-5 % after 24 hours and 18-20 % after
168 h. For MDF panels manufactured using bamboo,

swelling reached 11-21 % after 24 hours (Marinho et
al., 2013). PB bonded with MUF resin and MDF pan-
els bonded with UF resin demonstrated higher thick-
ness swelling compared to panels containing PF resin
(Figure 3), as moisture exposure leads to the break-
down of bond-forming reactions (Stark et al., 2010).
Various board types displayed different suscepti-
bility to the fungal decay after 16 weeks of exposure

100 —
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Figure 4 Mass loss (%), moisture content (W, %), and decay susceptibility index (DSI) of tested specimens (n = 6) after 16
weeks of degradation by brown rot fungus C. puteana. Abbreviations: oak-pine shield parquet (OPP), oriented strand board
(OSB), birch plywood (BP), particle board (PB), laminated particle board (LPB), moisture resistant particle board (MRPB),
medium density fibreboard (MDF), laminated medium density fibreboard (LMDF), moisture resistant medium density fibre-
board (MRMDF)

Slika 4. Gubitak mase (%), sadrzaj vode (W, %) i indeks osjetljivosti na truljenje (DSI) ispitivanih uzoraka (n = 6) nakon 16
tjedana razgradnje gljivom smede trulezi C. puteana. Kratice: OPP — povrsinski obradeni viSeslojni parket od hrastovine i bo-
rovine, OSB — ploca iverica s usmjerenim makroiverjem, BP — brezova furnirska plo¢a, PB — plo¢a iverica, LPB — ploca iveri-
ca obloZzena laminatom, MRPB — vodootporna ploca iverica, MDF — ploc¢a vlaknatica srednje gusto¢e, LMDF — ploca vlakna-
tica srednje gustoce oblozena laminatom i MRMDF — vodootporna ploca vlaknatica srednje gustoce
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(Figure 4). The average mass loss of the WBC speci-
mens varied between 1.1 % for BP and 39.0 % for
LPB, with pinewood control exhibiting significantly
higher mass loss at 52.7 %. Among the WBC types, BP,
moisture-resistant MDF, and laminated MDF reached
the highest resistance to biodegradation, with mass
losses below 5 %. Conversely, all other WBC types
demonstrated a high susceptibility to biodegradation,
with mass losses exceeding 35 %.

A mass loss above 20 % in the virulence control
specimens provided confirmation of the viability of the
fungal strain (ENV 12038:2002). The moisture content
of both the test specimens and controls after the test
exceeded 25 %, ensuring favourable conditions for
fungal growth (Figure 4). The majority of tested WBC
cannot be designated as fully resistant (except for BP
and MRMDF) to attack by C. puteana since the mass
loss of specimens was greater than 3 %. In this case,
the DSI was calculated, with the mass loss of each test
specimen being expressed as a percentage of the mean
loss in mass of the control specimens. The DSI results
demonstrated that laminated MDF performed the low-
est value. Consequently, this material was more resist-
ant (DSI 8.5) to fungal attack than other composites
(DSI~170).

Several factors may contribute to a higher resist-
ance to fungal attack, including physical properties,
adhesive type, and wood particles. In terms of physical
properties, certain composite types with a higher den-
sity above 700 kg/m* (Figure 1) aligned with lower
mass losses observed in BP, MRMDF, and LMDF pan-
els, with the exception of MDF. However, the high
mass loss observed in MDF can be attributed more to
the absence of additional treatments such as moisture
resistance in MRMDF or lamination in LMDF, rather
than density alone.

The influence of adhesives on decay resistance
yielded contradictory results. Various factors, includ-
ing the fluid properties of the resin, wood anatomical
characteristics and permeability, and processing condi-
tions, contribute to resin penetration (Kamke and Lee,
2007), making it complex to isolate the specific impact
of the adhesive. BP and OSB panels bonded with PF
resins displayed distinct biodegradability, with BP ex-
periencing a minor mass loss (1.1 %) and OSB panels
showing high mass loss (over 30 %). This characteris-
tic can be attributed more to the larger size of wood
particles (veneers) in BP rather than the adhesive spe-
cific influence. According to Stark et al. (2010), ply-
wood properties depend on the quality of veneer plies,
their arrangement, the adhesive used, and the level of
control of bonding conditions during production. Pre-
vious studies have also observed low mass loss in BP
after decay (Irbe et al., 2017). This property has been
associated with the potential fungicidal effect of the PF
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adhesive due to the presence of phenols and formalde-
hyde. When water-soluble phenolic compounds were
leached out, the plywood became susceptible to fungal
attack (Irbe et al., 2017). OSB, manufactured from thin
wood strands with controlled size, placement, and ori-
entation, aims to enhance performance like structural
plywood (Stark et al, 2010). However, the wood
strands in OSB remained vulnerable to fungal attack,
indicating the need for further improvement in its re-
sistance to decay (Figure 4).

PB panels, including laminated and moisture-re-
sistant PB, bonded with MUF resin, were susceptible
to fungal decay, resulting in mass losses exceeding
30 %. The production process of PB involves mechan-
ically reducing the wood raw material into small parti-
cles, applying the adhesive to the particles, and con-
solidating them under heat and pressure to form a
panel product (Stark ef al., 2010). The presence of
small wood particles and an adequate MC exceeding
47 % contributed to the efficient biodegradation of PB.
Additional treatments such as lamination and mois-
ture-resistant additives did not provide protective ef-
fects against fungal attack. In the case of lamination
(LPB), the lack of protection against the fungus can be
attributed to unsealed specimen edges. The moisture
resistance property of MRPB is more likely associated
with relative humidity, rather than material wetting.
However, in practical applications, occasional wetting
in constructions can lead to increased water absorption
and thickness swelling, making the material more sus-
ceptible to penetration by fungal hyphae and subse-
quent degradation (Figure 4).

Except for moisture-resistant MDF and laminat-
ed MDF, MDF panels bonded with MUF resin demon-
strated susceptibility to fungal degradation. The re-
duced biodegradation observed in these panels can be
attributed to their hydrophobic properties with a lower
MC (27 %). There are several distinguishing factors
between fibreboard and particleboard, with the physi-
cal configuration of the wood element being the most
notable difference. Fibreboard leverages the inherent
strength of wood to a greater extent compared to parti-
cleboard, as wood is fibrous by nature (Stark et al.,
2010).

There is ongoing exploration of various ap-
proaches to improve the biological durability of WBC.
Ustadmer et al. (2010) noted that the decay resistance
of MDF was enhanced by increasing the melamine
content in the MUF resin and by using higher chemical
concentrations. Treatment with vapor-boron was found
to improve WBC resistance to fungal decay (Tsunoda,
2001), while the effectiveness of vacuum-impregna-
tion of WBC with alkaline copper quat (ACQ) depend-
ed on the specific type of WBC and wood rot fungi
(Tascioglu and Tsunoda, 2010). Pressure to reduce the
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use of wood preservatives is growing, prompting ex-
ploration of nonchemical methods that may be suitable
for certain applications (Winandy and Morrell, 2017).
For instance, acetylation of wood prior to composite
manufacturing can be used to enhance moisture resist-
ance. Another proposed method is thermal modifica-
tion, which is believed to decrease the availability of
carbohydrate compounds, thereby reducing the risk of
fungal attack. Additionally, an alternative approach to
enhancing the biological durability of composite mate-
rials could involve using naturally durable wood spe-
cies or environmentally friendly biocides.

4 CONCLUSIONS

Laminated and moisture-resistant MDF exhibit-
ed limited water absorption compared to other tested
composite materials, reaching an absorption range of
46 — 52 % which was attributed to lamination, moisture
resistance treatment, and higher density. The lowest
thickness swelling observed in OPP and BP materials
can be related to their larger wood particle size, and not
to density. The impact of adhesive on water-related
properties was not clearly evident from the observa-
tions. In terms of decay resistance, all tested WBC
samples showed higher resistance compared to the
control specimens. BP, as well as laminated, and mois-
ture-resistant MDF panels, demonstrated the highest
resistance, with mass losses below 5 %. The reduced
fungal resistance observed in other WBC types may be
related to factors such as smaller wood particle size,
higher moisture susceptibility, or the absence of mois-
ture treatment for the wood particles.
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ABSTRACT . This study aimed to develop laminate flooring composite using a combination of wood and waste
tire rubber (WTR). Plywood panels were produced by using beech (Fagus orientalis), alder (Alnus glutinosa), and
poplar (Populus) veneers in a 7-ply configuration. To enhance the physical-mechanical properties of the panels,
three loadings of nano-SiO, (0, 2, and 4 wt%) along with 2 wt% of hexamethyldisilazane (HMDS) were added.
Commercial urea-formaldehyde (UF) resin and methylene diphenyl diisocyanate (MDI) were used to bind the
wood layers and rubber layers together. The mechanical properties, including modulus of rupture (MOR), modu-
lus of elasticity (MOE), impact strength (1S), hardness strength (HS), and physical properties, such as density (D),
water uptake (WU), and thickness swelling (TS), were evaluated. The results showed that increasing the WTR
content led to improvements in the physical properties (D, WU, and TS), while negatively affecting the mechanical
properties (MOR, MOE, IS, and HS) of the resulting panels. However, the addition of nano-SiO, improved both
the physical and mechanical properties (MOR, MOE, and HS) of the panels. Furthermore, it was observed that
the mechanical properties were enhanced with increasing the number of beech layers, although the WU of panels
decreased compared to panels made with alder and poplar. Overall, the improvement in the physical properties of
the panels followed the order of the arrangement of rubber layers > nano-SiO, content > veneer layers.

KEYWORDS: silica nanoparticles; rubber waste; plywood; physical-mechanical properties; flooring

SAZETAK ¢ Postavljeni je cilj bio izraditi kompozitni laminat kombinacijom drva i otpadne gume (WTR). Furnir-
ske su ploce proizvedene upotrebom sedam slojeva furnira drva bukve (Fagus orientalis), johe (Alnus glutinosa)
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i topole (Populus). Kako bi se poboljsala fizicka i mehanicka svojstva ploca, dodana su tri punjenja nano-SiO,
(0, 2 4 wt%), zajedno s 2 wt% heksametildisilazana (HMDS). Za lijepljenje slojeva drva i gume rabljena su ko-
mercijalna urea-formaldehidna (UF) smola i metilen difenil diizocijanat (MDI). Zatim su proucavana mehanicka
svojstva tako dobivenih laminata ukljucujuci modul loma (MOR), modul elasticnosti (MOE), udarnu ¢vrstocu (1S),
otpornost na zasijecanje (HS) i fizicka svojstva kao Sto su gustoca (D), upijanje vode (WU) i debljinsko bubrenje
(TS). Rezultati su pokazali da je povecanje sadrzaja WTR-a pridonijelo poboljSanju fizickih svojstava dobivenih
ploca (D, WU i TS), dok je negativno utjecalo na njihova mehanicka svojstva (MOR, MOE, 1S i HS). Medutim, do-
datkom nano-SiO, poboljsana su fizicka i mehanicka svojstva ploca (MOR, MOE i HS). Nadalje, uoceno je da su
mehanicka svojstva poboljsana povecanjem broja slojeva bukovine, iako su ploce od bukovine upijale manje vode
u usporedbi s plocama od drva johe i topole. Opcenito, poboljsanje fizickih svojstava ploca slijedilo je nacelo:
raspored slojeva gume > sadrzaj nano-SiO, > slojevi furnira.

nanocestice silicija; gumeni otpad, furnirska ploca; fizikalno-mehanicka svojstva; podovi

1 INTRODUCTION

The world has agreed to move from a linear to a
circular economy. This has led to various inventions,
new business models, and strategies. They support the
push for further institutionalization of circular economy
practices. Following globalization, more waste is pro-
duced, surpassing the earth’s capacity for renewal and
natural resilience (Greer et al., 2021). For example, it is
estimated that the annual production of waste in the
world will reach 50-70 % by 2050 (Kaza et al., 2018).
Thus, it is of great interest to considerably reduce the
amounts of produced waste and to develop alternative
strategies to manage wide spectra of wastes considering
the attitudes of the circular economy. One of the materi-
als that offer a lot of opportunities for recycling and re-
use is rubber. Currently, rubbers are mainly being used
to fabricate a wide range of materials for numerous ap-
plications like toys, automotive, technical, construction
and structures, etc. However, rubber does not degrade at
the end of its life and can remain in the environment for
decades, predominately due to the presence of reinforc-
ing fillers, antioxidants, antiozonants, and curating
agents (Fazli and Rodrigue, 2020). The landfilling and
combustion are not in accordance with the circular
economy principles or with the waste management hi-
erarchy (Pires and Martinho, 2019). Therefore, it is po-
tentially valuable to develop alternative strategies for
the reuse and recycling of rubber. One of the possible
alternatives is wood-rubber composites (Shao et al.,
2016). The idea of these composites is to combine wood
with superior mechanical properties and a good density
to strength ratio (Madsen and Gamstedt, 2013) with
rubber. On the other hand, the benefits of the rubber are
high compressive performance, good water sorption
properties, absorption of damping vibration reduction,
unique energy absorption, good toughness, strong abra-
sion resistance, low biodegradability, etc (Mancel et al.,
2022). Therefore, producing composites based on wood
and rubber could have superior properties (Ayrilmis et
al., 2009). There are various approaches how to pro-

108 DRVNA INDUSTRIJA 75 (1) 107-119 (2024)

duce wood-rubber composites. Wood can be used as a
filler in the rubber (Nuzaimah et al., 2018; Flour et al.,
2004; Vladkova et al., 2004; Vladkova et al., 20006),
and rubber can be used in particleboards (Mancel ef al.,
2022) or oriented strand boards (Ayrilmis ef al., 2009a).
The last but not least alternative is to use rubber as a
layer between the veneers in plywood. In such applica-
tions, rubber can even serve as an adhesive (Shao et al.,
2016). Ashori et al. (2015) investigated the possibility
of using waste tire rubber in fabricating hybrid plywood
composite panels. The results indicate that utilizing
rubber in the produced panels enhanced physical prop-
erties such as water uptake (WU), thickness swelling
(TS), and sound absorption. However, mechanical prop-
erties like modulus of rupture (MOR), modulus of elas-
ticity (MOE), and impact strength (/S) were declined.
Recently, nanotechnology has improved the efficiency
of materials in different areas of science. Among nano-
particles, nano-silica (SiO,) with very small sizes and
high surface area are widely used in the polymer and
surface coating industries (Fang et al., 2014; Xiong et
al., 2021). Plenty of studies have focused on the appli-
cation of nanosilica in numerous polymers. However,
only a few studies refer to wood/rubber and wood/plas-
tic composites. It has been reported that nano-SiO, can
improve polymer matrix mechanical properties such as
strength, hardness, modulus of crystallinity as well as
viscosity and adhesion (Parvinzadeh et al., 2010). Deka
and Maji (2013) investigated the influence of nanoclay
and nano-SiO, on the properties of wood/plastic com-
posites. The results showed that mechanical properties,
thermal properties, and flame retarding were improved
by increasing nanoparticles by up to 3 wt% of each na-
noparticle. The impact strength of wood /plastic com-
posite decreased with the increase of clay and nano-
SiO, (3 and 4 wt%) (Nourbakhsh et al., 2011). Xu and
Zhang (2021) investigated the preparation and proper-
ties of hydrophobically modified nano-SiO, nanoparti-
cles with hexadecyltrimethoxysilane (HDTMS). Nano-
SiO, is a common inorganic silicon material. However,
its surface is very hydrophilic due to the presence of
many hydroxyl groups, which limits its use in some
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fields. Therefore, in their research, they used HDTMS
to modify nano-SiO,. The results of water contact angle
analysis (WCA), Fourier transform infrared (FTIR),
two-dimensional correlation spectroscopy (2D-COS),
thermal analysis (TG), and scanning electron micros-
copy (SEM) showed that HDTMS was successfully
grafted on the nano-SiO, surface due to its long hydro-
phobic alkyl chain. In general, their results showed that,
when the ratio of nano-SiO, and HDTMS was 0.25:1,
the WCA reached 170.9°, which was about 5.62 times
higher than before the modification. In fact, it showed
the property of superhydrophobicity (Xu and Zhang,
2021).

This research attempted to develop a more sus-
tainable and innovative rubber-based plywood by opti-
mizing its composition, employing structural engineer-
ing principles, and incorporating additional nano-SiO,.
By utilizing advanced technology and innovative ma-
terials, this research aims to contribute to the growing
field of sustainable building materials and promote the
adoption of environmentally friendly alternatives in
the construction industry.

2 MATERIALS AND METHODS
2.1 Materials

Rotary-cut veneers of beech (Fagus orientalis),
alder (Alnus glutinosa) and poplar (Populus alba L.)
with densities of 0.68 g/cm?, 0.49 g/cm? and 0.40 g/
cm’, respectively, were used for the work. The men-
tioned wood species are the most dominant species
used for plywood manufacturing in Iran. A total of 288
defect-free veneer samples with a dimension of 400
mm x 400 mm and a thickness of 1.8 mm were condi-

Table 1 Chemical materials used in the study
Tablica 1. Kemikalije upotrijebljene u istrazivanju

tioned to a moisture content of 10 % prior to experi-
ments. The chemical materials used, their characteris-
tics and suppliers are listed in Table 1 for easy reference.

