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Abstract The change in the strength of particle boards
made using nontoxic-modified residual brewer’s yeast as a
biobinder during thermal aging was studied. It was shown
that the strength of the particle boards increased during the
first 24 h when the boards were exposed to temperatures
of + 50 and + 80 °C, and then the strength decreased.
Through the approximation of the experimental results for
the changes in strength during thermal aging using poly-
nomial and power functions, the aging period (durability)
of the particle boards under accelerated testing conditions
was determined. The calculated values for the activation
energy of the thermal degradation processes and the values
of the actual (equivalent) operating temperature of the
pressed products were used to calculate the durability of
the wood composites under operating conditions. It was
found that the estimated durability of particle boards made
with brewer’s yeast as a biobinder was 11 months and
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slightly lower than that of particle boards made with toxic
synthetic resins.

Keywords Particle boards - Biobinding - Durability -
Accelerated thermal aging method - Ultimate strength
under static bending

Introduction

Approximately 100 million m3 of ground waste from wood
and other plants are produced annually in the woodworking
and agricultural industries. Using these wastes as the main
raw material for the production of wood-composite mate-
rials, particularly particle boards, preserves very large
reserves of plant resources.

Particle boards, as well as building and finishing mate-
rials based on them, are traditionally widely used in the
construction and furniture industry. In the production of
particle boards, alcohol-soluble and water-soluble resins—
materials that are capable of binding wood particles to each
other under pressure and at elevated temperature—are used
as binders. However, the particle boards produced by this
technology release phenol, formaldehyde and a number of
other toxic substances into the air during operation. The
concentration of formaldehyde in residential premises
equipped with furniture and construction structures con-
taining particle boards may exceed the maximum permis-
sible concentration (MPC) by 5-10 times. This is a major
limitation on the increased use of particle boards in con-
struction. Therefore, the reduction in the toxicity of particle
boards is very relevant (Carll 1986; Carlborn et al. 2006; Li
et al. 2005).

There are several main ways to reduce the toxicity of
particle boards: applying an insulating layer of facing and
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paint materials on the surface of the boards; modifying the
binder; developing rational modes of pressing plates; pro-
cessing finished particle boards or chips with substances
that can form time-stable compounds with formaldehyde;
and preliminary biological modification of wood waste by
microorganisms and enzymes followed by pressing
(Varankina et al. 2011; Idirs et al 2011; Kadimaliev et al
2001, 2004; Zhang et al 2011).

One of the most promising ways to solve the problem of
particle board toxicity is to replace synthetic resins with
environmentally safe and cheap biobinders, for example,
adhesive compositions of natural origin. Thus, in previous
works (Kadimaliev et al 2012, 2015; Novokuptsev 2017,
Revin et al 2016a, 2016b) it was shown that yeast waste
with appropriate modification, as well as microbial
polysaccharides, acquires adhesive properties, and this
waste can be used as an environmentally safe bioglue in the
production of pressed materials from waste plant raw
materials. The most important requirement that character-
izes the quality and possibility of using wood composite
materials in the construction and furniture industry is the
ability to preserve the level of the elastic-strength proper-
ties in storage and operation conditions. Most particle
boards have low stability regarding their properties over
time. Under the influence of external factors, particle
boards undergo aging processes that are expressed as
changes in the chemical and physical structure and, as a
result, the deterioration of the elastic strength and other
operational properties (Manin et al. 1980; Pavlov 1982).

Predicting the durability of polymer building materials
can be performed using two main methods: field tests at
climate stations and accelerated laboratory tests. The first
method takes into account all the operational factors
affecting the material, but the duration of the tests is
comparable to the service life of the material. The second
method reduces the duration of the tests tens of times by
determining the durability. The prediction methods used in
this case are based on the principle of transforming the
energy values of the external factors responsible for the
aging and destruction of polymer materials into adequate
laboratory modes that cause the same changes in the
material as operation in real conditions. For a satisfactory
prediction, it is necessary to determine simple and reliable
relationships between the kinetic parameters of physical
and chemical processes and the macro-properties of the
material that determine its performance (Goichman et al.
1980). Much more interesting are artificial test techniques
that reduce forecasting time (Goichman et al 1968; Griciute
et al 2013; Masters et al. 1989).

