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ABSTRACT e Urea-formaldehyde adhesives are widely used in the wood-based materials industry. The study
investigates the possibility of using cellulosic particles as a filler that modifies the properties of the resin and con-
sequently improves the properties of plywood. Moreover, the study also examines the differences between microcel-
lulose and nanocellulose used as a filler for UF adhesive. Based on the investigations, it was found that the addi-
tion of MFC and NCC significantly affected the curing process and rheological behaviour of adhesive mixtures.
Modification led to increase of viscosity and extension of a gel time caused by lowering solid content of the resin.
The experimental and reference plywood were tested in terms of bonding quality and mechanical properties such
as modulus of elasticity and modulus of rigidity in accordance with applicable standards. The results of the tests
confirmed that both the amount and the type of modifier added to the resin had a significant effect on the properties
of plywood. The bonding quality and the above mentioned mechanical properties improved in all variants of modi-
fication; however the most effective was the addition of NCC in the amount of 10 %/100 g of solid resin. The slight
decrease of formaldehyde emission was only observed for 5 % cellulosic particles added to 100 g of solid UF.

Keywords: nanocellulose,; microcellulose; urea-formaldehyde resin; plywood; modification

SAZETAK ¢ Urea-formaldehidni (UF) adhezivi imaju Siroku primjenu u industriji materijala na bazi drva. U
radu je opisano istrazivanje mogucnosti upotrebe celuloznih Cestica kao punila koje mijenja svojstva smole i
posljedicno poboljsava svojstva furnirske ploce. Nadalje, u istrazZivanju su ispitane razlike izmedu mikroceluloze
(MFC) i nanoceluloze (NCC) koje su upotrijebljene kao punilo za adheziv na bazi UF adheziva. Na temelju ispi-
tivanja utvrdeno je da MFC i NCC dodatci znatno utjecu na postupak stvrdnjavanja i reolosko ponasanje adhe-
zivnih smjesa. Modifikacija je rezultirala poveéanjem viskoznosti i produljenjem vremena geliranja uzrokovanoga
smanjenjem sadrzaja ¢vrste smole. Ispitani su kvaliteta vezanja i mehanicka svojstva eksperimentalne i referentne
furnirske ploce poput modula elasticnosti i modula krutosti, sukladno odgovaraju¢im normama. Rezultati ispiti-
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vanja potvrdili su da i kolicina i vrsta modifikatora dodanoga u smolu imaju znatan utjecaj na svojstva furnirske
ploce. Kvaliteta vezanja i spomenuta mehanicka svojstva poboljsana su pri svim varijantama modifikacija, no
najucinkovitije je bilo dodavanje NCC-a u kolicini od 10 % na 100 g ¢vrste smole. Blago smanjenje emisije form-
aldehida uoceno je samo za 5 % celuloznih cestica dodanih u 100 g évrstog UF adheziva.

Kljuéne rijeci: nanoceluloza, mikroceluloza, urea-formaldehidna smola, furnirska ploca, modifikacija

