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ABSTRACT e The possibility of using nanocellulose (NCC) as a filling substance for melamine-urea-formalde-
hyde (MUF) adhesive was investigated for the process of manufacturing plywood. The adhesive mixtures were
prepared with various nanocellulose concentrations. The amount of introduced filler had a significant effect on
both resin and plywood characteristics. Fourier transform infrared spectroscopy (FTIR) did not show any major
changes between experimental and reference variants. The viscosity of resin increased after the introduction of
nanocellulose. The addition of NCC in the amount of 5 g and 10 g per 100 g of solid resin led to an improvement
in bonding quality, modulus of elasticity and bending strength. Further increase of NCC concentration caused a
deterioration of manufactured plywood properties. In summary, the addition of proper amount of nanocellulose
resulted in manufacturing plywood with improved properties.

Keywords: plywood; melamine-urea-formaldehyde adhesive; nanocellulose; filler

SAZETAK ¢ U radu je prikazano istrazivanje mogucnosti uporabe nanoceluloze (NCC) kao punila za melamin-
urea-formaldehidno ljepilo (MUF) koje se upotrebljava u proizvodnji furnirskih ploca. Smjese ljepila pripremljene
su dodavanjem razlicitih koncentracija nanoceluloze. Kolicina dodanog punila znatno je utjecala na svojstva
smole i furnirske ploce. Furierovom infracrvenom spektroskopijom (FTIR) nisu utvrdene vece promjene izmedu
eksperimentalnih i referentnih varijanti. Viskoznost smole povecala se nakon dodatka nanoceluloze. Dodatak 5 i
10 g nanoceluloze na 100 g otvrdnute smole rezultirao je poboljsanjem kvalitete vezanja, modula elasticnosti i
évrstoce na savijanje. Daljnje povecanje koncentracije nanoceluloze uzrokovalo je pogorsanje svojstava proiz-
vedenih furnirskih ploca. Ukratko, dodatak odgovarajuce kolicine nanoceluloze rezultirao je furnirskom plocom
poboljsanih svojstava.

Kljuéne rijeci: furnirska ploca; melamin-urea-formaldehidno ljepilo; nanoceluloza, punilo
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1 INTRODUCTION
1. UVOD

Nanotechnology is a relatively new science that
has already become the frontier of the 21% century. It is
defined as the field focused on the control and under-
standing of the matter at a dimensional range between
1 and 100 nm (Hulla ef al., 2015). From the beginning,
nanotechnology has been playing the role of a scien-
tific platform joining and linking together various dis-
ciplines (Szczesna-Antczak et al., 2012). The objects
with the dimensions between 1 and 100 nm have
unique mechanical, optical, magnetic and electrical
properties (Wegner and Jones, 2005). Thus, the nano-
science also provides many opportunities for wood-
based materials manufacturing (Candan and Akbulut,
2013). It seeks to develop advanced materials having
significantly improved chemical, physical properties
and functions (Wegner and Jones, 2006).

Wood-based materials such as plywood, particle-
boards, medium- and high density fiberboards are be-
coming more popular in recent years. The production
of plywood, which is a multilayer composite made of
glued wood veneers, reached about 157 million m? in
2017 and it is still growing (Bekhta ef al., 2020; Sydor
et al., 2020). Due to its favorable mechanical proper-
ties and dimensional stability, it founds an application
in many industry branches (Kawalerczyk et al.,2019a).
In structural applications, plywood is used in walls,
ceilings and roof constructions; in furniture as a basic
material for both upholstered and case furniture
(Bekhta et al., 2009b; Majewski, 2019). Moreover, it is
also appreciated as a packaging material due to its ease
of processing, lightness and durability, and in transport
as a flooring material or in trailers construction. The
properties of plywood and consequently its application
depend on the quality of veneers and the type of used
adhesive (Kawalerczyk et al., 2020c; Mirski et al.,
2011).

