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Abstract This work examines the effect of applying
fumed silica with nanoscopic-size particles as a filling
material for melamine-urea-phenol-formaldehyde (MUPF)
resin in the process of manufacturing water-resistant plywood. Moreover, this paper investigates the possibility of
reducing the amount of MUPF resin mixture used in the
process of gluing veneer sheets. Based on the investigations into the reactivity, viscosity and durability of MUPF
resin mixture containing various amounts of nanofiller, it
was found that the optimum amount of silica that can make
the resin suitable for gluing sheets of veneer amounts to 2
PBW per 100 PBW of MUPF resin. The gluing properties
for thus mixed resin were determined by measuring the
contact angle and determining the parameters of its
derivatives, which are an additional criterion for evaluating
the gluing properties. The thermal stability was tested with
simultaneous use of TG–DSC analysis. The experimental
plywood manufactured using optimal nano-SiO2 was tested
in terms of bond quality and mechanical properties
according to appropriate standards. The investigations
prove that it is possible to apply fumed silica as a filling
material for the resin in the process of manufacturing
water-resistant plywood. Introducing the above-mentioned
amount of fumed silica into the resin makes it possible to
increase the activation energy of the cross-linking process
of MUPF resin and to optimize the process of gluing the
sheets of veneer. Moreover, it is also possible to produce
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plywood of the required water-resistance with the amount
of adhesive mixture reduced by 30 %.