1 INTRODUCTION
1. UVOD

Thanks to its unique properties, plywood is one
of the most important products of the wood-based ma-
terials global industry. It is a valuable wood-based
panel, widely used as a finishing and constructional
material with very advantageous mechanical properties
resulting from its layered structure (Bekhta er al.,
2016). The adhesion properties of veneers may seem
similar to solid wood, and however, there are many op-
erations during the plywood panel manufacturing pro-
cesses, e.g. shearing and drying, that can affect the
chemical and physical properties of the veneer surface
(Munoz and Moya 2018). The commonly used adhe-
sives for plywood production are urea-formaldehyde
(UF) resins. The European production of aminoplastic
adhesives was estimated to be 5.5x10° metric tons
(Zhang et al., 2011; Mahrdt et al., 2016). The wide-
spread use of these resins is due to their high reactivity,
low cost, ease of processing and lack of colour (Dunky
and Niemz, 2002; Dukarska, 2011). However, urea-
formaldehyde adhesives are severely disadvantaged by
the formaldehyde emissions from the manufactured
wood-based panels (Gao et al., 2018). The strength pa-
rameters of UF adhesive bonds is limited - it results
from the stress concentrations along the bond line of
wood adhesive joint and leads to deterioration of the
mechanical properties (Veigel ef al., 2012). In the past,
many studies have been carried out to improve the
properties of resins, e.g. by chemical modifications
(Dziurka and Mirski, 2010; Dziurka et al., 2014) or ad-
dition of various kinds of fillers. The fillers for resins
used in plywood industry are non-volatile, insoluble
materials that can affect the reactivity and the viscosity
of the plywood (Dukarska and Czarnecki, 2016). A
number of studies considered fillers such as glass fibre,
talc, TiO, and many more (Lecka et al., 2013), but due
to their relatively large particles, it is hard to obtain a
good level of homogenization. Without proper disper-
sion of the filler in the adhesive mixture, it is difficult
to spread it properly on the surface of the veneer. In
recent years, nanotechnology has been associated with
very high expectations and the developments in this
field have led to improvements of the properties of res-
ins (Ahmad et al., 2010; May et al., 2010; Veigel et al.,
2011; Ates et al., 2013; Bardak et al., 2017). Nanoclay-
reinforced urea-formaldehyde adhesive reveals in-
creased water resistance, internal bonding of panels
and improved thermal stability (Lei et al., 2008; Za-
hedsheijani et al., 2012). One of the most commonly
used filler is nano-silicon dioxide. Addition of the sili-
ca can increase reactivity of the resin and leads to the
possibility of reducing the amount of resin applied on
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the surface of veneers (Leonovich ef al., 2002; Lin et
al., 2006; Roumeli et al., 2012; Dukarska and Czar-
necki, 2016). Recently, it has been revealed that the ad-
dition of micro and nano fibres of cellulose may have
advantageous effects on the properties of resin. Due to
form and size, cellulose particles can be divided into
three groups: MFC (microfibrillated cellulose), cellu-
lose nanocrystals sometimes called whiskers (NCC)
and nanofibrillated cellulose (NFC) (Hubee et al.,
2008; Pawlak and Boruszewski, 2018). Environmental
friendliness has been a motivation for the use of cellu-
losic fillers (Ioelovich 2008). Resources of this natural
polymer are estimated at 1.5x10'2 tons per year
(Klemm et al., 2005). Pawlak and Boruszewski (2018)
used MFC for reinforcing UF resin during the low-
density particleboards production. Studies revealed
that the addition of microcellulose had a positive effect
on water resistance, modulus of rupture and modulus
of elasticity. Moreover, the addition of MFC to UF
resin made it more viscous (Mahrdt et al., 2016). The
addition of nanocellulose also improved the mechani-
cal performance of particleboards and OSB boards
(Veigel et al., 2012). Also in case of low-density parti-
cleboards, standard particleboards and OSB boards,
improvement in adhesive performance can reduce the
amount of required resin and lead to significant cost
reduction. Results of formaldehyde emission are not
fully conclusive. Ayrilmis et al. (2016) revealed that
MFC did not work for decreasing formaldehyde emis-
sion, and on the other hand Zhang et al. (2011) achieved
a significant decrease of CH,O emission because of the
addition of NCC to UF resin. Thus, the aim of this
work was to investigate the effect of the addition of
MFC and NCC to urea-formaldehyde resin on the
properties of manufactured plywood such as its me-
chanical performance and formaldehyde emission.

