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Advanced Eco-Friendly Wood-Based Composites
Roman Reh, Lubos Kristak and Petar Antov

1 Faculty of Wood Sciences and Technology, Technical University in Zvolen, 960 01 Zvolen, Slovakia
2 Faculty of Forest Industry, University of Forestry, 1797 Sofia, Bulgaria
* Correspondence: roman.reh@tuzvo.sk

In collaboration with the MDPI publishing house, we are pleased to introduce the
reader to our new project, the Special Issue entitled “Advanced Eco-friendly Wood-Based
Composites”. This Special Issue provides an opportunity to investigate the advanced eco-
friendly wood-based composites from a broader perspective. The coronavirus pandemic
and shutdown measures employed to contain it, as well as the ongoing war, have influenced
and decelerated the world economy and adversely impacted the research activities on most
levels in all countries. Surprisingly, researchers in the field of wood-based composites have
continued to make progress, which is also described in this Special Issue.

The wood of forest trees is a renewable, sustainable and easily workable material and
has been widely used in construction, paper making, and furniture and as a feedstock
for biofuels. Wood composites are engineered wood-based materials that are fabricated
from a wide variety of wood and other non-wood lignocellulosic materials, bonded with
synthetic or natural bio-based adhesive systems, and designed for specific value-added
applications and performance requirements [1–6]. Traditional wood-based composites
are fabricated using synthetic formaldehyde-based adhesives that are commonly formed
from fossil-derived constituents, such as urea, phenol, and melamine [7–9]. Along with
their undisputable advantages, these adhesives are characterized by certain problems
related to the emission of hazardous volatile organic compounds (VOCs), including free
formaldehyde emissions from the finished wood composites, which is carcinogenic to
humans and harmful to the environment [10–12]. The growing environmental concerns
connected with the adoption of circular economy principles and the new, stricter legislative
requirements for the emission of harmful VOCs, such as free formaldehyde, from wood
composites pose new challenges for researchers and industrial practice. These challenges
are related to the development of sustainable, eco-friendly wood composites [13–15], the
optimization of the available lignocellulosic raw materials [16–18], and the use of alternative
resources [19–23]. The harmful release of formaldehyde from wood composites can be
reduced by applying formaldehyde scavengers to conventional adhesive systems [24–27],
by the surface treatment of the finished wood composites, or by the application of novel
bio-based wood adhesives as environmentally friendly alternatives to traditional synthetic
resins [28–30]. Another alternative to the use of synthetic formaldehyde-based adhesives is
the manufacturing of binderless wood composites, since wood is a natural polymer material
that is rich in lignocellulosic compounds such as cellulose, hemicellulose, and lignin.

This Special Issue represents a collection of 11 high-quality original research and
review papers that provide examples of the latest advancements in the development and
applications of eco-friendly wood-based composites.

In their paper, Bekhta et al. investigated the potential of incorporating lignin-based
additives, i.e., magnesium and sodium lignosulfonates, in urea-formaldehyde resin in
order to manufacture low-toxic, eco-friendly particleboards with acceptable physical and
mechanical properties and achieve reduced formaldehyde emissions [31]. The adhesive sys-
tem employed by the authors also included polymeric 4,4′-diphenylmethane diisocyanate
(pMDI) as a crosslinker. The authors determined that the lignosulfonate addition levels
varied from 10 to 30%, resulting in particleboards with physical and mechanical properties
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comparable to those of panels bonded with UF resin alone. In addition, the panels bonded
with lignosulfonates and pMDI exhibited a close-to-zero formaldehyde content, reaching
the super E0 emission grade of ≤1.5 mg/100 g.

In another paper, Mirski et al. studied the effect of the structure of lattice beams on
their strength properties [32]. Based on the results obtained from the study, it was concluded
that the solutions proposed by the authors represent alternatives to wooden trusses, which
are joined with flanges using punched metal plate fasteners. However, it should be noted
that, at the current stage of this research, these solutions exhibited approximately 30%
lower static bending strength values than trusses fabricated with metal plates.

The feasibility of employing novel lightweight panels fabricated from waste corrugated
cardboard and beech veneer, as structural materials with applications in interior and
furniture construction, was studied by Jivkov et al. [33]. In laboratory conditions, the
authors developed two types of multi-layered panels and evaluated the bending moments
and stiffness coefficients of seven different types of end corner joints (demountable joints
and those fixed with an adhesive) formed from the developed composites. The authors
concluded that these materials can be successfully used in the construction of furniture and
other interior elements.

Following the circular economy principles, i.e., the reuse, recycling, or upcycling of
materials for the purpose of the increased utilization of waste and by-products in value-
added applications, Mirski et al. investigated the possibilities of using waste wood particles
obtained from the primary wood processing as a filler for polyurethane foams (PUR) with
an open-cell structure [34]. It was found that the addition of 10% waste wood particles
resulted in 30% increased compressive strength values of the PUR foam and 10% decreased
thermal conductivity, respectively. The authors concluded that the developed composite
foams can be efficiently used in thermal insulation applications in the construction of
prefabricated buildings.

In another interesting study, an attempt was made to predict the mechanical properties,
i.e., the modulus of elasticity (MOE) and modulus of rupture (MOR), of artificially weath-
ered fir, alder, oak, and poplar wood by investigating the variations in the color parameters
of the wood samples and developing a machine learning model [35]. It was found that
the deflection to failure of the wood samples increased with the weathering, which was
attributed to the increased viscoelasticity of the weathered wood samples. Significantly,
the experimental work was performed only on small-sized, clear wood samples without
defects. Thus, the effectiveness of the developed model should be further analyzed using
large-sized wood specimens.

Handika et al. reported the isolation of lignin from black liquor, used as a pre-
polymer for the preparation of bio-based polyurethane resin, which was exploited for the
impregnation of ramie fiber (Boehmeria nivea (L.) Gaudich) with the aim of improving its
thermal and mechanical properties [36]. One-step fractionation of the isolated lignin was
performed using methanol and acetone as solvents. Based on the experimental results, the
authors concluded that the increased mechanical properties, i.e., the tensile strength and
MOE, as well as the enhanced thermal stability of the impregnated ramie fiber, could expand
its future potential for wider industrial application as a sustainable and functional material.

Wronka et al. studied the potential of using raspberry (Rubus idaeus L.) and black
chokeberry (Aronia melanocarpa (Michx.) Elliott) lignocellulosic particles for manufacturing
particleboards intended for furniture applications [37]. The authors also characterized the
wooden particles, obtained from the re-milling particleboards, in order to evaluate their
recycling possibilities. The authors reported the successful fabrication of particleboards
from both lignocellulosic by-products. Significantly, the addition of raspberry particles
should not exceed 50% in order to obtain boards with mechanical properties that fulfil
the European standard requirements. In addition, it was found that the upcycling of
the particles obtained from the re-milled panels is rather limited due to the significantly
different fractions and shape of particles.
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The study carried out by Dukarska et al. aimed to investigate and characterize the
physical properties of wood particles intended for the manufacturing of particleboards
according to their moisture content [38]. It was found that the increased moisture content of
the wood particles resulted in an increase in their dimensions, regardless of their degree of
fineness, as well as an increased slippery angle of repose. In addition, the greater moisture
content of the particles resulted in an increased tapped bulk density for both types of
particles evaluated, e.g., the microparticles of the outer layers of the particleboards and the
particles of the core layers of the panels. The results obtained could be of great benefit in
the industrial practices of the wood-based panel industry with respect to the optimization
of the technological parameters and related production costs.

One of the greatest challenges for the wood composite industry is the increased de-
mand for wood and other lignocellulosic raw materials [39–41]. This has led to significantly
increased interest in the industrial and research sectors in efforts to identify alternative
raw materials as natural feedstocks for the production of wood composites. In their study,
Pędzik et al. evaluated the potential of using walnut (Juglans regia L.) wood residues as an
alternative raw material for the production of particleboards [42]. The authors reported that
the mechanical properties of the panels, which were produced in the laboratory with 50%
walnut wood particles, fulfilled the European standard requirements for particleboards
intended for load-bearing applications.

Exposure to wood dust is one of the greatest occupational hazards to the health and
safety of workers in wood-processing and furniture enterprises [43–46]. The results of the
study carried out by Dembiński et al. will be of great benefit for the industrial practice
of furniture factories in terms of methods for predicting the separation efficiency in the
long-term use of filter bags employed in the wood-based panel industry [47].

Last but not least, a comprehensive review of the possibilities of using hemp as an
abundant and renewable natural raw material for the polymer industry was conducted
by Tutek and Masek [48]. The authors presented and critically discussed the chemical
composition and physical and mechanical properties of hemp fibers, oil, wax, and extracts
and provided relevant examples of the use of hemp derivatives in polymer composites.

The ongoing transition of the wood-based panel industry toward a circular, low-carbon
bio-economy is a strong prerequisite for the continuous development of sustainable and
eco-friendly wood composites. The examples presented herein represent only a selection
and short overview of the future research trajectories related to the development, properties,
and applications of innovative, high-performance, eco-friendly wood composites with a
lower environmental impact.
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Fatriasari, W.; et al. Particleboard from Agricultural Biomass and Recycled Wood Waste: A Review. J. Mater. Res. Technol. 2022,
20, 4630–4658. [CrossRef]

7. Mantanis, G.I.; Athanassiadou, E.T.; Barbu, M.C.; Wijnendaele, K. Adhesive systems used in the European particleboard, MDF
and OSB industries. Wood Mater. Sci. Eng. 2018, 13, 104–116. [CrossRef]

8. Dorieh, A.; Ayrilmis, N.; Pour, M.F.; Movahed, S.G.; Kiamahalleh, M.V.; Shahavi, M.H.; Hatefnia, H.; Mehdinia, M. Phenol
formaldehyde resin modified by cellulose and lignin nanomaterials: Review and recent progress. Int. J. Biol. Macromol. 2022, 222,
1888–1907. [CrossRef]

9. Barbu, M.C.; Irle, M.; Réh, R. Wood Based Composites. In Research Developments in Wood Engineering and Technology; Aguilera, A.,
Davim, P., Eds.; IGI Global: Hershey, PA, USA, 2014; Chapter 1; pp. 1–45.

10. Kumar, R.N.; Pizzi, A. Environmental Aspects of Adhesives–Emission of Formaldehyde. In Adhesives for Wood and Lignocellulosic
Materials; Wiley-Scrivener Publishing: Hoboken, NJ, USA, 2019; pp. 293–312.

11. Walkiewicz, J.; Kawalerczyk, J.; Mirski, R.; Dziurka, D.; Wieruszewski, M. The Application of Various Bark Species as a Fillers for
UF Resin in Plywood Manufacturing. Materials 2022, 15, 7201. [CrossRef]
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Abstract: The relationship between the conditions of the use of filter bags made of non-woven fabric
and the separation efficiency of wood dust generated in a furniture factory was experimentally
determined in the conditions of pulse-jet filtration using a pilot-scale baghouse as waste during the
processing of wood composites. The experiments were carried out, and we describe the results of
the experiment as consisting in assembling one type of filter bag in two dust extraction installations
operating under different operating conditions in the same furniture factory. The filter bags working
in the assumed time intervals were then tested for their separation efficiency using a stand for testing
filtration processes on a pilot scale. The test results are presented in the form of graphs and tables
describing both the characteristics of the dust extraction installations and the filter fabric used, as well
as the separation efficiency of bags used at different times in different industrial operating conditions
for each of them. The conducted research allowed us to recognize the phenomenon of filtration in
relation to a very important value, which is the separating efficiency of dust extraction in various
operating conditions of dust extraction installations in a furniture factory during the long-term use of
filter fabrics. The obtained results allowed us to determine the separation efficiency for the tested
bags at a level of over 99.99% and to state that this separation efficiency increased with the working
time of the bag. The structure of the outlet dust from filters in the wood composites processing factory
constitutes an element of the working environment if the purified air is returned in a recirculation
circuit to the interior of the working area. Thanks to this, it is possible to predict the separation
efficiency in the long-term use of filter dust collectors for wood dust in furniture factories.

Keywords: separation efficiency; wood dust; long-term filtration; dust filtration; maturation of
filter bags

1. Introduction

Technological progress that is taking place in the furniture industry, in addition to
comprehensive benefits, also brings about threats in the form of increasing interference with
the natural environment. One of its expressions is the increasing demand for wood and its
products [1–4]. The growing amount of wood consumption and wood products produced
worldwide is directly related to the increase in dust emissions from wood processing and
wood composites. These pollutants pose a very serious threat to human health. Wood
dust is one of the most dangerous pathogens found inside factories processing wood
materials [5–10]. The dimensions of the dust particles and their properties are conducive to
long-term floating in the air, which is a very serious exposure for people staying in it as the
exposure is a harmful factor to the human body. Therefore, the dust concentration in the air
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is an amount that should be systematically controlled, and it should be ensured that its level
does not exceed the permissible concentrations [11–15]. In order to prevent the harmful
effects of wood dust, the permissible amount in the air surrounding the woodworking
stations has been determined. Until 2018, the permissible concentration of beech and oak
wood dust in the inhaled air was 2 mg·m−3, and for the dust of other species, 4 mg·m−3. In
2018, the regulations were harmonized, and as a result of the compromise, the standard of
wood dust concentration in the inhaled air for all wood species was 3 mg·m−3 [16]. From
January 2022, the maximum permissible concentration of the inhalable fraction will be only
2 mg·m−3. To reduce the amount of wood dust in the air, it is worth paying attention to the
sources of its formation and the phenomena occurring during air purification from dust
particles. The amount of dust in the working environment under air recirculation conditions
depends on an efficiently conducted filtration process. The quantity describing the filtration
process is, apart from the filtration resistance, also the dust separation efficiency. In these
works, various aspects related to the pulse-jet filter were investigated. Unfortunately, most
of the work is not concerned with wood dust, which makes it necessary to conduct research
to explain the phenomena occurring during the filtration of wood dust. Since it is a very
complex process, it must be carefully directed. Problems related to dust filtration have
been the subject of previous papers [17–21]. Increasing the filtration separation efficiency
or the influence of the filter fabrics used has already been the subject of research [22,23].
However, it is difficult to find studies whose results would show the variability of filtration
efficiency depending on the length of time the filter bags are used. In order to assess the
filtration process and the air quality at the outlet of the filter, it is, therefore, necessary to
know the ability of the filters to clean it with the assumed filtration efficiency in the period
of long-term use in industrial conditions. This issue was investigated in the past by Thorpe
and Brown [24], who undertook to investigate the emission and filtration efficiency of dust
from hand sanders used in the wood industry, but their research was based on a process
supervised in laboratory conditions, assuming that during the operation of the tested
sander, attempts were made to simulate the conditions of industrial use. The researchers
only had new filter materials at their disposal. However, the efficiency of filtration depends
not only on the design of the filters and the type of filter fabric used in it but also on
the length and conditions of use of the filters in factories [25]. It is its ability to retain
dust during long-term work in industrial conditions that should be the subject of current
research on filtration processes in the wood and wood processing industry.

The aim of the paper is to an experimental study of the separation efficiency of the
filter fabric operating in two different industrial filters, considering the different service
lives of filter bags made of this fabric. Moreover, an attempt to determine the influence
of the bag working time in industrial conditions on its separation efficiency was made.
Understanding this issue will allow the characterization of the nature of the filtration
phenomenon in industrial conditions and the impact on it by the properties of waste,
which, despite the constantly improved technology and conducted research [22,23,26–33]
on dust extraction, still pass through the filter and pose the most significant air pollution
hazard in the wood industry. Thus far, no studies have been carried out to determine the
filtration efficiency of filter bags operating for a long time in industrial conditions. The
obtained information will become the basis for determining the requirements for the use of
non-woven filter fabrics for wood dust separation.

2. Materials and Methods
2.1. General Assumptions

The IKEA Industry furniture factory in Lubawa (Poland) was selected as the research
site. The main reason for this choice is the very large scale of highly automated production,
which for each type of processing has different technological solutions and dust extraction
installations, which are an excellent source of obtaining a lot of information on the phe-
nomena occurring during the separation of various types of dust waste from various wood
composites machining operations. The tests were carried out for two different operating
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lines: surface treatment line and drilling centers line. Both lines are equipped with a JKF
filter (Berzyna, Poland), in which the Gutsche filter bags (Fulda, Germany) were installed.
Despite the fact that the same bags are assembled, both filters differ in design.

2.2. Samples Used for Testing

According to the assumptions, filter bags used in the IKEA Industry furniture factory
in Lubawa were collected for the tests. Several new bags were inserted into the selected
filters of two technological lines, which were removed at two-month intervals to perform
the necessary experimental procedures. The bags, after being shortened to a length of
1500 mm, were installed on pilot-scale testing stand in the laboratory, and the separation
properties of materials previously operated for a certain period in industrial conditions
were tested. The list of the obtained samples of bags is presented in Table 1.

Table 1. Test bags obtained from the furniture factory.

Dust Exhaust Installation Bag Working Time [Days] Bag Producer

Narrow surfaces treatment line
0, 67, 133, 272 GutsheDrilling centers line

2.3. Narrow Surfaces Treatment Line of Furniture Panels

Two narrow surface processing sublines are connected to the dedusting installation.
The main subline is a set of two machine tools that format and edge band furniture elements
on both sides simultaneously. The machine tools have their own transport of elements,
which are cut, formatted, and edge band at individual stages depending on the needs.
Both machines on the line are separated by a turntable, thanks to which, after turning
the elements by an angle of 90◦, it is possible to process four sides of an element. The
processing is carried out with circular saws and cutters. The line is adapted to producing
elements made of particleboard, MDF, or solid wood. The auxiliary line processes one
narrow surface of the bed joint and other narrow pieces of furniture. The same tools are
used here as in the mainline. The total amount of waste generated on the line is 250 kg·h−1

with an average particle size of 140.88 µm. It is equipped with a two-part dust exhaust
installation with one filter at the end. The production scheme on this line is described in
the publication by Dembiński et al. 2021 [32].

2.4. Drilling Centers Line

At this point, a set of five numerically controlled drilling machines, used mainly
for making structural holes in furniture elements, is connected to the dust extraction
installation. Movable tilting spindles are also used for cutting curved elements with end
mills. The machine tools are also equipped with a module for edge banding narrow surfaces
of furniture elements. Dust with an average particle size of 168.64 µm in the amount of
about 100 kg·h−1 is generated on the line of CNC drilling machines. The operation of the
line was described in the publication by Dembinski et al. 2021 [34].

2.5. Characteristics of Dust Extraction Installations, Filters, and Filter Fabrics

Both the line for the narrow surface treatment and the line of drilling centers line are
served by two installations connected to filters serving individual lines. Dust extraction
installations for both narrow surface treatment lines and drilling center lines are equipped
with JK-90 MT fans (Berzyna, Poland). Their chambers contain a different number of filter
bags (140 pcs. In the filter in the extraction system on the narrow surface treatment line and
162 pcs. The air demand in dust extraction systems for each line is over 55,000. m3·h−1.
The filtration speed value in the filter for the narrow surface treatment line is 4.918 cm·s−1

and 4.653 cm·s−1 in the filter for drilling center line. The filter bags were regenerated with
an interval of 606 s in the filter for the narrow surfaces treatment line, while in the filter
for the line of drilling centers line, this interval was 690 s. The dust load was respectively
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4.509 g·m−3 for the narrow surface treatment line and 1.671 g·m−3 for the drilling centers
line. The exact operating parameters of filters and dust extraction installations are described
by Dembiński et al. 2021 [32]. Gutsche filter bags were installed in the described filters.
The basic technical parameters of the material of filter bags are presented in Table 2.

Table 2. Basic technical parameters of the filter bags used according to the manufacturer.

Parameter Unit Parameter Value

Bag producer Gutshe
Material type/symbol Polyester with PP film
Material weight g.m−1 400
Material thickness mm 1.5
Tensile strength—lengthwise daN·5 cm−1 40
Tensile strength—across daN·5 cm−1 50
Air permeability dm3·min−1·dm−2 250
Surface finishing Thermal stabilization, calendering
High-temperature resistance ◦C 90
Acid resistance Good
Alkali resistance Sufficient
Water-resistant Weak
Declared filtration efficiency
for particles > 2.5 µm % 99.998

Declared filtration efficiency
for particles < 2.5 µm % 99.957

2.6. Laboratory Research Stand

The filter bags obtained at the factory were tested on the stand for testing the filtration
process on the pilot scale. The stand is used to determine the basic filtration parame-
ters under set conditions. During the tests, the filtration parameters were maintained,
corresponding to the actual conditions found in the industrial filter. In achieving these
conditions, measurement and control systems were used:

• Dust dosing system in the intended amounts and concentration;
• Control valve for adjusting the volumetric capacity of the main air circulation fan;
• System controlling the frequency of regeneration of the filter element.

During the filtration at the testing stand, measurements of the number of dust particles
at the outflow pipe were made at 5 min intervals. This measurement was performed using
a Hiac/Royco 5250 A model laser particle counter (Rockford, IL, USA). Sampling was
performed for 30 s five times during each filtration cycle. This device can automatically
measure the number of particles in the purified air at the rated airflow through the measur-
ing system equal to 2.831685 × 10−2 m3·min−1. Using a counter, you can determine the
number of particles broken down into individual fractions from 0.5 to 25 µm. The counter
shows the number of particles with the following sizes: 0.5; 1.0; 2.0; 3.0; 5.0; 10.0; 15.0;
25.0 µm. This gives the dimensional structure of the dust content in the purified air and
further allows to determine the separation efficiency of the filter materials.

The diagram of the laboratory stand operation is presented in Figure 1.
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Figure 1. Test rig set-up: 1. filtering chamber, 2. hopper, 3. clean air chamber, 4. inlet, 5. dust inlet
tube, 6. mucus feeder, 7. screw dust feeder DSK-I-04p (HYDRAPRESS, Białe Błota, Poland) 8. outflow
pipe, 9. metal cage, 10. filtering bag, 11. cleaning nozzle, 12. electromagnetic valve, 13. compressed
air tank, 14. The controlling device, 15. main fan, 16. gate valve, 17. Prandtl tube, 18. inclined-tube
manometer type MPR-1 (ZAM Kety, Poland), 19. differential manometer type CMR-10 A (ZAM Kety,
Poland), 20. printer.

All bags were tested under the same controlled filtration conditions as presented in
Table 3. The filtration parameters were selected based on previous tests carried out for wood
dust corresponding to the operating conditions of industrial filtration [19,27,28,33–37].

Table 3. Filtration parameters during testing of filtering non-wovens.

Parameter Unit Parameter Value

Maximum airflow velocity in the main
fan duct (Figure 1 p. 15) w m·s−1 4.290

Average velocity
−
w = 0.85 w m·s−1 3.646

Air volume flow V
m3·s−1 0.0286
m3·h−1 103.0

Air to cloth ratio f m3·(m2·h)−1 145.8
Filtration velocity wf m·s−1 0.0405
Dust concentration G·m−3 10

The observed results were then compared with each other with regard to the working
time of the bag.
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2.7. Dust Used for Laboratory Tests

The bags were tested using test beech dust with a bulk density of 177.8 kg·m−3 from a
bent furniture factory. The particle-size distribution of dust was determined by the sieve
method using a Retsch AS200 (Haan, Germany) sieve machine.

2.8. Separation Efficiency

In order to determine the separation efficiency, the mass of dust particles in the air on
both sides of the filter bag was determined. The mass of dust particles in the inlet dust
in fractions corresponding to the size ranges for the dust content in the purified air was
determined based on the setting of the dust feeder to the filtration chamber (10 g·m−3)
and the determination of the particle size distribution of dust in sieve fraction < 0.032 mm
carried out with the laser particle sizer Analysette 22 Micro-tec plus (Firtsch, Idar-Oberstein,
Germany). The quantitative-dimensional structure of the dust in the incoming air to the
bag in the test stand was determined concerning the assumed dimensional channels in
accordance with the empirical particle distribution function, using the method described
earlier in the study of Rogoziński (2016) [28] and presented in Table 4.

Table 4. Dust mass in the in 1 m3 of inlet air.

Dimensional Range [µm] Percentage [%] Inlet Fraction Mass
[g]

Inlet Fraction Mass
[kg]

<0.5 0.173983 0.0173983 1.73983 × 10−5

0.5–1 0.035953 0.003595325 3.59533 × 10−6

1–2 0.008763 0.00087631 8.7631 × 10−7

2–3 0.007876 0.000787628 7.87628 × 10−7

3–5 0.100016 0.010001631 1.00016 × 10−5

5–10 0.703310 0.070331044 7.0331 × 10−5

10–15 0.980705 0.098070539 9.80705 × 10−5

15–25 1.906999 0.190699982 0.0001907
Total Dimensional range

from 0.5 µm to 25 µm 0.391760759 0.000391761

more than 25 µm 96.082392 9.608239241 0.009608239

The separation efficiency of the tested filter bags was calculated for particles in the
range of 0–25 µm. The dust content and the shares of its individual fractions in the purified
air were determined based on the results of measurements carried out using the Hiac laser
particle counter. The results obtained from the measurement of the number of particles
per 1 m3 in the purified air were then converted into the mass of particles in individual
fractions. The mass of dust particles in the filtered air in a given fraction per 1 m3 of air
was determined according to Formula (1).

m1i = Vcz·msd·a [kg] (1)

where:
Vcz—dust particle volume [m3]
msd—mass of wood substance (1500 kg·m3)
a—the number of particles in each size range obtained from a particle number mea-

surement performed.
The volume of the dust particle Vcz was calculated assuming that it takes the shape

of a sphere with a diameter D equal to the arithmetic mean of the given size range in the
measuring range of the particle counter according to Formula (2).

Vcz =
π

6
D3 (2)
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After calculating the mass of particles in the purified air for individual fractions, their
values were summed up to obtain the mass of dust of all 8 ranges in one cubic meter of
purified air.

mi =
8

∑
i=1

m1i (3)

The next step in the calculations was determining the separation efficiency for individ-
ual fractions in the filtered air. It was determined from the Equation (4).

ηi =
m0i − m1i

m0i
·100% (4)

where:
ηi—separation efficiency for individual fractions
m0i—the mass of particles at the inlet to the filtration chamber of the given fraction
m1i—the mass of particles leaving the chamber for a given fraction
The final stage was to determine the total efficiency. It was determined according to

Formula (5).

η =
∑8

i=1(m0i − m1i)

∑8
i=1 m0i

(5)

3. Results and Discussion

The particle-size distribution test was performed three times, and the result was aver-
aged. The set of sieves used allowed for the separation of particles in size ranges from 0.00
to 0.032; from 0.032 to 0.063; from 0.063 to 0.125; from 0.125 to 0.500; and from 0.500 to
1.000 mm. The results are shown in Figure 2.
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Based on the Equation (3), the mass of particles in 1 m3 of purified air was determined.
The calculation of this value is necessary to determine the separation efficiency of tested
materials. The results for both lines are presented in the graphs (Figures 3 and 4).
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When analyzing the graphs in Figures 3 and 4, it can be concluded that in the
case of bags obtained from the filter in the installation connected to the drilling centers
line (Figure 3), the total mass of particles in the purified air decreases with the extended
period of industrial bag operation. The process is clearly different between a new bag and
a bag that has been used for 133 and 272 days.

The analysis of the mass of particles in the purified air with the use of bags ob-
tained from the filter in the dust extraction installation of the narrow surfaces treatment
line (Figure 4) shows that the filtration process for a period of 133 days ran without sig-
nificant changes in relation to the initial state in regards to the number of particles in the
filtered air. The situation changed with the extension of the service life, and for 272 days,
the mass of particles in the purified air decreased significantly in relation to the new bag.
The decrease in the number of dust particles along with the bag operation time was found
in their research by Dolny and Rogoziński in 2012 [27] and by Rogoziński [28]. The tests
carried out by these authors confirmed that filtration time is one of the factors influencing
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filtration efficiency. These studies also showed a decrease in the filtration efficiency for
particles that most penetrate the human respiratory tract, i.e., in the size (size) 2 and 3 µm.

The dependences presented in Figures 3 and 4 show the influence of the operation
time of the bag in the industrial dust collector on the mass of the test dust in the outlet air
from the test stand. In the case of the bags from the filter of the line of drilling centers line,
it is clearly visible that with increasing the operation time of the bags in the industrial dust
collector, the mass of test dust in the purified air during the test systematically decreases.
The decrease in dust mass is faster in the initial filtering period and gradually slows down.
In Figure 3, we see a large difference in dust mass between a new and a used bag for
133 days. This difference is much smaller if the total mass of dust is compared between the
used bags of 133 and 272 days. Therefore, it can be concluded that the dust mass retained
in the filter in the first phase of filtration is greater than in the later periods of operation.
The dust mass in the filtered air looks slightly different for the bags from the filter in the
narrow surfaces treatment line (Figure 4). While in the first phase of filtration (133 days), a
decrease in the dust mass in the outlet air is noticeable, the further use of the bag (up to
272 days) does not change this mass significantly.

The next step in analyzing the results was to determine the separation efficiency for
individual dust fractions according to Formula (3). By calculating the separation efficiency
for each of the tested dust fractions, the dependence of this efficiency on the particle
size was obtained. These dependencies are shown in Figures 5–8 as graphs of fractional
separation efficiency.

Laboratory tests have shown that the tested filter bags have the lowest separation
efficiency for particles of 2 µm. It is a characteristic effect of shaping the separation efficiency
of filter wood dust collectors using textile filter materials. A similar observation was found
during their research by Rogoziński and Trofimov [33] and Rogoziński [35]. However, they
showed that one of the critical factors influencing the efficiency of wood dust separation is
air humidity. It has been shown that with increasing air humidity, the filtration efficiency
rises. It has also been confirmed that thermal modification of the filter fleece surface
increases filtration efficiency. Nevertheless, non-woven filter materials remain the least
effective for particles of this size.
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A decrease in the separation efficiency for particles in the range of 2 to 5 µm was also
demonstrated in the studies by Jackiewicz and Gradoń [22]. These researchers focused on

16



Materials 2022, 15, 3232

increasing dust removal efficiency by using various non-wovens, showing that the use of
thinner fibers or the use of the electrostatic effect in separation significantly increases its
efficiency for aerosol particles. Xiao et al. [38] came to similar conclusions. They found
that in addition to the thickness of the fiber, the filtration efficiency is also influenced by
the increase in the surface density of the non-woven layer while maintaining the same
fiber diameter and the pore size in the non-woven fabric. These studies, however, did not
concern the influence of the aging of non-wovens on filtration efficiency.

The characteristic “V” shape on the separation efficiency chart for the 2 µm fraction was
also obtained during the tests of two unused different filter fabrics (non-woven polyester
fabric with an anti-clogging thermo-bonded surface and acrylic polymer microporous
coating over a polyester non-woven fabric) [23]. This corresponded to the lowest separation
efficiency for the most penetrating particles, i.e., depending on the non-woven fabric used,
from 2 to 4 µm. Unfortunately, also, in this case, we are not dealing with testing non-wovens
used in a long-term manner.

A decrease in the separation efficiency for particles with dimensions of 0.1–0.2 µm
was also observed by other researchers. Balgis et al. [32] showed a similar relationship for
the filtration of cellulose triacetate using a non-woven fabric with porous structures.

The study of separation efficiency in plywood production was presented by Welling
et al. [5]. They considered wide-belt sanders connected to a common suction system with a
100% polyester filter fabric with a weight of 420 g·m−2. The study compared the separation
efficiency of an industrial filter with various filtering materials during work in laboratory
conditions with MDF dust. In addition to factory filter fabric (100% polyester filter with a
weight of 420 g·m−2), glass fiber filters, glass microfiber, and paper filters were also tested.
In this case, the lowest separation efficiency was recorded for dust in the range of 2 to
4 µm for the filter used in the factory. The remaining materials were approximately 90%
effective for this particle size. The separation efficiency increased with increasing particle
size. Unfortunately, these authors do not provide the duration of the bags’ operation in the
factory, so their results cannot be directly compared to those presented in this work.

Graphs 7 and 8 show separation efficiency depending on the operation time of the
non-woven fabric for individual wood dust fractions. It can be clearly seen that in the case
of filter bags obtained from the narrow surfaces treatment line, the separation efficiency
increases for all dust fractions with the increasing working time. The most significant
increase in filtration efficiency over time was observed for the 2 µm particle size after
133 days. The separation efficiency of bags from the filter of the drilling centers line
was slightly different. Here, in contrast to the filtration of dust from the narrow surfaces
treatment line, the filtration efficiency for the most penetrating dust (2 µm) had the lowest
values after 133 days. After 272 days of filtration, it increased, confirming the beneficial
effect of filtration time on its efficiency. Such a result may indicate that the bag was
mechanically damaged during operation in industrial conditions. It took a long time for
the incoming dust to fill the damage and the separation efficiency for the most penetrating
particles began to increase.

The final step was to determine the total filtration efficiency of the tested materials for
both lines. The results were calculated on the basis of Formula (5) and presented in Figure 9.
The results obtained for different working times of the filter materials were compared. In
any case, the overall separation efficiency is very high. Similar results to those obtained
in the research were obtained by Thorpe and Brown [24]. They examined the separation
efficiency of beech dust generated when sanding wooden elements in simulated industrial
conditions encountered in wooden furniture factories. These researchers showed that for
hand sanders with external filter bags, the efficiency, depending on the granulation of the
sanding paper used, ranged from 97.19 to 99.99%. Concerning the overall efficiency results,
an analysis of variance (ANOVA) was performed. Thanks to it, it can be concluded that
the use of the bag in the installation of the narrow surfaces treatment line for a period
of 133 days does not show significant differences in separation efficiency compared to
the control sample, i.e., a new, unused bag. Extending the operation time of the bags to
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272 days in the same installation increased the separation efficiency, and similarity was
found between its separation efficiency and the efficiency of other filters (narrow surfaces
treatment line 133, drilling centers line 133, and drilling centers line 272). The bags from the
dust extraction installations of CNC drills show a significantly higher filtration efficiency
than the other tested ones.
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4. Conclusions

The conducted tests have shown that the filtration efficiency of bags operating in
industrial conditions depends on the filtration conditions as well as the amount and
properties of dust. The dust mass in the purified air decreases with the duration of use of
the filter bags.

The analysis of the fractional dust separation efficiency clearly showed that for very
small (0.5 and 1 µm) and large particles (over 3 µm), the efficiency reaches very high values.
The least effective was for particles with a size of 2 µm.

It was also found that for the bags from both dust extraction installations, separation
efficiency is higher with longer use of the bag, and so for the extraction installation in the
line of CNC drilling machines, the efficiency increased earlier and to a higher level than for
the filter of the installation in the narrow surfaces treatment line.
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Abstract: The depletion of natural resources and increased demand for wood and wood-based
materials have directed researchers and the industry towards alternative raw materials for composite
manufacturing, such as agricultural waste and wood residues as substitutes of traditional wood.
The potential of reusing walnut (Juglans regia L.) wood residues as an alternative raw material in
particleboard manufacturing is investigated in this work. Three-layer particleboard was manufac-
tured in the laboratory with a thickness of 16 mm, target density of 650 kg·m−3 and three different
levels (0%, 25% and 50%) of walnut wood particles, bonded with urea-formaldehyde (UF) resin.
The physical properties (thickness swelling after 24 h) and mechanical properties (bending strength,
modulus of elasticity and internal bond strength) were evaluated in accordance with the European
standards. The effect of UF resin content and nominal applied pressure on the properties of the
particleboard was also investigated. Markedly, the laboratory panels, manufactured with 50% walnut
wood residues, exhibited flexural properties and internal bond strength, fulfilling the European
standard requirements to particleboards used in load-bearing applications. However, none of the
boards met the technical standard requirements for thickness swelling (24 h). Conclusively, walnut
wood residues as a waste or by-product of the wood-processing industry can be efficiently utilized in
the production of particleboard in terms of enhancing its mechanical properties.

Keywords: alternative raw material; walnut; applied pressure; wood residues; resin content;
particleboard; physical and mechanical properties

1. Introduction

The global demand for wood and wood-based materials is constantly increasing. Using
wood more efficiently to meet projected demands for the production of wood-based panels
is a key circular economy principle [1,2]. The growing environmental concerns and recent
legislative regulations, related to promoting the cascading use of natural resources, have
posed new challenges to both the wood-based panel industry, related to the optimization
of the available wood and other lignocellulosic raw materials, recycling, reusing wood and
wood-based composites, and the search for alternative resources [3–5].

A problem for many companies and producers of wood and wood-based products is
the insufficient amount of wood on the local market, which results in significant competition
between wood-based industries. This competition will become more and more intense
due to the expanding production capacities resulting in greater supply as a response to
the growing demand [6,7]. The factors affecting the timber market and the increase in
the price of timber are random and can occur at any time. The increase in wood prices
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may be caused by the global economic crisis, i.e., market and economic conditions. In
turn, the fall in wood prices is often caused by natural disasters and factors, such as
storms, e.g., in Italy or Austria [8]. The occurrence of bark beetle in spruce in the Czech
Republic contributed to the deterioration of the quality of the raw material and the need
for unplanned logging, and almost 100 million m3 of wood was obtained, which resulted
in losses of approximately EUR 1.12 billion in the forestry sector [9]. In 2020, the prices of
industrial timber logs delivered in the United States increased by about 2.5% for all classes
and species combined compared to the previous year [10]. The average selling price of
sawmill softwood in September 2021 in the United Kingdom was around GBP 79 per cubic
meter of bark in nominal terms, and a year earlier the price was around GBP 50 [11]. There
is also an increase in the average price of round wood obtained, e.g., by the Polish forest
inspectorates by 7.8% in 2020 compared to the previous year, and by 11.1% compared to
2016 [12–14]. The export of significant amounts of unprocessed wood is another reason for
the limited availability of wood raw material. The import of wood from other countries
is associated with additional transport costs and emissions of harmful compounds. In
Europe, the emphasis is on pro-ecological activities and reducing CO2 emissions. However,
since 2015, the amount of exported industrial roundwood from European countries has
increased from approx. 66 million m3 to almost 78.5 million m3 in 2020 [15].

The wood-based panel industry has certain flexibility about the use of raw materials,
caused by the continuously changing wood raw material situation or regional variations of
wood supplies. Moreover, the increased demand from other wood-based industries and the
energy sector for wood previously used mainly for wood-based panel manufacturing has
significantly increased worldwide [16]. These challenges have forced the wood-based sector
to shift towards alternative raw materials, including recovered wood and by-products from
other forest-based industries, as well as to optimize the technological production processes
in order to maintain a consistent quality level.

Particleboards are one of the most important value-added panel products in the wood-
based industry with a wide variety of applications [17,18]. Compared to the pulp and
paper industry or construction, the production of particleboards can utilize low-quality
raw materials. Proper waste management, including wood and wood-based by-products,
is of great importance for the environment [19]. Many authors have investigated the
potential applications of a particular material or the selection of appropriate manufacturing
conditions, such as the type and amount of adhesive used or the temperature and pressure
applied [20–27]. In the case of the expected deterioration of the technological properties
of the boards with the addition of various alternative lignocellulosic raw materials, one
possible way to counteract these undesirable effects is to increase the amount of binder [28].
The selection of the resin type and content is made on the basis of assumptions regarding
the selected properties and projected applications. If the board is to have high water
resistance, choose a resin other than UF or modify it with a different resin, e.g., PF (phenol-
formaldehyde) or pMDI (polymeric 4,4′-methylenediphenyl isocyanate) [29–35]. This is
a common procedure when using particles, e.g., annual plants, which will ensure good
bonding and strength parameters [20,36]. The use of alternative raw materials contributes
to the sustainable management of unused forest biomass, including bark, harvested and
production residues, such as unprocessed sawmill by-products, i.e., less valuable wood
waste from processing wood, such as sawdust, wood chips, shavings and wood pulp, and
by-products of the food and agricultural industries, but also results in decreased panel
production costs [3,37–40]. The increased shortage of wood raw materials, i.e., full-value
wood and roundwood, justifies the wider industrial utilization of wood residues and
by-products for wood-based panel manufacturing.

Particleboards can be fabricated from crushed lignocellulosic particles of one or more
substitute raw materials, including post-consumer wood and wood from fruit trees and
urban greenery [3,41–44]. Recycling of waste from construction and demolition in the form
of residual medium density fiberboard (MDF), particleboard, cardboard and plywood is a viable
option for producing boards suitable for furniture and interior applications [5,45]. Recently,
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many studies have been focused on the production of particleboard from alternative
lignocellulosic raw materials, such as vine stalks [46], cotton stalks [26], bamboo and banana
chips [47,48], poppy husks [49], wheat and straw [25,50], seaweed [51] and even chicken
feathers [52,53]. Boards made with the addition of these materials should have comparable
properties to industrially produced boards from softwood particles and comply with the
requirements of the technical standard EN 312 about the specification of particleboards [54].

One of the possibilities of using alternative wood resources as a feedstock for particle-
board production is the raw material created during care or liquidation of plantations as
well as the cutting of old walnut trees. The total global area harvested of walnut plantations
in 2019 amounted to approx. 9.3 million ha, including approx. 143,507 ha in Europe and
2270 ha in Poland [55]. These trees are cultivated worldwide not only for obtaining their
edible nuts, but also for the production of decorative veneers, which is a very exacting
and expensive process [56]. In turn, the price of wood residues suitable for particleboard
is much lower. Due to the high price and low availability of walnut wood on the mar-
ket, its use in particleboard production is feasible only in the case of wood residues and
by-products from the wood-processing industry as a sustainable solution to the increased
global demand for raw material.

The aim of this research work was to investigate the effect of the content of walnut
(Juglans regia L.) wood residues on the physical and mechanical properties of three-layer
particleboard as a way to alleviate the shortage of raw materials in the wood-based panel
industry. The effect of reduced urea-formaldehyde (UF) resin content and applied pressure
on the exploitation properties of the particleboard was also evaluated. This paper is a
continuation of the research carried out by the authors on the possibility of using alternative
raw materials for the production of particleboard.

2. Materials and Methods
2.1. Materials

Industrially produced softwood particles were obtained from the local particleboard
factory. The walnut wood shavings were made from a medium-sized walnut tree stem
obtained from a backyard cut in Dreglin, Poland. The harvested wood was debarked
and then shredded into chips with a knife chipper. The produced chips were ground on
a Pallmann laboratory cutter (Pallmann GmbH, Zweibrücken, Germany) in the form of
particles and dried to a moisture content of approx. 8%, which was determined by the
drying-weighing method according to the EN 322 standard [57]. The material was then
sorted using screens with a mesh diameter of 4 mm and 2 mm, in order to select the material
for the surface layers and the core layer. The desired fraction for the core layer consisted of
particles retained on a sieve with a mesh size of 2 mm. Particles larger than 4 mm were
reground and sorted, and particles smaller than 2 mm were used for the surface layers. The
reason for the selection of the indicated sizes of vortices used in individual layers was the
use of chip mixtures dimensionally similar to the dimensions of industrial chips used in
the production of particleboards.

