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Abstract: When developing new innovative building materials, their performance characteristics as
well as their environmental friendliness are important. It is difficult to produce a fully ecological
material for building envelopes, because there is a lack of ecological binding materials on the market,
good binding materials are very expensive, and cheaper ones have poorer adhesive properties and
performance characteristics. In this work, natural organic sapropel was used as an ecological binder.
Before use, an organic sapropel was additionally mechanically activated. Its activation efficiency
was evaluated on the basis of consistency and tensile strength. Sapropel activation increased its
consistency from 112 to 168 mm and its tensile strength from 466 to 958 kPa. Wood processing
waste was used as a filler for the thermal insulation biocomposite. Additionally, the wood waste
was chopped to regulate the density and main performance properties of the biocomposite. The
density of the biocomposite was also regulated using different amounts of sapropel and the degree
of compaction of the composite mixture. In this work, the influence of the amount of sapropel, the
level of compression of the biocomposite mixture, and the size of the wood waste particles on the
thermal conductivity and compressive stress of the biocomposite was analyzed. It was found that the
compression level had the greatest influence on both the compressive stress and thermal conductivity,
up to 12 times and 43.3%, respectively.
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1. Introduction

Most of the adhesives that are currently used contain toxic substances, pollute the
environment, and cause serious human and animal health risks. Major groups of glue
are produced on a formaldehyde and vinyl basis, covering 92% of the overall adhesive
consumption [1].

In the construction materials industry, and especially in the production of engineered
wood products, one of the most widely used binders are phenolic-based binders [2—-4].
Formaldehyde-based binders are cheap and have a very strong adhesion to many materials,
but they are very harmful—they have a carcinogenic effect [5,6]. Other synthetic binders
are significantly more expensive or do not provide good adhesion properties. The produc-
tion of fossil-based binders, especially cement, has a significant negative impact on the
environment [7-9]. For these reasons, the need to replace synthetic and fossil materials with
natural materials has increased in the construction materials industry in recent decades [10].
It should be noted that in recent decades, a great deal of attention has been paid to the
development of new binders and adhesives. In reference [11], the authors created a very
strong adhesive based on p-formylphenyl acrylate, achieving an average adhesion strength
of up to 19.1 MPa. This adhesive was obtained with one-step synthesis, and it has the
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advantage of being simple to synthesize and use, can self-cure and adhere to a wide range
of substrates, and maintains excellent adhesion strength in a variety of harsh environments.
In reference [12], the authors used the basics of biomimicry and simulated the building pro-
cess of a swallow nest. The developed composite had good thermal insulation properties
and superior mechanical properties. To develop new material, the authors used bamboo
scraps as the supporting framework and ethylcellulose molecular chains as the templates.
In reference [13], it was shown that the wood binding interface may be generated by a
crosslinking reaction between the active wood surface and the biomass-based adhesive
(-CHO reacted with -NH2 to generate aminal and imine groups). An activated wood
surface rich in -CHO groups was constructed by spraying a sodium periodate aqueous so-
lution on a natural wood surface. In addition, microcrystalline cellulose was functionalized
to obtain aminated cellulose, which was dissolved in an aqueous solution and used as a
specific adhesive.

As a natural and environmentally friendly binder, sapropel can be used in the produc-
tion of building materials [14-16]. Sapropel is an organic sediment of biogenic origin from
freshwater bodies, formed over thousands of years after the death of planktonic or benthic
organisms, which are basically processed by bacteria, insect larvae, worms, and mollusks
in the absence of oxygen [17]. The rate of formation of the sapropel is only approximately
1-3 mm per year. The age of a sapropel layer several meters thick can span 10,000 years or
more. One of the most characteristic features of sapropel is its colloidal structure. Organic
colloids can absorb a lot of water, from 70% to 97%. Due to its colloidal structure, the
sapropel has low filtration [18,19]. Sapropel also has specific properties: it dries slowly,
evaporating water with difficulty, and when dry, it becomes completely hard, even when
ground into powder, and does not absorb water (except for the carbonated variety) [17,20].
After freezing, the sapropel becomes fluffy and dries relatively quickly to 30-35% humidity,
but loses its binding properties [20-22].

Sapropel can be used as a binder for various wood waste, unused waste from the
paper and cardboard industry, flax processing by-products, degraded peat, and similar raw
materials. Sapropel is a good substitute for protein-based glues, for example, albumin, and
the possibilities to replace proteins [19] would be a significant benefit of the application
of sapropel.

Sapropel research has received a lot of attention over the past several decades. Bogush
et al. [23] indicate that sapropel studies are divided into two areas, fundamental and
practical. The fundamental field includes paleoclimatic reconstructions, geochemical and
biochemical studies, and the practical field, namely use in agriculture, balneotherapy,
construction, and industry. According to the composition, the sapropel can be divided
into three types, organic, organic-mineral, and mineral [24]. The composition of sapropel
depends not only on the possibilities of its use but also its properties. Sapropel with an
organic content of more than 85% and nitrogen of more than 3.3% can be used for the
production of the sapropel binder [19]. The organic part of the sapropels contains from 3%
to 11% bitumen, up to 40% humic substances, and other biologically active substances [20].
The bitumen components of the sapropel attract particular attention because they have
high bactericidal, bacteriostatic, and antioxidant activity [25]. The authors indicate that
the biobased composite material, where sapropel was used as a binder, shows one of the
highest microbiological stability results. Furthermore, fungi and other organisms were not
detected in the samples.

