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Residual Brewer’s Yeast Biomass and Bacterial
Cellulose as an Alternative to Toxic PhenolFormaldehyde Binders in Production of Pressed
Materials from Waste Wood
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Pressed composites can be produced from wood sawdust waste using
modified yeast biomass, waste as a bio-adhesive, ultra-dispersed
bacterial cellulose (UBC) as a binder, and preliminary chemical crosslinking. The materials obtained were not inferior to traditional materials
based on the required levels of toxic phenol-formaldehyde resin and
physical and mechanical parameters. Physical and mechanical
properties of the materials depended on the amount and viscosity of the
binder, as well as on the chemical structure and conditions of chemical
cross-linking and modified UBC application. The strengths of the best
examples of the materials obtained were approximately 17 to 20 MPa,
the densities were in the range of 1207 to 1255 kg/m3, and the water
absorption was less than 20%. During hot pressing, notable changes
were observed in the wood particles at FTIR-ATR spectra frequencies of
3620 cm -1, 3600 to 3000 cm -1, 2920 cm -1, 2850 cm-1, 1770 cm-1, 1650
cm-1, 1560 cm-1, and 1089 cm-1. This is mainly due to the chemical and
structural changes in lignin, hemicellulose, and binder.
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INTRODUCTION
Woodchip boards (WCB) are traditionally widely used in the construction and
furniture industries. Due to its high static bending strength parameters, the material is
successfully used in construction as a substitute for plywood. Moreover, WCB
production does not require the use of high-quality wood and can be based on the
processing of lumber waste and other woodworking industry wastes. However, these
materials are obtained using phenol-formaldehyde resins, which, while in service, emit
phenol, formaldehyde, and many other toxic agents into the air. Concentrations of
formaldehyde in living quarters equipped with furniture and building structures
containing WCB may exceed occupational exposure limits by 5 to 10 times. This is a
major constraint to the growth of WCB application in construction. Therefore, the
toxicity reduction of woodchip boards is highly relevant (Carll 1986; Li and Geng 2005;
Carlborn and Matuana 2006).
There are several basic ways to reduce WCB toxicity. Some examples include
applying an insulating layer of facing and varnish-and-paint materials on the board
surface, binder modification, development of rational modes of plate pressing, treatment
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of the finished boards or woodchips with substances capable of forming stable
compounds with formaldehyde, and preliminary biological modification of wood waste
using microorganisms and enzymes followed by pressing (Kadimaliev et al. 2001;
Kadimaliev et al. 2004; Idirs et al. 2011; Varankina and Chubinskiy 2011; Zhang et al.
2011).
One of the most promising ways to solve the boards’ toxicity problem is the
replacement of synthetic resins with environmentally friendly, cheap bio-binders, i.e.,
adhesive compositions of natural origin. However, the high cost and low moisture
resistance of these adhesives and the lack of application technology hinder their wide
introduction into production of pressed materials. Meanwhile, some literature data
indicates that compositions prepared from modified bioorganic waste can be used as
substitutes of natural adhesives. For example, the authors have shown that the yeast
residues with appropriate modification acquire adhesive properties and can be used as
bio-adhesives for bonding paper, fabrics, and wood (Zhang et al. 2011; Kadimaliev et al.
2012).
Analysis of the literature and physico-mechanical tests suggest that bio-adhesives
can be used as a binder (adhesive) for pressed materials production. However, it is
necessary to choose conditions for the preparation and treatment of raw material
(sawdust) with a bio-adhesive for press-mass fabrication and pressing modes, i.e.,
temperature, pressure, and duration (Lambuth et al. 2003; Zhang et al. 2011). The goal of
this study was to investigate the possibility of using bio-adhesives based on modified
residual yeast and bacterial cellulose as a bio-binder in the manufacture of pressed
materials from waste wood.