2.2. Adhesives

Commercial urea-formaldehyde (UF) resin with a molar ratio of 1.2, supplied by the
factory Silekol Sp, z o.o. (Kędzierzyn-Koźle, Poland), was used for the production of the
particleboards. The selected properties of the resin are presented in Table 1. Ammonium
sulfate ((NH4)2SO4) was used as a hardener at a 10% water solution, and mixed with the
resin before spraying into the wood particles. The formulation of the adhesive was 50:15:1.5
parts by weight of the resin, water and hardener, respectively. The proportions were selected
to obtain the appropriate gel time of the adhesive mass. In addition, 0.8 wt.% paraffin
emulsion, based on the dry particle weight, was added to the resin in order to protect the
produced boards against exposure to water and to maintain the dimensional stability.
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Table 1. Selected properties of UF resin used in this work.

Characteristic Value

Dry solids 67%
Relative density 1.30 g·cm−3

pH 8.0
Gel time 50 s
Dynamic viscosity 0.5 Pa·s

2.3. Production of Panels

The particle mixes were glued with the UF resin at a 12% resin content of the surface
layers (SL) and a 10% resin content of the core layer (CL), based on the mass of the oven
dry wood particles, using pneumatic spraying. The differences in the resin content were
due to the different sizes and surface area of the particles used for the individual layers.
The mixture of wood particles and resin was manually formed into a mat in a frame
with 320 mm × 320 mm dimensions and pressed using aluminum plates and spacer bars.
Three-layer particleboard with a thickness of 16 mm, target density of 650 kg·m−3 and
three different addition levels (0%, 25% and 50%) of walnut particles, bonded with UF
resin, were produced under laboratory conditions. The share of surface layers in the panel
was 35 wt.%. The hot-pressing process was carried out in a ZUP-NYSA PH-1LP25 single
opening hydraulic laboratory press using standard particleboard manufacturing conditions,
i.e., a pressing temperature of 180◦C, unit pressure of 2.5 N·mm−2, and pressing time of
20 s·mm−1 of the board thickness.

The manufacturing parameters of the laboratory-fabricated particleboard are given in
Table 2.

Table 2. Manufacturing parameters of particleboard fabricated from industrial wood particles and
residual walnut wood particles bonded with UF resin.

Share of Walnut Wood Particles [%]
UF Resin Content of the Surface Layers

and Core Layer (SL_CL)
[%]

Unit Pressure
[N·mm−2]

0
10_8

1.5

25
50

0
12_1025

50

0
10_8

2.5

25
50

0
12_1025

50

The manufactured boards were conditioned at a temperature of 20± 2 ◦C and a relative
air humidity of 65 ± 5% for 7 days. The manufactured boards were cut into the required
test size in accordance with the relevant standards and subjected to tests to evaluate their
physical and mechanical properties. The bending strength (MOR) and modulus of elasticity
(MOE) were determined according to the EN 310 standard; the internal bond (IB) was
determined according to EN 319. The thickness swelling (TS) after 24 h of soaking in water
was determined according to EN 317. Each property was determined on 10 replicates
for a given variant of the boards. The significance of the differences between the values
of the individual panel parameters was calculated using the Tukey’s post hoc HSD test.
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The experimental data was statistically analyzed using STATISTICA 13.3 software (TIBCO
Software Inc., Palo Alto, CA, USA).

3. Results

Graphical representation of the results obtained for the mechanical properties (MOR,
MOE and IB) of the laboratory-produced three-layered particleboards, fabricated with
a different share of residual walnut wood particles, is presented in Figures 1–3. Table 3
presents the minimum requirements that the boards must meet in terms of mechanical and
swelling properties in order to qualify them to the particular types, P5, P6 or P7. The results
obtained for the TS (24 h) are presented in Table 4. All assumed variants of boards, both in
terms of the level of substitution and technological factors, were successfully produced in
accordance with the experimental design. Samples for testing were obtained from them
and the determination of each property was made for at least 10 replicates for a given
variant of the board.

Table 3. Requirements in terms of mechanical properties and swelling for particleboards.

* Property Unit
Requirements for a Thickness Range > 13 to 20 mm

Type P5 Type P6 Type P7

Bending strength N/mm2 16 18 20

Modulus of elasticity in
bending N/mm2 2400 3000 3100

Internal bond N/mm2 0.45 0.50 0.70

Swelling in thickness, 24 h % 10 15 10

* Own study based on the EN 312 standard.
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Figure 1. Bending strength (MOR) of particleboards produced.
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Figure 3. Internal bond (IB) of particleboards produced.

Table 4. Results of the TS (24 h) of the particleboards produced.

Unit Pressure,
N·mm−2

UF Resin Content of
the Surface Layers and
Core Layer (SL_CL), %

TS, %

The Share of Residue Walnut Wood Particles, %

0 25 50

1.5
10_8

25.9 (1.32) bc 24.7 (1.08) b 27.2 (1.25) c

2.5 24.3 (0.96) b 24.8 (0.91) b 26.7 (1.21) c

1.5
12_10

21.6 (1.44) a 21.3 (1.42) a 21.4 (1.25) a

2.5 21.7 (1.18) a 20.7 (1.59) a 21.5 (1.27) a

Different letters denote a significant difference. Means followed by the same letter do not statistically differ from
each other (p ≤ 0.05) according to Tukey’s post hoc test.
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3.1. Bending Strength (MOR)

The analysis of the obtained results demonstrates that the addition of walnut wood did
not significantly affect the MOR value of the boards, even with the 50% addition of walnut
particles (Figure 1). At low applied pressure, neither the walnut content nor the degree
of sizing changed the MOR value. On the other hand, increasing the pressing pressure
significantly improved the MOR for softwood boards. The increased pressure and resin
content resulted in increased MOR values of the boards, fabricated with the addition of
walnut wood particles. For these technological parameters, no statistical differences were
found for boards with a 25% and 50% share of walnut wood.

The boards produced at a pressure of 1.5 N·mm−2 in the entire range of substitution
demonstrated similar MOR values, which were also confirmed by the statistical analysis.
These values were assigned to the homogeneous group marked with the letter a in Figure 1.
Significant differences to the boards produced with a low applied pressure were observed
for the MOR values of the boards produced with low resin content and higher applied
pressure. The MOR value of particleboard fabricated of softwood particles was only
approx. 19 N·mm−2 for both resin contents used at a pressure of 2.5 N·mm−2. Similar
values were obtained for boards manufactured with walnut wood particles at the highest
values of production parameters. The 25% and 50% share of walnut wood particles in the
composition of laboratory-fabricated panels resulted in decreased MOR value of the boards
bonded with resin content of 10% and 8%, and of the softwood particleboard by 11.6% and
8%, respectively, resulting in the achievement of parameters characteristic for the boards
from the group with an applied pressure of 1.5 N·mm−2. These differences, although
slight, were confirmed by the statistical analysis. As a result, eight variants of panels were
classified into the homogeneous group marked with the letter a, and the remaining 4 were
classified as group e.

Boards manufactured according to the standard conditions in the entire range of
walnut wood particles substitution, and the board manufactured with softwood particles
under standard pressure conditions, with a lower resin content, met the high requirements
of technical standards for construction boards, which is type P6 (heavy-duty load-bearing
boards for use in dry conditions). The remaining boards complied with the standard
requirements for P5 type boards, i.e., load-bearing boards for use in humid conditions.

Different letters denote a significant difference. Means followed by the same letter do
not statistically differ from each other (p ≤ 0.05) according to Tukey’s post hoc test.

3.2. Modulus of Elasticity (MOE)

In terms of MOE, all of the manufactured boards met the minimum standard require-
ments for P5, i.e., load-bearing boards for use in humid conditions—2400 N·mm−2. Boards
made of softwood particles only demonstrated the highest MOE values for most variants
in the range of 2721–3403 N·mm−2, as shown in Figure 2. The addition of residual walnut
wood particles resulted in decreased MOE values in all variants produced. However, there
was a slight decrease of up to 10% between the board without walnut wood and the board
with its 50% substitution. However, in many cases, these changes were statistically insignif-
icant. With the increase of both resin content and the applied pressure, the MOE value
of the produced boards increased. More significant effect on the stiffness of the boards
was observed for the applied pressure change. For the board fabricated with a 12% resin
content of the SL and 10% of the CL, along with increasing the applied pressure, an increase
in MOE values by 13.6%, 13.8% and 10.9%, about the respective share of residual walnut
wood, was observed, respectively.

Different letters denote a significant difference. Means followed by the same letter do
not statistically differ from each other (p ≤ 0.05), according to Tukey’s post hoc test.

3.3. Internal Bond (IB) Strength

Due to the relatively lower number of particles in the boards with increased walnut
wood content, there is a better coating of each particle with the UF resin. This resulted
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in higher IB values, determined for the particleboard fabricated with the 50% share of
walnut particles and higher, in particular, with an additionally increased degree of sizing.
The analysis of the IB results obtained demonstrated that the substitution of softwood
particles with walnut wood particles increased the tensile strength for each variant of
the boards. The highest IB values in each variant of applied pressure and resin content
were obtained for the particleboard manufactured with a 50% share of walnut wood, i.e.,
minimum 0.61 N·mm−2 and maximum 0.78 N·mm−2, and 0.59 N·mm−2 and 0.68 N·mm−2

for the boards fabricated with a 25% walnut wood share, respectively. The improvement of
IB was particularly noticeable for boards bonded with the higher resin content, i.e., 12%
and 10%. At a 50% share of walnut particles, the IB value was about 28% higher than the
reference board produced at a pressure of 1.5 N·mm−2 and almost 40% higher than the
same variants produced at the higher pressure.

All laboratory-produced particleboards fulfilled the requirements of technical stan-
dards for P6 boards, i.e., heavy-duty load-bearing boards for use in dry conditions, and the
boards with maximum walnut particles substitution produced at a pressure of 2.5 N·mm−2

also met the most stringent standard minimum requirements for boards of type P7, i.e.,
heavy-duty load-bearing boards for use in humid conditions, exceeding it significantly.

Different letters denote a significant difference. Means followed by the same letter do
not statistically differ from each other (p ≤ 0.05) according to Tukey’s post hoc test.

3.4. Thickness Swelling (TS)

The results of the TS (24 h) of the laboratory-produced three-layer particleboards are
presented in Table 4.

At a lower degree of sizing of 50%, the addition of walnut wood deteriorated the TS
properties due to the swelling of the particles, which have a higher density. By increasing
the amount of resin, the absorption of water by the particles is made difficult, even if the
resin used does not have high water resistance. With the standard resin content of 12% of
the SL and 10% of the CL, this parameter remained at the level of 20.7–21.7% for the entire
range of wood particle substitution and both variants of applied pressure.

These slight differences were statistically insignificant for all panels manufactured
with this resin content. The reduction in the amount of the UF resin resulted in deteriorated
dimensional stability of the boards. The TS value of boards produced with the resin content
of 10% of the SL and 8% of the CL was significantly higher than the boards with the
standard resin content. In addition, the 50% share with the residue walnut wood particles
contributed the most to increasing the TS value of boards produced with the lower applied
pressure. TS values of the boards produced with 50% share of walnut wood and bonded
with a reduced resin content were 5% higher at 1.5 N·mm−2 and 10% higher at 1.5 N·mm−2,
compared to the board fabricated from only pine particles. With regards to the board
manufactured under standard conditions, the difference was 23% and 26%, respectively.
None of the boards met the minimum requirements of technical standards in terms of TS
(24 h) values, amounting to 14% for the P3 type board, i.e., non-load-bearing boards for use
in humid conditions, and 10% for the P5 type board, i.e., load-bearing boards for use in
humid conditions.

4. Discussion

Taking into account the variable content of walnut wood, two resin contents were
selected in the study. This was to check whether this treatment would compensate for
the decrease in mechanical properties associated with the use of wood other than pine.
It turned out that the addition of walnut wood residues did not decrease the mechanical
properties. In addition to the improved mechanical properties, the increased amount of UF
resin improved the dimensional stability of the boards by reducing the water absorption of
the lignocellulosic particles.

Urea-formaldehyde (UF) adhesives are the most widely used thermosetting resins
for the production of various types of wood-based composites [58]. The wide industrial
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use of these resins is due to their good adhesion performance, high reactivity, water
solubility, short press times and a relatively low price [17,59]. Due to the very variable and
complex nature of the wood raw material, the properties of wood-based panels are largely
determined by the characteristics of the resin [58].

The mechanical properties, e.g., MOE, MOR and IB values of boards manufactured
with willow (Salix viminalis L.) wood for the core layer, improved with an increased resin
content from 8% to 9.5% by 10% and 20%, respectively [27]. It was also found that increasing
the resin content by up to 16% and the pressing pressure had a significant impact on the
mechanical and physical properties of the particleboard fabricated from non-wood raw
materials. This results in a better filling of the voids between the particles, improving the
compaction of the panels, thus leading to the improvement of the mechanical and physical
properties [60]. In addition, increasing the amount of resin from 8–10% to 10–12% may also
lower the surface roughness values in boards with particles and dust wood [61].

However, a significant disadvantage of this commonly used thermosetting amino resin
is the low water-resistance, which has been confirmed by tests. Low water resistance values
were observed for all variants of the produced experimental boards, which mean that the
manufactured products are intended to be used mainly in internal conditions. Increasing
the gluing degree of the boards resulted in a decrease in TS value from 25.9% to 21.6% for a
pine board and from 24.7% to 21.3% for a board with a 25% share of walnut. Additionally,
increasing the pressure from 1.5 N·mm−2 to 2.5 N·mm−2 lowered the TS value to 21.7%,
20.7% and 21.5% for the board with 0%, 25% and 50% walnut content, respectively. The
lowest TS value of 20.7% was determined for the boards manufactured with 25% share of
walnut wood particles. The properties of particleboard can vary depending on the resin
content. Perhaps, if an adhesive with greater resistance to water, e.g., phenol-formaldehyde
resin, was used, the results would be much better.

For spruce, sunflower and topinambour (Helianthus tuberosus) particles, a slight im-
provement in TS was also obtained, by a maximum of 8% and approx. 2% for the remaining
ones [62]. However, for pine and white mustard straw, increasing the amount of glue
from 10% to 14% resulted in a reduction of TS from 51% to 22% and from 62% to 39%,
respectively [28]. Nevertheless, better results for panels made of lignocellulosic particles,
including annual plants and cereals, can be achieved by using adhesives more dedicated to
such raw materials, i.e., pMDI [62,63].

5. Conclusions

The conducted research proved that it is possible to add walnut wood residues to
commonly produced softwood particleboard. However, it should not be expected that
there will be a lot of this wood, because it is a remnant, not a wholesome quantitatively and
qualitatively assortment, similarly to recycled wood particles, residues from fruit orchards,
urban wastes or residues from the production of wood products or food production waste.

The boards produced with higher resin content and higher applied pressure achieved
the highest MOR values. For boards produced with a reduced applied pressure of
1.5 N·mm−2, no significant differences were found between the MOR values in terms
of the share of residue walnut wood, even up to 50%, and a change in the resin content.
The greater the addition of walnut wood particles, the more visible was the deterioration
of MOE, and the greater the improvement of IB values. A higher proportion of the UF
resin had a positive effect on the dimensional stability of the boards, while the effect of
the addition of the walnut wood particles and the change in pressure were not statisti-
cally confirmed. Perhaps, if the resin used were modified to add water-resistant resins,
the boards would meet the requirements of the standards throughout, also in terms of
thickness swelling.

In terms of mechanical properties, all laboratory-produced boards exhibited very
high MOR, MOE and IB values, and even the panels, fabricated with 50% walnut wood
content, met the requirements of the technical standards for P5 boards, i.e., load-bearing
boards for use in humid conditions, and in some cases, even in P6 and P7 variants, i.e.,
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for load-bearing applications. It can be concluded that residual walnut wood particles
can successfully replace softwood particles in the production of three-layer particleboard,
which can be used in structural applications. In order to improve the resource efficiency
and achieve enhanced valorization of waste biomass, future research should be aimed at
the rational use of the available wood and lignocellulosic raw materials, the search for
alternative resources and the optimization of production parameters.
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17. Bekhta, P.; Noshchenko, G.; Réh, R.; Kristak, L.; Sedliačik, J.; Antov, P.; Mirski, R.; Savov, V. Properties of Eco-Friendly
Particleboards Bonded with Lignosulfonate-Urea-Formaldehyde Adhesives and PMDI as a Crosslinker. Materials 2021, 14, 4875.
[CrossRef] [PubMed]

18. Bekhta, P.; Korkut, S.; Hiziroglu, S. Effect of Pretreatment of Raw Material on Properties of Particleboard Panels Made from
Wheat Straw. BioResources 2013, 8, 4766–4774. [CrossRef]

19. Faraca, G.; Boldrin, A.; Astrup, T. Resource Quality of Wood Waste: The Importance of Physical and Chemical Impurities in
Wood Waste for Recycling. Waste Manag. 2019, 87, 135–147. [CrossRef] [PubMed]
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Rogoziński, T.; Antov, P.; Kristak, L.;

Kmieciak, J. Characterisation of

Wood Particles Used in the

Particleboard Production as a

Function of Their Moisture Content.

Materials 2022, 15, 48. https://

doi.org/10.3390/ma15010048

Academic Editor: Tomasz Sadowski

Received: 2 December 2021

Accepted: 20 December 2021

Published: 22 December 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

materials

Article

Characterisation of Wood Particles Used in the Particleboard
Production as a Function of Their Moisture Content
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tomasz.rogozinski@up.poznan.pl

3 Faculty of Forest Industry, University of Forestry, 1797 Sofia, Bulgaria; p.antov@ltu.bg
4 Faculty of Wood Sciences and Technology, Technical University in Zvolen, 960 01 Zvolen, Slovakia;

kristak@tuzvo.sk
* Correspondence: dorota.dukarska@up.poznan.pl

Abstract: The properties of particleboards and the course of their manufacturing process depend on
the characteristics of wood particles, their degree of fineness, geometry, and moisture content. This
research work aims to investigate the physical properties of wood particles used in the particleboard
production in dependence on their moisture content. Two types of particles currently used in the
production of three-layer particleboards, i.e., microparticles (MP) for the outer layers of particleboards
and particles for the core layers (PCL), were used in the study. The particles with a moisture content
of 0.55%, 3.5%, 7%, 10%, 15%, and 20% were tested for their poured bulk density (ρp), tapped bulk
density (ρt), compression ratio (k), angle of repose (αR), and slippery angle of repose (αs). It was
found that irrespective of the fineness of the particles, an increase in their moisture content caused an
increase in the angle of repose and slippery angle of repose and an increase in poured and tapped
bulk density, while for PCL, the biggest changes in bulk density occurred in the range up to 15% of
moisture content, and for MP in the range above 7% of moisture content, respectively. An increase in
the moisture content of PCL in the range studied results in a significant increase in the compression
ratio from 47.1% to 66.7%. The compression ratio of MP increases only up to 15% of their moisture
content—a change of value from 47.1% to 58.7%.

Keywords: wood particles; moisture content; angle of repose; slippery angle of repose; poured bulk density;
tapped bulk density

1. Introduction

The physicomechanical properties of particleboards, except their technological pa-
rameters, depend significantly on the characteristics of the raw materials used in their
production [1]. These are the type and amount of the adhesive system used for their bond-
ing, the type of the raw material, its degree of fragmentation and geometry (size and shape),
and moisture content [2–12]. The right choice of the moisture content of the particles,
independently of their fineness degree, is also necessary for assuring the correct industrial
process of particleboards. The excessive moisture content of particles may cause delamina-
tion of the particleboards during their pressing [13]. In turn, overly dry particles increase
the risk of fires during drying and also contribute to the formation of wood dust, which
disturbs the process of particles bonding or mat densification during hot pressing. One
of the stages of wood particles preparation for particleboards production, independently
of the material they originate from and bonding agents used, is the energy-consuming
drying operation. Therefore, the possibility of producing boards from particles with higher
moisture content is an opportunity to optimise energy consumption in production plants,
e.g., by reducing the work of dryers or selecting appropriate drying conditions and thereby
reducing the production costs [14,15]. Furthermore, the aspect of wood particles’ moisture
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content also seems to be of interest due to the trend of using isocyanate adhesives in the
production process. Conventional thermosetting aminoplastic resins show deteriorated
water resistance, which results from the hydrolysis of the methylene bridges [16,17]. How-
ever, polymeric 4,4′-diphenylmethane diisocyanate (pMDI) adhesives show high reactivity
and the ability to a chemical reaction with wood components and the water they contain.
It profitably influences the bonding quality of the particles and thereby the physicome-
chanical properties of particleboards [4,18–20]. These properties were studied by Jiang
and Lu [21] for producing boards meeting the requirements of the EN 312 standard [22]
prescribed for P2 type boards from particles with a moisture content of 25%, bonded with
melamine–urea–formaldehyde resin (MUF) modified with different additional proportions
of polyurethane prepolymer. As studies showed, the use of pure MUF resin for bonding
particles with moisture content above 20% leads to the blowout of particleboards [13].

While preparing particles for the production of particleboards, it should also be
considered that the moisture content of the mat increases together with the moisture
content of the particles, which influences the parameters of the bonding process and the
quality of particles bonding and, as a result, the properties of the finished boards. The
moisture content of the mat is one of the most important factors influencing the heat
transfer in the mat [23]. The rate of heat penetration in the mat determines the pressing
time, which is critical for the efficiency of the production process [24]. It influences the
increase in the temperature in the mat, which determines the cure rate of the adhesive
resin. The combination of high temperature, moisture content, and time may cause an
excessive increase in the vapour pressure in the mat and trigger an explosion when the
press is opened [23,25]. However, the technological problems connected with the excessive
moisture content of wood particles and vapour pressure during pressing can be effectively
solved. Murayama et al. [26] investigated the temperature variability and vapour pressure
during pressing of the particleboards and concluded that this problem can be solved by
choosing an optimal moisture content of board layers. The increased moisture content of the
face-layer and the lower face-layer thickness was expected to reduce the time of reaching
the required temperature in the hot-pressing process. The usage of air-injection during the
pressing of boards can also be a solution [19]. In the developed method, the air-injection
press, which has holes punched in the heating plates, injects high-pressure air into the
board through the holes of one plate and releases the air through the holes of the other plate.
The advantage of this way of board pressing is allowing for reducing the pressing time
required for manufacturing boards from high-moisture-content particles. Unfortunately,
the air-injection press could not improve the properties of the particleboards [13].

As it results from the above considerations, the issue of the influence of particle
moisture on the properties of finished particleboards and the course of their production
process is practically well known. However, an often overlooked issue is the effect of
particle moisture content on their physical properties such as poured bulk density, tapped
bulk density, angle of repose, and slippery angle of repose. These properties are relevant
because they influence the method and conditions of their storage and transport. They also
influence the course of the production process, including the operation of transport and
dosing devices and the choice of proper technological parameters during the bonding and
pressing of particles, and consequently the properties of finished particleboards. Moisture
content affects characteristics of bulk solids including wood and lignocellulosic particles
such as particle-size distribution and bulk density [10,27,28]. The range of changes in these
properties depending on the moisture content of the particles should be known in order
to be able to assess its possible influence on the course of the production process and the
properties of particleboards. Considering the above aspects, this work aimed to evaluate
the physical properties of wood particles commonly used in the production process of
three-layer particleboards depending on their moisture content.
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2. Materials and Methods
2.1. Materials

Two types of wood particles used in the production of three-layer particleboards were
used in the study, i.e., so-called microparticles intended for outer layers of particleboards
and particles of the core layer (Figure 1).
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These particles have been produced under industrial conditions mainly from middle- and
small-sized softwoods and selected low-density hardwood species. The raw material was
also residues from the sawmilling industry in the form of shavings, sawdust, and chips.
The initial moisture content of wood particles, determined by the drying–weighing method,
was 7 ± 0.5%. To achieve the intended goal, the particles were submitted to drying or
moisturising to the moisture content of 0.55%, 3.5%, 7%; 10%, 15%, and 20% ± 0.5%. In
effect, the moisturising of different types of particles can be conducted directly or indirectly
by increasing the moisture content of the environment [29]. In the present study, the
first method was used i.e., wetting of the particles by spraying them with an appropriate
amount of water and in order to homogenise the moisture content in the whole mass
by seasoning for a period of 72 h. The moisture analyser MA R. 50 (Radom, Radwag,
Poland) was used for the control of the moisture content of the particles. It determines
the moisture content of the material on the basis of weight losses of the tested sample
during its heating at a determined drying temperature (105 ◦C was used in the study).
For preliminary characterisation of the raw materials used in this study, their fractional
composition was determined for particles with 0.55% moisture content and additionally for
particles with 20% moisture content. In the case of PCL particles, the fractional composition
was determined based on sieve analysis, with the use of flat sieves made of mesh with
square perforations of 6.3, 5.0, 4.0, 2.5, 1.6, 1.0, and 0.5 mm. In turn, for MP particles, sieves
with mesh sizes of 3.15, 1.25, 1.0, 0.63, 0.4, and 0.315 mm were used. For PCL particles,
due to the greater differences in the shape and size of individual particles, the additional
dimensional analysis was carried out, for which 250 particles of the predominant fraction
(from a 2.5 mm mesh sieve) with the moisture content of 0.55% were drawn. Their length,
width, and thickness were determined. This allowed the estimation of the basic shape
factors of this type of particles, i.e., the degree of slenderness (λs), flatness (ψ), width
coefficient (m), and specific surface area (Fw) estimated according to the equations shown
below [10]:

λs =
l
h

(1)
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ψ =
b
h

(2)

m =
l
b

(3)

Fw =
0.002n

w
(lh + lb + bh) (4)

where l—mean length of wood particles (mm), h—mean thickness of wood particles
(mm), b—mean width of wood particles (mm), w—mean weight of dry wood particles (g),
n—number of wood particles selected for analysis, 0.002—coefficient taking into considera-
tion the fact that wood particles have two surfaces and a unit converter from mm to m.

Such analysis in the case of particles with a diverse geometry (Figure 1) is justified
because of the fact that the biomass particles are mostly inhomogeneous in terms of size
and shape [30]. As a result, two particles going through the same sieve with the same mesh
size may differ in shape. Therefore, the information obtained from the sieving process may
not fully reflect the geometry of the biomass particles with such an irregular shape [31].
The parameters characterising the geometry of the PCL particles are presented in Table 1.

Table 1. Characteristics of PCL particles of the predominant fraction.

Parameter Value

Average dimensions (mm):
length (l) 19.1 * ± 6.2 **
width (w) 3.2 ± 1.0

thickness (h) 1.38 ± 0.4

Shape factors:
degree of slenderness (λs ) 13.84

flatness (ψ) 2.32
width coefficient (m) 6.23

* mean value, ** standard deviation.

Subsequently, the prepared material was tested for the influence of the moisture con-
tent of the particles on their poured bulk density (ρp), tapped bulk density (ρt), compression
ratio (k), angle of repose (αR), and slippery angle of repose (αs).

2.2. Poured Bulk Density and Tapped Bulk Density of Wood Particles

The first parameter, the poured bulk density, was expressed as the ratio of the weight
of loosely poured wood particles to their volume. To determine the effect of the moisture
content of the tested particles on their tapped bulk density, particles loosely poured into a
pot equipped with a volume scale were densified on a lab electromagnetic vibratory sieve
shaker AS200 (Retsch GmbH, Haan, Germany) in the time of 10 min and with the vibration
amplitude of 2 mm. The tapped bulk density was expressed as the ratio of the weight of
poured wood particles to their volume recorded after the tapping. Based on the obtained
results of the poured bulk density and tapped bulk density, the compression ratio (k) of
the tested particles was determined, depending on their moisture content according to the
equation [10]:

k =

(
ρt

ρp
·100

)
− 100 (5)

where k—compression ratio (%), ρp—poured bulk density (kg/m3), and ρt—tapped bulk
density (kg/m3).

The average values of poured bulk density and tapped bulk density for each tested
variant were determined based on five unitary measurements.
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2.3. Angle of Repose and Slippery Angle of Repose of Wood Particles

In general, the angle of repose is defined as the angle between the slant height and
the base of a cone created during the loose falling of bulk material at right angles to the
ground. However, due to the differences in the fineness and therefore the size of the tested
particles, other procedures were used to determine the influence of the moisture content on
the angle of repose of the particles. In the case of microparticles, the analysis of the angle of
repose (according to PN-74 Z-04002.07 standard [32]) was based on pouring them in a steel
discharge hopper with a calibrated hole with the diameter of 22 mm, which was attached
to the base with a gear train (Figure 2a). Next, the hopper was being lifted with a linear
movement to the moment of pouring of the microparticles on a plate with the diameter of
120 mm. After piling up a stable cone, its height was measured. In contrast, in the case of
PCL-type particles, the angle of repose was determined by pouring them into a cylinder
with the diameter of 120 mm and the height of 100 mm, and then by lifting it, a cone from
the particles was formed whose height was decoded from the millimetre scale attached to
the base of the device (Figure 2b) [33].
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Figure 2. Scheme of the device measuring the angle of repose of: (a) microparticles, (b) particles of
the core layer of particleboards.

The angle of repose for both types of wood particles tested was estimated based on
the equation:

tg αR =
2h

D− d
(6)

where αR—angle of repose [◦], h—cone height [mm], and D—cone base diameter [mm]. In
the case of MP (Figure 2a), the value of d = 0.

The analysis of the slippery angle of repose was based on evenly pouring particles
with the weight of about 200 g (MP and PCL) on a levelled and flat surface of the measuring
device and then by lifting its side edge, finding the minimal rake angle that causes pouring
of the layer of material. The slippery angle of repose value was directly decoded from a
protractor pitch attached to the base of the device (Figure 3).
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The mean values of angle of repose and slippery angle of repose were determined
based on five unitary measurements.
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2.4. Statistical Analysis

The obtained results of the tests selected for wood particles were statistically analysed
using the STATISTICA v.13.1 software (StatSoft Inc., Tulsa, OK, USA). The mean values of
the determined parameters were compared in the one-way analysis of variance—Tukey’s
post hoc test, in which homogeneous groups of mean values for each parameter were
identified for p = 0.05. In the case of the fractional composition, a two-factor analysis
of variance was used, assuming the size of the fraction and wood particle moisture as a
qualitative factor.

3. Results
3.1. Fractional Composition of Wood Particles

The wood raw materials used in the study, independently of the degree of their
fineness, posed a mixture of particles with diverse shapes and sizes. It is proclaimed by
images of particles (Figure 1), the estimated coefficient of PCL shape (Table 1), and their
fractional compositions (Figure 4), which were determined for dry particles (0.55%) and
additionally for particles with the moisture content of 20%. Based on these diagrams, it can
be concluded that in the case of MP independently of their moisture content, the particles of
fractions 0.63 mm and 0.4 mm had the largest weight share. At a moisture content of 0.55%,
the share of 0.63 mm fraction was 41.9%, and at a moisture content of 20%, it was slightly
more, i.e., about 46.8%. In contrast, for the MP of fraction 0.4 mm, the share is greater by
approximately 25%, which was observed for the moisture content of 0.55% in relation to
the moisture content of 20% (respectively 30.4% and 24.2%). A similar dependence can be
observed in the case of MP of a finer fraction, i.e., <0.4 mm. In contrast, the tests of the
PCL particles showed that the particles of fractions 2.5 and 1.4 mm had the biggest share in
the whole mixture. The content of dry particles (i.e., with the moisture content of 0.55%)
of fraction 2.5 mm remained on the level of about 30%, whereas dry particles of fraction
1.4 mm were on the level of about 25.6%. Analogically to MP, for the particles of this
type, it was also observed that the increase in their moisture content caused a significant
differentiation of their fractional composition. In general, it can be stated that the increase in
the moisture content of particles resulted in a decreased share of the finer fractions (smaller
than the predominant fraction) and increased share of the larger fractions. The observed
differences were statistically significant, which was confirmed by the two-factor post hoc
analysis, which in the case of MP of fractions 0.315–1.0 mm allowed for distinguishing six
homogenous groups. In the case of PCL, statistically the greatest differences were observed
for the fractions 1.4, 2.5, and 6.3 mm. The observed changes in the fractional composition
of the tested particles can be explained by the fact that at higher moisture content of the
particles, an insufficient separation of MP occurs due to their adhesion to larger particles.
Finer particles show the ability to agglomerate with the larger ones, which escalated with
the increase in their moisture content [34].
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Figure 4. Fractional composition of microparticles (a) and particles of the core layer of particleboards
(b) depending on their moisture content (a, b, c . . . —homogeneous groups as determined by the
Tukey test).

3.2. Poured Bulk Density and Tapped Bulk Density of Wood Particles

The poured bulk density of particles of different biomass types are dependent on
their shape, size, the way of their forming in the mass, and the friction between the
particles [35,36]. In the case of material such as wood particles, wood chips, or wood
dust, the poured bulk density also depends on the absolute density of the wood itself [37].
Figure 5 presents the results of tests on the influence of particle moisture content on the
formation of their poured bulk density and tapped bulk density. It was determined that
in the case of MP particles, the increase in moisture content from 0.55% to 7% did not
cause statistically significant differences in the values of the poured bulk density. The
observed mean values ρp in Tukey’s test were classified in the same homogenous group (a).
The further increase in the moisture content resulted in a gradual increase in the poured
bulk density.
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Figure 5. Poured bulk density and the tapped bulk density of microparticles (a) and wood particles
of the core layer of particleboard (b) depending on their moisture content (a, b, c . . . —homogeneous
groups as determined by the Tukey test).

The MP-type particles with a moisture content of 20% showed the ρp value higher by
about 14% than the ones with the lowest moisture content, whereby the highest increase in
density occurred by changing the moisture content from 15% to 20%. In the case of PCL,
the increase in poured bulk density was observed just by 9% but to the moisture content of
15%. Regarding the PCL particles with a moisture content of 20%, a small but statistically
significant decrease ρp was observed. Previous studies on the influence of particle moisture
content of different types of biomass (almond nut, sunflower seed, flaxseed, straw) on their
physical properties showed that this relationship can develop in different ways [2,10,38–40].
For example, Dukarska et al. [10] and Aviara et al. [40] proved that the bulk density of
seeds (Moringa oleifera) or straw particles of selected grain species increased with respect to
an increase in moisture content. In contrast, other researchers such as Littelield et al. [41]
showed that the bulk density of pecan shells decreased with an increase in moisture content.
According to the authors, the decrease in the poured bulk density of the particles is caused
by the increase in their size under the influence of the moisture content and thereby their
volume, which was following on faster than the weight increase as a result of increasing the
moisture content. As expected, along with the increase in the moisture content of particles,
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their tapped bulk density also increased. Considering the statistical analysis, the influence
of the moisture content of particles on their tapped bulk density was greater than in the
case of poured bulk density. It can be observed especially with regard to the PCL particles.
Analysing the results obtained for MP, it can be stated that this density increased more
with the increase in the moisture content from 0.55 to 3.5% and from 10% to 15%. However,
the increase in the moisture content of MP from 0.55% to 20% caused the increase in their
tapped bulk density by about 12% and in the case of PCL by about 22%. It results from the
fact that the higher moisture content of MP (similar to wood dust) contributes to an increase
in their volume, which causes the decrease in free space around them and the increase in
consistency of the whole mass of particles [10,27,28]. In practice, the raw material with
higher moisture content, independently of their degree of fineness, requires an increase in
the volume essential to their storage or transport [41]. Moreover, it can be concluded that
at higher moisture content, the PCL particles are more susceptible than MP to compaction
by vibration, which can cause some difficulties in the technological process of producing
particleboards and during their transport.

Comparing the results from Figure 5, it was also established that in the tested range of
the moisture content, MP were marked by higher poured and tapped bulk density than the
particles used for the core layers of particleboards. The literature shows that fine particles
(such as MP characterised by their small size) are better at filling empty spaces during
their pouring than larger particles. As the sizes of the particles increase, larger particles
cannot sufficiently fill the empty spaces during tapping, which causes the decrease in
their tapped bulk density [41]. This corresponds with the works of other authors who,
studying the effect of particle size of different types of biomass, also observed that the
value ρt increases with decreasing particle size of cereal straw, corn straw, switchgrass, and
nutshells [35,41,42]. As demonstrated by Dukarska et al. [10], in the case of cereal straw,
stem morphology is also an important factor that is related to the size and geometry of the
particles, in particular, their thickness and degree of slenderness.

3.3. Compression Ratio

The changes in poured and tapped bulk density caused by the changes in the moisture
content of the tested wood particles are reflected also in their compression ratio. A graphical
representation of the compression ratio of wood particles depending on their moisture
content is presented in Figure 6. It can be stated that in the case of PCL, along with the
increase in their moisture content from 0.55% to 20%, a gradual and significant increase
in the value of this parameter by about 48% was observed. The increase in the degree
of fineness of the wood raw material to MP caused the decrease in vulnerability to its
compressibility. It was observed that the increase in their moisture content resulted in the
increase in the compression ratio from 44.9% to 58.7%, so by about 25% in comparison to the
dry particles, however just in the moisture content range to 15%. By 20% moisture content
of the MP, the decrease in its moisture content was set down to the level, which had been
set down for dry particles. This phenomenon probably results from the small sizes of MP
and their significant compaction in the whole mass. Moreover, increasing their moisture
content resulted in reduced free spaces between particles and increased their adhesion to
each other. When a particulate system becomes damp, the cohesion increases due to the
creation of the liquid bridge bonds between the particles. The system remains stable until
the moisture content is too high for strong bridges. When the particulate system becomes
more and more wet, the material reaches the state of a slurry. During drying out the dump
particulate system, the solid bonds and bridges between the particles can be formed. As a
result of this, the material will become cohesive again. Changes in moisture content and
resulting changes in other properties of a particulate system can cause serious problems
in handling particles in an industrial installation [43]. In addition, biological materials
(which may also include wood particles) become softer; thus, deformation is greater with
an increase in moisture content [41]. In contrast to MP, increasing the moisture content
of PCL chips from 15% to 20% results in a further increase in their compression ratio up
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to 66.7%. This might be attributed to the changes in the dimensions of the particles on
account of their swell influenced by the increasing moisture content. Along with increasing
dimensions of the particles, the volume of the space between them in a layer also increased
and can be filled with the particles during tapping.
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3.4. Angle of Repose and Slippery Angle of Repose of Wood Particles

The angle of repose and slippery angle of repose are important physical parameters
characterising wood particles. Graphical representation of the angle of repose and the
slippery angle of repose of MP and PCL depending on their moisture content is presented
analytically in Figure 7. Independently of the fineness of the particles, along with increasing
their moisture content, the angle of repose and slippery angle of repose also increased.
However, it can be observed that the biggest changes in values were recorded for the angle
of repose of PCL particles. In this case, the increased moisture content from 0.55% to 20%
resulted in increased αR from 36.6◦ to 47.6◦, i.e., by about 30%, whereby, as the variance
analysis showed, statistically significant differences were set down for the moisture content
higher than 3.5%. This is evidenced by the results of the analysis of variance, which
identified five different homogeneous groups for each PCL moisture content above this
value. Increasing the moisture content had much less effect on the angle of repose of the
MP, for which the maximum value of αR totals just 7%. Markedly, the greatest differences
between MP and PCL particles were observed in the range of lower moisture content (up
to 7%). This is an important observation in view of the fact that in the industrial practice,
depending on the technology, the moisture content of the particles for the outer layers of
the three-layer particleboards varies from 2% to 8% and in the case of the core layers, it
varies from 1% to 6%. The results of the multivariate significance tests ANOVA presented
in Table 2 are a confirmation that the lack of interactions between the tested effects (the
type and moisture content of particles) were in the range of the higher moisture content,
over 10% (p > 0.05). The results obtained for the angle of repose and the slippery angle
of repose can be explained by the differences in their sizes and shape as well as by their
consistency and looseness. The physical properties of wood particles, e.g., the size, shape,
or roughness of the surface significantly affect the looseness of the particles of different
types of biomass [30,31,36]. According to the subject literature, the increased particle size
is connected with the decrease in their tenacity and therefore the value of the angle of
repose [30]. In turn, fine particles, which can include wood MP, have a higher specific
surface area, which increases the contact and cohesiveness among the particles, which may
cause difficulties in their flow in technological conditions [31].
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Figure 7. The angle of repose and the slippery angle of repose of microparticles (a) and particles of
the core layer of particleboard (b) depending on their moisture content (a, b, c . . . —homogeneous
groups as determined by the Tukey test).

Table 2. Multivariate significance tests of the MP and PCL particle angle of repose.

Effect F P

Moisture content range: 0.55–7%

Type of particles F (1; 482.9) = 623.94 0.000
Particle moisture content F (2; 17.79) = 22.99 0.000

Type of particles × particle moisture content F (2; 14.01) = 18.11 0.000

Moisture content range: 10–20%

Type of particles F (1; 41.89) = 44.85 0.001
Particle moisture content F (2; 8.13) = 8.71 0.00

Type of particles × particle moisture content F (2; 0.4) = 0.43 0.65

With regard to the slippery angle of repose, no significant differences were determined.
Independently from the degree of fineness of the particles the increase in the value αs was
on the same level, i.e., 17% on average. The increase in the slippery angles of repose along
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with the increased moisture content of particles may indicate an increase in their traction
and thereby restriction of their mobility. Comparing the data obtained for both tested types
of wood particles, it can be concluded that the values of MP’s slippery angles of repose
were greater than the PCL particles of particleboards.