2.2 Methods

2.2.1 Preparation of nanoparticle soluble

polymer

A combined solution of nano-SiO, and HMDS
was used to reinforce the rubber powder filler (Figure
1). In fact, distilled water and ethanol were used as sol-
vents in the reaction, crosslinking and providing proper
stabilization of the silica particles. To prepare the nano-
particle solution with suitable concentrations, nano-
SiO, powder with weight ratios of 0, 2, and 4 wt% and
HMDS with 2 wt% dry weight ratio of rubber powder
were added to 150 L of a mixture of distilled water and
ethanol and placed in a magnetic electric mixer and
combined for 2 h. The combined solution of nano-SiO,
and HMDS was then placed in a drying chamber (labo-
ratory dryer) at 8 °C for 8 h to obtain a polymer nano-
particle solution. Finally, the generated residues were
mixed as a dry powder tablet and mixed with rubber
powder (Song et al., 2014).

2.2.2 Hybrid plywood composite
fabrication

Table 2 summarizes the features of some seven-
layer plywood samples, comprising a combination of
beech (B), alder (A), and poplar (P) veneers with rubber
particles. Plywood panels were made using a wide range
of permutations across four independent variables: lay-
ering pattern, WTR content, nano-SiO, content, and hot-

Chemical material Characteristics Supplier (Country)
Kemikalija Svojstva Dobavljac (drzava)
Waste tire powder (WTP) Bulk density / nasipna gusto¢a: 0.32 g/cm® Isatis Yazd (Iran)
prah od otpadnih guma Particle size / velicina cestica: 0.2 mm

nano-SiO,

Bulk density / nasipna gustoéa: <0.10 g/cm?
True density / stvarna gustoca: 2.4 g/cm?
Particle size / velicina cestica: 20-30 nm
Purity / cistoéa: > 99 %

Evonik Industry (Germany)

Hexamethyldisilazane (HMDS)
heksametildisilazan (HMDS)

Bulk density / nasipna gustoéa: 0.77 g/cm?
Purity / cistoca: > 97 %
Boiling point / vreliste: 126 °C

Tokyo Chemical Industry (Japan)

Ethanol / etanol

Bulk density: 0.79 g/cm?
Purity / cistoc¢a: > 99 %
Boiling point / vreliste: 78.5 °C

Scharlau Chemical Industry (Spain)

Methylene diphenyl diisocyanate
(MDI) resin
metilen difenil diizocijanat (MDI).

True density / stvarna gusto¢a: 1.27 g/cm?
Solid content / sadrzaj suhe tvari: 100 %

Aras Chemicals (Iran)

Urea formaldehyde (UF) resin
urea-formaldehidna (UF) smola

True density / stvarna gustoca: 1.26 g/cm?
Solid content sadrzaj suhe tvari: 60 %

Iran-Choob Ghazvin (Iran)
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Figure 1 Schematic diagram showing influence of nano-SiO2 modified by HMDS on bonding of rubber between wood layers

(Song et al., 2014)

Slika 1. Shematski dijagram utjecaja nano-SiO, Cestica modificiranih HMDS-om na lijepljenje gume izmedu slojeva drva

(Song et al., 2014.)

pressing method (Table 2). The veneers were cold-
pressed for 10 minutes after being bonded with UF resin
at a glue spread rate of 160 g/m>. It should be noted that
MDI glue spread rate was 150 g/m>. The plywood was
produced using a two-stage hot-pressing technique un-
der controlled conditions. To begin, a molding frame
(400 mm % 400 mm) was filled uniformly with resin rub-
ber powder. The particles served as the panel core or
intermediate layer after being subjected to high tempera-
tures during the pressing process. The nominal thickness
of these rubber layers was 3 and 5 mm and the density
0.9 g/cm’. As a result, the rubber layer and wood veneers
were pressed for 10 min at 145 °C and 5 MPa pressure.
In order to prepare the hybrid plywood panels for test-
ing, they were conditioned for 7-10 days in a condition-
ing room with a relative humidity of 65 % and a tem-
perature of 25 °C. Conditioned panels have a more
consistent moisture levels and fewer drying strains.

Table 2 Design of plywood sets
Tablica 2. Dizajn uzoraka furnirske ploce

Three identical plywood panels were made for each
group. In addition, each veneer layer was 1.8 mm thick,
the thickness of the core layer of the rubber was 5 mm
and its two sides were 3 mm.

2.3 Physical properties

Density (D), water uptake (WU), and thickness
swelling (7S) of each specimen were measured as
physical parameters according to EN 323 standard and
EN 317 standard, respectively. To condition the com-
posites, the samples were submerged in distilled water
at room temperature for 2 and 24 h. After drying, their
weight and thickness were re-measured. The samples
were immediately measured to the nearest 0.001 mm
and weighed to the nearest 0.01 g. All derived values
were obtained as the median of six independent calcu-
lations.

Total thickness,
Sheet set q
Type Ski Layers model Description / Opi mm Construction
Vista li top Raspored slojeva PR pis Ukupna debljina, | Konstrukcija
istova mm
s v [ O o ()
hibridna furnirska | TR | VBRVRVRVB | G000 00 e L ®Y 18.2 V-R-V-R-V-R-V
1oridna Jurnirsta VP/R/V/R/V/R/VP u 4
ploca Veneer (V)
Core plywood
3VA/R/3VA
}PW.C)k oc 6-Ply/1-R |3VB/R/3VB g}:/)e/r;e\/ern(vz/ (l\ff)“bber Layer 15.8 V,-R-V,
furnirska ploca s 3VP/R/3VP enece
Jjezgrom
Plywood veneer REA
(PWV) 7Ply  |REB ifgifgge 1};-‘;W°°d (Beech- 12.6 v,
furnirska ploca REP P
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Table 3 Properties, dimensions, and number of composite hybrid plywood samples
Tablica 3. Svojstva, dimenzije i broj uzoraka kompozitne hibridne furnirske ploce

Property test Dimensions, mm Number Reference standard

Ispitivano svojstvo Dimenzije, mm | Broj uzoraka | Referentni standard
Density (D) / gustoca (D) 50x50 6 EN 323:1993
Water uptake (WU) and thickness swelling (TS) 50%50 6 EN 317:1993
upijanje vode (WU) i debljinsko bubrenje (TS)
Flexural strength (FS) and flexural modulus (FM) 282x50 6 ASTM-D 790:2002
¢vrstoca na savijanje (FS) i modul elasticnosti pri savijanju (FS) 346x50
Impact bending strength (IBS) / ¢vrstoca na udar (IBS) 280%20 6 DIN 52189:1981
Hardness strength (HS) / otpornost na zasijecanje (HS) 50%50 6 EN 1534:2010

2.4 Mechanical properties
2.4. MehanicCka svojstva

The samples were conditioned at 20 °C and 65 %
relative humidity, and then their modulus of rupture
(MOR) and modulus of elasticity (MOE) were meas-
ured using ASTM-D 790 standard. At a span-to-depth
ratio of 20:1, flexural tests were performed using the
third point loading method. Universal testing equip-
ment (Zwick/Roell Z150, Germany) was used to apply
a load to the specimen at a strain rate of 4 mm/min. The
hardness strength (HS) and the impact bending strength
(IBS) of the uncut composite were measured using a
pendulum impact tester. Six replications were done for
each type of plywood panel. Table 3 lists the dimen-
sions and number of composite hybrid plywood sam-
ples used for physical and mechanical tests.

2.5 Statistical analysis
2.5. StatistiCka analiza

In a completely random setup, n=3 samples were
analyzed using the statistical software SPSS to see

what happened (version 20.0). The analysis of variance
(ANOVA) and Duncan’s Multi-Range test (at a 99 %
confidence level) were used to compare the means and
standard deviations of the groups.

3 RESULTS AND DISCUSSION
3. REZULTATI | RASPRAVA

3.1 Physical properties
3.1. Fizi¢ka svojstva
3.1.1 Density (D)
3.1.1. Gustoc¢a (D)

According to the ANOVA results, the density of
the plywood/rubber samples increased significantly with
the addition of 4 wt% nano-SiO, (99 % confidence level,
Table 1). Duncan’s test showed that this treatment had
the highest density among all groups, while the plywood
samples had the lowest density (Supplement Table 2 and
3). The pressure in the hot press and wood species con-
siderably impacts the density of plywood. The highest
density was observed for beech plywood (0.61 g/cm?),
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Figure 2 Density of composite plywood with different structures
Slika 2. Gusto¢a kompozitne furnirske ploc¢e s razli¢itim strukturama
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Table 4 Physical-mechanical properties (Mean (+ SD)) of plywood used
Tablica 4. Fizicko-mehanicka svojstva (srednja vrijednost, = SD) koriStene furnirske ploce

Type of plywood Properties / Svojstva
panels
(RE) WU, % TS, % M IBS HS, MPa
. 3 s s
Vrsta (urmrske D, g/em 2h 24 h 2h 24 h LS, WL MPa kJ/m*> | 5.5mm | 7mm
ploce (RE)
Alder 0.53 37.61 56.26 11.75 13.65 76.80 | 7933.33 | 53.20 46.58 56.31
Jjohovina (£0.008) | (#0.21) | (£1.25) | (20.14) | (£0.30) | (£1.20) | (£26.58)| (£0.29) | (20.32) | (+0.20)
Beech 0.61 26.57 47.65 12.34 16.69 87.71 | 9666.66 | 64.73 65.65 76.53
bukovina (£0.008) | (£0.32) | (£0.30) | (£0.17) | (#0.26) | (£1.62) | (+22.50) | (£0.22) | (£0.32) | (+0.29)
Poplar 0.51 33.35 51.75 9.83 12.59 67.69 | 7858.33 | 46.39 42.64 51.52
topolovina (£0.008) | (+0.32) | (£0.15) | (£0.15) | (£0.31) | (£1.76) | (£23.16)| (+£0.34) | (£0.26) | (£0.22)

followed by alder (0.53 g/cm?®) and poplar (0.51 g/cm?)
(Table 4). The effect of the amount of nano-SiO,, and the
arrangement or alternation of the rubber layer and the
wood layer on the density is shown in Figure 2.

As seen in Figure 2, the lowest density of ply-
wood/rubber samples in three layers of beech, alder, and
poplar is related to wooden layers with 0 wt% nano-SiO,
content and rubber core layer, while the highest density
of plywood/rubber samples were observed in three lay-
ers of beech, alder, and fir, corresponding to wooden lay-
ers with 4 wt% nano-SiO, content and side layers of rub-
ber. The density of rubber ranges from 0.9 g/cm® to 1 g/
cm?® (Cheremisinoff, 2023). High density (2.6 g/cm?)
and proper permeability of nano-SiO, increase the spe-
cific surface area (specific weight) of the produced com-
posites (Mahzan et al., 2010). The high density of min-
eral nanoparticles could be attributed to their high
atomic level since a large number of atoms and the regu-
lar arrangement of mineral nanoparticles generally im-
prove the physical characteristics (density) of the com-
posite (Savov et al., 2023). As can be seen, the density of
the beechwood layer is higher than that of alder and pop-
lar. The higher density of the beech layer compared to
the alder and poplar layer can be related to its high den-
sity and low porosity (Ashori et al., 2015; Toksoy et al.,
2006; Ilkay and Mengeloglu, 2022). So, the greater the
porosity of the wood layer, the weaker the wood, leading
to the decrease of the surface layer (Rodriguez et al.,
2014). Rubber as a polymer filler affects the density of
composites. It seems that the low porosity, small mo-
lecular structure (macromolecular structure), and com-
pactness of rubber particles can improve the specific
mass (specific weight) of composites (Jun et al., 2008;
Xu and Li, 2012). The density of wood layers is around
0.40-0.68 g/cm?®. Therefore, as the weight percentage of
rubber powder increases, the density and porosity of the
composites increase and decrease, respectively (Jun et
al., 2008 ).

3.1.2 Water uptake (WU)

The results obtained from the ANOVA indicated
that, with the increase in the amount of nano-SiO, (4
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wt%), the amount of water uptake increased signifi-
cantly in 2 and 24 h (statistical confidence level 99 %;
attached Table 1). Also, Duncan’s test placed this state
of combined treatment in group C with the highest
amount of water uptake at 2 and 24 h compared to ply-
wood/rubber samples. But in general comparison, the
highest amount of water uptake in 2 and 24 h was ob-
served in the control plywood samples, and Duncan’s
grouping placed this condition in group A (Supplement
Table 2 and 3). The interaction of nano-SiO, content,
arrangement, or rotation of rubber layer and wood lay-
er on the water uptake (2 and 24 h) of wood and rubber
layered composites is shown in Figure 3.

Water uptake of the pure plywood reflects the
density. As the water uptake is expressed in percent-
ages, it appears that wood with a lower density absorbs
more water. However, although the plywood uptakes
the same amount of water expressed in mass, the rela-
tive uptake expressed in percentages will be higher for
the plywood with lower density. This phenomenon
could explain the differences in water uptake between
various wood-rubber composites. As expected, the
composites that contain more rubber (V/R/V/R/V/R/V)
uptake less water during immersion than the pure ply-
wood. This phenomenon can be explained by the pres-
ence of hydrophobic rubber, the higher density of these
composites, and the thickness of the exposed wood
layer. For example, the outer layer of the composite
3V/R/3V is much thicker than the composite V/R/V/R/
V/R/V; thus, the thicker outer layer can absorb more
water during immersion than the thinner outer layer. In
addition, the water uptake was influenced by the pres-
ence of the nano-SiO,. Regardless of the wood type
and the composition type, the best performance was
determined by composites that contain 2 wt% of nano-
SiO,. The best combination was usually associated
with beech wood. However, as mentioned, this cannot
only be ascribed to better performance, but could also
be the result of the differences in density. The results
showed that nano-SiO, increases water uptake of the
composite plywood. Since the surface of the nano-SiO,
molecule has three functional groups (hydroxy, hydro-
gen attached to hydroxy groups (OH), and siloxane
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Figure 3 Water uptake (%) of composite plywood with different structures
Slika 3. Upijanje vode (%) kompozitne furnirske ploce s razli¢itim strukturama

groups), silica particles are hydrophilic. In a sense,
when the samples are placed in water, the nano-SiO,
with very large lateral surfaces absorb water molecules
and thus increase the amount of water uptake. There-
fore, with the increase of nano-SiO, from 0 to 4 wt%,
the amount of water uptake also increases, which can
be due to the very high specific surface area of nano-
SiO, particles and the hydrophilicity of their surface
(Homkhiew et al., 2015). Also, the results of the
amount of water uptake in 24 h showed that the amount
of water uptake of the alder layer is higher than that of
poplar and beech. However, generally, the amount of
water uptake of poplar, alder, and beech layer with rub-
ber side layer and 0 and 2 wt% nano-SiO, was lower
than that of the control plywood.

3.1.3 Thickness swelling (TS)
3.1.3. Debljinsko bubrenje (TS)

The results obtained from the ANOVA showed
that, with the increase in the amount of nano-SiO, (4
wt%), the amount of thickness swelling in 2 and 24 h
increased significantly (statistical confidence level 99
%; attached Table 1). Also, Duncan’s test placed this
state of combined treatment in group C with the high-
est amount of thickness swelling at 2 and 24 h com-
pared to plywood/rubber samples. But in general com-
parison, the highest amount of thickness swelling in 2
and 24 h was observed in the control plywood samples,
and Duncan’s grouping placed this condition in group
A (Tables 4 and 5). Figure 4 depicts the expansion in
the thickness of a wood and rubber layered composite
after 2 and 24 h of immersion in water.

The visible growth in thickness agrees with the
hydration information. Higher water uptakes result in
higher thickness swelling. The highest thickness swell-
ing was related to beech plywood (REB). This result is
expected considering that beech is a wood species
characterized by low dimensional stability (Wagen-
fiihr, 2014). The presence of rubber (R) has a positive
effect on thickness swelling. First, because rubber lim-
its water uptake, and second, because rubber absorbs
part of the dimensional changes. However, there was
an insignificant difference between the two respective
types of composites. Both composites, 3V/R/3V and
V/R/V/R/V/R/V, perform comparably. Similarly, as re-
ported for water uptake, nano-SiO, has the most posi-
tive effect on a concentration of 2 wt%. Higher concen-
trations of nano-SiO, adversely affected the thickness
swelling, which can be associated with higher water
uptake. By increasing the amount of nano-SiO, up to 2
wt% level, some empty spaces and capillary tubes are
occupied, which could result in a sharp reduction of
these openings and make it difficult for water mole-
cules to reach the wood material. Therefore, increasing
the amount of nano-SiO, causes fewer water molecules
to be absorbed by the wood material, resulting in re-
duced thickness swelling after 2 and 24 h (Kariminejad
et al.,2022). Rubber is very effective in reducing water
uptake and thickness swelling. The decrease in water
uptake and thickness in the side layer of the rubber is a
consequence of the increase in the amount of rubber
per unit volume of these panels and the water repel-
lency of this material. Applying rubber for constructing
multi-structures also showed a decrease in water up-
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Figure 4 Thickness swelling (%) of composite plywood with different structures
Slika 4. Debljinsko bubrenje (%) kompozitne furnirske ploce s razli¢itim strukturama

take and the thickness of these multi-structures with an
increase in the ratio of rubber to wood (Mancel et al.,
2022; Ashori et al., 2015; Ashori et al., 2018). The low
moisture absorption of polymeric materials (rubber)
could lead to low moisture absorption of cellulose ma-
terials of composites. Therefore, by increasing the
amount of rubber in the unit volume of multi-struc-
tures, the amount of water uptake and thickness swell-
ing decreases (Ashori et al., 2015; Ashori et al., 2018).