1 Introduction
The filling materials for resins, which are contemporarily
used in plywood industry, enhance the reactivity of the
adhesives and regulate their viscosity. Thus, they restrain
the excessive penetration of the resin into wood. Moreover,
these fillers are made of relatively big particles, which limit
their mobility in the cross-linking process and make it
difficult to attain high level of homogenization. Consequently, it is difficult to apply the resin mixture onto the
surface of veneer and it is necessary to use a larger amount
of resin. What is more, amylaceous substances used as
fillers of amine resins are totally nonresistant to the action
of fungi (Proszyk 1990). In recent years, owing to the
growing interest in nanotechnology and use of nanoparticles, it has been possible to produce a number of new
materials of increased utilitarian value, better mechanical
strength and higher resistance to chemical and thermal
conditions. In addition, the costs of their production have
been optimized and reduced. At present the most commonly used filler with nanoscopic size of particles is silica,
i.e., silicon dioxide. Silica is capable of creating both silicon nanostructures, consisting of only SiO2 particles, and
the hybrid ones where it plays the role of a core covered
with a thin layer of another material. Nowadays the most
widely used method of obtaining silica is the sol–gel process, in which silica is obtained from tetraethoxysilane
(TEOS), and fumed silica. The activity of nanosilica results
from the presence of siloxane groups :SiO–Si: and
silanol groups :SiOH on its surface (Barthel et al. 2002;
Jesionowski et al. 2002).
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Numerous investigations on the possible uses of
nanosilica show that it plays a crucial role in improving
the properties of plastic. It results from, for example, the
presence of functional groups on its surface, the possibility
of attaining high dispersion level and the nanoscopic size
of initiating particles. According to Sadej-Bajerlain et al.
(2011), the simplest method of nano-SiO2 dispersion in the
process of producing polymer nanocomposites is in situ
polymerization: silica is dispersed in a monomer. A lot of
plastics are characterized by insufficient resistance to the
action of chemical substances as well as low dimensional
stability and mechanical strength at increased temperatures. Introducing nanosilica into polymers, such as linear
low-density polyethylene (LLDPE) (Huang et al. 2004),
polypropylene (Azinfar and Ramazani 2013), epoxy resin
(Shirono et al. 2001), phenolic resin (Periadurai et al.
2010) or into construction materials, for instance
polyethersuflone (PES), polyetherketone (PEEK) and
polyimide, polyetherimide improves their properties
(Sadhan and Sachin 2001). It is manifested by the increase
in modulus of elasticity, modulus of rupture, internal bond,
impact strength as well as thermal and chemical resistance. It is also commonly known that fumed silica
enhances thermal, rheological and mechanical properties
of various types of adhesives, such as thermoplastic
polyurethane (Vega-Baudrit et al. 2006), poly(vinyl acetate) (PVAc) (Bonnefond et al. 2013), urea-formaldehyde
(Leonovich et al. 2002; Lin et al. 2006; Roumeli et al.
2012; Dukarska 2013) and starch-based wood adhesives
(Wang et al. 2011).
Nanotechnology is an interdisciplinary branch of science and it creates new opportunities also in the field of
wood science and technology. The greatest achievements
so far have been attained for the coating of wood and wood
based materials surface. Owing to nanotechnology,
researchers developed a number of new, specialist, socalled smart coatings which are produced by using nanoSiO2. In case of liquid systems, the universal use of SiO2 as
a filler results from its strong condensing properties, which
enhance the utilitarian value of paints, lacquers and adhesives (Leder et al. 2002; Carneiro et al. 2012; Moon et al.
2013). The spatial structure of silica protects the system
from draining and improves the spreading and smoothness
of coating. In the compositions including particulate matter, such as pigment, silica prevents them from sedimentation. The presence of silica in lacquers and enamels
enhances their thermal, optical and mechanical resistance,
especially to abrasion and scratching. It also makes it
possible to attain the desired gloss level of the coating
(Royall and Donald 2002; Sow et al. 2011). The use of
nano-SiO2 in the system with urea resin and wood
preservative enhances fire resistance of wood as well as its
dimensional stability and durability (Shi et al. 2007). The
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review of literature on the subject shows that so far no
extensive studies have been conducted on the use of
nanosilica in the process of manufacturing wood based
materials. Researchers investigated mainly the possibility
of using fumed silica and colloidal silica as an auxiliary
agent in the process of producing particleboards glued with
urea-formaldehyde resin. These research works determined
the influence of silica on the structure of the cured UF resin
and showed that the addition of silica into the resin results
in the increase of its viscosity; yet, it does not significantly
affect its cross-linking time or thermal stability and the
produced boards have better physicomechanical properties
(Leonovich et al. 2002; Lin et al. 2006; Roumeli et al.
2012). Owing to the anti-sedimentation properties of nanoSiO2, it was possible to produce, by using phenolformaldehyde resin, water-resistant plywood of light-color
adhesive bonds (Dukarska and Łe˛cka 2009). In these
investigations, white pigment, in the form of titanium
dioxide, and a small amount of nanosilica were introduced
into the adhesive mixture and, therefore, the resin-pigment
system became more stable.
The aim of the present work was to examine the effect
of applying synthetic fumed silica with nanoscopic-size
particles as a filling agent for MUPF resin in the process of
manufacturing water-resistant plywood. Taking into consideration the relatively high price of MUPF resin, as well
as the fact that, at present, the technology is focused on
reducing the material costs, an attempt was made to produce experimental plywood using the minimum amount of
MUPF mixed glue.