4. Conclusions

Based on the conducted research, the influence of the moisture content variation on the
physical properties of PCL and MP was determined. It was demonstrated that the increase
in the moisture content of the particles resulted in increased dimensions of wood particles,
independently of their degree of fineness, and increased values of the slippery angle of
repose and the angle of repose. Furthermore, the increased moisture content of wood
particles led to enhanced tapped bulk density for both types of studied wood particles for
the production of three-layer particleboards. Regarding the poured bulk density, increased
values were determined at 15% moisture content and over 7% moisture content for the PCL
particles and MP, respectively. The PCL particle compression ratio was also increased. With
regard to the MP particles, this increase was determined only at moisture content values
up to 15%. The results of the present study can be utilised in the industrial practice of the
wood-based panel industry to optimise the technological parameters and production costs
related to particleboard manufacturing.
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Abstract: This research aimed to confirm the ability to reduce carbon dioxide emissions by novel
composite production using plantation waste on the example of lignocellulosic particles of black
chokeberry (Aronia melanocarpa (Michx.) Elliott) and raspberry (Rubus idaeus L.). Furthermore,
to characterize the particles produced by re-milled particleboards made of the above-mentioned
alternative raw materials in the light of further recycling. As part of the research, particleboards
from wooden black chokeberry and raspberry were produced in laboratory conditions, and select
mechanical and physical properties were examined. In addition, the characterization of raw materials
(particles) on the different processing stages was determined, and the fraction share and shape of
particles after re-milling of the produced panels was provided. The tests confirmed the possibility of
producing particleboards from the raw materials used; however, in the case of boards with raspberry
lignocellulose particles, their share cannot exceed 50% so as to comply with the European standards
regarding bending strength criterion. In addition, the further utilization of chips made of re-milled
panels can be limited due to the significantly different shape and fraction share of achieved particles.

Keywords: biopolymer; wood; upcycling; composite; recycling; mechanical properties; physical
properties; carbon storage; raspberry; black chokeberry; bio waste

1. Introduction

Every year, society’s awareness of caring for the Earth is growing. The growing
amount of waste is a problem, with its storage and greater carbon dioxide emissions. In
the case of fruit bushes grown in Poland, which are pruned each year, their branches are
often left in the field or are burned. It can be used as a biofuel to avoid wasting energy, but
it is not yet a common practice in Poland. Another way to use orchard waste is to produce
three-layer particleboards for the furniture industry. Even though the tree species used
for wood products are renewable, it should not be limited only to it because renewable
does not mean that it is infinite. Because of this, it is necessary to explore using other
lignocellulosic materials that will fully or partially replace the wood raw material. This
attempt to move into the broad utilization of renewable biopolymers was also suggested
by Bari and collaborators [1]. Some attempts have already been made that have been
proven to be more or less effective, for this purpose, materials such as pepper stalks [2],
sugarcane [3,4], almond shell [5], apple and plum branches [6], bamboo chips [7], straw [8],
wheat straw and corn pith [9], kiwi prunings [10], coffee husk [11], flax shiv [12], acai
(Euterpe oleracea Mart.) fruit [13], oil palm empty fruit bunch [14], and kenaf [15] were used.
The use of wooden lignocellulosic parts of fruit plant waste allows for the binding of carbon
dioxide in the form of particleboards, without emitting it into the atmosphere. In this
field, good examples are raspberry (Rubus idaeus L.) and chokeberry (Aronia melanocarpa
(Michx) Elliott) plantation waste. These represent substantial waste in Polish fields, as
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Polish production accounts for 60–70% of the world’s production potential. The cultivation
area of chokeberry is about 40 km2 per year and the annual harvest of fruits is from 40 to
60 thousand tonnes. The main recipients of chokeberry fruits are China, Japan, and South
Korea [16]. Whereas the area of raspberry cultivation in Poland is over 290 km2, placing
it at fifth place in the world’s raspberry producers and third in Europe (after Russia and
Serbia) [17].

The fruits of these shrubs are cultivated for their taste and health benefits. Raspberry
fruits are rich in anthocyanins and have anti-inflammatory and anticancer properties, so it
is often recommended to drink raspberry juice during colds [18]. Medicinal values also
characterize black chokeberry fruits; just like raspberries, they have an antioxidant effect,
and their consumption is recommended to prevent chronic diseases [19]. This added value
for the fruits allows for assuming that the potential availability of lignocellulosic resources
of those above-mentioned alternative raw materials will grow shortly. Therefore, it seems
worth researching the development of long-term storage regarding the carbon fixed in
these raw materials, such as producing particleboards and attempting to upcycle these
wooden wastes and recycle the produced composites.

This investigation aimed to determine the ability to utilize raspberry and chokeberry
lignocellulosic particles to produce particleboards for furniture purposes and to character-
ize the wooden particles produced by the re-milling particleboards mentioned regarding
further recycling. As a result, the following hypothesis has been investigated: the lignocel-
lulosic particles of raspberry and black chokeberry are valuable raw materials to produce
the particleboards and obtain particles from re-milled panels, which can potentially be
re-used in particleboard production.

2. Materials and Methods
2.1. Materials

Raspberry (Rubus idaeus L.) (Figure 2) and black chokeberry (Aronia melanocarpa
(Michx.) Elliott) (Figure 3) wooden stalks were used for the current work. Two year
old raspberry stalks, as well as four year old chokeberry rods, were collected from Polish
fields. The raw materials were dried in a chamber drier under 70 ◦C to air-dry the moisture
content (about 10–12%), and the bark content (w/w) was measured by manual debarking
about 2 kg of each tested material. The wooden branches of the chokeberry and raspberries
were shredded on saw blade in separate batches (50 mm long chips) and then grounded
into a fine fraction using a laboratory three-knife drum mill (laboratory prototype) with an
outlet equipped with 6 × 12 mm2 mesh to form particles. The bulk density of the particles
was calculated as the weight of a selected fraction, divided by the measuring cylinder’s
capacity (in volume). The measurement was repeated five times for every fraction. The
produced particles were sorted on mesh of size 0.5 and 1 mm (face layers), and 8 mm
and 2 mm (core layer) to exclude the oversized and undersized particles. The pictures
of the cross-cuts of the investigated raw materials were taken with a NIKON SMZ 1500
(Kabushiki-gaisha Nikon, Minato, Tokyo, Japan) optical microscope.

2.2. Elaboration of Composites

Three-layer composites were produced as particleboards (PB) with different black
chokeberry and raspberry contents. The lignocellulosic particles were dried to a moisture
content of 5%. As a result, particleboards with a nominal density of 600 kg m−3, 32% (w/w)
of face layer content, and a total thickness of 16 mm were produced. The following content
(w/w) of alternative raw materials was applied: 0% (reference panels, 100% of industrial
(coniferous) particles), 10%, 25%, 50%, and 100%. The industrial urea-formaldehyde resin
Silekol S-123 (Silekol Sp. z o.o., Kędzierzyn—Koźle, Poland) was used to resinate the
particles, where the resination of particles for the face layer was 12% and the core layer
was 10%. No hydrophobic agent (like paraffin emulsion) was added. The curing was done
for 82 s inside an oven at 100 ◦C. Panels were pressed on a hydraulic press (ZUP-NYSA
PH-1P125) at a maximum pressure of 2.5 MPa, with a temperature of 200 ◦C, and a time
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factor of 20 s mm−1. The produced boards were conditioned before the tests in a climatic
chamber (producer: Research and Development Centre for Wood-Based Panels Sp. z o.
o. in Czarna Woda, Poland) at 20 ◦C and 65% air humidity, until a constant mass was
obtained. The main steps of the material flow and samples preparation are presented in
Figure 1.

Figure 1. The process of material flow and samples preparation chart.

2.3. Characterization of the Elaborated Panels

All of the elaborated PB were conditioned at 20 ◦C, and the test specimens were
cut on a saw blade, as required by European standards EN-326-2 [20] and EN-326-1 [21].
The modulus of rupture (MOR) and elasticity (MOE) were determined according to EN
310 [22], and the internal bond (IB) was determined according to EN 319 [23]. All the
mechanical properties were examined with an INSTRON 3369 (Instron, Norwood, MA,
USA) laboratory-testing machine, and, whenever applicable, the results were referred to
standards [24]. Board density was determined according to EN 323 [25], thickness swelling
(TS) to EN 317 [26], and surface water absorption was done following EN 381-1 [27]. The
density profiles of the tested PB (three types: reference, 100% of raspberry, and 100% of
chokeberry) were measured on a GreCon DAX 5000 device (Fagus-GreCon Greten GmbH
and Co. KG, Alfeld/Hannover, Germany).

2.4. Raw Material Recycling and Characterization

The composites were re-milled on a laboratory knife mill (laboratory prototype deliv-
ered by Research and Development Centre for Wood-Based Panels Sp. z o. o. in Czarna
Woda, Poland) equipped with three knives, two contra-knives, and a 6 × 12 mm2 mesh.
The fraction of chips taken from the re-milled particleboards was tested with an IMAL
(Imal s.r.l., San Damaso (MO), Italy) vibrating laboratory sorter with seven sieves. The
selected sieve sizes were 8, 4, 2, 1, 0.5, 0.25, and <0.25 mm. The amount of tested material
for each fraction was about 100 g, and the set time of continuous vibrating was 5 min. As
many as five repetitions were done for every tested material.

2.5. Statistical Analysis

Analysis of variance (ANOVA) and t-tests calculations were used to test (α = 0.05)
for significant differences between factors and levels, where appropriate, using IBM SPSS
statistic base (IBM, SPSS 20, Armonk, NY, USA). A comparison of the means was performed
when the ANOVA indicated a significant difference by employing the Duncan test. The
statistically significant differences for the achieved results are given in the Results and
Discussion paragraph whenever the data were evaluated.
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3. Results and Discussion
3.1. Materials Characterization

The bark content (w/w) was 7.4% for raspberry and 18.0% for chokeberry. According
to [28], the average bark content of pine (Pinus sylvestris L.), which is the main raw material
for particleboard production in Poland, is about 6.7% (w/w). Significant differences in bark
content of the investigated materials were found. Such a high content of bark in the case of
chokeberry could influence the mechanical properties of the produced PB [29]. It was found
by Kowaluk et al. [6] that the bark density of orchard trees can be remarkably lower than
the density of the wood. As confirmed in the case of single-layer particleboards produced
from Quercus cerris bark [30], these panels had remarkably low mechanical properties when
compared to the commercial particleboards. What was also confirmed by the mentioned
researchers, is that the panels produced from Quercus cerris bark had low TS. The bark
particles, being highly brittle, could also raise the fine particles/dust production when
milled, which could negatively influence the mechanical properties of the panels. On the
other hand, a fine bark particle can be upcycled and utilized, as was proven by Mirski and
collaborators [31].

Concerning the anatomy of the investigated raw materials, raspberry (Figure 2) has a
large amount (volumetric) of foamy parenchyma pith. However, this part of the material
can be easily disintegrated mechanically, and it is not easy to separate the particles produced
from the remaining particles. Furthermore, as a brittle and soft tissue, it produces a large
amount of fine particles, characterized by a large specific surface. This feature is not
desirable in PB production, since this fraction requires a high amount of resin to be added.
If the resination is not tuned regarding these fine fractions, the mechanical parameter of
produced PB drops down.

Figure 2. Cross-cut: (a) across and (b) along the fibers of a raspberry stalk.

The cross-cut of chokeberry (Figure 3) can be referred to as broadleaf plants. The year
rings (Figure 3a) are clearly visible, and wood rays are going horizontally between bark
and pith (Figure 3b; bark on the left, pith on the right). It is worth pointing out that the
pith is also in foam form, which was found for raspberry stalks, but here the amount of
foam pith was significantly lower than for raspberry.
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Figure 3. Cross-cut: (a) across and (b) along the fiber of the chokeberry stalk.

In Figure 4, the results of the measurement of the bulk density of particles used to
produce the tested composites and those produced by re-milling of the tested composites
are presented. In the case of the face layers’ intended particles, the highest bulk density was
found for chokeberry particles (164 kg m−3). A 2.4% lower bulk density (when referred to
highest value) was found for industrial face layer particles (160 kg m−3). The lowest bulk
density value among the tested particles was registered for raspberry particles (83 kg m−3),
which means an almost 50% lower density for chokeberry. When analyzing the core layer
purpose particles, the results were as follows (descending order): industrial (157 kg m−3),
chokeberry (121 kg m−3), and raspberry (89 kg m−3). The results of the measurement
of the bulk density of re-milled particles show that the bulk density of these particles
was higher than for the primary particles, and, what should be pointed out, is that the
differences between the tested materials were less than 2% when considering the lowest
value. The achieved average bulk density values were statistically significantly different
when compared within the same group (face, core, and re-milled).

Figure 4. Bulk density of particles used to produce composites, considering the particles produced
by the re-milling of composites.
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The achieved density values of raspberry and chokeberry particles were low compared
to other alternative lignocellulosic raw materials [6]. This is promising information, as,
in the case of compressed lignocellulosic composites, a low bulk density leads to better
densification, creating more spots where separate particles are connected. Thus, the pro-
duced composite structure is more even, less porous, and has higher mechanical properties.
This can also lead to lower water absorption. However, it was confirmed by Papadopoulos
et al. [7] that a lower bulk density can reduce the mat permeability due to densification
during hot pressing, and the heat transfer through such a mat can be significantly slower.

3.2. Modulus of Rupture and Modulus of Elasticity

As shown in Figure 5, the modulus of rupture values decreased when the content
of alternative raw materials increased. The MOR decrease was higher for composites
produced of raspberry particles (from over 15 N mm−2 when 0% of raspberry particles
to less than 10 N mm−2 for 100% raspberry composite). In the same conditions, MOR
decreased for chokeberry composites that had reached over 12.1 N mm−2. When compared
within the same raw materials, the only statistically significant differences between average
MOR values were found for the highest and lowest content of raw materials. When
referring to the EN standard [24], it was found that in the case of raspberry, the content of
alternative raw material should not exceed 50% for meeting the standard requirements.

Figure 5. Modulus of rupture of the tested composites.

Similar tendencies for a reduction of MOE when the alternative raw material contend
grows are presented in Figure 6. The reduction of MOE from the value of reference
composite, 2805 N mm−2, was to 1800 N mm−2 for the fully chokeberry composite and to
1617 N mm−2 for the 100% raspberry composite. It is worth adding that when referring to
the EN standard [24], in the case of raspberry, the content of alternative raw material should
not exceed about 80% for meeting the standard requirements. Furthermore, statistically
significant differences for the average MOR values for chokeberry were found for all
composite types excluding 25 and 50% alternative raw material particles share, when,
in the case of raspberry, there were no statistically significant differences between the
composites of 10 and 25%, as well as between 50 and 100%.
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Figure 6. Modulus of elasticity of the tested composites.

Raspberry panels were expected to have the best mechanical properties because of
their lower bulk density; however, they presented low mechanical features for MOR and
MOE. The reason for this can be the content of the core, as can be appreciated in Figure 2.
This part of the raw material can influence the production of particles with a low bulk
density, but these particles do not allow for carrying a high mechanical load when the
samples are bent, the face layers are strained/compressed, and core layers are under
shear stress. Moreover, the geometry of the particles used to produce the composites can
play a role here. As Wronka and Kowaluk demonstrated [32], the raspberry particles are
shorter and have blunt (wide) ends when compared to industrially used softwood particles.
Furthermore, because of the structure of the raspberry stalk, where the region of higher
mechanical properties is on the external zone of the rod, the particles produced from this
raw material are of a lower length to thickness ratio (slenderness), which is not desirable
for particle composites. It has been confirmed [33] that the best mechanical properties for
composites are achievable with a high length to thickness ratio.

3.3. Internal Bond

The positive effect of a low bulk density of raspberry particles has been found when
analyzing the IB values of the tested composites. As shown in Figure 7, the IB was
significantly raised when the content raspberry particles rose. The reference composite IB
value was 0.72 N mm−2, and, for 100% raspberry composite, the IB was 1.04 N mm−2, while
for 100% chokeberry composite, it was 0.53 N mm−2. It should be pointed out that when
comparing the achieved results of IB, all of the tested composites met the requirements
of a specified European standard [24]. Furthermore, the statistical analyses within the
alternative raw materials mentioned show no statistically significant differences between
IB average values of 10% and 25%, 25%, and 50% for raspberry, as well as between 10%
and 50%, and between 25% and 100% for chokeberry.

3.4. Thickness Swelling and Water Absorption

The results of the measurement of thickness swelling of the tested composites after
2 h and 24 h of soaking in water are presented in Figure 8. As can be seen, in the case of
raspberry composites, the swelling in thickness significantly grew with the alternative raw
material content increase. After 2 h of soaking, the lowest TS for the reference composite (0%
of raspberry particles) was 18%, while for the 100% raspberry panel, the TS was 33%, which
is an increase of more than 83%. After 24 h of soaking, the TS of the reference composite
was below 20%, and for the 100% raspberry composite, the TS was over 36% (89% growth).
In the case of chokeberry, the increase in alternative raw material particles content caused
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a decrease in thickness swelling. After 24 h of soaking of the chokeberry composites, the
TS was 16%, which was an almost 16% reduction of TS. The only statistically significant
differences for the average values of TS after 2 h of raspberry composites were found
between the 0%, 50%, and 100% panels and the same composites after 24 h of soaking.
Regarding chokeberry, statistically significant differences after 2 h of soaking were found
for composites of 0% and 100%, and the same after 24 h of soaking. It should be highlighted
that when referring to the achieved results of TS, none of the tested composites met the
requirements of the European standard [24].

Figure 7. Internal bond of the tested composites.

Figure 8. Thickness swelling of the tested composites.

Such a significant rise of TS of composites made of raspberry particles can be explained
by the low bulk density of raspberry particles, as presented in Figure 4. Although a low
bulk density helps with better densification of the pressed mat, this highly compressed mat
can be easily decompressed by water penetrating the composite in light of the swelling in
thickness. Thus, the material, which was more densified during hot pressing (composite
preparation), has a potential of higher TS. On the other hand, the opposite situation was
found in the case of chokeberry composites, where the mat densification was lower due to
the higher bulk density of the chokeberry particles.
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The WA values of the tested composites of different contents of alternative raw
materials are presented in Figure 9. The high water absorption values after 24 h of soaking
for the raspberry samples, from over 77% for the reference composite to over 108% for 100%
raspberry composite, can be explained by the presence of low-density core particles, which
can react with water like a sponge. The higher increase of WA for the samples with a higher
content of raspberry particles after 24 h compared to WA after 2 h of soaking means that the
structure of the samples is less penetrative (tighter) against water, and more time is needed
to reach the deeper zones of the samples. This can be explained by the higher densification
of the mat built by low bulk density particles. When evaluating the WA of chokeberry
composites, it can be found that with the rising content of chokeberry particles, the WA
slightly rose after 2 h of soaking, whereas, after 24 h of soaking, the WA decreased with
the increase in chokeberry particles content. This means that chokeberry particles cause
lower water absorption. A specific type of composite here can be the 100% chokeberry
panel, where the maximum WA was reached after 2 h of soaking and did not raise even
after 24 h of total soaking. One of the reasons could be the high bulk density of chokeberry
particles, which lead to lower compression of particles during pressing, and leave more
unfilled (empty) zones in the composite structure. These zones can be filled with water in a
short time. Another reason is that the deciduous wood has a five times higher potential to
transfer the water due to the larger dimensions of the vessels [28]. Statistically significant
differences of average WA for raspberry composites after 2 h of soaking were between 0%
and 100%, and between 0%, 10%, and 25% against 50% and 100% composites after 24 h. For
chokeberry, these differences were found between samples of 0%, 10%, and 25% against
100% after 2 h, and 0%, 10%, and 25% against 50% and 100% composites after 24 h.

Figure 9. Water absorption of the tested composites.

3.5. Density and Density Profiles

The results of the density profile measurement of the tested composites are presented
in Figure 10. Since the tested composites are symmetrical, half of the density profile is
shown to improve the readability of the plots. As can be seen, the highest values of density
in the face zone, over 950 kg m−3, located about 0.7 mm in deep from the surface, were
found for the industrial particles composite. On the other hand, the highest density zone of
the raspberry composite, about 815 kg m−3, was found about 1.8 mm under the composite
surface. A similar zone for the chokeberry composite, but with a lower density, about
780 kg m−3, was found at 0.4 mm under the surface. In the case of the lowest density in the
core layers (middle of the thickness), the lowest value, about 550 kg m−3, was registered for
the raspberry composite, when the remaining composites had a similar core layer density,
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which was about 590 kg m−3. It should be mentioned here that all of the tested samples
were of the same average density of about 600 kg m−3.

Figure 10. Density profiles of the tested composites.

A high density of face layers, which was found for the reference composites (industrial
particles), can significantly influence the bending properties of composites as these face
layers are generally responsible for tension and compression stresses when the material
is bent. This remark can be confirmed on figures presenting MOR (Figure 5) and MOE
(Figure 6) values. It was also confirmed for fibrous composites of different density pro-
files [34]. However, as the differences between the density values of core layers of the tested
panels are low, it can be hard to refer to the remaining features of the tested composites.

3.6. Recycled Material Characterization

The pictures of different particles produced by re-milling the tested composites and
industrial (not re-milled) particles are shown in Figure 11. It can be found that in the case
of industrial particles, for all fractions excluding dust (< 0.25 mm), the particles had a high
length to width ratio, which can be estimated on the level of 4:1 for 8 mm fraction and
even higher, about 20:1 for 2 mm fraction. On the other hand, the pictures of re-milled
particles of fractions 8 and 4 mm show that the particles were not elongated anymore,
and these were more rounded or square, with a length-to-width ratio of about 1:1. For a
fraction of 2 mm, a significant difference was found for chokeberry particles, which are
more similar to industrial particles. In addition, the smaller chokeberry particles (1 mm
and below) are closer to industrial (not re-milled) particles. When re-milled, industrial and
raspberry particles are short and of higher width. These remarks can be valuable in the
light of further use of re-milled particles, since, as confirmed, the shape of the particles can
significantly influence the properties of the produced particle composites [35,36].
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Figure 11. Pictures of the morphology of particles produced by re-milling the tested composites
compared to industrial particles (each picture dimension is 50 mm × 50 mm).

Figure 11. Pictures of the morphology of particles produced by re-milling the tested composites
compared to industrial particles (each picture dimension is 50 mm × 50 mm).

57



Materials 2021, 14, 7772

The mass fraction share of particles produced by the re-milling of investigated com-
posites and the fraction share of primary industrial particles is shown in Figure 12. As can
be seen, in the case of raw industrial particles, the largest share is for particles of size 1 and
2 mm (over 74%), and 17% of size 4 mm. The remaining fractions are less than 9%. When
analyzing the fraction share of re-milled particles, it can be stated that the fraction share of
industrial and chokeberry particles is similar. The difference is between the distribution of
fractions smaller and larger than 1 mm: for industrial re-milled particles, a more significant
amount of fractions smaller than 1 mm were found, and a smaller amount of fractions were
larger than 1 mm. The opposite distribution was found for chokeberry particles. Significant
differences in fraction share were found for raspberry re-milled particles. These particles
had many fractions of bigger dimensions, where the content of fractions of 4 mm + 8 mm
was about 47%. This type of material also provides a large amount of smaller fractions:
the sum of fractions 0.5 mm, 0.25 mm, and < 0.25 mm was about 30%, whereas, in the
case of remaining re-milled materials, it was about 23% for industrial re-milled, 18% for
re-milled chokeberry, and 8% for primary industrial particles. It should be pointed that a
high amount of small fractions is not profitable when considering the achieved particles to
be used as a raw material to produce similar particle composites. Since the specific surface
of the particles grows with the particle size decrease, and, thus, a larger amount of binder
is needed to cover the particle surface adequately, such small fractions should be separated
and subjected to alternative processing/utilization.

Figure 12. Mass fraction share of particles produced by re-milling of composites considering indus-
trial particles.

4. Conclusions

According to the conducted research and the analysis of the achieved results, the
following conclusions and observations can be drawn:

1. It has been confirmed that lignocellulosic particles of black chokeberry (Aronia
melanocarpa (Michx.) Elliott) and raspberry (Rubus idaeus L.), being an orchard waste,
can be successfully upcycled and used to produce lignocellulosic composites, thus
having a positive contribution to carbon storage.

2. The bulk density of chokeberry particles on the outer layers is slightly higher than
that of industrial particles. The inverse relationship occurs in the case of particles on
the core layers. The particles in both layers are characterized by a lower density than
the reference (industrial) particles for raspberry.

3. With an increase in the proportion of black chokeberry or raspberry particles in the
particleboard, the bending strength and modulus of elasticity decreases.
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4. A significant influence of the content of black chokeberry and raspberry particles was
found on the perpendicular tensile strength (IB) of the tested composites: a significant
increase with raspberry particles increasing and decrease with chokeberry particles
increasing.

5. The thickness swelling of raspberry-containing composites increases after 2 h and
24 h of soaking in water. In the same conditions, the increase of chokeberry particle
contents causes a lower thickness swelling.

6. The water absorption test showed increasing dynamics of water absorption for boards
with a higher proportion of chokeberry and raspberry particles, but in the long
run, boards made of chokeberry particles absorb less water than the reference and
raspberry composites.

7. The highest density of face layers has been found for reference composites made of
industrial particles, which influence the bending features of the tested composites.

8. Further use of particles produced from re-milled composites can be limited due to
the shape of the re-milled particles, which, in the case of industrial and raspberry
particles, is significantly different from unprocessed particles.
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Abstract: In this study, lignin isolated and fractionated from black liquor was used as a pre-polymer
to prepare bio-polyurethane (Bio-PU) resin, and the resin was impregnated into ramie fiber (Boehme-
ria nivea (L.) Gaudich) to improve its thermal and mechanical properties. The isolated lignin was
fractionated by one-step fractionation using two different solvents, i.e., methanol (MeOH) and
acetone (Ac). Each fractionated lignin was dissolved in NaOH and then reacted with a polymeric
4,4-methane diphenyl diisocyanate (pMDI) polymer at an NCO/OH mole ratio of 0.3. The re-
sulting Bio-PU was then used in the impregnation of ramie fiber. The characterization of lignin,
Bio-PU, and ramie fiber was carried out using several techniques, i.e., Fourier-transform infrared
spectroscopy (FTIR), differential scanning calorimetry (DSC), thermogravimetric analysis (TGA),
pyrolysis-gas-chromatography-mass-spectroscopy (Py-GCMS), Micro Confocal Raman spectroscopy,
and an evaluation of fiber mechanical properties (modulus of elasticity and tensile strength). Impreg-
nation of Bio-PU into ramie fiber resulted in weight gain ranging from 6% to 15%, and the values
increased when extending the impregnation time. The reaction between the NCO group on Bio-PU
and the OH group on ramie fiber forms a C=O group of urethane as confirmed by FTIR and Micro
Confocal Raman spectroscopies at a wavenumber of 1600 cm−1. Based on the TGA analysis, ramie
fiber with lignin-based Bio-PU had better thermal properties than ramie fiber before impregnation
with a greater weight residue of 21.7%. The mechanical properties of ramie fiber also increased after
impregnation with lignin-based Bio-PU, resulting in a modulus of elasticity of 31 GPa for ramie-L-
isolated and a tensile strength of 577 MPa for ramie-L-Ac. The enhanced thermal and mechanical
properties of impregnated ramie fiber with lignin-based Bio-PU resins could increase the added value
of ramie fiber and enhance its more comprehensive industrial application as a functional material.

Keywords: fractionated lignin; bio-polyurethane resin; ramie fiber; impregnation; thermal stability;
mechanical properties

1. Introduction

Polyurethane (PU) resin is a polymer that contains urethane linkages (R−N−H−C=O−R)
in the main polymer chain. PU can be functionalized with reactive groups such as iso-
cyanate, amine, epoxy, acrylate, or carboxylic acid groups [1]. Modified PU resins are
widely used in various applications, such as coatings, foams, medicinal products, thermal
insulation, and adhesives [2–5]. Due to its superior properties compared to other polymers,
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such as high mechanical strength, flexibility at low temperatures, and the ability to be
formed as a rigid, semi-rigid, or flexible foam with various densities, PU has become
one of the most important type of resins used in various value-added applications, with
an estimated global market volume of approximately 24 million tons in 2020 [6,7]. The
synthesis of PU is carried out through a condensation reaction between isocyanates and
polyols, where the main ingredients of the polymer to produce polyurethane are derived
from refining crude oil and coal [8]. Hence, the main environmental problem in the pro-
duction process is related to the formation of toxic substances such as polyisocyanate and
its phosgene intermediate. The increased industrial PU demands and growing environ-
mental concerns have posed new requirements related to the utilization of raw materials
from renewable, bio-based sources to reduce declining fossil reserves. The environmental
approaches in the development of sustainable PUs have resulted in the replacement of
petrochemical polyols with bio-polyols, such as vegetable oil, oil waste, or lignocellulosic
biomass [9]. Major techniques for converting vegetable oils to polyols are hydroformylation,
transesterification/amidation, epoxidation/oxirane-ring opening, and ozonolysis [10–13].
Lignocellulosic biomass can be converted to liquid polyols through liquefaction processes
or oxypropylation for polyurethane applications [14]. Bio-polyurethanes (Bio-PU) can
also be obtained by using polyols from renewable materials such as lignin and tannin for
various applications [15,16].

Lignin is the second most abundant polymer source in nature after cellulose, account-
ing for around 15–30% in wood biomass (bark typically contains large amounts of lignin
ca. 40%) and 10–20% in grass biomass [17–19]. Nowadays, lignin is mainly produced
as a waste or by-product of the pulp and paper industry with an estimated annual vol-
ume of about 50–70 million tons of which less than 2% is converted into value-added
applications [20,21]. Lignin has a heterogeneous, amorphous structure, and consists of
three-dimensional non-uniform polymeric tissue, constructed with repeating units [9].
Lignin is a complex aromatic polymer of three types of phenylpropane units (monolignols),
namely p-hydroxyphenyl, syringyl, and guaiacyl. These units are randomly linked by
ether and carbon bonds, forming a three-dimensional structural network with several
reactive groups in structures, such as phenolic/aliphatic hydroxyl, methoxyl, carbonyl, and
carboxyl [22]. The hydroxyl group and free position in the aromatic rings are the principal
functions of lignin.

Lignin has emerged as a good alternative to polyol in resins, foams, and adhesives
The NCO content of lignin Bio-PU decreases compared to the unmodified PU batch, which
indicates that the incorporation of lignin in Bio-PUs leads to efficient crosslinking and the
presence of less monomer in the final system. The incorporation of lignin results in an
increased molecular weight of the lignin Bio-PU, which leads to the successful incorporation
of lignin into the backbone of the polyurethane chain. Thus, the overall molecular weight of
the adhesive is also increased [22]. Lignin-based, cross-linked PUs prepared from low- and
medium-molecular-weight lignin fractions are characterized by high tensile strength and a
high modulus of elasticity. However, their brittleness increases with the increased lignin
content. The molecular weight of lignin can be altered by crosslinking with various solvents,
which can tune the mechanical properties of the lignin-based PUs. Methanol fractionation
of lignin increases the molecular weight (by removing the low-molecular-weight fraction),
polydispersity, char yield, and glass transition temperature, and acetone fractionation
improves the role of lignin as an antioxidant. Acetone-soluble lignin fractionation-based
PU exhibits improved thermal stability due to crosslinking the lignin macromonomers [23].

The use of lignin as a Bio-PU pre-polymer follows two approaches: Lignin used
directly without chemical modification or combined with other polymers, and using lignin
after chemical modifications, such as esterification and etherification reactions to ensure
hydroxyl groups react more easily [24]. Isolated lignin has aliphatic and hydroxyl phenolic
groups, which provide excellent bonding to isocyanates. Most of the phenolic hydrox-
yls are linked to the adjacent phenylpropane units. In addition, chemical modifications
such as methylolation and phenolation increase its chemical reactivity to formaldehyde
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and thus lignin can also act as a formaldehyde scavenger in conventional thermosetting
formaldehyde-based adhesives and has unique characteristics with comprehensive strength
and thermal stability because of the non-crystalline network structure [25–28].

Ramie (Boehmeria nivea (L.) Gaudich) is an abundant natural fiber that is easy to
obtain, renewable, and environmentally sustainable as a resource material. Ramie fiber
exhibits satisfactory strength and stiffness properties, low cost, and relatively high annual
production [29]. Ramie fiber also has good decay resistance and the ramie-based composite
products have twice the strength of regular wood fiber [30]. Ramie fiber has a tensile
strength of around 95 MPa, which is higher than cotton and hemp [31]. Ramie fiber
contains cellulose, hemicellulose, lignin, ash, and wax in different amounts, which cause
differences in physical, mechanical, and thermal properties between ramie fiber and other
cellulosic fibers. To obtain optimal composite characteristics, it is necessary to select
the physical, mechanical, and thermal properties of the raw materials used [32]. Ramie
fiber has been widely used in automotive, interior design, and furniture applications [33].
However, the main disadvantages of ramie fiber are its low thermal stability and poor flame
retardancy, which limit the use of ramie as a raw material for functional textiles. Chemical
treatments such as alkali, acetylation, and bleaching [34], as well as biological treatments
have been performed to overcome those drawbacks [35]. In addition, the mechanical
properties of ramie fiber often decrease due to the removal of cellulose, hemicellulose, and
lignin after modifications.

One way to enhance both the thermal stability and mechanical properties of ramie
fiber is by using the impregnation method. Impregnation is an important method in
composite manufacturing. Different types of natural fibers have been impregnated with
polypropylene, polylactic acid, and aluminum hydroxide [36,37]. The use of lignin derived
from black liquor as polyols in the synthesis of bio-PU represents a sustainable approach
to reduce waste from the kraft pulping process. The resulting bio-PU was used as an
impregnation material aimed at improving the fiber thermal and mechanical characteristics.
The impregnation of natural fibers can be simplified as a flow of viscous chemicals into
porous materials. However, to the best of the authors’ knowledge, no studies have reported
the impregnation of ramie fiber to enhance its thermal and mechanical properties.

Therefore, the aim of this research work was to develop bio-PU resin derived from
lignin for the impregnation of ramie fiber and investigate the properties of Bio-PU resin
and the performance of impregnated ramie fiber, particularly its thermal stability and
mechanical properties. The analyses used included functional group analysis using
Fourier-transform infrared spectroscopy (FTIR), thermal analysis using Differential Scan-
ning Calorimetry (DSC), thermal stability analysis using Thermogravimetric (TGA), and
Pyrolysis-Gas-Chromatography-Mass-Spectroscopy (Py-GCMS) for determining lignin
components, and the evaluation of tensile strength and the modulus of elasticity of ramie
fiber using a universal testing machine (UTM).

2. Materials and Methods
2.1. Materials

Black liquor obtained from the kraft pulping process of Acacia mangium was provided
by Tanjung Enim Lestari Pulp and Paper Company, Muara Enim, Indonesia (Figure 1). Stan-
dardized kraft lignin (guaiacyl lignin) from Sigma Aldrich (CAS No. 8068-05-1, Burlington,
MA, USA) was used as a standard. Ramie fiber (Boehmeria nivea (L.) Gaudich) was obtained
from Rabersa Company, Wonosobo, Indonesia. Hydrochloric acid (HCl 37%, analytical
grade, Merck, Darmstadt, Germany), sulfuric acid (H2SO4 95–97%, analytical grade, Merck,
Darmstadt, Germany), methanol (analytical grade, Merck, Darmstadt, Germany), acetone
(analytical grade, Merck, Darmstadt, Germany), dioxane (1,4-dioxane, analytical grade,
Merck, Darmstadt, Germany), and distilled water were used for isolation and fractionation
of lignin. Polymeric 4,4-methane diphenyl diisocyanate (pMDI, ±31% NCO content),
purchased from the company Anugerah Raya Kencana (ARK, Tangerang, Indonesia), and
sodium hydroxide (NaOH 20%) were used to prepare the Bio-PU resin.
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2.2. Isolation and Fractionation of Lignin

Lignin was isolated via the acid precipitation method [38]. Approximately 200 g of
black liquor and 2000 mL of distilled water were stuffed into a plastic jar. HCl 1 M was
added while stirring to adjust the pH of black liquor from around 12 to 2. The solution
was kept for 24 h at room temperature (25 ◦C) to separate the filtrate and residue. Further,
the decantation process was carried out three times, and then the remaining sludge was
refrigerated for 24 h. The precipitate was filtered with a Buchner funnel and kept in an
oven for 24 h at 45 ◦C. Then the precipitate was powdered using a mortar and filtered with
a size 60 mesh.

Lignin fractionation was carried out via a single-step fractionation using two different
solvents, namely methanol (MeOH) and acetone (Ac) with some modifications [39]. The
lignin sample was weighed and 20 g was mixed with 300 mL of solvent at a ratio of 1:15.
The solution then was stirred with a magnetic stirrer for 24 h with a stirring speed of
200 rpm. The soluble and insoluble fractions were separated using a Buchner funnel and
filter paper. After that, the dissolved fraction was concentrated with a rotary evaporator
(Rotavapor® R-300, Buchi, Flawil, Switzerland). Furthermore, the lignin samples were
dried for 24 h at 45 ◦C.

2.3. Lignin Characterization

Basic properties of lignin such as yield, moisture content, ash content, purity, and total
phenolic hydroxyl groups were characterized using various analytical methods. The yield
of lignin was calculated by dividing the weight of isolated lignin and black liquor. The
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moisture content of lignin was determined by drying lignin samples in an oven at 105 ◦C
for 24 h.

The ash content of lignin was determined by heating the sample in a furnace for 6 h
at a temperature of 525 ± 25 ◦C. Ash content of lignin was calculated according to the
following equation [40].

Ash content (%) =
(C − A)

B
× 100% (1)

Description:
A = weight of empty porcelain cup (g).
B = weight of lignin sample (g).
C = weight of oven-dried sample and porcelain cup (g).
The purity of isolated lignin was measured according to the standard procedure [41,42].

Approximately 0.3 g of lignin was added to a vial bottle. After that, 3 mL of H2SO4 72% was
added and mixed with a magnetic stirrer at 150 rpm for 2 h. A blank solution was prepared
by adding 3 mL of H2SO4 72% and 84 mL of distilled water. Furthermore, the sample was
heated by autoclave for 1 h at a temperature of 121 ◦C. The solution was filtered using an
IG3 filter glass (CTE33, IWAKI, Tohoku, Japan). The residue (acid-insoluble lignin) was put
in the oven at 105 ◦C for 24 h. The filtrate was diluted in a test tube with a blank solution of
13 times dilution. The solution was stirred with a vortex, and its absorbance was measured
using a UV-Vis spectrophotometer (UV-1800, Shimadzu, Kyoto, Japan) at a wavelength of
240 nm. Acid soluble lignin (ASL) and acid-insoluble lignin (AIL) were calculated using
the following equations [41,42].

ASL (%) =
UVabs × volume f iltrate × dilution

ε × A × cuvette length
× 100% (2)

AIL (%) = AIR(%)− Ash content (%) (3)

Acid Insoluble Residue (AIR) (%) =
C − B

A
× 100% (4)

Description:
ε = absorptivity constant of biomass at specific wavelength (L/g·cm).
A = weight of sample without moisture content (g).
B = dry weight of IG3 filter glass (g).
C = dry weight of IG3 filter glass and AIL (g).
The total phenolic hydroxyl groups of lignin were determined according to the pub-

lished methods [43]. The lignin sample was prepared by dissolving 20 mg of lignin in
10 mL of dioxane and 10 mL of NaOH 0.2 M. The solution was filtered using 0.45 µm nylon
to remove insoluble particles. Further, 4 mL of the initial solution was diluted by adding
50 mL of solvents. Three different solvents were used: NaOH 0.2 M, pH 6 buffer, and pH
12 buffer. Dilution was carried out until the final concentration of the solution was 0.08 g/L.
UV measurements were carried out using a UV-Vis spectrophotometer in the 200–600 nm
range using a buffer solution of pH 6 as a reference. The maximum absorption occurred at
the absorbance of 300 nm and 350 nm, which were used for calculations. The total phenolic
hydroxyl group was calculated using the following equation [43]:

Total OH (mmol g−1) = (0.425 × A300nm (NaOH) + 0.182 × A350nm (NaOH)) × a (5)

Description:
A = absorbance.
a = correction term (L/g·cm) = 1/(c × l) × 10/17.
c = concentration of lignin solution (g/L).
l = path length (cm).
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2.4. Preparation of Bio-Polyurethane Resin

Bio-polyurethane (Bio-PU) was prepared using fractionated lignin and pMDI at an
NCO/OH mole ratio of 0.3. The ratio of NCO/OH was calculated by dividing the mole
of NCO of pMDI and the mole of phenolic OH in lignin. The fractionated lignin was
dissolved in a NaOH 20% solution with a ratio of 1:10 (w/v). A solution of pMDI in acetone
(8% w/v) was added to the lignin fractions. The mixture was mechanically stirred with a
stirring speed of 500 rpm for 30 min for the polymerization reaction. The obtained Bio-PU
resin was stored in vials before the characterization and impregnation of ramie fibers. The
lignin-based Bio-PU formation reaction scheme is shown in Figure 2.
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2.5. Impregnation of Ramie Fiber with Bio-PU

The impregnation of ramie fibers was carried out in a 1 L vacuum chamber with
a vacuum pump (VC0918SS, VacuumChambers.eu, Białystok, Poland) according to the
published work [44]. The initial weight of ramie fiber was recorded before vacuum im-
pregnation. Five grams of ramie fibers were immersed in 50 mL of Bio-PU resin and
impregnated at 25 ± 2 ◦C under the pressure of 50 kPa for 30, 60, and 90 min. The impreg-
nated fiber was then dried in an oven at 60 ◦C for 24 h. Dried ramie fibers were weighed
to determine the weight gain after impregnation. The weight gain (%) was calculated by
dividing the mass of ramie fibers after impregnation by the initial mass of ramie fibers. The
impregnated ramie fibers were then stored in a zip-lock plastic bag for further testing.

2.6. Characterization of Lignin-Based Bio-PU Resin

Functional groups of isolated lignin, fractionated lignin, and lignin-based Bio-PU resin
were investigated using Fourier-transform infrared spectroscopy (FTIR) (SpectrumTwo,
PerkinElmer, Waltham, MA, USA) by applying the universal attenuated total reflectance
(UATR) method. The average accumulation was recorded as 16 scans at a resolution of
4 cm−1 with wavenumber in a range of 4000–400 cm−1 at 23 ± 2 ◦C.

Thermal properties of isolated lignin, fractionated lignin, and lignin-based Bio-PU
were analyzed using Differential Scanning Calorimetry (DSC4000, PerkinElmer, Waltham,
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MA, USA). Around 4 mg of the sample was weighed in a standard aluminum pan (40 µL).
The samples were heated in a nitrogen atmosphere with a flow rate of 20 mL/min and
temperatures ranging from −50 to 350 ◦C with a heating rate of 10 ◦C/min. The Tp1
and Tp2 values were calculated automatically using Pyris 11 software (Version 11.1.1.0492,
PerkinElmer, Shelton, CT, USA).