Amino resins are synthetic adhesives widely
used in wood-based material industry. Their participa-
tion in the general range of wood adhesives market is
estimated at 85 % (Jozwiak, 2018; Kamoun et al.,
2003). The three main types: UF (urea-formaldehyde),
MF (melamine-formaldehyde) and MUF (melamine-
urea-formaldehyde) may be distinguished as the most
commercially available (Gongalves ef al., 2019; Mirski
et al., 2020). The widespread use of MUF adhesives in
recent years results from the higher bond quality, water
resistance and lower formaldehyde emission in com-
parison with UF resin (Lei and Frazier, 2015; Tohmura
et al., 2001). The adhesives mixtures applied in ply-
wood manufacturing have to contain various kinds of
fillers. They are insoluble, non-volatile substances
added in order to adjust the viscosity, reduce raw mate-
rial costs and increase bonding between the wood com-
ponents (Kawalerczyk et al., 2019b; Ong et al., 2018).

In recent years an interesting concept of using
cellulose as a modifier for polymers has been increas-
ingly investigated. It is the most important constituent
of the plants cell walls and, moreover, it is also synthe-
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sized in tunicate sea animals and some bacteria (Hen-
riksson and Berglund, 2007; Janardhnan and Sain,
2011). The attention received by cellulosic particles
results from their high surface area, high stiffness and
strength. Many studies on using nanocellulose (NCC)
as an environmentally friendly modifier of wood adhe-
sives have already been carried out (Ayrilmis et al.,
2016a; Gardner et al., 2008; Vineeth et al., 2019).

The effect of nanocellulose addition to amino
resins was investigated by Veigel et al. (2012). They
found that the modification increased the viscosity of
liquid adhesive and caused a significant improvement
in both particleboard and oriented strand board (OSB)
strength properties. Studies conducted by Mahrdt ef al.
(2016) confirmed that the introduction of cellulosic
particles led to the increase in particleboard strength
values. Furthermore, the influence of nanocellulose on
multilayered wood-based material has also been inves-
tigated. Zhang et al. (2011) noted a major enhancement
in plywood shear strength and the reduction in formal-
dehyde emission because of the silanized nanocellu-
lose added to UF adhesive. However, studies conduct-
ed by Kawalerczyk et al. (2020b) did not confirm the
effect on the reduction of the harmful formaldehyde
emission with the use of non-modified nanocellulose.
Ayrilmis et al. (2016b) concluded that cellulosic parti-
cles added to UF adhesive can reduce the VOCs (vola-
tile organic compounds) emitted from LVL (laminated
veneer lumber). The price of nanocellulose may be a
limiting factor for some applications but there are
many studies on finding the way to obtain it with more
cost-effective methods (Babicka et al., 2020; Kawaler-
czyk et al., 2021).

Despite the fact that MUF adhesives are becom-
ing more popular, especially for applications in kitch-
ens, floors and some structural materials, and although
they are increasingly replacing pure UF adhesives, no
studies have examined the effect of their nanocellu-
lose-reinforcement on the properties of manufactured
plywood panels (Lei and Frazier, 2015). Thus, the aim
of the present study was to investigate the effect of
adding NCC to MUF adhesive on the plywood perfor-
mance.

2 MATERIALS AND METHODS
2. MATERIJALI | METODE

2.1 Materials
2.1. Materijali

Rotary cut birch (Betula L.) veneer sheets were
purchased from the market with the dimensions of 320
mm x 320 mm x 1.3 mm, moisture content of (5 + 1)
%, without any defects, and they were used for the re-
search purpose. The commercial MUF adhesive with
the following characteristics: solid content of 64 - 69
%, gel time at 100 °C of 63 s, viscosity between 1000
and 2500 mPa-s, density of 1.27 g/m® and pH of 9.5 -
10.7 was purchased for the experiment. The 20 %
aqueous solution of ammonium nitrate (NH,NO,) was
added as a hardener taking into account the environ-
mental aspects (Aras et al., 2015). In order to adjust
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and regulate the viscosity of adhesive mixture, the rye
flour was introduced in accordance with the industrial
formulations. Nanocellulose, added as a modifier, was
purchased from Nanografi Nanotechnology Co. Ltd.
(Ankara, Turkey). As declared by the producer, the di-
mensions of the particles were 300 - 900 nm in length
and 10 - 20 nm in width.