EXPERIMENTAL
Materials
Bio-adhesive was produced according to the procedure described in the articles of
Kadimaliev et al. (2012a,b). Yeast waste (Saccharomyces cerevisiae var. carlsbergensis)
from the beer manufacturing process was the object of the current investigation. Yeast
used to manufacture beer was centrifuged at 3000 rpm for 10 min to precipitate the cells.
The resulting yeast pellets, which had a relative moisture content of 74%, were treated
with sodium hydroxide solutions with concentrations of 1, 3, 5, and 7% and with
hydrochloric acid solutions with concentrations of 2, 4, 6, and 8% for 15 min and 30 min,
respectively. The yeast and corresponding solutions of sodium hydroxide and
hydrochloric acid were mixed with a 1:1 mass ratio. After treatment, the yeast solutions
were centrifuged at 6000 rpm for 15 min. The resulting chemically modified yeast waste
was used to prepare various compositions of glue products. Glycerin composed of 4 wt%
modified yeast waste and 0.3 wt% modified yeast waste boric acid were added as
plasticizing and antiseptic agents to prepare the glues. The total quantity and the number
of living and whole cells were determined using the cell viability analyzer Vi-cell
(Beckman) and light spectroscopy. The moisture content of the yeast was determined
with a thermohydraulic moisture analyzer (A.N.D. MS-70, Japan) according to the
Russian State Standard 14043-78, and the amount of the amino groups were estimated by
titration (Rafikov 1978). The viscosity of the glue was estimated using a Gotech Rion
VT-04R viscometer (Gotech Testing Machines, China). To obtain bacterial cellulose, the
bacteria Gluconoacetobacter sucrofermentans were cultivated for 7 days at room
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temperature in a lightproof vessel. To remove bacterial cells, the bacterial cellulose was
washed 5 to 6 times with 1 N NaOH. After alkali treatment, the bacterial cellulose was
washed with distilled water until a pH of 7 was attained. The bacterial cellulose was then
air-dried at room temperature and ground to nano- and micro-scale sizes in a Fritsch
Pulverisette 7 planetary ball micromill (Germany). The size of the cellulose particles was
determined by laser diffraction analysis (Shimadzu SALD-3101, Shimadzu, Japan) before
they were mixed with bio-adhesive (Choi et al. 2009). To analyze the samples, weighed
portions of 25 to 50 mg of cellulose particles were re-suspended in 50 mL of distilled
(deionized) water, mixed thoroughly, and poured into an ultrasonic cell analyser. After 4
to 5 min of ultrasonic treatment, the sample was fed into the device and circulated
through the analytical cell until a stable reading could be taken. Additionally, Photocor
Complex particle size analyzers were used (Photocor Instruments, Antek-97, Russia) to
analyze the size of cellulose particles. This instrument is based on static and dynamic
light scattering (photon correlation spectroscopy), and the technique is designed for
measurements of nanoparticle size, diffusion coefficients, and molecular weight of
polymers in solutions.
To prepare amino derivatives, the bacterial cellulose (UBC) was oxidized by
potassium iodate with subsequent separation of the insoluble fraction. Modified bacterial
cellulose was washed several times with acetone to form a dialdehyde cellulose (DAC)
(Sjutkin et al. 1999). After drying and acetone removal, DAC was immersed into 2 M
urea solution for 2 to 4 h in order to modify DAC into amino cellulose (Kuznetsova et al.
1967). The binder was produced by mixing the modified residual beer yeast (bioadhesive) and modified bacterial cellulose (UBC) in the ratio 9:1. Pine sawdust with
particle sizes of about 3 to 5 mm, was received from the WCB manufacturing plant.
Press-mass was obtained by mixing a binder with sawdust in different ratios.
Bio-adhesive viscosity was determined using a Gotech VT-04F viscometer
(Gotech Testing Machines Inc., China). Pine sawdust with particle sizes of about 3 to 5
mm was received from the WCB manufacturing plant. The moisture content of pinesawdust and press-mass was determined with an MS-70 thermohydraulic moisture
analyzer (A.N.D. MS-70, Japan).
The density of WCB was determined on an H-300S densitometer (Hildebrand
Pruf und Messtechnik GmbH, Germany, State Standard 10634-88 (1991)). The water
sorption and volume swelling of WCB was determined according to State Standard
10634-88 (1991). To improve the moisture resistance of the composite material samples,
25% glutaric dialdehyde (NevaReaktiv, Russia) solution and modified cellulose were
additionally introduced to the press-mass.
Methods
For bioplastics manufacturing, pine sawdust was mixed with the bio-adhesive
using ultra-dispersed cellulose as a binder. The binder viscosity was adjusted with water.
To obtain press-mass, sawdust was mixed with a binder by the extrusion method.
Sawdust (100 g) was mixed with 50, 70, or 90 mL of binder (bio-adhesive containing
10% w/v UBC) and dried in an oven at 60 oC to a moisture content of 6 to 8%.
To obtain the composite, all components were loaded into a mold (5 x 15 cm). The
mixture was pressed at room temperature at a pressure of 0.5 MPa for 1 min and then was
subjected to hot-pressing by a hydraulic press (Gotech GT-7014M-A50, China) at a
temperature of 160 and 180 °C and pressure of 3 to 5 MPa per 1 mm of thickness.
Pressing time was calculated as 30 s per each millimeter of plate thickness. The thickness
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of WBC was 10 to 11 mm, so the total time spent pressing was 5 min. The bending
strength was determined according to State Standard 10635-88 (1989).
The resulting composites were tested for physico-mechanical properties and
compared to the State Standard 10632-89 (2007). The bending strength was determined
according to State Standard 10635-88 (1989) using a Gotech AI-7000M universal testing
machine (Taiwan). Density was measured with a Hildebrand H-300S automatic
densitometer (Hildebrand Pruf und Messtechnik GmbH, Germany). Distribution of
sawdust and binders in the boards was analyzed by multifunction scanning electron
microscopy (SEM Qanta 3D 200i, FEI Company, USA-Holland). The SEM images were
obtained at an accelerating voltage of 20 kV and in a low vacuum of 60 Pa. For detection
of chemical and structural changes in the board composites, attenuated total reflection
(ATR) spectra of samples were analyzed in the range of 4000 to 800 cm-1 using an
IRPrestige-21 Fourier transform infrared (FTIR) spectrometer (Shimadzu Co., Japan) and
attached ATR unit (ATR-8200H with ZnSe prism without accessory recording function)
with a resolution of 4 cm-1. Samples from different parts of the woodchip boards (sample
length 5 cm, width 1 cm, thickness 1 cm) were pressed to the ATR-crystal. Control
samples of the boards were prepared by cold pressing only under the same conditions.