Thermogravimetric analysis (TGA) was performed using the TGA instrument (TGA
4000, Perkin Elmer, Waltham, MA, USA). Around 20 mg of the sample was weighed
in a standard ceramic crucible and heated in a nitrogen atmosphere with a flow rate of
20 mL/min. The temperature used in heating ranged from 25 to 750 ◦C with a heating rate
of 10 ◦C/min. The percent of weight loss, weight loss rate, and residue were analyzed with
the help of Pyris software.

The analysis of lignin components was conducted using pyrolysis-gas-chromatography-
mass-spectroscopy (Py-GCMS, Shimadzu, Kyoto, Japan). Lignin samples of 500–600 µg
were put into the SF PYI-EC50F eco-cup, covered with glass wool, and Py-GCMS ana-
lyzed the samples. The eco-cup was pyrolyzed at 500 ◦C for 0.1 min using multi-shot
pyrolysis (EGA/PY-3030D) connected to the GC/MS QP-2020 NX system (Shimadzu, Ky-
oto, Japan) and equipped with an SH-Rxi-5Sil column MS, which had a film thickness of
30 mm × 0.25 mm id 0.25 µm, 70 eV electrons, and helium as a carrier gas. The pressure
used was 20.0 kPa (15.9 mL/min, column flow 0.61 mL/min). The temperature profile
for GC was 50 ◦C, which was left for 1 min and then the temperature was increased to
280 ◦C with a heating rate of 5 ◦C/min, and the temperature was held at 280 ◦C for 13 min.
Pyrolysis products were identified by comparing the retention time and mass spectrum
data in the 2017 NIST LIBRARY program.

Rheological properties of lignin-based Bio-PU resin were investigated using a rota-
tional rheometer (RheolabQC, AntonPaar, Graz, Austria). The measurement was conducted
at room temperature using a concentric cylinder coupled with spindle No. 27. The viscosity
and cohesion of lignin-based Bio-PU resin were obtained directly after the measurement.

2.7. Evaluation of Ramie Fibers Properties

FTIR, DSC, and TGA were performed as described in Section 2.6 to investigate the
properties of ramie fibers before and after impregnation.

Micro confocal Raman hyperspectral imaging spectrometer (LabRAM HR Evolution,
Horiba, Kyoto, Japan) was used to confirm the formation of urethane linkages on ramie
fiber after impregnation. Ramie fiber before and after impregnation was put on the glass
slide, and the image was captured using an NIR objective lens at 100-times magnification.
The sample image then was bombarded with a laser at a wavelength of 785 nm using
600 grating. The measurement was performed at a Raman shift of 200–4000 cm−1, an
acquisition time of 10 s, and accumulations of 10 at room temperature.

The determination of mechanical properties of ramie fiber was carried out in accor-
dance with the ASTM D3379-75 standard using a universal testing machine (UTM 5kN,
Shimadzu, Kyoto, Japan) [45]. The specimen used is a single fiber separated by strand
bonds. The specimen length was 20–30 mm, and the total fiber length was about three
times the length of the specimen. The specimens were tested at a temperature of 23 ◦C. The
tensile strength and elastic modulus of ramie fibers before and after impregnation were
calculated according to the ASTM D3379-75 [45].

3. Results and Discussion
3.1. Basic Properties of Isolated Lignin

Black liquor used in this study was obtained by the kraft pulping process of the pulp
and paper industry. The characteristics of black liquor and isolated lignin are shown in
Table 1. The yield of isolated lignin obtained was 35.88%, which is lower than the one-stage
lignin precipitation by Hermiati et al. [38], namely 45.76%. The yield of isolated lignin
is affected by the lignin content in black liquor from the kraft pulping process and the
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precipitation process during isolation. A complete precipitation reaction will produce a
higher lignin yield.

The moisture content of isolated lignin (L-isolated) was 5.07%. The moisture content
of lignin was relatively low compared to the published work [46], which was 8.05%. Ash
content is the residual content of combustion of inorganic materials found in lignin. The
low ash content of 0.31% indicated that the three-stage decantation process to obtain the
lignin in this study produced fewer impurities compared to other studies that used a
one-stage decantation process and obtained an ash content of 8.25–19.19% [38,47].

Table 1. Characteristics of lignin isolated from black liquor.

Analysis Parameters Value References

Moisture Content of Black Liquor (%) 27.81 ± 1.11 10.00 [48]
Solid Content of Black Liquor (%) 76.79 ± 0.64 65.00–85.00 [49,50]

pH of Black Liquor 12.14 ± 0.02 12.00–13.00 [51,52]
Yield of Lignin (%) 35.88 ± 1.81 45.76 [38]

Moisture Content of Lignin (%) 5.07 ± 0.71 8.05 [46]
Ash Content of Lignin (%) 0.31 ± 0.19 8.25–19.19 [38,47]

Acid-insoluble Lignin (AIL) (%) 82.54 ± 0.96 53.08 [38]
Acid-soluble Lignin (ASL) (%) 12.77 ± 0.67 7.26 [38]

Purity Levels of Lignin (%) 95.32 ± 0.61 60.34 [38]

The determination of lignin purity is based on AIL and ASL. As presented in Table 1,
the AIL content was 82.54% and ASL content was 12.77%. The high AIL and ASL values
determined can be attributed to the three-stage decantation process during isolation. The
decantation process involved washing with distilled water to remove impurities and other
substances, thus increasing the total lignin generated from the isolation process. The level
of purity of the isolated lignin was relatively high, namely 95.32%. This result was higher
than the published works that used a similar source of black liquor and acid precipitation
methods [38], calculating around 60.34% of lignin purity. The difference in the level of
lignin purity can be attributed to the differences in mineral content in lignin isolates.

The yield of dissolved fractionation is shown in Table 2. The yield of lignin fractionated
with MeOH (L-MeOH) was 71.25% and lignin fractionated with acetone (L-Ac) was 70.57%.
The results are in agreement with the published work [53], where the highest solubility of
fractionated technical lignin was observed in methanol and acetone solvents of 70–80%.
The solubility of this lignin in organic solvents depends on the type of lignin, aliphatic
hydroxyl number, and molecular weight [54].

Table 2. The yield and total phenolic hydroxyl group of isolated and fractionated lignin.

Type of Lignin Yield of Fractionated Lignin (%) Total OH Group

L-Standard - 8.109
L-Isolated - 7.968
L-MeOH 71.25 7.399

L-Ac 70.57 7.645

Total phenolic hydroxyl groups of fractionated lignin were determined using the UV
method. The UV method is a fast and easy way of measuring phenolic hydroxyl groups by
giving the total number of hydroxyl (OH) groups without any structural specifications [43].
The total phenolic OH group of L-Standard, L-Isolated, and fractionated lignin are shown
in Table 2. The highest total OH group was found in the L-Standard (8.109%), and the
lowest was obtained in the L-MeOH (7.399%). The isolated lignin contains high phenolic
hydroxyl groups and a condensed structure due to the kraft pulping process [39]. The
OH group value was further used in the formulation of lignin-based Bio-PU resin with an
NCO/OH mole ratio of 0.3.
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3.2. Characterizations of Lignin
3.2.1. FTIR Analysis

FTIR spectra of isolated lignin and fractionated lignin are shown in Figure 3. Standard
lignin was used as a comparison. The isolated lignin and fractionated lignin were similar
to standard lignin in terms of functional groups. However, there were different intensities
at specific wavenumbers of isolated lignin and fractionated lignin.
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Figure 3. Typical FTIR spectra of lignin before and after fractionation.

The broad absorption band at 3550–3200 cm−1 is the O-H stretching vibration in
phenolic and aliphatic O-H groups. The peaks were detected at 3355 cm−1 for standard
lignin, 3347 cm−1 for isolated lignin, and 3327 cm−1, and 3356.47 cm−1 for L-MeOH and
L-Ac, respectively. The wavenumber at 2936–2917 cm−1 shows typical C-H stretching
of CH3 and CH2, 1710–1698 cm−1 was assigned to C=O stretching from conjugate acid,
1601–1593 cm−1 was attributed to C=O stretching vibrations from skeletal aromatic, and
1514–1511 cm−1 represented the C-C stretching of the aromatic ring. The absorption bands
at 1605–1600 cm−1 and 1515–1505 cm−1 were assigned to the aromatic ring vibration
of the phenyl-propane (C9) skeleton [47]. The peaks at 1470–1460 cm−1 indicated the
presence of C-H deformation (asymmetrical) of methyl, methylene, and methoxyl groups,
which indicated the aromatic structure of lignin did not change after the isolation and
fractionation process.

Standard lignin showed strong absorption bands at 1269 cm−1 and 1210–1220 cm−1,
assigned to the C-O group of guaiacyl, phenolic O-H, and ether in syringyl and guaia-
cyl. Meanwhile, isolated lignin and fractionated lignin have a strong absorption band
at 1080–1030 cm−1, indicating a C-O group in syringyl and guaiacyl. It is suspected that
the standard lignin used is a guaiacyl lignin derived from softwood, which has a higher
intensity at a wavenumber of 1269 cm−1. Isolated lignin and fractionated lignin were
thought to be syringyl-guaiacyl lignin derived from hardwood and have a higher intensity
at a wavenumber of 1030 cm−1 [55]. This study showed that isolated lignin from black
liquor and fractionated lignin did not damage the structure of lignin.

3.2.2. DSC Analysis

Thermal properties of isolated and fractionated lignin were analyzed using DSC
analysis. Standard lignin was used as a comparison. In Figure 4, two endothermic peaks
were detected during the heating process of lignin. The initial peak endothermic reaction
(Tp1) appeared at 56 ◦C for L-standard and 73 ◦C for L-isolated. Meanwhile, Tp1 for
fractionated lignin was in the range of 63–65 ◦C. The initial endothermic reaction is the
beginning of the process to evaporate the water contained in lignin. The higher Tp1 of
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isolated and fractionated lignin indicated that lignin had more water than standard lignin.
The second endothermic reaction (Tp2) is the final part of the endothermic process that
changes the lignin structure and reduces stiffness (plasticization). This reaction is also
known as the glass transition (Tg), which is the inflection point of the heat flow change of
the heating cycle [56]. The Tg of lignin is generally in the range of 100–180 ◦C, and Tg from
standard lignin, isolated lignin, and fractionated lignin were in the range of 136–158 ◦C.
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3.2.3. TGA Analysis

The thermal degradation of lignin was determined by TGA-DTG analysis. The results
of the TGA-DTG analysis are shown in Figure 5. There are three stages of lignin degradation
based on the TGA-DTG analysis. The first stage occurs at a temperature of 25–100 ◦C,
which causes lignin to lose weight due to water evaporation or reduction in moisture. At
this stage, the derivative weight loss was around 0.2–1.0%/◦C. The next step is weight
reduction due to carbohydrate degradation, which occurs at a temperature of 120–250 ◦C.
In this state, lignin lost weight up to 10% with a derivative weight loss of around 0.5%/◦C.
The main lignin degradation occurred at the broadest temperature range from 200 to 480 ◦C.
Based on the DTG curve, the most significant lignin degradation occurs at a temperature
range of 370 ◦C with a derivative weight loss reaching an average of 2.5%/◦C.
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Lignin loses ~50% of its weight in the temperature interval of 400–650 ◦C (Table 3). The
heterogeneous structure of lignins with a non-repetitive combination of carbon–carbon
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and ether linkages and with a broad molecular mass distribution results in the facile
release of considerable amounts of volatile products. At temperatures above 500 ◦C,
lignin degradation occurs, associated with the decomposition of the aromatic ring. At a
temperature of 750 ◦C, the final percentage of residual lignin combustion was in the range
of 31–46%. Isolated lignin had the most percentage of lignin residue (46.25%) and L-Ac
had the smallest residual percentage (35.29%). Isolated lignin has better thermal stability
compared to fractionated lignin. Fractionation of lignin broke down lignin macromolecules
into smaller molecules, which resulted in lower thermal stability. It has been reported that
lignin is more thermally stable, so it can be used as a synthesis agent for polyurethane and
phenol-formaldehyde resin in high-temperature applications [57].

Table 3. Degradation temperature and weight loss of lignin detected by TGA.

Type of Lignin TWL10% (◦C) TWL25% (◦C) TWL50% (◦C) WL (%) Residue (%)

L-standard 259 366 597 56.49 43.51
L-isolated 235 347 644 53.75 46.25
L-MeOH 242 341 596 57.06 42.94

L-Ac 239 351 540 64.71 35.29

3.2.4. Py-GCMS Analysis

Lignin is a complex polymer synthesized from three hydroxyl alcohols that differ
in degree of methoxylation, namely p-coumaryl, coniferyl, and synapyl alcohols. Each
monolignol produces a different type of lignin unit called p-hydroxyphenyl (H), guaiacyl
(G), and syringyl (S). Pyrolysis gas chromatography/mass spectrometry (Py-GCMS) was
performed as analysis to determine the lignin composition contained in isolated lignin and
fractionated lignin. Pyrolysis is based on thermal fragmentation at high temperatures up
to 500 ◦C and in an oxygen-free environment. The results of the Py-GCMS chromatogram
of isolated lignin and fractionated lignin are shown in Figure 6. The results showed
that isolated lignin and fractionated lignin produced more syringyl than guaiacyl and
hydroxyphenyl, which were recorded at retention times of 21 min to 32.5 min. Mean-
while, standard lignin produced more guaiacyl, which became visible at retention times of
12.5 min to 28.5 min (Figure 6). Based on the result, the S/G ratio of isolated lignin is 0.96.
Meanwhile, the fractionated lignin had a higher S/G ratio, which was 0.99 for L-MeOH
and 1.01 for L-Ac. A similar trend was found for the S/GH ratio, where fractionated lignin
had a greater S/G/H ratio than the isolated lignin (Table 4). The prominent peaks in the
lignin chromatogram obtained were Guaiacol (G1), Syringol (S1), Guaiacol. 4-methyl (G2),
Syringol-4-methyl (S2), and Guaiacol. 4-vinyl (G5) [58].
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Table 4. Pyrolysis products of lignin assessed by Py-GCMS.

No RT (min) Pyrolysis Product Origin Lignin-Isolated
Fractionated Lignin

MeOH Ac

1 9.50 Phenol H 3.93 4.17 2.85
2 11.76 Phenol. 2-methyl- H 1.22 1.35 1.35
3 12.46 Phenol. 4 methyl H 2.7 2.9 3.13
4 12.80 Guaiacol G 14.24 14.87 10.86
5 15.97 Guaiacol. 4-methyl G 6.79 6.66 8.7
6 16.44 Catechol H 4.65 5.04 4.07
7 18.16 Catechol. 3-methoxy H 7.28 6.58 6.72
8 18.30 Catechol. 4 methyl H 1.44 0.2 1.84
9 19.62 Guaiacol. 4-vinyl G 5.58 5.61 5.23

10 20.76 Syringol S 16.77 17.5 14.38
11 23.30 Syringol-4-methyl S 6.24 6.3 8.36

LH (hydroxypenhyl) 21.22 20.24 19.96
LG (guaiacyl) 39.84 39.94 39.51
LS (syringyl) 38.52 39.44 39.9

S/G 0.9669 0.9875 1.0099
S/G/H 0.0456 0.0488 0.0506

3.3. Properties of Bio-Polyurethane Resin

In this study, the Bio-PU resin was designed as an impregnation material to improve
the characteristics of ramie fiber. Therefore, the Bio-PU resin must have a low viscosity to be
impregnated into the ramie fiber [59]. The viscosity and cohesion strength of Bio-PU resin
was measured at 25 ◦C (Figure 7). The lowest viscosity value of 77.02 mPa·s was determined
for Bio-PU L-Isolated, followed by Bio-PU L-MeOH and Bio-PU L-Ac, which had values of
100.71 and 223.58 mPa·s, respectively (Figure 7). The cohesion strength followed the results
of viscosity, where the cohesion strength increased with greater viscosity of Bio-PU resin.
Lower viscosity can increase the ability of Bio-PU resin to be impregnated and absorbed
by ramie fiber. Viscosity is related to hydrogen bonds between isocyanate and polyol
molecules (NCO/OH molar ratio). An increase in the NCO/OH ratio will result in more
urethane bonds forming hard segments in Bio-PU and produce high viscosity [59,60].
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The functional groups of Bio-PU resin are shown in Figure 8. A typical strong peak
at the wavenumber of 2263 cm−1 indicated an isocyanate group (N=C=O) of pMDI. In
the Bio-PU resin (L-isolated, L-MeOH, and L-Ac), no absorption of the N=C=O group
was found, indicating that the N=C=O group reacted completely with the OH group of
lignin during the preparation of PU resin. It has been reported that the isocyanate group
derived from pMDI will react with the hydroxyl group of the polyol [61]. The reaction

72



Materials 2021, 14, 6850

between fractionated lignin and pMDI in the formation of Bio-PU resin produces a specific
functional group, namely the urethane group (R-NH-C=O-R) [62].
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Figure 8. ATR-FTIR spectra of Bio-PU resin derived from fractionated lignin.

Bio-PU resin showed broad peaks at wavenumbers 3400–3200 cm−1, indicating the
formation of N-H groups in the aliphatic primary amine structure. In addition, this broad
peak also overlapped with the -OH groups from the lignin sample and aqueous NaOH
for lignin dissolution. The urethane bond formed from the lignin phenolic OH group and
isocyanate (NCO group) from pMDI [63]. Another characteristic band in the formation
of the Bio-PU resin at 1710–1685 cm−1 revealed the formation of C=O stretching from
the urethane bond (R-NH-C=O-R), and the wavenumber of 1250–1020 cm−1 showed C-N
stretching. It is indicated that the Bio-PU resin was successfully prepared from fractionated
lignin (L-MeOH and L-Ac) as an alternative polyol.

Thermal properties of the Bio-PU resin were determined based on the results of the
DSC analysis shown in Figure 9. The DSC thermograms show three-step endothermic
reactions in the Bio-PU resin. The Tp1 of Bio-PU (L-Isolated, L-MeOH, and L-Ac) ranged
56–63 ◦C, the Tp2 ranged 103–109 ◦C, and the Tp3 or Tg ranged 137–140 ◦C. The Tp1
corresponded to the initial moisture evaporation in Bio-PU resin and the evaporation peak
at Tp2. The Tg value represents the polymer transition at a specific temperature [64]. The
Tg of Bio-PU L-MeOH was 140 ◦C; meanwhile, the Tg of Bio-PU L-isolated and L-Ac was
137 ◦C. High Tg produces hard segments in Bio-PU due to the formation of urethane.
Inter-urethane hydrogen bonds play an essential role in the stability of Bio-PU resin. The
structure of the hard segment is more influential in thermal degradation than the soft
segment [65].
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Thermogravimetric analysis was performed to evaluate the thermal degradation of
lignin-based Bio-PU resin. TGA-DTG thermogram is shown in Figure 10. The initial
weight loss occurred at a temperature of 60–110 ◦C, caused by water evaporation and
evaporation of chemicals in unreacted lignin during the polymerization process [44,61].
Lignin-based Bio-PU lost 10% of the initial weight with a derivative weight loss of 1.5%/◦C
at a temperature of 80 ◦C. There was significant weight loss at temperatures above 160 ◦C
up to 300 ◦C. The degradation peak occurred at a temperature of 250 ◦C, which indicated
the initial decomposition of the urethane bond with a derivative weight loss of 2.0%/◦C.
Further degradation occurred at ~350 ◦C, which is oxidative degradation by the urethane
group with a derivative weight loss of 0.75%/◦C [66]. At a temperature of 450–600 ◦C,
both the aromatic ring decomposition of lignin and the primary oxidative decomposition
of lignin occurred [66,67].
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The weight residue after heating at 750 ◦C of each Bio-PU resin (L-Isolated, L-MeOH,
and L-Ac) was in the range of 52–61% (Figure 10). Bio-PU L-Ac had the highest weight
residue of 61.55 and bio-PU L-MeOH had the lowest weight residue of 52.76%. The bio-
PU L-Ac showed lower thermal degradation compared to Bio-PU from L-Isolated and
L-MeOH due to crosslinking the lignin macromonomers. The weight loss of Bio-PU from
each fractionation of lignin was 25% at 300–400 ◦C during degradation of the urethane
group. The weight loss of the fractionated lignin-based Bio-PU resin in this study was not
more than 50%. Meanwhile, rigid or semi-rigid polyurethane resin has a percentage of
weight loss at 340–525 ◦C of 62–75% [68]. This study showed that lignin fractionation using
Acetone (Ac) could produce lignin-based Bio-PU resin with lower thermal degradation
than isolated lignin.

3.4. Properties of Ramie Fiber Impregnated with Bio-PU Resin

The impregnation of ramie fiber with lignin-based Bio-PU was aimed at improving
ramie fiber’s thermal stability as a functional material. The weight gain of ramie fiber after
impregnation was calculated as a way to investigate the influence of the impregnation
process on ramie fiber. The weight gain of ramie fiber after impregnation is shown in
Table 5. In general, the weight gain increased with longer impregnation time. Impregnation
for 90 min resulted in more significant weight gain for each type of lignin-based Bio-PU
used, followed by impregnation times of 60 and 30 min. Ramie impregnated with Bio-PU
derived from L-isolated had the highest weight gain compared to Bio-PU L-MeOH and
L-Ac. This could be due to the viscosity of Bio-PU L-isolated being lower than that of
L-MeOH and L-Ac (Figure 6). The lower viscosity of Bio-PU will make it easier for the
solution to be impregnated into the fiber. Ramie fiber has a fiber diameter of 40–60 µm [69].
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This could facilitate the absorption of the Bio-PU solution and increase weight gain after
Bio-PU impregnation into the ramie fiber.

Table 5. Weight gain of ramie fiber after impregnation with lignin-based Bio-PU at 30, 60, and 90 min.

Type
Weight Gain (%)

30 min 60 min 90 min

Ramie L-Isolated 12.38 ± 1.69 15.17 ± 0.36 15.93 ± 2.43
Ramie L-MEOH 6.25 ± 1.10 7.21 ± 3.17 8.62 ± 1.09

Ramie L-Ac 6.68 ± 0.74 8.26 ± 0.06 9.07 ± 0.62

The FTIR spectra of the impregnated ramie fiber investigated in this study are shown
in Figure 11. In non-impregnated ramie fiber, there were six prominent peaks. Firstly,
a wavenumber of 3330 cm−1 represented OH groups from cellulose, hemicellulose, and
lignin that arrange the ramie fiber [70]. A wavenumber of 2897 cm−1 described C-H
vibration carbohydrates [44]. A wavenumber of 1740 cm−1 indicated the presence of
C=O vibration in the ester, carboxylate groups, and hemicellulose of ramie fiber [70–72].
Wavenumbers of 1607 cm−1, 1424 cm−1, and 1024 cm−1 showed the C-H stretching of
carbohydrates, C-O stretching of cellulose, C-O vibrations, and O-H vibrations of cellulose,
respectively [44,72].
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Figure 11. FTIR Spectra of impregnated ramie fibers: (a) Ramie L-Isolated, (b) Ramie L-MeOH, and (c) Ramie L-Ac.

The functional groups of ramie fiber after impregnation were also observed using FTIR.
A peak similar to the original ramie at a wavenumber of 3330 cm−1 indicated O-H vibration.
The peak of ramie fiber at 2897 cm−1 shifted to 2900 cm−1, which showed N-H bending and
-CH2 stretching of bio-PU in impregnated ramie fiber with Bio-PU resins. The wavenumber
of 1740 cm−1 was not found in ramie fiber after impregnation. It can be assumed that
there was a reaction between ramie fiber and Bio-PU resins, and the formation of a peak at
1600 cm−1 indicates the formation of C=O urethane from Bio-PU [44]. The wavenumber of
1515–1310 cm−1 represented the C-N stretching group from primary and secondary amides
of bio-PU resin in impregnated ramie fiber. Furthermore, the wavenumbers 1200 cm−1 and
1050 cm−1 showed C=O vibrations of Bio-PU and C-O-C ether linkages, respectively [19],
which demonstrates that lignin-based Bio-PU successfully impregnated the ramie fiber.

Micro Confocal Raman analysis was performed to investigate the formation of ure-
thane linkages in ramie fiber after impregnation with lignin-based Bio-PU resin. As
depicted in Figure 12a, the original ramie fiber had a typical broad peak at 1350–1400 cm−1,
which indicated the presence of cellulosic materials. After impregnation with Bio-PU resin,
the Raman spectra of ramie fiber remarkably changed due to the presence of a strong peak
of urethane linkages at 1614 cm−1. This result confirmed that Bio-PU resin impregnated
and covered the ramie fiber. The images of ramie fiber before and after impregnation are
presented in Figure 12b,c. The results showed that impregnation of Bio-PU into ramie fiber
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altered the color of ramie fiber to a light brown. Based on the result of FTIR and Micro
Confocal Raman Hyperspectral Spectroscopies, the possible reaction of ramie fiber with
lignin-based Bio-PU resin is illustrated in Figure 13.
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before impregnation at 10× magnification, and (c) image of ramie fiber after impregnation at 10× magnification.
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Figure 13. The possible scheme reaction of ramie fibers with lignin-based Bio-PU resin.

DSC analysis detected two thermal events on ramie fiber before and after impreg-
nation, namely an endothermic reaction and an exothermic reaction (Figure 14). The
endothermic reaction is a heat absorption reaction by the ramie fiber, while the exothermic
reaction is a heat release reaction by the ramie fiber [73]. The peak of the endothermic
reaction (Tp1) in the original ramie fiber occurred at a temperature of 46 ◦C, which is the
process of evaporation of water. In general, impregnation resulted in a slightly higher
Tp1 value. Ramie fiber impregnated with L-Isolated and L-Ac had a lower Tp1 value than
that of ramie impregnated with L-MeOH. The difference in Tp1 value between natural
ramie and impregnated ramie is influenced by differences in fiber moisture content. The
moisture content of natural ramie is 5.15%, and the moisture content of impregnated ramie
is between 6 and 10%. No significant influence of increasing the impregnation time on the
Tp1 value of ramie impregnated with lignin-based Bio-PU resin was observed.
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Figure 14. DSC analysis of impregnated ramie fibers: (a) Ramie L-Isolated, (b) Ramie L-MeOH, and (c) Ramie L-Ac.

The exothermic reaction in ramie fiber indicates the formation of solid residues due
to hemicellulose decomposition and lignin degradation [74]. The peak of the exothermic
reaction (Tp2) generally occurred after the heating temperature reached 300 ◦C. In non-
treated ramie, the Tp2 value was around 335 ◦C. Impregnation resulted in a slightly higher
Tp2 value. Ramie fiber impregnated with L-Isolated and L-Ac had a lower Tp2 value than
that of ramie impregnated with L-MeOH. The increase in Tp2 value in impregnated ramie
compared to original ramie indicates that ramie has more heat-resistant properties after
impregnation. Ramie fiber impregnated at 90 min for all types of Bio-PU generally had an
increasing Tp2 value compared to original ramie.

Thermal degradation of ramie fiber before and after impregnation with lignin-based
Bio-PU resin was monitored using TGA-DTG analysis. As displayed in Figure 15, the
initial stage of the degradation process occurred at a temperature of 25–100 ◦C, which
is attributed to the release of water contained in ramie fiber and the degradation of low-
molecular-weight components. At this stage, the ramie fiber lost 5% weight with a deriva-
tive weight loss of around 1.0–2.0%/◦C. Significant weight loss was observed after heating
at 250–450 ◦C, which caused the ramie fiber to experience an extreme weight loss of around
75% at a derivative weight loss of 13%/◦C. The results showed that the impregnation of
ramie fiber with Bio-PU remarkably enhanced the thermal stability by reducing the weight
loss value to 50% with a lower derivative weight loss of 6.0–7.0%/◦C. At a temperature of
200–400 ◦C, a complex reaction occurs from the degradation of the constituent components
of lignocellulose fibers, such as cellulose, hemicellulose, and lignin [75]. Hemicellulose
begins to degrade at a temperature of 200–290 ◦C, at a temperature of 240–350 ◦C, cellu-
lose degradation occurs, and lignin degradation begins at a temperature of 280–500 ◦C.
Several related studies also stated that the degradation of lignin, cellulose, and hemicellu-
lose in ramie fiber occurred at a temperature of 300–400 ◦C, whereas at a temperature of
320–400 ◦C, the cellulose glycosidic bond was broken, and the decomposition of the lignin
structure by a high molecular weight followed at a temperature of 360–750 ◦C [44,72,76].

Materials 2021, 14, 6850  19  of  24 
 

 

     

Figure 15. Thermal stability of impregnated ramie fibers determined with TGA‐DTG: (a) Ramie L‐Isolated, (b) Ramie L‐

MeOH, and (c) Ramie L‐Ac. 

The impregnated ramie fiber lost 75% of its weight at a temperature of 550–660 °C, 

while the non‐impregnated ramie fiber experienced a similar weight loss at 469 °C. This 

can be attributed to the occurrence of lignin degradation at that temperature. Maximum 

decomposition occurred at a temperature of 300–400 °C, and has also been noted that lig‐

nin degradation in ramie fiber is the limit for determining thermal stability [76]. This study 

showed that lignin‐based Bio‐PU can increase the thermal stability of ramie fiber so that 

it is better than natural ramie. The impregnation time affects the thermal degradation of 

the ramie fiber remarkably. The longer the impregnation time, the lower the thermal deg‐

radation of  the  impregnated  fiber. The weight  residue of  the original  ramie  fiber was 

14.3%. Meanwhile, impregnated ramie has a higher residue weight, at 18.4–21.7%. An im‐

pregnation time of 90 min produced lower thermal degradation of ramie fiber with greater 

weight residue than those at 30 and 60 min. The lowest thermal degradation was obtained 

in both  ramie  fiber  impregnated with L‐MeOH  and L‐Ac  for 90 min with an average 

weight residue of around 21.7%. 

Mechanical properties  are  essential  characteristics  for  ramie  fiber  as  a  textile  and 

composites material. A graphical representation of the stress‐–strain curves of ramie fiber 

impregnated with different lignin‐based Bio‐PU resins for different impregnation times is 

presented in Figure 16. The results showed that increasing the impregnation time gener‐

ally enhanced  the maximum stress. Ramie  impregnated with Bio‐PU L‐Ac showed  the 

highest maximum stress after 90 min of impregnation, followed by Bio‐PU L‐isolated and 

L‐MeOH. The lowest stress was obtained in the original ramie fiber. This indicated that 

the impregnation of Bio‐PU resin into ramie fiber could enhance the mechanical proper‐

ties of the fiber. The fiber deformation can be divided into the following three stages: (i) 

A linear part related to the deformation of the fiber cell wall; (ii) a non‐linear part inter‐

preted as a thicker cell wall deformation (S2) and known as elasto‐visco‐plastic; and (iii) 

a final linear section, which is the elastic response aligned with the tensile strain [33]. 

     

Figure 16. Typical stress–strain curve of ramie fibers before and after impregnation: (a) Ramie L‐Isolated, (b) Ramie L‐

MeOH, and (c) Ramie L‐Ac. 

Figure 15. Thermal stability of impregnated ramie fibers determined with TGA-DTG: (a) Ramie L-Isolated, (b) Ramie
L-MeOH, and (c) Ramie L-Ac.

77



Materials 2021, 14, 6850

The impregnated ramie fiber lost 75% of its weight at a temperature of 550–660 ◦C,
while the non-impregnated ramie fiber experienced a similar weight loss at 469 ◦C. This
can be attributed to the occurrence of lignin degradation at that temperature. Maximum
decomposition occurred at a temperature of 300–400 ◦C, and has also been noted that
lignin degradation in ramie fiber is the limit for determining thermal stability [76]. This
study showed that lignin-based Bio-PU can increase the thermal stability of ramie fiber so
that it is better than natural ramie. The impregnation time affects the thermal degradation
of the ramie fiber remarkably. The longer the impregnation time, the lower the thermal
degradation of the impregnated fiber. The weight residue of the original ramie fiber was
14.3%. Meanwhile, impregnated ramie has a higher residue weight, at 18.4–21.7%. An
impregnation time of 90 min produced lower thermal degradation of ramie fiber with
greater weight residue than those at 30 and 60 min. The lowest thermal degradation was
obtained in both ramie fiber impregnated with L-MeOH and L-Ac for 90 min with an
average weight residue of around 21.7%.

Mechanical properties are essential characteristics for ramie fiber as a textile and
composites material. A graphical representation of the stress—strain curves of ramie
fiber impregnated with different lignin-based Bio-PU resins for different impregnation
times is presented in Figure 16. The results showed that increasing the impregnation time
generally enhanced the maximum stress. Ramie impregnated with Bio-PU L-Ac showed
the highest maximum stress after 90 min of impregnation, followed by Bio-PU L-isolated
and L-MeOH. The lowest stress was obtained in the original ramie fiber. This indicated that
the impregnation of Bio-PU resin into ramie fiber could enhance the mechanical properties
of the fiber. The fiber deformation can be divided into the following three stages: (i) A
linear part related to the deformation of the fiber cell wall; (ii) a non-linear part interpreted
as a thicker cell wall deformation (S2) and known as elasto-visco-plastic; and (iii) a final
linear section, which is the elastic response aligned with the tensile strain [33].
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The values obtained for the modulus of elasticity (MOE) and tensile strength of
non-impregnated and impregnated ramie fibers are presented in Table 6. In general, the
mechanical properties of impregnated ramie fibers increased compared to the original
ramie. The tensile strength of the original ramie was 397.72 MPa with an MOE value of
10.45 GPa. The tensile strength of impregnated ramie was in the range of 397.72–648.48 MPa
with MOE values ranging from 13.06 to 31.10 GPa. Increasing the impregnation time
generally increased the elastic modulus and tensile strength of ramie fiber. Ramie fiber
impregnated with Bio-PU L-isolated for 90 min resulted in the highest MOE value of
31.10 GPa. Meanwhile, ramie impregnated with Bio-PU L-Ac for 90 min had the highest
tensile strength of around 577.61 MPa. Several factors besides chemical modification
affected the mechanical properties of ramie fiber, namely parameters related to relative
environmental humidity, fiber length, fiber microstructure, moisture content and drying,
and fiber diameter [77,78].
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Table 6. Modulus of elasticity (MOE) and tensile strength of ramie and impregnated ramie fibers at different impregnation
times.

Type Impregnation Time
(min)

Modulus of Elasticity
(GPa) Std. Dev Tensile Strength

(MPa) Std. Dev

Ramie - 10.45 0.2402 397.72 58.26

Ramie-L-isolated
30 15.23 0.4169 441.19 226.37
60 20.35 0.6712 497.22 91.62
90 31.10 0.6705 574.11 133.97

Ramie-L-MeOH
30 13.06 0.4446 447.06 58.59
60 11.98 0.2780 406.71 175.64
90 17.86 0.5629 461.32 106.13

Ramie-L-Ac
30 16.78 0.2554 523.38 80.12
60 19.81 0.2923 547.66 91.37
90 21.99 0.5288 577.61 68.87

4. Conclusions

This study demonstrated the potential use of lignin derived from black liquor as a
pre-polymer of bio-polyurethane (Bio-PU) resin and its application for the modification
of ramie fiber. The isolated lignin from black liquor was fractionated using MeOH and
Ac. The isolated and fractionated lignin then reacted with pMDI to form Bio-PU resin
with an NCO/OH ratio of 0.3. FTIR results showed that the reaction between -OH of
lignin and -NCO of pMDI formed an absorption band at a wavenumber of 1605 cm−1,
which was urethane linkages (R-NH-C=O-R) of Bio-PU resin. The Bio-PU L-Isolated has a
lower viscosity than fractionated lignin. The thermal properties and thermal stability of
Bio-PU L-Ac were better than L-isolated and L-MeOH. Impregnation of Bio-PU into ramie
fiber resulted in weight gain varying from 6% to 15%, where the value increased with
longer impregnation time. The reaction between Bio-PU and ramie fiber formed C=O of
the urethane group as confirmed by FTIR and Micro Confocal Raman Spectroscopies. This
resulted in greater thermal properties and stability of ramie fiber after impregnation with
the weight residue reaching 21.7%. The mechanical properties of ramie fiber also increased
after impregnation with lignin-based Bio-PU, resulting in a modulus of elasticity of around
31 GPa for Ramie-L-isolated and tensile strength of around 577 MPa for Ramie-L-Ac. This
study showed that lignin-based Bio-PU resin derived from isolated lignin and fractionated
L-Ac could be used as a pre-polymer of Bio-PU resin for the modification of ramie fiber via
impregnation. The enhanced thermal stability and mechanical properties of impregnated
ramie fiber could increase the future potential for greater industrial application of ramie
fiber as a sustainable and functional material.
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9. Kurańska, M.; Pinto, J.A.; Salach, K.; Barreiro, M.F.; Prociak, A. Synthesis of thermal insulating polyurethane foams from lignin

and rapeseed based polyols: A comparative study. Ind. Crops Prod. 2020, 143, 111882. [CrossRef]
10. Hu, S.; Luo, X.; Li, Y. Polyols and polyurethanes from the liquefaction of lignocellulosic biomass. ChemSusChem 2014, 7, 66–72.

[CrossRef]
11. Petrovic, Z.S. Polyurethanes from vegetable oils. Polym. Rev. 2008, 48, 109–155. [CrossRef]
12. Pfister, D.P.; Xia, Y.; Larock, R.C. Recent advances in vegetable oil-based polyurethanes. ChemSusChem 2011, 4, 703–717. [CrossRef]

[PubMed]
13. Lligadas, G.; Ronda, J.C.; Galiá, M.; Cádiz, V. Plant oils as platform chemicals for polyurethane synthesis: Current state-of-the-art.

Biomacromolecules 2010, 11, 2825–2835. [CrossRef] [PubMed]
14. Ge, X.; Chang, C.; Zhang, L.; Cui, S.; Luo, X.; Hu, S.; Qin, Y.; Li, Y. Conversion of Lignocellulosic Biomass into Platform Chemicals for

Biobased Polyurethane Application, 1st ed.; Elsevier Inc.: Amsterdam, The Netherlands, 2018; Volume 3.
15. Thébault, M.; Pizzi, A.; Essawy, H.A.; Barhoum, A.; Van Assche, G. Isocyanate free condensed tannin-based polyurethanes. Eur.

Polym. J. 2015, 67, 513–526. [CrossRef]
16. Aristri, M.A.; Lubis, M.A.R.; Iswanto, A.H.; Fatriasari, W.; Sari, R.K.; Antov, P.; Gajtanska, M.; Papadopoulos, A.N.; Pizzi, A.

Bio-Based Polyurethane Resins Derived from Tannin: Source, Synthesis, Characterisation, and Application. Forests 2021, 12, 1516.
[CrossRef]

17. Watanabe, M.; Kanaguri, Y.; Smith, R.L. Hydrothermal separation of lignin from bark of Japanese cedar. J. Supercrit. Fluids 2018,
133, 696–703. [CrossRef]

18. Tudor, E.M.; Barbu, M.C.; Petutschnigg, A.; Réh, R.; Krišt’ák, L’. Analysis of larch-bark capacity for formaldehyde removal in
wood adhesives. Int. J. Environ. Res. Public Health 2020, 17, 764. [CrossRef] [PubMed]

19. Cateto, C.A.; Barreiro, M.F.; Rodrigues, A.E. Monitoring of lignin-based polyurethane synthesis by FTIR-ATR. Ind. Crops Prod.
2008, 27, 168–174. [CrossRef]

20. Bajwa, D.S.; Pourhashem, G.; Ullah, A.H.; Bajwa, S.G. A concise review of current lignin production, applications, products and
their environment impact. Ind. Crops Prod. 2019, 139, 111526. [CrossRef]

21. Mandlekar, N.; Cayla, A.; Rault, F.; Giraud, S.; Salaün, F.; Malucelli, G.; Guan, J.-P. An Overview on the Use of Lignin and Its
Derivatives in Fire Retardant Polymer Systems. In Lignin—Trends and Applications; InTech: London, UK, 2018; pp. 207–231.

22. Zhang, H.; Bai, Y.; Yu, B.; Liu, X.; Chen, F. A practicable process for lignin color reduction: Fractionation of lignin using
methanol/water as a solvent. Green Chem. 2017, 19, 5152–5162. [CrossRef]

23. Evtuguin, D.V.; Andreolety, J.P.; Gandini, A. Polyurethanes based on oxygen-organosolv lignin. Eur. Polym. J. 1998, 34, 1163–1169.
[CrossRef]

24. Aristri, M.A.; Lubis, M.A.R.; Yadav, S.M.; Antov, P.; Papadopoulos, A.N.; Pizzi, A.; Fatriasari, W.; Ismayati, M.; Iswanto, A.H.
Recent Developments in Lignin- and Tannin-Based Non-Isocyanate Polyurethane Resins for Wood Adhesives—A Review. Appl.
Sci. 2021, 11, 4242. [CrossRef]

25. Thring, R.W.; Vanderlaan, M.N.; Griffin, S.L. Polyurethanes from Alcell® lignin. Biomass Bioenergy 1997, 13, 125–132. [CrossRef]
26. Antov, P.; Savov, V.; Trichkov, N.; Krišt’ák, L’.; Réh, R.; Papadopoulos, A.N.; Taghiyari, H.R.; Pizzi, A.; Kunecová, D.; Pachikova,

M. Properties of high-density fiberboard bonded with urea–formaldehyde resin and ammonium lignosulfonate as a bio-based
additive. Polymers 2021, 13, 2775. [CrossRef]

80



Materials 2021, 14, 6850

27. Alzagameem, A.; El Khaldi-Hansen, B.; Büchner, D.; Larkins, M.; Kamm, B.; Witzleben, S.; Schulze, M. Lignocellulosic biomass as
source for lignin-based environmentally benign antioxidants. Molecules 2018, 23, 2664. [CrossRef] [PubMed]
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Abstract: Color parameters were used in this study to develop a machine learning model for
predicting the mechanical properties of artificially weathered fir, alder, oak, and poplar wood. A
CIELAB color measuring system was employed to study the color changes in wood samples. The
color parameters were fed into a decision tree model for predicting the MOE and MOR values of the
wood samples. The results indicated a reduction in the mechanical properties of the samples, where
fir and alder were the most and least degraded wood under weathering conditions, respectively. The
mechanical degradation was correlated with the color change, where the most resistant wood to
color change exhibited less reduction in the mechanical properties. The predictive machine learning
model estimated the MOE and MOR values with a maximum R2 of 0.87 and 0.88, respectively. Thus,
variations in the color parameters of wood can be considered informative features linked to the
mechanical properties of small-sized and clear wood. Further research could study the effectiveness
of the model when analyzing large-sized timber.