2.2 Methods
2.2. Metode

A 10 % aqueous suspension of nanocellulose was
prepared with the use of magnetic stirrer (600 rpm, 10
min), because cellulosic nanoparticles had to be pro-
cessed in wet state. The experimental adhesive mix-
tures with the addition of NCC suspension, flour and
hardener were homogenized using CAT-500 homoge-
nizer at 1000 rpm for 2 minutes. The control adhesive
was prepared in accordance with an industrial formula-
tion. The compositions of both experimental and refer-
ence mixtures are summarized in Table 1.

No additional water was added in experimental
variants because the nanocellulose was introduced in
the state of water suspension. The viscosities of adhe-
sives mixtures and their changes in 6 h were investi-
gated using Brookfield DV-II + Pro viscometer. In or-
der to assess the chemical bonding between the resin
and nanocellulose, Fourier transform infrared spectros-
copy was carried out. Reference and experimental ad-
hesive mixtures were cured at 140°C and grinded. The
obtained powders with a fraction of 0.125 mm were
mixed with KBr at 1/200 mg ratio. Spectra were regis-
tered using a Nicolet iS5 spectrophotometer (Thermo
Fisher Scientific) with Fourier transform at the range of
500 - 4000 cm! at the resolution of 4 cm™, registering
16 scans.

The adhesive mixtures were spread on the sur-
face of external veneers in the amount of 170 g/m?. The
veneer sets were assembled perpendicularly to each
other. Three-layer plywood panels with the dimensions
of 320 mm x 320 mm were produced in a hydraulic
laboratory press with the following pressing parame-
ters: temperature of 140 °C, unit pressure of 1.3 MPa
and pressing time of 4 min. Three replicate panels were
produced for all the test groups. Manufactured ply-
wood was tested in order to investigate the following
properties:

- formaldehyde (HCHO) emission with the flask
method according to EN 717-3 (1996) initially and
after 30 days of panels conditioning while left open
at (20 £ 3) °C and (65 + 2) % relative humidity,

Table 1 Compositions of adhesive mixtures
Tablica 1. Sastav smjesa ljepila

- shear strength after 24 h of soaking in water at (20 +
3) °C and after preparation including boiling in water
for 6 h and cooling in water at (20 + 3) °C for 1 h
according to EN 314-1 (2004),

- modulus of elasticity and bending strength parallel
and perpendicular to the grains of face layer accord-
ing to EN 310 (1993).

On the basis of the results obtained in above tests,
the proper composition of adhesive mixture was se-
lected. The experimental adhesive labeled “N5” show-
ing the best reinforcing effect was applied in the
amount of 170, 160, 150, 140 and 130 (g/m?) in order
to investigate the possibility of reducing the adhesive
consumption in plywood production. The pressing pro-
cess was conducted at 140 °C with the unit pressure of
1.3 MPa for 4 min. Manufactured plywood panels were
tested in terms of shear strength both after 24 h of soak-
ing in water at (20 + 3) °C and after pretreatment con-
sisting of boiling in water for 6 h and cooling in water
at (20 + 3) °C for 1 h according to EN 314-1 (2004).
The obtained results were compared with a reference
variant, which was labeled “170 REF” in further part of
the paper.

The evaluation of mechanical properties and
bonding quality involved 12 samples of each variant.
The results were subjected to the multivariate statisti-
cal analysis ANOVA. The Tukey test with a signifi-
cance level of a = 0.05 was applied to distinguish the
homogeneous groups with the use of Statistica 13.0
software.

3 RESULTS
3. REZULTATI

Figure 1 illustrates the time-viscosity depend-
ence. The results indicate that nanocellulose-reinforced
MUF resins were characterized by significantly in-
creased viscosity in comparison with reference mix-
ture.