2 MATERIALS AND METHODS
2. MATERIJALI | METODE

The adhesive used for research purposes was a
commercially available urea-formaldehyde resin (Sile-
kol, Kedzierzyn-Kozle, Poland) with the following
characteristics: solid resin content 69 %, viscosity 610
mPas, gel time at 100 °C, 69 s, pH 8.09 and density
1.282 g/cm?. Two types of fillers were used: microfi-
brillated cellulose with a trade name ARBOCEL
(Rettenmaier GmbH, Poland) with average particle
sizes of 6 pm-12 pm and cellulose nanocrystals with a
trade name NGO1INCO0101-1000 (Nanografi Nanotech-
nology Co. Ltd., Turkey) with average particle sizes,
10-20 nm wide and 300-900 nm long. Ammonium ni-
trate (20 wt%) was added as a hardener following the
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Table 1 Variants of composition of adhesive mixtures
Tablica 1. Varijante sastava smjesa adheziva

. . Amount of filler suspension, Rye flour, g/100 | H O, g/100 g d. | Hardener, g/100 g
Solid UF resin . . 2 . .
X g/100 g d. m. of resin g d. m. of resin m. of resin d. m. of resin
Variant content, g y . . . . e
- . Kolic¢ina suspenzije punila, g/100 g | Razeno brasno, Voda, Otvrdivac,
Varijanta | Sadrzaj Evrste . . .
UF smol. suhe tvari smole 2/100 g suhe tvari| g/100 g suhe | g/100 g suhe tvari
smoze, MEFC NCC smole tvari smole smole
0 100 0 0 15 15 2
M5 100 5 0 2 0 2
M10 100 10 0 4 0 2
M20 100 20 0 8 0 2
NS 100 0 5 2 0 2
N10 100 0 10 4 0 2
N20 100 0 20 8 0 2

resin supplier recommendation. A number of tests were
performed to determine the optimum amount of fillers.
Due to the necessity of processing cellulosic particles
in wet states, 10 % aqueous suspension was mixed with
a magnetic stirrer (700 rpm, 10 min). Adhesive mix-
tures with an amount of MFC and NCC suspension,
depending on the variant (Table 1), were prepared. The
adhesive filled with cellulosic suspension was mixed
with CAT-500 homogenizer at 1000 rpm for 2 minutes
to achieve the high level of particles dispersion. In or-
der to explain the effect of the modifier on the chemical
structure of the cured UF resin, IR spectroscopy was
used. Adhesive mixture in a form of powder was mixed
with KBr (potassium bromide) at a 1/200 mg ratio.
Spectra were registered using a Nicolet iS5 spectro-
photometer (Thermo Fisher Scientific) with Fourier
transform at a range of 500-4000 cm™ at a resolution of
4 cm’', registering 16 scans. In order to assess the suit-
ability of the reinforced adhesive mixture for plywood
production, the following tests were carried out: vis-
cosity and its changes for 8 hours with a Brookfield
DV-II + Pro viscometer, gel time at 100 °C in accord-
ance with Polish standard PN-C-89352-3, pH and solid
content according to EN 1245:2011 and EN 827:2005,
respectively.

Experimental three-layer plywood panels were
manufactured from birch veneers with an average
thickness of 1.5 mm and moisture content of 6 %. Ve-
neers were glued with adhesive mixture in the amount
of 170 g/m?. Plywood was manufactured with the fol-
lowing pressing parameters: unit pressure 1.4 MPa,
temperature 120 °C, time 4 min. Bonding quality (f,)
was assessed by shear test in accordance with EN 314-
1:2004 on samples tested both dry and after soaking in
water at temperature of 20 °C for 24 h (according to
clause 5.1.1 of EN 314-1). In order to determine me-
chanical properties of plywood, such as modulus of
elasticity (MOE) and modulus of rigidity (MOR), rel-
evant tests were carried out according to EN 310
(1993), parallel and perpendicular to the grain. Statisti-
cal analysis of mechanical properties and bonding
quality was carried out on 15 samples in each test. Av-
erage humidity content of plywood samples intended
for tests was 5 %. Both in case of veneers and manu-
factured panels, the moisture content was calculated
according to EN 322:1999. The amount of released
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formaldehyde was investigated using the flask method
in accordance with EN 717-3:1996. Obtained results
were subjected to statistical analysis using Statistica
software. The Tukey test was carried out with the sig-
nificance level a = 0.05.

