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ABSTRACT ¢ Today, recycling is becoming increasingly important. In recycling process, the product performance
should also be considered. In this study, manufacturing insulation fiberboard, as a practical wood product from
recycled fibers, was investigated. For this purpose, two types of waste (MDF wastes and waste paper) were re-
cycled to fibers and used for producing insulation fiberboards. The target fiberboard density was 0.3 g/cm?®. The
ratio of waste paper to MDF waste recycled fibers (WP/RF) was considered at two levels of 70/30 and 50/50. Poly
vinyl acetate adhesive was used as a variable in the board manufacturing process. The mechanical properties,
dimensional stability, thermal conductivity, and fire resistance of the boards were evaluated. Besides, the thermal
stability of fiberboards was studied using thermal analysis including thermogravimetric analysis (TGA) and dif-
ferential thermal analysis (DTA). The results showed that the insulation fiberboards had admissible mechanical
properties and dimensional stability. The manufactured boards displayed low thermal conductivity, which proved
to be well competitive with other insulation materials. The fiberboards manufactured with PVAc adhesive and WP/
RF ratio of 50/50 had higher fire resistance compared to other treatments. Additionally, results of thermal analysis
showed that the use of PVAc adhesive and WP/RF ratio of 50/50 leads to improved thermal stability. Overall, the
recycled fibers from MDF and paper wastes appear to be appropriate raw materials for manufacturing thermal
insulation panels, and use of PVAc adhesive can significantly improve thermal and practical properties of insula-
tion fiberboards.
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SAZETAK * Danas recikliranje postaje sve vaznije, a u tom postupku treba uzeti u obzir i svojstva proizvoda koji
se recikliranjem dobivaju. U ovom je radu istrazena proizvodnja izolacijske ploce viaknatice kao prakticnoga
drvnog proizvoda od recikliranih vlakana. Za tu su namjenu u vlakna reciklirane dvije vrste otpada (MDF otpad i
papirni otpad), koje su iskoristene za proizvodnju izolacijskih ploca viaknatica. Ciljana gustoc¢a ploce viaknatice
bila je 0,3 g/cm’. Planirani je omjer vlakana recikliranih od otpadnog papira i MDF otpada (WP/RF) iznosio 70 :
301 50 : 50. U procesu proizvodnje ploca upotrijebljeno je polivinilacetatno ljepilo. Eksperimentom su odredena
ova mehanicka svojstva ploca: dimenzijska stabilnost, toplinska vodljivost i vatrootpornost. Osim toga, uz pomoc¢
toplinske analize koja je podrazumijevala termogravimetrijsku analizu (TGA) i diferencijalnu toplinsku analizu
(DTA) istrazena je toplinska stabilnost ploca viaknatica. Rezultati su pokazali da izolacijske ploce viaknatice
imaju odgovarajuéa mehanicka svojstva i dimenzijsku stabilnost. Usto, proizvedene su ploce imale nisku toplinsku
vodljivost, sto potvrduje njihovu konkurentnost s ostalim izolacijskim materijalima. Ploce vilaknatice proizvedene
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s PVAc ljepilom i uz omjer WP/RF od 50 : 50 imale su vecéu vatrootpornost od ploca proizvedenih ostalim postupc-
ima (omjerima sastojaka). Usto, rezultati toplinske analize pokazali su da upotreba PVAc ljepila i omjer WP/RF
od 50 : 50 pridonose poboljsanoj toplinskoj stabilnosti. Zakljucno, reciklivana viakna od MDF otpada i otpadnog
papira cine se prikladnom sirovinom za proizvodnju termoizolacijskih ploca, a uporaba PVAc ljepila moze znatno
poboljsati toplinska i uporabna svojstva takvih izolacijskih ploca vlaknatica.

Kljucéne rijeci: izolacijske ploce vlaknatice; recikliranje; toplinska stabilnost; MDF otpad, otpadni papir