Although the resources of sapropel in the world are large, their use for the production
of building materials is still stagnant. Several scientific studies have been conducted
to demonstrate the suitability of sapropel in the production of building materials. As
researchers [15] pointed out, the sapropel itself has a high bind ability, as well as shape-
holding capacity, adhesive properties, and plasticity. Building materials made with sapropel
can be cured in three ways: drying under natural conditions, with thermal treatment, or
under high pressure to remove most of the water. Obuka [19] indicates that using sapropel
as a binder without thermal processing is beneficial because it has low embodied energy
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and low CO, emissions, making it very appropriate for use as an ecological insulation
material with low environmental impact. With sapropel, the author produced two types
of biocomposites: a sapropel-wood fiber composite and a sapropel-birch wood sanding
composite. The density of these biocomposites was 319 and 470 kg/m?, the thermal
conductivity 0.060 and 0.061 W/(mK), and the compressive stress 0.19 and 0.67 MPa,
respectively. In [16] the sapropel-hemp shives composite has been obtained by mixing three
main components in cyclic mixers: hemp shives, sapropel, and water in certain proportions.
The prepared mixture was compacted in molds and initially dried in the laboratory under
(19 £ 2) °C ambient conditions for 34 days, depending on the amount of binder. After
this period, the specimens were removed from the moldings and continued to dry in the
laboratory for 4-5 weeks until a constant weight of the specimens was achieved. Thermal
conductivity at a measurement temperature of 10 °C varied from 0.046 to 0.054 W/(mK) at
the density of the materials 180-200 kg/m?.

Another author [26] prepared biocomposites for building from hemp shive, sapropel,
and paper production waste using thermal treatment. The specimens were cured in two
stages: at 190 °C for 3 h and at 160 °C for 18 h. The author indicated that the cured specimens
at 190 °C had the lowest water absorption. The compressive stress of the biocomposites
made with the sapropel binder varied from 0.90 to 2.02 MPa and the density from 267
to 361 kg/m3. Meanwhile, the thermal conductivity varied from 0.059 to 0.068 W /(mK).
Before the test, the specimens were conditioned for 72 h at (50 & 5)% relative air humidity
and (23 & 5) °C temperature.

A new contribution of the work is the evaluation of the numerical values of the
sapropel consistency and binding parameters, the evaluation of the influence of wood
waste particles on the density and thermal conductivity, and the evaluation of the influence
of the sapropel content, size of the wood waste particles, and compression of the mixture on
the thermal conductivity and compressive stress of the created biocomposite. In this work,
using sapropel as the binder and wood processing waste as the filler, a new biocomposite
was created, primarily for thermal insulation but also with high strength properties.

2. Materials and Methods
2.1. Materials

Sapropel was taken from the bottom of the lake in the autumn, when the water
temperature was 14 °C. Sapropel was taken from a depth of 3-5 m using special equipment,
a modified bathometer mounted on a telescope tube. The bathometer is a hydrological
instrument, a sampler for taking water samples from various depths of the reservoir. A
bathometer is a specially adapted vessel, with valves to close under water at a given depth.
In this way, the sample is taken accurately from the specified depth without mixing it with
materials from other depths. A total of 200 L of sapropel were taken for the tests. The
collected sapropel was stored in closed containers at a temperature of (20 & 5) °C. The
characteristics of the sapropel used in the study are presented in Table 1. The water content
of the sapropel was determined by drying it in a drying oven at 105 °C according to EN
12570 [27], and the organic matter content was determined by heating the dried sapropel in
an oven at 500 °C according to EN 13820 [28].

Table 1. Characteristics of the sapropel used in the investigation.

. Water Content, Content of Organic
Place of Sampling Sapropel Mass % Matter, Mass %
Lake Keréplis, the district of Trakai, Lithuania 93.1 95.8

In order for the sapropel to have a good consistency and good binding, it was addi-
tionally mechanically activated. Mechanical activation is required to activate the bonds
of the colloid system [26]. For this purpose, an industrial mixer was used with a vessel.
The mixer speed was 12,500 rpm. The duration of the sapropel activation was varied
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from 1 to 3 min to assess the activation efficiency. The consistency of the sapropel was
determined by the slump test. Tests were carried out on nonactivated sapropel and acti-
vated sapropels for different durations. The activated sapropel was placed in porcelain
containers for different periods of time and cured for 24 h at 170 °C in a drying oven. The
hardened sapropel was removed from the containers and regular-shaped specimens of ap-
proximately (30 x 30 x 15) mm in size were cut. The specimens were glued to metal plates
with polyurethane glue and cured for 24 h in a conditioning room at a relative humidity
of air (50 & 5)% and a temperature of (23 & 5) °C. The prepared specimens were fixed
between the grips of the press and the maximum breaking load was recorded. The strain
rate for the tensile was 10 mm/min. The tensile strength of the hardened sapropel was
calculated automatically based on the measured area of the specimen and the maximum
load, according to Formula (1) [29]:

Omt = Zm (1)

where F;, is the maximum recorded tensile force, in kIN; A is the cross-sectional area of the
test specimen, in m?.