2 Materials and methods
For research purposes, an industrial melamine-urea-phenol-formaldehyde resin (Melfemo 510, produced by Silekol, Kedzierzyn-Kozle, Poland) was used. The resin is
used in the production of water-resistant plywood of the
following parameters: dry matter—64 %, density—
1.290 g/cm3, viscosity—840 mPa s, gel time at 100 C—
210 s, pH—8.95 and miscibility with water 0.8. As a
filling agent, hydrophilic fumed silica Orisil 200 (Ukraine
Orisil Kalusb, Subsidiary of Orisil, Ltd) was applied with
a specific surface area 200 m2/g, SiO2 content C99.8, bulk
density approx. 30 g/l and average primary particles size
12 nm.
To determine the optimum amount of silica, so that the
resin has the proper utilitarian value, a number of tests
were carried out using various amounts of nano-SiO2, i.e.
1.0, 1.5, 2.0 parts by weight (PBW) per 100 PBW of MUPF
resin. As the proper degree of homogenization and dispersion of nanofiller particles was needed to be attained,
the mixed resin was made by using CAT-500 homogenizer
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at 1000 RPM. The usability of the specific mixed resins for
the process of gluing veneer sheets was determined on the
basis of the following factors: gel time measurements at
100 C according to the Polish standard PN-C-89352-3
(1996), activation energy of the cross-linking process,
viscosity and its changes at 22 C with use of Brookfield
DV-II ? Pro viscometer. The activation energy was
determined according to Kissinger and Ozawa methods
based on differential scanning calorimetry DSC using
Setaram company LABSYS TM thermobalance. For these
tests, closed aluminum crucibles, four heating rates: 3, 5,
10 and 20 C/min in the temperature range 20–200 C and
helium flow of 2 dm3/h were applied.
Theories by Kissinger (1957) and Ozawa (1965) are
based on the assumption that, for various heating rates, the
maximum heat flow corresponds to the higher reaction rate.
The basis for determining the activation energy with these
methods is the Arrhenius equation:
Ea

k ¼ Aeð RT Þ

ð1Þ

where: k rate constant, A pre-exponential factor, Ea
activation energy (kJ/mol), R gas constant (kJ/mol K), T
absolute temperature (K). The DSC analysis interprets the
equation as (Kim et al. 2006; Kandelbauer et al. 2009):


da
Ea
¼ A exp 
ð2Þ
 ð1  aÞn
dt
RT
where a is determined on the basis of enthalpy of crosslinking reaction in the time t and the enthalpy of the crosslinking process termination determined from DSC
thermograms.
a¼

DHt
DHtotal

ð3Þ

Therefore, the dependence (1) can be shown as below
equation
 da 
Ea
dt
ln k ¼ ln
ð4Þ
¼ ln A 
ð1  aÞn
RT
According to Kissinger method:
Ea

Ea UðRTp2 Þ ¼ Ae RTp

ð5Þ

where U is the heating rate defined according to the
dependence: U = dT/dt. After having taken a logarithm of
Eq. (5), the Kissinger equation takes the form of:

   
R
1
Ea
2
 lnðUTp Þ ¼  ln A
þ
ð6Þ
Ea
Tp
R
Thus, the value Ea determined on the basis of DSC
analysis at various heating rates was specified by the use of
dependencies diagram -ln(U/T2p) in the function 1/Tp,
where Tp is the peak temperature.

In the method proposed by Ozawa, the characteristic
temperatures are determined for the accepted constant
conversion rates (a) according to the equation:


Ea
Ea
þ log A  2:315  log FðaÞ
log U ¼ 0:4567
RT
R
ð7Þ
where F(a):
FðaÞ ¼ ln

1
1a

ð8Þ

Additionally, for the resin with the selected amount of
nano-SiO2, thermal stability in polythermal conditions was
determined by carrying out the simultaneous TG–DSC
thermal analysis. The analysis was made in the temperature
range 20–260 C by the use of open platinum crucibles,
helium flow 2 dm3/h and heating rate 5 C/min.
The adhesive properties of the investigated resin mixture
were determined by evaluating the interactions occurring
on the wood-adhesive phase boundary: the contact angle
was determined by means of the method described by,
among others, Liptàkovà and Kúdela (1994, 2002), Kúdela
and Liptáková (2006). To prepare the samples for investigations, the prepared adhesive mixture was applied on
one side of the birch boards at a spread rate of 160 g/m2.
After 5 min the boards were covered with anti-adhesive
film and pressed in a single opening laboratory press at a
unit pressure of 0.5 MPa. Next, after the anti-adhesive film
had been removed, a drop of redistilled water, with volume
of 5.1 ll, was applied to the surface of the cured resin. The
contact angle was measured after 10 s by recording changes in the shape of the drop. Taking into consideration the
porous structure of wood, the contact angle was determined
by means of the dynamic sessile drop method according to
Eq. 9:
h 2h
tg ¼
2
d