3 RESULTS AND DISCUSSION
3. REZULTATI | RASPRAVA

The IR spectra of both cured unmodified and
modified UF resin are presented in Figure 1. The spec-
tra of the UF resin without cellulosic particles and with
MFC and NFC were almost the same. The spectra of
adhesive mixtures revealed characteristic functional
groups of typical cured UF resins such as a broad NH,
OH stretching at around 3100-3500 cm™', amide I, II
and C=0 at 1650-1550 cm™ and CH,OH, CH, and CN
at 1400-1360 cm'. IR-spectra confirmed that the addi-
tion of cellulose particles did not considerably affect
the chemical structure of the cured UF resin. In future,
it would be interesting to investigate the chemical in-
teraction between modifier and adhesive using other
spectroscopic methods.

While many research concerning the polymers
modification with a natural fibre can be found, there is
a very limited access to information about rheological
behaviour and curing properties of the nanocellulose-
reinforced adhesives intended for the production of
wood-based materials (Richter et al, 2009; Lopez-
Suevos et al., 2010). Properties of urea-formaldehyde
resin with the addition of different amounts of MFC
and NCC are shown in Table 2.

Table 2 Characteristics of adhesive mixture
Tablica 2. Svojstva smjesa adheziva

Variant Gel time, s H Solid content, %
Varijanta | Vrijeme geliranja, s P Cvrsta tvar, %
0 69 8.2 67.2
M5 69 8.4 61.5
MI10 75 8.4 45.6
M20 93 8.5 42.2
N5 71 8.3 62.8
N10 94 8.2 56.9
N20 119 8.4 51.5
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Figure 1 IR spectra of: (a) — unmodified UF resin; (b) — NCC+UF resin labelled as N10; (¢c) — MFC+UF resin labelled as

M10

Slika 1. IC spektar: a) — nemodificirana UF smola; b) - NCC+UF smola oznac¢ena kao N10; ¢) - MFC+UF smola oznacena

kao M10

On the basis of data presented in Table 2, it was
found that as the amount of MFC and NCC suspension
is increased, the gel time of adhesive mixture is ex-
tended. This may be caused by lowering solid content
of the resin due to extra water added with the aqueous
cellulosic suspension, which was expected based on
previous studies (Veigel ef al., 2012). In a recent study,
Mahrdt et al. (2016) revealed that the addition of cel-
lulosic particles had a significant effect on urea-formal-
dehyde adhesives cure kinetics. Moreover, due to the
hydrophilic properties of cellulose, it was noted that
cellulose micro- and nanoparticles can prevent water
from evaporating during the pressing, which can be
technologically disadvantageous and can affect the
productivity. pH level of the adhesive mixtures re-
mained stable regardless of the type and amount of
filler addition. The results of viscosity and its changes
are presented in Figure 2.

As expected based on the hydrophilic properties
of fillers and earlier studies (Veigel ef al., 2012; Mahrdt
et al., 2016), viscosity has significantly changed during
the test time. However, a different amount of rye flour
added to adhesive mixture seems to reduce the differ-

ences between the variants and make reinforced adhe-
sives comparable to control adhesive prepared in ac-
cordance with industrial recipe. Relatively high
viscosity of MFC-UF and NCC-UF resins at the begin-
ning of the test was caused by considerable interfibril-
lar interaction. Surfaces of cellulosic fibrils are covered
with hydroxyl groups that can lead to the formation of
temporary bonds between the adjacent fibrils (Iotti ez
al., 2011). Fig 2 also shows a slightly higher viscosity
in the case of NCC-UF compared to MFC-UF mixture.
It can be caused by the fact that particles in a nano-
scale have increased chemical reactivity of their sur-
face. which leads to the formation of agglomerates
(Shahbazi et al., 2013).

Results of shear strength (f)) of manufactured
plywood are presented in Table 3. Studies revealed that
modification of UF resin with cellulosic particles had a
positive effect on the bonding quality in all variants,
regardless of the amount and type of filler added to ad-
hesive mixture.