3.2 Mechanical properties
3.2. Mehanic¢ka svojstva

3.2.1 Flexural strength (FS) and flexural
modulus (FM)
3.2.1. Cuvrstoca na savijanje (FS) i modul

elastiCnosti pri savijanju (FM)

The combined treatment of plywood/rubber
samples did not significantly affect their modulus of
elasticity (MOE) and modulus of rupture (MOR) at
the 99 % confidence level, according to the ANOVA
results (Table 1). Duncan’s test indicated that the con-
trol plywood samples had the highest MOE and MOR
among all groups, while the plywood/rubber samples
with beech, alder and poplar layers, rubber side layer,
and 0 wt% nano-SiO, content had the lowest MOE
and MOR (Supplement Table 2 and 3). Adding rubber
to the laminate flooring composite negatively impact-
ed the flexural strength. Rubber is known for its elas-
tic properties, which contributes to the decrease in
MOE and MOR. As the wood is positioned in the
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outer layer of the composite plywood, which has the
most considerable effect on the bending strength, the
presence of rubber insignificantly influenced the
MOE and MOR mechanical properties. Regardless of
the composition, the highest MOE and MOR were re-
ported for the composites based on beech wood. This
result is reasonable, as beech wood has much better
mechanical properties than alder and poplar, predom-
inately due to higher density. In addition, the positive
effect of the nano-SiO, is evident as well. MOE and
MOR of the composites with higher concentrations of
nano-SiO, are considerably better than those of the
parallel composites without respective additives (Fig-
ure 5). The mechanical resistance of wood/plastic
composites (MOE and MOR) is improved by increas-
ing the content of nanoparticles (Deka and Maji,
2012). This occurs because an increase in nanoparti-
cles leads to a greater dispersion of nanoparticles in
the polymer matrix. As silica is spherical, it may be
evenly distributed within the poly framework, where
it will fill the voids between the wood fibers and the
polymer matrix to produce a dense feel. As the com-
posite density rises and its brittleness increases, the
MOE and MOR rise as well (Moezzipour et al., 2013;
Mohseni Tabar et al., 2015). Some mechanical quali-
ties of composites can be modified by adjusting the
rubber-to-wood weight ratio. Both MOE and MOR go
down as the rubber-to-wood weight ratio rises (Ashori
et al., 2015; Ashori et al., 2018). Rubber, as a filler
and cross-linking agent in composites, improves
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Figure 5 Flexural modulus and flexural strength of composite plywood with different structures
Slika 5. Modul elasti¢nosti pri savijanju i ¢vrstoca na savijanje kompozitne furnirske ploce s razli¢itim strukturama

MOE and MOR (Ashori et al., 2018; Jayadevan et al.,
2018; Cosnita et al., 2014) despite its relatively mod-
est amount compared to wood. The small molecular
structure of rubber, or the small size of rubber parti-
cles, contributes to an increase in the specific surface
area of rubber and a decrease in mechanical resist-
ance (MOE and MOR) of composites (Ashori ef al.,
2015).

3.2.2 Impact bending strength (IBS)
3.2.2. Udarna ¢vrstoca (IBS)

The ANOVA results showed that the combined
treatment of plywood/rubber samples did not have a
significant effect on their impact bending strength
(IBS) at 99 % confidence level (Supplement Table 1).
Duncan’s test revealed that the control plywood sam-
ples had the highest IBS among all groups, while the
plywood/rubber samples with beech, alder, and poplar
layers, 4 wt% nano-SiO,, and rubber side layer had the
lowest /BS (Supplement Table 2 and 3). The results of
the /BS are in line with the bending tests. Among ply-
wood samples, the highest IBS was determined for
beech plywood. This is predominately the result of the
beech higher density compared to the other two hard-
wood species. Consequently, all composites that were
based on beech wood had higher /BS in comparison to
other composites based on poplar and alder. In addi-
tion, the composites with structure 3V/R/3V perform
better than the ones with structure V/R/V/R/V/R/V,
which is likely due to the fact that the outer layer of the

composites 3V/R/3V was more rigid than the other
one. In addition, it can be seen that the addition of the
additive nano-SiO, reduces the IBS (Figure 6). With
the increase of nanoparticles, the impact resistance de-
creases (Nourbakhsh and Ashori, 2009; Yao et al.,
2015). In fact, nano-SiO, particles tend to attract each
other because of their hydrophilic hydroxyl groups. In
other words, nano-SiO, particles have high surface en-
ergy because hydroxyl groups can cause accumulation
on the surface of the polymer by generating hydrogen
bonds, leading to a decreased impact resistance (Elbar-
bary, 2022).

3.2.3 Hardness strength
3.2.3. Otpornost na zasijecanje

The ANOVA results showed that the combined
treatment of plywood/rubber samples did not have a
significant effect on their hardness strength at the 99 %
confidence level (Supplement Table 1). Duncan’s test
revealed that the control plywood samples had the
highest hardness strength among all groups, while the
plywood/rubber samples with beech, alder and poplar
layers, 4 wt% nano-SiO,, and rubber side layer had the
lowest hardness strength (Supplement Tables 2 and 3).
Surface hardness is predominately affected by the
hardness of the outer layer. Beech was the hardest
among all tested wood species. Hence, the beech-rub-
ber composites performed better than the ones based
on poplar- and alder-rubber composites. As the outer
layer of the rubber-wood composites, 3V/R/3V was
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Figure 6 Impact bending strength of composite plywood with different structures
Slika 6. Udarna ¢vrsto¢a kompozitne furnirske ploce s razlicitim strukturama

thicker than V/R/V/R/V/R/V, resulting in higher hard-
ness. The outer layer of the composite V/R/V/R/V/R/V
was too thin to resist the penetration of the ball. The
presence of the additive nano-SiO, has a similar effect
as that of water. Middle concentration (2 wt%) has a
positive effect, while the highest concentration of na-

~
(=)

no-Si0, did not contribute to the hardness (Figure 7).
The higher specific surface ratio of rubber to wood re-
duces the adhesion between wood and glue; therefore,
in addition to reducing the surface adhesion between
wood layers, the mechanical characteristics (impact
and hardness strength) of the composite are also re-
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Figure 7 Surface hardness strength of composite plywood with different structures
Slika 7. Otpornost na zasijecanje kompozitne furnirske ploce s razli¢itim strukturama
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duced (Ashori et al., 2015). The hardness strength of
the composite is different in different penetration
depths, so the hardness level increases with the in-
crease of the penetration depth of the bullet (Taghiyari
and Norton, 2014). The increase in hardness with a
higher penetration depth compared to a lower penetra-
tion depth can be related to the greater penetration of
the diameter of the bullet to the surface and finally the
higher strength of the surface of the composite (Taghi-
yari and Norton, 2014).

4 CONCLUSIONS

The objective of this study was to use recycled
wood and rubber in the production of soft and strong
composite flooring and also to investigate the physi-
cal-mechanical properties of the resulting multi-lay-
ered flooring. The results of this investigation showed
that the three factors examined in this research, in-
cluding the amount of modified nano-SiO,, the wood
layer, and the frequency or arrangement of the rubber
layer, have a substantial effect on the physical and
mechanical resistances (D, WU and TS in 2 and 24 h,
MOR and MOE, IBS, and HS). In investigating the
effect of the modified nano-SiO, loading, it was found
that the density of the composites has increased. The
amount of water uptake and thickness swelling after 2
and 24 hours of immersion in water showed that na-
no-Si0, did not have a meaningful effect on reducing
water uptake and thickness swelling. Nano-SiO, had
an effect on the improvement of MOE, MOR and HS,
but it did not have a decisive effect on the improve-
ment of /BS. The density of the wood layer had a
great effect on the physical and mechanical resist-
ance. So the wood layer with higher density enhanced
the physical and mechanical resistance compared to
the wood layer with lower density. However, in thick-
ness swelling, wood layers of high density had more
swelling; in other words, the thickness swelling of
heavier wood layers was more pronounced than that
of wood layers of low density. The arrangement of the
rubber layer had a significant effect on increasing the
physical properties, but it did not have a significant
effect on the mechanical properties. Finally, it can be
concluded that the use of modified nano-SiO, has the
ability to improve some physical (density) and me-
chanical properties (MOR, MOE, and HS), and it can
be used to improve the properties of filling materials
such as elastic, plastic and other polymer materials.
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Table 1 ANOVA results for D, WU, TS, FS, FM, IBS and HS
Tablica 1. Rezultati ANOVA analize za D, WU, TS, F'S, FM, IBS i1 HS
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Property / Svojstvo
Factor B wuU s FS, FM, IBS, HS
2h 24 h 2h 24 h MPa MPa kJ/m? 5.5 mm 7 mm
Type of veneer Fvalue | 738.54 | 1751.81 | 4562.09 | 983.17 |2250.49|1521.95 | 8887.01 |22130.00 | 4465.45 6237.64
vrsta furnira P Value | 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
SiO, content Fvalue | 794.86 | 878.43 | 12020.93 | 2954.74 | 9312.61 | 8361.89 | 6720.87 | 10549.14 | 8897.46 | 18126.34
sadrzaj SiO, P Value | 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Arrangement of
layer rubber Fvalue | 5073.97 | 15458.97 | 131792.98 | 374.46 | 749.37 | 6542.08 | 29378.71 | 27435.56 | 106642.41 | 199758.87
raspored slojeva | P Value | 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
gume
Interaction Fvalue | 25.68 1.526 72.78 3.798 6.792 8.54 15.38 30.78 18.61 145.25
interakcija P Value | 0.000 0.201 0.000 0.007 0.000 0.000 0.000 0.000 0.000 0.000
Table 2 Duncan’s test results for the effect of wood veneer on studied properties
Tablica 2. Rezultati Duncanova testa utjecaja furnira drva na ispitivana svojstva
T . Property / Svojstvo
ype of veneer
. WU, % T8, % HS, MP
Vista furnira | D, g/em’ > : FS,MPa| FM,MPa | BS: ‘
2h 24h 2h | 24h klI/m*> | 55mm | 7mm
Alder / johovina 0.76B | 12.80 A | 26.88A | 4.19B | 7.27B | 47.25B | 3069.32B | 33.44B |25.62B |29.56B
Beech / bukovina 081 A | 6.84C |20.58C | 5.03A | 8.36A | 50.32A | 3610.62A | 43.14A |28.69A|33.23A
Poplar / topolovina | 0.72C | 8.84B |23.86 B | 2.87C | 5.84C | 43.48C | 279948 C | 27.24C |22.18C |27.38C
Table 3 Duncan’s test results for the effect of nano-SiO, on studied properties
Tablica 3. Rezultati Duncanova testa utjecaja nano-SiO, na ispitivana svojstva
Nano-SiO, content, Property / Svojstvo
wit% D WU, % TS, % IBS, HS, MPa
Sadrzaj nano-SiO,, - FS, MPa | FM, MPa ’,
1e2% glem’ | 2% | 24h | 2h | 24h kl/m* 1 s 5mm | 7mm
NSO 0.72C [9.70 B [24.45B |391B |6.95B |39.69 C |2824.70C |40.24 A |20.87C |24.83C
NS2 076 B |[7.25C |1836C |220C [4.70C |45.75B |3115.67B |34.39B |30.08A |34.89 A
NS4 0.80A [11.53 A |28.52A |597A |9.82A |55.61 A |3539.06A |29.18C |25.54B |30.45B

Corresponding address:

SIMA SEPAHVAND

Shahid Beheshti University, Zirab Campus, Faculty of New Technologies and Aerospace Engineering, Depart-
ment of Bio Systems, Tehran, IRAN, e-mail: s_sepahvand@sbu.ac.ir

DRVNA INDUSTRIJA 75 (1) 107-119 (2024)

119


mailto:s_sepahvand@sbu.ac.ir




Goropecnik, Groselj, Kropiv§ek: Efficiency of European Wood Science and Technology Educational Programmes...

Luka Goropecnik', Petra Groselj?, Joze Kropivsek'

Efficiency of European Wood Science and
Technology Educational Programmes in
Including Green and Digital Topics

Ucinkovitost europskih obrazovnih programa
o znanosti o drvu i drvnoj tehnologiji u
ukljucivanju zelenih i digitalnih tema

ORIGINAL SCIENTIFIC PAPER

Izvorni znanstveni rad ' o © 2024 by the author(s).
Received — prispjelo: 3.7.2023. Licensee University of Zagreb Faculty of Forestry and Wood Technology.

This article is an open access article distributed
Accepted — prihvaceno: 1. 9. 2023. under the terms and conditions of the
UDK: 630*97 Creative Commons Attribution (CC BY) license.

https://doi.org/10.5552/drvind.2024.0138

ABSTRACT « The integration of sustainable and digital competences in educational programmes is vital for
shaping a promising future. Through interviews and analysis, we assessed the inclusion of green and digital (in-
dustry 4.0 and ambient assisted living) topics in wood science and technology educational programmes across dif-
ferent European countries. Our research revealed disparities in vertical alignment within countries and deviations
among similar programs across countries. With the help of fuzzy logic and by using Data Envelopment Analysis,
we evaluated the technical efficiency of programs in incorporating these topics in teaching, considering multiple
factors. Results show varying performance levels, with some programs achieving optimal efficiency, while others
lagging behind. To improve underperforming programs, prioritizing topic integration is crucial. National coordi-
nation and alignment across educational levels are necessary to establish a cohesive system. Equipping individu-
als with these competences enable them to contribute to sustainable development, leverage digital technologies,
and meet societal demands.

KEYWORDS: wood science and technology, education; green; digital; DEA

SAZETAK « U izgradnji obec¢avajuce buducnosti kljucnu ulogu ima integracija kompetencija za odrzivi razvoj i
digitalnih kompetencija u obrazovne programe. Putem intervjua i analiza procijenili smo ucinkovitost ukljuciva-
nja zelenih i digitalnih tema (ambijentalno potpomognut zivot i industrija 4.0) u obrazovne programe o znanosti
o drvu i drvnoj tehnologiji u razlicitim europskim zemljama. NasSe istrazivanje otkrilo je razlike u vertikalnom
uskladivanju unutar zemalja i odstupanja medu slicnim programima u razlic¢itim zemljama. Uz pomo¢ neizrazite
logike i primjenom analize omedivanja podataka procijenili smo tehnicku ucinkovitost programa u ukljucivanju tih
tema u nastavu s obzirom na vise ¢cimbenika. Rezultati su pokazali razlicite razine izvedbi, pri cemu se uvodenjem
nekih programa postize optimalna ucinkovitost, a drugi zaostaju za njima. Kako bi se poboljsali programi s loSom
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izvedbom, najvaznije je dati prioritet integraciji tema. Za uspostavu kohezivnog sustava nuzni su nacionalna ko-
ordinacija i uskladivanje medu obrazovnim razinama. Osposobljavanje pojedinaca za te kompetencije omogucuje
im da pridonose odrzivom razvoju, iskoriste digitalne tehnologije i zadovolje drustvene zahtjeve.

znanost o drvu i drvna tehnologija, obrazovanje; zeleno, digitalno; DEA

1 INTRODUCTION

The increasing environmental and other challeng-
es have raised significant concerns (European Commi-
sion et al., 2016; Campbell-Johnston et al., 2020; Pedzik
et al., 2021) prompting countries to develop a range of
policies, strategies, and actions, such as the Sustainable
Development Goals (SDGs) (Baeyens and Goffin,
2015). In line with these efforts, the European Commis-
sion (EC) has identified its primary priorities for the pe-
riod of 2019-2024, among which it is also the European
Green Deal (von der Leyen, 2019). The bioeconomy
plays a crucial role in the attainment of the goals set
forth by the European Green Deal by sustainable utiliza-
tion of biomass (European Commission, 2012). The
wood-based industry is one of the conventional bioec-
onomy industries strongly connected to forestry-based
industries and can help address many environmental
challenges. (MGRT, 2021). It is a very important EU
economic sector and covers a range of forestry down-
stream activities (Scarlat et al., 2015). Efficient utiliza-
tion of wood to meet the growing demands for wooden
products and wood-based composites is a central tenet
of the circular economy (Janiszewska et al., 2016; An-
tov et al., 2021). Companies can further advance this
principle by embracing digitalization to optimize pro-
cesses, enhance the responsible use of raw materials,
improve waste management practices, and contribute to
sustainable, environmentally friendly development (Wa-
tanabe et al., 2019). However, the successful implemen-
tation of the digital and green transition hinges on the
knowledge and skills of employees within organiza-
tions. Without the appropriate expertise, organizations
may encounter difficulties in adopting and integrating
sustainable and digital practices (Kropivsek and
Zupancic, 2016; Koch et al., 2022). Therefore, it is im-
perative for the education system to adapt by enriching
curricula, which can also affect teaching formats and
methods. As part of the preparation and planning of edu-
cational programmes, an important step involves exam-
ining the current state (Li¢en, 2015). However, when
analyzing and comparing the current state of educational
programmes from different countries, one must consider
that education, training, and qualification systems vary
across them due to their intricate dynamics between the
states, the labour market, and employers (Mikulec and
Ermenc, 2016), and recognize that education develop-
ment is interconnected with the broader economy (Min-
gat and Tan, 1988).