Three specimens with different durations of the activation of the sapropel were used
for the tests.

The wood processing waste was taken from a wood processing workshop. Pine wood
processing waste was used for the tests. In the production workshop, all generated wood
waste was additionally crushed with industrial shredders and packed in polyethylene bags.
To avoid uneven wood particles in the laboratory, wood processing waste was additionally
crushed with a hammer mill with sieves of different mesh sizes. Wood waste particles
of three sizes were used for the tests. The granulometric composition of the wood waste

particles is presented in Table 2.

Table 2. Description of the wood waste particles after milling.

Mesh Size of Mill Sieves, mm

Residue of Wood Waste Particles on Sieves, %

Sieve Mesh Size, mm

10 5 2.5 1.25 0.63 0.315 0
20 1.5 38.8 50.8 3.0 43 1.3 0.3
10 0 14.7 67.6 7.0 7.7 2.0 1.0
5 0 0 38.0 14.7 31.7 11.3 43

The image of the wood waste particles after being crushed in a mill using different
sieves is presented in Figure 1.

The bulk density of the wood waste of different fractions was determined in a cylin-
drical metal container. Wood waste was poured into a 5 L container of known mass from a
height of 15 cm until the container was filled to overflowing. With the help of a metal ruler,
the pile was scraped off and the container with the wood waste was weighed. The test
result was determined from three measurements. Based on the known weight and volume
of wood waste, the bulk density of the material was calculated according to Formula (2):

m
Py = i% )

where m is mass of wood waste particles, in kg; V is the volume of wood waste, in m>.
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Figure 1. Image of the wood waste particles after being crushed using different sieve sizes, mm: (a) 5;
(b) 10; (c) 20.

2.2. Preparation of Specimens

The mixtures for the formation of biocomposites were prepared from mechanically
activated sapropel and wood waste in various ratios. The components of the mixture were
mixed in a forced mixing mixer. The prepared mixtures were placed in a pre-prepared
metal mold, pressed to the intended limit, and cured in a drying oven for 6 h at 170 °C. A
total of nine different mixtures were prepared—three mixtures of each wood waste fraction
with three different amounts of sapropel. Each prepared mixture was compressed at four
different compression levels during the preparation of the biocomposite. The compositions
and compression levels of the mixtures used for the biocomposites are presented in Table 3.

Table 3. The composition of the forming mixtures and their compression levels.

Fraction of Used Content of Sapropel, Compression Level, % of
Mixture No. Wood Waste, mm %, from the Mass of the Height of the Initial
! Wood Waste Mass of the Mixture

1-1 4

1-2 8 20

1-3 12

1-4 4

1-5 8 40

1-6 0-5 12

1-7

1-8 8 60

1-9 12
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Table 3. Cont.
. Content of Sapropel, Compression Level, % of
Mixture No. xj;gwaZerZfi %, from the Mass of the Height of the Initial
’ Wood Waste Mass of the Mixture
1-10 4
1-11 8 80
1-12 12
2-1 4
2-2 8 20
2-3 12
2-4 4
2-5 8 40
2-6 0-10 12
2-7 4
2-8 8 60
2-9 12
2-10 4
2-11 8 80
2-12 12
3-1 4
3-2 8 20
3-3 12
3-4 4
3-5 8 40
3-6 0-20 12
3-7 4
3-8 8 60
3-9 12
3-10 4
3-11 8 80
3-12 12

2.3. Tests Metods

Thermal conductivity studies were performed on bulk wood waste and the prepared
biocomposites. Bulk wood waste was poured into a pre-prepared mold, the edges of
which were made of a rigid polystyrene foam and the bottom of which was made of
perforated polyethylene. The internal dimensions of the mold were (250 x 250) mm
and the height was 50 mm. The form was filled with wood waste in a pile, so that the
surface of the formed specimen could be additionally pressed in order to avoid bad contact
with the measuring plate. The compression load was 100 Pa. The density of the wood
waste obtained in the mold was very close to the bulk density. The (300 x 300 x 50) mm
specimens were prepared for thermal conductivity studies of biocomposites. Before testing,
all specimens were conditioned for at least 72 h in an environment of (50 £+ 5)% RH
and (2 £ 23) °C temperature. Thermal conductivity was determined using a Fox 304
LaserComp (TA Instruments, Newcastle, DE, USA) heat flow meter instrument. The mean
temperature of the measurements was 10 °C, and the upper and lower temperatures of the
device measurement plates were 0 and 20 °C, respectively. Measurements were made in
accordance with the requirements of EN 12667 [30].

The compressive stress was determined at 10% deformation, because the specimens
do not disintegrate during compression but are compacted. Compressive stress was
determined according to the requirements of EN 826 [31] and automatically calculated
according to Formula (3):

F,
o0 = 103Ai§ 3)
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where Fyg is the force corresponding to a strain of 10%, in N; Ay is the initial cross-sectional
area of the specimen, in mm?, and oy is the compressive stress at 10% strain, in kPa.

Specimens of size (100 x 100 x 50) mm were prepared for testing. The rate of loading
was 5 mm/min. Before the test, the specimens were conditioned for at least 72 h in
an environment with (50 £+ 5)% RH and a temperature of (2 &= 23) °C. The tests were
performed using a Hounsfield H10KS (Hounsfield. Ltd., Salfords, UK) universal press.
Three specimens were used for the tests of one composition.