The statistical analysis shows that the type of
modifier had a significant effect on the bonding quality
of plywood. Plywood manufactured with NCC-UF
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Figure 2 Changes in viscosity during 8-hour test depending on the variant of adhesive mixture
Slika 2. Promjene viskoznosti ovisne o varijanti smjese adheziva uocene tijekom 8-satnog ispitivanja
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Table 3 Shear strength of plywood depending on the variant of used adhesive mixture
Tablica 3. Cvrstoéa na smicanje furnirske ploge u ovisnosti o varijanti smjese adheziva

. f» N/mm?
Variant A
Varijanta Tested dry After 24h of soaking
Ispitivano nasuho Nakon 24-satnog potapanja
0 1.818 (0.264)a 1.558 (0.395)a
M5 1.978 (0.267)b 1.680 (0.285)ab
M10 2.313 (0.280)c 2.015 (0.262)cd
M20 2.171 (0.291)cb 1.824 (0.205)abc
N5 2.083 (0.301)cb 1.753 (0.309)abc
N10 2.612 (0.287)d 2.219 (0.389)d
N20 2.291(0.212)c 1.890 (2.248)bc

(...) — Standard deviation / standardna devijacija; a,b,c,d — homogeneous groups (Tukey test, o= 0.05) / homogenost skupina

resin achieved considerable better shear strength re-
sults than control samples and samples with MFC-UF
adhesive. However, both in case of plywood glued
with resin modified by microcellulose and nanocellu-
lose, the amount of modifier was also important simi-
larly as in the research of Richter ez al., (2009). Addi-
tion of NCC and MFC in the amount of 5 %/100 g of
solid resin led to a slight increase of shear strength.
Regardless of the type of filler, the best results were
obtained for the amount of 10 %/100 g of solid resin.
Introducing 10 % of MFC caused the increase in bond-
ing quality by about 27 % and 29 %, respectively, in
case of samples tested dry and after soaking. The most
significant change was noted in case of 10 % addition
of NCC and it was approx. 44 % in comparison to ply-
wood glued with unmodified resin. As expected based
on the recent studies of Veigel et al. (2012), further ad-
dition of the filler led to a decrease of joint properties.
Most importantly, regardless of the type and amount of
added cellulosic particles, the results of all plywood
shear strength exceeded a value 1 N/mm? required by
the standard EN 314-2:1993.

Table 4 reveals an improvement of mechanical
properties, i.e. modulus of elasticity and modulus of
rigidity, caused by addition of both MFC and NCC to
UF resin. Plywood samples were tested parallel and
perpendicular to the grain of face layers.

Similarly as in the case of statistical analysis of
bonding quality results, the type of filler had a signifi-
cant effect on MOR and MOE values. Only in the case
of modulus of elasticity assessed parallel to the grain,
based on the Tukey’s test performed, it was not possi-
ble to determine separate homogeneous groups with
the significance level o = 0.05 as in the case of recent

studies of Dukarska and Czarnecki (2016). The addi-
tion of NCC had more considerable effect on the MOR
and MOE of plywood in comparison with the panels
glued with MFC-UF resin and unmodified resin. On
the basis of the data presented in Table 4, it can be con-
cluded that the best results were obtained by the addi-
tion of 10 % NCC/100 g of solid resin. Values of mod-
ulus of rigidity were increased by about 34 % and
66 %, respectively, parallel and perpendicular to the
grain of face veneer layer. Modulus of elasticity was
mostly correlated with MOR and has shown similar re-
sults. In case of considered mechanical properties, the
trend was very similar as in case of bonding quality of
plywood. 5 % addition of MFC and NCC to 100 g of
solid resin led to a slight increase of modulus of rigid-
ity and modulus of elasticity. However, further filler
addition at the level of 20 % caused a decrease of the
above mentioned properties. Thus, as expected based
on recent studies, the amount of nano-modifier had a
significant effect on the mechanical performance of
plywood.

The formaldehyde emission values from the
manufactured plywood panels are presented in Table 5.
To determine the amount of formaldehyde release, the
flask method was used.