122 DRVNA INDUSTRIJA 75 (1) 121-130 (2024)

European Qualifications Framework (EQF) is a
European instrument designed to enable the compara-
bility of qualifications in European countries and is in-
tended for all types and categories of qualifications,
from general and vocational qualifications to higher
education qualifications, and also qualifications ob-
tained in a non-formal or informal context (Mikulec
and Ermenc, 2022), and thus a comparison between
countries that have adopted the EQF is possible. To
consider multiple factors, e.g. when studying outputs
of education, data envelopment analysis (DEA) can be
used for frontier-efficiency analysis.

The concept of frontier-efficiency, which ex-
plores the connection between inputs and outputs ini-
tially introduced by Farrell (1957) gained substantial
recognition following the seminal work of Charnes,
and Rhodes (1978). Since then numerous studies have
been conducted to measure the efficiency using DEA,
including those focusing on educational institutions,
where DEA has emerged as the most widely used tech-
nique (Zuluaga-Ortiz ef al., 2022), because of the abil-
ity to offer a mathematical solution for calculating ef-
ficiency, particularly in situations where organizations
contend with multiple inputs and outputs (Moore,
2021). However, assessing the efficiency of education-
al institutions and determining the value of numerous
inputs and outputs can be challenging. Moreover, there
is no definitive study providing clear guidance on the
selection of inputs and outputs for evaluating the effi-
ciency of education (Joumady and Ris, 2005). This
complexity underscores the need for careful considera-
tion and contextual understanding when applying
methods like DEA to measure the efficiency of educa-
tion. Different authors study the relative efficiency of
education from various angles. For instance, many
studies have relied on the outcomes of standardized
tests as indicators, with a majority utilizing the results
from the Programme for International Student Assess-
ment (PISA) (Henriques et al., 2022) conducted by the
Organization for Economic Co-operation and Devel-
opment (OECD). Giambona et al. (2011) employed the
results of PISA 2006 as outputs to examine the effi-
ciency of educational systems in EU countries, consid-
ering the educational resources accessible at home and
students’ family background. Similarly, Henriques et
al. (2022) studied the efficiency of secondary schools
using PISA data. Some other studies have employed
the results from standardized tests typically adminis-
tered at the conclusion of students’ studies (Zuluaga-
Ortiz et al., 2022). This implies that there are various
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factors, or perspectives related to efficiency of educa-
tion, which indicates and confirms that the efficiency
of education is not consistent or uniform across all con-
texts or situations.

As education plays a vital role in shaping indi-
viduals and preparing them for the challenges of the
future, our research endeavours to investigate the ex-
tent to which green and digital topics are integrated
into wood science and technology educational pro-
grammes across various European countries. Through
interviews and rigorous analysis, our aim is to assess
the inclusion of these topics at different educational
levels, considering the macroeconomic and institution-
al context as well as other factors in the countries under
study. Through our examination of the relative effi-
ciency of these programs, our aim is to gain a compre-
hensive understanding of the current educational land-
scape. By identifying areas for improvement, we hope
to contribute to informed decision-making and the ad-
vancement of educational practices in this field.

2 MATERIALS AND METHODS

The methodology chapter of our study is divided
into three parts. In the first part, the data collection pro-
cess is described, detailing how the data was gathered.
The second part focuses on the data processing proce-
dures, explaining the steps taken to organize and pre-

Table 1 List of topics by areas
Tablica 1. Popis tema prema podru¢jima

pare the data for analysis. Lastly, in the third part, the
DEA method is introduced, employed to assess the ef-
ficiency of various educational programmes.

2.1 Data collection

To evaluate the inclusion of specific green and
digital topics in wood science and technology educa-
tional programmes, remote interviews were conducted
with teachers and relevant individuals from educational
institutions, which have a holistic view of the studied
educational program. The interviews gathered data on
the level of inclusion of content in teaching, focusing on
green and digital topics, where digital topics were fur-
ther divided into industry 4.0 (14.0) and ambient and as-
sisted living (AAL) subtopics (Table 1). The interviews
were conducted over six months in years 2021 and 2022,
as part of the ALLVIEW project, spanning various edu-
cational levels, including upper national diploma (EQF
4), higher national diploma (EQF 5), bachelor’s degree
(EQF 6), and master’s degree (EQF 7), in seven Euro-
pean countries. It is important to note that the presented
results reflect the situation in a single institution within
each country, although the same or similar programs are
offered in multiple locations within the same country.

2.2 Data processing

Based on the findings from the conducted inter-
views, we were able to determine the level of inclusion

Green topics
Zelene teme

Teme o industriji 4.0

Ambient and assisted living topics
Teme o ambijentu i potpomognutom
Zivotu

Industry 4.0 topics

Eco Design / ekodizajn

Cascading use / kaskadna uporaba

Natural resource management

upravljanje prirodnim resursima

Renewable energy sources

obnovljivi izvori energije

Sustainable production / odrziva proizvodnja
Environmental effects / ekoloski ucinci
Circular business models / kruzni poslovni modeli
Industrial symbiosis / industrijska simbioza
Biotechnology / biotehnologija

Bioeconomy / bioekonomija

Functional materials / funkcionalni materijali

LCA analysis / LCA analiza

Collection and recycling / prikupljanje i recikliranje
Transparency in supply chains / transparentnost

u opskrbnim lancima

Hazardous chemicals / opasne kemikalije

Green public procurement / zelena javna nabava
Nano technology / nanotehnologija

Cross Reality
krizna stvarnost
Cloud computing
racunalni oblak
Online security
online sigurnost
Internet of Things
internet stvari
Simulations / simulacije
Autonomous robots
autonomni roboti

Systemic thinking / sistemsko razmisljanje Big data

Wood residues to energy / drvni ostatci i energija velike baze podataka
Biorefinery / biorafinerija Additive production
Green chemicals / zelene kemikalije aditivna proizvodnja

Artificial intelligence
umjetna inteligencija

Smart buildings / pametne zgrade
Smart furniture / pametni namjestaj
Ergonomic interior design
ergonomski dizajn interijera
Sensors / senzori

Fire and other safety

protupozarna i druga zastita
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of individual topics within each respective educational
program across different countries. These results al-
lowed us to calculate the average representation of
fully included, partially included, and not included top-
ics within Green, 14.0 and AAL areas.

2.21
2.2.1.

Fuzzy logic model
Model neizrazite logike

To optimize the data for DEA analysis, a 10-point
fuzzy scale was devised to classify the three areas (green,
14.0 and AAL) of the individual educational programmes
under study, using fuzzy set theory, introduced by Za-
deh (1965). Fuzzy logic can deal with imprecise infor-
mation as an element x can only partially belong to a
fuzzy set A. The degree of membership of x in A4 is deter-
mined by the value of a membership function u (x),
which ranges from 0 to 1. For our model, linear mem-
bership functions were chosen with triangular and trap-
ezoidal shapes because they are well suited and easy to
implement (Carbajal-Hernandez et al., 2012).

The objective of the fuzzy logic model was to ag-
gregate the proportions of not included, partially in-
cluded, and fully included aspects of individual areas
and educational programmes into a unified score. The
construction of the fuzzy logic model involved four
phases. First, the fuzzy logic inference system (FIS)
(Carbajal-Hernandez et al., 2012; Jamshidi et al.,
2013) was constructed. The membership functions for
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—56
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0 \/ - :
0% 20 % 40 % 60 % 80% 100 %

Percentage of not included topics
postotak neukljucenih tema

Figure 1 Membership functions for percentage of not
included topics
Slika 1. Funkcije ¢lanstva za postotak neukljucenih tema
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Figure 2 Membership functions for percentage of partially
included topics

Slika 2. Funkcije ¢lanstva za postotak djelomi¢no
ukljucenih tema
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Slika 3. Funkcije ¢lanstva za postotak potpuno ukljucenih
tema

not included, partially and fully included topics were
determined and are shown in Figures 1-3.

To reduce the negative interference between the
parameters of the partially and fully included areas, the
FIS was divided into two separate parts. Part a aggre-
gates not included and partially included areas, while
part b aggregates not included and fully included areas.
The Mamdani-type inference system (Mamdani and
Assilian, 1975) with intuitive rules and imitation of hu-
man reasoning (Che Osmi et al., 2016; Kovac et al.,
2012) was selected. Then, the membership functions
were defined for all three areas. In the following phase,
IF-THEN decision rules were established. The basic
fuzzy operations employed were intersection (AND)
u, ., (x)=min(u, (x), u, (x)) and union (OR) u,  (x)=
max(u, (x), u, (x)). The areas were aggregated using
the max-min composition of membership functions:

u, (2) = max(min(u, (x), 4, () (1)

Where u, u,, and u, are membership functions
of the output z and inputs x and y, respectively. Table 2
presents the possible combinations of IF-THEN rules,
e.g., IF topics are absent in the given area at most 20 %
and are at least 80 % fully included, THEN, the result-
ing fuzzy score is 8.

The third phase encompassed the defuzzification
process to convert the aggregated fuzzy sets into crisp
values. The centre of maximum was chosen as one of
the most commonly used defuzzification methods
(Pathak et al., 2005; Ross, 2004), which calculates the
weighted mean of the centres of areas x, and the mem-
bership functions k=1,..., n (Eq. 2):

= ZLka”ck (x) Ly () +2u, () +---+10u;, (x)
zzzluCk (x) 1y (X) + 14 (X) -+ + 1y (x)

Both parts @ and b were analysed independently
in all phases until a crisp value x; and x, were obtained.
In phase 4, the individual scores were combined using
equation 3, resulting in a final classification represent-
ed by x7, on a 10-point scale. The final scores represent
the outputs in our DEA model, as shown in Table 3.

2

3)

x:b = (x: +xZ)—l,
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Table 2 IF-THEN rules of fuzzy inference system « and b

Tablica 2. IF-THEN pravila neizrazitih sustava zakljucivanja a i b

10-point fuzzy scale FIS a FIS b
Neizrazita skala od Not included Partially included Not included Partially included
deset tocaka Nije ukljuceno Djelomicno ukljuceno Nije ukljuceno Djelomicno ukljuceno
10 0% 0% 100 %
9 10 % 10 % 90 %
8 20 % 20 % 80 %
7 30 % 30 % 70 %
6 40 % 40 % 60 %
5 50 % 100 % 50 % 50 %
4 60 % 80-90 % 60 % 40 %
3 70 % 60-70 % 70 % 30 %
2 80 % 40-50 % 80 % 20 %
1 90-100 % 0-30 % 90-100 % 0-10 %
2.3 Data envelopment analysis (DEA) 2.3.1 Inputs and outputs for DEA analysis

DEA involves using linear programming for
measuring the efficiency of decision making units
(DMUs), which convert multiple inputs into multiple
outputs (Coelli et al., 2005). The DEA method is based
on the concept of Pareto efficiency, which states that
the full efficiency of a DMU is achieved when the val-
ue of none of the inputs or outputs can be improved
without reducing the value of any other input or output.

The model chosen for this study is based on con-
stant returns to scale (CRS) with output orientation that
focuses on maximizing outputs while holding inputs
constant, following the notation adopted by Johnes
(2004). The choice of orientation is not as crucial in
education as it is in econometric estimations (Coelli
and Perelman, 1999). In the context of our study, where
the efficiency of topics inclusion in teaching is exam-
ined based on inputs over which educational institu-
tions have less control, an output orientation is more
appropriate. Each of » DMUs requires m different in-
puts to produce s different outputs. Specifically, DMU
k requires x, units of input i and produces y, units of
output . Here, it is assumed that each DMU has at least
one positive input and one positive output. In output-
oriented DEA model, the linear program has a multipli-
cative form and aims to maximize the weighted sum of
outputs (Eq. 4), while keeping the values of the inputs
constant (Eq. 6). The technical efficiency of DMU £ is
denoted by 6,, and the linear program has n+/ con-
straints (Egs. 5, 6).

max 0, = Zil”r Voo 4)

Subject to:
zzlvixu _Ziluryrk 20 j=1l...n (5)
Z: vx, =1 (6)
u,v, %,V 20 V. =1..5s; i=L...,m (7)

As previously mentioned, the outputs consist of
inclusion level for individual content areas (green,
14.0, AAL) within various educational programmes
across different EU countries. These levels were deter-
mined through the fuzzification of interview results,
mentioned above.

Since education development does not occur in
isolation from the rest of the economy, our inputs
were based on macroeconomic and other indicators
related to our outputs, that reflect unique characteris-
tics of each country. Therefore, the inputs used in this
study include (1) country’s GDP per capita (European
Commission, 2022b), as countries with higher eco-
nomic development often invest in improving educa-
tional standards and curriculum, (2) annual expendi-
ture per student on educational institutions (OECD,
2021), as increased funding also contributes to offer-
ing a comprehensive and enriching learning experi-
ence, (3) digitalization level of the country (European
Commission, 2022a), as the impact of digitalization
on education mirrors the digital progress in the coun-
try, (4) index for digital lifelong learning readiness
(Centre for European Policy Studies, 2019), as aging
population in the EU is steadily increasing, (5) value
added per employee in C16 (wood processing — ex-
cept furniture) + C31 (manufacture of furniture)
(Ronzon et al., 2022), as it can have a positive effect
by providing opportunities for investments in devel-
oping business and educational infrastructure and
technology, (6) country’s greenhouse gas emissions
per capita (European Environment Agency, 2022), as
inclusion of green topics in the curriculum becomes
more important as emissions rise, and lastly, (7) the
level of topic inclusion in the lower educational pro-
grammes is considered, as inclusion level should in-
crease along the educational vertical.
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3 RESULTS AND DISCUSSION
3. REZULTATI | RASPRAVA

Table 3 highlights disparities in topic inclusion
among countries, even within the same educational lev-
el, pointing to inconsistencies in educational verticals
within each country. However, it is important to note
that our findings are based on a single institution per pro-
gram in each country, and educational programmes may
have unique objectives. While the importance of includ-
ing these topics may vary, EU guidelines emphasize the
significance of sustainable and digital competences for
future students. As a result, all educational programmes
will need to adapt at some point, although the extent of
this adaptation remains uncertain.

Table 3 shows significant variations in input val-
ues among countries. Poland has the lowest GDP per
capita, while the Netherlands has the highest. Annual
expenditure per student is lower in vocational educa-
tion compared to higher education across all countries,
with Poland and Slovenia having the lowest. The Neth-
erlands has the highest annual spending per student in

higher education and ranks highest in digital lifelong
learning readiness and digitization levels. Germany
has the lowest score in digital lifelong learning readi-
ness, and Italy has the lowest digitization level. Bel-
gium has the highest value added per employee in the
C16 and C31 sectors, while Poland has the lowest. Po-
land also has the highest greenhouse gas (GHG) emis-
sions per capita, while Spain has significantly lower
GHG emissions per capita.

When determining the average inclusion level
from a lower EQF level, two assumptions were made.
First, it was assumed that students in each country at a
specific EQF level possess prior knowledge from a
lower level, as studied in this research. Second, it was
assumed that students have no prior knowledge before
entering EQF 4.

Figure 4 illustrates the technical efficiency of in-
dividual DMUs using DEA. Among the 23 DMUs in
our study, 10 are identified as fully efficient in includ-
ing green, 14.0 and AAL topics in teaching, based on
given inputs. These include EQF 6 and 7 in Slovenia,
EQF 4 in Belgium, Germany, and Spain, EQF 6 in Ger-

Technical efficiency / tehnicka ucinkovitost

100% 100 % 100 % 100 % 98 % 100 % 100 % 100 % 100 % 100 % 100 % 100 % 98 %
(] SZ o * g g g 30 * * * * * > L
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Figure 4 Efficiency of different educational programmes across various institutes in studied countries
Slika 4. Ucinkovitost razli¢itih obrazovnih programa u razli¢itim institucijama promatranih zemalja
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Figure 5 Slacks of areas in individual DMU s, to reach full efficiency
Slika 5. Nedostatci podrucja u pojedina¢nim DMU-ovima kako bi se postigla potpuna u¢inkovitost
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Table 4 Ranks of DMUs by level of inclusion (before DEA) and by efficiency ranks (after DEA)
Tablica 4. Poredak DMU-ova prema razini ukljucenosti (prije DEA) i rangu u¢inkovitosti (nakon DEA)

DMUs SUM level of Rank by SUM Rank by DEA
Level of education inclusion DEA efficiency efficiency
Country ) . Poredak prema . .
Drs Razina SUM razina SUM razini DEA ucinkovitost Poredak prema
reava obrazovanja ukljucenosti aztnt DEA ucinkovitosti

EQF 4 27 1 66 % S5

Slovenia EQF 5 24 2 87 % 3
EQF 6 23 3 100 % 1

EQF 7 21 4 100 % 1
EQF 4 21 4 39 % 12

Netherlands EQF 6 1 ) 35 % 13
EQF 4 21 4 100 % 1

Belgium EQF 5 16 7 50 % 9
EQF 6 21 4 98 % 2

EQF 4 19 5 100 % 1

Spain EQF 5 17 6 82 % 4
EQF 6 14 8 56 % 7

EQF 4 11 9 100 % 1

Poland EQF 6 9 11 100 % 1
EQF 7 11 9 100 % 1

EQF 4 10 10 100 % 1

German EQF 5 9 11 47 % 10
ermany EQF 6 8 13 100 % 1
EQF 7 8 13 58 % 6

EQF 4 7 14 40 % 11

Ital EQF 5 8 13 100 % 1
Y EQF 6 7 14 98 % 2
EQF 7 9 12 55 % 8

many, EQF 5 in Italy, and all studied EQFs (4, 5, and 6)
in Poland. The average efficiency across all DMUs is
79 %, and in addition to the fully efficient units, 4 other
units perform above the average. However, there are
nine educational programmes from various countries
that demonstrate below-average performance levels.
Some of these programs exhibit an efficiency of 40 %
or even lower. To enhance their efficiency, the institu-
tions where these programs were studied should sig-
nificantly increase the inclusion of these topics. For
example, educational institution, where the data for the
EQF 4 and 5 were obtained in the Netherlands, should
increase inclusion of these topics by 61 % in EQF 4
and by 65 % in EQF 5. These two EQFs were identified
as the least efficient in our study.