The method of extrapolating the results of accelerated
tests for long-term operation in real conditions takes into
account only one determining factor in the environment,
usually temperature—the method of accelerated thermal

aging. The essence of this test lies in the fact that the rate of
change in the properties of the material at an elevated
temperature can be determined by extrapolation of the
change in the same properties at the operating temperature
of products made of the material (Boeva et al. 2014;
Gonzalez et al. 1993; Griciute et al 2013; Koci et al 2012;
Pavlo et al. 2003; Vidrina et al 2007).

In this case, the Arrhenius equation is used to describe
the rate of the chemical reaction. To account for other
factors, correction coefficients are introduced into this
equation (Carpukhin 1980; Goichman et al 1968, 1980;
Pavlov1982).

Such studies have not been carried out in relation to
particle boards obtained with the use of biobinders.
Because biobinders have shorter time stability regarding
adhesive characteristics than synthetic resins, it can be
assumed that particle boards based on biobinders will have
less durability and resistance to climatic influences than
traditional particle boards.

The purpose of the present work was to study the effects
of increased temperature and duration on the elastic-
strength characteristics of samples of particle boards with
bioglue (PB-BG) and particle boards without bioglue (PB-
wBG) as well as to predict their possible service life in
heated rooms.

Materials and methods

Pine sawdust with a particle size of 3—5 mm and bioglue as
a binder was used for the production of experimental par-
ticle boards (PB-BG). Bioglue was obtained from residual
brewer’s yeast as described in previous works (Kadimaliev
et al 2012, 2015).

The viscosity of the biobinder was adjusted by dilution
with boiling water. To obtain a press mass, sawdust was
mixed with a biobinder by the extrusion method (at a ratio
of 100 g of sawdust to 70 ml of bioglue) and dried in a
thermostat at 60 °C with a humidity of 6-8%.

Seventy-five grams of obtained press mass was loaded
into a mold with a size of 150 x 50 x 10 mm. After cold
premolding, hot pressing was conducted on a Gotech-7014-
H press (Gotech Testing Machines Inc., Taiwan—United
States) at a temperature of 160-180 °C and pressure of 3 to
5 MPa per 1 mm of thickness of particle board. The
pressing time was 30 s per millimeter of thickness of
particle board (Kadimaliev et al 2012, 2015; Novokuptsev
2017; Revin et al 2016a, 2016b). The obtained particle
boards made in this way were cooled to room temperature
and tested for bending strength in accordance with Russian
State Standard 10,635-88 (1898) Woodchip boards.
Methods for determining the tensile strength and flexural
modulus on a GotechAI-7000 M universal testing machine.
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Accelerated thermal aging of the obtained particle
boards was performed in a Gotech-7017-NM (ASTM-
D2436) furnace at temperatures of 50 and 80 °C for 12, 24,
48, 96, 144, and 192 h of conditioning at 50-60%
humidity. After conditioning, the samples were kept for
1 day at room temperature, after which the static bending
strength was determined. Particle boards made without
biobinder were used as control samples.

Calculations for predicting the durability of the material
were performed in accordance with Russian State Standard
9.707-81 (1990) Unified corrosion and aging protection
system. Polymeric materials. Accelerated climate ageing
testing methods (Khrulev et al. 1977).

All the tests were performed in fivefold repetition and
statistically processed using Microsoft Excel.

Results and discussion

The results of the strength tests on the particle boards
subjected to thermal aging at a temperature of 22 4+ 2 °C
are presented in Table 1.

The results of the experiment show that conditioning of
plate samples at room temperature has virtually no effect
on the strength of the obtained samples. Based on this
result, we can conclude that under normal conditions, the
service life of products from the developed biocomposites
will be sufficient for their practical use.

The next stage of the experiment was to study the effect
of temperature on the bending strength of the obtained
particle boards without or with the addition of bioglue
based on modified brewer’s yeast. In this regard, aging of
the biocomposite material was performed under more
severe temperature conditions. Figure 1 shows the changes
with time in the relative strength of samples of PB-BG and
PB-wBG at temperatures of 50 °C (a) and 80 °C (b).