Keywords: wood characterization; mechanical properties; photodegradation; artificial weathering;
color change; ultraviolet radiation; machine learning

1. Introduction

Nondestructive evaluation (NDE) of wood is crucial for monitoring purposes and
timber grading [1,2], especially when the wood is used in load-carrying applications. The
characterization of the mechanical properties of wood, including the modulus of elasticity
(MOE) and modulus of rupture (MOR), can be performed using tensile, compression, and
bending static tests [3]. However, these methods are costly and time-consuming, and are
not suitable for in situ characterization and monitoring purposes. While visual strength
grading is being practiced in some industrial applications [4], fast and reliable assessment
of timber and wood-based materials that accounts for material variability and anisotropic
properties and natural defects requires the application of NDE methods.

Near-infrared (NIR) spectroscopy is one of the most commonly used NDE methods
for wood characterization. NIR spectroscopy is sensitive to changes in the chemical
composition of wood [5] and has been used for wood classification and the estimation
of different wood properties [6–10]. Wave propagation-based methods have also been
employed to estimate timber MOE [11,12]. For example, a wave is generated in wood
using an impact or piezoelectric actuators, respectively, in the stress wave or ultrasonic
wave methods. The propagated wave velocity, and consequently the wood dynamic
MOE, are typically calculated in wave propagation techniques using the time-of-flight
method. The prediction of the mechanical properties [13,14] and the detection of internal
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check formation [15,16] in weathered thermally modified timber have been performed
using the ultrasonic wave method. The physical and mechanical properties of thermally
modified wood have also been predicted using the stress wave method [17]. Recently, the
elastic and viscoelastic properties of wood have been characterized using the Lamb wave
propagation method [18,19]. Another readily available NDE method for wood classification
and characterization is related to measuring the surface color of wood.

The surface color is affected when the wood is used in applications that cause changes
to its chemical composition, such as through thermal treatment, or ultraviolet (UV) or laser
irradiation [20,21]. The color change has been shown to be a quality indicator for thermally
modified timber (TMT) [22,23]. It has been reported that color change can be linked to
the intensity of thermal treatment [24–29] and the mechanical properties of TMT [30].
The correlation between the color change and the pressure treatment of wood has also
been reported in the literature [31]. Color measurement has also been employed for the
classification [32] and characterization [33,34] of thermally modified timber. The color is
also an important feature to be studied during the wood weathering since the weathering
of wood causes photodegradation. The CIELAB color measuring system has been widely
employed to study the color change in wood under UV radiation [35–42]. The color
was considered as an informative parameter to monitor the wood photodegradation [43].
Additionally, the infrared spectroscopy analysis of wood has been used to assess the change
in wood chemical composition under weathering [44–48]. The critical role of color change
during wood weathering may suggest further investigations to see if the color change can
be used as a quality control tool for monitoring the in-service weathered wood. One of
these monitoring tasks is to assess the feasibility of using the color change for predicting
the MOE and MOR of weathered wood.

The mechanical degradation of wood under weathering depends on different factors.
These factors include but are not limited to the type of wood, weathering condition (UV
radiation, temperature, humidity, rain, etc.), thickness of wood under weathering, and
conditioning parameters. It has been reported that UV and solar irradiation result in the
degradation of the mechanical properties in thin wood strips [49–51]. Accelerated UV
exposure can result in a 20–40% drop in the strength of wood strips [52]. The mechanical
degradation in wood-based composites under weathering conditions with a panel thickness
of 8 mm and 12.5 mm has also been reported in the literature [53,54]. Weathering has also
been reported to cause a reduction in the impact bending properties of spruce, fir, and oak
wood with a board thickness of 20 mm [55]. The impact of weathering on the mechanical
properties of full-size timber has also been investigated [56]. van Blokland et al. [14] studied
the impact of natural weathering on the mechanical properties of Norway spruce timber.
The timbers were conditioned after the weathering and mechanically tested. They reported
that the bending strength of the control and thermally treated spruce were reduced after
weathering by 6% and 9%, respectively. A 4% reduction in the MOE of both types of
timbers was also reported.

Apart from the size of the wood cross-section, the type of wood species, weathering
situations, and conditioning also impact the mechanical properties of weathered wood.
Tomak et al. [57] showed that the reduction in the mechanical properties under weathering
is significantly dependent on the type of wood species. They reported that while the MOR
of Ash wood decreased by 18% after 24 months of weathering, Iroko wood experienced a
40% MOR reduction in the same time period. The mechanical degradation of softwood
and hardwood under weathering can also be significantly different [57]. The impact of
weathering is greatly affected by the environmental conditions. In the case of artificial
weathering, for example, the impact of UV radiation is affected by the moisture content
(MC), relative humidity (RH), and temperature conditions. Timar et al. [36] reported that
the combination of UV radiation and temperature could cause lignin degradation, while
exposure of wood to temperature alone did not affect the lignin. Persze and Tolvaj [58]
also reported that the photodegradation of wood is affected by temperature. Therefore,
while UV radiation alone is mainly known to be a phenomenon causing surface damage,
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its impact on the wood can be aggravated when combined with harsh environmental
conditions. To study the effect of UV radiation, the exposed samples are conditioned
after the weathering test. This is useful to understand the mechanism of damage caused;
however, some researchers did not condition their samples after the weathering and before
mechanical testing to simulate the practical situations [56]. For example, Boonstra et al. [56]
showed that, compared to the conditioned samples after weathering, the weathered sam-
ples that were directly tested without conditioning showed higher reduction in the MOE
and MOR. While such an approach assesses the combined effect of different parameters
(UV radiation, temperature, MC change, etc.) on the mechanical properties of wood under
weathering, this is more aligned with real situations, where in situ monitoring of in-service
weathered wood structures is intended.

The above discussion shows that it is hard to generalize the mechanical behavior of
wood under weathering conditions, since it depends on many factors. The mechanical
behavior of the weathered wood depends on the size of wood cross-section, type of wood
species, and range and intensity of environmental parameters such as the temperature and
conditioning situations. Therefore, finding an NDE method for monitoring the mechanical
behavior of weathered wood becomes a crucial quality control task. The MOE and MOR
of defect-free wood subjected to UV radiation were recently estimated using the Lamb
wave propagation method [59,60]. Yet, the color parameters of wood have not been used
to make an intelligent monitoring model to predict the MOE and MOR of degraded wood
under weathering. The use of color parameters to monitor the mechanical properties of
photodegraded wood may offer a fast, cost-effective, and reliable complement to wave
propagation-based methods.

The aim of this research work was to link the color change of weathered wood to its
mechanical properties and develop a machine learning-based model for monitoring the
MOE and MOR of weathered wood. The weathering condition consisted of UV radiation
at 40 ◦C. This is a very common temperature in regions with hot climate, such as Iran.
The weathered samples were not conditioned after the weathering to better simulate the
practical conditions. Thus, the weathering impacted the samples not only due to UV
radiation, but also as a result of the temperature conditions. Since the objective of this
study was to develop an NDE tool for the in situ monitoring of weathered wood and the
evaluation of the combined effect of all parameters involved during the weathering on
its mechanical properties, finding the UV penetration depth or separating the share of
different playing factors on the mechanical degradation of wood was not within the scope
of this study.

2. Materials and Methods
2.1. Sample Preparation

In this study, twenty samples of poplar (Populus euroamerican), alder (Alnus glutinosa),
oak (Quercus spp.), and fir (Abies alba) were prepared, resulting in a total of eighty samples.
The samples were clear, with no types of defects such as knots. The dimensions of the flat-
sawn samples in the radial, tangential, and longitudinal directions were 20 mm × 20 mm
× 300 mm, respectively, according to ISO-13061-3 and -4 standard methods [61,62]. The
samples were divided into groups of four specimens from each wood species. One group
was considered as the control and was not exposed to artificial weathering. Other groups
were exposed to weathering for different time periods. Considerations were made to ensure
that there was no significant variation of wood initial properties between the different
groups according to the procedure explained in [60] based on guided wave propagation
method. Figure 1 illustrates the experimental procedure employed in this study.
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Figure 1. The experimental procedure employed in this study.

2.2. Weathering Test

In the present study, the wood samples were placed in a weathering chamber. Weath-
ering experiments were conducted immediately after the sample preparation. Samples of
each group from each wood species were exposed to UV radiation for 24, 100, 150, and
240 h, respectively. The chamber had two lamps (OSRAM HQE-40 Hg, Munich, Germany)
with a length, diameter, and a spectrum of 90 mm, 10 mm, and 240–570 nm, respectively,
with a radiated power in the wavelength range of 315–400 nm. The wood samples were
placed at a distance of 500 mm from the UV light source. Before the exposure to UV
radiation, the samples were placed in a conditioning room with a relative humidity of 65%
and a temperature of 20 ◦C to reach the equilibrium moisture content of 12% (standard de-
viation = 0.33). During the experiment, the humidity and temperature inside the chamber
were controlled to be 55–60% and 40 ◦C, respectively. One of the longitudinal-tangential
(L-T) surfaces of the wood samples was subjected to the UV radiation and then the color
measurements and mechanical bending tests were immediately conducted without any
further conditioning. As already explained in the Introduction section, such a method can
better simulate the practical conditions, especially during the in situ monitoring tasks. The
weathering conditions can degrade wood through both the UV effect and the temperature
condition resulting in a change in the MC. This study does not focus on the pure effect
of UV radiation on the degradation of wood samples. Mechanisms of degradation under
weathering, especially UV radiation, has been discussed in the literature [36,49,58,63–65].
Thus, instead of analyzing the role of different governing factors in wood degradation, this
study aims to evaluate the feasibility of developing monitoring models for predicting the
mechanical degradation of weathered wood.

2.3. Measurement of Color Parameters

The color of the wood samples was evaluated using the CIELAB color measuring
system. The color measurement was performed on all wood samples before and after
the weathering experiment. The color measurement was performed on three locations in
the center and close to the ends of the samples (30 mm away). The color measurement
was carried out on the degraded surface of the wood samples and performed using a
spectrophotometer (Model #CM-2600d, Konica Minolta Inc., Tokyo, Japan) with a D65
illuminant, a 10◦ standard observer, and a sensor head of 6-mm (ASTM D2244-16 stan-
dard [66]). Once the color coordinates (L, a, and b) were measured before and after the
weathering tests, the difference in the lightness (∆L) and the chromatic coordinates (∆b and
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∆a) were calculated. The total color change (∆E) was obtained for each wood sample using
the following equation:

∆E =
[
(∆L)2 + (∆a)2 + (∆b)2

]1/2
(1)

The color measurement was also performed on the samples that were not placed into
the weathering chamber.

2.4. Mechanical Properties

The three-point bending tests were performed using a STM-1 50 testing machine (San-
tam Engineering Desgin Co. Ltd., Tehran, Iran). The crosshead speed was set to 1 mm/min
(ISO 13061-3 and -4 [61,62]). The bending tests were performed on the longitudinal-
tangential surface of the samples where the degraded plane was placed under tension. The
MOE and MOR of the wood samples were calculated based on the ISO 13061-3 and -4 from
the mechanical bending tests.

2.5. MC Measurements

The measurement of MC and density after weathering was done based on the ISO-
13061-1 and -2 standard methods [67,68] from the cookie samples (50 mm × 20 mm ×
20 mm [L, T, R]) cut from the vicinity of the wood samples. The average MC of the samples
was about 12% before the weathering experiment. For this purpose, separate cookies with
the same size were prepared before the preparation of the final weathering samples (20 mm
× 20 mm × 300 mm). The samples prepared for MC measurements were weighed (m1)
and then placed in an oven at the temperature of 101 ◦C for 24 h. The oven-dried weights
(m2) of the samples were then measured and the MC was calculated via:

W (%) =
m1 − m2

m2
× 100 (2)

where W, m2, and m1 are the MC, the dry mass and the wet mass of the wood samples,
respectively.

2.6. Statistical Analysis

The data of color change were analyzed with a one-way ANOVA in Minitab 19
(AppOnFly s.r.o., Prague, Czech Republic). For each wood species, the significance between
the color changes of the samples weathered at different time periods was analyzed using
Tukey’s comparison test. Having a low number of replications is a limitation of such a
study. However, it should be noted that the main aim of this research was to monitor the
weathered wood samples through machine learning modeling, which does not necessarily
depend on the requirements for statistical analysis.

2.7. Machine Learning Analysis

Figure 2 illustrates the flowchart of the adopted methodology in this study to estimate
the mechanical properties of weathered wood through machine learning (ML) model-
ing. Different ML models and artificial neural networks (ANNs) have been employed
for damage/defect detection [69,70], prediction of the material’s properties [71,72], and
process condition monitoring [73–76]. Decision tree regression modeling was used in this
study for the prediction of the mechanical properties of wood samples. While ANNs
are challenging to interpret, the outputs of decision tree models can be comprehended
easier. Furthermore, the significance of predictor variable can be identified in the model,
which helps to study the relationships between the features and take care of the redun-
dant features with relatively lower importance [77]. The current study dealt with a small
dataset; however, decision tree modeling has been successfully employed in the literature
to analyze small datasets [15,59,78] when predicting the mechanical properties or checks
formation in weathered wood samples. The classification and regression trees (CART)
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algorithm [79] was used in this study. The decision tree development process included tree
growing and pruning phases. In the tree growing phase, the node splitting criteria were
based on the highest contribution to lowering the least squared error during the model
training. The optimal tree was chosen in the pruning phase as the smallest tree that has
an R2 within one standard error of the tree representing the highest R2 obtained during
the model validation. The 5-fold cross-validation method was employed in this study. The
details of the developed decision tree model were similar to those chosen in [59] and based
on the discussion provided in [80].

Figure 2. Flowchart of the proposed methodology to monitor the mechanical properties of the
weathered wood by color measurement.

The contribution of each feature (either as a primary splitters or surrogate one) in
improving the performance of the model was studied based on minimizing the least
squared error. The most important feature causes the highest improvement to the model
and the other features are relatively ranked, accordingly. Additionally, clustering analysis
was employed to observe the level of similarity and find the common characteristics
between the color parameters, MOE and MOR, using agglomerative hierarchical clustering
as explained by Fathi et al. [81].

3. Results
3.1. Mechanical Degradation under Artificial Weathering

The MC and density of the wood samples decreased under weathering. Following
240 h of exposure, fir, alder, oak, and poplar wood experienced a 4.9%, 3.2%, 4.7%, and
8.1% reduction in the density, respectively. The initial MC of fir (12.1%), alder (11.6%), oak
(12.4%), and poplar (12.1%) were also reduced to 6.3%, 5.3%, 5.8%, 5.3%, respectively, after
240 h of weathering. Ouadou et al. [49] reported that 120 h of weathering resulted in the
mass loss due to the reduction of the MC. Figure 3 shows the impact of weathering on the
MOE, MOR, and deflection to failure of different wood samples. It shows that the MOE and
MOR decreased with increasing weathering duration. Overall, alder was shown to be the
most resilient wood with an 11.5% and 11% reduction in its MOE and MOR after 240 h of
weathering. Fir also exhibited the highest degradation, with a 21.5% and 17.5% reduction
in its MOE and MOR after 240 h of weathering. The mechanical degradation under
ultraviolet conditions was discussed to affect the microstructure of wood and its effect on
the chemical composition and results in degradation of lignin [49]. Additionally, Persze and
Tolvaj [58] explained that the higher temperatures increase the wood degradation under
ultraviolet conditions. The mass loss of wood may also occur during the weathering [49].
Boonstra et al. [56] reported that wood specimens conditioned after weathering showed
lower reduction in the mechanical properties. Thus, the mechanical degradation observed
in Figure 3 is affected by the combined impact of the UV radiation and temperature
condition resulting in mass loss due to reduction in the MC.
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Figure 3. The variation of MOE (a), MOR (b), and deflection to failure (c) in weathered wood samples.

Despite the reduction in the MOE and MOR, weathering led to an increase in the
deflection to failure in all wood species. This increment was 13%, 23%, 21%, and 15% for fir,
poplar, alder, and oak wood after 240 h of exposure. This observation may be linked to the
impact of ultraviolet condition on enhancing the viscoelasticity of wood. Fathi et al. [60]
showed that the loss modulus and loss factor of the wood samples tested in this study
increased under ultraviolet condition, proving that wood exhibits more viscoelasticity
when exposed to UV degradation. This may result in an increase in the deflection to failure
in the degraded samples. Feist [64] reported the leaching and plasticizing effects of water
during the weathering process. This plasticizing effect can also facilitate the enlargement
of micro-checks. Figure 4 shows the load-deflection diagram of the wood samples after
different weathering time periods. It shows that the degradation resulted in having a larger
deflection at certain load levels. It was also indicated that after 150 h or 240 h of exposure,
the fir and poplar wood samples reached a deflection of 5 mm at a load level of around
1000 N. However, this deflection was achieved at a higher load level (~1500 N–1600 N)
for hardwoods such as alder and oak. Apart from its impact on the MOE, MOR, and
deflection to failure, the degradation affected the failure modes. Figure 5 shows the failure
modes after the static bending tests for the oak samples under weathering at three exposure
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time periods. It was observed that the failure mode was mainly governed by the tensile
failure perpendicular to the grain in the radial-longitudinal plane (fiber compression was
also observed in parallel). Consequently, increasing the exposure time resulted in having
a deeper brittle fracture and splinter in tension. This can be due to the destruction of
the middle lamella [65], which contains significant lignin content. Severe checking may
develop with longer exposure times in the cell wall components resulting in the loosening
and detaching of the fibrils and tracheids from the surface [65]. Feist [64] discussed that
the weathering condition can result in the destruction of the middle lamella and cell wall
layers. This can impact the cohesive strength of wood tissue [65] that may result in the
mechanical degradation of the wood as well.

Figure 4. The load–deflection diagram for (a) fir, (b) alder, (c) oak, and (d) poplar wood samples exposed to different times
of weathering.

3.2. Color Change

Tolvaj and Faix [82] stated that the light reflection decreased after UV radiation,
resulting in the wood seeming darker. The reduction in the lightness of the samples with
the exposure time can be linked to the negative ∆L, as shown in Figure 6. A similar
trend of darkening of the wood appearance after UV radiation has been reported in the
literature [35,82]. It can be seen in Figure 6 that after 24 h of exposure, there was a trivial
change in the lightness with a minor difference between different wood species. In this
time, poplar and oak showed more darkening (∆L = −2.5). By increasing the exposure
time, fir underwent a significant change in ∆L while alder showed a minimal change in ∆L.
After 240 h, alder accounted for the minimum change in the lightness (∆L = −4) followed
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by oak (∆L = −11.5) and poplar (∆L = −13.7), and the maximum change in the lightness
occurred in fir wood (∆L = −25).

Materials 2021, 14, x FOR PEER REVIEW 9 of 19 
 

 

 

  

(a) (b) 
 

(c) 

 

Figure 5. The fracture plane of the weathered oak wood at three exposure times: 24 h (a), 150 h 
(b), and 240 h (c) under the static bending test. 

3.2. Color Change  
Tolvaj and Faix [82] stated that the light reflection decreased after UV radiation, 

resulting in the wood seeming darker. The reduction in the lightness of the samples 
with the exposure time can be linked to the negative ∆L, as shown in Figure 6. A similar 
trend of darkening of the wood appearance after UV radiation has been reported in 
the literature [35,82]. It can be seen in Figure 6 that after 24 h of exposure, there was a 
trivial change in the lightness with a minor difference between different wood species. 
In this time, poplar and oak showed more darkening (∆L = -2.5). By increasing the 
exposure time, fir underwent a significant change in ∆L while alder showed a minimal 
change in ∆L. After 240 h, alder accounted for the minimum change in the lightness 
(∆L = -4) followed by oak (∆L = -11.5) and poplar (∆L = -13.7), and the maximum change 
in the lightness occurred in fir wood (∆L = -25).  

Figure 5. The fracture plane of the weathered oak wood at three exposure times: 24 h (a), 150 h (b), and 240 h (c) under the
static bending test.

Variation in the yellowness (∆b) of the wood samples exposed to weathering is shown
in Figure 7. It can be seen that the yellowness increased with exposure time and reached
its maximum value after 150 h. After this time, fir poplar, and oak experienced a slight
reduction in the yellowness, while it stayed almost unchanged for alder. The increase
in the yellowness of the samples was discussed to be mainly due to the degradation of
lignin [35,36,46]. The continuous increase of the yellowness followed by a slight reduction
under artificial weathering was reported by Timar et al. [36] and Pandey [83]. Figure 7
indicates that lignin degradation occurred even after 24 h of exposure. The fir wood
accounted for the highest rate of increment in the yellowness following the exposure, with
the highest ∆b occurring after 150 h of exposure (∆b = 23.8). On the other hand, the smallest
change in the yellowness was observed in alder, suggesting a lower lignin degradation of
alder wood under ultraviolet conditions compared to other species. The variation in the
yellowness was almost similar in the first 100 h of the exposure for poplar and oak wood.
For longer exposure times (i.e., 150 h and 240 h), the yellowness of poplar was relatively
higher than that for oak.
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Figure 6. Variation in the lightness (∆L) of different wood species under artificial weathering.

Figure 7. Variation in the yellowness (∆b) of different wood species exposed to artificial weathering.

The variation in the redness (∆a) of the degraded wood samples is shown in Figure 8.
It can be seen that there was a reduction in the redness of all wood species during the first
100 h of exposure. However, there was an increasing trend in the redness of the samples
after 100 h. While Tolvaj and Faix [82] discussed that it is challenging to explain the wood
color change in a definite way, a correlation between the ∆a and the extractives content
in wood has been reported in the literature [41,84]. For example, Persze and Tolvaj [58]
showed that the extractives content has an important role in thermal decomposition during
photodegradation. They also reported that the ∆a is higher at elevated temperatures,
whereas the thermal effect does not alter yellowing. It is also indicated in Figure 8 that
after 240 h, fir and oak accounted for the highest increase in the redness (∆a = 1.9), while
alder experienced a reduction in it. The color change parameters and the total color change
for all wood species (∆E) are listed in Table 1. It was observed that the total color change
increased with the exposure time. A general trend for ∆E of fir > poplar > oak > alder
was observed at all exposure times. Interestingly, fir that experienced the maximum color
change showed the highest reduction in the mechanical properties, and the alder with the
smallest total color change showed the minimum mechanical degradation. This indicates
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that the color change may be correlated with the mechanical degradation of wood and be
used to predict MOE and MOR.

Figure 8. Variation in the redness (∆a) of different wood species exposed to artificial weathering.

Table 1. The mean value and standard deviation of the color change of wood species in different weathering time periods.

Wood Time (hrs)
∆L ∆a ∆b ∆E

Mean Std. Mean Std. Mean Std. Mean Std.

Fir

24 –1.39 a 0.18 –0.76 a 0.13 7.66 a 0.63 7.82 a 0.66
100 –11.51 b 1.83 –1.27 b 0.18 15.42 b 1.17 19.35 b 0.95
150 –18.80 c 2.74 –0.35 c 0.05 23.88 c 1.79 30.42 c 2.98
240 –25.01 d 2.58 1.89 d 0.14 19.26 d 1.49 31.69 c 1.72

Alder

24 –0.55 a 0.12 –0.31 a 0.05 1.01 a 0.17 1.19 a 0.17
100 –0.75 a 0.18 –1.35 b 0.04 4.60 b 1.00 4.86 b 0.92
150 –1.63 b 0.22 –1.09 c 0.07 5.52 b 1.46 5.89 bc 1.32
240 –4.19 c 0.34 –0.92 c 0.09 5.39 b 1.10 6.92 c 0.84

Oak

24 –2.55 a 0.39 –0.07 a 0.02 4.26 a 1.30 5.02 a 1.07
100 –6.81 b 1.06 –0.71 b 0.11 11.07 b 1.69 13.06 b 1.50
150 –9.20 bc 1.60 –0.03 a 0.01 13.32 b 2.16 16.22 b 2.43
240 –11.50 c 1.91 1.86 c 0.37 9.97 b 1.90 15.44 b 1.64

Poplar

24 –2.26 a 0.39 –0.99 a 0.15 3.67 a 0.51 4.45 a 0.31
100 –5.11 a 0.94 –1.41 b 0.19 11.66 b 0.98 12.81 b 1.26
150 –10.14 b 1.86 –0.27 c 0.04 15.62 c 1.42 18.72 c 0.78
240 –13.75 c 2.11 0.06 d 0.01 14.58 c 0.94 20.12 c 0.95

* Different letters (a–d) within a column for each wood species show the significant difference by Tukey’s comparison test (p < 0.05).

3.3. MOE and MOR Prediction

The wood color parameters and type of the wood species were used as the input of the
decision tree model to predict MOE and MOR. The results of machine learning modeling
are shown in Table 2. It was observed that when the wood species type was combined
with a, b, and L, the developed decision tree model predicted the mechanical properties of
wood with an R2 of 0.84 and 0.77, respectively (test data). Figure 9 illustrates the relative
importance of the selected input parameters used in the decision tree model and indicates
that all of them were significant in developing the predictive model. It was shown that
following the type of wood species, the level of redness and yellowness had the highest
relative importance.
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Table 2. The coefficient of determination obtained for the prediction of the wood mechanical
properties using different input features.

Model Inputs
R2

MOE MOR
Train Test Train Test

Wood species, a, b, L 0.92 0.84 0.81 0.77
Wood species, a, b, L, ∆E 0.92 0.87 0.93 0.88

Wood species, a, b, L, ∆E, ∆a, ∆b, ∆L 0.90 0.88 0.92 0.90

Figure 9. The relative importance of the wood species, a, b, and L for predicting the (a) MOE and (b) MOR.

Table 2 shows that adding the total color change ∆(E) parameter as an input to the
model improved the prediction accuracy. In this case, the MOE and MOR were predicted
with an R2 of 0.87 and 0.88, respectively (test data). Figure 10 shows the relative importance
of the parameters used in this model. It was indicated that all of the input parameters were
important in the performance of the model, while the total color change had relatively
a higher importance for the prediction of the MOR than MOE. It was also observed
in Figures 9 and 10 that the lightness parameter had higher relative importance when
predicting the MOR than MOE.

Figure 10. The relative importance of wood species, a, b, L, and ∆E for predicting the (a) MOE and (b) MOR.

The last model, which used the wood species, color parameters (a, b, L), total color
change (∆E), and variation in the color parameters ∆(a, ∆b, and ∆L), did not make a
noticeable improvement in the prediction accuracy of MOE (R2 = 0.88 for the test data) and
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MOR (R2 = 0.90 for the test data). Overall, adding the three parameters ∆a, ∆b, and ∆L
had a minor positive impact in the performance of the model. Figures 10 and 11 indicate
that the wood species type and redness were still the most important parameters for the
prediction of the MOE and MOR. However, in this model, ∆b had higher importance
than ∆a. Markedly, while the level of redness (a), described in the literature to be linked
to the extractives content, had relatively a high importance in the performance of the
model, its variation (∆a) exhibited less importance in the performance of the predictive
model. Overall, these findings indicate that all of the selected input parameters contributed
positively to the predictive accuracy of the ML model, albeit with different levels of relative
importance. These findings may suggest that there could be a dependency between the
mechanical properties of weathered wood and its color parameters. However, further
studies with a larger sample size could better clarify the details of these dependencies,
especially when combined with the chemical composition analysis.

Figure 11. The relative importance of wood species, a, b, L, ∆E, ∆a, ∆b, and ∆L for predicting the (a) MOE and (b) MOR.

The results of variable clustering analysis were in accordance with those of the decision
tree modeling. Figure 12 shows that the MOE and MOR had the highest similarity level
with the redness, and form a cluster together. This cluster has the highest similarity with
a cluster encompassing the total color change (∆E), yellowness (b), and variation in the
redness (∆a) and yellowness (∆b). The MOE and MOR had the lowest similarity with
the lightness (L) and variation in it (∆L), with a 28.44% similarity level. The general
observations of the variable clustering analysis prove that the selected input parameters
were correlated with the mechanical properties of degraded wood, which can be used for
MOE and MOR prediction. Further study can be performed to outline these dependencies
and similarities between the parameters when weathering conditions are changed.
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Figure 12. Variable clustering analysis on the color parameters, MOE and MOR (the blue, red and
green lines represent the components of the CIELAB three-dimensional color space).

4. Discussion and Remarks

The general trend of the mechanical degradation of the wood samples indicated the
better resistance of alder and the higher vulnerability of fir to weathering condition. While
it is not within the scope of a monitoring task, further research may be conducted to include
the change in the chemical composition of wood to explain the role of extractives and
degradation of lignin and how they can be linked to the mechanical properties of wood.
The machine learning analysis showed the high importance of change in redness that is
linked to the change in the extractives content in the literature. Future research considering
the chemical composition of wood could better explain these observed trends. More
research could also be performed to assess the relationship between the wood viscoelasticity
behavior under artificial weathering and its failure mode and fracture behavior when
subjected to loading. This study did not focus on evaluating the UV penetration depth, and
aimed only at developing a monitoring model that reflects the combined effects of different
parameters accountable for the mechanical degradation of wood under weathering. Future
research aiming to explain the mechanism of degradation, rather than in situ monitoring,
could be performed to separate the role of ultraviolet radiation, temperature condition,
and MC and mass loss on the mechanical behavior of weathered wood.

The performance was obtained on the basis of analyzing a small set of defect-free
wood samples. The scope of the experiment could be further expanded while performing
the proposed methodology on real-sized timber, including defects such as knots. One of
the main challenges associated with color measurement for the characterization of wood
properties is non-homogeneous surface color variation [33], especially in real-sized timber,
which necessitates multiple color measurements from different locations of the timber.
This is an important challenge associated with using color parameters for monitoring the
mechanical properties of timber. However, due to the simplicity of the color measurement,
the color features can be combined with the data acquisition from other NDE methods (such
as Lamb wave propagation) to result in a robust monitoring model. Nasir et al. [59] obtained
a similar range for R2 while using Lamb wave features for predicting the mechanical
properties of weathered wood. However, their model did not need to have the type of
wood species as an input parameter, as the model was able to understand the difference
between the wood species through the extracted Lamb wave features. Thus, if the type of
wood species to be monitored is not available, a machine learning model based on the wave
propagation features may be chosen. Both the color measurement and wave propagation
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method should be applied to real-sized timber to have a more reliable comparative study. It
should be mentioned that in real applications, other factors related to the environment (rain,
decay, etc.) or the timber (grain orientation, defects, annual ring width, etc.) may impact
the mechanical properties of degraded wood, and having a single monitoring method may
not address both the surface and internal damages to the timber. In this case, combining
color parameters that reflect the surface degradation with those of wave propagation that
are linked to the internal structure of the wood can better show the mechanical degradation
of large-size timber. Additionally, timber monitoring requires dataset of a larger size and
perhaps other types of data-driven modeling. The choice of data-driven method depends
on both the size and complexity of the data [85,86]. Different machine learning or deep
learning models could be studied to choose the one that better fits the dataset of a larger
size [87].

5. Conclusions

In this research, a machine learning model was developed based on the color parame-
ters for predicting the MOE and MOR values of weathered wood. Artificial weathering led
to a reduction in the wood mechanical properties. Wood species that experienced greater
color changes exhibited a more highlighted mechanical degradation. This indicates that
the color parameters may be linked to the MOE and MOR of weathered wood. Fir was
shown to be more susceptible to artificial weathering, while alder was more resilient and
experienced less reduction in its mechanical properties. The mechanical properties of the
samples could be predicted by the color parameters, although the developed machine
learning model needed the type of wood species as an input parameter for accurate pre-
diction. It was also observed that the deflection to failure of the wood samples increased
with the weathering and the failure mode under bending loading also changed. This may
be due to the increased viscoelasticity of weathered wood samples. Future studies should
be aimed at investigating the relation between the mechanical properties and the color
parameters on large-sized timber to evaluate the reliability of the developed model based
on the color parameters for NDE of timber structures. Furthermore, the chemical changes
caused by weathering and the correlation between the color, mechanical and chemical
properties of wood should be studied in future research. This study was performed on
small and defect-free wood samples. Additionally, the sample size was small, which is
a limitation of the statistical analysis. However, the decision tree modeling was able to
successfully handle the dataset. Focusing on large-sized timber containing defects may
require expanding the size of dataset in future studies.
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Abstract: This paper presents the strength properties of wooden trusses. The proposed solutions
may constitute an alternative to currently produced trusses, in cases when posts and cross braces are
joined with flanges using punched metal plate fasteners. Glued carpentry joints, although requiring
a more complicated manufacturing process, on the one hand promote a more rational utilisation of
available structural timber resources, while on the other hand they restrict the use of metal fasteners.
The results of the conducted analyses show that the proposed solutions at the current stage of research
are characterised by an approx. 30% lower static bending strength compared to trusses manufactured
using punched metal plate fasteners. However, these solutions make it possible to produce trusses
with load-bearing capacities comparable to that of structural timber of grade C24 and stiffness slightly
higher than that of lattice beams manufactured using punched metal plate fasteners. The strength of
wooden trusses manufactured in the laboratory ranged from nearly 20 N/mm2 to over 32 N/mm2.
Thus, satisfactory primary values for further work were obtained.

Keywords: eco-friendly wood; lattice beams; mechanical properties; bending strength

1. Introduction

Wooden trusses are an example of structural elements used in the construction
industry—both in wooden and brick structures [1–5]. Trusses are members manufac-
tured from several up to around a dozen planks joined to form triangular elements. They
are often called truss girders or lattice beams. The chords may be parallel (called flat
trusses), whereas in roof structures they are non-parallel. Chords are joined using diagonal
and vertical members. An important feature of trusses, also referred to as lattice beams, is
related to the elements (members) in truss nodes being connected so that only axial forces
are present in those elements. In order to ensure such a distribution, the external load
needs to be applied directly onto the truss nodes. Cross-sections of wooden truss members
are typically 38 mm × 89 mm or 38 mm × 140 mm. Since the truss member cross-section is
much smaller than its length, the effect of the structure dead weight on the level of internal
forces is negligible. In such a situation, it may be assumed that only axial forces are present
in truss members, whereas the effect of shear forces and bending moments from dead
weight is negligible. It is the generally adopted convention that axial forces causing tension
have the “+” sign (they are positive axial forces), while forces causing compression are
assigned the “−“ sign (they are negative axial forces) [6,7].

Relatively simple assumptions used to determine stresses found in truss members
make it possible to apply various techniques and algorithms to optimise their shape [8–15].
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The popularisation of numerical methods, as well as the availability of CAD software have
facilitated the design process for systems based on lattice beams [16–20]. When punched
metal plate fasteners appeared on the market in the 1950s, the process of wooden truss
manufacture and design was considerably simplified. On the one hand, punched metal
plate fasteners provide easy and fast connections of individual truss members, while on
the other hand, dedicated computer programmes have been developed, defining plate
size and timber cross-sections. The advantages of timber structures are related not only
to the simplicity of their manufacture, but also to their durability, light weight, easy
modification of shapes and other positive properties of timber itself [21–24]. Another
advantageous feature of timber structures is connected to the reduction in the carbon
footprint, thus having an essential environmental impact, particularly in view of the
sustainable development concept [25,26]. A high ratio of stiffness and load-bearing capac-
ity to the amount of used material is also stressed when talking about wooden trusses.
Trusses may be manufactured both as elements of small dimensions and members of huge
spans. They may be manufactured both from solid wood and glued laminated timber
(glulam) [5,27,28]. Positive aspects of wooden trusses or timber itself may be eliminated as
a result of an inappropriate connection of all structure components, which was presented
in a specific and comprehensive manner in the AWC document [3]. The connection in
the form of an articulated joint in individual truss members needs to be designed so as to
carry the assumed load with no loss of system stiffness [27]. As it was mentioned above, it
may be relatively easily attained with punched metal plate fasteners or previously used
carpentry joints, but steel fasteners assembled using nails or screws may also be used for
that purpose [29]. Nevertheless, punched metal plate fasteners seem to serve this purpose
most effectively. Metal plate fasteners punched into timber provide greater strength and
durability of truss members, since the arrangement of spikes in the plates, their number
and their quality after an appropriate assembly provide an adequate fastening area, while
the spikes themselves are anchored in timber and exhibit pull-out resistance [3,30–33]. A
drawback of such a joint may result from the fact that truss cross-sections are increased
so that a punched metal plate fastener with an adequate load-bearing capacity may be
assembled (with an adequate cross-section area required). However, increasing the cross-
section area of timber has some advantages, since it improves the fire resistance of a given
element. A significant advantage of timber is connected with its strength, dependent only
on the size of the destroyed cross-section and the load level, rather than the reduction in
load-bearing capacity related to the increase in temperature [34–36]. In this approach, all
steel elements in the wooden structure are typically considered to be more sensitive than
timber itself. The results from extensive studies by Sultan [37] show that flat wooden lattice
beams constituting the ceiling structure are characterised by comparable fire resistance,
irrespective of the method, with which diagonals and chords are joined. This researcher
investigated two types of trusses, one with punched metal plate fasteners and the other
being finger-jointed trusses (Figure 1).

Advantages of finger-jointed trusses include the considerable stiffness of such struc-
tures, potential application of cross diagonals and posts differing in cross-section areas
from chords and easy manufacture, as well as the potential to adjust their length to specific
needs on site (although the latter is only to a limited extent).
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In order to be able to vary the length more easily, the end of the truss often includes a
chipboard strip. They can be OSB, fibreboards or other modern boards [39]. This is in line
with the current trend of the use of eco-friendly wood-based panels in construction [40,41].

For all these reasons, it was decided to propose a similar solution, i.e., manufacturing
flat trusses without the use of punched metal plate fasteners as elements at a greater risk
of fire damage, requiring the use of timber of equal width for all members. The proposed
solution, after being verified in further analysis, should facilitate the rational management
of available timber resources.

2. Materials and Methods

It was decided to conduct the tests in two stages. In the first stage, the quality of the
model lattice beam was evaluated, while in the second stage, the mechanical properties of
actual model lattice beams were tested.

The following assumptions for the structure and loading of lattice beams were adopted:
Height: 240 mm,
Span—the distance between supports: 3240 mm,
Member cross-section: 38 mm × 60 mm,
External force (loading) (P) applied at (truss node): 2.78 kN.
It was assumed that the quality of the designed lattice beams would not be lower

than the strength of I-beams made with softwood lumber flanges. I-beams with a height of
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240 mm are commonly used in single-family housing. Therefore, it was assumed that the
designed lattice beams should be a substitute for these beams. Based on available materials
(Steico, Czarnków, Poland; SWISS KRONO Żary, Poland), and taking into account the
cross-sections of timber used for chords, it was calculated that the designed beams should
carry a load, in a 4-point bending scheme, of min. 22.24 kN.

Six bars of each type were tested (18 bars in total). All of the bars were burdened
till destruction. To prevent any possible bar bucklings during bending in the structure
of the machine, special vertical runners shifted 5 mm from the side surface of a bar were
used. The bars were tested in two burdening schemes: scheme A (Figure 2) and scheme B
(Figure 3). In scheme A, a burden of 22.24kN placed evenly and symmetrically in relation
to the vertical axis on all 8 lattice knots (2.78kN each) was used. In scheme B, a burden of
22.24kN placed evenly and symmetrically in relation to the vertical axis on 2 selected lattice
knots (11.12kN each) was used. During the defining of the terminal bar strength, scheme
A was used (burden on all 8 lattice knots). The quality of the analysed lattice beams was
tested in two loading schemes, i.e., applying force at each truss node and in two specified
truss nodes. Loading points are presented in Figures 2 and 3.
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Figure 3. Truss loading diagram at two distinguished nodes (P1 = P2 = 11.12 kN )—scheme B.

As shown in Figure 3, the second loading scheme may be considered a loading system
at 4-point bending. The testing station for this loading system is presented in Figure 4.
In addition to the force required to destroy the tested truss, the amount of deflection at a
given force was also determined. Deflections were measured using dial indicators installed
in 5 points below the deflection zone.
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Deflection was determined using Sylva brand electronic dial sensors. The sensors were
connected to a computer to discretely determine the deflection at a given load. Five sensors
on laboratory racks were placed under the nodes (components shown in Figure 5). The
middle sensor (no. 3) measured deflection at the centre of the beam span. In the tests of
commercial lattice beams, two dial indicators were not placed directly under the truss
nodes. Based on initial data on deflections provided by the linear regression function,
deflections were determined for individual measurement points for pre-determined force
values. Next, for the value equal to 1/300 length of the lattice beam, the value of force
was established at which the deflection takes place (deflection at the centre of the span).
Tests were carried out using testing machine type SAM75 (UPP, Poznań, Poland), which
allows the movement of the crosshead with specified speed as well as by specified distance.
The speed of crosshead movement was always constant and equal to 10 mm/min. To
prevent loss of stability (buckling) of the beam during testing, special stops made of wood
were used.
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No. member 
Force  
(kN) Type of member No. member 

Force  
(kN) 

Type of 
member 

1 0.00 s 10 –33.6 tc
2 0.00 pg 11 –7.92 dm
3 –15.84 k 12 39.2 bc
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For the needs of laboratory analyses, three types of lattice beams were manufactured,
with three specimens for each type. Both diagonals and posts were joined with chords using
permanent carpentry joints prepared specifically for this project (mortise and tenon joints)
by bonding the joined members. The polyurethane (PUR) adhesive was used in the joints. It
is a single-component D4 adhesive, cross-linking when it comes into contact with moisture
in the air. The two types of connection are presented in Figure 5. The third one may not be
currently publicised, as it is patent pending. The presented lattice beams are denoted as
UPPx: UPP1—mortise and tenon joint, UPP2—finger joint and UPP3—classified mortise
and tenon design. The mortise and tenon joint was manufactured using CENTATEQ
P-110 (HOMAG Group AG, Germany). In turn, the finger joint was produced using a
spindle moulder by Felder with the FZK18NS180-002 cutter (Faba, Poland). The fourth
type is lattice beams manufactured by the Witkowscy plant (Wieluń, Poland). They were
conventional lattice beams with dimensions comparable to those of laboratory specimens.
In this case, the elements were joined using punched metal plate fasteners.