Figure 5 provides a visual representation of the
slacks for individual areas within studied DMUs. By
incorporating topics from these areas more extensively
in teaching, DMUs have the potential to enhance their
performance and approach the efficiency frontier. It is
notable that less efficient DMUs (Figure 4) tend to ex-
hibit more significant slacks (Figure 5). It becomes ap-
parent that the largest slacks are commonly observed in
domain of industry 4.0.

Table 4 shows that the ranking changes when ad-
ditional conditions are also included in the DEA as in-
puts. For example, EQF level 4 in Slovenia landed in

128 DRVNA INDUSTRIJA 75 (1) 121-130 (2024)

first place based on content inclusion, but after the
DEA analysis, when additional conditions were con-
sidered, it only showed 66 % efficiency and dropped
significantly in the ranking. It was different with EQF
5 and 6 in Italy. After considering content inclusion
alone, these two programs achieved last and second-to-
last position in the ranking. However, after applying
DEA analysis, they achieved exceptional efficiency
and moved up to the Ist (EQF 5) and 2nd (EQF 6) posi-
tion. This highlights the significance of considering
multiple conditions, particularly in cross-country com-
parisons, during research of this nature.

4 CONCLUSIONS

The increasing importance of sustainable and
digital competences is playing a pivotal role in shaping
a promising future. To realize this vision, it is vital to
integrate these subjects into educational curricula,
equipping future students with the necessary knowl-
edge and skills. As an initial stride in exploring this
domain, the inclusion of specific content in wood sci-
ence and technology educational programmes has been
assessed in various EU countries. As education sys-
tems in different countries vary in terms of conditions
and opportunities for improving educational standards
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and curriculum, the efficiency of individual education-
al programmes in incorporating green and digital top-
ics into teaching were further analysed, considering
other relevant factors in the countries under study. Tak-
ing into account multiple factors has demonstrated its
significance, particularly when conducting cross-coun-
try comparisons.

In conclusion, the findings of our research reveal
significant disparities in the inclusion of green, indus-
try 4.0, and ambient assisted living topics within wood
science and technology educational programmes
across different countries and educational levels.
Moreover, the application of Data Envelopment Analy-
sis (DEA) in assessing technical efficiency highlights
notable disparities among programs in effectively in-
corporating these topics into teaching. While some
programs have attained full efficiency, demonstrating
optimal performance based on our selected inputs, oth-
ers exhibit suboptimal levels of performance. To im-
prove the efficiency of underperforming programs, it is
crucial for the responsible institutions to prioritize the
incorporation of these topics in teaching. Additionally,
the calculation of slacks offers valuable insights into
specific areas where certain educational programmes
fall behind in the inclusion of individual topics. This
analysis provides a detailed understanding of the devi-
ations in comparison to other programs examined in
our research.

In summary, our research highlights the impera-
tive for comprehensive inclusion of green, 14.0, and
AAL topics in educational programs. It is crucial to
coordinate this effort at the national level, ensuring
alignment across all levels of education. By doing so, a
cohesive and well-rounded educational system can be
fostered that effectively addresses these important top-
ics. By equipping individuals with these essential com-
petences, they are empowered to contribute to sustain-
able development and effectively leverage digital
technologies to drive innovation and progress. This
serves as a catalyst for building a resilient and adapta-
ble workforce, equipped with the necessary skills to
tackle the evolving demands of our society.
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ABSTRACT e In this study, the effect of natural weathering on the physical and mechanical properties of wood
plastic composites (WPC) made from virgin and recycled polypropylene (PP) was studied. 1o prepare the recycled
PP, virgin PP was thermo-mechanically degraded by extrusion under controlled conditions in a single-screw extruder
at a router speed of 60 rpm and temperature of 190 °C. PP (virgin and recycled), wood flour, compatibilizer, and UV
absorbent were physically blended, and the samples were manufactured by a twin-screw extruder. The samples were
exposed to natural weathering for 270 days. The surface characteristics of the samples were investigated before and
after weathering. According to the results, the composites from recycled PP exhibited a higher weathering resistance
than those from virgin PP. The use of a UV absorber improved the flexural strength and modulus of the composites,
but it could not significantly prevent the flexural properties loss and discoloration of the composites after weathering.

KEYWORDS: wood plastic composites; recycled polypropylene; natural weathering; discoloration, surface
roughness

SAZETAK « U ovom Je istrazivanju proucavan utjecaj prirodnog izlaganja vremenskim utjecajima na fizicka i
mehanicka svojstva drvno-plasticnih kompozita (WPC) izradenih od cistoga i recikliranog polipropilena (PP). U
postupku pripreme recikliranog polipropilena cisti je polipropilen termomehanicki razgraden ekstruzijom s jednim
puzem u konstantnim uvjetima i pri brzini vrtnje od 60 okr./min te pri temperaturi od 190 °C. PomijesSani su Cisti i
reciklirani polipropilen, drvno brasno, kompatibilizator i UV apsorber, a uzorci su proizvedeni ekstruderom s dva
puza. Uzorci su bili 270 dana prirodno izloZeni vremenskim utjecajima. Svojstva povrsine uzoraka ispitana su prije
i nakon izlaganja tim utjecajima. Iz rezultata je vidljivo da su kompoziti od recikliranog polipropilena pokazali
vecu otpornost na vremenske utjecaje nego kompoziti od cistog polipropilena. Upotreba UV apsorbera poboljsala
je ¢vrstocu na savijanje i modul elasticnosti kompozita, ali nije znacajno sprijecila slabljenje svojstava savijanja
i promjenu boje kompozita nakon izlaganja vremenskim utjecajima.

KLJUCNE RIJECI: drvno-plasticni kompoziti; reciklirani polipropilen; prirodno izlaganje vremenskim utjeca-
Jima, hrapavost povrsine
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1 INTRODUCTION

The use of wood-plastic composites (WPCs) for
outdoor applications has found its place in the largest
and fastest consumer market for WPCs. Due to the in-
creased use of these products in outdoor construction,
attention should be focused on the durability of these
products. Prolonged exposure to natural environmental
changes, such as ultraviolet (UV) radiation, humidity,
temperature, and atmospheric pollution, causes some
complex physical and chemical reactions of WPC that
lead to changes in their appearance, and physical and
mechanical properties. Depending on the type of ap-
plication, composite formulation, manufacturing pro-
cess parameters, and environmental and climatic dif-
ferences, the investigation of the natural weathering
behavior of WPCs is necessary.

Since natural weathering testing is time inten-
sive, only a few publications in this field are available
(references). Taib et al. (2010) and Silva et al (2017)
reported an initial increase in the flexural strength
(MOR) of different WPCs in the first months of
weathering, followed by a decrease to values lower
than the original strength at the end of the test. The
initial enhancement of strength was explained by
crystallization with crosslinking after initial chain
scissions. Hung et al. (2012) and Zhou et al. (2016)
showed that the MOR of WPCs declined during the
natural weathering test. The addition of stabilizers to
the formulation significantly decreased the strength
loss of WPCs. According to Taib et al. (2010), the ad-
dition of HALS as an antioxidant was more effective
than photo-stabilizers like UV absorbers. In addition,
fiber pretreatment by acetylation effectively improved
the strength of WPCs against natural weathering
(Hung et al., 2012). Badji et al. (2017) reported a
chain scission phenomenon caused by thermo- and
photo-oxidative degradations in the polymer matrix
of wood-flour reinforced polypropylene (PP) com-
posites during natural weathering. They indicate that
the presence of wood flour stabilizes the polymer
against chain scissions. Ratanawilai and Taneerat
(2018) studied mechanical property losses from natu-
ral weathering of WPCs over 90 days and emphasized
that the WPCs based on polystyrene and polypropyl-
ene are a better choice than low-density polyethylene
(LDPE) for exposure to natural weathering. Gunjal et
al. (2020) showed that natural weathering increases
the lightness and total color change of wood-flour
polypropylene composites after one year of exposure.
The maximum color change was observed in the ini-
tial four months, and the color change of WPCs with
larger wood particle size was characterized with bet-
ter color stability than that with small particle size.
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The waste and recycled plastics were used for
manufacturing WPCs already in 1990s and the use has
significantly increased in developed and developing
countries in recent years (Kazemi-Najafi et al., 2000).
Since recycled plastics may be obtained from various
sources, having been exposed to different storage and
reprocessing conditions, they may therefore exhibit
different performance depending on their degradation
level. Then the post-consumer plastics waste may con-
tain many grades, colors and contaminants, leading to
varying outcomes when these plastics are combined
with wood flour/fillers. According to the mode of ini-
tiation, the following types of degradation can be dis-
tinguished: thermal, chemical, mechanical, and bio-
logical. Degradation processes are generally quite
complex; often more than one type of degradation is
operational, e.g. thermo-oxidative degradation, ther-
mo-mechanical degradation, etc.

The degradation of plastics due to repeated pro-
cessing cycles and environmental exposure compli-
cates recycling, so specific research is required. The
effect of recycled plastic on the physical and mechani-
cal properties of WPCs has been extensively investi-
gated by many researchers (Kazemi-Najafi et al., 2006;
Adhikary et al., 2008; Kazemi-Najafi et al., 2009) but
there are few studies about the durability of WPCs
from recycled plastic in outdoor applications. Accord-
ing to Homkhiew et al. (2014), Virgin polypropylene
showed smaller relative changes of lightness and
smaller relative loss of hardness, MOR, and MOE than
recycled polypropylene, both in composites and un-
filled plastic during natural weathering tests. Homkh-
iew et al. (2022) revealed that the type of post-consum-
er plastic influences the mechanical strength loss of
WPCs after 6 months of natural weathering. Widiastuti
et al. (2023) have observed the degradation of mechan-
ical and physical performances, as significant loss of
stiffness and increase of whitening area, after 30 days
of exposure to natural weathering for ironwood-based
recycled polypropylene composites.

Outdoor trials are hardly comparable because am-
bient climate conditions strongly depend on the location
and vary significantly in temperature, humidity, global
radiation dosage, and amount of precipitation. On the
other hand, the use of recycled plastics in the manufac-
ture of wood-plastic composites is increasing. This un-
derscores the necessity for further research to elucidate
the influence of various factors on the degradation of
WPCs. The development of strategies to counteract
these degradation factors is paramount for improving
the durability of WPCs in outdoor settings. Studying the
effects of natural weathering on wood-plastic compos-
ites (WPCs) made from wood flour and thermo-mechan-
ically degraded polypropylene will provide important
insights into their durability and performance in outdoor
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environments. This research could potentially lead to the
development of more resilient WPCs and contribute to
the body of knowledge in this field.

2 MATERIALS AND METHODS

2.1 Materials

The polypropylene (PP) powder, grade V30S,
with a melt flow index of 18 g/10 min, was procured
from the Marun Petrochemical Complex (Mahshahr,
Iran). Beechwood flour, with a particle size of -60/+40
mesh, was obtained by screening sawdust from a local
sawmill. The wood flour was oven-dried at a tempera-
ture of (100+5) °C for 24 h. Maleic anhydride-polypro-
pylene (MAPP) (Grade G 6070 3x8), with a melt flow
index of 24 g/10min, was sourced from the Kometra
Company in Germany. Tinuvin327, a UV absorbent
(UVA), was supplied by the Chemical Tools Company
(Tehran, Iran).

2.2 Preparation of recycled polypropylene

To produce the recycled PP, virgin PP was sub-
jected to thermo-mechanical degradation under con-
trolled conditions in a single-screw extruder. This pro-
cess was conducted at a rotor speed of 60 rpm and a
temperature of 190 °C. Subsequently, the degraded PP
was ground into fine powder. The melt flow index (MFI)

of the recycled PP, measured by the ASTM D 1238-98
standard, was determined to be 23.5 g/ 10 min.

2.3 Manufacturing of wood plastic
composites

The wood flour, recycled and virgin PP, and UV
absorbent (UVA) were physically mixed in specific
weight percentage ratios to produce the composites, as
detailed in Table 2. The premixed materials for each
formulation were extruded into strips using a counter-
rotating twin-screw extruder (model WPC-65132)
manufactured by GMW Company (Tehran, Iran). The
strips had a cross-section of 1 cm in thickness and 7 cm
in width. All strips were conditioned at a temperature
of (2242) °C and relative humidity of (65+5) % for two
weeks. Following the conditioning period, they were
cut into test specimens for the planned tests.

2.4 Natural weathering test

This test was performed in accordance with the
ASTM D1435-99 Standard. The specimens were posi-
tioned on ranks at a 45° angle facing southeast. The
impact of natural weathering on WPCs was assessed
from January to October (270 days) at a geographic
location of 52° 2" E, 36° 34’ N, with an elevation of 15
meters below sea level. The climatic data for the re-
search period, sourced from the Noshahr synoptic sta-
tion (Mazandaran, Iran), is presented in Table 2.

Table 1 Wood plastic composite formulations (percent by weight)
Tablica 1. Formulacije drvno-plasti¢nih kompozita (maseni udio)

Composites code Wood flour, %

Oznl()zka uzorka Drvno brasﬁzi;, % PP, % UVA*, % MAPP, %
WVP 65 33 0 D
WRP 65 33 0 2
WRP + UVA 65 33 0.8 2
WRP + UVA 65 33 0.8 2

*by weight of PP / u odnosu prema masenom udjelu polipropilena

PP — polypropylene / polipropilen, VP — virgin PP / cisti polipropilen, RP — recycled PP / reciklirani polipropilen, W — Wood flour / drvno

brasno, UVA — UV absorbent / UV apsorber

Table 2 Climatic data of research period
Tablica 2. Klimatski podatci tijekom istrazivackog razdoblja

Month Mean monthly temperature, °C Mean relative humidity, % Rainfall, mm Sunshine, h
Mjesec Srednja mjesecna temperatura, °C | Srednja relativna vlaga zraka, % Padaline, mm Suncani sati, h
Min Max Mean Min Max Mean Max Total Total

January 3.4 12.6 8 62 93 77 56.3 179 180
February 7.4 14 10.7 68 95 82 20.5 54.4 122.4
March 7.9 14.2 11 70 94 82 31.1 123.8 95.7
April 11.1 16.6 13.9 71 95 83 4.9 22 113.3
May 13.9 21.6 17.7 65 94 79 27.8 66.4 234.8
June 19.1 26.4 22.8 64 93 79 7.6 13.9 239.1
July 22 29.1 25.6 65 92 79 0 0 235
August 22.1 28.2 25.2 69 94 81 15.1 71.5 116.4
September 21.9 28.2 25.1 70 92 81 39.3 69.5 147.9
October 19.6 27.8 23.7 65 93 79 12.5 16.7 72.6
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2.5 Microscopic imaging

A Dino-Lite digital microscope, with a magnifi-
cation of 200x, was used to observe the development of
cracks, as well as the growth of molds and fungi on the
surface of the specimen.

2.6 Contact angle

The contact angle of water on the surface of the
WPC was measured using a goniometer (PGX-Goni-
ometer, Switzerland) at various intervals after weather-
ing. The contact angle for each specimen was deter-
mined using a droplet with a volume of 3.5 micro-liters
after 300 seconds. Five samples were tested for each
formulation.

2.7 Surface roughness

Two roughness parameters, namely average
roughness (Ra) and mean peak-to-valley height (Rz),
were determined using a HUATEC surface roughness
tester, model SRT-6200, in a cut-off path line of 2.5
mm. Ra represents the average of all individual meas-
urements of surface peaks and valleys, and Rz repre-
sents the average heights of the five highest-profile
peaks and the depths of the five deepest alleys within
the evaluation length. Five samples were tested for
each formulation.

2.8 Color change

The surface color of the five weathered sam-
ples was measured every 90 days according to the
ASTM 2244-93 standard using a Sheen Spectropho-
tometer (400 to 700 nm). The machine data are pre-
sented in the form of the CIE L*a*b* systems. Color
coordinates of each sample were determined before
and after exposure to natural weathering. The color
change (AE") was calculated using the following
equation:

AE" = JAL? + Ad™ + Ab™ (1)

Where, AL", Aa”, and Ab" indicate the difference

between the initial and final values of L*, ", and b",
respectively.

2.9 FTIR spectroscopy

The surface chemistry of the WPCs before and
after natural weathering was analyzed using FTIR
spectroscopy (Nicolet spectroscope). For each WPC,
%1 w/w oven dried powder was dispersed in a matrix
of KBr and pressed to form pellets. The spectroscopy
was conducted in the wavenumber range of 4,000 to
400 cm'.
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2.10 Flexural properties

The three-point flexural test was conducted in ac-
cordance with the ASTM D 790-90 standard. A span
length of 200 mm and a crosshead speed of 6mm/min
were set for this test. The flexural modulus (MOE) and
flexural strength (MOR) of WPCs were determined be-
fore and after weathering at various intervals using a
DARTEC Universal Testing Machine. Five samples
were tested for each formulation and each period.