RESULTS AND DISCUSSION
The main difficulty in WCB production is the presence of a large number of
interrelated factors. These factors include the strength characteristics of materials, heatand soundproof properties, and environmental, aesthetic, and economic indicators. These
indicators are affected by temperature, time, compression pressure, and binder/sawdust
ratio. The basic operational indicator of pressed materials is strength at static bending. In
order to achieve the normative strength values, boards should be made under certain
process conditions. In test samples, bio-adhesive was mixed with UBC. As can be seen
from Fig. 1 (a, b) UBC sizes ranged from 320 nm to 100 micrometers (Fig. 1a), but at the
UBC, particles were found at 100 nm (Fig. 1b).
Therefore, experiments were performed in boards formed at compression
temperatures of 160 and 180 °C, at pressure 39.2 MPa (3 to 5 MPa per 1 mm thickness),
and specific duration of pressing (30 sec/mm of board thickness). At the end of pressing,
boards were cooled at a low pressure for 5 min.
Results showed that the use of bio-adhesive with UBC as a binder affects the
physical and mechanical properties of samples. The extent of the influence depended on
the binder amount (Tables 1 and 2). Data presented in Tables 1 and 2 show that the
addition of a binder based on modified residual beer yeast increases the strength
characteristics of the boards. Physico-mechanical properties of the boards supplemented
with 70 mL and 90 mL of adhesive differed only slightly.
Samples possessing better properties were obtained from the press-mass with the
addition of 70 and 90 mL of bio-adhesive with viscosity of 1 dPa containing 10% ultradisperse cellulose. Ultra-dispersed microparticles probably held together with bioadhesive and penetrated into the wood pores, giving additional strength. During mixing
of the binder with sawdust, impregnation of wood particles occurred.
Through hot pressing of the press-mass, excess moisture evaporated and a solid
structure was formed due to the reactions between free functional groups of the adhesive
and wood (Figs. 2a and 2b).
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Fig. 1. Sizes of ultrafine bacterial cellulose particles after grinding: (a) UBC particle size
distribution after grinding and (b) nanoparticle size distribution in UBC after grinding

Table 1. Physico-Mechanical Characteristics of the Boards Obtained at Pressing
Temperature 160 °C (Average ± Standard Deviation)