3. Results and Discussion
3.1. Calculation of Internal Axial Forces in Truss Members

Table 1 presents values of internal axial forces found in individual lattice beam mem-
bers. As shown by the data in Table 1, the greatest tensile forces are recorded in members no.
16 and 20, whereas the greatest compression force is found in member no. 18. In both cases,
these values are 44.8 kN. In turn, in diagonals the greatest compression forces are recorded
in members no. 3 and 33, while the greatest tensile forces are found in members no. 5 and
31. Compression forces in these diagonals amount to 15.84 kN, while tensile forces are
11.88 kN. Based on these values, Table 2 presents the calculated requirement for a specific
timber grade needed to manufacture individual members of the designed lattice beam.
For the analysed system, the critical strength value refers to the tensile strength of timber.
At the assumed chord cross-section of 60 × 38 mm, to meet the assumed load-bearing
conditions (strength equivalent to C24-grade timber or GL24h glulam), C35-grade timber
is needed, according to EN 338 [42]. In turn, compressed chords may be manufactured
from C22-grade timber, while diagonals may be made from out-of-grade C14 construction
timber. In turn, when using C24 timber, the tensile chords need to be min. 78 mm × 40 mm
in cross-section.

Table 1. Values of forces in bars—scheme A (Figure 2).

No. Member Force
(kN)

Type of
Member No. Member Force

(kN)
Type of
Member

1 0.00 s 10 −33.6 tc
2 0.00 pg 11 −7.92 dm
3 −15.84 k 12 39.2 bc
4 11.20 pd 13 3.96 dm
5 11.88 s 14 −42.00 tc
6 −19.60 pg 15 −3.96 dm
7 −11.88 k 16 44.80 bc
8 28.00 pd 17 0.00 dm
9 7.92 s 18 −44.8 tc

s—bar; pg—lower belt; pg—upper belt; k—crossbone.

Table 3 presents the distribution of internal axial forces in individual members in a
situation, when the total loading of the lattice beam is identical, but this time the loads
were applied only at two truss nodes (Figure 4—system B). In this case, each of the loads
are equal to 11.12 kN. The greatest tensile force in the bottom chord is 55.6 kN, while in the
diagonals it is 15.7 kN. As a result, irrespective of the scheme of loading and the assumed
factors of safety, the required tensile strength of diagonals is approx. 3.5-fold lower than
the required tensile strength of chords. As a consequence, this type of lattice beam may be
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optimised in terms of timber utilisation through the selection of timber quality/strength
grades or appropriately adjusting the cross-section of these members.

Table 2. The minimum strength.

No.
Member Force (kN) Type of

Member
fc/t *

(N/mm2)
Min. Class
of Timber

fc/t
by Standard ** (N/mm2)

16 44.80 pd 19.65 C35 21
18 −44.80 pg 19.65 C22 20
3 −15.84 s 6.95 C14 16
5 11.88 s 5.21 C14 8

* compression strength/tensile strength, ** EN 338 [42].

Table 3. Values of forces in bars—scheme B (Figure 3).

No.
Member

Force
(kN)

Type of
Member

No.
Member

Force
(kN)

Type of
Member

1 0.00 s 10 −44.45 pg
2 0.00 pg 11 −15.72 k
3 11.12 k 12 55.57 pg
4 −15.72 pd 13 0.00 k
5 15.72 k 14 −55.57 pg
6 −22.23 pg 15 0.00 k
7 −15.72 k 16 55.57 pg
8 33.35 pg 17 0.00 k
9 15.72 k 18 −55.57 pg

s—bar; pg—lower belt; pg—upper belt; k—crossbone.

Another important observation from these analyses is connected to the value of the
force, with which the diagonals will be pulled out from the chord, when it works as the
tensile member. The preliminary assumption that the diagonals are assembled at a 45◦

angle to chords simplifies the calculations, since they are reduced to one value. Thus, the
force causing detachment of the diagonal from the chord amounts to 0.707 of the tensile
force acting on the diagonal. As a result, for the first system (with each truss node being
loaded) it is 8.4 kN and for the second system (two forces) it is 11.1 kN. This analysis shows
that the strength of the glue line for the analysed PUR adhesive is min. 6 N/mm2 (mean
6.51 N/mm2). Thus, the surface area of the proposed joint should be min. 1400 mm2 or
1850 mm2 in order to transfer the loads in the first scheme (onto each truss node—scheme
A) or in the second scheme (onto two specified nodes—scheme B). In mortise and tenon
joints, the glue line area is min. 3300 mm2, while the glue line area for the finger joint is
min. 21,000 mm2.

3.2. Lattice Beam as a Solid Beam

Since relatively detailed static calculations may be made by replacing the spandrel
beam/truss with a solid model, it was decided to introduce such transformations [43].
However, in this case, different stiffness values are used for such a model depending on the
load acting on this system. In the analysed case, i.e., for loads acting on the lattice beam,
the equivalent moment of inertia takes the form (1):

Jsec. =
Jo

m1
(1)

where:
Jo—moment of inertia of lattice beam chords at the centre of the span (2):

Jo = e2 Fg × Fd

Fg + Fd
(2)
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where:
e—theoretical height of the spandrel beam at the span centre, i.e., the dimension

measured at the axes of gravity of chords;
Fd—cross-section area of the bottom chords at the centre of its span;
Fg—cross-section area of the top chords at the centre of its span;
m1– coefficients being the function of hśr/h0 (hśr—height of the spandrel beam at the

centre of the span, h0—height of the spandrel beam at the support). For flat lattice beams,
m1 = 1.

For the designed lattice beams, the following assumptions were made:
e = 202 mm;
Fd = 2280 mm2;
Fg = 2280 mm2;
hśr/h0 = 1;
m1 = 1.
Thus, the equivalent moment of inertia for the designed lattice beams (UPP) is

4651.2 cm2, while for commercial lattice beams it is higher by almost 8%, i.e., 5017.6 cm4.
The index describing the bending strength of the cross-section is defined as the quo-

tient of the second moment of area in relation to the principal axis of gravity of the
cross-section and the distance to the most extreme fibres of the section (3):

Wz =
J

εmax
(3)

where:
J—the principal moment of inertia of the cross-section in relation to axis z overlapping

with the neutral axis of the cross-section;
εmax—maximum distance of the most extreme fibres from the neutral axis.
Assuming that we deal with symmetric systems, the distance of the most extreme

fibres is equal to a half of the lattice beam height. Table 4 presents the values of moments
of inertia and cross-section strength indexes for the analysed lattice beam systems.

Table 4. Results for trusses.

Type of Truss Height (mm) Jsec. (cm4) Wz (cm3) Umax (mm) *

UPP 240 4651.2 387.64 10.8
Witkowski 240 5017.6 418.13 10.8

* allowable deflection/maximum permissible deflection—L/300; L—length of the truss.

From the conducted analyses it can be seen that the bending strength of the model
lattice beam for the 8-point loading scheme (A) is σ8-p = 23.07 N/mm2, while for 2-point
loading (4-point bending—scheme B) it is σ2-p = 28.67 N/mm2.

Since 4-point bending is the basic system used to evaluate the quality of structural
elements, it needs to be stated that properties obtained in this test are more reliable when
comparing structural elements differing in their structure. Nevertheless, we are aware that
the first analysed scheme (A) is closer to the real situation, and is thus more reliable for the
use of trusses as structural elements. Yet, this may not be readily referred to the numerous
publications discussing beams as structural elements. Moreover, the authors also intended
to relate the results to members manufactured from solid wood. For this reason, when
referring the designed lattice beams to construction timber of grade C24 (most commonly
used in practice), it needs to be stated that the adopted preliminary values are comparable
to those of this timber grade. When analysing the obtained results in more detail, the
designed lattice beams should thus have the bending moment in a 4-point bending test
greater than 9.31 kN m, or the force required for the failure of the lattice beam should
exceed 18.62 kN. In such a case, the designed systems will exhibit strength comparable to
that of a solid timber beam.
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3.3. Analysis of Laboratory Testing Results

Table 5 presents the mechanical properties of lattice beam models evaluated in the
4-point bending test. The preliminary assessment of the potential applicability of the
manufactured lattice beams as an alternative to lattice beams using punched metal plate
fasteners indicates that only those produced with finger joints of chords with diagonals
are characterised by comparable mechanical properties. Lattice beams manufactured by
joining diagonals with chords using mortise and tenon joints exhibited an approx. 30%
lower strength. In the case of mortise and tenon joints, UPP1 failure was observed typically
in timber within the truss joint.

Table 5. Evaluation of the mechanical properties of the manufactured truss models.

Joint Type Mg max (kN·m) fm (N/mm2)

UPP1 7.67 (0.82) * 19.79
UPP2 12.48 (1.39) 32.18
UPP3 8.32 (0.33) 21.42

Steel truss plates 14.06 (1.34) 33.62
* SD (standard deviation).

Depending on the annual growth increment, systems cracking was observed at the
transition zone from early wood to late wood (Figure 6a). In turn, in the case of the finger
joint, failure was recorded in the most extreme truss joint, and it consisted of a shearing
of the finger joint (Figure 6b). In UPP3 lattice beams, failure was observed in the tensile
chord. However, it was at the finger joint connecting the chord member lengthwise. In
the case of commercial lattice beams, in the strength testing, failure was observed either
in the timber of the tensile chord, or the punched metal plate fasteners were destroyed
or detached. This failure type is shown in Figure 6c. Due to the too-low image-recording
frequency of the camera used to record the tests, in many cases it was difficult to assess (or
estimate) which failure mechanism initiated the destruction of the beam. Lattice beams
manufactured at the laboratory are characterised by a slightly lower moisture content than
commercial lattice beams (7–8%). To a certain extent, this may be reflected in the stiffness
of the analysed specimens, which will decrease with an increase in wood moisture content.
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Another significant criterion for frame systems is connected with the volume of
deflections appearing at loading. Admissible deflections in the span and the bracket
are determined following the PN-EN 1995-1-1:2010 standard [44], while for floor beams
admissible deflections amount to 1/300 of their length (L/300). The values of deflections
and bending moments at such deflections are given in Table 6. As shown by the presented
data, the most advantageous results are obtained for the lattice beam, in which chords were
joined with diagonals using a carpentry joint designed specifically for the purpose of this
project, i.e., the longitudinal mortise and tenon joint.
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Table 6. Evaluation of the mechanical properties of manufactured models of lattice beams.

Connection Type
Sensor Number

Mg003 *
(kN·m)

Mg max
(kN·m)

1 2 3 4 5
Deflection Value (mm)

Tenons UPP1 −8.02 −10.14 −10.68 −10.42 −8.45 5.11 (0.30) ** 7.67
Finger joints UPP2 −4.85 −8.42 −10.73 −9.04 −8.86 4.16 (0.26) 12.48

Tenons UPP3 −7.69 −9.57 −10.76 −9.76 −7.80 5.65 (0.32) 8.32
Barbed plates −6.46 −9.19 −11.00 −9.38 −6.97 5.18 (0.16) 14.06

* moment at deflection to equal 1/300; ** SD (standard deviation).

While this is an improvement by only 10% compared to the lattice beam manufactured
with members joined using punched metal plate fasteners, it needs to be remembered that
this novel solution is still being modified. What is surprising is that the lowest stiffness
was recorded for lattice beams, in which chords and diagonals were connected using finger
joints. Thus, these lattice beams are characterised by a considerable strength, while at the
same time they are highly susceptible to load-induced strain, which probably results from
the moulding of finger joints along the entire chord length.

The results obtained are similar to those obtained by other research centres [45,46].
The comparison itself is relatively difficult. Very often, for simplicity, other studies do
not maintain the length/height relationship and the trusses are tested in 3-point bending.
However, the authors mentioned above indicate that their trusses fail under loads of
6–8 kN to 11–14 kN. Importantly, these authors indicate that glued trusses exhibit superior
properties to nailed trusses.

Table 7 presents testing results from a lattice beam UPP3 loaded at each truss node
(scheme A). As shown by the data, deflection amounting to 1/300 length occurs at the
bending moment of 3.77 kN·m. In turn, the ultimate bending moment is as high as
9.53 kN·m. The strength of the analysed lattice beam referred to as a solid beam amounts to
more than 24 N/mm2. Strength, even at a relatively low moisture content of used timber, is
relatively high. Moreover, the mean value of the load applied at each truss node is 2.91 kN
and, thus, it is only approx. 5% higher than the one assumed for calculations for the model
lattice beam.

Table 7. Physical and mechanical properties of UPP3 lattice beam loaded at 8 points.

Typ Mg003 * (kN·m) Mgmax (kN·m) F (kN) fm (N/mm2) MC ** (%)

UPP3 3.77 (0.14) 9.53 (0.65) 2.91 24.58 6.7
* bending moment at 1/300; ** wood moisture content.

4. Conclusions

It results from these analyses that it is feasible to manufacture lattice beams with
parallel chords to serve as truss beams, when punched metal plate fasteners joining chords
with diagonals are replaced by carpentry joints. Preliminary theoretical assumptions were
correctly selected and thus provide grounds for design work on such lattice beams. Static
analysis showed that cross-sections of elements used as chord fasteners (diagonals, posts)
may be considerably reduced or made from inferior-grade timber. Of the two proposed
solutions, i.e., perpendicular and longitudinal, more advantageous results were obtained
for the longitudinal joint. Moreover, it results from the conducted tests that:

The greatest load-bearing capacity, determined in the bending test, is found for lattice
beams manufactured using punched metal plate fasteners;

Only a slightly lower stiffness, amounting to 32.2 N/mm2, was recorded for lat-
tice beams, elements of which were connected using finger joints; however, they show
deflection of 1/300 length even under the smallest load;

Lattice beams, in which chords were connected with diagonals using glued carpentry
joints (UPP3), exhibit an approx. 35% lower bending strength, although they show much
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smaller deflections under the same loading compared to lattice beams manufactured using
finger joints.

Although neither of the joints met the requirements in terms of the assumed load-
bearing capacity, in view of the observed failure mechanism, it was decided that in further
stages of study the mortise and tenon joints UPP3 will be developed. In further studies,
it is intended to conduct tests on solid timber chords and to a certain extent modify the
shape of the joint itself.

The results of the study provide a valuable basis for further design work. Developers
especially are looking for cheaper alternatives to both solid wood and glued laminated
timber. Additionally, single-family houses, often in Central Europe, realized in an economic
way, are looking for cheaper and at the same time easy-to-install construction materials.
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Abstract: In recent years, the furniture design trends include ensuring ergonomic standards,
development of new environmentally friendly materials, optimised use of natural resources, and
sustainably increased conversion of waste into value-added products. The circular economy
principles require the reuse, recycling or upcycling of materials. The potential of reusing waste
corrugated cardboard to produce new lightweight boards suitable for furniture and interior
applications was investigated in this work. Two types of multi-layered panels were manufactured
in the laboratory from corrugated cardboard and beech veneer, bonded with urea-formaldehyde
(UF) resin. Seven types of end corner joints of the created lightweight furniture panels and
three conventional honeycomb panels were tested. Bending moments and stiffness coefficients
in the compression test were evaluated. The bending strength values of the joints made of
waste cardboard and beech veneer exhibited the required strength for application in furniture
constructions or as interior elements. The joints made of multi-layer panels with a thickness
of 51 mm, joined by dowels, demonstrated the highest bending strength and stiffness values
(33.22 N·m). The joints made of 21 mm thick multi-layer panels and connected with Confirmat
had satisfactory bending strength values (10.53 N·m) and Minifix had the lowest strength values
(6.15 N·m). The highest stiffness values (327 N·m/rad) were determined for the 50 mm thick
cardboard honeycomb panels connected by plastic corner connector and special screw Varianta,
and the lowest values for the joints made of 21 mm thick multi-layer panels connected by
Confirmat (40 N·m/rad) and Minifix (43 N·m/rad), respectively. The application of waste
corrugated cardboard as a structural material for furniture and interiors can be improved by
further investigations.

Keywords: lightweight panels; waste cardboard; corner joints; bending strength; stiffness

1. Introduction

Limited wood resources worldwide require efficient utilisation of waste and by-
products, cascading use of the available lignocellulosic raw materials, and search for
alternative production processes and materials [1–7]. The COVID-19 crisis has also led to
changes in the market and a shortage of resources, including solid wood and furniture
panels. The reuse of materials provides new opportunities and represents a sustainable
way to address this shortage. The use of corrugated cardboard, a mainstream packaging
material, is an option to minimise the problem.

One of the pioneers in the use of non-traditional solutions to save raw materials
and lighten the construction of furniture is IKEA. The furniture giant applied paper as
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a honeycomb core in the 1980s when they started producing the Lack series [8], which
was significantly further developed in the last 10–15 years. The honeycomb core is usu-
ally prefabricated from craft paper and delivered at an ordered thickness as compressed
harmonica-like layers [9]. The technology for producing such panels has been significantly
developed over the last 10 years [10]. Panels weighing less than 500 kg/m3 are defined as
light panels, below 350 kg/m3 are very light, and below 200 kg/m3 are ultra-light ones [11].
Some of the first comprehensive studies on the application, manufacturing, and properties
of paper honeycomb panels were done by Hänel and Weinert [12] and Poppensieker and
Thömen [13]. Many studies were made to evaluate the mechanical properties of honey-
comb panels [14–21]. Other studies investigated the possibilities for optimisation of the
structure of paper honeycomb panels. Smardzewski and Prekrat [22] concluded that the
stiffness and strength of cell panels were affected significantly by the weight of paper used
to manufacture their cores and the shape and dimensions of cells. Other results showed
that sandwich panels with a wavy core can sustain higher loads than honeycombs [23].
Słonina et al. [24] reported that impregnating solutions can be applied to improve the paper
core’s stiffness. The possibility of manufacturing lightweight flat pressed wood plastic
composites were investigated by Lyutyy et al. [25].

Gößwald et al. [26] investigated the potential of using planer shavings with a length
over 4 mm for manufacturing low-density one-layer particleboard with a thickness of
10 mm as an option to reduce the raw material demand for wood-based panels. A team
of scientists [27] investigated the effect of relative humidity on the strength properties of
lightweight panels and found out that after exposure to 95% relative humidity, facings
and sandwiches lost up to half their original strength properties. By establishing a 3D
moisture-displacement finite element model, the influence of constant and cycle humidity
and varied temperature on the flexural creep of the sandwich panel containing Kraft
honeycomb core and wood composite skins was studied by Chen et al. [28]. The influence
of core shape was studied by several authors [23,29–31]. In the last few years, the strength
and stiffness of furniture panels with auxetic cores were investigated. The auxetic cores of
the sandwich cellular wood panels exhibited strong orthotropic properties [32]. During
bending, wood-based honeycomb panels with auxetic cores absorb energy more effectively
than the same panels subjected to axial compression [20]. The relative density of cells
significantly affects their mechanical strength [33]. Using an auxetic core and facings of
plywood and cardboard significantly reduces the amount of dissipated energy [21].

The problematic parts of applying paper honeycomb panels as structural elements
are the joints [11]. For this reason, there is a growing industrial and academic interest on
the investigation and optimization of these types of joints [16,34–38]. Some of the authors
studied the bending strength of the joints [36,38,39], but tensile and shear tests were applied,
as well [15,34,35,38,39]. Lightweight honeycomb panels with different thicknesses have
been tested. Several authors studied panels with a relatively small thickness, ranged
between 15 and 19 mm [21,22,34,35,38–41]. Other studies were focused on the evaluation
of panels with a thickness of 38 mm [15,34,36]. Only one research was found with a
commercially produced honeycomb panel with 50 mm thickness [37]. Both glued [21,34]
and non-glued joints [36–38] appeared in the studies. Screw withdrawal resistance in
honeycomb panels was investigated by some researchers [15,37,40,41].

Lightweight paper panels and paper tubes were analysed concerning their suitability
as furniture materials by Petutschnigg and Ebner [16]. The authors concluded that the
bending strength of the lightweight paper panel is too low for use in furniture applications
and development of materials and joints with enhanced strength properties is needed.

Corrugated cardboard has a relatively low weight, is easily available, recyclable, and
waste cardboard can be reused. With the development of online commerce, the use of
cardboard packaging, including corrugated cardboard, has been significantly increased.
In 2018, the production of paper and paperboard packaging was estimated to 256,138
thousand metric tons worldwide [42]. Around 80% of all goods sold in Europe and the
US are in cartons [43]. At the same time, only 65.7% of waste cardboard in the European

116



Materials 2021, 14, 5064

Union is recycled [44]. This enormous amount of waste cardboard is a challenge to absorb
and obtain new products based on recycling or reuse.

In the literature, there are publications about using waste cardboard as a material for
producing new panels. In part of the research, the cardboard is processed and incorporated
into new composites [45,46]. Several investigations were carried out to evaluate the
mechanical properties of cardboard made from recycled beverage cartons [47–51]. Other
researchers used the waste cardboard in the form in which it was obtained [52]. There are
many examples of furniture made of cardboard, such as shelves, chairs, tables, desks, even
sofas [53]. Some companies specialised in the production of cardboard furniture [54,55].
A Japanese bedding company has created a cardboard bed for athletes at the Tokyo 2020
Olympics. The bed frames were made from recycled cardboard [56]. There is also furniture
made of second-hand cardboard, but these are usually of relatively simple structure. Even
building construction components were objects of experimentation using sheets of waste
cardboard collected from the waste stream [57]. Corrugated cardboard has a good strength-
to-weight ratio, excellent burst strength, and resistance to crushing, thus being an ideal
material for furniture manufacture [58]. Furthermore, adhesives applicable in the wood-
processing and furniture industry can be used to bond such panels.

There is limited information about the strength characteristics of the corner joints
made of corrugated cardboard.

The aim of the study was to investigate the possibilities of joining lightweight panels
made from waste corrugated board and beech veneer, bonded with urea-formaldehyde (UF)
resin and evaluate their application in furniture and interior constructions. For strength
comparison, joints obtained from conventional lightweight cardboard honeycomb panels
with a thickness of 50 mm were also tested.

2. Materials and Methods
2.1. Materials

In order to establish the possibility of using waste cardboard as a structural material
for furniture and interior applications, experimental multi-layer panels were produced
in the laboratory using a three-ply corrugated waste cardboard and rotary cut beech
(Fagus sylvatica L.) veneer sheets with a thickness of 1.2 mm and a moisture content of
approximately 8%, provided by the factory Welde Bulgaria AD (Troyan, Bulgaria). The
waste cardboard sheets with a length of 1150 mm and width of 780 mm were taken from
packages of goods, shipping in pallets, where this cardboard is used as a divider between
individual goods. The cardboard sheets had the following dimensions: Thickness of
3.94 mm, top layer of 0.15 mm, and corrugated paper core layer of 0.10 mm. Density of the
cardboard was 114 kg/m3. Commercially available UF resin with dry solids content of 64%,
density of 1.29–1.31 g.cm−3 at 20 ◦C, pH value of 8.5, and a molar ratio of 1.16, provided
by the company Kastamonu Bulgaria AD (Gorno Sahrane, Bulgaria), was used for hot
pressing. The experimental panels were fabricated under laboratory conditions on a single
opening hydraulic press (PMC ST 100, Italy). The press temperature used was t = 100 ◦C.
The specific bonding pressure was 0.2 N/mm2 for 21 mm thickness and 0.13 N/mm2 for
51 mm thickness of the panels, respectively.

Commercial, commonly produced lightweight panels with a thickness of 50 mm were
also included in the study to compare the obtained experimental data with industrially
produced lightweight panels. The top layers were 8 mm laminated particleboards and a
hexagon honeycomb for the core layer. The commercial panels were supplied by Egger
(Fritz Egger GmbH & Co. OG, Weiberndorf 20, 6380 St. Johann in Tirol, Austria).

The laboratory-fabricated multi-layer panels were designed with thicknesses similar
to the thicknesses of the commercially available panels, i.e., 50 and 20 mm. This was
achieved by adjusting the bonding pressure. The structure of the lightweight panels used
in the study was as follows:

1. Multi-layer panel with a thickness of 21 mm made of 7 layers of veneer and 6 layers
of corrugated cardboard (Figure 1).
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2. Multi-layer panel with a thickness of 51 mm made of 13 layers of veneer and 12 layers
of corrugated cardboard (Figure 2).

3. Cardboard honeycomb panel with a thickness of 50 mm, manufactured by Egger,
Austria (Figure 3).
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Figure 1. Multi-layer panel with a nominal thickness of 21 mm made of 7 layers of veneer and
6 layers of corrugated cardboard: 1. Rotary cut beech veneer, δ = 1.2 mm; 2. three-layer corrugated
cardboard δн = 6 mm.
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Figure 3. Cardboard honeycomb panel with a thickness of 50 mm, manufactured by Egger, Austria,
δ = 50 mm: 1. Decorative foil; 2. PB, δ = 8 mm; 3. honeycomb cardboard core.

After hot pressing, the laboratory-produced panels were conditioned for 7 days at
20 ± 2 ◦C and 65% relative humidity.

The density of all fabricated panels was below 500 kg/m3 (Table 1). Details about
the manufacturing process and the physical and mechanical properties of the developed
lightweight panels are given in a previous research [18].

Table 1. Thickness and density of the lightweight panels.

Type of Panel Thickness,
mm

Density
kg/m3

1. Multi-layer panel, veneer (7 layers) and corrugated
cardboard (6 layers) 21 466

2. Multi-layer panel, veneer (13 layers) and corrugated
cardboard (12 layers) 51 349

3. Cardboard honeycomb panel 50 257
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2.2. Type of Corner Joints Made of Lightweight Panels

For the purpose of the study, 10 series with a total number of 129 test samples were
made. Some well-known connecting solutions were used for the joints, such as a dowel
joint, one-element connector Confirmat, an eccentric connector Minifix with a bolt for
ø5 mm hole and a plastic corner joint, as well as special connectors and screws designed for
lightweight honeycomb panels. Joint types, detailed dimensions, and types of connecting
elements are shown in Figure 4. Each joint had only one connecting element.
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connected by a plastic corner connector and special screw Varianta; (b) multi-layer panel (21 mm) made of veneer and corru-
gated cardboard, connected by Confirmat ø7 × 70 mm; (c) multi-layer panel (21 mm) made of veneer and corrugated card-
board, connected by an eccentric connector Minifix; (d) multi-layer panel (21 mm) made of veneer and corrugated cardboard,
connected by a dowel ø8 × 35 mm; (e) multi-layer panel (51 mm) made of veneer and corrugated cardboard, connected by a dowel
ø12 × 50 mm; (f) multi-layer panel (51 mm) made of veneer and corrugated cardboard, connected by Rafix 20 HC, inserted longitudi-
nally on the cardboard direction; (g) multi-layer panel (51 mm) made of veneer and corrugated cardboard, connected by Rafix 20 HC,
inserted across on the cardboard direction; (h) cardboard honeycomb panel (50 mm) connected by plastic corner connector and special
screw Varianta; (i) cardboard honeycomb panel (50 mm) connected by Rafix 20 HC; (j) cardboard honeycomb panel (50 mm) connected
by TAB 20 HC.

2.3. Test Methods

The type and shape of test samples, made in accordance with the test method, de-
scribed by Kyuchukov and Jivkov [11], are shown in Figure 5. The dimensions δ1 and δ2
are equal and correspond to the thickness of the panels. The dimensions L1 and L2 are also
equal and depend on the thickness of the panels.
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In furniture constructions, the joints are most often loaded in bending with arm
compression and arm opening. It has been found from many research studies that the
strength and the deformation resistance of the joints are lower under the arm compression
loading compared to that under loading with arm opening [11]. Therefore, for the purpose
of the present study, it was accepted to investigate end corner joints of lightweight structural
elements under bending loading with arm compression. The principal test scheme of the
test specimens is given in Figure 6.

The criterion for determining the strength of the tested joints is the maximum bending
moment Mmax calculated according to the formula:

Mmax = F · l, (1)

where F is the maximum force under arm compression bending, N, and l is arm, m.
The criterion for determining the deformation characteristic of the corner joints is the

stiffness coefficient с [11,59].
The deformation of the joints under the compression bending test gives as a result

changes in both the right angle between the joint arms and the bending arms l of the forces
(Figure 7).
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The linear displacement fi of the application points of the forces Fi is recorded for
each test sample at each loading level. It represents a sum of displacement resulting from
turning the joint arms and additional displacement ∆i resulting from bending of the arms.

The displacement ∆i is calculated by the formula:

∆i =
Fia3

3EI
(2)

where
Fi is the magnitude of the load forces with arm compression, N;
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a is the axial length of the joint arms, m;
E is the modulus of elasticity, N/mm2;
I is the axial moment of inertia of the cross-section of the joint arms, m4,
which is calculated by the formula:

I =
δb3

12
, (3)

where
b is the width of the arms, m;
δ is the thickness of the arms, m.
The distance between the force application points at each level of loading is determined

by the formula:
L1 = L − fi + ∆i, (4)

The angle γi [rad] changed under loading between the joint arms is calculated by
the formula:

γi = 2arcsin
Li
2a

= 2arcsin
L − fi + ∆i

2a
, (5)

The changed bending arm li is determined by the formula:

li = a cos
γi
2

, (6)

The result from the deformation under the compression bending test is the semi-rigid
rotation of the joint arms in [rad]:

αi =
π

2
− γi, (7)

For 10 and 40% of the load force Fi, the bending moment in [N·m] is calculated
according to the formula:

Mi = Fili, (8)

The stiffness coefficient under the compression bending test ci [N·m/rad] is calculated
by the formula:

ci =
∆Mi
∆αi

, (9)

In (8), the following designations are used:

∆Mi = Mi − M0

∆αi = αi − α0

where Mi and αi are determined according to (8) and (7) for the value of force Fi equal to
40% of Fmax, and M0 and α0 according to (8) and (7) or the value of force F0, equal to 10%
of Fmax.

The stiffness coefficient c as a deformation characteristic of the corner joint under the
compression bending test is defined as the arithmetic means of the result of (9) numbers
for each test sample when loaded in the section, which corresponds to the linear section on
the curve of the correlation between the bending moment and the corner deformation of
the joint.

The test was carried out in the scientific and research laboratory at the Institute
of Mechanics and Biomechanics, BAS, Sofia, on a TIRA test 2000 universal type testing
machine (TIRA GmbH, Schalkau, Germany). A sensor with a range of 1 kN was used
to measure the force. The accuracy was 1%, for force over 10 N. The exact speed of
the machine’s moving traverse was measured with the aid of the built-in incremental
displacement measurement system and an electronic stopwatch. Using a Protek D470
handheld digital multi-meter (Protek Instrument Co., Ltd, Gwangmyeong Gwangmyeong,
Korea) and a computer, the force-time relationship was recorded. The traverse displacement
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was calculated according to time and speed. In determining the deflection of the test
sample, the deflection of the loaded parts of the machine was taken into account. The
resulting force-displacement diagrams were centred. The maximum force, deflection at the
maximum force, force and deflection at a point taken as the failure point, Ff = 0.8Fmax, were
determined. Tests were carried out at the temperature of 20 ± 1 ◦C and a relative humidity
of 55 ± 5%.

Descriptive statistical analysis of the results was done with XLSTAT, version 2020.2.3,
Addinsoft, New York, NY, USA (2021). One-way ANOVA was performed on the results for
the bending strength and stiffness coefficient of L-type corner joints to analyse variance at
a 95% confidence interval (p < 0.05). The statistical differences between mean values were
evaluated using Tukey’s honestly significant difference (HSD) post hoc test.

3. Results
3.1. Bending Moments of Corner Joints Made of Lightweight Panels

The results obtained from the bending strength test were processed statistically and
are presented in Table 2 and Figure 8.

Table 2. Bending moments of corner joints made of lightweight panels.

Type of
Joints 1

No. of Test
Samples

Mean,
N·m

Min.,
N·m

Max.,
N·m

Median,
N·m

St. Dev.,
N·m

Var.
Coefficient

a 15 7.28 6.10 8.22 7.25 0.64 0.09

b 15 10.53 9.21 12.25 10.29 0.82 0.08

c 15 6.15 5.49 7.52 5.97 0.61 0.10

d 15 15.41 14.20 16.41 15.42 0.62 0.04

e 8 33.22 25.39 39.33 33.46 4.01 0.12

f 10 6.70 6.28 7.58 6.56 0.39 0.06

g 7 7.90 6.70 8.59 7.89 0.56 0.07

h 14 21.66 20.66 23.52 21.33 0.85 0.04

i 15 8.10 6.68 9.91 8.09 0.87 0.11

j 14 9.06 8.05 10.34 8.99 0.59 0.07
1 The letter index of the type of joints is according to Figure 4.

In analysing the results for the bending strength test of corner L-type joints of
lightweight panels, it can be seen that they vary over a fairly wide range, from 33.33 to
6.15 N·m. From the statistical analysis of the one-way ANOVA test and the pairwise
comparison performed with the Tukey HSD, a significant difference of α = 0.05 at a
confidence level of 95%, was found in seven groups between the obtained bending
strength of the L-type end corner joints constructed from lightweight panels. The
groups are given in Table 3. The highest strength value of 33.22 N·m was determined
for the joints made of multi-layer veneer panels and three-layer cardboard with a
nominal thickness of 51 mm and joined by a dowel ø12 × 50 mm. This result can
be attributed to the application of adhesive also on the edge of the glued workpiece
and the large thickness of the structural elements. The cardboard honeycomb panel
(50 mm) connected by a plastic corner connector and special screw Varianta exhibited
a bending strength of 21.66 N·m. The multi-layer panel (21 mm) made of veneer
and corrugated cardboard, connected by a dowel ø8 × 35 mm, also showed excellent
strength characteristics (15.41 N·m).
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Table 3. Tukey HSD analysis of the differences between the groups with a confidence interval of 95% of bending capacity of
joints of two materials of all pairwise comparisons.

Index 1 Type of Joint
Bending
Strength

N·m

Lower
Bound
(95%)

Upper
Bound
(95%)

GH 2

e Multi-layer panel (51 mm) made of veneer and corrugated
cardboard, connected by a dowel ø12 × 50 mm 33.22 32.34 34.10 A

h Cardboard honeycomb panel (50 mm) connected by plastic
corner connector and special screw Varianta 21.66 21.13 22.18 B

d Multi-layer panel (21 mm) made of veneer and corrugated
cardboard, connected by a dowel ø8 × 35 mm 15.41 14.76 16.05 C

b Multi-layer panel (21 mm) made of veneer and corrugated
cardboard, connected by Confirmat ø7 × 70 mm 10.53 10.03 11.04 D

j Cardboard honeycomb panel (50 mm) connected by TAB 20 HC 9.06 8.42 9.70 DE
i Cardboard honeycomb panel (50 mm) connected by Rafix 20 HC 8.10 7.46 8.74 EF

g
Multi-layer panel (51 mm) made of veneer and corrugated
cardboard, connected by Rafix 20 HC, inserted across on the
cardboard direction

7.90 6.96 8.41 EFG

a
Multi-layer panel (21 mm) made of veneer and corrugated
cardboard, connected by a plastic corner connector and special
screw Varianta

7.28 6.33 7.91 FG

f
Multi-layer panel (51 mm) made of veneer and corrugated
cardboard, connected by Rafix 20 HC, inserted longitudinally on
the cardboard direction

6.70 5.90 7.56 FG

c Multi-layer panel (21 mm) made of veneer and corrugated
cardboard, connected by an eccentric connector Minifix 6.15 5.64 6.65 G

1 The letter index of the type of joints is according to Figure 4. 2 Groups of homogeneities (α = 0.05).

The remaining joints demonstrated satisfactory strength characteristics with bending
strength values ranging from 6.15 to 10.53 N.m. In this group, the highest strength had
series b—multi-layer panel (21 mm) made of veneer and corrugated cardboard, connected
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by Confirmat ø7 × 70 mm (10.53 N·m), followed by series j—cardboard honeycomb panel
(50 mm) connected by TAB 20 HC (9.06 N·m), and series i—cardboard honeycomb panel
(50 mm) connected by Rafix 20 HC (8.10 N·m). Finally, the lowest bending strength of
6.15 N·m was recorded in series c—multi-layer panel (21 mm) made of veneer and corru-
gated cardboard, connected by an eccentric connector Minifix.

3.2. Stiffness Characteristics of Corner Joints Made of Lightweight Panels

When analysing the results for the stiffness of the corner L-type joints of lightweight
panels, it can be seen that the picture was slightly different. The stiffness values varied
from 327 to 40 N·m/rad (Table 4). From the statistical analysis of the one-way ANOVA
test and the pairwise comparison performed with the Tukey HSD (Table 5), a significant
difference of α = 0.05 at a confidence level of 95% was found in six groups between the
obtained stiffness coefficients L-type end corner joints constructed from lightweight
panels. The greatest stiffness was exhibited by joints made of conventional honeycomb
lightweight 50 mm thick panels. This can be explained with an outer layer that is 8 mm
thick, which gives more rigidity to the panel and joints. The highest stiffness value of
327 N·m/rad had the joints made of honeycomb panel—series h, connected by a plastic
corner connector and special screw Varianta, followed by a cardboard honeycomb panel
(50 mm) connected by Rafix 20 HC (225 N·m/rad), and a cardboard honeycomb panel
(50 mm) connected by TAB 20 HC (195 N·m/rad). A multi-layer panel (51 mm) made
of veneer and corrugated cardboard, connected by a dowel ø12 × 50 mm was the joint
with the highest stiffness of the corrugated board joints (154 N·m/rad), followed by
a multi-layer panel (21 mm) made of veneer and corrugated cardboard, connected
by Confirmat ø7 × 70 mm (111 N·m/rad). A very low stiffness was shown by the
joints made of a multi-layer panel made of veneer and corrugated cardboard with a
thickness of 21 mm. Joints from these panels connected by a plastic corner connector
and special screw Varianta had a stiffness coefficient of 49 N·m/rad, followed by an
eccentric connector Minifix (43 N·m/rad) and Confirmat ø7 × 70 mm (40 N·m/rad). A
graphical representation of the results obtained is shown in Figure 9.

Table 4. Stiffness coefficients of corner joints made of lightweight panels.

Type of
Joints 1

No. of Test
Samples

Mean,
N·m/Rad

Min.,
N·m/Rad

Max.,
N·M/Rad

Median,
N·M/Rad

St. Dev.,
N·m/Rad

Var.
Coefficient

a 15 49.19 36.68 61.40 48.77 5.43 0.11

b 15 40.28 27.81 57.14 40.09 7.83 0.19

c 15 42.72 27.46 65.32 41.23 10.56 0.25

d 15 111.02 92.99 134.05 110.47 9.92 0.09

e 8 153.61 117.33 200.91 139.03 31.41 0.20

f 10 81.27 56.86 102.07 81.77 11.62 0.14

g 7 83.76 42.50 134.66 84.69 28.59 0.34

h 14 327.34 267.24 419.56 321.33 39.26 0.12

i 15 224.61 117.49 342.42 215.01 58.87 0.26

j 15 194.71 157.93 245.26 188.06 24.97 0.13
1 The letter index of the type of joints is according to Figure 4.
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Table 5. Tukey HSD analysis of the differences between the groups with a confidence interval of 95% of stiffness coefficients
of joints of two materials of all pairwise comparisons.

Index 1 Type of Joint
Stiffness
Coeff. c,
N·m/rad

Lower
Bound
(95%)

N·m/rad

Upper
Bound
(95%)

N·m/rad

GH 2

h Cardboard honeycomb panel (50 mm) connected by a plastic
corner connector and special screw Varianta 327 311.79 342.89 A

i Cardboard honeycomb panel (50 mm) connected by Rafix 20 HC 225 209.59 239.64 B
j Cardboard honeycomb panel (50 mm) connected by TAB 20 HC 195 177.58 208.68 BC

e Multi-layer panel (51 mm) made of veneer and corrugated
cardboard, connected by a dowel ø12 × 50 mm 154 133.04 174.19 C

d Multi-layer panel (21 mm) made of veneer and corrugated
cardboard, connected by a dowel ø8 × 35 mm 111 96.00 126.05 D

g
Multi-layer panel (51 mm) made of veneer and corrugated
cardboard, connected by Rafix 20 HC, inserted across on the
cardboard direction

84 61.77 105.76 DE

f
Multi-layer panel (51 mm) made of veneer and corrugated
cardboard, connected by Rafix 20 HC, inserted longitudinally on
the cardboard direction

81 62.87 99.67 DE

a
Multi-layer panel (21 mm) made of veneer and corrugated
cardboard, connected by a plastic corner connector and special
screw Varianta

49 34.17 64.21 EF

c Multi-layer panel (21 mm) made of veneer and corrugated
cardboard, connected by an eccentric connector Minifix 43 27.70 57.74 EF

b Multi-layer panel (21 mm) made of veneer and corrugated
cardboard, connected by Confirmat ø7 × 70 mm 40 25.26 55.31 E

1 The letter index of the type of joints is according to Figure 4. 2 Groups of homogeneities (α = 0.05).
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4. Discussion
4.1. Bending Strength of Corner Joints Made of Lightweight Panels

From the results obtained for the bending strength of the corner joints, made of
lightweight panels comprising waste cardboard and beech veneer, bonded with UF resin,
it can be concluded that they possess the required strength for application in furniture
constructions or as interior elements. The joints in both variants of multi-layer corrugated
cardboard, with a thickness of 21 and 51 mm, exhibited good bending strength characteris-
tics when connected by gluing with dowels. The results were within the range of bending
strength values achieved by [36], where, however, the authors used two connecting ele-
ments in each joint. Joints of cardboard honeycomb panel (50 mm) connected by a plastic
corner connector and special screw Varianta showed excellent bending strength. More than
twice is the strength exhibited by the joints with TAB 20HC in the present study compared
to the study conducted by Joscak et al. [60]. To note, multi-layer panels with a thickness
of 21 mm made of veneer and corrugated cardboard, connected by an eccentric connector
Minifix, showed lesser strength compared to the results of other studies [38,61]. However,
it was in the range of similar joints made of laminated particleboards and medium-density
fiberboard (MDF) with a thickness of 18 mm [11,59]. There was no significant difference in
the joint’s strength of multi-layer panel (51 mm) made of veneer and corrugated cardboard,
connected by Rafix 20 HC, inserted across and longitudinally on the cardboard direction.
Cardboard honeycomb panel (50 mm) and multi-layer panel (51 mm) made of veneer and
corrugated cardboard connected by Rafix 20 HC shows a similar joint strength. Although
the bending strength of the joints of 21 mm thick multi-layer panels made of waste card-
board and beech veneer connected by Confirmat did not reach the values obtained with
particleboards, plywood, and MDF [62–67], still their strength properties were sufficient to
be used as an option for joining.

4.2. Stiffness Characteristics of Corner Joints Made of Lightweight Panels

When analysing the results for the stiffness of the joints, it can be seen that the picture
is different. The highest stiffness values were obtained for the joints made of 50 mm thick
cardboard honeycomb panel coupled by a plastic corner connector with a special screw
Varianta, Rafix 20 HC, and TAB 20 HC, and might be explained by the excellent stiffness of
the outer layers of laminated chipboard and the good construction of the special connectors
and screws developed for honeycomb panels. In the present study, joints connected with
TAB 20 HC showed significantly higher stiffness compared to the results obtained by [37].