3 RESULTS AND DISCUSSION

3.1 Morphological analysis

Natural weathering can alter the appearance of
WPCs, leading to discoloration, surface roughening,
and checking. The polypropylene-rich surface layer of
extruded WPCs acts as a protective barrier against wa-
ter absorption and colonization of mold fungi and other
discoloring microorganisms. However, this surface
layer can degrade under the influence of ultraviolet ra-
diation, which increases water absorption and allows
these destructive elements to access the wood flour. As
a result, these elements can proliferate and spread
throughout the WPC, causing changes in surface color
and wettability.

All wooden components are prone to UV radia-
tion damage, but lignin is the main absorber, taking in
80-95 % of UV light. Lignin contains chromophoric
functional groups such as phenolics, hydroxyl groups,
double bonds, and carbonyl groups, and can form free
radicals. The photodegradation process starts with UV
light attacking the lignin-rich middle lamella, and with
prolonged exposure, the secondary walls also degrade
(Stark and Gardner, 2008).

UV light transforms lignin into water-soluble
compounds that are washed away by rain, leaving a
cellulose-rich, fibrous surface. The impact of UV deg-
radation is mostly seen on the surface. However, deg-
radation has been observed deeper than this, suggest-
ing an energy transfer process where the surface
molecules absorb UV light and then dissipate excess
energy to create new free radicals. These radicals then
migrate deeper into the WPCs, causing discoloration
(Hon and Minemura, 2001).

Microphotographs of both unexposed and exposed
WPCs, with and without UV absorbent, are presented in
Figure 1 and 2. As depicted in the images, the surface of
all specimens became lighter in color during the initial
period of weathering. Over time, the brightness of the
specimens decreased, and their surface darkened.

Additionally, cracks developed on the surface of
both virgin and recycled polypropylene composites af-
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Figure 1 Microscopic images of WPC surface made from
virgin polypropylene before natural weathering (a and e),
after 90 days (b and f), after 180 days (c-g), and after 270
days (d and h) of natural weathering

Slika 1. Mikrografije povr§ine WPC-a izradenoga od ¢istog
polipropilena prije prirodnog izlaganja vremenskim
utjecajima (a i e), nakon 90 dana (b i f), nakon 180 dana
(c-g) i nakon 270 dana izlaganja (d i h)

ter 270 days of outdoor exposure. These cracks are as-
sociated with polymer chain scission, which results
from shrinking and swelling cycles (Peng et al., 2014).

The emergence of cracks on the polymer surface
paves the way for the entry of microorganisms. In the
presence of sufficient moisture, oxygen, and sunlight,
these microorganisms intensify their activities, leading
to a darkening of the specimen surfaces. The primary
color change on the specimen surfaces can be attributed
more to the growth and spread of molds, rather than to
the color change of the composite itself. This is because
molds, due to their extracellular metabolism, produce
melatonin pigments, which increase over time and dark-
en the surface (Muasher and Sain, 2006; Chen et al.,
2016). Fabiyi and McDonald (2010) outlined three main

0.8 % UV absorbent
0,8 % UV apsorbera

Without UV absorbent
bez UV apsorbera

d h

Figure 2 Microscopic images of WPC surface made from
recycled polypropylene before natural weathering (a and e),
after 90 days (b and f), after 180 days (c-g), and after 270
days (d and h) of natural weathering

Slika 2. Mikrografije povrs§ine WPC-a izradenoga od
recikliranog polipropilena prije prirodnog izlaganja
vremenskim utjecajima (a i e), nakon 90 dana (b i f), nakon
180 dana (c-g) i nakon 270 dana izlaganja (d i h)

stages of WPC degradation: the initial formation of tiny
cuts and cracks on the composite surface; an increase in
the size and number of these cracks along with visible
signs of microorganism growth on the surface; and fi-
nally, the development of small cracks on the weathered
surface following the second stage.

Recycling PP increases the melt flow index
(MFI), leading to better mixing of wood flour by PP
matrix and improved coating of wood flour by recycled
PP. As a result, composites made from recycled PP ab-
sorb less moisture compared to those made from virgin
PP, leading to less surface degradation and providing
less opportunity for the growth of micro-organisms.
On the other hand, the addition of UV absorbents to PP
composites improved the surface degradation of the
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composites, although not significantly (Fabiyi and Mc-
Donald, 2010).

3.2 Contact angle

The contact angle is a measure of the wettability
of a surface. The contact angle can provide insights
into the relative hydrophilicity or hydrophobicity of
the WPCs. Being a hydrophilic material, polypropyl-
ene typically has a higher contact angle than wood
flour, which is hydrophobic. After natural weathering,
the degradation of PP on the surface of the composites
is expected to lead to a significant decrease in the con-
tact angle. This indicates an increase in surface wetta-
bility and, consequently, higher moisture absorption.
This change in wettability can have implications for
the performance and durability of the WPCs, particu-
larly in outdoor applications where they are exposed to
environmental changes.

Table 3 presents the contact angle of WPCs made
from virgin and recycled PP. As shown, all specimens
exhibit the maximum contact angle before weathering
due to their smooth and hydrophobic surfaces. How-
ever, after 90 to 180 days of exposure to weathering,
their contact angles decrease. By the end of the weath-
ering period, due to the intense degradation of the
WPCs surfaces, it was not possible to measure the con-
tact angle of a water droplet, because it was quickly
absorbed on the surface of the weathered WPCs. Simi-
lar results have been published by other researchers
(Matuana et al., 2001; Kaci et al., 2001; Chen et al.,
2014; Stokke and Gardner, 2001). The addition of UV
absorbers to WPCs increases the contact angles of
WPCs made from virgin and recycled plastics before
and after natural weathering. It means that the UVA
could decrease the wettability of the composites. The
difference in the contact angles of the WPCs made of
recycled PP and virgin PP was not noticeable (before
weathering), but more reduction in contact angles of
the WPCs made from recycled PP was observed.

The decrease in contact angles of WPC during
exposure to weathering can be attributed to the degra-
dation and oxidation of the PP-rich surface layer and
then lignin into water-soluble products. When rain falls
and washes away the degraded products from the com-

posite surface, the cellulose ratio on the surface in-
creases. Due to its active hydroxyl groups, the presence
of cellulose on the surface increases the composite
wettability properties (Williams et al., 2001; Stark and
Matuana, 2006).

Cyclic water absorption and desorption by cellu-
lose in the cell wall of wood flour causes cyclic shrink-
age and swelling of WPCs. The stress resulting from
consecutive shrinkage and swelling cycles causes more
cracks on the surface of the polymer matrix. Over time,
the number and depth of the cracks on the surface in-
crease, and the wettability properties of the specimens
significantly increase. Microscopic images confirm
that, as a period of weathering passed, tiny cracks ap-
peared on the surface of the specimens, which some-
what reduced the contact angle of the specimen sur-
faces. With increasing weathering duration, the number
and extent of the cracks increased to the point where
deep cuts appeared on the surface of the composites in
the last period of weathering, the water droplets rapidly
absorbed at the surface of the composites, and it was
impossible to measure the contact angle.

3.3 Surface roughness

Figures 3 and 4 illustrate the surface roughness
(Ra and Rz values) of all WPCs after 270 days of natu-
ral weathering. The surface roughness values of com-
posites increased with increasing weathering exposure
time. Natural weathering causes chain scission in the
polymer matrix, which results in surface cracks and
embrittlement. The rain helps in removing and wash-
ing degraded polymer from the WPC surface and caus-
es much more wood flour to be directly exposed to UV
light. Exposure of wood flour to UV light and water
induces numerous checks, splits, and cracks on the sur-
face of WPCs which increase surface roughness. The
longer the exposure time, the higher the degradation
and the higher the surface roughness.

It can be seen from Figures 3 and 4 that the com-
posites made from recycled PP exhibited lower surface
roughness than those made from virgin PP. It can be
attributed to better mixing and dispersion of wood flour
in recycled PP matrix due to its higher melt flow index
(MFI). Consequently, composites made from recycled

Table 3 Effect of natural weathering on contact angle variations of composites
Tablica 3. Utjecaj prirodnog izlaganja vremenskim utjecajima na varijacije kontaktnog kuta na kompozitima

Weathering time, day / Vrijeme izlaganja, dan
Composite code 0 90 180 270
Oznaka kompozita
90 e U 9 0 e 9] e 0 e 0] 6 0 e 19)

WVP 77.3 70.0 66.9 434 51.4 47.9 - -
WRP 76.2 71.4 61.3 48.8 62.8 51.4 - -
WVP + 0.8 % UVA 80.0 76.4 63.8 44.3 58.8 53.1 - -
WRP + 0.8 % UVA 80.0 75.9 64.7 54.5 66.9 54.6 - -

0 ,: Contact angle in time zero / kontaktni kut u vremenu nula, 0 : ultimate contact angle / krajnji kontaktni kut
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Figure 3 Ra variation of WPC surfaces made from virgin
and recycled polypropylene

Slika 3. Ra varijacije povrSine WPC-a izradenoga od Cistoga
i recikliranog polipropilena
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Figure 4 Rz variation of WPC surfaces made from virgin
and recycled polypropylene

Slika 4. Rz varijacije povrSine WPC-a izradenoga od Cistoga
i recikliranog polipropilena

PP absorb less moisture compared to those made of vir-
gin PP, leading to less surface degradation, and provid-
ing less opportunity for the growth of microorganisms,
and cyclic swelling and shrinkage.

On the other hand, the addition of UV absorbers
to WPCS decreased the surface roughness values. A
decrease in surface roughness of WPCs containing re-
cycled PP at longer exposure time was noticeable. Im-
provement of the surface roughness of the WPCs using
a photostabilizer has been reported by several research-
ers (Selden et al., 2004; Fabiyi et al., 2008; Stark and
Matuana, 2003; Rabello and White, 1997).

3.4 Color change
3.4. Promjena boje

The changes in the surface color of WPCs (con-
taining virgin and recycled PP), with and without UV
stabilizer, were evaluated based on lightness (L*) and
discoloration after 180 days of exposure to natural
weathering. The value of L* varies between 0 and 100

(black and white, respectively). An increase in L * indi-
cates that the WPC surface is lightening. The variations
of the L* parameter of WPCs after natural weathering
are shown in Figure 5. The lightness (L*) values in-
creased to maximum values after 60 days of natural
weathering for all the WPCs, followed by a gradual
decrease up to 180 days. The highest and lowest L*
were obtained for WPC containing recycled PP (with-
out UVA) and WPC containing virgin PP (with UVA),
respectively. The highest value of AL* was determined
after 60 days of weathering for both WPCs (Figure 6).

Discoloration occurred in two stages: initial pho-
to-bleaching within the first 90 days of exposure, fol-
lowed by darkening up to the last day of weathering.
The photobleaching primarily affected the wood com-
ponent, particularly lignin, which absorbs 80-90 % of
the total amount of light absorbed by wood flour (Stark
and Gardner, 2008). The absorption of UV radiation by
lignin leads to its degradation and breakdown into car-

70
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Weathering time, day
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Figure 5 L* factor variation of WPC made from virgin and
recycled polypropylene

Slika 5. Varijacije svjetline WPC-a izradenoga od ¢istoga i
recikliranog polipropilena
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Figure 6 AL* factor variation of WPC made from virgin
and recycled polypropylene

Slika 6. Varijacije promjene svjetline WPC-a izradenoga od
Cistoga i recikliranog polipropilena
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Figure 7 AE* variation of composites made from virgin and
recycled polypropylene

Slika 7. Varijacije promjene boje kompozita izradenoga od
Cistoga i recikliranog polipropilena

bonyl, carboxyl, and aldehyde chromophores. These
are the main factors of light absorption and composite
photochemical reactions responsible for the color
change (Ayadi et al., 2003; Stark, 2006).

Darkening may have been caused by surface oxi-
dation and the presence of mildew on the composite
surface. Mildew, a type of fungus, causes surface dis-
coloration due to the production of extracellular me-
tabolism pigments, creating green to red and dark spots
(Muasher and Sain, 2005; Rowell et al., 2000).

Composites made from virgin PP showed lower
lightness than those made from recycled PP, likely due
to the better encapsulation of wood flour in virgin PP,
with good dispersion and interfacial bonding between
wood flour and polymer.

The result of total color changes or discolorations
is shown in Figure 6. The AE* considerably increased
in the initial 90 days of exposure to weathering and
then slightly decreased up to the last day of weathering.
The WPCs containing virgin PP exhibited lower AE*
than those containing recycled PP. The addition of 0.8
% UVA reduced the AE* of WPCs but it was more ef-
fective for WPCs made from recycled PP.

3.5 FTIR spectroscopy
3.5. FTIR spektroskopija

Fourier Transform Infrared (FTIR) spectroscopy
provides a clear insight into material degradation by
determining the changes in the surface chemistry of
wood plastic composites during weathering. The IR
spectra of WPC made from virgin and recycled PP with
8 % UV absorbent, before and after exposure, are de-
picted in Figure 8 and 9, respectively.

The broad peak around 3400 cm band is as-
signed to hydroxyl groups originating mainly from the
cellulose of wood flour (Stark and Matuana, 2004).
The peak around 1050 cm™ is associated with both the
C-O stretch in cellulose and the C-O deformation in the
primary alcohols of lignin. The peaks at 2922 cm™! and
around 1450 are due to the C-H stretching and bending
of methylene groups, respectively, which appear as
strong peaks in PP (Krehula ef al., 2014). The assigned
peak at 1700-1750 cm™ corresponds to carbonyl
groups. The absorption at 1630-1650 cm™ belongs to
the stretching vibrations of the vinyl groups (C=C) in
the polymeric phase (Fabiyi et al., 2008).

After weathering, the intensity of peaks at 3400
cm and around 1050 significantly decreased with in-
creasing weathering exposure time indicating a de-

2922

3438

4000 3400 2800 2200

1600 1000 400

Wave number / valni broj, cm™!

Figure 8 Effect of natural weathering on FTIR spectrum of WPCs made from virgin PP with 0.8 % UVA: before weathering
(a), after 90 days of weathering (b), after 180 days of weathering (c), and after 270 days of weathering (d)

Slika 8. Utjecaj prirodnog izlaganja vremenskim utjecajima na FTIR spektar WPC-ova izradenih od ¢istog polipropilena s
0,8 % UVA: prije izlaganja (a), nakon 90 dana izlaganja (b), nakon 180 dana izlaganja (c), nakon 270 dana izlaganja (d)
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Figure 9 Effect of natural weathering on FTIR spectrum of WPCs made from recycled PP with 0.8 % UVA: before weather-
ing (a), after 90 days of weathering (b), after 180 days of weathering (c), and after 270 days of weathering (d)

Slika 9. Utjecaj prirodnog izlaganja vremenskim utjecajima na FTIR spektar WPC-ova izradenih od recikliranog polipropilena s
0,8 % UVA: prije izlaganja (a), nakon 90 dana izlaganja (b), nakon 180 dana izlaganja (c), nakon 270 dana izlaganja (d)

crease in hydroxyl groups at the surface of WPCS
(Wang et al., 2010).

It is well known that the carbonyl groups are
formed after PP degradation under UV light, which can
be monitored by change in intensity of peak at 1700-
1750 cm™! (Fabiyi et al., 2008). However, degradation
of PP in the first step, manifested as the chain scission,
must be detected through the monitoring of peaks ab-
sorbance intensity at 2922 cm! assigned to CH stretch-
ing in —CH2- groups (Krehula et al., 2014). In this re-
search, no noticeable changes were observed in the
intensity peak of 2922, and on the other hand, the in-
tensity peaks at 1700-1750 cm™ were slightly de-
creased especially in prolonged exposure. This phe-
nomenon can probably be attributed to the washing of
the damaged surface of the samples by rainwater and
the appearance of a new surface, free of degraded PP.

3.6 Flexural properties
3.6. Svojstva savijanja

Figures 10 and 11 display the flexural strength
(MOR) and flexural modulus (MOE) of WPCs, respec-
tively. It can be seen that the MOR of most WPCs
slightly increased in the initial 90 days of exposure to
weathering and decreased after 270 days. The initial
increase in MOR can be attributed to crystallization
with crosslinking after initial chain scissions. Similar
results have been reported by Taib et al. (2010) and
Silva et al. (2017). At higher exposure times, severe
chain scission occurs, whereby the crystalline regions
are also affected, leading to a decrease in crystallinity
and MOR. Additionally, exposure to moisture degrades
the mechanical properties of composites due to the cy-
clic shrinkage and swelling of the wood particles. The
stress caused by cyclic shrinkage and swelling of wood
particles creates micro-cracks in the matrix, causing a

decrease in flexural strength and reducing the efficien-
cy of stress transfer from fiber to the matrix, which re-
sults in a decrease in strength (Rangaraj and Smith,
2000; Wei et al., 2013; Saputra and Simonsen, 2004).
The composites containing recycled PP exhibited
higher MOR than those containing virgin PP both be-
fore and after weathering. The statistical analysis
showed that the differences were significant. The high-
er MOR for recycled plastics-based WPCs has been
reported by several researchers (Kazemi-Najafi et al.,
2006; Adhikary et al., 2008; Kazemi-Najafi et al.,
2009). The higher MOR of recycled PP composites can
be attributed to the lower melt viscosity of the recycled
PP. Lower melt viscosity yielded a better dispersion of
the wood flour and enhanced the mechanical proper-
ties. The addition of UVA increased the MOR of the
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Figure 10 Flexural strength of WPCs made from virgin and
recycled polypropylene

Slika 10. Cvrstoc¢a na savijanje WPC-ova izradenih od
Cistoga i recikliranog polipropilena
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Figure 11 Flexural modulus of WPCs made from virgin and
recycled polypropylene

Slika 11. Modul na savijanje WPC-ova izradenih od Cistoga
i recikliranog polipropilena

WPC made from both virgin and recycled PP. A similar
result has been reported by Ovali and Sancak for natu-
ral fiber LDPE composite (Ovali aad Sancak, 2022).
They showed that the addition of UV additives im-
proved the flexural strength of the composites between
46 % and 68 %. The UVA could not prevent the loss of
flexural strength with increasing weathering exposure
time.