1 INTRODUCTION
1. UVOD

MDF (medium-density fiberboards) is known as
one of the most essential raw materials for the con-
struction and furniture industry (Pan ef al., 2018). Due
to the growing consumption of MDF, a huge amount of
waste has been generated. Despite the well-known
problems of toxic gas emissions to human health and
environmental problems, in some countries, such as
Iran, waste MDF is still burned, instead of being recy-
cled. Due to the decline in the quality of MDF boards
made from recycled fibers, manufacturers are reluctant
to recycle this waste. The change in the chemical com-
position and the urea-formaldehyde resin residues on
the surface of the recycled wood fibers leads to an in-
crease in fiber pH. (Lykidis and Grigoriou, 2008;
Medved and Resnik, 2004). Considering the incompat-
ibility of the recycled fibers with urea-formaldehyde
resin, one of the possible solutions could be to use the
recycled fibers to produce binderless boards. There-
fore, insulation fiberboard production is an additional
alternative to add value to these materials. Insulation
fiberboard is a free-formaldehyde, green material made
of natural fibers with a low density between 0.1 to 0.35
g/cm’. One of the most critical applications of insula-
tion fiberboard could be its use as thermal insulator in
buildings (Epinoza-Herrera and Cloutier, 2009). Due
to climate change trends and the importance of reduced
energy consumption, it is necessary to develop materi-
als with high thermal insulation ability to sustain prop-
er temperature in interior environments (Sable et al.,
2015; Torres Rivas et al., 2018). The materials used as
the building thermal insulation must have high specific
heat capacity, low density, and low thermal conductiv-
ity (Pavelek and Adamova, 2019). Plastic foam and
mineral wools are usually used as thermal insulation in
building construction. Regarding the petroleum basis
of plastic foam and health risks of mineral wools, it is
necessary to find a safer and more environmentally
friendly alternative for insulation purposes (Kawasaki
and Kawai, 2006). Over the past years, raising aware-
ness of environmental issues and harmful effect of
chemicals on human health and other organisms have
led to the development of green materials (Pavelek and
Adamova, 2019). In the previous researches, agricul-
tural and forestry wastes as the insulation materials
have been investigated (Asdrubali ef al., 2015; Lin et
al., 2017, Tsalagkas et al., 2019). One of the important
sources of natural fibers, which has not been given
enough attention so far, is MDF wastes. However, the
high flammability of the natural fibers restricted their
applications (Cai et al., 2016). Thermal stability and
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fire -resistance of insulation materials is a necessary
factor. TGA-DTA and fire retardant tests can be useful
techniques to evaluate the performance of insulation
materials. TGA measures the mass losses of materials
under the influence of elevated temperatures, so it can
partially simulate the thermal degradation occurring in
fire events (Ramiah, 1970). In this study, the fiber-
boards were manufactured by a mixture of recycled
fibers from MDF and paper wastes to achieve better
formation of natural bonds. Waste paper, due to its
large number of hydroxyl groups, allows natural bonds
to be formed, thus contributing to better formation of
fiberboard.

The aim of this study is to investigate the fiber-
board produced from recycled fibers without chemi-
cals, along with protecting the natural environment and
sustainable use of resources.

2 MATERIALS AND METHODS
2. MATERIJALI | METODE

2.1 MDF wastes recycling process
2.1. Proces recikliranja MDF otpada

For this study, MDF wastes and original fibers
were obtained from Pars Neopan MDF factory in Iran
(Nashtarood). This factory uses a mixture of hard-
woods as raw material. These wastes always remain
after size cutting of produced MDF boards.

Poly vinyl acetate resin was supplied by Shomal
Chemical Industry, a manufacturer of resins and adhe-
sives. The properties of PVAc are shown in Table 1.

Table 1 Properties of PVAc resin
Tablica 1. Svojstva PVAc smole

3 o,
Sogg d(rjz?aljl'tse;}f’e % Ash Color Form
N ) .
tvari, % Pepeo, % Boja Oblik
40 02 | White/bijela| H194i4/
tekucina

A laboratory chipper crushed the wastes of MDF,
and then the chips were treated with hot water at 100 °C
for 30 min. After that, the wet chips and waste paper
were transferred to the pulper, and the fibers were me-
chanically released.

2.2 Process of manufacturing insulation
fiberboards
2.2. Proces proizvodnije izolacijskih plo€a vlaknatica

Fibers and water were added to the mixture with a
weight ratio of 0.03:1 (treatments with adhesive materi-
als), and then 40 g PVAc solution was added to the mix-
ture, too. The obtained pulp was poured to the forming
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2-Treating the MDF wastes
whit hot water
2-Tretiranje MDF otpada
vru¢om vodom

1-Chipping the MDF wastes
1-Usitnjavanje MDF otpada

6-Cold pressing
6-Hladno presanje

5-Forming
5-Formiranje

3-Pulping MDF and paper 4-Mixing the fibers and PVAc

wastes with water
3-Priprema kase od MDF 4-MijeSanje viakana i PVAc
ljepila s vodom

otpada i otpadnog papira

8-Final insulation
fibreboard

8-Izolacijska ploc¢a
viaknatica

7-Drying in oven
7-Susenje u suSioniku

Figure 1 MDF wastes recycling and production process stages of insulation fiberboards
Slika 1. Recikliranje MDF otpada i proizvodni proces izolacijskih ploca vlaknatica

equipment, which let water draining, by gravity and low
pressure of hand molding. At the end of this step, the
thickness of the board reached 30 to 40 mm. The board
was pressed at 3.5 bar pressure to a final thickness of 12
mm in a cold press. Finally, the wet board was dried for
24 h at 100 °C, then cooled, weighed and measured, and
its density was calculated (the density of insulation
fiberboards must be around 0.3 g/cm?). The manufac-
tured boards were conditioned at 20 °C and 65 % humid-
ity for two weeks before trimming to prepare test sam-
ples. The MDF wastes recycling and production process
stages are shown in Figure 1.