The effectiveness of the contact zones between the wood waste particles and the
sapropel was evaluated using a JEOL JSM-7600F scanning electron microscope (JEOL,
Tokyo, Japan). To analyze the structure of the composites, specimens of 30 x 30 x 30 mm
were prepared.

3. Results and Discussion
3.1. Sapropel

The results of the tests on the consistency of the mechanically activated sapropel are
presented in Table 4.

Table 4. Description of the consistency of the sapropel.

Number of Test Specimen Activation Time, min Consistency, mm
1 0 112
2 1 152
3 2 167
4 3 168

The results of the study show that mechanical activation of the sapropel increases
its consistency by more than 60%. Furthermore, the consistency of the activated sapropel
depends on the duration of activation. After 1 min of activation, not only is the consistency
of the sapropel lower than when activated for 2 or more minutes, but visually (see Figure 2)
it does not look like a homogeneous mass. The appearance of an inactive sapropel visually
looks like a thick mass. During mechanical activation, the metastable state of the colloidal
system is not only destroyed, but also the incompletely decomposed small particles in the
sapropel mass, such as the wood remains, plant roots, etc., are crushed.

Figure 2. Cont.
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Figure 2. Spread shapes of a sapropel: (a) unactivated; (b) mechanically activated 1 min; (¢) mechani-
cally activated 2 min.

The assessment of the adhesive bonds of the sapropel is represented graphically in
Figure 3. Analysis of the results shows that the sapropel mechanically activated for 2 and
3 min has the best binding properties. The tensile strength of the mechanically activated
and hardened sapropel is approximately two times higher than that of the mechanically
unactivated sapropel and approximately 1.4 times higher than that of the mechanically
activated for only 1 min. The variance of the results of the tensile strength of the cured
specimens prepared from non-activated sapropel and activated for 2 min was evaluated by
the t-test. The obtained t-value (12.72) exceeded the critical value (2.78) and this confirmed
that the results were significantly different. This indicates that mechanical activation
significantly increases the adhesive properties of the sapropel.

1200

958 +17

—_
0] e}
) (e}
) (e}

466 + 52
400

Tensile strength, kPa
(o}
S

200

Activation time, min

Figure 3. Tensile strength of the sapropel activated for different durations.

Figure 4 shows a view of the hardened sapropel. It can be seen visually that the
unactivated sapropel hardens by forming a large-pore structure, while the mechanically
activated sapropel hardens by forming a dense closed-pore structure. It is likely that
similar hardening principles work during the formation of biocomposites, so, in the case
of using unactivated sapropel, some of the fillers remain uncovered by the sapropel and
homogeneous joints do not form.
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Figure 4. View of the hardened sapropel: 1—not activated; 2—activated for 3 min.

The previously examined works of scientists [17,19,20] do not provide more detailed
information on the methods and durations of sapropel activation, so it is not clear whether
the sapropel was activated. Bal¢itinas [26] used mechanical activation in his research, but
the duration and effect of activation were not analyzed.

3.2. Wood Waste

In Figure 5, the results of the studies on the bulk density of the wood waste particles
of different sizes are presented. The results of studies on the bulk density of wood waste
of different sizes show a difference of more than 40%. The largest fraction has the lowest
density, and the smallest fraction has the highest density. The higher density is determined
by the greater number of fine particles in the fine fraction (see Table 2) and the formation of
finer air gaps between the particles themselves (Figure 1).

140
123+2.3
mE 120 e
&b 100 96.9 + 0.5
'x\ 86.8+2.0 ——
.B’ p—
— 80
c
260
iy
S 40
/M
20
0

1 2 3

Number of specimen

Figure 5. Results of the bulk density of wood waste, when fraction, mm: 1—0/20; 2—0/10 and
3—0/5.

In Figure 6, the results of the thermal conductivity of the wood waste particles of dif-
ferent sizes are presented. The research results show the difference in thermal conductivity
between the different particle sizes and different specimen densities. The wood waste with
the lowest density and the highest fraction (0/20 mm) has the lowest thermal conductivity,
and the highest density particles (0/5 mm) have the highest thermal conductivity. Gen-
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erally, thermal conductivity for low-density materials is determined by the size of the air
gaps between particles, and for materials with a higher density by the amount of contact
zones between the solid particles. In our case, the difference in thermal conductivity is
small and, based on a detailed analysis of heat transfer methods [32], it can be said that the
number of contact zones, rather than the size of the air gaps, has the greater influence.

0.056
0.055 0.0548 £ 0.0010
0.054

0.053 0.05%5 * 0.0906

0.052 0.0516 £ 0.0011

0.051

Thermal conductivity, W/(mK)

0.05
1 2 3

Number of specimen

Figure 6. Thermal conductivity studies of wood waste, when fraction, mm: 1—0/20; 2—0/10 and
3—0/5.

The thermal conductivities of wood waste presented in the works of other authors
are similar to the research conducted in our work [33]. The thermal conductivity of the
wood waste determined by the authors ranged from 0.046 to 0.054 W /(mK). The authors
particularly emphasized the negative effect of particles smaller than 0.315 mm on thermal
conductivity. In our work, there was no large amount of fine particles due to additional
crushing, because the fine particles were retained in the air filter of the mill.