The viscosity of adhesive mixture containing the
maximal amount of cellulosic nanoparticles was 46 %
and 33 % higher when compared to resin only filled
with rye flour initially and after 6 hours of measure-
ments, respectively. The increasing values of all resins
viscosity during the test time resulted from the progres-
sive polycondensation reactions and the constant water
absorption by hydrophilic fillers. The viscosity of the
glue mixture increased with the increasing percentage
of nanocellulose addition similarly to investigations
reported by Damasio et al. (2017). One factor that may

Quantity (g/100 g of solid MUF resin)
Variant label Kolicina (g/100 g otvrdnute MUF smole)
Oznaka varijante NCC suspension Rye flour H.O Hardener
NCC suspenzija Razeno brasno 2 Otvrdnjivac
0 0 20 10 2.5
N5 5 10 0 2.5
N10 10 10 0 2.5
N15 15 10 0 2.5
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Figure 1 Viscosity of adhesives mixtures
Slika 1. Viskoznost smjesa ljepila

have contributed to this major increase in viscosity is
the highly hydrophilic nature of cellulose. It tends to
absorb water due to its chemical structure — the sur-
faces of cellulose are covered in hydroxyl groups on
the equatorial positions of glucopyranose ring (Yamane
et al., 2006). Another factor is the increased chemical
reactivity of nanoparticles in general (Shahbazi et al.,
2013). The introduction of nanocellulose probably
caused a substantial interfibrillar interaction. The num-
ber hydroxyl groups located on the surfaces of indi-
vidual fibrils can cause a considerable interaction be-
tween them, which can lead to the formation of
temporary bonds (Iotti ef al., 2011).

A similar effect was also observed in case of the
NCC-reinforcement of UF and PF adhesives (Kawaler-
czyk et al., 2020b, a; Mahrdt et al., 2016). Hong and
Park (2017) distinguished the viscosity of adhesive as
one of the most important factors affecting the strength
properties of cured bonds. Studies conducted by Derkyi
et al. (2008) also confirmed that the rheological prop-
erties of UF resin had a significant effect on plywood

bonding quality. The adhesive characterized by too low
viscosity penetrates extensively into porous surface of
the veneer during application and pressing. Conse-
quently, the layer remaining on the veneer surface is no
longer sufficient to ensure good quality of the bond
(Sellers, 1985). The viscosity may also be a factor lim-
iting the amount of nanocellulose added to the adhe-
sive. The lack of water in the mixture can affect the
crosslinking of adhesive and moreover, the addition of
highly hydrophilic filler can prevent water from evapo-
rating during the pressing process (Mahrdt et al., 2016;
Réh et al., 2019). Furthermore, it is also hard to evenly
spread the adhesive characterized by too high viscosity
and adjust it to the applying equipment. In case of this
research, both reference and experimental mixtures ob-
tained values that allowed the application without any
difficulties.

Since the reinforcing effect of nanocellulose is
associated with chemical bonding, the Fourier trans-
form infrared spectroscopy (FTIR) was carried out in
order to investigate the chemical interactions. The
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Figure 2 FTIR spectra of: A — modified resin labeled N5; B — nanocellulose; C — unmodified MUF resin
Slika 2. FTIR spektri: A — modificirana smola oznac¢ena kao N5; B — nanoceluloza; C — nemodificirana MUF smola
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Figure 3 Shear strength of plywood (a, b, ¢ letters indicate homogeneous groups)
Slika 3. Cvrsto¢a na smik furnirske ploce (a, b i ¢ slova oznaguju homogene grupe)

transmittance spectra of cured modified and non-mod-
ified resins are presented in Figure 2. Spectra of all
modified resins regardless of the variant had the same
course.