2.3 Morphology of fibers
2.3. Morfologija vlakana

Franklin method was used for the separation of
wood fibers to study the morphology of fibers. Speci-
mens of virgin and recycled fibers were macerated in a
mixture (1:1) of 30 % hydrogen peroxide and acetic
acid in a 64 °C oven for 24 hours. After maceration, the
samples were washed with distilled water. For measur-
ing fiber dimension, the microscopic images were cap-
tured by Motic microscope. After that, the fiber dimen-
sions were measured in Image j software. The
dimension of 50 fibers was measured for each kind of
fibers.

2.4 Physical and mechanical properties
2.4. Fizi¢ka i mehanicka svojstva

Thickness swelling (7'S) after immersion in water
for 2 h, modulus of rupture (MOR), modulus of elastic-
ity (MOE) and internal bonding (/B) were calculated
according to JISA 5905:2003.

2.4.1 Thickness swelling after immersion in water
2.4.1. Debljinsko bubrenje nakon potapanja u vodi

First the thickness of the center part of the test
piece shall be measured to the nearest 0.05 mm by a
dial gauge or a micrometer, next the test piece shall be
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placed in water horizontally in depth of about 3 cm be-
low the water surface at a temperature of 20+1 °C. Af-
ter immersion in water for 2 h, the test piece shall be
taken out of water, the water on the test piece shall be
removed, and the swelling in thickness after immersion
in water shall be calculated by Eq. 1:
Swelling inthickness after _ t, — 1
immersioninwater (%)

-100 (1)

tl

Where, ¢, — thickness of test piece before immersion (mm)
t, — thickness of test piece after immersion (mm)

2.4.2 Bending strength
2.4.2. Cvrstoc¢a na savijanje
Using the test apparatus, as shown in Figure 2, a
load of about 10 mm/min at a mean deforming rate on
the surface of test piece was applied. The maximum
load (P) shall be measured, and the bending strength
shall be obtained from Eq. 2:
N )_ 3-P-L 5

mm’ 2-b-t @
Where, P — maximum load (V)

L — span (mm)

b — width of test piece (mm)

t — thickness of test piece (mm)

Bending strength(

2.4.3 Internal bonding
2.4.3. Cvrstoc¢a na raslojavanje

The test piece shall be adhered to a steel block.
The tensile load is applied vertically to the surface test

25 Load  Radius: 25
approx. 10 [
L L

dius: 2 : Radius:
Radius: L>150 adius:
approx. 10 approx. 10
Figure 2 Bending strength test apparatus
Slika 2. Uredaj za ispitivanje ¢vrstoce na savijanje
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of the test piece, the maximum load (P) at the time of
the fracture of the adhesion part shall be measured, and
the internal bond shall be calculated by Eq. 3:
NP
2 ) b-L

Internal bond [
mm

Where, P — maximum load at time of fracture of adhe-
sion part (V)
b — width of sample (mm)
L —length of sample (mm)

2.5 Thermal conductivity
2.5. Toplinska vodljivost

Thermal conductivity coefficient (A) of the insu-
lation fiberboards was measured across the thickness
of the panel using a heat flux meter custom-made ap-
paratus.

The full size of the specimens was 500 mm x 500
mm but heat flow was measured in the 120 mm x 120
mm midrange of the sample. The temperature differ-
ence between the hot and cold plate was set to 10 °C.
For each panel type, the thermal conductivity test was
carried out on three specimens.

2.6 Fire resistance
2.6. Vatrootpornost

Fire resistance was assessed by the ignitability of
products subjected to direct impingement of flame. The
test procedure was performed according to STN EN
ISO 11925-2:2010.

The test sample with a size of 170 mm x 150 mm
was exposed to a small flame with a height of 30 mm
for a specified time. The burner must be inclined by an
angle of 45° to the vertical axis.

The flame is applied to the sample for 60 s. The
measured properties consisted of mass reduction, in-
flammation time, fire endurance and burnt area.

2.7 Thermal stability analysis
2.7. Analiza toplinske stabilnosti

For investigating the thermal behavior of insula-
tion fiberboards, Simultancous Thermal Analysis
(TGA/DTA) was done using Linseis Analyzer (STAPT
1000).

10 mg of each sample was placed on a balance
located in the furnace, and heat was applied over the
temperature range of room temperature to 600 °C. The
analysis was performed under a nitrogen atmosphere
flowing at 20 mL/min and a scanning rate of 20 °C/min.