3.3. Thermal Conductivity and Compressive Stress of Biocomposite

Using wood waste particles of different sizes, different levels of compression, and
different amounts of binder (Table 2), a whole series of specimens was prepared to eval-
uate the thermal conductivity and compressive strength. The prepared specimens were
characterized by a large difference in density. The density of the specimens for the thermal
conductivity tests varied from 87 to 430 kg/m3 and the thermal conductivity from 0.0496
to 0.0817 W/(mK). The results of the thermal conductivity tests are presented in Figure 7.

In Figure 7, a large spread of results cannot be seen, so it is difficult to judge the effect
of various factors on the thermal conductivity of the biocomposite. To more accurately
evaluate the influence of the size of the filler fraction, the compression level of the molding
mixture, and the amount of sapropel in the mixture on the thermal conductivity of the
biocomposite, we grouped the results. The analysis of the grouped results showed that
the fine filler has a significant effect on the thermal conductivity of the biocomposite.
When using the fraction fillers of 0/5 mm, the thermal conductivity coefficient of the
biocomposite of the same compression and composition is 2-26% higher than when using
the fraction fillers of 0/10 or 0/20 mm. The smallest difference is observed at the lowest
biocomposite density and 20% compression, and the highest difference is observed at
the highest biocomposite density and 80% compression. When comparing biocomposites
formed from fraction fillers of 0/10 and 0/20 mm, there is no difference in the thermal
conductivity, or if there is, the difference is insignificant. The analysis of the results
shows that in all cases, using 0/5 mm fraction fillers, the density of the biocomposite is
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1.31-1.55 times higher, which explains the higher thermal conductivity values of the formed
biocomposites. When comparing the density of biocomposites, when fillers of fractions
0/10 and 0/20 mm are used, the density differences in all cases are only 1.06-1.09 times.

0.085
0.08 o
0.075
0.07
0.065
0.06
0.055
0.05
0.045

Thermal conductivity, W/(mK)

50 150 250 350 450
Density, kg/m3

Figure 7. Dependence of the thermal conductivity of the biocomposite on its density.

Increasing the amount of sapropel in the biocomposite mixture is of relatively minor
importance. By increasing the amount of sapropel in the mixture three times, the thermal
conductivity of the cured biocomposite increases only from 1.5% to 10.1%. Additionally,
increasing the amount of sapropel is more important for the biocomposites made from
the fraction 0/5 mm. For the biocomposites made from the 0/10 fraction, the maximum
increase in thermal conductivity is observed by 9.3%, and for biocomposites from the 0/20
fraction, only 5.6%.

The greatest increase in thermal conductivity is observed when the compression
of the specimens is increased. Although, after pressing 20%, the thermal conductivity
of biocomposites is very low and close to the thermal conductivity of the wood waste
itself, and in some cases even lower, but by further increasing the pressing every 20%,
a sudden increase in thermal conductivity is observed. When comparing the thermal
conductivity of the 80% pressed specimens with the 20% pressed specimens, an increase
of even 43.3% is observed when using a 0/5 mm fraction filler, and a significantly lower
thermal conductivity increase when using the 0/10 and 0/20 mm fillers, then there is an
increase of 26.7% and 26.4%, respectively.

The dependence of compressive stress on the density of the biocomposites is presented
in Figure 8. Analysis of the results shows that a 4 times increase in density resulted in
an approximately 80 times increase in compressive stress. The obtained compression
results were evaluated according to the size of the filler fraction, the compression level
of the molding mixture, and the amount of sapropel in the mixture. The analysis of the
results showed that using the same compression and the same filler fraction, and increasing
the amount of sapropel three times, the compressive stress of the biocomposite increases
by approximately 2 times, but the density increases only 1.06-1.30 times. The level of
compression also has a significant influence on the compressive stress. Increasing the
compression level by 20% increases the compressive stress by an average of 3.5 times. It
can be assumed that there is compaction of filler particles through the largest air gaps. This
assumption is confirmed when a different sized filler is used. Analysis of the results shows
that when a fine fraction of 0/5 mm is used, the compressive strength is obtained up to
20 times higher than when using particles of a fraction of 0/20 mm and is approximately
15 times higher than when using particles of a fraction of 0/10 mm. The level of compression
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also has a significant effect on the release of the excess water from the mixture. Over 80%
compression leads to intensive water release from the mixture; it is likely that some of the
solid sapropel particles are also removed with the water.

1.4

1.2

1

0.8

0.6

6,0, kPa

0.4

0.2

50 150 250 350 450
Density, kg/m?
Figure 8. Dependence of the compressive stress of the biocomposite at 10% deformation on its density.

Comparing the results of thermal conductivity (Figure 7) and compressive stress
(Figure 8), it can be seen that when the density of the biocomposite reaches approximately
300 kg/m?3, not only the compressive stress but also the coefficient of the thermal conduc-
tivity starts to increase suddenly. To obtain a biocomposite that has not only low thermal
conductivity but also sufficient strength, the mentioned density limit is very important.
Among the biocomposites at the density limit of 300 kg/m?, the biocomposites made from
mixture compositions of 2-10-2-12 and 3-10-3-12 had the highest strength and the low-
est thermal conductivity. The thermal conductivity of these biocomposites varied within
very small limits of 0.0612 to 0.0659 W /(mK), while the compressive stress values varied
approximately 2.5 times from 0.414 to 1.051 MPa.