Indicator

Tensile strength (MPa)
Density (kg/m3)
Swelling in water by thickness (%)
Water absorption (%)

a

Pressed materials samples
The amount of binder (bio-adhesives) per 100 g of sawdust
without / with 10% UВС (mL)
0
50
70
90
7.2±0.2/
7.9±0.2
1002.0±32.8/
1092.0±31.6
Samples were
destroyed
Samples were
destroyed

b

11.2±0.3/
13.2±0.4

15.7±0.4/
17.7±0.3

17.5±0.5/
19.5±0.4

1054.0±31.6/ 1184.0±335/ 1180.0±32.4/
1154.0±32.6 1189.0±35.5 1189.0±35.4
187.3±9.1/
62.8±2.1/
50.6±6.9/
177.3±9.3
62.8±3.1
52.6±7.9
58.5±6.9/
40.1±4.9/
56.5±6.7
36.1±6.9

c

Fig. 2. SEM micrographs of woodchip boards: (a) boards without bio-binder, (b) boards with biobinder of optimum viscosity, and (c) boards with high viscosity bio-binder
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Table 2. Physical and Mechanical Properties of the Boards Obtained at Pressing
Temperature of 180 °C (Average ± Standard Deviation)
Pressed Materials Samples
Indicator

Tensile strength (MPa)
Density (kg/m3)
Swelling in water by thickness
(%)
Water absorption (%)

The amount of binder (bio-adhesives) per 100 g of sawdust
without / with 10% UВС (mL)
0
50
70
90
8.1±0.2/
8.7±0.2
1248.0±32.2/
1278.0±37.4
Samples
were
destroyed
Samples
were
destroyed

14.6±0.3/
15.6±0.4

16.9±0.3/
18.9±0.4

17.7±0.4/
19.7±0.5

1217.0±31.5/
1267.0±36.4
149.5±7.3/
140.6±7.1

1231.0±34.9/
1271.0±36.9
50.8±2.7/
54.6±2.9

1255.0±40.6/
1265.0±41.3
30.8±1.2/
35.8±1.7

135.9±6.1/
130.9±6.7

47.2±2.1/
40.2±2.3

31.5±1.3/
27.5±1.5

Use of a bio-adhesive with a viscosity of more than 1 dPa reduced the quality of
the boards. After pressing, the bio-adhesive appeared in the form of balls, and cracks
were observed in the boards (Fig. 2c).
According to the State Standard 10635-88 (1989), chipboards with thicknesses of
10 to 11 mm should have a bending strength of 14 MPa. This is probably due to the fact
that press-mass was less homogeneous and spread poorly. Zhang et al. (2011) and van
den Bulcke et al. (2013) also showed that the heterogeneity of pressed boards and their
poor quality is associated with viscosity and with the ratio of the main component to a
binder.
Pressing at temperatures above 180 °C also was ineffective because the boards
burned and became dark. Therefore, further experiments were carried out using 70 mL of
binder and pressing at a temperature of 180 °C. However, despite the fact that many
samples had high physical-mechanical characteristics, all resulting boards had low rates
of water absorption and swelled in thickness. A control sample and samples with small
amounts of bio-adhesive were destroyed after 2 h soaking in water (Tables 1 and 2).
As can be seen from the data presented, none of the obtained samples met the
State Standard requirements in terms of swelling with water. This is probably due to the
adhesive bonds’ destruction in a hydrophilic binder during wood particle swelling in
chipboard (a phenomenon called “decompression”).
In a previous study, it was shown that the introduction of glutaric dialdehyde 5%
solution into adhesive composition increases moisture resistance (Kadimaliev et al.
2012). This is due to the formation of proteins cross-linked by amino groups with strong
azomethine (Fernandez-Lorente et al. 2006; House et al. 2007).
Therefore, to improve the pressed materials moisture resistance, different
quantities of glutaric dialdehyde 5% solution were added to the press-mass. Furthermore,
in order to increase the reactivity towards proteins and glutaraldehyde, ultra-dispersed
cellulose was chemically modified by amino groups grafting prior to adding to the
adhesive. Amino group formation was estimated by the changes in the FTIR spectra (Fig.
3) and visually (Fig. 4).
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Fig. 3. FTIR spectrum of bacterial cellulose: 1-IR spectra of the native dried UBC and 2-IR
spectra of the UBC amino derivative.