Applying small amounts of MFC and NCC (5 %
by weight of solid resin) led to a slight decrease in
formaldehyde emission, which is similar to recent
studies on the addition of other nanoparticles to adhe-
sives, e.g. nano-SiO, (Dukarska and Czarnecki, 2016).
However, further addition of micro- and nanocellulose
to UF resin resulted in an increase of formaldehyde
emission compared to control samples. On the basis of
the presented data, it cannot be clearly concluded that

Table 4 Modulus of Rigidity (MOR) and Modulus of Elasticity (MOE) depending on the variant of used adhesive mixture
Tablica 4. Modul krutosti (MOR) i modul elasti¢nosti (MOE) u ovisnosti o varijanti upotrijebljene smjese adheziva

Variant MOR, N/mm? MOE, N/mm?
Varijanta I | L
0 135.08 (15.3)a 23.01 (2.1)a 13342 (1547)a 1549.7 (208.1)a

M5 143.74 (24.5)ab 25.10 (3.4)ab 13753 (1447)a 1630.4 (263.2)ab
M10 163.81 (9.9)cd 32.18 (1.7)c 14149 (1907)a 1781.8 (177.5)abe
M20 150.09 (8.6)abc 27.39 (2.2)b 13813 (1462)a 1726.9 (192.7)abc
N5 150.61 (14.8)abc 25.31(2.9)ab 13779 (1805)a 1746.8 (200.2)abc
N10 180.49 (13.1)d 38.14 (3.3)d 15059 (1401)a 1955.8 (164.5)c
N20 160.64 (10.2)bc 30.98 (2.1)c 14198 (1410)a 1881.1 (239.4)bc

(...) — Standard deviation / standardna devijacija; a,b,c,d — homogeneous groups (Tukey test, o= 0.05) / homogenost skupina
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Table 5 Formaldehyde emission from manufactured plywood depending on the variant of used adhesive mixture
Tablica 5. Emisija formaldehida iz proizvedene plo¢e u ovisnosti o varijanti upotrijebljene smjese adheziva

Variant Formaldehyde content, mg CH,O/kg
Varijanta Sadrzaj formaldehida, mg CH,O/kg

0 2.253
M5 2.045
M10 2.509
M20 2.653
N5 2.116
N10 2.255
N20 2.258

the addition of MFC or NCC significantly decreased
the amount of formaldehyde emission, which is similar
to recent studies of Ayrilmis et al. (2016). The possible
reason of decrease in formaldehyde emission could be
the fact that nanoparticles can absorb free formalde-
hyde from adhesives (Liu and Zhu, 2014). Moreover, it
was previously reported that barrier properties of
nanoparticles can reduce the amount of emitted form-
aldehyde due to the shielding effect. The slight increase
of formaldehyde emission in some variants may be
caused by aggregation of the particles in the adhesives
mixture filled with cellulose (Ayrilmis et al., 2016). As
a future work, it would be interesting to modify the
surface of cellulosic fibrils, e.g. with 3-aminpropyl-
triethoxysilane (APTES) or 3-methacryloxypropyltri-
metoxysilane (MPS). The emission of CH,O from ply-
wood glued with UF resin modified with NCC was
reduced by adsorption and chemisorptions, which
seems to be caused by modification of nanoparticles
with APTES (Zhang et al., 2011).

4 CONCLUSIONS
4. ZAKLJUCAK

On the basis of the IR-spectra, it can be conclud-
ed that the addition of cellulose particles did not con-
siderably affect the chemical structure of the cured UF
resin. However, the presented results show that the ad-
dition of both MFC and NCC to UF resin made it more
viscous, which can delay its gel time, and this limits
the possible addition level of cellulosic particles. The
addition of cellulose improved the bonding quality and
mechanical properties of plywood in all variants of
modification but definitely the best results were ob-
tained for the addition of 10 % NCC per 100 g of solid
resin. The use of 5 % NCC and MFC/100 g of solid
resin led to a slight decrease in formaldehyde emission
but further increase of the amount of modifier did not
reduce the amount of formaldehyde emitted from the
plywood.
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