AN

h IR LTy Y.
Recycled fibers | gt A
wT ek AN

T

2.8 Statistical analysis
2.8. StatistiCka analiza

The effect of the recycled fiber proportion and
the adhesive utilization on the properties of insulation
fiberboards was assessed by one-way ANOVA statisti-
cal analysis. Also, Duncan’s Multiple Range Test
(DMRT) was used to check for significant differences
between treatment groups.

3 RESULTS AND DISCUSSION
3. REZULTATI | RASPRAVA

3.1 Morphology of fibers
3.1. Morfologija vlakana

The appearance of virgin and recycled fibers is
shown in Figure 3. It is obvious that recycled fibers
have been damaged as compared to virgin fibers. Fiber
degradation occurs due to the pressure and high tem-
perature applied to the fibers during the process of
making the initial boards, gluing step, loss of wood
polymers, heating and mechanical recycling operations
(Lykidis and Grigoriou, 2008).

The measured values of length and diameter of
the fibers are presented in Table 2. The results showed
that the length and especially the diameter of recycled
fibers are less than those of virgin fibers due to the de-
struction of fibers in the initial board manufacturing
and recycling process. The length of the fibers plays an
important role in the physical and mechanical proper-
ties and its reduction leads to a decrease in the quality
of the manufactured boards (Dix et al., 2001a).

3.2 Physical and mechanical properties of
insulation fiberboards

3.2. Fizi¢ka i mehanicka svojstva izolacijskih plo¢a
vlaknatica

Statistical analysis of physical and mechanical
properties is summarized in Table 3.

Table 2 Morphology of virgin and recycled fibers
Tablica 2. Morfologija djevicanskih i recikliranih vlakana

Diameter, mm
Promjer, mm

Length, mm

Fibers / Viakna Duljina, mm

Virgin fibers
djevicanska viakna 28 0.52
Recycled fibers L6 033

reciklirana viakna

Figure 3 Appearance of virgin and recycled fiber surface (unit mm, magnification 40x)
Slika 3. Izgled povrsine djevicanskih i recikliranih vlakana (jedinica: mm, povecanje: 40 puta)
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Table 3 Statistical analysis of physical and mechanical properties of insulation fiberboard produced with different treatments
(TS — thickness swelling, MOR — modulus of rupture, MOE — modulus of elasticity, /B — internal bonding)
Tablica 3. Statisticka analiza fizickih i mehanickih svojstava izolacijskih ploca vlaknatica proizvedenih razli¢itim tretmanima
(TS — debljinsko bubrenje, MOR — modul loma, MOE — modul elasti¢nosti, /B — ¢vrsto¢a na raslojavanje)

Properties / Svojstva Variables / Varijable Mean square df (within groups) sign.
Srednji kvadrat df (unutar grupa)
T8, % Proportion of fibers / udio viakana 29.67 1 0.000
Adhesive utilization / uporaba ljepila 48.15 1 0.000
Interaction effect / medudjelovanje 8.56 1 0.008
MOR, MPa Proportion of fibers / udio viakana 41.19 1 0.000
Adhesive utilization / uporaba ljepila 373.71 1 0.000
Interaction effect / medudjelovanje 2.839 1 0.001
MOE, MPa Proportion of fibers / udio viakana 1970114.01 1 0.000
Adhesive utilization / uporaba ljepila 1153714.08 1 0.000
Interaction effect / medudjelovanje 148632.73 1 0.000
IB, MPa Proportion of fibers / udio viakana 0.432 1 0.000
Adhesive utilization / uporaba ljepila 0.98 1 0.000
Interaction effect / medudjelovanje 0.09 1 0.000

The analysis showed that the effect of different
ratios of fibers and adhesive utilization on both physi-
cal and mechanical properties of insulation fiberboards
was significant at a 99 % confidence interval (Sig
<0.01). Duncan’s multiple range classification of the
effect of different treatments is shown in Table 4.

As shown in Table 4, instead of thickness swell-
ing of the insulation fiberboards, which is better than
values defined in the standard, the other measured
properties are lower than those specified in the stand-
ard, but they are relatively acceptable regarding their
low density and manufacturing condition (without syn-
thetic resin and hot pressing). The application of the
manufactured fiberboards is restricted; they are intend-
ed to be used as insulator, and they cannot be used in
applications where high strength is required. The use of
PVAc adhesive resulted in the improvement of the
physical and mechanical properties of insulation fiber-
boards. PVAc can improve the adhesion of fibers (Sa-
ble et al., 2015). PVAc, as an insulator, provides not
only mechanical strength but also prevents the expo-
sure of fibers to the atmosphere and leads to high sta-
bility in the environment (Hosseini and Entezami,
2005). In terms of thickness swelling and internal
bonding, WP/RF ratio of 50/50 is suggested. However,
considering MOR and MOE, WP/RF ratio of 70/30
leads to better results due to more flexibility of waste