Boards with high binder content increased in weight and swelled in thickness due
to water absorption, but they retained their structures. Thus, the binder amount affected
both moisture resistance and material strength.
As shown in Fig. 3, the FTIR spectra of bacterial cellulose ultra-dispersed
particles corresponded to spectra described in the literature (Ciolacu et al. 2011; Cook
2013). During modification, absorption intensity of bacterial cellulose in the IR spectra in
the 3500 to 3200 cm-1 range caused by amino groups increased and decreased in the 3600
to 3000 cm-1 range, which indicates that during chemical modification a partial
substitution of hydroxyl groups by amino groups occurred (Smith 1979; Pretsch et al.
2006; Vasiliev and Grynenko 2007).
At the same time, absorption intensity in the aromatic ring oscillation region at
1200 to 900 cm-1 and the background absorption at 800 to 400 cm-1 decreased due to
pyranose ring vibrations and deformation vibrations of hydroxyl groups (Fengel and
Wegener 2003). This can be explained by the fact that during the chemical modification
of cellulose by oxidation with iodic acid or its salts, a simultaneous oxidation of both
secondary hydroxyl groups to aldehyde groups (band at 840 cm-1) occurred, accompanied
by a break of the pyranose ring unit of the cellulose macromolecule.
The presence of amino groups in the modified cellulose can be confirmed by the
fact that glutaric dialdehyde addition led to the formation of a brownish-red strong
insoluble film due to azomethine linkage formation between aldehyde and amino groups.
With the original cellulose, the film was viscous, sticky, and had no visible signs of the
amino groups’ presence. After drying, the mixture of sawdust with adhesive became
reddish, indirectly confirming azomethine linkage formation between aldehyde and
amino groups (Fig. 4). An intermediate product was formed in this process, i.e.,
dialdehyde cellulose with an absorption band (crystallinity strip) with a maximum
frequency of 1392 cm-1, corresponding to scissor vibrations of the methylene group, C1
atom vibrations, and vibrations of four atoms in the p-glycosidic structures surrounding
C1.
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Fig. 4. Polymer mixtures based on UBC: (1) polymer composition based on non-modified UBC
(control) and (2) polymer composition based on the amino-cellulose derived from UBC
supplemented with glutaric dialdehyde (test sample)

The absorption at 1650 cm-1 spectra of unmodified cellulose was caused by
adsorbed water (Bazarnova et al. 2002; Yin et al. 2009; Kristiansen et al. 2010; Tlupova
et al. 2012).
From data in Tables 2 and 3, it is evident that the control sample and sample
without cross-linking disintegrated after soaking in water. Samples with glutaric
dialdehyde and modified cellulose addition swelled in thickness considerably and
increased their weight due to moisture absorption but did not disintegrate. At the same
time, the strength of the boards increased slightly (Thoemen et al. 2010). With the
increase of the cross-linking amount up to 15 mL, the material moisture resistance
increased.
Table 3. Physical and Mechanical Properties of the Boards Obtained with
Addition of Glutaric Dialdehyde and Modified Cellulose (Average ± Standard
Deviation)
Indicator
Tensile strength (MPa)
Density (kg/m3)
Swelling in water by
thickness (%)
Water absorption (%)

Samples of pressed materials
Amount of glutaric dialdehyde in the press-mass (mL)
0
5
10
15
20
8.1±0.2
18.8±0.5
20.9±0.7
17.8±0.7
15.8±0.7
1255.0±40.6 1207.0±48.2 1224.0±46.5 1249.0±46.2 1224.0±46.5
35.8±1.7
31.5±1.5