Figure 11 shows that the MOE of WPCs decreas-
es with increasing exposure time. Exposure to UV
lights affected the modulus of the WPC negatively be-
cause of matrix polymer crystallinity loss, surface oxi-
dation, and interfacial degradation. Additionally, water
absorption during exposure can negatively affect MOE
of the composites.

The composites made from recycled PP exhibited
significantly higher flexural modulus than those made
from virgin PP. This phenomenon can be attributed to
the better dispersion of wood flour in recycled PP ma-
trix due to an increase in the MFI of PP after thermos-
mechanical degradation. Similar to MOR, the addition
of UVA increased the MOE of the WPC made from
both virgin and recycled PP. The addition of UVA
could not prevent the decrease of the modulus after
natural weathering.

4 CONCLUSIONS
4. ZAKLJUCAK

This research examined the impact of natural
weathering on the physical and mechanical properties of
wood flour polypropylene composites, both virgin and
recycled. Both types of composites underwent changes
in physical properties and a loss of mechanical proper-
ties due to weathering. The use of a UV absorber im-
proved the properties of the composites made from vir-
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gin and recycled polypropylene in the short term, but it
was not effective in the long term. Natural weathering
severely damaged the surface of both types of compos-
ites made from virgin and recycled polypropylene.
Composites made from virgin polypropylene need more
UV absorbers compared to composites made from recy-
cled polypropylene. To achieve higher resistance char-
acteristics in the long term for both types of composites,
higher amounts of UV absorbers or simultaneous use of
antioxidants and pretreatment of wood flour and poly-
mer are probably needed. This research provides valua-
ble insights into the behavior of these composites under
weathering conditions and can guide future efforts to
improve their performance. In addition, the results of
this research provide the possibility of choosing the ap-
propriate polymer matrix based on the desired physical
and mechanical properties of WPCs and for developing
various applications of these products.
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Drvo crnog oraha
Juglans nigra L.

Juglans nigra L. vrsta je drva iz porodice Juglan-
daceae. Trgovacki su nazivi te vrste American walnut
(Velika Britanija); American black walnut, Eastern
black walnut, Black walnut (SAD); Canadian walnut,
gunwood (Kanada); amerikanische Nuss (Njemacka);
Noyer noir (Francuska); Noce nero americano (Italija).
Crni orah je vrsta istocnog dijela Sjeverne Amerike.
Stabla porodice Juglandaceae rastu u umjerenim i sup-
tropskim podrucjima sjeverne polutke, a nekoliko se
vrsta $iri 1 na juznu polutku, na podrucje od Malezije
do Nove Gvineje i zapadnog dijela juzne Afrike. Kao
vrsta istocnog dijela Sjeverne Amerike, crni orah ima
osobito veliku vaznost za Sumarstvo SAD-a, pa stoga i
za drvnu industriju. Neupitno je i njegovo znacenje za
urbano Sumarstvo ne samo u SAD-u nego i u mnogim
drugim zemljama umjerene klime diljem svijeta. Crni
je orah vrlo zahtjevna vrsta s obzirom na svojstva tla.
Drvo crnog oraha tradicionalno je vrlo cijenjeno te se
upotrebljava u proizvodnji prvorazrednog namjestaja,
furnira, kundaka za puske, tokarenih i drugih ukrasnih
predmeta. U posebnim primjerima crni se orah moze
smatrati alternativom ebanovini i drugim listacama ta-
mne boje. Nije na popisu ugrozenih vrsta medunarodne
organizacija CITES, a prema IUCN-u, vodi se kao vr-
sta drva najmanje zabrinjavajuceg opstanka.

Drvo crnog oraha grube je, ali vrlo ukrasne tek-
sture. Pore i godovi obi¢nim su okom dobro vidljivi.
Bjeljika je bijela do zu¢kastosmeda, a moze biti i siva
do sivosmeda, Sirine 3 — 7 cm, dok je srz smeda do
ljubicastosmeda. Boja srzi vazan je parametar kvalitete
drva pri klasiranju furnira crnog oraha.

Pregled ranih istrazivanja drva crnog oraha dono-
si spoznaje (a) o stablima uzgajanim u sastojinama
koja bi imala tamnije obojenu srz s uskom zonom bje-
ljike, a pojedinacna bi stabla na otvorenom prostoru
imala svjetlije obojenu srz i Siru bjeljiku (Landt i Pha-
res, 1973.); (b) o stupnju i brzini stvaranja srzi koji ne
ovise o volumenu ukljucenih anatomskih obiljezja (pa-
renhima), ve¢ o metabolickom okviru koji uvjetuje pri-
jelazna zona (Nelson, 1975.; 1976.); (c) o varijabilnosti
osvjetljenja (tj. tame ili svjetlosti) koja je primarni
uzrok varijacija boje srzi (Phelps i dr., 1983.); (d) o

Uz sliku s naslovnice

GENERAL INFORMATION ON SPECIES

Juglans nigra L. is a wood species of the Juglan-
daceae family. Common names are: American walnut
(Great Britain); American black walnut, Eastern black
walnut, Black walnut (USA); Canadian walnut, gun-
wood (Canada); amerikanische Nuss (Germany); Noy-
er noir (France); Noce nero americano (Italy). Black
walnut is a species of the eastern part of North Ameri-
ca. Members of the Juglandaceae family inhabit the
temperate and subtropical regions of the Northern
Hemisphere, and several species migrate to the South,
spreading from Malaysia to New Guinea and the west-
ern part of South Africa. As a species of the eastern part
of North America, black walnut has a very high impor-
tance especially for the forestry of the USA, therefore
also for the wood industry. It is also an important spe-
cies for urban forestry, not only in the USA, but also in
many other countries in temperate climates around the
world. Black walnut is a tree species with high de-
mands on soil properties. Black walnut wood is tradi-
tionally highly valued and is used in the production of
first-class furniture, veneers, rifle stocks, turned and
other decorative items. In limited situations, black wal-
nut can sometimes be considered as an alternative to
ebony and other dark colored hardwoods. This wood
species is not listed in the international organization
CITES Appendices and is reported by the IUCN as a
species of least concern.

RELEVANT KNOWLEDGE ABOUT BLACK
WALNUT WOOD

Black walnut wood is considered to be coarse-
textured, but also very decorative. Vessels and annual
growth rings are clearly visible to the naked eye. The
sapwood is white to yellowish brown, and can be gray to
gray-brown, 3-7 cm wide, while the heartwood is brown
to purple-brown. Heartwood color is an important wood
quality parameter in grading black walnut veneer.

A review of early research on black walnut wood
provides the knowledge on: (a) the forest-grown stems
that would have a dark-colored with a narrow sapwood
band, while open-grown trees would have lighter heart-
wood and wider sapwood rings (Landt and Phares,
1973); (b) the scale and rate of heartwood formation not
depending on the volume of anatomical resources in-
volved (parenchyma) but on the metabolic frame pro-
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niskoj nasljednosti boje srzi drva, §to sugerira da ¢im-
benici okolisa i/ili uzgoja imaju bitnu ulogu u odredi-
vanju toga vaznog parametra kvalitete drva (Rink,
1987.); (e) o gustoc¢i srzi koja je bila u negativnoj ko-
relaciji s bojom srzi, a u pozitivnoj korelaciji s uku-
pnom visinom stabla, dok gustoca bjeljike nije koreli-
rala s ukupnom visinom (Rink i Phelps, 1989.); (f) o
brze rastu¢im plantaznim stablima koja su imala Sire
godove, sa Sirom zonom kasnog drva (Phelps i Wor-
kman, 1992.).

Novija istrazivanja crnog oraha rezultirala su
zakljuccima: a) o brzini rasta, za koju je utvrdeno da
su na nju snazno utjecale kontrola korova i uzgojne
metode (Cutter i Garrettz, 1993.); b) o opcenito bo-
ljem prirastu oraha kada se sadi s drugim drvenastim
vrstama (Pedlar i dr., 2006.); ¢) o dosezanju vrhunca
visine i promjera stabala prije starosti od 30-35 godi-
na (Nicolescu i dr., 2020.); d) o populacijama iz toplih
klima koje imaju viSu maksimalnu apsolutnu stopu
rasta i dosezu je ranije nego populacije iz hladnih kli-
ma (Onofrio i dr., 2021.).

Napomena: Podatci o tehnickim i tehnoloskim
svojstva drva crnog oraha dostupni su na web stranica-
ma i u priru¢nicima navedenima u literaturi ovog pri-
kaza.

Crni orah je vrsta drveéa koja je u Europu unese-
na 1629. godine. Danas ima vaznu gospodarsku ulogu
u proizvodnji drva i plodova u agroSumarskim sustavi-
ma, kao ukrasno drvo u parkovima i avenijama te kao
vrsta za sanaciju/obnovu devastiranih zemljista. Stabla
su impresivnih dimenzija te se od njih dobiva vrlo kva-
litetno, trajno i vrijedno drvo, a u Hrvatskoj raste i u
kulturama. Tradicija uzgoja kultura crnog oraha na po-
dru¢ju istoéne Slavonije dulja je od stotinu godina.
Crni se orah poceo uzgajati na stanistima nizinske Hr-
vatske koja su previse suha za uzgoj najvaznije domace
vrste — hrasta luznjaka. Kulture crnog oraha uz rijeku
Dunav daju izvrsne Sumskogospodarske i s ekonom-
skog stajaliSta viSe nego opravdane rezultate. Stoga
Mayer i Rajkovi¢ (2008.) u monografiji o crnom orahu
u Podunavlju proSiruju znanja o crnom orahu medu
struénjacima Sumarske i drvnotehnoloske struke, de-
taljno prikazuju podatke o prirodnom stanistu, biologi-
jiiuporabi te vrste u njezinu podneblju te donose svoje
spoznaje o crnom orahu u Hrvatskoj.

Rana istrazivanja o plantazama crnog oraha u Hr-
vatskoj donose Sevnik (1926.) i Krajina (1973.). U no-
vije vrijeme o osnivanju kultura crnog oraha pisao je
Mayer (2011.), a o rasadnickoj proizvodnji sadnica cr-
nog oraha OrSanic i dr. (2007.). Provedeno je i istrazi-
vanje rasta i prirasta crnog oraha u istocnoj Hrvatskoj
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vided by the transition zone (Nelson, 1975; 1976); (c)
the variability in luminance (i.e., darkness or lightness)
being the primary cause of heartwood color variability
(Phelps et al., 1983); (d) low heritability of heartwood
color suggesting that environmental and/or management
factors play a significant role in determining this impor-
tant wood quality parameter (Rink, 1987); (e) heartwood
density that was negatively correlated with heartwood
color and positively correlated with total height, while
sapwood density was not correlated with total height
(Rink and Phelps, 1989); (f) faster-growing plantation
trees that had wider growth rings, which in turn had
wider latewood zones (Phelps and Workman, 1992).

Later research concludes the following: (a)
growth rate was found to be strongly affected by weed
control and cropping practices (Cutter and Garrett,
1993); (b) generally better walnut growth when inter-
planted with other woody species (Pedlar ef al., 2006);
(c) tree height and diameter growth reach their peaks
before the age of 30-35 (Nicolescu et al., 2020); (d)
populations from warm climates have higher maxi-
mum absolute growth rate and reach it earlier in age
compared to populations from cold climates (Onoftrio
etal., 2021).

Note: data on technical and technological proper-
ties of black walnut wood are available on web pages
and in manuals listed in the reference section.

IMPORTNACE OF BLACK WALNUT AND
ITS RESEARCH IN CROATIA

Black walnut is a tree species introduced in Eu-
rope in 1629. Nowadays, it has an important economic
role in the production of wood and fruits in agrofor-
estry systems, as an ornamental tree in parks and ave-
nues, and in the rehabilitation/restoration of degraded
lands. Trees have impressive dimensions and produce
high-quality, durable and valuable wood; in Croatia it
is also grown in plantations. The tradition of growing
black walnut trees in the area of Eastern Slavonia start-
ed more than a hundred years ago. Black walnut was
introduced on the sites of lowland Croatia, which were
too dry for growing the most valuable indigenous spe-
cies, pedunculate oak. Along the Danube river, black
walnut plantations give excellent forest management
results and more than good results, from an economic
point of view. For this reason, Mayer and Rajkovic¢
(2008), in their monography on black walnut in the
Danube region, expand knowledge about black walnut
among forestry and wood technology experts, giving
detailed information about the natural habitat, biology
and use of this species in its climate, and make their
own conclusions about black walnut in Croatia.

Early research on black walnut plantations in
Croatia was reported by Sevnik (1926) and Krajina



(Cavlovié i dr., 2007.) radi odredivanja uvjeta u kojima
je ta vrsta visokoprinosna. Kremer i dr. (2008.) potvr-
duju veliki uzgojni potencijal crnog oraha u Hrvatskoj
te upucuju na daljnja istrazivanja rasta te vrste, osobito
na podrucju isto¢ne Hrvatske. Do sada nema dostupnih
podataka o kvaliteti drva crnog oraha u Hrvatskoj. Me-
dutim, na Fakultetu Sumarstva i drvne tehnologije u ti-
jeku su istrazivanja strukture i svojstava drva crnog
oraha iz kultura s podru¢ja Podunavlja koja ¢ée pokaza-
ti kvalitetu proizvedene sirovine.
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Casopis Drvna industrija objavljuje znanstvene radove (izvorne
znanstvene radove, pregledne radove, prethodna priopéenja), struéne
radove, izlaganja sa savjetovanja, struéne obavijesti, bibliografske
radove, preglede te ostale priloge s podrucja biologije, kemije, fizike
i tehnologije drva, pulpe i papira te drvnih proizvoda, ukljucujuéi i
proizvodnu, upravljacku i trzisnu problematiku u drvnoj industriji.
Predaja rukopisa podrazumijeva uvjet da rad nije ve¢ predan negdje
drugdje radi objavljivanja ili da nije ve¢ objavljen (osim sazetka,
dijelova objavljenih predavanja ili magistarskih radova odnosno di-
sertacija, Sto mora biti navedeno u napomeni) te da su objavljivanje
odobrili svi suautori (ako rad ima vi$e autora) i ovlastene osobe usta-
nove u kojoj je istrazivanje provedeno. Cjelokupni sadrzaj Drvne in-
dustrije dostupan je za skidanje s interneta, tiskanje, daljnju distribu-
ciju, ¢itanje i ponovno kori$tenje bez ogranicenja sve dok se naznace
autor(i) i originalni izvor prema Creative Commons Attribution 4.0
International License (CC BY). Autor(i) zadrzavaju izdavacka prava
bez ogranicenja.

Znanstveni i stru¢ni radovi objavljuju se na engleskom jeziku, uz sa-
zetak na hrvatskome. Takoder, naslov, podnaslovi i svi vazni rezulta-
ti trebaju biti napisani dvojezi¢no. Uredni$tvo osigurava inozemnim
autorima prijevod na hrvatski. Ostali se ¢lanci uglavnom objavlju-
ju na hrvatskome. Znanstveni i stru¢ni radovi podlijezu temeljitoj
recenziji najmanje dvaju recenzenata. Izbor recenzenata i odluku o
klasifikaciji i prihvacanju ¢lanka (prema preporukama recenzenata)
donosi Urednicki odbor.

Svi prilozi podvrgavaju se jezi¢noj obradi. Urednici ¢e od autora
zahtijevati da tekst prilagode preporukama recenzenata i lektora,
te zadrzavaju i pravo da predloze skracivanje ili poboljSanje teksta.
Autori su potpuno odgovorni za svoje priloge. Podrazumijeva se
da je autor pribavio dozvolu za objavljivanje dijelova teksta $to su
ve¢ negdje objavljeni te da objavljivanje ¢lanka ne ugrozava prava
pojedinca ili pravne osobe. Radovi moraju izvjestavati o istinitim
znanstvenim ili tehni¢kim postignu¢ima. Autori su odgovorni za ter-
minolosku i metrolosku uskladenost svojih priloga. Radovi se Salju
elektronicki putem poveznice http://journal.sdewes.org/drvind

Upute

Predani radovi smiju sadrzavati najvise 15 jednostrano pisanih A4
listova s dvostrukim proredom (30 redaka na stranici), ukljucujuéi
i tablice, slike te popis literature, dodatke i ostale priloge. Dulje je
¢lanke preporucljivo podijeliti na dva ili viSe nastavaka. Tekst treba
biti u doc formatu, u potpunosti napisan fontom 7imes New Roman
(tekst, grafikoni i slike), normalnim stilom, bez dodatnog uredenja
teksta.