ð9Þ

where h contact angle, h height of the drop, d width of the
drop in the place it touches the surface. In these calculations, based on the data from literature, the following
values were employed for free surface energy of water
(Liptáková and Kúdela 1994): cs = 72.8 mJ/m2,
cds ¼ 21:8 mJ/m2 , cps ¼ 51:0 mJ/m2 .
The experimental plywood was produced from three
layers of birch veneer with thickness of 1.4 9 1.7 9 1.4
and humidity content of 7 %. The adhesive was applied in
the amount of 180, 160, 120 and 100 g/m2 of veneer. The
pressing process was conducted at 140 C with unit pressure of 1.6 N/mm2 in the time of 4 min. Next, the quality
of the bond was evaluated according to EN 314-1 (2004)
by shear testing (fv) after ageing tests. According to standard EN 314-2 (1993), tests required for class 2 bond
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quality were applied, i.e. soaking plywood in water at a
temperature of (20 ± 3) C and boiling the investigated
samples for 6 h, next cooling in water at a temperature of
(20 ± 3) C for at least 1 h. The shear test was conducted
on wet samples. The mechanical properties were determined by measuring the modulus of rupture (fm) and
modulus of elasticity (Em) parallel (II) and perpendicular
(\) to the grain in the face layers, according to EN-310
(1993). To investigate the influence of nano-SiO2 added to
MUPF resin upon the class of formaldehyde release in the
experimental boards, the level of formaldehyde emission
was determined by means of the flask method according to
EN 717-3 (1996).
To analyze the results of these investigations, a control
sample was made according to an industrial recipe: MUPF
resin with addition of a traditional amylaceous filler, i.e.
5.65 PBW of rye flour per 100 PBW of the resin and
plywood glued with this mixture in the amount of 180; 160;
120 and 100 g/m2.
For each investigated variant, two sheets of plywood
were produced and ten samples were collected from each
sheet. The attained results were subjected to statistical
analysis using Statistica software, version 10. The average
values and standard deviation of the investigated properties
were determined and, based on Tuckey’s test, the post hoc
analysis was made by specifying the homogeneous groups
of the mean values of bond quality, modulus of rupture and
modulus of elasticity for each investigated variant with the
significance level a = 0.05.

3 Results and discussion
The effect of various amounts of nano-SiO2 added to
MUPF resin by measuring the gel times at 100 C, the
activation energy and changes in viscosity in time at 20 C.
The analysis of the obtained values shows that substituting
amylaceous filler with particles of nano-SiO2 does not
considerably affect the gel time of the investigated adhesives (Table 1). However, it was found that the increase in
the amount of SiO2 decreases the value of activation
energy of the cross-linking process of the resin (Table 1).
These values, determined using Kissinger and Ozawa
Table 1 Influence of the
addition of nano-SiO2 on the
reactivity of MUPF resin

Amount of nano-SiO2

Gel time (s)

PBW/100 PBW of MUPF resin

Activation energy
Kissinger (kJ/mol)

Ozawa (kJ/mol)