paper as compared to fibers recycled from MDF
wastes, which is the result of a lower amount of lignin
and decreased stiffness of waste paper. As the results
show, an increased amount of waste paper leads to a
decrease in the internal bonding of boards because of
heterogeneous forming of boards, which results in a
lack of proper bonding between the different compo-
nents of two types of fiber (Rassam, 2008). Paper fibers
also have a higher specific surface area than that of
wood fibers because of their small size and high slen-
derness ratio, which results in better absorption of the
adhesive and prevents uniform spreading between the
fibers. Because of this phenomenon, the internal adhe-
sion of boards with a higher proportion of waste paper
is reduced (Ghahri, 2017). Each type of fiber has its
own unique characteristics due to their different prepa-
ration methods. Considering MDF fibers, hemicellu-
loses and lignin of the intercellular material have been
partially degraded, also due to the mechanical method
of fiber separation, fractures occurred in the fibers and
the dissolved lignin resulted in fusion and reconnection
of the fibers in hot press (Ghahri, 2017). However, in
the case of paper fibers, chemical and semi-chemical
pulping have a profound effect on cellulose fibers and
cell walls. These include the removal of large amounts
of hemicelluloses and lignin from the reticular cell
walls and their conversion into larger pores reticular

Table 4 Average values of Duncan’s multiple range classification of the effect of different treatments on properties of
produced insulation fiberboards: N-70-30 (without adhesive, WP/RF ratio of 70/30), N-50-50 (without adhesive, WP/RF ratio
of 50/50), W-70-30(with PVAc adhesive, WP/RF ratio of 70/30) and W-50-50 (with PVAc adhesive, WP/RF ratio of 50/50)
Tablica 4. Srednje vrijednosti Duncanove viSestruke klasifikacije u¢inka razli¢itih tretmana na svojstva proizvedenih
izolacijskih ploca vlaknatica: N-70-30 (bez ljepila, omjer WP/RF 70 : 30), N-50-50 (bez ljepila, WP/RF omjer 50 : 50),
W-70-30 (s PVAc ljepilom, WP/RF omjer 70 : 30) i W-50-50 (s PVAc ljepilom, WP/RF omjer 50 : 50)

Standard values

Property N-70-30 N-50-50 W-70-30 W-50-50 (Thickness of 12 to 19 mm)
Svojstvo Standardne vrijednosti

(debljina od 12 do 19 mm)
TS, % 10.17(b) 6.88(ab) 7.46(ab) 6.12(a) 12
MOR, MPa 18(c) 11(d) 19.5(b) 13.7(a) 20
MOE, MPa 1520.66(b) 1034.11(c) 1860.01(a) 1630.49(b) 2200
1B, MPa 0.09(b) 0.099(b) 0.209(b) 0.41(a) 0.55
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system that creates space and locality for water absorp-
tion. The partial removal of lignin and hemicellulose
polymers results in the availability of large numbers of
hydroxyl groups in the cell wall of the fibers, which
leads to excellent hydrogen bonding of the fibers and
subsequently dimensional stability of the produced
fiberboards. Waste paper fibers and recycled fibers
from MDF wastes have different morphology. The
waste paper fibers lose much lignin, while the recov-
ered fibers from MDF wastes have more lignin, which
makes them stiffer as compared to paper fibers (Hwang
et al., 2005). When the combination of paper fibers and
recycled fibers from MDF wastes are used for fiber-
board manufacturing, inter-fiber bonds are formed bet-
ter.In addition, the paper fibers have a bearded state
due to refining operations, which makes them more
likely to have hydrogen bonds (Rassam, 2008).

3.3 Thermal conductivity of insulation fiberboards
3.3. Toplinska vodljivost izolacijskih plo¢a viaknatica

Thermal conductivity is an indicator of the value
of a material as a heat insulator (Xu et al., 2004). Wood
based panels manufacturing methods, wood based ma-
terials and wood particle sizes were indicated as having
a large effect on thermal conductivity (Tsalagakas et
al., 2019). As it can be observed in Figure 4, the insula-
tion fiberboards made from PVAc adhesive and the
WP/REF ratio of 50/50 is a better insulator compared to
other treatments. The use of PVAc decreased thermal
conductivity.