The results of the experiment show that in the initial
period (up to 24 h of exposure) at a temperature of 50 °C
(Fig. 1a), there was a noticeable increase in strength in
both types of particle boards. Additionally, the particle
boards obtained with bioglue had higher strength in the
range of 12-48 h of thermal exposure than the particle
boards obtained without bioglue.

After 24 h of exposure, the strength of both samples
began to decrease, but the strength of the biocomposites
(PB-BG) was significantly higher.

The process of decomposition of both filler (sawdust)
and binder (bioglue) is likely to begin when the samples are
held at temperature for a long time. Additionally, the
thermal degradation of the biobinder proceeds at a higher
rate than the destruction of lignin fragments and other
components of sawdust. Moreover, despite the higher rate
of aging of the sample with bioglue, its strength remains at
a high level.

Figure 1b shows the results of thermal aging of samples
at a temperature of 80 °C with the same time intervals,
followed by the determination of the static bending
strength.

It follows from the obtained data that at an aging tem-
perature of 80 °C, processes are occurring similar to those
occurring during aging at a temperature of 50 °C. The
particle boards obtained using bioglue were significantly
stronger than particle boards pressed without biobinders in
terms of their strength during thermal aging. However, the
rate of decrease in the relative strength (after 12 h of
exposure) in both samples was significantly higher at 80 °C
than at the aging temperature of 50 °C. The decrease in
relative strength in this case was 83% for the particle
boards obtained with bioglue and 75% for the particle
boards obtained without bioglue.

Thus, increasing the temperature of thermal aging to
80 °C resulted in acceleration the thermal degradation
processes of the particle boards.

Important in the study of materials by accelerated
thermal aging methods is the prediction of the duration of
the possible use of biocomposite products. To determine
their durability, the experimental results of the bending
strength of the samples were approximated by polynomial
and power functions.

To determine the durability of polymers in accordance
with Russian State Standard 9.707-81 (1990) Unified
corrosion and aging protection system. Polymeric materi-
als. Accelerated climate ageing testing methods, the
Arrhenius equation was used, based on which the durability
of the material in real operating conditions can be calcu-
lated using a well-known Eq. (1):

toperation = ltest €XP [E/R(Tt;lt - Toipleration)] (1)

Table 1 Measures of bending
strength of particle boards

The duration of exposure of samples, hs

Type of material 12 24 48 96 144 192

Static bending strength, MPa

PB-wBG 8,105 8,1 £0,3 8,0+ 0,1 79 £02 8,0+ 0,4 7,8 £0,2
PB-BG 18,8 £0,5 188 +0,1 18,6 £02 189+03 18,7 £0.1 18,8 £ 0,5
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where Zoperation and fe—the durability of the material
under operating and testing conditions, respectively, hours;
E—activation energy of thermodestruction and decompo-
sition processes, J/(mol); R = 8,314—universal gas con-
stant, J/(moleK).

Figure 2 shows the experimental values and trends of
the dependences of the strength of the PB-BG (a) and PB-
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Fig. 2 Correlation of the bending strength of the PB-BG (a) and PB-
wBG (b) from duration of thermal aging at temperatures of 4 50 °C
and + 80 °C

wBG (b) plates during bending with the duration of thermal
aging at temperatures of 50 and 80 °C.

The value of the activation energy E in our case can be
calculated based on the results obtained (Fig. 2) using
Eq. (2):

. Rll‘l(l‘[/l‘z)
Tnern ?

According to the trend equations (Fig. 2a), the durability
of thermal aging t; at a temperature 77 = 353 K, during
which the strength of the particle boards decreased by
6,3 MPa (from 21,3 to 15 MPa), is 8 h.

The durability t, at a temperature of 7, = 323 K, during
which the strength of the particle boards decreased by the
same value, is 363 h.

For the particle boards produced without bioglue
(Fig. 2b), the durability #; of thermal aging at a temperature
T, = 353 K, during which the strength of the particle board
decreased by 2 MPa (from 9 to 7 MPa), is 15 h. The
durability #, at a temperature 7, = 323 K, during which the
strength of the plate decreased by the same value, is 355 h.

The values of the activation energy E calculated using
Eq. (2) were 120,5 kJ/mol for PB-BG and 100 kJ/mol for
PB-wBG.