Prva stranica poslanog rada treba sadrzavati puni naslov, ime(na) i
prezime(na) autora, podatke o zaposlenju autora (ustanova, grad i
drzava) te sazetak s kljuénim rije¢ima (duljina sazetka priblizno 1/2
stranice A4).

Posljednja stranica treba sadrzavati titule, zanimanje, zvanje i adresu
(svakog) autora, s naznakom osobe s kojom ¢e Uredni$tvo biti u vezi.
Znanstveni i struéni radovi moraju biti sazeti i precizni. Osnovna
poglavlja trebaju biti oznacena odgovaraju¢im podnaslovima. Na-
pomene se ispisuju na dnu pripadajuce stranice, a obrojcavaju se
susljedno. One koje se odnose na naslov oznacuju se zvjezdicom,
a ostale uzdignutim arapskim brojkama. Napomene koje se odnose
na tablice piSu se ispod tablica, a oznacavaju se uzdignutim malim
pisanim slovima, abecednim redom.

Latinska imena trebaju biti pisana kosim slovima (italicom), a ako
je cijeli tekst pisan kosim slovima, latinska imena trebaju biti pod-
crtana.

U uvodu treba definirati problem i, koliko je moguce, predociti gra-
nice postojec¢ih spoznaja, tako da se Citateljima koji se ne bave po-
dru¢jem o kojemu je rije¢ omoguéi razumijevanje ciljeva rada.
Materijal i metode trebaju biti Sto preciznije opisane da omoguce
drugim znanstvenicima ponavljanje pokusa. Glavni eksperimentalni
podaci trebaju biti dvojezi¢no navedeni.

Rezultati trebaju obuhvatiti samo materijal koji se izravno odnosi na
predmet. Obvezatna je primjena metrickog sustava. Preporucuje se
upotreba SI jedinica. Rjede rabljene fizikalne vrijednosti, simboli i
jedinice trebaju biti objasnjeni pri njihovu prvom spominjanju u tek-
stu. Za pisanje formula valja se koristiti Equation Editorom (progra-
mom za pisanje formula u MS Wordu). Jedinice se piSu normalnim
(uspravnim) slovima, a fizikalni simboli i faktori kosima (italicom).

Formule se susljedno obroj¢avaju arapskim brojkama u zagradama,
npr. (1) na kraju retka.

Broj slika mora biti ograni¢en samo na one koje su prijeko potrebne
za objasnjenje teksta. Isti podaci ne smiju biti navedeni i u tablici i
na slici. Slike i tablice trebaju biti zasebno obroj¢ane, arapskim broj-
kama, a u tekstu se na njih upucuje jasnim naznakama (“tablica 1”
ili “slika 17). Naslovi, zaglavlja, legende i sav ostali tekst u slikama i
tablicama treba biti napisan hrvatskim i engleskim jezikom.

Slike je potrebno rasporediti na odgovarajuca mjesta u tekstu, trebaju
biti izradene u rezoluciji 600 dpi, crno-bijele (objavljivanje slika u
koloru moguce je na zahtjev autora), formata jpg ili tiff, potpune i
jasno razumljive bez pozivanja na tekst priloga.

Svi grafikoni i tablice izraduju se kao crno-bijeli prilozi (osim na
zahtjev). Tablice i grafikoni trebaju biti na svojim mjestima u tekstu
te originalnog formata u kojemu su izradeni radi naknadnog ubaci-
vanja hrvatskog prijevoda. Ako ne postoji moguénost za to, potrebno
je poslati originalne dokumente u formatu u kojemu su napravljeni
(excel ili statistica format).

Naslovi slika i crteza ne piSu se velikim tiskanim slovima. Crtezi
i grafikoni trebaju odgovarati stilu ¢asopisa (fontovima i izgledu).
Slova i brojke moraju biti dovoljno veliki da budu lako ¢itljivi na-
kon smanjenja $irine slike ili tablice. Fotomikrografije moraju imati
naznaku uvecanja, pozeljno u mikrometrima. Uvecanje moze biti
dodatno naznaceno na kraju naslova slike, npr. “uvecanje 7500 : 1”.
Diskusija i zaklju¢ak mogu, ako autori zele, biti spojeni u jedan odje-
ljak. U tom tekstu treba objasniti rezultate s obzirom na problem
postavljen u uvodu i u odnosu prema odgovarajué¢im zapazanjima
autora ili drugih istrazivaca. Valja izbjegavati ponavljanje podataka
ve¢ iznesenih u odjeljku Rezultati. Mogu se razmotriti naznake za
daljnja istrazivanja ili primjenu. Ako su rezultati i diskusija spojeni u
isti odjeljak, zakljucke je nuzno napisati izdvojeno. Zahvale se navo-
de na kraju rukopisa. Odgovarajucu literaturu treba citirati u tekstu,
i to prema harvardskom sustavu (ime — godina), npr. (Badun, 1965).
Nadalje, bibliografija mora biti navedena na kraju teksta, i to abe-
cednim redom prezimena autora, s naslovima i potpunim navodima
bibliografskih referenci. Popis literature mora biti selektivan, a svaka
referenca na kraju mora imati naveden DOI broj, ako ga posjeduje
(http://www.doi.org) (provjeriti na http://www.crossref.org).

Primjeri navodenija literature

Clanci u ¢asopisima: Prezime autora, inicijal(i) osobnog imena, go-
dina: Naslov. Naziv ¢asopisa, godiste (ev. broj): stranice (od — do).
Doi broj.

Primjer

Karki, T., 2001: Variation of wood density and shrinkage in Europe-

an aspen (Populus tremula). Holz als Roh- und Werkstoff, 59: 79-84.
http://dx.doi.org/10.1007/s001070050479.

Knjige: Prezime autora, inicijal(i) osobnog imena, godina: Naslov.
(ev. izdavac/editor): izdanje (ev. svezak). Mjesto izdanja, izdavac
(ev. stranice od — do).

Primjeri

Krpan, J., 1970: Tehnologija furnira i plo¢a. Drugo izdanje. Zagreb,
Tehnicka knjiga.

Wilson, J. W.; Wellwood, R. W., 1965: Intra-increment chemical
properties of certain western Canadian coniferous species. U: W. A.
Cote, Jr. (Ed.): Cellular Ultrastructure of Woody Plants. Syracuse,
N.Y., Syracuse Univ. Press, pp. 551- 559.

Ostale publikacije (brosure, studije itd.)

Miiller, D., 1977: Beitrag ziir Klassifizierung asiatischer Baumar-
ten. Mitteilung der Bundesforschungsanstalt fiir Forstund Holzvvirt
schaft Hamburg, Nr. 98. Hamburg: M. Wiederbusch.

Web stranice

**%1997: “Guide to Punctuation” (online), University of Sussex,
www.informatics.sussex.ac.uk/department/docs/punctuation/node
00.html. First published 1997 (pristupljeno 27. sijecnja 2010).

Autoru se prije konac¢nog tiska Salje pdf rada. Rad je potrebno pazlji-
vo procitati, ispraviti te vratiti Uredni$tvu s listom ispravaka. Autori
znanstvenih i stru¢nih radova besplatno dobivaju po jedan primjerak
Casopisa. Autoru svakog priloga takoder se dostavlja besplatan pri-
mjerak ¢asopisa.

Dodatne informacije o nacinu pisanja znanstvenih radova mogu se
naci na web adresi:

hww.ease.0rg.uklnublications/author—guidelines




Instructions for authors

General terms

The “Drvna industrija” (““Wood Industry”) journal publishes scientific
papers (original scientific papers, review papers, previous notes),
professional papers, conference papers, professional information,
bibliographical and survey articles and other contributions related
to biology, chemistry, physics and technology of wood, pulp and
paper and wood products, including production, management and
marketing issues in the wood industry.

Submission of a paper implies that the work has not been submitted
for publication elsewhere or published before (except in the form of
an abstract or as part of a published lecture, review or thesis, in which
case it must be stated in a footnote); that the publication is approved
by all co-authors (if any) and by the authorities of the institution
where the research has been carried out. The complete content of the
journal Drvna industrija (Wood Industry) is available on the Internet
permitting any users to download, print, further distribute, read and
reuse it with no limits provided that the author(s) and the original
source are identified in accordance with the Creative Commons
Attribution 4.0 International License (CC BY). The authors retain
their copyrights.

The scientific and professional papers shall be published in English
with summary in Croatian. The titles, headings and all the relevant
results shall be also presented bilingually. The Editor’s Office shall
provide the translation into Croatian for foreign authors. Other
articles are generally published in Croatian. The scientific and
professional papers will be subject to a thorough review by at least
two selected referees. The Editorial Board shall make the choice of
reviewers, as well as the decision about the classification of the paper
and its acceptance (based on reviewers’ recommendations).

All contributions are subject to proofreading. The editors will require
authors to modify the text in the light of the recommendations made
by reviewers and language advisers, and they reserve the right to
suggest abbreviations and text improvements. Authors are fully
responsible for the contents of their contributions. It shall be assumed
that the author has obtained the permission for the reproduction of
portions of text published elsewhere, and that the publication of the
paper in question does not infringe upon any individual or corporate
rights. Papers shall report on true scientific or technical achievement.
Authors are responsible for the terminological and metrological
consistency of their contributions. The contributions are to be
submitted by the link http://journal.sdewes.org/drvind

Details

Papers submitted shall consist of no more than 15 single-sided DIN
A-4 sheets of 30 double-spaced lines, including tables, figures and
references, appendices and other supplements. Longer papers should
be divided into two or more continuing series. The text should be
written in doc format, fully written using Times New Roman font (text,
graphs and figures), in normal style without additional text editing.
The first page of the paper submitted should contain full title, name(s)
of author(s) with professional affiliation (institution, city and state),
abstract with keywords (approx. 1/2 sheet DIN A4).

The last page should provide the full titles, posts and address(es) of
each author with indication of the contact person for the Editor’s
Office.

Scientific and professional papers shall be precise and concise. The
main chapters should be characterized by appropriate headings.
Footnotes shall be placed at the bottom of the same page and
consecutively numbered. Those relating to the title should be marked
by an asterix, others by superscript Arabic numerals. Footnotes
relating to the tables shall be printed under the table and marked by
small letters in alphabetical order.

Latin names shall be printed in italics and underlined.

Introduction should define the problem and if possible the framework
of existing knowledge, to ensure that readers not working in that
particular field are able to understand author’s intentions.

Materials and methods should be as precise as possible to enable
other scientists to repeat the experiment. The main experimental data
should be presented bilingually.

The results should involve only material pertinent to the subject. The
metric system shall be used. SI units are recommended. Rarely used
physical values, symbols and units should be explained at their first
appearance in the text. Formulas should be written by using Equation
Editor (program for writing formulas in MS Word). Units shall be
written in normal (upright) letters, physical symbols and factors
in italics. Formulas shall be consecutively numbered with Arabic
numerals in parenthesis (e.g. (1)) at the end of the line.

The number of figures shall be limited to those absolutely necessary
for clarification of the text. The same information must not be
presented in both a table and a figure. Figures and tables should be
numbered separately with Arabic numerals, and should be referred
to in the text with clear remarks (“Table 1” or “Figure 1”). Titles,
headings, legends and all the other text in figures and tables should
be written in both Croatian and English.

Figures should be inserted into the text. They should be of 600 dpi
resolution, black and white (color photographs only on request),
in jpg or tiff format, completely clear and understandable without
reference to the text of the contribution.

All graphs and tables shall be black and white (unless requested
otherwise). Tables and graphs should be inserted into the text in their
original format in order to insert them subsequently into the Croatian
version. If this is not possible, original document should be sent in
the format in which it was made (excel or statistica format).

The captions to figures and drawings shall not be written in block
letters. Line drawings and graphs should conform to the style of
the journal (font size and appearance). Letters and numbers shall
be sufficiently large to be readily legible after reduction of the
width of a figure or table. Photomicrographs should have a mark
indicating magnification, preferably in micrometers. Magnification
can be additionally indicated at the end of the figure title, e.g. “Mag.
7500:1”.

Discussion and conclusion may, if desired by authors, be combined
into one chapter. This text should interpret the results relating to
the problem outlined in the introduction and to related observations
by the author(s) or other researchers. Repeating the data already
presented in the “Results” chapter should be avoided. Implications
for further studies or application may be discussed. A conclusion
shall be expressed separately if results and discussion are combined
in the same chapter. Acknowledgements are presented at the end of
the paper. Relevant literature shall be cited in the text according to
the Harvard system (“name — year”), e.g. (Badun, 1965). In addition,
the bibliography shall be listed at the end of the text in alphabetical
order of the author’s names, together with the title and full quotation
of the bibliographical reference. The list of references shall be
selective, and each reference shall have its DOI number (http://www.
doi.org) (check at http://www.crossref.org).:

Example of references

Journal articles: Author’s second name, initial(s) of the first name,
year: Title. Journal name, volume (ev. issue): pages (from - to). DOI
number.

Example:

Karki, T., 2001: Variation of wood density and shrinkage in European
aspen (Populus tremula). Holz als Roh- und Werkstoff, 59: 79-84.
http://dx.doi.org/10.1007/s001070050479.

Books:

Author’s second name, initial(s) of the first name, year: Title.
(ev. Publisher/editor): edition, (ev. volume). Place of publishing,
publisher (ev. pages from - to).

Examples:

Krpan, J. 1970: Tehnologija furnira i plo¢a. Drugo izdanje. Zagreb:
Tehnicka knjiga.

Wilson, J.W.; Wellwood, R.W. 1965: Intra-increment chemical
properties of certain western Canadian coniferous species. U: W.

A. Cote, Jr. (Ed.): Cellular Ultrastructure of Woody Plants. Syracuse,
N.Y., Syracuse Univ. Press, pp. 551-559.

Other publications (brochures, studies, etc.):

Miller, D. 1977: Beitrag zur Klassifizierung asiatischer
Baumarten. Mitteilung der Bundesforschungsanslalt fiir Forst- und
Holzwirtschaft Hamburg, Nr. 98. Hamburg: M. Wiederbusch.

Websites:

**%1997: “Guide to Punctuation” (online), University of Sussex,
www.informatics.sussex.ac.uk/department/docs/punctuation/node
00.html. First published 1997 (Accessed Jan. 27, 2010).

The paper will be sent to the author in pdf format before printing.
The paper should be carefully corrected and sent back to the Editor’s
Office with the list of corrections made. Each contributor will receive
1 copy of the journal.

Further information on the way of writing scientific papers can be
found on the following website:

&ww.ease.0rg.uk/gublications/author—guidelinej
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HRVATSKA KOMORA
INZENJERA SUMARSTVA
| DRVNE TEHNOLOGUE

HRVATSKA KOMORA INZENJERA SUMARSTVA
| DRVNE TEHNOLOGIJE

Osnovana je na temelju Zakona o Hrvatskoj
komori inZenjera Sumarstva i drvne tehnalogije.

Komorad je samostalna i neovisna strukovna
organizacija koja obavlja povjerene joj javne
ovlasti, €uva ugled, cast i prava svojih clanova,
skrbi da ovlasteni inZenjeri obavljaju svoje
poslove savjesno i u skladu sa zakonom, promice,
zastupali uskladuje njihove interese pred

drzavnim i drugim tijelima u zemlji i inozemstvu.

Clanovi komore:

inZenjeri Sumarstva i drvne tehnologije koji
obavljaju stru¢ne poslove iz podrucja Sumarstva,
lovstva i drvne tehnologije.

|

Strucni poslovi:

i
:
|

proiekti'ranie, izrada, procjena, izvodenje i nadzor
radova iz podrudja uzgajanja, uredivanja,
iskoristavanja i otvaranja Suma, lovstva, zastite
Suma, hortikulture, rasadnicarske proizvodnje,
savjetovanija, ispitivanja kvalitete proizvoda,
sudskoga vjestacenja, izrade i revizije stru¢nih
studija ijplanova, kontrola projekata i stru¢ne
dokumentacije, izgradnja uredaja, izbor opreme,
objekata, procesa i sustava, stru¢no
osposobljavanje i licenciranje radova u Sumarstvu,
lovstvu | preradi drva.
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telefon:
++ 385 1376-5501 ’
e-mail: ‘
info@hkisdt.hr

P P

Zadaci Komore:

promicanje razvoja struke i skrb o struénom
usavrsavanju ¢lanova,

poticanje dono3enja propisa kojima se utvrduju
javne ovlasti Komore,

reagiranje struke na pripremu propisa iz podrucja
Sumarstva, lovstva i drvne tehnplogiie,
suradnja s nadleznim institucijama i zastupanje
struke u odnosu prema njima,

organizacija stru¢noga usavrsavanja,
zastupanje interesa svojih ¢lanova,

izdavanje pecata i iskaznice ovlastenim
inZenjerima,

briga i nadzor postivanja kodeksa strukovne etike,

osiguravanje clanova Komore za Stetu koja bi
mogla nastati investitorima i trecim osobamaii sl.

.

Clanovima Komore izdaje se rjeSenje, pecat i
iskaznica ovladtenoga inZenjera.

Za uspjesno obavljanje zadataka te za postizanje
ciljeva ravnopravnoga i jednakovrijednoga
zastupanja struka udruzenih u Komoru, ¢lanovi
Komore organizirani su u razrede:

» Razred inZenjera Sumarstva
» Razred inZenjera drvne tehnologije

HRVATSKA KOMORA INZENJERA SUMARSTVA | DRVNE TEHNOLOGIJE
Prilaz Gjure Dezeli¢a 63
10000 ZAGREB

www.hkisdt.hr
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