Utilization of waste paper and fibers recycled
from MDF wastes as a component appears to be an ap-
propriate choice for manufacturing insulation fiber-
boards. Paper has been employed as insulation material
due to its low thermal conductivity value. The thermal
conductivity of paper varies upon the paper sheet den-
sity, filler content, nature of fibers, etc. (Tsalagakas et

0.04

al., 2019). The measured thermal conductivity ( of the
obtained boards was within the interval of 0.025-0.037
W/m-K, which is in the range of building bio-based
insulation materials (Theasy et al., 2017). Due to the
different structure of the two types of fibers (obtained
from waste paper and MDF wastes) and process of
manufacturing, the structure of the insulation fiber-
boards is very porous. Low thermal conductivity of the
insulation fiberboards is due to the low conductivity of
the air trapped in the pores. The large number of spaces
and voids inside the insulators impeded heat transfer,
resulting in considerably lower thermal conductivity
(Sihabut and Laemsak, 2010). The thermal conductiv-
ity of air is lower than that of solid materials (Nguyen
et al., 2018). For better comparison, the measured val-
ues of for different kinds of insulators, according to the
results reported by other researchers, are presented in
Table 5.

3.4 Fire resistance of insulation fiberboards
3.4. Vatrootpornost izolacijskih plo€a vlaknatica

According to Table 6, samples lose their weight
about 3 % to 15 % of the weight of the initial value
after 60 s of flame exposure.

The results of flame resistance values of insula-
tion fiberboards showed that the lowest mass reduction
was related to fiberboards manufactured with PVAc
adhesive and WP/RF ratio of 50/50 (lower amount of
paper), which can confirm the positive effect of the use
of adhesive on the thermal stability of insulation fiber-
boards. It is obvious that the use of PVAc can increase
the fire resistance of insulation boards. PVAc is degrad-
ed by elimination of acetic acid, yielding a char that
provides a transitory phase as the filler particles fuse
into a ceramic mass (Al-hassany et al., 2010). Insula-
tion fiberboards manufactured without adhesive and
WP/RF ratio of 50/50 (N-50-50) had the lowest ther-

0.035

Thermal conductivity, W/ m-K
toplinska vodljivost, W/ m-K

a
a
0.03 b
b

0.025
0.02
0.015
0.01
0.005
0

N 70-30

N 50-50

W70 -30 W -50-50

Figure 4 Thermal conductivity values of insulation fiberboards made by different treatments (Duncan’s multiple range
classifications are shown above the columns: N-70-30 (without adhesive, WP/RF ratio of 70/30), N-50-50 (without adhesive,
WP/RF ratio of 50/50), W-70-30(with PVAc adhesive, WP/RF ratio of 70/30) and W-50-50 (with PVAc adhesive, WP/RF

ratio of 50/50)

Slika 4. Vrijednosti toplinske vodljivosti izolacijskih ploca vlaknatica izradenih razli¢itim tretmanima (Duncanove viSestruke
klasifikacije prikazane su iznad stupaca): N-70-30 (bez ljepila, omjer WP/RF 70 : 30), N-50-50 (bez ljepila, omjer WP/RF 50
1 50), W-70-30 (s PVAc ljepilom, omjer WP/RF 70 : 30) i W-50-50 (s PVAc ljepilom, omjer WP/RF 50 : 50)
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Table 5 Thermal conductivity of different kinds of insulators

Tablica 5. Toplinska vodljivost razli¢itih vrsta izolacijskog materijala

Thermal conductivity
. .. coefficient, W/m-K . .
Material / Materijal Koeficijent toplinske Literature / Literatura
vodljivosti, W/m-K
Wood with density of 0.45 to 0.65 g/cm?® / drvo gustoce 0,45 - 0,65 g/cm® 0.13 Xu et al., 2004
Wood with density of 0.2 to 0.5 g/cm® / drvo gustoce 0,2 - 0,5 g/cm? 0.01 Kawasaki and Kawai, 2006
Plywood with density of 1.7 g/cm? / furnirska ploca gustoée 1,7 g/cm? 0.071 Xu et al., 2004
- : - .

I.nsulag'on boarfi with de':nsny of 0.2? g/em 0.044 Xu et al., 2004
izolacijska ploca gustoce 0,26 g/cm’
Concrete with density of 0.2 g/cm?® / cement gustoée 0,2 g/cm? 1.2 Xu et al., 2004
Bricks with density of 1.7 g/cm?® / cigla gustoce 1,7 g/cm® 0.53 Xu et al., 2004
Waste paper / otpadni papir 0.05- 0.06 Tsalagakas et al., 2019
Was.te newspaper particle b oard . 0.025 Theasy et al., 2017
iverica od otpadnoga novinskog papira
Insulation boards from oil palm fronds 0.034 Sihabut and Laemsak, 2010
izolacijske ploce od palminih listova
Insulation boards from empty fruit branches 0.038 Sihabut and Laemsak, 2010
izolacijske ploce na bazi grana vocaka
Rock wool / kamena vuna 0.037 Sihabut and Laemsak, 2010
Bark based pancls from popular 0.069-0.093 Tsalagakas ef al., 2019
ploce na bazi kore topolovine
Wooden matts from wood shaving and kenaf fibers
drveni tepisi na bazi blanjevine i vlakana od kenafa 0-069 Tsalagakas et al., 2019