In contrast to the bending strength of the joints, the stiffness of the joints of cardboard
honeycomb panel (50 mm) is more than two times higher compared to the multi-layer
panel (51 mm) made of veneer and corrugated cardboard when connected by Rafix 20 HC.

Both multi-layer panels made of veneer and corrugated cardboard with a thickness
of 51 and 21 mm, joined with a dowel ø12 × 50 mm and dowel ø8 × 35 mm, respectively,
had sufficient rigidity to be used in furniture construction due to the application of an
adhesive. Furthermore, the stiffness coefficients were in the range of other commonly used
joints [68–73].

Joints exhibited relatively low stiffness with Confirmat and fasteners where screws
were involved. The low stiffness of the 21 mm thick multi-layer veneer and corrugated
cardboard joints resulted from the material’s lack of a rigid and dense structure, which
prevented a high screw-holding capacity.

5. Conclusions

The COVID-19 pandemic posed new challenges to the normal business practice
and competitiveness of industrial enterprises, connected with significant changes in the
market and shortage of resources, including solid wood and furniture panels [74–77]. This
study investigated the potential of using waste corrugated cardboard and beech veneer for
manufacturing lightweight panels for furniture and interior structural elements application.
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For this purpose, various joints, fixed with adhesive and demountable joints were tested.
As a result, the following conclusions were drawn:

1. The waste corrugated cardboard in combination with beech veneer is suitable for
furniture constructions and interior elements.

2. The use of adhesive significantly increased the bending strength and stiffness of the
joints of the veneer and corrugated cardboard panels in both studied panel thicknesses,
i.e., 21 and 51 mm.

3. In terms of the stiffness coefficients, the best behaviour was exhibited by the joints,
made of cardboard honeycomb panels with a thickness of 50 mm.

4. Except for the cardboard honeycomb panels, all of the tested panels where the
demountable joints were used, showed a significantly lower strength compared
to bonding.

5. There was no significant difference in the joint strength of the multi-layer 51 mm thick
panel made of veneer and corrugated cardboard, connected by Rafix 20 HC, inserted
across and longitudinally on the cardboard direction.

6. The cardboard honeycomb panel (50 mm) and multi-layer panel (51 mm) made
of veneer and corrugated cardboard connected by Rafix 20 HC show a similar
joint strength.

7. Although lightweight corrugated cardboards did not have sufficient density, the
conventional joints such as Minifix, Confrimat, and plastic corner joints demonstrated
comparable strength characteristics and stiffness to particleboard joints.

Future research should be focused on the development of the multi-layer waste
corrugated cardboard and veneer lightweight panels as a prospective and sustainable
material for furniture and other applications, in order to improve the strength and other
features of the joints.
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Abstract: The purpose of this study was to evaluate the feasibility of using magnesium and sodium
lignosulfonates (LS) in the production of particleboards, used pure and in mixtures with urea-
formaldehyde (UF) resin. Polymeric 4,4′-diphenylmethane diisocyanate (pMDI) was used as a
crosslinker. In order to evaluate the effect of gradual replacement of UF by magnesium lignosulfonate
(MgLS) or sodium lignosulfonate (NaLS) on the physical and mechanical properties, boards were
manufactured in the laboratory with LS content varying from 0% to 100%. The effect of LS on the pH
of lignosulfonate-urea-formaldehyde (LS-UF) adhesive compositions was also investigated. It was
found that LS can be effectively used to adjust the pH of uncured and cured LS-UF formulations.
Particleboards bonded with LS-UF adhesive formulations, comprising up to 30% LS, exhibited
similar properties when compared to boards bonded with UF adhesive. The replacement of UF
by both LS types substantially deteriorated the water absorption and thickness swelling of boards.
In general, NaLS-UF-bonded boards had a lower formaldehyde content (FC) than MgLS-UF and
UF-bonded boards as control. It was observed that in the process of manufacturing boards using LS
adhesives, increasing the proportion of pMDI in the adhesive composition can significantly improve
the mechanical properties of the boards. Overall, the boards fabricated using pure UF adhesives
exhibited much better mechanical properties than boards bonded with LS adhesives. Markedly, the
boards based on LS adhesives were characterised by a much lower FC than the UF-bonded boards. In
the LS-bonded boards, the FC is lower by 91.1% and 56.9%, respectively, compared to the UF-bonded
boards. The boards bonded with LS and pMDI had a close-to-zero FC and reached the super E0
emission class (≤1.5 mg/100 g) that allows for defining the laboratory-manufactured particleboards
as eco-friendly composites.

Keywords: magnesium lignosulfonate; sodium lignosulfonate; bio-based adhesives; urea formalde-
hyde resin; wood-based composites; particleboards; formaldehyde content; physical and mechanical
properties; acid-base buffer

1. Introduction

Particleboards still predominate in the world production of wood-based compos-
ites. In 2018, industrial particleboard production reached a record output of 97 million m3

worldwide [1]. Particleboards remain one of the most important value-added panel prod-
ucts in the wood industry and are widely used in various fields of human activity. With
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increasing applications of composite materials, the demand for adhesive increases. The
cost of resin is about 30–50% of the material costs, whereas the product contains only 2–14%
of resin in terms of the amount associated with the dry weight of wood. Even at such
low concentrations, the cost of the resin is the main factor significantly affecting the total
product price [2].

Today, the main classes of thermosetting adhesives that have been dominating the field
of wood composites industry for many decades are amino-based, phenolic, and isocyanate
resins [3]. Currently, approximately 95% of the total number of adhesives used for the
manufacture of wood composites are formaldehyde-based resins [4], and the most predom-
inant type is urea-formaldehyde (UF) resins, the total consumption of which is estimated to
approximately 11 million tons per year [5]. Within these thermosetting adhesives, UF resins
are the most widely used adhesives in the manufacture of wood-based composites, includ-
ing particleboards. The industrial success of these resins is associated with their low-cost
raw materials, high reactivity, excellent adhesion to wood, ease of use for a wide range of
curing conditions, low temperature of curing, short pressing time, aqueous solubility, and a
colourless glue line [6]. However, they have a major drawback, connected to the hazardous
emission of volatile organic compounds (VOCs) and free formaldehyde from the finished
wood-based composites, which can irritate the eyes, respiratory, and nervous systems and
even lead to cancers such as leukaemia [7]. As a result, new formaldehyde emission restric-
tions have been set for wood-based composites in Europe, the United States, and Japan.
In addition, the production of these resins relied on non-renewable oil resources. Today,
these adhesives are sufficient for supply, but the shortage of petroleum products may affect
the future cost and availability of these petroleum-based adhesives. Therefore, there is a
growing interest in the development of environmentally friendly adhesives for wood from
renewable resources. This has stimulated the transition from traditional formaldehyde-
based synthetic resins to new environmentally friendly adhesives for the production of
eco-friendly wood-based panels from renewable resources. Lignin-based products are one
of the most promising environmental alternatives to traditional formaldehyde resins [8,9].

The main interest in lignin is due to its phenolic structure with several favourable
properties for the manufacture of wood adhesives, such as high hydrophobicity and low
polydispersity [10]. However, the low chemical reactivity of lignins requires higher con-
centrations of catalysts (heat or acid) and longer heating times are required during the
production of wood-based composites [9,11–13]. Hence, an additional chemical modifica-
tion of lignin is required to increase the lignin reactivity to formaldehyde [13–15]. Peng
and Riedl [16] proved in their work that the reactivity of lignosulfonate with formaldehyde
increases when wheat starch is added as filler. It is estimated that the planet currently
contains 3 × 1011 metric tons of lignin with an annual biosynthetic rate of approximately
2 × 1010 tons [13]. There are large quantities of technical lignin (mainly as kraft lignin
and lignosulfonate) generated as waste or a by-product from the paper making industry,
with an annual global production of approximately 50–75 million tons [17]. Thus, the
utilisation of lignin as a renewable component in the production of value-added prod-
ucts, including wood adhesives [18–21], could be an efficient way to achieve sustainable
resource management.

Many authors have extensively studied the potential utilisation of different types of
lignin including lignosulfonates (LS), Kraft lignin, organosolv lignin, enzymatic hydrolysis
lignin, and soda lignin in adhesive applications [12,15,18,20–29]. The drawbacks of using
lignins alone as wood adhesives, modifications to enhance the reactivity of lignins, and
production of lignin-based copolymer adhesives for composite wood panels are reviewed
and discussed in the comprehensive review [30]. In several studies, lignin was used
as the binding agent for oriented strand boards [31] and medium density fibreboards
(MDF) [27–29], which allowed the production of eco-friendly, low-toxic boards. The main
scientific and industrial interest in lignin-based wood adhesives, such as LS, is due to
the polyphenolic structure of lignin, allowing a partial replacement of phenol in phenol-
formaldehyde (PF) resins. Çetin and Özmen [32] demonstrated that organosolv lignin
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could be used to replace 20–30% of the phenol in PF resins used to bond particleboards,
without adversely affecting bond properties. It was found the phenolated lignin exhibited
better mechanical properties than the unmodified lignin. In another study [33], it was also
attested the possibility of substitution of up to 30% of phenol by lignin in PF adhesive
without significantly affecting the plywood shear strength. Akhtar et al. [34] found that
the maximum shear strength and wood failure was obtained by 20% addition of LS to PF
resin. da Silva et al. [35], using LS with pure and in mixtures with phenol-formaldehyde
(PF) resin to produce particleboards, found that the replacement of PF adhesive by LS
in up to 80% was satisfactory in meeting the specific standard for mechanical properties.
However, it was not possible to produce boards with minimal strength properties with
pure LS-based adhesive. In other works [36,37], particleboards bonded with glyoxalated
lignin combined with pMDI showed superior internal bond (IB) strength in dry and boiled
conditions. There are also a number of successful attempts to produce MDF in laboratory
conditions on the basis of LS [8,21,38–44]. The authors showed that the use of LS as an
adhesive is a perspective approach for producing eco-friendly MDF panels without harmful
free-formaldehyde emissions. Consequently, various studies have been carried out with a
number of different lignin types as substitutes for phenol in PF adhesives. However, to
date, the addition of unmodified or modified lignin-based compounds into UF adhesives
is limited.

Since recently, due to environmental trends, focus has been drawn to the use of LS in
adhesive compositions for wood [38,39,41]; thus, it was of considerable interest to study
the effect of LS on the pH of UF compositions. This is due to the fact that the acidity of UF
compositions is one of the key factors determining their pot life, cure rate, cure temperature,
depth of cure, cohesion and adhesion, moisture resistance and atmospheric influences
resistance, and other properties [45–47]. Despite this, to date, the change in pH during the
curing of UF resins with natural fillers has not been fully investigated. This information
may also be helpful in understanding the effect of pH on the curing of pure UF resins.

Considering the above, the objective of this work was to evaluate the feasibility of
using lignosulfonates as an adhesive and the effect of replacing the UF resin by different
proportions of lignosulfonate on the physical and mechanical properties of particleboards.
The effect of lignosulfonates on the pH of lignosulfonate-urea-formaldehyde adhesive
compositions was also investigated.

2. Materials and Methods
2.1. Materials

Factory-produced wood particles comprised of coniferous (75%) and deciduous (25%)
species (origin—the Ukrainian Carpathians, Ivano-Frankivsk region) were obtained from
the local particleboard plant. The moisture content of wood particles, determined by
the drying-weighing method, was approximately 8%. The fractional composition of the
particles for the outer and core layers of the boards is presented in Table 1, and the
appearance of the particles is shown in Figure 1.

The lignosulfonate-urea-formaldehyde adhesive system (LS-UF) consisted of UF
resin grade A (density 1.28 g/cm3, solid content 66%, Ford cup (4 mm, 20 ◦C) viscosity
98 s, pH = 8.05, gel time 50 s) (producer Karpatsmoly LLC, Kalush, Ukraine), pMDI resin
Ongronat® WO 2750 (NCO content—31.05 wt %, viscosity at 25 ◦C, 201 MPa·s, acidity
as HCl—120 mg/kg), paraffin emulsion, urea, ammonium sulphate, magnesium ligno-
sulfonate (Borregaard, Germany), and sodium lignosulfonate (Domsjö Lignin, Sweden).
The water solution with 43% of ammonium sulphate [(NH4)2SO4] was used as hardener
and mixed with the resin before spraying into wood particles. The water solution with
40% of urea and water solution with 50% of LS were mixed with the resin. Urea and LS
were used as water solutions at 40% and 50% working concentrations, respectively. The
lignosulfonate addition levels were based on the replacement of 10%, 20%, 30%, 50%, 75%,
and 100% of the UF resin in the adhesive system used in outer and core layers. Magnesium
lignosulfonate (MgLS) had the following characteristics: total solids content—min 90%;
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pH (10%)—4.0 ± 1.0; insoluble matter [%]—max. 0.8; Mg [%]—3; Cl [%]—≤0.1; sucrose
[%]—6; density [kg/m3]—450–600. Sodium lignosulfonate (NaLS) had the following char-
acteristics: total solids content > 95%; pH (10% solution)—6 ± 1; sodium Na—9; sulphur,
S—8.5; calcium, Ca—0.12; chlorine, Cl—0.01; insoluble substances <0.1; sulphate—7.5 in
the form of sulphate ions; sucrose—2.0.

Table 1. Fraction analysis (by % weight) of particles.

Outer Layer Core Layer

Screen Hole Size (mm) Content (%) Screen Hole Size (mm) Content (%)

1.25 8.8 5.0 12.0
1.0 1.2 3.15 25.6
0.8 9.4 2.0 31.4
0.63 12.2 1.25 10.6
0.4 26.4 0.63 8.4
0.2 17.6 0.32 1.4

Dust 14.5 Dust 0.6
Total 100 Total 100
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Figure 1. Appearance of the wood particles used for outer layers (a), core layer (b).

In order to use lignin of LS as the main component in adhesive formulations, its low
reactivity needs to be compensated by using a suitable crosslinker [15]. pMDI was used
as an additional component to improve moisture resistance and mechanical properties
for LS adhesives due to its high reactivity towards wood surface, LS molecules, and UF
resin molecules. In order to find out how the addition of pMDI resin to the adhesive
compositions affects the properties of the particleboards, the boards were made using UF
and LS adhesives with different content (1%, 3% and 5%) of pMDI resin.

2.2. Measurement of pH

The pH was measured using pH-meter pH-301 and combined electrode with glass
membrane (glass/KCl, AgCl/Ag). A two-point calibration procedure was performed with
pH buffer solutions of pH 4.01 ± 0.01 and 6.86 ± 0.01 before and after pH measurements.
To measure pH, 40 g samples were prepared by weighing the components with an accuracy
of 0.001 g. Glass electrode was placed into the sample and then the sample was stirred for
at least 5 min. The pH values were measured after stopping stirring. The stirring procedure
and measurements were repeated three times, and the average pH value was calculated.
When measuring pH, it was observed that to obtain stable pH values for lignosulfonate
solutions, stirring for slightly longer periods of time was required compared to standard
solutions. Measurement of pH values for each point during titration of lignosulfonates
solutions was also performed after 5 min of stirring. To determine the effect of each
component on the pH of adhesive composition, the components were added to UF resin
one by one, thoroughly mixed, and the pH was measured. The components were mixed in
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the following sequence—UF resin, LS, urea, ammonium sulphate, paraffin emulsion. The
content of UF resin and LS was changed in the compositions and the other components
were added in the same amount: paraffin emulsion—7.1%; 33% ammonium sulphate
solution—5.4%; 43% urea solution—4.3%.

2.3. Manufacturing of Particleboards

In this study, three-layered particleboards of 290 mm × 290 mm dimensions and a
thickness of 16 mm with a target density of 650 kg/m3 were designed. The amount of
UF resin, pMDI resin, urea, hardener, and paraffin emulsion that were needed for the
blending process differed between core layer and outer layer. It is due to the temperature
difference between surface and core caused by the heat transfer from the surface to the core
of particleboard. In addition, different amounts of resin and additives used are due to the
difference in surface area of particles used in outer and core of particleboard. In control
series, the amount of solid UF resin was 14 wt % and 9 wt % based on the mass of oven
dry wood particles for outer and core layers, respectively. During resin mixing, 2.3% and
0.5% of urea solution and 0.2% and 0.6% of ammonium sulphate based on dry particles
weights were mixed with 14% and 9% of UF resin for outer and core layers, respectively.
On the other hand, 0.8% of paraffin emulsion based on dry particles weight was also
incorporated into the resin mixtures. pMDI resin was added to the adhesive system used
for core layer. Wood particles were blended with the adhesive by hand. After blending, the
resinated particles were hand spread evenly onto a 290 mm × 290 mm wooden box with
a caul plate as the base to form the mattress (Figure 2a). The mattress formed was then
pre-pressed manually to consolidate the thickness. Next, the mattress was subjected to hot
pressing in an automatically controlled hydraulic laboratory press “xoMкo”(LLC “ODEK”
Ukraine, Ukraine) (Figure 2b) at the pressure of 2.5 MPa, and temperature 200 ◦C for 600 s
(during the last 30 s of the press cycle, the pressure was continuously reduced to 0 MPa).
The high pressing temperature and extended pressing time are required for activating
lignosulfonates and their binding to wood particles [8,15,30,39,41]. The long pressing time
was also to make it possible to evaporate all the water present in the composition of the
LS-UF adhesive. The experimental design for this study is summarised in Table 2.
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Figure 2. The formed particle mattress (a) and hydraulic laboratory press (b).

2.4. Particleboards Testing

After pressing, boards were stabilised in air until reaching room temperature. Then,
the boards were conditioned for one week in a conditioning room maintained at a relative
humidity of 65 ± 5% and 20 ± 2 ◦C prior to properties evaluation. Three boards were
produced for each type of particleboards in the experimental design, i.e., 39 boards in total
+1 set of control. The control particleboard was made from adhesive system without LS.
The conditioned boards were cut into required testing size according to relevant standards.
Three samples of each board were tested according to the European standards for mois-
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ture content (EN 322) [48], density (EN 323) [49], bending strength (MOR) (EN 310) [50],
modulus of elasticity (MOE) (EN 310) [50], internal bond (IB) (EN 319) [51], and thickness
swelling (TS) (EN 317) [52]. On the other hand, for each series, one board was randomly
selected for analysis of formaldehyde content (FC) based on EN ISO 12460-5 (perforator
method) [53].

Table 2. Manufacturing parameters of particleboards produced in this work.

Board Type Adhesive Type UF Resin
Content (%)

MgLS
Content (%)

NaLS
Content (%)

A MgLS-UF 90 10 0
B MgLS-UF 80 20 0
C MgLS-UF 70 30 0
D MgLS-UF 50 50 0
E MgLS-UF 25 75 0

F MgLS 0 100 0

G NaLS-UF 90 0 10
H NaLS-UF 80 0 20
I NaLS-UF 70 0 30
J NaLS-UF 50 0 50
K NaLS-UF 25 0 75

L NaLS 0 0 100

Ref 100 0 0

2.5. Statistical Analysis

The effects of LS content on the properties of the laboratory-fabricated boards were
evaluated by analysis of variance (ANOVA) at the 0.05 level of significance. Duncan’s
Range tests were conducted to determine significant differences between mean values.

3. Results
3.1. The Effect of Lignosulfonates on the pH of the Adhesive Compositions

It is known that the acid value—pH—is an important characteristic of UF adhesive
compositions [45–47]. For long-term storage of resin in liquid state, a pH close to 7–8 is
maintained in it. To cure it, acidic hardeners are added, which lower the pH. As a result of
the decrease in pH, rapid condensation processes of UF oligomers begin, which leads to
the curing of the composition [47]. In addition, curing is further accelerated by heating. To
better understand the effect of pH, it is worth noting that when the pH of the composition
changes by 1, the curing rate of UF resin changes by about 10 times [45]. Hence, it is
important to investigate the effect of LS on the pH of adhesive compositions. Since 50%
solutions of both LS were acidic, in particular, NaLS is characterised by pH = 5.44 and
MgLS has pH = 3.56. At first glance it seems that their addition should accelerate the curing
of the adhesive composition. However, the research indicates that the addition of LS can
slightly reduce the effectiveness of latent hardeners such as (NH4)2SO4.

The results of measuring the pH of individual components and uncured adhesive
compositions are shown in Table 3, Table 4, Table 5 and Figure 3. The acidity of pure pMDI
was not measured due to its incompatibility with aqueous solutions.
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Table 3. pH values of the individual components of the adhesive compositions.

Component pH

MgLS, 50% aqueous solution 3.565 ± 0.05

NaLS, 50% aqueous solution 5.442 ± 0.05

Paraffin emulsion 7.1% 9.414 ± 0.03

Urea, 1.8% aqueous solution 7.121 ± 0.05

(NH4)2SO4, 1.8% aqueous solution 5.682 ± 0.04

UF resin 7.615 ± 0.04

Table 4. pH values of freshly prepared uncured adhesive compositions of NaLS.

Mass Composition
of the Mixture

NaLS + UF Resin

pH Values of Uncured Adhesive Compositions

NaLS + UF NaLS + UF +
Urea

NaLS + UF +
Urea +

(NH4)2SO4

NaLS + UF +
Urea +

(NH4)2SO4 +
Paraffin

Emulsion

100% NaLS + 0% UF 5.442 ± 0.05 5.454 ± 0.05 5.459 ± 0.05 5.474 ± 0.04

75% NaLS + 25% UF 5.661 ± 0.04 5.667 ± 0.04 5.631 ± 0.05 5.652 ± 0.04

50% NaLS + 50% UF 5.867 ± 0.05 5.864 ± 0.05 5.837 ± 0.04 5.863 ± 0.05

25% NaLS + 75% UF 6.130 ± 0.04 6.146 ± 0.04 6.149 ± 0.04 6.197 ± 0.05

0% NaLS + 100% UF 7.619 ± 0.03 7.508 ± 0.03 7.142 ± 0.03 7.368 ± 0.04

Table 5. pH values of freshly prepared uncured adhesive compositions of MgLS.

Mass Composition
of the Mixture

MgLS + UF Resin

pH Values of Uncured Adhesive Compositions

MgLS + UF MgLS + UF +
Urea

MgLS + UF +
Urea +

(NH4)2SO4

MgLS + UF +
Urea +

(NH4)2SO4 +
Paraffin

Emulsion

100% MgLS + 0% UF 3.565 ± 0.04 3.569 ± 0.03 3.572 ± 0.03 3.589 ± 0.04

75% MgLS + 25% UF 3.837 ± 0.04 3.869 ± 0.03 3.897 ± 0.03 3.921 ± 0.04

50% MgLS + 50% UF 4.322 ± 0.03 4.334 ± 0.04 4.346 ± 0.03 4.386 ± 0.04

25% MgLS + 75% UF 5.140 ± 0.05 5.161 ± 0.03 5.203 ± 0.03 5.253 ± 0.04

0% MgLS + 100% UF 7.619 ± 0.03 7.508 ± 0.03 7.142 ± 0.04 7.368 ± 0.03
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As is seen from Table 3, the UF resin had a slightly alkaline medium, pH = 7.615.
The addition of NaLS significantly reduced the pH of the resin. It stands to mention that
despite the acidic nature of LS, when they were added, no thickening and gelation of the
UF composition was observed, which would interfere with further work. The addition
of urea solution had almost no effect on the pH of the composition. The addition of
hardener, (NH4)2SO4, also had little effect on the acidity of the compositions. The effect
of adding (NH4)2SO4 was only noticeable for the pure UF resin not containing NaLS. A
similar decrease in the pH of the uncured resin by 0.8 with the addition of NH4Cl has been
noted [47]. The addition of paraffin emulsion slightly moved the pH of the composition
towards the alkaline side. Thus, the NaLS had the most significant effect on the pH of
adhesive compositions. Figure 3 shows that the effect of NaLS on the acidity of the original
composition was proportional to the amount of added NaLS. From the data in Table 4,
it is noticeable that the more NaLS is contained in the composition, the less the other
components affect its acidity, regardless of whether they are acidic or alkaline in nature.
This suggests that NaLS has acid-base buffering properties. Buffering properties mean the
ability to resist a change in the pH of a solution when other substances of acidic or alkaline
nature are added.

A similar effect was observed for uncured compositions with MgLS (Table 5). The
biggest change in the pH of the composition occurred when MgLS was added. (NH4)2SO4
and paraffin emulsion had little effect on the pH. (NH4)2SO4 markedly changed the pH
only in the absence of MgLS. That is, MgLS also exhibits buffering properties with regard
to changes in the pH of the composition.

For compositions with a 50 UF/50 MgLS ratio, the effect of pMDI on pH was in-
vestigated. First, 3% pMDI was added to the composition containing UF, MgLS, urea,
(NH4)2SO4, and paraffin emulsion, and thoroughly mixed using an electric stirrer. In this
case, the pMDI was dispersed into droplets, which are well distinguished in transmitted
light in an optical microscope at 10×magnification. The resulting compositions with pMDI
had an average pH of 4.392, which is almost equal to the pH of such compositions without
pMDI (4.386). From then on, it was assumed that pMDI does not affect the pH of the
compositions, and therefore, it was not added to the compositions intended for the study
of pH. In addition, no pMDI was added to avoid adhesion of pMDI to the glass electrode
of the pH meter.

It is worth pointing out that pMDI has the potential to increase the pH of compositions
when organic co-solvents are used along with water. This is due to the fact that during
hydrolysis, the -N=C=O isocyanate groups are converted into -NH2 amino groups, which
further neutralise acids [54]. However, pMDI, which remains in the aqueous dispersion in
the form of individual droplets, cannot significantly affect pH, since under such conditions,
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the condensation reaction should prevail in pMDI rather than the hydrolysis reaction. In
addition, the hydrolysis product, due to its hydrophobic nature, should remain dissolved
in pMDI droplets and not significantly affect the pH of the composition.

It also seemed important to investigate the effect of NaLS and MgLS on the pH of
the compositions post curing and to what extent their buffering properties were exhibited
in that case. However, pH measurement during the curing process is associated with
technical challenges, in particular, with the adhesion of resin onto the electrode of the
pH meter. Therefore, it was the pH of the cured compositions that was measured. First,
the compositions consisting of UF, NaLS or MgLS, and (NH4)2SO4 were prepared. They
were cured by heating to 98 ◦C for 15 min, cooled, left for 24 h, ground to a powdery
condition, and the resulting powder was stirred in a double amount of water for 15 min.
The pH of the resulting solution was measured. In doing so, a pH value close to that of the
cured adhesive composition was obtained. The measurement results are shown in Figure 4.
Paraffin emulsion and urea were not added, given that these components affect the pH
insignificantly. In addition, this made it possible to see a clearer picture of the competition
between lignosulfonates and (NH4)2SO4.
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As is seen in Figure 4, the acid value of a composition consisting only of UF resin
and (NH4)2SO4 post-curing decreased to pH = 1.914 (pHuncured−pHcured = 5.228), which is
consistent with the data of other authors [55]. On the other hand, the pH of compositions
containing NaLS or MgLS changed far less. With an increase in the content of NaLS or
MgLS, the pH of the compositions is close to the pH of pure NaLS or MgLS. The effect
of NaLS or MgLS is most noticeable if we compare the pH of the compositions with a
high content of lignosulfonates. In Figures 3 and 4, it can be seen that in the uncured
condition and post-curing, the pH value for them changes little (for example, for 75%
NaLS pHuncured-pHcured = 0.932, for 75% MgLS pHuncured-pHcured = 0.407). Thus, NaLS
and MgLS for cured adhesive compositions counteract pH change. Thus, NaLS and MgLS
reduce the influence of the (NH4)2SO4 latent hardener.

It is known that a decrease in the acidity of UF-based adhesive compositions occurs
due to the interaction of latent hardener ((NH4)2SO4) with resin formaldehyde according
to the equation [45,47]:

2(NH4)2SO4 + 6CH2O = N4(CH2)6 + 6H2O +2H2SO4

In which case, a strong mineral acid H2SO4 is released, which reduces the pH of the
medium to about 2. To simulate the interaction of the acid released by the latent hardener
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from lignosulfonates and to compare the effect of LNa and MgLS on pH, we studied the
interaction in a system containing acid of known concentration, NaLS or MgLS of known
concentration, but not containing UF resin. In parallel, to evaluate how the pH of a solution
not containing NaLS or MgLS will change, an experiment adding acid to distilled water
was conducted [56].

It should be noted that the effect of acid on the pH of water should be considered
quite close to the effect of acid on the UF resin itself, because the resin contains almost
no components that could counteract changes in pH. In Figure 5, it can be seen that the
addition of 0.74 mL of acid enables reduction of the pH of water to 1.914 (change in
pH = 7.000 − 1.914 = 5.086), but the pH of lignosulfonate solutions changes little with the
addition of 0.74 mL of acid. For NaLS, the pH decreases only to 4.60 (change in pH = 5.270
− 4.60 = 0.67), and for MgLS, only to 3.20 (change in pH = 3.952 − 3.20 = 0.752). Thus, it
is clearly seen from this graph that NaLS and MgLS exhibit buffering properties—that is,
they resist pH changes. In this case, the buffer capacity of MgLS is greater than NaLS.
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solutions or distilled water. Mass of the solution is 40 g. Concentration of lignosulfonate is 6%. The
dotted line shows the pH of the cured resin with (NH4)2SO4 without lignosulfonates.

The LS neutralisation curve in Figure 5 can be useful for a rough estimation of the
amount of acid or acid hardener that needs to be added to the composition to achieve
the desired pH. For this, in Figure 5, we draw a horizontal line at pH = 1.914. This pH
corresponds to curing the UF resin with (NH4)2SO4 without LS. Noticeably, achieving
pH = 1.914 requires the addition of 0.74 mL of acid to distilled water. In the presence of 6%
MgLS, achieving pH = 1.914 requires addition of 2.84 mL of acid. In the presence of 6%
NaLS, achieving pH = 1.914 requires addition of 7.44 mL of acid. Thus, the presence of NaLS
in the system requires an increase in the amount of acid by 7.44/2.84 = 2.6 times compared
to MgLS. Similarly, an increase in the amount of a latent acid hardener will be required.
If the need arises, a recalculation can be made for other contents of lignosulfonates. Of
course, it should be remembered that other factors can affect the pH of the composition,
too; this calculation is very rough, one might even say semi-quantitative.

The nature of the buffer properties of LS is explained by the presence in the LS
molecules of (-COOM where M = Na+ or Mg2+) neutralised carboxyl groups and (-SO3M)
sulfonic groups, the content of which, according to [57,58], can range within about
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0.6–3.0 mmol/g and 1.5–2.0 mmol/g, respectively. These groups can bind H+ ions gener-
ated by the latent hardener according to the scheme [59]:

H2SO4 = 2H+ + SO4
2−

Lignin-COO− + H+ → Lignin-COOH

Lignin-SO3
− + H+ → Lignin-SO3H

The buffer properties of LS seem important because they can affect the properties of
resins in the same way that buffering agents affect the properties of MUF resins [60].

Consequently, the addition of acidic NaLS and MgLS leads to a decrease in the pH
of uncured UF resin. In contrast, when curing UF resin, LS counteract the effects of latent
hardener ((NH4)2SO4) due to their acid-base buffering properties. As a result, the cured
compositions have higher residual pH values. Thus, LS can be used to adjust the pH of
uncured and cured LS-UF compositions.

3.2. Physical Properties of Particleboards

Table 6 presents the average values of density, TS, and water absorption (WA) after
2 and 24 h for the boards produced with the different adhesive compositions. The moisture
content of the boards was within the range of 6%.

Table 6. Physical properties of particleboards produced in this work.

Board
Type Density (kg/m3)

Water Absorption
(2 h) (%)

Water Absorption (24
h) (%)

Thickness Swelling
(2 h) (%)

Thickness Swelling
(24 h) (%)

Boards bonded with MgLS

A 625.9 ± 44.1 bc 37.68 ± 3.93 b 47.55 ± 2.63 a 24.92 ± 4.80 b 40.85 ± 6.90 a
B 629.8 ± 44.3 c 1 37.46 ± 3.22 b 49.35 ± 1.48 ab 23.12 ± 4.73 b 43.85 ± 5.36 a
C 615.0 ± 29.1 abc 42.89 ± 3.43 c 51.50 ± 1.35 c 29.94 ± 5.27 c 52.37 ± 6.85 b
D 623.4 ± 39.9 bc 47.90 ± 1.18 d 58.46 ± 0.76 d 48.46 ± 6.07 d 80.92 ± 7.44 c
E 610.8 ± 37.1 ab 51.37 ± 4.53 e Samples delaminated 51.69 ± 8.63 d Samples delaminated
F 606.1 ± 26.8 a Samples delaminated Samples delaminated Samples delaminated Samples delaminated

Ref 624.5 ± 32.1 bc 31.43 ± 4.68 a 48.43 ± 3.39 a 17.71 ± 2.79 a 40.92 ± 3.56 a

Boards bonded with NaLS

G 633.4 ± 38.6 bc 42.51 ± 5.33 b 50.48 ± 1.73 b 26.41 ± 2.98 b 44.73 ± 3.97 a
H 624.2 ± 44.3 abc 44.36 ± 4.65 b 55.55 ± 1.56 c 29.71 ± 4.63 b 49.88 ± 4.81 b
I 644.1 ± 42.9 d 44.36 ± 4.59 b 54.77 ± 2.38 c 32.25 ± 6.02 cb 59.08 ± 8.25 c
J 623.6 ± 35.6 ab 49.11 ± 1.95 56.32 ± 1.56 c 53.17 ± 7.66 d 87.23 ± 7.50 d
K 605.5 ± 52.0 a 50.13 ± 2.07 c Samples delaminated 72.43 ± 12.61 e Samples delaminated
L 629.5 ± 43.0 bc Samples delaminated Samples delaminated Samples delaminated Samples delaminated

Ref 624.5 ± 32.1 abc 31.43 ± 4.68 a 48.43 ± 3.39 a 17.71 ± 2.79 a 40.92 ± 3.56 a
1 Averages followed by the same letter at the column are statistically equal by the Duncan test at 95% probability.

In general, it was observed that the LS type and its content in the adhesive system
had a significant effect on the physical properties of the boards. The average values of
the board densities were 618.5 kg/m3 and 626.6 kg/m3 for the boards bonded with the
addition of MgLS and NaLS, respectively. This difference in density values is small and
most likely caused by the conditions of manual mattress forming. No significant differences
were observed between the boards bonded by MgLS or NaLS and UF adhesive system.
Moreover, the average values obtained were somewhat inferior to the density calculated of
650 kg/m3 due to the effect of loss of materials during the mattress formation. The average
density of reference boards (UF-bonded) was 624.5 kg/m3.

It was found that the replacement of the UF by both type of LS substantially influenced
the TS after 2 h and 24 h, so that the higher the content of LS, the greater the TS. The same
behaviour was observed in WA values after 2 h and 24 h. There was no significant difference
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in TS and WA values after 24 h between boards manufactured with UF adhesive (Ref) and
boards manufactured with up to 20% replacement by MgLS (A and B). After 24 h, there
was only no difference in TS values between UF adhesive (Ref) and 10% replacement by
NaLS (G). That is, the replacement of up to 20% or 10% of UF adhesive by MgLS or NaLS,
respectively, did not negatively alter the TS and WA values. The samples manufactured
exclusively with 100% LS-based adhesives (F and L) after 2 h and after 24 h of immersion
in water were delaminated. The samples manufactured with the replacement of 75% of UF
by MgLS (E) and NaLS (K) were also delaminated after 24 h of immersion in water.

The boards produced with the conventional UF adhesive showed that the average
thickness swelling values after 2 and 24 h of immersion in water were statistically lower
in relation to the boards produced with the lignosulfonate-urea-formaldehyde adhesive.
Significant differences were observed between the two types of lignosulfonates for the WA
and TS after 2 and 24 h of immersion in water. The boards produced with the MgLS showed
means statistically lower in relation to the boards produced with the NaLS; however, the
differences in terms of absolute averages were small.

The high WA values in this study could be attributed to the low density of the boards
and, accordingly, their high porosity. The low density of boards increased the boards’
water absorption for both 2 and 24 h. This result is in good agreement with the concepts
mentioned by Maloney [2]. According to this author, the boards with higher density have
better closure of its structure by reducing the permeability to water. For the thickness
swelling, there was an increase in their average values for boards with higher specific
mass. This increase results from the effects of the release of greater compression tensions
of the boards produced with higher density. In addition, the higher values for WA and
TS recorded in this study have been attributed to the fact that UF resins are characterised
by their poor moisture resistance. This has been supported from literature stating that
UF-bonded boards always have higher WA and TS than the corresponding PF-bonded
board under the same experimental conditions [61].

The mean values of WA and TS after 2 and 24 h of immersion in water obtained in this
study were also higher than the results reported by some researchers [62] in particleboards
produced with lignin-phenol-formaldehyde resin with density of 750 and 950 kg/m3. In
other works [38,40], it was also indicated that manufactured MDF panels using 15% gluing
content of MgLS exhibited a deteriorated dimensional stability (thickness swelling and
water absorption (24 h)). da Silva et al. [35] also observed that the replacement of PF resin
by calcium and magnesium LS substantially influenced the WA and TS after 2 h and 24 h, so
that the higher the proportion of LS, the greater the WA and TS. However, the replacement
of up to 40% of PF by LS did not negatively alter the WA and TS values. Gothwal et al. [23]
found that the replacement of phenol by lignin in PF adhesive in up to 15% did not alter
the particleboard physical properties. On the contrary, Çetin and Özmen [32] observed that
the TS and WA were largely unaffected by the presence of lignin in adhesives.

However, it should be noted that the dimensional stability of the boards bonded using
LS-UF adhesive could be improved with the application of finishing materials for the
board’s surface that assist in the waterproofing of the boards. Consequently, MgLS and
NaLS, as lignin-based compounds, will require additional chemical modification (such as
phenolation and methylolation, among others) in order to increase their chemical reactivity
to formaldehyde and bonding efficiency [10,14,15,30].

No clear dependence of formaldehyde content on the LS content in the LS-UF adhesive
was found (Figure 6). In general, with the exception of pure adhesives, NaLS-UF-based
boards had a lower formaldehyde content than MgLS-UF-based boards. This may be
due to the higher pH of the cured compositions containing NaLS (Figure 4), since the
influence of the residual acidity of the cured UF compositions on formaldehyde emission
is known [55]. Of course, for UF resin compositions with LS, this dependence should be
further researched. From the results, it can be also seen that NaLS-UF-based boards had a
lower percentage of formaldehyde content than the UF-based boards used as control.
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3.3. Mechanical Properties of Particleboards

Graphical representation of the effects of the type and content of LS on the mechanical
properties of particleboards are presented in Figures 7–9. In general, it was observed that
the LS type and content in the adhesion system had a significant effect on the mechanical
properties of the boards.

Materials 2021, 14, x FOR PEER REVIEW 14 of 22 
 

 

Lignosulfonate content (%)

In
te

rn
a

l 
b

o
n

d
 s

tr
e

n
g

th
  
(M

P
a

)

 UF   MgLS   NaLS

10 20 30 50 75 100
0.00

0.04

0.08

0.12

0.16

0.20

0.24

 

Figure 7. The internal bond (IB) strength of boards made with lignosulfonated-urea-formaldehyde 

adhesive. 

The measured IB values of boards bonded using with LS-UF adhesives are summa-

rised and compared with those of boards bonded UF adhesive in Figure 7. Typically, for 

both LS used in this work, IB tended to decrease with increasing the LS content. The IB of 

boards bonded with UF adhesive was significantly (p < 0.05) higher than that of boards 

bonded with LS-UF adhesives. Particleboards bonded with LS-UF adhesives with 10%, 

20%, 30%, 50%, 75%, and 100% replacement of UF resin by MgLS showed reductions of 

5.9%, 17.6%, 35.3%, 58.8%, 64.7%, and 64.7%, respectively, in the IB values compared to 

particleboards bonded with UF adhesive. A similar trend was observed in the reductions 

(17.6%, 29.4%, 23.5%, 70.6%, 58.8%, and 82.3%) in the IB values of boards bonded with 

10%, 20%, 30%, 50%, 75%, and 100% replacement of UF resin by NaLS. To note, no signif-

icant differences were observed between the IB values for boards bonded with MgLS and 

NaLS. It can be concluded that there is an apparent correlation between IB and TS; the 

better a particleboard is bonded, the lower the thickness swelling. This is in a good agree-

ment with similar findings of other researchers [41]. 

Lignosulfonate content (%)

B
e
n
d
in

g
 s

tr
e
n
g
th

  
(M

P
a
)

 MgLS   NaLS   UF

10 20 30 50 75 100
0

2

4

6

8

10

12

 

Figure 8. Bending strength (MOR) of boards made with lignosulfonated-urea-formaldehyde adhe-

sive. 

Figure 7. The internal bond (IB) strength of boards made with lignosulfonated-urea-formaldehyde
adhesive.

145



Materials 2021, 14, 4875

Materials 2021, 14, x FOR PEER REVIEW 14 of 22 
 

 

Lignosulfonate content (%)

In
te

rn
a

l 
b

o
n

d
 s

tr
e

n
g

th
  
(M

P
a

)

 UF   MgLS   NaLS

10 20 30 50 75 100
0.00

0.04

0.08

0.12

0.16

0.20

0.24

 

Figure 7. The internal bond (IB) strength of boards made with lignosulfonated-urea-formaldehyde 

adhesive. 

The measured IB values of boards bonded using with LS-UF adhesives are summa-

rised and compared with those of boards bonded UF adhesive in Figure 7. Typically, for 

both LS used in this work, IB tended to decrease with increasing the LS content. The IB of 

boards bonded with UF adhesive was significantly (p < 0.05) higher than that of boards 

bonded with LS-UF adhesives. Particleboards bonded with LS-UF adhesives with 10%, 

20%, 30%, 50%, 75%, and 100% replacement of UF resin by MgLS showed reductions of 

5.9%, 17.6%, 35.3%, 58.8%, 64.7%, and 64.7%, respectively, in the IB values compared to 

particleboards bonded with UF adhesive. A similar trend was observed in the reductions 

(17.6%, 29.4%, 23.5%, 70.6%, 58.8%, and 82.3%) in the IB values of boards bonded with 

10%, 20%, 30%, 50%, 75%, and 100% replacement of UF resin by NaLS. To note, no signif-

icant differences were observed between the IB values for boards bonded with MgLS and 

NaLS. It can be concluded that there is an apparent correlation between IB and TS; the 

better a particleboard is bonded, the lower the thickness swelling. This is in a good agree-

ment with similar findings of other researchers [41]. 