25.3±1.2

21.1±1.1

22.4±1.1

20.2±1.2

20.2±1.2
18.1±1.0

18.2±1.2
16.1±1.0

Addition of glutaric dialdehyde solution in amounts more than 15 mL into the
press-mass reduced the strength characteristics of the boards. This is probably due to the
fact that the excess cross-linking blocked fully functional amino groups as possible
participants of adhesion.
In the literature, questions are widely discussed concerning the chemical and
structural changes occurring during hot pressing in the press-mass components (wood
particles and binders). According to some authors (Bazarnova et al. 1997a,b; Kadimaliev
et al. 2001), mainly functional groups of lignin and hemicellulose contribute to bond
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formation between the components. Cellulose changes only slightly and plays the role of
a frame.
Other authors consider that functional groups of polysaccharides are also involved
in the process of WCB component cross-linking (Sivonen et al. 2002; Hennecke and
Roffael 2006; Muller et al. 2009). To investigate the changes in the organic compound
structures of the wood components, many authors recommend Fourier transform infrared
(FTIR) spectroscopy (Fengel and Wegener2003; Muller et al. 2009). This method also
allows analysis of the formation of bonds between wood particles, wood components, and
binders (Fabo 2004).
Fourier transform infrared-ATR spectroscopy has been used in combination with
scanning electron microscopy (Zhang et al. 2011). These studies have shown that FTIRATR spectra of WCB did not differ significantly from the typical IR spectra for wood
components (Fig. 5). During hot pressing, changes occur in the absorption intensity of
functional groups of the pressed materials components. As shown in Figure 5, at cold
pressing the board samples had spectra typical for the wood components cellulose, lignin,
and hemicellulose.
During hot pressing in the absence of a binder, changes were observed in the
FTIR-ATR spectra of wood particles at frequencies 3620 cm-1, 3600 to 3000 cm-1, 2920
cm-1, 2850 cm-1, 1770 cm-1, 1650 cm-1, 1560 cm-1, and 1089 cm-1.

Fig. 5. FTIR-ATR mean spectra of boards obtained by cold pressing (control, red), experimental
boards obtained by hot-pressing without adhesive (blue), and with adhesive (green)

According to the literature, the absorption at 3620 cm-1 is caused by stretching
vibrations of OH-groups not connected by hydrogen bonds; at 3600 to 3000 cm-1, the
absorption is caused by stretching vibrations of OH-groups involved in hydrogen bonds
in cellulose, lignin, and hemicellulose (Bazarnova et al. 2002; Fengel and Wegener2003).
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In the area of 2920 cm-1 to 2850 cm-1, the absorption is caused by CH- stretching
vibrations of methyl and methylene groups in lignin, and at 1770 cm-1 the absorption is
caused by C=O vibrations in the ester group of hemicelluloses (Fengel and Wegener
1989; Bazarnova et al. 2002; Fengel and Wegener2003) and uronic acids (Bazarnova et
al. 2002; Muller et al. 2009). A peak at 1650 cm-1 is caused by adsorption of OH-groups
and conjugated C-O bonds or carbonyl and carboxyl groups in the lignin (Pandey and
Pitman 2003). A peak at 1560 cm-1 is caused by skeletal vibrations of the aromatic ring
(Roeges and Noel 1995), and at 1089 cm-1 the peak is caused by stretching vibrations of
C-O bonds characteristic for the primary, secondary, and tertiary hydroxyl groups in the
lignin (Bazarnova et al. 2002).
During hot pressing, a softening of lignin and the partial destruction of β-O-4bonds between the aromatic ring monomers occur; demethylation and oxidation reactions
also proceed (Bazarnova et al. 1997b; Garrote et al. 2001; Sivonen et al. 2002). This
results in an increase in the amount of OH-groups involved in hydrogen bonding (3000 to
3620 cm-1), methyl and methylene groups (2920 cm-1, 2850 cm-1), and carbonyl and
carboxyl groups (1650 cm-1). The absorption decrease at 1770 cm-1 indicates a partial
destruction of hemicellulose and at 1560 cm-1, a partial destruction of the aromatic ring
(Hennecke and Roffael 2006).
In boards produced by hot-pressing in the presence of a binder, a sharp decrease
in absorption is observed at 3620 cm-1, 3000 to 3600 cm-1, 2920 cm-1, 2850 cm-1, and
1770 cm-1, which may be due to the formation of new bonds between the binder and
disintegration products of lignin and hemicellulose, e.g., by polycondensation and
polymerization reactions (Bazarnova et al. 1997 a, c; Muller et al. 2009).

CONCLUSIONS
1. Yeast biomass and ultra-dispersed bacterial cellulose, after appropriate modification,
can be used as a bio-binder in the production of pressed materials from plant raw
material waste.
2. Chemical modification of yeast biomass and bacterial cellulose led to formation of
reactive groups, which improved the quality of the bio-adhesive.
3. The quality of pressed materials from waste wood depended on the conditions of
pressing and properties of the bio-adhesive.
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