Different fillers and their preparation methods lead to different properties of bio-
composites. For this reason, it is difficult to accurately compare the results obtained by
different authors. The density of the biocomposites obtained with the sapropel binder also
varies widely, from 157 to 540 kg/ m3 [16,19,26]. In the work [19], the thermal conductivity
of the biocomposites with wood particles was 0.06-0.061 and the compressive strength
was 0.19-0.77 MPa, which is very close to the biocomposites with the same density as in
our work.

In recent decades, biocomposites have been developed using various organic binders.
A commonly used binder is a starch-based binder. Pundiene et al. [34] found that the
compressive stress of the biocomposites with a starch-based binder varies from 0.49 to
1.4 MPa. The results obtained in [34] are similar to the results obtained in our work.

3.4. Structure of Biocomposite

The image of the structure of the prepared biocomposite is presented in Figure 9. The
analysis of the structure allowed us to determine a different view in different parts of the
wood waste particles. Figure 9a shows how the solidified sapropel is distributed over the
uneven surface of the particle. The uneven surface of the particle was formed during the
wood chipping process at the point of breakage of the wood particle. Since many small
fibers are formed at the fracture site during the preparation of the mixture, a lot of sapropel
accumulates between these fibers, which attaches to them during hardening. Figure 9b
shows how hardened sapropel coats the smooth surface of a wood particle. During curing,
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the sapropel attaches to the surface of the wood particles and between the longitudinal
grooves of the wood particles.

Figure 9. Structure of the biocomposite: (a) hardened sapropel on the rough surface of wood waste
particle, magnification x300; (b) hardened sapropel on the flat surface of wood waste particle,
magnification x300; (c) distribution of hardened sapropel on the surface of wood waste particles
magnification x5000.

To clarify the principle of action of the sapropel during the formation of the biocom-
posite, a higher magnification was used (see Figure 9c). Higher magnification showed
the formation of many discrete and very small zones of solidified sapropels on the wood
particles in all cases. Since the water content in the used sapropel is more than 90%, very
large contractions occur in the sapropel during curing, so the mass of the not yet hardened
sapropel splits due to high stresses and is almost evenly distributed over the entire area of
wood waste. In Figure 9¢, sapropel zones bonded to wood particles are observed, which
form a large number of contact zones. From the figure, it can be concluded that the contact
areas are sufficiently strong, as no cracks or splits are observed.

4. Conclusions

Mechanically activating the sapropel increases its spread by more than 60%, obtains a
homogeneous mass, and increases the tensile strength of the hardened sapropel more than
twice compared to the mechanically unactivated sapropel.

Wood waste is crushed in a mill with sieves of different mesh sizes, and the resulting
particles not only have different densities and thermal conductivity, but also change the
ratio of particles of different sizes.
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The thermal conductivity and compressive stress of the obtained biocomposites can
be adjusted by changing the filler fraction, the amount of sapropel, or the level of compres-
sion. The level of compression of the biocomposite during its production has the greatest
influence on the thermal conductivity and compressive stress of the biocomposite.

Laboratory biocomposite studies show good results, but in order to use sapropel for
the industrial production of biocomposites, it is necessary to carry out studies related to
moisture properties, dimensional stability, and durability, as well as to examine in detail
the other possible sapropel processing options, such as curing with the help of microwaves,
the partial drying of sapropel before use, the use of high pressure to remove water from
sapropel, etc.

Author Contributions: Authors Contributions: Conceptualization, S.V. and T.K.K.; methodology,
S.V. and M.B.X; software, S.V,; validation, A K. and J.5.-].; formal analysis, S.V.; investigation, S.V.,
M.B.K, TKK., AK.and ]S.—].; resources, S.V.; data curation, S.V.; writing—original draft preparation,
S.V,; writing—review and editing, S.V,, TK.K. and ].‘3.-]. ; visualization, M.B.K.; supervision, S.V. All
authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The study did not report any data.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Liu, Y.; Li, K. Development and characterization of adhesives from soy protein for bonding wood. Int. J. Adhes. Adhes. 2007, 27,
59-67. [CrossRef]

2. Huang, S.; Song, S.; Nielsen, C.P.; Zhang, Y.; Xiong, J.; Weschler, L.B.; Xie, S.; Li, J. Residential building materials: An important
source of ambient formaldehyde in mainland China. Environ. Int. 2022, 158, 106909. [CrossRef] [PubMed]

3. Kwak, K.; Paek, D.; Park, J.T. Occupational exposure to formaldehyde and risk of lung cancer: A systematic review and
meta-analysis. Am. |. Ind. Med. 2020, 63, 312-327. [CrossRef]

4. Duong, A; Steinmaus, C.; McHale, C.M.; Vaughan, C.P; Zhang, L. Reproductive and developmental toxicity of formaldehyde: A
systematic review. Mutat. Res. Rev. Mutat. Res. 2011, 728, 118-138. [CrossRef]