The broad band at 3400 cm™' was assigned to the
O-H stretching of hydroxyl groups in each sample. The
C-H stretching of methylene groups was recorded in
the range from 2920 cm to 2890 cm™ (Luo et al.,
2015). The slight difference in intensity of C-H band
was probably inducted by the hydrogen bonding in
MUF and NCC sample. For MUF and MUF+NCC
samples, the peak at 1690 cm™ corresponded to C=0
groups in amide (Miiller et al., 2009; Pandey and Pit-
man, 2003). In the case of NCC sample, the peak at
1620 cm™ was assigned to O-H vibration of absorbed
water (Wulandari et al., 2016). The peak at 1320 cm™!
corresponded to C-H and C-O vibrations contained in
the polysaccharide rings and it was observed at spectra
of NCC and MUF+NCC. Spectra of MUF and
MUF+NCC were characterized by a peak around 1560
cm’!, which was assigned to the C-N stretching of sec-
ondary amines. Moreover, the peak at 1360 cm™ was
assigned to the C-N stretching of CH_-N witch con-
firmed presence of amine groups (Luo et al., 2015).
The peak at 1060 cm™ corresponded to vibration from
the pyranose ring (spectra of NCC) (Wulandari et al.,
2016). In the case of triazine rings, the peak at 1190
cm’! was observed. It was assigned to C-N stretching
vibrations (Yuan et al., 2016). Spectra of MUF + NCC
was characterized by occurrence of a peaks at 1060
cm™! and 1120 cm’!, which corresponded to pyranose
rings and aliphatic ring, respectively (Luo et al., 2015).
These peaks were not observed at MUF spectra. Pre-
sumably, it resulted from the fact that interactions oc-
curred between nanocellulose and MUF resin chemi-
cal. The peak at 810 cm™ was assigned to the typical
stretching of the triazine ring of melamine and it was
observed at spectra of MUF resin and MUF+NCC
(Gao et al., 2012; Kandelbauer et al., 2007; Reim-
schuessel and McDevitt, 1960; Sun ef al., 2011).

The transmittance spectra of reference and rein-
forced adhesive revealed mostly the characteristic
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functional groups of MUF resins. According to litera-
ture, the interfacial bonding of nanocellulose with res-
ins can be attributed to the reaction between the meth-
ylol groups of resin and hydroxyl groups of cellulose
(Singha and Thakur, 2008).

Glue line quality is one of the most important
properties of plywood affecting both its physical and
mechanical characteristics (Bekhta et al., 2009a).
Thus, the shear strength test was carried out since it is
the fundamental indicator of the adhesive performance
in plywood panels (Bekhta et al., 2016; Rohumaa et
al., 2013). The results of bonding quality are summa-
rized in Figure 3.

In order to fully evaluate how changes in adhe-
sive formulation influenced the mechanical properties
of plywood, such as bending strength (MOR) and mod-
ulus of elasticity (MOE), investigations were made
both parallel and perpendicular to the grains of the face
layer. The results are presented in Figure 4.

On the basis of the research conducted, it was
confirmed that the key to obtain optimum reinforce-
ment effect was the amount of added nanoparticles
(Ferreira 2017). The major improvements in shear
strength values were obtained in variants where the
percentages of added NCC were 5 and 10 %. The best
results were observed in case of variant labeled N5 and
the increase was 38 % and 41 % in comparison with
reference panels after soaking and after boiling, re-
spectively. The introduction of 10 g of cellulosic nano-
particles also led to the increase of bonding quality
compared to the mixture filled only with flour. As ex-
pected based on the previous research, as the amount of
nanocellulose increased, the shear strength value con-
stantly decreased (Kawalerczyk ef al., 2020Db, a; Veigel
et al., 2012). Bonding quality of panels labeled N15
was decreased by about 8 % both after soaking and
boiling in water. However, all plywood samples met
the requirements of EN 314-2 (1993) and their shear
strength exceeded 1 N/mm?.