MUPF resin ? flour filler

188

95.20

0.98a

96.76

0.96a

1

179

88.87

0.95

91.14

0.98

1.5

203

76.30

0.97

81.23

0.99

2

198

71.51

1.0

74.18

1.0

a
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methods, are lower than those of control samples (variant
0) by max. 25 %. The phenomenon can be explained by the
different dynamics of mass decrement and heat flow in the
course of the cross-linking process in the investigated
adhesives; these values, provided on the basis of TG and
DSC thermal analysis, are discussed in more detail in the
further part of the paper.
The data included in Fig. 1 provide evidence that the
increase in the amount of silica in the adhesive results in
the growth of its viscosity. By introducing 2 PBW of silica
per 100 PBW of the resin it was possible to attain viscosity
values comparable to those of the control adhesive, which
was made according to the industrial recipe. It is noteworthy, that with such a composition of the adhesive, the
viscosity determined after 4 h since its preparation was
30 % lower than that of the control adhesive. Such a significant decrease in the dynamics of changes in time makes
it possible to lengthen its durability in the production
process when compared to the adhesive containing amylaceous filler. Adhesive mixtures containing less than 2
PBW of silica are characterized by lower viscosity than the
reference resin, below the value attainable for industrial
conditions. Using those adhesives for gluing sheets of
veneers could result in excessive penetration of the resin
into the veneer as well as bleed-through on their surface.
Moreover, the layer of adhesive remaining on the surface
may be insufficient to produce a good quality bond (Sellers
1989). That is why, in the further part of the research work,
testing of these variants was given up. Taking into consideration the results of tests on the reference adhesive and
resin mixtures containing various amounts of nano-SiO2,
the conclusion was drawn that the optimum amount of
silica, that makes the adhesive useful, is 2 PBW per 100
PBW of MUPF resin. The resin is then characterized by
high homogeneity, proper reactivity and viscosity as well
as durability required in the process of manufacturing
plywood.
To get a full evaluation of the possible uses of fumed
silica in the process of producing plywood glued with
MUPF resin, its influence on thermal stability and adhesive
properties of the resin were also determined. Figure 2
compares the course of cross-linking process and thermal
decomposition of MUPF resin with the addition of

Correlation coefficient
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Fig. 1 Changes in viscosity of
MUPF in time, depending on
the amount of nano-SiO2 (PBW
of SiO2/100 PBW of MUPF) in
relation to the reference mixture

Fig. 2 TG–DSC analysis of
MUPF resin containing 2.0
PBW of SiO2/100 PBW of
MUPF in relation to the
reference mixture

nanofiller in reference to the control adhesive (variant 0). It
is illustrated by thermogravimetric curves (TG), characterizing changes of the mass, and the curves of differential
scanning calorimetry (DSC) determining the thermal
effects that accompany the chemical and physical changes
in the investigated adhesives. The analysis of the obtained
thermograms allows distinguishing the stages of the curing
process characteristic of this kind of resin (Jóźwiak et al.
2001; Siimer et al. 2008). The first stage, covering the
temperature range from the test beginning up to 70 C for
the reference adhesive and 80 C for the resin with the
addition of nano-SiO2, is ascribed to the intensive
endothermic drain of water and volatile substances. The
literature on the subject (Jóźwiak et al. 2001) shows that
the diffuse character of the peak proves that the
endothermic processes, directly related to the growth of
polycondensate particles, are partially concealed. However,