Figure 3 shows the dependence of the operating
Iesource foperaion Of PB-BG (a) and PB-wBG (b) on the
operating temperature calculated according to Eq. (1),
based on conditions of strength reduction by 10% (1) and
20% (2).

It is known that the main chemical component of wood
is cellulose, which is the structural basis of plant cells. In
turn, cellulose is bound by hydrogen bonds with lignin
macromolecules, forming a lignocarbon complex that can
comprise up to 80% of the wood mass.

With aging, both the structure and chemical composition
of wood change (Ganne-Chedeville et al 2011; Khrulev
et al. 1983; Kiseloyva 2003; Martynov et al. 1984).
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Fig. 3 Dependence of the durability of PB-BG (a) and PB-wBG
(b) on the temperature of operation under conditions of strength
reduction by 10% (1) and 20% (2)

An increase in temperature contributes to the activation
of aging processes, and the intensity of the changes in the
structure and chemical composition of wood depends only
on the temperature. The temperature region in which such
transformations occur is called the “aging region,” which
is associated with the glass-transition temperature and
other relaxation transitions that are characteristic of this
polymer. As a result of ongoing physical processes, the
configuration (conformational set) of the macromolecular
chains and their supramolecular structure is changed. The
time factor plays a crucial role in this case (Pavlov 1982).

In our case, a slight increase in strength in the first 24 h
of thermal aging (Fig. 1) may be due to the condensation of
wood components, such as lignin, forming a very strong
three-dimensional grid (Bazarnova et al 1997a, 1997b;
Manin et al. 1980; Pavlov 1982; Vidrina et al 2007).

Additionally, it was found that in the samples without a
biobinder, the increase in strength was less significant. This
probably occurs because at elevated temperatures, the
processes of adhesive interactions between the glue and
wood particles intensify in the initial moments.

A work by Kiselyova (2003) examined the bond dis-
ruption in composites under prolonged exposure to ele-
vated temperature by means of kinetic swelling curves and

@ Springer

calculation of the activation energy from the curves.
Analyzing the results of the calculations, the authors con-
cluded that the binder plays a decisive role in the swelling
processes and that the increase in activation energy with
increasing duration of aging is caused by the destruction of
the chemical bonds of the binder. We have previously
shown (Kadimaliev et al 2012, 2015) that the main com-
ponent that determines the adhesive properties of the
bioadhesive is proteins. Longer exposure to elevated tem-
perature leads to the denaturation of the protein component
of the bioglue, resulting in a reduced intensity of adhesion
and cohesive interaction with the lignocarbon complex of
wood.

Calculations show (Fig. 3) that the durabilities of PB-
BG and PB-wBG calculated by thermal aging differ
slightly. For PB-BG, the durabilities at a temperature of
20 °C for the conditions of strength reduction by 10 and
20% are 5 and 11 months, respectively. For PB-wBG,
these values are 4 and 10 months, respectively. From the
obtained data, it follows that the addition of a biobinder
practically does not affect the durability. However, the
durability of the resulting particle boards is high, albeit
slightly lower than that of particle boards produced using
phenol-formaldehyde resins (Vidrina et al 2007).

Thus, particle boards produced using a nontoxic bio-
binder based on modified brewer’s yeast are less durable
than particle boards produced using toxic phenol-
formaldehyde resins. However, such particle boards do not
emit toxic compounds into the environment, and there are
no problems with the disposal of materials that have failed
during operation. Particle boards obtained with the use of
biobinders and products made from such particle boards
can be recommended for use in closed rooms with normal
humidity. This is especially important for residential
buildings and educational and medical institutions that are
subject to strict sanitary and hygienic requirements.

Conclusions

During the heat treatment of particle boards without bio-
binders (PB-wBG) and particle boards with biobinders
(PB-BG) at temperatures of 50 and 80 °C in the first 24 h,
there were increases in the relative strength of particle
boards under bending of 8 and 15%, respectively. After
24 h of exposure, the relative strength of both samples
began to decrease, but the relative strength of the bio-
composite (PB-BG) was significantly higher. The esti-
mated durability of PB-BG produced with nontoxic
biobinders was 11 months and slightly lower than that of
the particle boards produced with toxic phenol-formalde-
hyde resins. Particle boards produced with nontoxic bio-
binders can be used in closed rooms with normal humidity.
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