Mechanical properties, such as modulus of elas-
ticity and bending strength (also called modulus of rup-
ture) of the NCC-modified plywood show significantly
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Figure 4 Bending strength (MOR) and modulus of elasticity (MOE) of plywood tested: (a) parallel and (b) perpendicular to
grains of face layer (a,b,c letters indicate homogeneous groups)
Slika 4. Cvrstoéa na savijanje (MOR) i modul elasti¢nosti (MOE) ispitivane furnirske ploce: (a) u smjeru Zice povrsinskog

sloja i (b) okomito na smjer zice povrsinskog sloja (a, b i ¢ slova oznacuju homogene grupe)

higher average values than reference plywood. The
most satisfactory results were obtained in case of ply-
wood modified with the smallest addition of nanocel-
lulose. Modulus of elasticity and bending strength in-
creased by approx. 27 % in comparison with control
samples. Further addition of modifier at the level of 10
g also caused an improvement in plywood performance
but, as expected from shear strength values, the maxi-
mum concentration of nanocellulose caused a notable
decrease of panel strength properties.

The addition of nanocellulose to MUF resin
shows similar results to the effect on UF resin modifi-
cation (Kawalerczyk et al., 2020b). Zhang et al. (2011)
introduced silane-modified NCC in plywood manufac-
turing and observed that bonding quality increased by
about 24 %. Furthermore, investigations of Damasio et
al. (2017) showed that the shear strength of a glue line
increased by 56 % after the addition of 8 % CNF (cel-
lulose nanofibrils). Ayrilmis et al. (2016a) stated that
the enhancement in UF-glue joints strength resulted
from their increased ducticility. Veigel et al. (2012)
also confirmed the reinforcing nature of nanocellulose.
Properties of manufactured particleboards and OSB
(oriented strand boards) were improved when the CNF
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was added to UF resin. The reason for that major rein-
forcing effect is, as reported by Vineeth ez al. (2019),
the improvement in fracture energy and fracture tough-
ness. Veigel et al. (2011) showed that the addition of
nanocellulose in the amount of 2 % resulted in the in-
crease of the toughening effect up to 45 %. The en-
hancement can be also attributed to the chemical bond-
ing between the methylol groups of resin and the free
hydroxyl groups contained in cellulosic chain (Fornué
et al., 2011). Moreover, Hu et al., (2014) confirmed
that the presence of cellulose nanocrystals increase the
wood-adhesive bonding and interactions. Another as-
pect leading to the reinforcing effect of the introduc-
tion of nanocellulose is the changes in resin morphol-
ogy. Major fragility of amino resins results from their
tendency to develop microcracks (Thomas et al.,
2019). They deteriorate the mechanical performance of
manufactured materials, and limiting their occurrence
has a significant effect on the strength properties of
glue lines (Kawalerczyk et al., 2019b). Kawalerczyk et
al. (2020a) investigated the effect of nanocellulose ad-
dition on phenol-formaldehyde resin morphology.
Studies have shown that the modification enhanced the
structure of cured resin and made it significantly less
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Figure 5 Formaldehyde emission from plywood
Slika 5. Emisija formaldehida iz furnirske ploce

porous, more solid and compact. The deterioration ob-
served in bonding quality, MOR and MOE resulted
from too high concentration of nanoparticles, which
consequently led to the formation of agglomerates. It
has particularly negative effect since the nanofillers act
like carriers of stress along the glue line and the occur-
rence of agglomerates cause the accumulation of load
at certain points of the bond (Singha and Thakur,
2008).

A major disadvantage of amino resins is a harm-
ful formaldehyde emission (Dziurka and Mirski, 2014).
According to literature, there are three main sources of
emitting formaldehyde from adhesives: hydrolytic
degradation of cured resin, residual formaldehyde con-
tained in the resin and condensation reaction between
hydroxymethyl groups and other aromatic carbon or
two hydroxymethyl groups (Tohmura et al., 2001).
Since building materials including wood-based materi-
als are considered to be one of the most common sourc-
es of formaldehyde emission, it is important to reduce
it. The results of HCHO emissions are presented in
Figure 5.