in the analyzed area, small peaks of exothermic character
can be spotted which means that the short-term increase in
the temperature is caused by the initiation of the adhesive
polycondensation process. In case of the mixed resin containing nano-SiO2, this process occurs at a temperature
which is higher by 5 C than in case of the reference
adhesive. The next stage, covering the temperature range
from 80 to 140 C, characterizes the processes of crosslinking with the simultaneous release of water as the
reaction product. In this area, two peaks of endothermic
character can be spotted. The first one, with the maximum
value at 103–107 C, corresponds to the intensive drain of
water and cross-linking of MUPF resin. The other peaks,
with the maximum values of thermal effects at 125 C for
the reference adhesive and 137 C for the resin with the
addition of nano-SiO2, are characteristic of the final stage
of the cross-linking process and splitting off of
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hydroxymethylene groups. This is accompanied by mass
decrement of approx. 30 %. Based on DSC analysis
(Fig. 2), the conclusion was drawn that the curing process
of MUPF resin modified with nano-SiO2 requires a smaller
amount of thermal energy and the temperature at which the
process proceeds is 10 C higher than that in the reference
sample. This means that the rate of cross-linking reaction
of the resin with the addition of nano-SiO2 is higher than
that of the resin with the amylaceous filler. It explains the
lower values of activation energy attained for the MUPF
resin with the addition of nanofiller. The further course of
thermograms for both mixed resins, in the temperature
range 150–200 C, is similar and corresponds to the final
stage of the curing process, with no clearly marked thermal
effects of the exothermic or endothermic kind. According
to the data from the literature on this subject, in this range
of temperature, methylene bonds disintegrate and gas
products are released (Camino et al. 1983; Siimer et al.
2008). At a temperature above 200 C the adhesive starts to
disintegrate. A small endothermic peak observed at 230 C
provides evidence that the methylene ether bonds disintegrate. The most intensive disintegration occurs at
250–380 C. In this range, mass decrement is comparable
for both investigated resin mixtures and it reaches the value
of 60 %. At higher temperatures, the disintegration of the
reference resin proceeds in a similar manner. Only in case
of the sample of MUPF resin with the addition of nanofiller
small endothermic peaks were spotted at 310 and 370 C
and there was a peak with a maximum value at 525 C.
According to Samaržija-Jovanović et al. (2011), they result
from changes in the structure and loss of chemically bonded water that is included in hydroxyl groups in the form of
silanol groups. The total mass decrement attained at
600 C was similar for both mixed resins and reached
85 %. It means that substituting amylaceous filler with
fumed silica does not affect the thermal stability of MUPF
resin. However, it makes it possible to reduce the amount
of energy needed in the cross-linking process of the resin.
From the viewpoint of gluing technology, the adhesive
properties can be evaluated by measuring the contact angle
h, the work of adhesion Wa and free surface energy cSL on
the surface of the investigated materials. Table 2 presents
results of measurements of the contact angle for birch
wood, MUPF resin and mixed resins produced with the
addition of amylaceous filler and nano-SiO2 in the amount
stated above. Based on the measured values of contact
angle, the values of free surface energy along with its
dispersive cds and polar cps components were determined.
Table 3 provides data on the values of the theoretical
maximum work of adhesion on the phase boundary cS, as
well as the ratio of dispersive and polar components of
surface energy of the materials in contact. The adhesive
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Table 2 Contact angle and free surface energy of wood and the
investigated resin mixtures
Material/system

h
()

c
(mJ/m2)

cds
(mJ/m2)

c9s
(mJ/m2)

Birch

25.08 (1.53)

66.58

25.31

41.27

MUPF resin ?
flour filler

63.89 (2.11)

45.06

31.65

13.41

MUPF resin ?
nano-SiO2

67.30 (2.24)

43.07

31.58

11.49

(…) Standard deviation

properties of the resin with the addition of nanofiller are
presented in reference to MUPF resin ? flour/wood. The
analysis of the obtained results shows that substituting
amylaceous filler with nano-SiO2 results in a slight increase
of contact angle as well as the value of free surface energy
of the system solid–liquid. It is accompanied by a minor
decrease in surface tension on the phase boundary and the
ratio of its polar components. It leads to the conclusion that
the resin mixture including 2 PBW of nano-SiO2 shows
slightly worse adhesive properties than the resin with the
addition of traditional filler. Investigations conducted by
Rudawska (2013) show that the dispersive component of
surface energy cds is closely connected with the strength of
the adhesive bond: the higher value of cds results in better
strength of the bond. Taking the above into account, as well
as the fact that values of cds attained in this research work are
comparable for each investigated variant, it can be inferred
that substituting nanofiller for rye flour does not significantly
affect the bond quality of the manufactured plywood.
The influence of the addition of 2 PBW of nano-SiO2 per
100 PBW of MUPF resin on the properties of experimental
plywood was investigated as well as the possibility of reducing the amount of adhesive in the process of gluing sheets of
veneer by determining the bond quality as well as modulus of
rupture and modulus of elasticity in both grain directions in the
face layers of plywood. Bond quality was established on the
basis of shear tests after water-resistance tests. The obtained
results of investigations were compared with properties of
plywood produced using amylaceous filler. Results of these
tests are presented in Table 4. Symbols ‘‘a, b, c’’ included in
the table refer to groups of homogeneous means specified on
the basis of the post hoc analysis of the Tukey’s test.
The post hoc tests prove that the reduction in the amount
of resin modified with nano-SiO2 does not significantly
affect the bond quality determined after 24 h of immersion
in water. However, the results of shear tests after the boil
test with the spread rate of 120 and 100 g/m2 are slightly
decreased. Nevertheless, regardless of the spread rate, the
value of shear strength determined after ageing tests
exceeds the values required by the standard EN 314-2, i.e.
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Table 3 Parameters determining criteria of adhesion for the investigated resin mixtures and wood
System