Table 6 Average values of fire resistance properties of insulation fiber boards and Duncan’s multiple range classification of
the effect of different treatments: N-70-30 (without adhesive, WP/RF ratio of 70/30), N-50-50 (without adhesive, WP/RF
ratio of 50/50), W-70-30(with PVAc adhesive, WP/RF ratio of 70/30) and W-50-50 (with PVAc adhesive, WP/RF ratio of

50/50)

Tablica 6. Srednje vrijednosti svojstava vatrootpornosti izolacijskih plo¢a vlaknatica i Duncanova viSestruka klasifikacija
ucinka razliitih tretmana: N-70-30 (bez ljepila, omjer WP/RF 70 : 30), N-50-50 (bez ljepila, omjer WP/RF 50 : 50), W-70-30
(s PVAc ljepilom, omjer WP/RF 70 : 30) i W-50-50 (s PVAc ljepilom, omjer WP/RF 50 : 50)

Property / Svojstvo N-70-30 N-50-50 W-70-30 W-50-50
Mass reduction, % / smanjenje mase, % 7.44(c) 15.21(d) 4.71(b) 2.62(a)
Inflammation time, s / vrijeme zapaljenja, s 5(a) 2(a) 9(b) 8(b)
Fire endurance, s / vatrootpornost, s 75(b) 120(c) 15(a) 10(a)
Burnt area, % / izgorjela povrsina, % 21(b) 38(c) 4(a) 1(a)

mal stability as compared to other treatments due to
low internal bonding and weakness in bonding forma-
tion. Reducing internal bonding between fibers and the
fuzzy surface of boards caused more surface burns and
lead to an increased mass reduction of the boards,
which is an important criterion for assessing fire resist-
ance of boars (Hojati et al., 2018).

3.5 Thermal stability of insulation fiberboards
3.5. Toplinska stabilnost izolacijskih plo¢a vlaknatica

Figures 5 and 6 show the TGA-DTG and DTA
curves of insulation fiberboards, respectively.

Thermal degradation mechanism of wood oc-
curred in three regions, including 60-100 °C (evapora-
tion of water and extractives), 130-350 °C (decomposi-
tion of major wood chemical constituents) and after
350 °C (complete decomposition of wood) (Feng et al.,
2012; Bodirlau et al, 2009; Yunchu et al., 2000).
Above 200 °C, the pyrolysis speed increases, hemicel-
luloses and cellulose decompose into gases (Yunchu et
al., 2000). In a temperature range between (250 to 300
°C, lignin and cellulose are degraded, and tar, gas and
char are produced during the pyrolysis (Hakiki- Uner
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et al., 2016). After heating to 350 °C, since the amount
of flammable gas is very small, the flame burn trans-
forms into the flameless charcoal burn. In this step,
weight loss slows down (Yunchu et al, 2000). After
430 °C, an exothermal peak of wood burn appears on
the DTA curve (Figure 6).

Instead of the N-70-30 curve, which is related to
insulation fiberboards made by WP/RF ratio of 70/30
and without adhesive, in other curves, the sharp exo-
thermal peak is smoothed and the temperature of the
peak is increased. This means that the utilization of a
higher amount of wood fibers and adhesive increased
the thermal stability of fiberboards, and the rates of
heat released slowly down. The broadest peak is relat-
ed to W-50-50 insulation fiberboards, which are manu-
factured by the use of PVAc adhesive and a lower
amount of waste paper. Concerning the N-70-30 curve,
the main component is waste paper. Waste paper is
mainly composed of cellulose. The shape of this curve
and the intensity of the decomposition peak are very
similar to those of the cellulose curve (Sobol et al.,
2020). In fact, there is a larger share of cellulose in this
sample and therefore its shape is different from other
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Figure 5 TGA-DTG thermograms of insulation fiberboards: N-70-30 (without adhesive, WP/RF ratio of 70/30), N-50-50
(without adhesive, WP/RF ratio of 50/50), W-70-30 (with PVAc adhesive, WP/RF ratio of 70/30) and W-50-50 (with PVAc
adhesive, WP/RF ratio of 50/50)

Slika 5. TGA-DTG termogrami izolacijskih plo¢a vlaknatica: N-70-30 (bez ljepila, omjer WP/RF 70 : 30), N-50-50 (bez ljepila,
omjer WP/RF 50 : 50), W-70-30 (s PVAc ljepilom, omjer WP/RF 70 : 30) i W-50-50 (s PVAc ljepilom, omjer WP/RF 50 : 50)
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Figure 6 DTA thermograms of insulation fiberboards: N-70-30 (without adhesive, WP/RF ratio of 70/30), N-50-50 (without
adhesive, WP/RF ratio of 50/50), W-70-30 (with PVAc adhesive, WP/RF ratio of 70/30) and W-50-50 (with PVAc adhesive,
WP/REF ratio of 50/50)