5. Soltanpour, Z.; Mohammadian, Y.; Fakhri, Y. The exposure to formaldehyde in industries and health care centers: A systematic
review and probabilistic health risk assessment. Environ. Res. 2022, 204, 112094. [CrossRef]

6. Huang, L.; Fantke, P; Ritscher, A.; Jolliet, O. Chemicals of concern in building materials: A high-throughput screening. |. Hazard.
Mater. 2022, 424, 127574. [CrossRef]

7. Mohamad, N.; Muthusamy, K.; Embong, R.; Kusbiantoro, A.; Hashim, M.H. Environmental impact of cement production and
Solutions: A review. Mater. Today Proc. 2022, 48, 741-746. [CrossRef]

8.  Galusnyak, S.C.; Petrescu, L.; Cormos, C.C. Environmental impact assessment of post-combustion CO, capture technologies
applied to cement production plants. J. Environ. Manag. 2022, 320, 115908. [CrossRef]

9. Belbute, ].M.; Pereira, A.M. Reference forecasts for CO, emissions from fossil-fuel combustion and cement production in Portugal.
Energy Policy 2020, 144, 111642. [CrossRef] [PubMed]

10. Fava, F; Totaro, G.; Diels, L.; Reis, M.; Duarte, J.; Carioca, O.B.; Ferreira, B.S. Biowaste biorefinery in Europe: Opportunities and
research & development needs. New Biotechnol. 2015, 32, 100-108. [CrossRef]

11. Ren,].; Du, G; Liu, S; Yang, H.; Ran, X,; Liu, C; Liu, T; Li, Z.; Zhou, X.; Gao, W.; et al. High-strength, self-initiated, wide pH
range of underwater adhesive suitable for different severe environments. . Chem. Eng. 2023, 455, 140640. [CrossRef]

12.  Zheng, L.; Zuo, Y,; Li, X.; Wu, Y. Biomimetic Swallow Nest Structure: A Lightweight and High-Strength Thermal Insulation
Material. ACS Nano 2022, 16, 8116-8127. [CrossRef]

13. Liu, T; Du, G.; Wu, Y,; Liu, C.; Yang, H.; Ni, K; Yin, C.; Ran, X.; Gao, W.; Yang, L. Activated wood surface and functionalized
cellulose co-building strong chemical wood bonding performance. Carbohydr. Polym. 2023, 305, 120573. [CrossRef] [PubMed]

14. Baléifinas, G.; Zvironaite, J.; Véjelis, S.; Jagniatinskis, A.; Gaiducis, S. Ecological, thermal and acoustical insulating composite
from hemp shives and sapropel binder. Ind. Crop. Prod. 2016, 91, 286-294. [CrossRef]

15. Obuka, V.; Sinka, M.; Klaving, M.; Stankevi¢a, K.; Korjakins, A. Sapropel as a Binder: Properties and Application Possibilities for

Composite Materials. In Proceedings of the 2nd International Conference on Innovative Materials, Structures and Technologies,
Riga, Latvia, 30 September—2 October 2015. [CrossRef]


http://doi.org/10.1016/j.ijadhadh.2005.12.004
http://doi.org/10.1016/j.envint.2021.106909
http://www.ncbi.nlm.nih.gov/pubmed/34619531
http://doi.org/10.1002/ajim.23093
http://doi.org/10.1016/j.mrrev.2011.07.003
http://doi.org/10.1016/j.envres.2021.112094
http://doi.org/10.1016/j.jhazmat.2021.127574
http://doi.org/10.1016/j.matpr.2021.02.212
http://doi.org/10.1016/j.jenvman.2022.115908
http://doi.org/10.1016/j.enpol.2020.111642
http://www.ncbi.nlm.nih.gov/pubmed/32565609
http://doi.org/10.1016/j.nbt.2013.11.003
http://doi.org/10.1016/j.cej.2022.140640
http://doi.org/10.1021/acsnano.2c01451
http://doi.org/10.1016/j.carbpol.2023.120573
http://www.ncbi.nlm.nih.gov/pubmed/36737209
http://doi.org/10.1016/j.indcrop.2016.06.034
http://doi.org/10.1088/1757-899X/96/1/012026

Materials 2023, 16, 2230 15 of 15

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Brencis, R.; Pleiksnis, S.; Skujans, ].; Adamovics, A.; Gross, U. Lightweight Composite Building Materials with Hemp (Cannabis
sativa L.). Chem. Eng. Trans. 2017, 57, 1375-1380. [CrossRef]

Stankevica, K.; Vincevica-Gaile, Z.; Klavins, M. Freshwater sapropel (gyttja): Its description, properties and opportunities of use
in contemporary agriculture. Agron. Res. 2016, 14, 929-947.

Daugyviliene, D.; Inovatyvios technologijos sapropeliui perdirbti i trasas ar dirvozemio gerinimo medZiaga suktirimas ir $ios
technologijos praktinis pritaikymas. Ataskaita. 2014. Available online: https://zum.lrv.lt/uploads/zum/documents/files /LT _
versija/ Veiklos_sritys/Mokslas_mokymas_ir_konsultavimas/Moksliniu_tyrimu_ir_taikomosios_veiklos_darbu_galutines_
ataskaitos/Sapropelis.pdf (accessed on 18 September 2022).