cSL(mJ/m2)

Wa (mJ/m2)

Wda (mJ/m2)

Wpa (mJ/m2)

cdL =cdS (mJ/m2)

cpL =cpS (mJ/m2)

MUPF resin ? flour filler/wood

7.98

56.61

47.05

103.66

1.25

0.33

MUPF resin ? nano-SiO2/wood

9.55

56.66

43.55

100.10

1.25

0.28

Table 4 Shear strength of
manufactured plywood
depending on the amount of
adhesive mixture spread onto
veneer

Kind of mixture

Adhesive
application g/m2

fv (N/mm2)
Type of test
24 h soaking

MUPF resin ? flour filler

MUPF resin ? nano-SiO2

Boiling

180

2.21 (0.10)a

1.38 (0.18)a

160

2.41 (0.35)a

1.36 (0.19)a

120

1.33 (0.56)b

1.02 (0.18)bc

100

1.07 (0.50)b

0.83 (0.27)c

180

2.32 (0.18)a

1.42 (0.31)a

160

2.31 (0.14)a

1.48 (0.23)a

120

2.14 (0.37)a

1.22 (0.28)ab

100

2.04 (0.28)a

1.19 (0.25)ab

(…) Standard deviation; a, b, c—homogenous groups according to Tukey’s t test (a = 0.05)

1.0 N/mm2. Therefore, they meet the requirements of class
2, i.e. plywood for use in humid conditions.
In case of plywood glued with resin modified with
amylaceous filler the reduction in spread rate leads to a
considerable deterioration of bond quality. It is especially
evident in terms of the spread rate of 100 and 120 g/m2;
when the spread rate was 100 g/m2 the plywood did not
meet the requirements of the standard EN 314-2. Moreover,
in case of plywood glued with resin modified with amylaceous filler, the values of standard deviation determined for
the means of shearing strength after the ageing test are
remarkably high, which shows a large dispersion of the
obtained measurement results. It arises from the fact that it is
difficult to evenly apply the glue to the plywood surface.
The analysis of data included in Table 4 shows that,
regardless of the type of applied filler, the bond quality of
plywood glued with the resin load of 160 g/m2 is as good
as that of 180 g/m2. The slight differences that can be
noted are statistically insignificant, which is confirmed by
the analysis of homogenous groups (for the considered
cases, group ‘‘a’’ has been isolated). It is quite significant,
as at some point the increased resin load could harm the
bond strength as a result of the concentration of internal
stresses in the curing process which lead to microcracks
even if there is no action of external mechanical forces.
Moreover, it is especially important that the addition of 2
PBW of fumed silica per 100 PBW of the resin made it
possible to optimize the utilitarian value of the mixed resin,
i.e. the spreading and lubricity were improved and it was
easier to evenly apply it to the veneer in the amount of up to
120 g/m2. Further reduction of the amount of the applied