Plywood panels manufactured with the use of
NCC-modified resin were characterized by significant-
ly lower formaldehyde emissions. As the concentration
of cellulosic nanoparticles increased, the amount of
emitted HCHO was substantially reduced. Thus, the
best results were observed in case of variant N15,
where the decrease was 23 %. Studies conducted by
Zhang et al. (2011) have shown very similar effects.
Authors stated that the addition of modified NCC led to
reduced HCHO emission due to physical adsorption
and chemisorption. Moreover, Li et al. (2015) hypoth-
esized that the decreased formaldehyde emissions can
be attributed to increased viscosity of an adhesive. Ac-
cording to the author’s theory, the glue mixture charac-
terized by low viscosity penetrates into the wood pores,
which consequently increases the emission of ply-
wood. It was also reported that the monomeric formal-
dehyde and polyoxymethylene glycols contained in the
resin can easily interact with OH groups of nanoparti-
cles (Candan and Akbulut, 2013; Dudkin et al., 2006).
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Furthermore, cellulose itself is able to irreversibly
bound formaldehyde in small quantities (Bekhta et al.,
2019; Kamath et al., 1985). Another reason for this re-
duction can be the unique characteristics of nanoparti-
cles such as chemical activity, tremendous surface area
or physical properties. Liu and Zhu (2014) explained
that the decrease in HCHO emissions results from the
ability of nanoparticles to absorb free formaldehyde
from adhesives.

The resin costs are more than 60 % of the total
wood-based materials manufacturing costs (Cao ef al.,
2018). Both the modification of veneer surface and the
modification of adhesives are investigated factors that
can possibly lead to the reduction of the binding agent
consumption. The possibility to reduce the amount of
applied resin was determined on the basis of shear
strength test and the results are presented in Figure 6.

As the amount of applied glue mixture decreased,
the bonding quality also decreased. The shear strength
values were reduced since the quantity of applied resin
was insufficient to fully and evenly cover the veneer
surface (Bekhta and Marutzky, 2007). Introducing na-
nocellulose in the amount of 5 g per 100 g of solid
MUF resin had a positive effect on its properties, dura-
bility and morphology, and consequently it allowed to
reduce adhesive spread rate by 30 %. The experimental
plywood glued with reference resin mixture in the
amount of 170 g/m? was characterized by equally good
shear strength as panels manufactured with the use of
NCC-reinforced adhesive in the amount of 140 g/m>.
The differences between these two variants were not
statistically significant and the p-value was 0.999020
and 0.999987 after soaking and after boiling, respec-
tively. However, further decrease of adhesive spread
rate led to a notable deterioration in bonding quality,
but the results still met the requirements of EN 314-2
(1993). The modification of resin seems to be more ef-
fective than surface modification, e.g. veneer compres-
sion (Bekhta and Marutzky, 2007). Corresponding re-
sults were obtained by Dukarska and Czarnecki (2016)
in studies concerning the nano-SiO, addition to MUPF
(melamine-urea-phenol-formaldehyde) adhesive. The
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introduction of fumed nanosilica allowed to decrease
the resin spread rate in plywood production by 30 %. In
future, it would be interesting to investigate how the
reduction of MUF adhesive consumption influences
the emission of free formaldehyde.

4 CONCLUSIONS
4. ZAKLJUCAK

The time-viscosity dependence showed a signifi-
cant increase after the addition of nanocellulose. As the
amount of added nanomodifier increased, the viscosity
values also increased.

The Fourier transform infrared spectroscopy
(FTIR) did not show any major changes between ex-
perimental and reference samples, thus it did not ex-
plain the chemical interaction between nanocellulose
and melamine-urea-formaldehyde resin.

The addition of small amounts of nanocellulose
(5 gand 10 g) led to the improvement in bonding qual-
ity and mechanical properties such as modulus of elas-
ticity and bending strength. The best results were ob-
tained in case where the concentration of NCC was up
to 5 g per 100 g of solid resin.

The MUF adhesive modification with nanocellu-
lose caused a decrease in the amount of emitting for-
maldehyde.

The addition of nanocellulose allowed the reduc-
tion in adhesive consumption by 30 %.
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