Obuka, V. Sapropel for the Development of Biocomposite Materials: Properties and Application Possibilities. Doctoral Thesis,
University of Latvia, Riga, Latvia, 2021.

Kozlovska, J. Research of Sapropel Use for Heat Production and Environmental Assessment. Summary of Doctoral Dissertation; Technika:
Vilnius, Lithuania, 2012; p. 24.

Steponavicius, P; Svitojus, A.; Baksiené, E.; Daugviliene, D. Organic Fertilizers Based on Sapropel and Their Production Method.
WO2012/055379A1, 3 May 2012.

Zvironaite, J.; Citinys, A.; Gerdzitinas, P. EZery valymo produkto—Sapropelio panaudojimo galimybiu tyrimai. Aplinkos InZinerija
2002, 10, 168-175.

Bogush, A.A.; Leonova, G.A.; Krivonogov, S.K.; Bychinsky, V.A.; Bobrov, V.A; Maltsev, A.E.; Tikhova, V.D.; Miroshnichenko, L.V.;
Kondratyeva, L.M.; Kuzmina, A.E. Biogeochemistry and element speciation in sapropel from freshwater Lake Dukhovoe (East
Baikal region, Russia). Appl. Geochem. 2022, 143, 105384. [CrossRef]

Krivonos, O.I; Terekhova, E.N.; Belskaya, O.B. Catalytic hydroprocessing of organic matter of sapropels. The effects of sapropel
nature on the yield and composition of products. Catal. Today 2021, 378, 126-132. [CrossRef]

Obuka, V.; Sinka, M.; Nikolajeva, V.; Kostjukova, S.; Ozola-Davidane, R.; Klavins, M. Microbiological Stability of Bio-Based
Building Materials. . Ecol. Eng. 2021, 22, 296-313. [CrossRef]

Balcitinas, G. Investigation of Building Composites with Fibre Hemp Shives. Doctoral Dissertation, Technika, Vilnius, Lithuania,
2015; p. 134.

EN ISO 12570; Hygrothermal Performance of Building Materials and Products—Determination of Moisture Content by Drying at
Elevated Temperature. European Committee for Standardization: Brussels, Belgium, 2000.

EN 13820; Thermal Insulating Materials for Building Applications—Determination of Organic Content. European Committee for
Standardization: Brussels, Belgium, 2003.

EN 1607; Thermal Insulating Products for Building Applications—Determination of Tensile Strength Perpendicular to Faces.
European Committee for Standardization: Brussels, Belgium, 2013.

EN 12667; Thermal Performance of Building Materials and Products—Determination of Thermal Resistance by Means of Guarded
Hot Plate and Heat Flow Meter Methods—Products of High and Medium Thermal Resistance. European Committee for
Standardization: Brussels, Belgium, 2001.

EN 826; Thermal Insulating Products for Building Applications—Determination of Compression Behaviour. European Committee
for Standardization: Brussels, Belgium, 2013.

Fricke, ]. Physical Aspects of Heat Transfer and the Development of Thermal Insulations. In Proceedings of the International
Conference and Workshop, EMPA, Duebendorf, Switzerland, 22-24 January 2001.

Augaitis, N.; Vaitkus, S.; Cztonka, S.; Kairyté, A. Research of Wood Waste as a Potential Filler for Loose-Fill Building Insulation:
Appropriate Selection and Incorporation into Polyurethane Biocomposite Foams. Materials 2020, 13, 5336. [CrossRef] [PubMed]
Pundiene, I.; Vitola, L.; Pranckeviciene, J.; Bajare, D. Hemp Shive-Based Bio-Composites Bounded by Potato Starch Binder: The
Roles of Aggregate Particle Size and Aspect Ratio. J. Ecol. Eng. 2022, 23, 220-234. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.3303/CET1757230
https://zum.lrv.lt/uploads/zum/documents/files/LT_versija/Veiklos_sritys/Mokslas_mokymas_ir_konsultavimas/Moksliniu_tyrimu_ir_taikomosios_veiklos_darbu_galutines_ataskaitos/Sapropelis.pdf
https://zum.lrv.lt/uploads/zum/documents/files/LT_versija/Veiklos_sritys/Mokslas_mokymas_ir_konsultavimas/Moksliniu_tyrimu_ir_taikomosios_veiklos_darbu_galutines_ataskaitos/Sapropelis.pdf
https://zum.lrv.lt/uploads/zum/documents/files/LT_versija/Veiklos_sritys/Mokslas_mokymas_ir_konsultavimas/Moksliniu_tyrimu_ir_taikomosios_veiklos_darbu_galutines_ataskaitos/Sapropelis.pdf
http://doi.org/10.1016/j.apgeochem.2022.105384
http://doi.org/10.1016/j.cattod.2021.02.011
http://doi.org/10.12911/22998993/134033
http://doi.org/10.3390/ma13235336
http://www.ncbi.nlm.nih.gov/pubmed/33255683
http://doi.org/10.12911/22998993/144637

	Introduction 
	Materials and Methods 
	Materials 
	Preparation of Specimens 
	Tests Metods 

	Results and Discussion 
	Sapropel 
	Wood Waste 
	Thermal Conductivity and Compressive Stress of Biocomposite 
	Structure of Biocomposite 

	Conclusions 
	References