resin made it more difficult to evenly apply it to the veneer
surface.
Table 5 presents results of investigations on mechanical
properties of the produced experimental plywood, i.e.
modulus of rupture and modulus of elasticity parallel and
perpendicular to the grain direction in the face layers. The
values of these parameters attained for plywood produced
using nano-SiO2 are comparable with those obtained for
the plywood produced with use of amylaceous filler.
To determine the effect of substituting amylaceous filler
with fumed silica on the class of formaldehyde release in the
produced plywood, the flask method was used. As expected,
substituting nanofiller for amylaceous filler in plywood glued
with MUPF resin with the spread rate of 180 g/m2 makes it
possible to reduce the formaldehyde emission by 25 %
(Fig. 3). The obtained results correspond with those attained
by other authors. Introducing small amounts of nano-SiO2
into the UF resin reduced the formaldehyde release from
particleboards, OSB, plywood and medium density fiberboards (MDF) glued with UF resin (Higuchi and Sakata
1981; Lin et al. 2006; Roumeli et al. 2012; Salari et al. 2013).
The literature review shows that the reduction of formaldehyde release from boards glued with UF resin modified by a
small amount of nano-SiO2 can be ascribed to absorption
properties of the well-developed surface of silica (Leonovich
et al. 2002; Arafa et al. 2004; Gun’ko et al. 2005).
Researchers also found out that the physical adsorption of
formaldehyde is accompanied by the formation of hydrogen
bonds between silanol groups on the silica surface and the
active groups of the resin and formaldehyde (Roumeli et al.
2012; Salari 2013). Obviously, the decrease in formaldehyde
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Table 5 Bending strength and modulus of elasticity of manufactured plywood depending on the amount of adhesive mixture spread onto veneer
Kind of mixture

Adhesive
application g/m2

fm (II) (N/mm2)

Em (II) (N/mm2)

fm (\) (N/mm2)

Em (\) (N/mm2)

MUPF resin ? flour filler

180

142 (2.9)ab

14760 (300)a

39 (2.0)c

1790 (40)abc

160

137 (8.0)b

14600 (250)a

38 (2.7)abc

1690 (100)a

120

143 (14.1)ab

13700 (850)a

35 (3.5)ab

1800 (90)abc

100

147 (13.8)ab

14700 (620)a

36 (4.2)abc

1780 (120)abc

180

152 (15.2)ab

14760 (900)a

36 (2.6)abc

1950 (70)d

160

156 (3.2)a

14540 (400)a

35 (2.0)a

1890 (100)cd

120
100

146 (8.2)ab
154 (10.5)a

14160 (600)a
14350 (300)a

38 (2.5)bc
37 (3.4)abc

1760 (80)ab
1810 (50)bc

MUPF resin ? nano-SiO2

(…) Standard deviation; a, b, c—homogenous groups according to Tukey’s t test (a = 0.05)

Fig. 3 Formaldehyde release
from experimental plywood,
depending on the amount of the
adhesive mixture applied to
veneer sheets and the kind of
filler

emission results from the limited amount of MUPF resin
used to produce the investigated plywood. Restraining the
application of MUPF resin by the addition of nano-SiO2
down to 120 g/m2 made it possible to reduce the free
formaldehyde by another 20 %.

4 Conclusion
The conducted investigations led to the conclusion that
introducing fumed silica into MUPF resin in the amount of
2 PWW per 100 PBW of the resin makes it possible to
expand its durability, increase its reactivity (which is
expressed by the decrease of activation energy) and optimize the process of gluing sheets of veneer. It was also
shown that substituting the amylaceous filler with
nanoparticles of fumed silica makes it possible to reduce
the spread rate of the applied mixed resin by approximately
30 % (from 180 down to 120 g/m2) and, at the same time,
maintain high water resistance of the produced plywood. In
industrial conditions, such considerable reduction in the
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amount of the adhesive used would contribute to cutting
down the costs of manufacturing water resistant plywood
glued with MUPF resin.
The use of nanosilica as a filler for MUPF resin results
in significant decrease of formaldehyde release from the
produced plywood regardless of the spread rate of the
mixed resin in the process of gluing plywood.
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