Slika 6. DTA termogrami izolacijskih ploca vlaknatica: N-70-30 (bez ljepila, omjer WP/RF 70 : 30), N-50-50 (bez ljepila,
omjer WP/RF 50 : 50), W-70-30 (s PVAc ljepilom, omjer WP/RF 70 : 30) i W-50-50 (s PVAc ljepilom, omjer WP/RF 50 : 50)
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Table 7 TGA — DTA results from insulation fiberboards manufactured by waste MDF and paper fibers: N-70-30 (without
adhesive, WP/RF ratio of 70/30), N-50-50 (without adhesive, WP/RF ratio of 50/50), W-70-30(with PVAc adhesive, WP/RF
ratio of 70/30) and W-50-50 (with PVAc adhesive, WP/RF ratio of 50/50)

Tablica 7. TGA — DTA rezultati za izolacijske ploce vlaknatice proizvedene od vlakana MDF otpada i otpadnog papira:
N-70-30 (bez ljepila, omjer WP/RF 70 : 30), N-50-50 (bez ljepila, omjer WP/RF 50 : 50), W-70-30 (s PVAc ljepilom, omjer
WP/RF 70 : 30) i W-50-50 (s PVAc ljepilom, omjer WP/RF 50 : 50)

Samples T,-T.°C T ,°C W % e Y0 W.» % | Residues, % | DTA peak, °C
Uzorci (second region / Ostatak, %
drugo podrucje)
N-70-30 105.7-470 359.9 3.23 60.21 23.22 11.8 432
N-50-50 100.3-500 3554 4.16 59.21 26.94 9.7 445
‘W-70-30 134.8-490 363.8 4.13 61.58 21.49 11.7 450
W-50-50 125.5-550 358.3 3.79 20.21 22.86 12 460

T-T, — temperature corresponding to the beginning and end of decomposition, respectively / temperatura koja odgovara pocetku i kraju
razgradnje; T, — Temperature corresponding to the maximum rate of mass loss / temperatura koja odgovara najvecem gubitku mase; W —

weight loss / gubitak mase

curves. Summary data of TGA-DTA for fibers can be
observed in Table 7.

The results show that the degradation began fast-
er with insulation fiberboard in which PVAc adhesive
was used. In addition, when the lower percentage of
waste paper was used, the degradation reaction oc-
curred faster. T as a crucial factor, was higher with
insulation fiberboards made from WP/RF ratio of 70/30
with PVAc and lower with insulation fiberboards man-
ufactured without adhesive and WP/RF ratio of 50/50.
The maximum weight loss was observed in insulation
fiberboard manufactured with PVAc adhesive and WP/
RF ratio of 70/30. The lowest weight loss with a sig-
nificant difference occurred in insulation fiberboards
manufactured with PVAc adhesive and WP/RF ratio of
50/50 (W-50-50). The higher weight loss means lower
thermal stability (Aydemir et al., 2011). It can be said
that the use of adhesive and a lower percentage of
waste paper results in a higher thermal stability. There
is not a significant difference in terminal mass residues
of different treatments. The lowest mass residue (9.7
%) was observed with insulation fiberboard manufac-
tured without adhesive and with 50 % waste paper, the
reason probably being the weak bonding of this kind of
board. Overall, it can be concluded that the use of ad-
hesive results in increased thermal stability of insula-
tion fiberboard. Also, the higher amount of waste paper
decreased the thermal stability of insulation fiber-
boards. DTA peak temperature in N-70-30 fiberboards
was significantly lower than in other treatments, which
confirmed previously obtained results and showed that
this treatment caused lower thermal stability of fiber-
boards. The thermal resistance of a compound is relat-
ed to the breakdown of the weakest bond at a specific
temperature as the temperature was raised (Bachari,
2015).

4 CONCLUSIONS
4. ZAKLJUCAK

This study showed that it is possible to manufac-
ture insulation fiberboard from wastes of MDF and pa-
per by the wet process.

According to the measured values, which were
similar to mineral wool, it can be said that the manu-
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factured insulation fiberboards can be properly used as
a structural insulator.

The use of PVAc adhesive and a lower percent-
age of waste paper (WP/RF ratio of 50/50) in manufac-
turing fiberboard result in a higher fire resistance and
thermal stability, in better functional properties and
lower thermal conductivity values of insulation fiber-
boards.

Better insulators have better thermal stability.

Overall, it can be concluded that waste MDF and
paper have good potential to be used as raw material
for producing green insulation fiberboards. with better
results obtained from treatment in which PVAc adhe-
sive and the WP/RF ratio of 50-50 (waste paper to re-
cycled MDF fibers) were used.
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