 

Figure 8. Bending strength (MOR) of boards made with lignosulfonated-urea-formalde-

hyde adhesive. 

Figure 8. Bending strength (MOR) of boards made with lignosulfonated-urea-formaldehyde adhesive.

Materials 2021, 14, x FOR PEER REVIEW 15 of 22 
 

 

 

Figure 9. Modulus of elasticity (MOE) of boards made with lignosulfonated-urea-for-

maldehyde adhesive. 

The incorporation of LS to UF resin formulation resulted in a reduction of bonding 

strength, because unmodified lignin has low reactivity toward formaldehyde [63]. Hence, 

lignin requires either chemical modification or molecular fractionation to improve its re-

activity in the production of UF resins [20]. For example, the chemical reactivity of de-

methylated lignins was enhanced through diminishing methoxyl group content while in-

creasing hydroxyl group content. With the lignins demethylated under optimum reaction 

conditions, the bonding strength of lignin-based phenolic resins increased while the for-

maldehyde emissions decreased [64–66]. 

da Silva et al. [35] found that panels with pure PF and 20% replacement by calcium 

and magnesium LS had the highest average IB values of particleboards. As the PF adhe-

sive was replaced by lignosulfonate in larger proportions, there was a decrease in the val-

ues of IB. A similar result was obtained by Akhtar et al. [34], who indicated that the max-

imum shear strength was obtained by 20% addition of lignosulfonate to PF resin. Ç etin 

and Ö zmen [32] demonstrated that organosolv lignin could be used to replace 20–30% of 

the phenol in PF resins used to bond particleboards, without adversely affecting bond 

properties. Savov et al. [67] reported that MDF panels bonded with different lignosul-

fonate contents (20%, 30%, 40%) have also met the respective European standard require-

ments for applications in dry conditions. 

The MOR and MOE data of the particleboards made using LS-UF adhesives are il-

lustrated in Figure 8 and Figure 9. 

Statistically significant differences were observed in mean values of MOR for the 

boards produced with UF and LS-UF adhesives. The replacement of 10–20% or 10% of the 

UF resin by MgLS and NaLS, respectively, caused positive changes in the MOR values by 

9.4% and 12.4% for MgLS and by 5.6% for NaLS. From 30% or 20% replacement of UF 

resin by MgLS and NaLS, respectively, the MOR values decreased. Particleboards bonded 

with LS-UF adhesives with 30%, 50%, 75%, and 100% replacement of UF resin by MgLS 

showed reductions of 9.6%, 25.7%, 31.1%, and 31.7%, respectively, in the MOR values 

compared to particleboards bonded with UF adhesive. This can be explained by the 

greater fragility of the boards when increasing the content of lignosulfonate and a higher 

content of the steam–gas mixture in the process of pressing, associated with the increase 

in moisture content with an increased content of lignosulfonate solution [42,44]. Parti-

cleboards bonded with LS-UF adhesives with 20%, 30%, 50%, 75%, and 100% replacement 

of UF resin by NaLS showed reductions of 5.6%, 7.1%, 27.7%, 33.3% and 36.6%, respec-

tively, in the MOR values compared to particleboards bonded with UF adhesive. There 

Figure 9. Modulus of elasticity (MOE) of boards made with lignosulfonated-urea-formaldehyde
adhesive.

The measured IB values of boards bonded using with LS-UF adhesives are summarised
and compared with those of boards bonded UF adhesive in Figure 7. Typically, for both
LS used in this work, IB tended to decrease with increasing the LS content. The IB of
boards bonded with UF adhesive was significantly (p < 0.05) higher than that of boards
bonded with LS-UF adhesives. Particleboards bonded with LS-UF adhesives with 10%,
20%, 30%, 50%, 75%, and 100% replacement of UF resin by MgLS showed reductions of
5.9%, 17.6%, 35.3%, 58.8%, 64.7%, and 64.7%, respectively, in the IB values compared to
particleboards bonded with UF adhesive. A similar trend was observed in the reductions
(17.6%, 29.4%, 23.5%, 70.6%, 58.8%, and 82.3%) in the IB values of boards bonded with 10%,
20%, 30%, 50%, 75%, and 100% replacement of UF resin by NaLS. To note, no significant
differences were observed between the IB values for boards bonded with MgLS and NaLS.
It can be concluded that there is an apparent correlation between IB and TS; the better a
particleboard is bonded, the lower the thickness swelling. This is in a good agreement with
similar findings of other researchers [41].

The incorporation of LS to UF resin formulation resulted in a reduction of bonding
strength, because unmodified lignin has low reactivity toward formaldehyde [63]. Hence,

146



Materials 2021, 14, 4875

lignin requires either chemical modification or molecular fractionation to improve its
reactivity in the production of UF resins [20]. For example, the chemical reactivity of
demethylated lignins was enhanced through diminishing methoxyl group content while
increasing hydroxyl group content. With the lignins demethylated under optimum reac-
tion conditions, the bonding strength of lignin-based phenolic resins increased while the
formaldehyde emissions decreased [64–66].

Da Silva et al. [35] found that panels with pure PF and 20% replacement by calcium
and magnesium LS had the highest average IB values of particleboards. As the PF adhesive
was replaced by lignosulfonate in larger proportions, there was a decrease in the values of
IB. A similar result was obtained by Akhtar et al. [34], who indicated that the maximum
shear strength was obtained by 20% addition of lignosulfonate to PF resin. Çetin and
Özmen [32] demonstrated that organosolv lignin could be used to replace 20–30% of
the phenol in PF resins used to bond particleboards, without adversely affecting bond
properties. Savov et al. [67] reported that MDF panels bonded with different lignosulfonate
contents (20%, 30%, 40%) have also met the respective European standard requirements for
applications in dry conditions.

The MOR and MOE data of the particleboards made using LS-UF adhesives are
illustrated in Figures 8 and 9.

Statistically significant differences were observed in mean values of MOR for the
boards produced with UF and LS-UF adhesives. The replacement of 10–20% or 10% of the
UF resin by MgLS and NaLS, respectively, caused positive changes in the MOR values by
9.4% and 12.4% for MgLS and by 5.6% for NaLS. From 30% or 20% replacement of UF resin
by MgLS and NaLS, respectively, the MOR values decreased. Particleboards bonded with
LS-UF adhesives with 30%, 50%, 75%, and 100% replacement of UF resin by MgLS showed
reductions of 9.6%, 25.7%, 31.1%, and 31.7%, respectively, in the MOR values compared
to particleboards bonded with UF adhesive. This can be explained by the greater fragility
of the boards when increasing the content of lignosulfonate and a higher content of the
steam–gas mixture in the process of pressing, associated with the increase in moisture
content with an increased content of lignosulfonate solution [42,44]. Particleboards bonded
with LS-UF adhesives with 20%, 30%, 50%, 75%, and 100% replacement of UF resin by
NaLS showed reductions of 5.6%, 7.1%, 27.7%, 33.3% and 36.6%, respectively, in the MOR
values compared to particleboards bonded with UF adhesive. There was no significance
difference between MOR values for boards bonded with MgLS and NaLS. For both LS,
it was evident that as the LS content increased, MOR tended to decrease. Savov and
Antov [8] also observed a deterioration in the strength properties of the MDF panels at
LS concentrations above 35%. The authors explained such deterioration of the strength
properties by increasing the hot-pressing temperature. Antov et al. [42] reported that the
increase in LS addition, from 10% to 15%, resulted in lower bending strength of the MDF
panels. Quite similar results have been reported by Savov and Mihajlova [44], when they
investigated the mechanical properties of MDF bonded with 5% UF resin and calcium LS
(0% to 20% addition levels). In another work [35], it was found that the replacement of up
to 60% of the PF adhesive by calcium and magnesium LS did not cause a negative change
in the MOR values of particleboards. However, from 80% replacement of PF by LS and in
boards produced with pure lignosulfonate, the MOR values decrease.

The MOR values found in this work were substantially lower in comparison with
the mentioned by other authors [35]. This can be explained by the lower density of the
boards and using UF adhesives with worse bonding properties in comparison with PF
adhesives. It has been reported that low-density boards have low mechanical properties in
general [68]. This might be also attributed to the presence of more sugars in the LS and
increased moisture content of the pressed mat material, and higher vapour–gas mixtures at
the higher LS addition levels [42].

There was no significance difference between MOE values for boards bonded with UF
and LS-UF adhesives. The replacement of up to 30% of the UF resin by LS caused an increase
in the MOE values up to 11.44% or 14.82% for MgLS and NaLS, respectively. However,
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particleboards bonded with LS-UF adhesives with 50%, 75%, and 100% replacement of
UF resin by MgLS or NaLS showed reductions of 8.5%, 19.9%, 17.4% and 4.71%, 25.06%,
and 16.44%, respectively, in the MOE values compared to particleboards bonded with UF
adhesive. Savov and Mihajlova [44] also observed degradation, respectively decreasing,
of bending strength and modulus of elasticity in bending of MDF panels but already
after passing the calcium lignosulfonate content of 10%. Kouisni et al. [33] attested to
the possibility of substitution of up to 30% of phenol by lignin in PF adhesive without
significantly affecting the particleboard mechanical properties.

3.4. Effect of pMDI Content on the Properties of Particleboards

It was observed that in the process of manufacturing boards using UF adhesive,
increasing the proportion of pMDI resin in the adhesive composition from 1% to 5%
increased by 50% the IB of the boards (Figure 10), did not affect the MOR (Figure 11) and at
the same time decreased by 25% MOE (Figure 12). The formaldehyde content in the boards
increased (Figure 13), although the average values of FC at pMDI content of 1%, 3%, and
5% are lower (1.76, 2.27, and 2.99 mg/100 g, respectively) compared to the boards made
with UF adhesive without addition of pMDI resin (3.48 mg/100 g).

In the boards made using MgLS as an adhesive, the addition of pMDI resin increased
MOR by 33.2% (Figure 11), MOE by 25.6% (Figure 12), and IB by 366.7% (Figure 10).
The high IB strength was probably due to the chemical reaction of LS with pMDI in
the cured adhesives, i.e., the formation of urethane linkages [15]. The effect of pMDI
resin on the formaldehyde content in MgLS bonded boards is ambiguous (Figure 13).
The lowest formaldehyde content was observed in the boards without the addition of
pMDI resin (0.31 mg/100 g). Addition of 1% pMDI resin to MgLS adhesive significantly
increased the formaldehyde content (2.70 mg/100 g), but a further increase in the pMDI
resin content to 3% and 5% leads to a decrease in formaldehyde content (0.79 mg/100 g
and 0.57 mg/100 g, respectively).
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Figure 10. Effect of pMDI content on the IB of particleboards bonded with pure UF and
lignosulfonate adhesives.
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In the boards made using NaLS adhesive, the addition of pMDI resin can increase
MOR by 35.7% (Figure 11), MOE by 17.9% (Figure 12), and IB by 133.3% (Figure 10). The
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effect of pMDI resin on the formaldehyde content in the NaLS bonded boards is also
ambiguous (Figure 13). The lowest formaldehyde content was observed in the boards with
a pMDI resin content of 1% (0.30 mg/100 g). Addition of 3% pMDI resin to NaLS adhesive
significantly increases the formaldehyde content (1.66 mg/100 g), but a further increase in
the pMDI resin content to 5% leads to a decrease in formaldehyde content (0.38 mg/100 g),
reaching the super E0 class (≤1.5 mg/100 g). The determined formaldehyde emission
value, which is much lower than 2 mg/100 g, i.e., equivalent to formaldehyde emission of
natural wood [14], allows for the defining of manufactured particleboards as eco-friendly
composites. The reference board, manufactured bonded with UF adhesive, can be classified
under the E1 emission grade (≤8 mg/100 g). The results achieved in this study are in ac-
cordance with the results obtained by other several authors, where using different LS types
in adhesive formulations for wood-based panels resulted in remarkably low formaldehyde
content of the finished composites [9,38,40,42]. This might be attributed to the high amount
of reactive groups in LS, which increase its reactivity towards formaldehyde [42,69].

In terms of mechanical properties, the boards based on UF adhesive with the addition
of pMDI resin have higher values of MOR, MOE, and IB than boards based on LS adhesives
with the addition of pMDI resin. In general, it can be stated that the addition of pMDI
resin has a positive effect on the mechanical properties of particleboards. If we compare
the properties of boards made using pure UF and LS adhesives (without adding pMDI
resin), then here, the boards based on UF adhesive have much better mechanical properties
than boards bonded with LS adhesives. However, the boards based on LS adhesives are
characterised by a much lower formaldehyde content than the UF-bonded boards. In the
boards based on MgLS and NaLS adhesives, the formaldehyde content is lower by 91.1%
and 56.9%, respectively, compared to the UF bonded boards.

The previous studies [36,37] on the performance of particleboards bonded with gly-
oxalated lignin combined with pMDI also showed superior internal bond strength. This
can be explained by the fact that the isocyanate groups in pMDI are highly unsaturated
and can react with a number of active hydroxyl groups in wood particles’ surface and
LS molecules, as well as with the moisture contained in the particles and the adhesive
system [15]. Younesi-Kordkheili et al. [70] reported that addition of pMDI intensely im-
proved the performance of lignin-urea-formaldehyde (LUF) resins and imparted a positive
effect on the formaldehyde emission and water absorption of the panels. An additional
small amount of pMDI (2%) was sufficient to yield panels with significantly greater bond-
ing strength. In the work [71], it was shown that the introduction of pMDI to UF resin
resulted in an improvement of bending strength and internal bond and in a reduction in
formaldehyde content in the boards by as much as 30%.

4. Conclusions

Different adhesive systems were prepared by gradual replacement of UF-resin by
magnesium or sodium lignosulfonates. MgLS and NaLS in LS-UF adhesive compositions
exhibited acid-base buffer properties, expressed as resistance to pH change with the ad-
dition of acids. Compared to ammonium sulphate, NaLS and MgLS decrease the pH
of uncured compositions and increase the pH of cured compositions. Lignosulfonates
partially neutralise the effect of ammonium sulphate on the pH of cured compositions.

The results obtained demonstrate that when the content of MgLS or NaLS is associated
with UF resin with 10–30% replacement by LS, the physical and mechanical properties
are comparable with those of the UF-bonded particleboards. There was no significance
difference between MOR values for boards bonded with MgLS and NaLS. It was not
possible to produce particleboards with satisfactory physical and mechanical properties
with pure MgLS and NaLS adhesives. The increased addition level of LS to UF resin formu-
lation showed a reduction in bonding strength. Moreover, all manufactured particleboards
bonded with LS-UF adhesives demonstrated significantly deteriorated moisture-related
properties, such as WA and TS.
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This study demonstrated the potential to combine LS and pMDI in particleboard
manufacturing. The formaldehyde content of the particleboards bonded with pure MgLS
and NaLS adhesives with the addition of pMDI, tested in accordance with the perforator
method, was remarkably low (≤1.5 mg/100 g) and significantly different with the value
of the reference UF-bonded boards, which allows for their classification as eco-friendly
wood-based composites for indoor applications.
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Abstract: A significant part of the work carried out so far in the field of production of biocomposite
polyurethane foams (PUR) with the use of various types of lignocellulosic fillers mainly concerns
rigid PUR foams with a closed-cell structure. In this work, the possibility of using waste wood
particles (WP) from primary wood processing as a filler for PUR foams with open-cell structure was
investigated. For this purpose, a wood particle fraction of 0.315–1.25 mm was added to the foam in
concentrations of 0, 5, 10, 15 and 20%. The foaming course of the modified PUR foams (PUR-WP) was
characterized on the basis of the duration of the process’ successive stages at the maximum foaming
temperature. In order to explain the observed phenomena, a cellular structure was characterized
using microscopic analysis such as SEM and light microscope. Computed tomography was also
applied to determine the distribution of wood particles in PUR-WP materials. It was observed that
the addition of WP to the open-cell PUR foam influences the kinetics of the foaming process of the
PUR-WP composition and their morphology, density, compressive strength and thermal properties.
The performed tests showed that the addition of WP at an the amount of 10% leads to the increase in
the PUR foam’s compressive strength by 30% (parallel to foam’s growth direction) and reduce the
thermal conductivity coefficient by 10%.

Keywords: polyurethane foams; filler; wood particles; structure; properties

1. Introduction

In recent years, people’s environmental awareness has been increasing, which has
led to the search for solutions that will allow the use of technologically processed by-
products. Due to the increasing development in the wood industry, waste generation is
a common problem. Two by-products of wood processing are dust and wood particles.
Despite the fact that research is carried out with the use of wood dust in the context of
various materials, this material is still a nuisance waste. Nowadays, the most popular
composite containing wood (of any form) is a wood plastic composite (WPC) [1]. Research
concerning the application of WP was also conducted in order to enhance the properties
of thermoplastic starch [2]; as a component in adhesive mixtures for 3D printing [3]; in
concrete as a partial replacement for sand [4]; and in the production of new polyurethane
foams from liquefied wood powder [5]. Wood waste can also be applied as a potential filler
for loose-fill building isolation [6].

PUR represents a wide class of polymeric materials [7,8]. Polyurethane foams account
for 2/3 of the world’s production of polyurethanes, and because of their numerous appli-
cations in the form of rigid, semi-rigid and flexible foams, they are continuously highly
ranked among all of available foams [9]. PUR foams are the product of the addition poly-
merization of polyols and polyisocyanates. Catalysts, surfactants and foaming agents are
also used during the production of PUR. These foams may differ in composition, density,
color and mechanical properties. There are also studies where fillers were used to lower
the cost and increase mechanical properties, e.g., the modulus and strength or density [10].
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Polyurethane foams, particularly flexible polyurethane foams, are commonly used in the
building, automotive, furniture and packaging industries [11–15]. These foams have many
advantages, such as a wide range of flexibility, good shock absorption and high durability
in use. Moreover, they can be easily formed into various shapes, and they are characterized
by a low density. However, they are not cheap. It is also worth adding that there is an
opportunity to easily control and manage their parameters by changing their composition
or using fillers [16].

Literature data clearly indicate that the organic or inorganic fillers can significantly
improve the mechanical and thermal properties of PUR composites [17–20]. The intro-
duction of inorganic fillers such as glass fibers or carbon fibers in polyurethane foams
is a well-known process [21]. The fillers strongly affect the physical properties of foam.
Not only inorganic fillers are used in foam formulations, but they can also be filled with
materials of natural origin, such as plant and agricultural waste. Agricultural waste has
the potential to be used in the production of PUR foams as renewable bio-based fillers [17].
Członka et al., Kerche et al., and De Avila Delucis et al. [19,22,23] claimed that the use of
agricultural waste in the production of PUR materials can result in a new approach in the
application path and provide a new opportunity for creating a new class of green materi-
als. Paciorek-Sadowska et al. [17] used rapeseed cake as an addition for PUR composite
production. Authors observed that 30–60% incorporation of rapeseed cake significantly
influenced the apparent density and mechanical properties. Modified sunflower cake was
added to PUR foam, and it was found that the addition of plant waste had an impact on the
improvement of the mechanical properties, while it did not cause a significant deterioration
of the insulating properties [24]. Funabashi et al. [21] researched the effect of filler types
on mechanical properties of a rigid polyurethane composite. For this purpose, authors
used particles from plant wastes (e.g., bamboo powder, coffee grounds, wood meal and
cellulose). Zieleniewska et al. [25] obtained the composites of rigid polyurethane foams
(RPURF) with the use of waste hazelnut shells, suitable for applications in the cosmetics
industry. Moreover, rice plant wastes were used as a reinforcing material in the concen-
trations of 5%, 10%, 15% and 20% [26]. According to the literature, wood waste can also
be a valuable raw material for the production of biocomposite PUR foams. According
to Augaitis et al. [6], their application is beneficial due to their high availability, low cost
and content of free hydroxyl groups capable of reacting with isocyanate groups. These
authors showed that a biocomposite PUR foam with an apparent density of 150 kg/m3

and a PUR to pinewood sawdust ratio of 0.7 is characterized by very good physical and
insulating properties and high strength. In turn, in this paper, an innovative solution has
been proposed to use waste wood particles from primary wood processing as a filler for
PUR foam. To the best of our knowledge, this type of filler has not been used in the process
of producing insulating PUR foams with open-cell structure so far. It seems that such
operations are beneficial from an economic and technological perspective. They enable us
to increase the rational utilization of wood waste as full-value raw material without the
need for their further processing (e.g., fragmentation, gluing, etc.). It should be emphasized
that, for many years, there has been a growing interest in the use of wood waste, mainly
in the wood, paper, polymer-wood composite, and energy industries. This is due to the
necessity of sustainable management of this type of waste, whose resources increase with
the development of the wood industry and the demand for wood-based products. This is
evidenced, among others, by current technological trends in the production of wood-based
materials and numerous studies indicating the possibility of producing full-value products
from recycled wood or directly from primary wood processing [27–33].

The aim of this study was to apply the waste wood particles (WP) from primary wood
processing as a filler of open-cell PUR foams. The effects of wood waste’s introduction
on the apparent density, cellular morphology, mechanical and thermal properties of PUR
foams were examined and discussed.

This paper is a continuation of the previous research conducted by the authors con-
cerning the possibility of using by-products from wood processing in order to manufacture

156



Materials 2021, 14, 4781

materials with improved properties, which are used, e.g., in construction and in the pro-
duction of interior design elements [30–32].

2. Materials and Methods
2.1. Materials

A two-component foam system for the production of open-cell polyurethane ther-
mal insulation PUREX-WG 2017 (Polychem System, Poznań, Poland) was used in the
research. One of the components was a polyol (A component). The isocyanate component
(B component) was polymeric methylenediphenyl-4,4′-diisocyanate consisting of 31.14%
free isocyanate groups (NCO).

Wood particles (WP) representing a dimensional fraction of 0.315–1.25 mm were
used as a filler (Figure 1). WP were obtained as a result of sorting sawdust intended
for the production of chipboard. The moisture content of WP ranged between 0.2% and
0.5%. Figure 2 presents their fractional composition. The largest shares were observed
for the fractions of 0.315 and 0.630 mm. The wood particles were added to the foam at
the concentrations of 0, 5, 10, 15 and 20% determined according to a weight ratio. The
amount of filler was determined based on preliminary studies and a literature review on
the manufacture of biocomposite PUR foams [6,17,34,35].
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Figure 2. Fractional composition of wood particles added to PUR foams.

2.2. Synthesis of PUR Composite Foams

The course of foaming of the modified PUR foams was characterized on the basis of the
times of the successive stages of this process and the maximum foaming temperature. For
this purpose, the foam components were mixed in a weight ratio premised in accordance
with the manufacturer’s recommendations, i.e., A:B = 100:100. The reaction mixture was
prepared by mixing the appropriate amounts of wood particles with component B and
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then adding component A (Figure 3). The reaction mixture was stirred with a low-speed
mechanical stirrer at 1200 rpm for 10 s, at a temperature of 23 ◦C, and then poured into a
form with internal dimensions of 250 × 250 × 130 mm3. After that, PUR-WP composites
were allowed to grow and were left at room temperature for 24 h. Each foam variant
was prepared in two replicates. The obtained foams were cut with a band saw (Holzstar,
Hallstadt, Germany) into specimens of dimensions necessary for testing their properties.

Materials 2021, 14, x FOR PEER REVIEW 4 of 14 
 

 

For this purpose, the foam components were mixed in a weight ratio premised in accord-
ance with the manufacturer’s recommendations, i.e., A:B = 100:100. The reaction mixture 
was prepared by mixing the appropriate amounts of wood particles with component B 
and then adding component A (Figure 3). The reaction mixture was stirred with a low-
speed mechanical stirrer at 1200 rpm for 10 s, at a temperature of 23 °C, and then poured 
into a form with internal dimensions of 250 × 250 × 130 mm3. After that, PUR-WP compo-
sites were allowed to grow and were left at room temperature for 24 h. Each foam variant 
was prepared in two replicates. The obtained foams were cut with a band saw (Holzstar, 
Hallstadt, Germany) into specimens of dimensions necessary for testing their properties. 

 
Figure 3. Scheme of PUR manufacturing (A—polyol; B—isocyanate; WP—wood particles). 

2.3. Kinetic of PUR Foaming 
The influence of wood filler on the foaming process of PUR foams was determined 

by measuring the following times: 
• start of growth—time when the volume of the reaction mixture started to increase; 
• gelling—the time after which it was possible to remove the so-called “polyurethane 

thread”; 
• growth—the time after which the maximum foam growth was achieved; 
• tack-free—the time measured until the foam solidified completely. 

The foaming temperatures were measured with a thermocouple immersed in the re-
action mixture. The temperature was always read after the foam growth was completed. 
At the end, the average of 5 individual measurements was evaluated. 

2.4. Characterization of PUR Sample 
The density of neat PUR foam and PUR-WP composites, defined as the ratio of the 

sample mass to its volume, was determined in accordance with the PN-EN ISO 845 stand-
ard. Samples with the dimensions 50 × 50 × 50 mm3 were used. The samples were meas-
ured with a thickness gauge with an accuracy of 0.01 mm and weighed on an analytical 
weight with an accuracy of 0.001 g. 

The compressive strength in parallel direction to the foam’s growth was investigated 
in accordance with the recommendations of EN 826 standard using a Tinius Olsen H10KT 
testing machine (Tinius Olsen Ltd., Salfords, UK). The test covered foam samples with 
dimensions of 50 × 50 × 50 mm3, which were compressed in the direction of foam growth 
at a rate of 5 mm/min and the load cell of 250 N. The compressive strength (σ10%) was 
defined as the maximum compressive force achieved when the relative deformation at 
deflection was less than 10% (based on the initial cross-sectional area of the specimen). 
The means of the compressive strength were evaluated based on the 7 individual meas-
urements. 

Figure 3. Scheme of PUR manufacturing (A—polyol; B—isocyanate; WP—wood particles).

2.3. Kinetic of PUR Foaming

The influence of wood filler on the foaming process of PUR foams was determined by
measuring the following times:

• start of growth—time when the volume of the reaction mixture started to increase;
• gelling—the time after which it was possible to remove the so-called

“polyurethane thread”;
• growth—the time after which the maximum foam growth was achieved;
• tack-free—the time measured until the foam solidified completely.

The foaming temperatures were measured with a thermocouple immersed in the
reaction mixture. The temperature was always read after the foam growth was completed.
At the end, the average of 5 individual measurements was evaluated.

2.4. Characterization of PUR Sample

The density of neat PUR foam and PUR-WP composites, defined as the ratio of
the sample mass to its volume, was determined in accordance with the PN-EN ISO 845
standard. Samples with the dimensions 50 × 50 × 50 mm3 were used. The samples
were measured with a thickness gauge with an accuracy of 0.01 mm and weighed on an
analytical weight with an accuracy of 0.001 g.

The compressive strength in parallel direction to the foam’s growth was investigated
in accordance with the recommendations of EN 826 standard using a Tinius Olsen H10KT
testing machine (Tinius Olsen Ltd., Salfords, UK). The test covered foam samples with
dimensions of 50 × 50 × 50 mm3, which were compressed in the direction of foam growth
at a rate of 5 mm/min and the load cell of 250 N. The compressive strength (σ10%) was
defined as the maximum compressive force achieved when the relative deformation at
deflection was less than 10% (based on the initial cross-sectional area of the specimen). The
means of the compressive strength were evaluated based on the 7 individual measurements.

The thermal conduction coefficient was determined using a heat flux density sensor
type ALMEMO 117 company Ahlborn (Holzkirchen, Germany), with plate dimensions
of 100 × 30 × 3 mm3. The average values of the thermal conduction coefficient were
evaluated on the basis of 5 individual measurements. A detailed description of the research
method was presented in the previous works by the authors [36,37].
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In order to determine the cellular structure, a scanning electron microscope (SEM) and
a light microscope were used. SEM analyses were carried out with the use of an SU3500
Hitachi microscope. The images of the sample plane were prepared using a computer image
analyzer equipped with a stereoscopic optical microscope (Motic SMZ-168, Hongkong,
China) and a camera (Moticam 5.0, Barcelona, Spain). The image of the structure was
transferred by a camera to the monitor screen, and then pictures were taken using the
Motic Images Plus 3.0 program (Hongkong, China). The cell sizes of pure PUR foam and
PUR-WP composite foams were determined using the same equipment.

The samples with the dimensions 50 × 50 × 50 mm3 were collected in order to
evaluate the dispersion of WP in PUR foam using computer tomography which is a type
of X-ray tomography allowing to obtain cross-sections of the examined object. Scanning
was performed with the use of a Hyperion X9Pro tomography, with objects scanned at a
resolution of 0.3 mm at a lamp voltage of 90 kV.

The yielded test results of PUR foams with wood particles addition were analyzed
statistically using STATISTICA software v.13.1(StatSoft Inc., Tulsa, OK, USA). Mean values
of the parameters were compared in a one-factor analysis of variance—post hoc Tukey’s
test allowed us to distinguish homogeneous groups of mean values for each parameter
for p = 0.05.

3. Results and discussion
3.1. The Impact of WP Filler on PUR Foams Manufacture

The parameters characterizing the foaming process of the tested foams are presented
in Figures 4 and 5. It can be concluded that the addition of wood particles to the open-cell
PUR foam influences the kinetics of the foaming process of the PUR-WP composition. It
was observed that the addition of this type of filler accelerates the onset of foam growth.
This phenomenon is particularly evident in the case of PUR-WP compositions containing
10% and 15% of particles. In the case of these variants, a reduction in the starting time
by approx. 29% was observed. These statistically significant differences were confirmed
by the post hoc test. Statistical analysis allowed for the identification of four different
groups of average foam expansion start times for the tested variants. However, mixing the
foam components with wood particles had an adverse effect, and it led to extensions in
the foams increases the growth time and their gelling times. With the maximum addition
of wood particles, the growth time was extended by 23%, and the gel time by 33%. The
extension of these times is the effect of slowing down the exothermic reaction, which is also
evidenced by the decrease in the maximum foaming temperature of the foams. As shown
in Figure 5, the addition of wood particles to the components of foamed PUR foam caused
a decrease in the foaming temperature from 95 to 82 ◦C. According to the literature, the
reduction in the maximum foaming temperature of PUR foams results from the reduced
amount of heat generated during the reactions occurring in the latent stages and growth,
used at the stage of foam stabilization and maturation. In addition, as shown in previous
studies, organic fillers introduced into PUR foams can absorb some of the heat generated
during synthesis, thus lowering the temperature of their foaming [19,38]. An insufficient
amount of heat could slow down the cross-linking reaction and, consequently, extend the
time required to achieve a track-free time, which is also confirmed by the data presented
in Figure 4 [9]. Moreover, the presence of the wood particles and their relatively large
dimensions undoubtedly limited both the growth of the foam cells and the susceptibility of
the composition to the foaming process. According to Strąkowska et al. [24], the presence of
fillers also limits the mobility of the polymer and the speed of the polymerization reaction.
Moreover, as reported by Członka et al. [39], hydroxyl groups present in lignocellulosic
fillers can react with highly reactive isocyanate groups. This affects the stoichiometry of
the system and reduces the number of isocyanate groups capable of reacting with water,
which results in a reduction in the amount of CO2 released.
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3.2. Density, Thermal Conductivity and Microstructure of PUR Foams

As expected, the addition of the wood particles causes a significant increase in the
density of the PUR-WP composite. The apparent density of pure PUR foam was 20 kg/m3

(Figure 6). The introduction of 5% wood filler particles into its structure caused a slight
increase in its density; however, the HSD Tukey test did not confirm statistically significant
differences. The mean density values obtained for these two variants belong to the same
homogeneous groups. A significant increase in the density of the produced foams was
noticed only when larger amounts of wood particles were used, i.e., from 10% and more.
With their addition in the amount of 20%, the average apparent density of the foam was
34.6 kg/m3, i.e., it increased in comparison to pure foam by as much as 73%.
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Along with the increase in the density of the tested foams, the statistically significant
changes in their thermal insulation, determined by the thermal conductivity coefficient
λ, were also observed. This is confirmed by the results of the post hoc test and the
homogeneous groups of mean values λ distinguished on its basis. Moreover, the test
probability level was significantly lower than the assumed level of statistical significance,
i.e., <0.05. As follows from the data presented in Figure 6, the use of wood particles as a
filler for PUR foam at an amount of up to 10% leads to the reduction in the average λ value
by approx. 10%, which proves the improvement of thermal insulation of this type of foam.

Unfortunately, a further increase in the wood particle content results in a gradual
increase in the value of λ. In the case of the 15% addition of wood filler, the value of
λ was lower than the coefficient which the pure foam was characterized by, but higher
than that of foams with 10% of wood particles. It should be noted that even with the
maximum concentration of wood particles used in the tests (i.e., 20%), the value of the
thermal conductivity coefficient was at a level comparable to that of pure PUR foam.
Similar observations were made by Tao et al. [34]. The authors noted a decrease in the
value of the coefficient λ by as much as 50%, while higher amount of lignocellulosic fibers
(up to 20 php) resulted in a gradual increase in thermal conductivity to a level exceeding
that of pure PUR foam.

This method of shaping the thermal insulation properties of the tested PUR-WP
compositions may result mainly from disturbances in the cell structure of the foams. This
might be manifested by changes in the distribution of cell sizes. As shown in the literature,
such changes have a significant impact on the insulation properties and mechanical strength
of PUR foams. As shown in Figure 7, pure PUR foam is characterized by a uniform cell
size distribution, mainly within the range of 150–450 µm. The mean cell size in the range
of the highest frequency is 224 µm. Introducing relatively small amount of wood particles
(i.e., 5 wt.%) to the system reduces the number of cells in the size range of 200–250 µm. At
the same time, it increases the number of cells above this range, i.e., within the range of
300–450 µm. However, the mean cell size with the highest frequency is still in the range
of 200–250 µm. A further increase in the proportion of wood shavings in the PUR-WP
composition in the amount of up to 10% of the weight results in the shifting of the mean
cell size from 250 to 300 µm (average cell size 276 µm). However, taking into account the
photos taken with a light microscope and SEM (Figures 8 and 9), it can be concluded that
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despite the noted changes in the cell size distribution, the structure of foams with the 5%
and 10% wood filler added is relatively well-developed, which allows for high thermal
insulation parameters. The insulating properties of the wood filler itself are likely to be
important as well. Wood itself is an excellent insulator, and also has a heat capacity greater
than the PUR foam.

A further increase in the amount of wood filler to 15% and 20% causes a significant
disturbance of the foam structure and formation of larger and more irregular pores. In these
variants, the cell structure of the composite foams is disturbed by the presence of cells sized
above 450 µm. This is particularly visible in the case of variants containing 20% of wood
particles (Figures 7 and 8), although a collapse of the cellular structure of the foam is visible
even with a filler content of 15%. The presence of larger cells and damage to the structure of
the foams result in increased air permeability. As a result, it increases the heat transfer and
thus reduces the thermal insulation of this type of foam [6,34]. Similar observations in the
case of the modification of closed-cell PUR foam with various types of lignocellulosic fillers
were made by Strąkowska et al. and Członka et al. [24,39]. Additionally, as shown in the
literature, such disturbances in the morphology of the PUR foam due to the introduction of
the organic filler, such as straw particles, may result from poor interfacial adhesion between
the polymer matrix and the filler surface, which consequently disrupts the foaming process
and, as a result, the structure of modified PUR foams [40]. Additionally, according to
Sung et al. [41], during the cell structure formation of PUR foams, the interaction between
the filler surface and the polymer matrix can determine the final average cell sizes. The
higher the hydrophilicity of the filler surface, as in the case of wood filler, the larger the
cell sizes in the microstructure of foams. Moreover, the filler particles may constitute
a nucleating agent and cause the nucleation pattern to change from homogeneous to
heterogeneous and reduce the nucleation energy. For this reason, smaller cells are formed
in the foam structure [42,43]. In the case of our research, the formation of cells of a small
size, i.e., about 100 and 150 µm in size, was also noted.
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This can also be confirmed by the analysis of the cell size distribution and SEM
(Figures 7 and 9). It also proves a significant differentiation of the cell size distribution
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of PUR-WP composite foams. The formation of this type of cell may result from the
attachment of filler particles to the foam cell, which leads to damage and weakening of the
foam microstructure, and thus lowers its strength.

Analyzing the structure of the produced foams, attention should also be paid to the
dispersions of wood particles. As a rule, fillers with smaller particle sizes (e.g., nano-scale)
tend to agglomerate, which also interferes with the foaming process and the morphology
of PUR foams. The filler of relatively large dimensions and irregular shape used in the
research allows for a high degree of dispersion of its particles in the polyurethane matrix.
This is evidenced by the 3D photos of foams with 5% and 20% addition of wood particles.
The photos were made with the use of the computed tomography technique, presented in
Figure 10.
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3.3. Compressive Strength

The results of the structure and thermal insulation properties of the produced foams
correspond with the results of the analysis of the compressive strength measurements.
As shown in Figures 11 and 12, the maximum increase in the mean value of compressive
strength was recorded for the composition with a 10% share of foam wood particles—an
increase in σ10% by approx. 30% in comparison with control PUR foam. With a 15%
addition of wood filler, a tendency towards a reduction in compressive strength can be
noticed, but it should be emphasized that the HSD Tukey analysis did not confirm the
statistically significant differences noted for the compositions containing 10% and 15% of
wood particles (the same homogeneous group b). A statistically significant decrease in
compressive strength was noticed only for the composition containing 20% wood particles.
It should be emphasized that in this case, the compressive strength was comparable to
control samples (the same homogeneous group-a). The increase in the compressive strength
of compositions containing up to 10% wood filler can be explained by an increase in the
apparent density of the tested foams. At the same time, the foam still has a well-developed
cell structure, which is also confirmed by the analysis of the cell size distribution of the
tested foams and the photos in Figures 7–9.

Despite a significant increase in the apparent density of foams, a further increase
in the amount of wood particles reduced the strength of PUR-WP. Such shaping of the
compressive strength of the tested compositions proves that this type of parameter is
influenced not only by the apparent density of the foam, but also by its structure. This
is confirmed by the research of other authors [38,39,44] and the additionally estimated
specific compressive strength of the produced PUR-WP compositions, which is defined
as the ratio of the compressive strength σ10% to the density of the tested foams [39]. As
demonstrated by the analysis, the use of waste wood particles of such large dimensions
as PUR foam filler increases the specific compressive strength by up to 5%. Above this
amount, the value of this parameter gradually decreases.
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This is due to the fact that foams with 5% of wood filler have a homogeneous structure
with a narrow range of cell size distribution (like pure foam). The proper filler dispersion
with a well-formed foam structure probably facilitates the transfer of strain under compres-
sive load and thus increases its strength. As mentioned earlier, higher filler additions result
in a broadening of the range of the cell size distribution and the presence of numerous
structural disorders (especially at 15% and 20% of the WP activity). Despite the increase in
density, these foams are characterized by lower compressive strength.

4. Conclusions

This article presents the influence of wood particles as a filler in PUR foams. The WP
was added in different amounts, i.e., 0, 5, 10, 15 and 20% to PUR and apparent density,
cellular morphology, mechanical properties and thermal property were conducted. As
expected, the addition of the wood particles causes a significant increase in the density of
the PUR-WP composite. A significant increase in the density of the produced foams was
noticed only when larger amounts of wood particles were used, i.e., from 10% and more.
Along with the increase in the density of the tested foams, statistically significant changes
in their thermal insulation were observed. The addition of wood filler in the amount of
10% allows us to improve the insulation properties of PUR foam, which is manifested by a
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decrease in the value of the thermal conductivity coefficient by 10%. It should be noted that
even with the maximum amount of wood particles used in the tests (i.e., 20%), the value of
the thermal conductivity coefficient was at a level comparable to that of pure PUR foam.
Moreover, the results of the compressive strength in the parallel direction to the foam’s
growth showed that addition of 10% WP to the foam lead to the increase in σ10% by approx.
30% in comparison with the control PUR foam. The increase in the compressive strength of
compositions containing up to 10% can be explained by an increase in the apparent density
of the tested foams. Thus, the conducted studies indicated the possibility of using wood
waste as fillers for PUR foams with open-cell structure. Such composite foams with 10 wt.%
of waste wood particles from primary wood processing can be used as thermal insulation
of open diffusivity building partitions in modern prefabricated buildings.
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6. Augaitis, N.; Vaitkus, S.; Członka, S.; Kairytė, 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]

7. Ababsa, H.S.; Safidine, Z.; Mekki, A.; Grohens, Y.; Ouadah, A.; Chabane, H. Fire Behavior of Flame-Retardant Polyurethane
Semi-Rigid Foam in Presence of Nickel (II) Oxide and Graphene Nanoplatelets Additives. J. Polym. Res. 2021, 28, 87. [CrossRef]

8. Gurusamy Thangavelu, S.A.; Mukherjee, M.; Layana, K.; Dinesh Kumar, C.; Sulthana, Y.R.; Rohith Kumar, R.; Ananthan, A.;
Muthulakshmi, V.; Mandal, A.B. Biodegradable Polyurethanes Foam and Foam Fullerenes Nanocomposite Strips by One-Shot
Moulding: Physicochemical and Mechanical Properties. Mater. Sci. Semicond. Process. 2020, 112, 105018. [CrossRef]

9. Czech-Polak, J.; Oliwa, R.; Oleksy, M.; Budzik, G. Sztywne Pianki Poliuretanowe o Zwiększonej Odporności Na Płomień. Polimery
2018, 63, 115–124. [CrossRef]

10. Yuan, J.; Shi, S.Q. Effect of the Addition of Wood Flours on the Properties of Rigid Polyurethane Foam. J. Appl. Polym. Sci. 2009,
113, 2902–2909. [CrossRef]

11. Kraemer, R.H.; Zammarano, M.; Linteris, G.T.; Gedde, U.W.; Gilman, J.W. Heat Release and Structural Collapse of Flexible
Polyurethane Foam. Polym. Degrad. Stab. 2010, 95, 1115–1122. [CrossRef]

12. Lefebvre, J.; Bastin, B.; Le Bras, M.; Duquesne, S.; Ritter, C.; Paleja, R.; Poutch, F. Flame Spread of Flexible Polyurethane Foam:
Comprehensive Study. Polym. Test. 2004, 23, 281–290. [CrossRef]

13. Lefebvre, J.; Bastin, B.; Le Bras, M.; Duquesne, S.; Paleja, R.; Delobel, R. Thermal Stability and Fire Properties of Conventional
Flexible Polyurethane Foam Formulations. Polym. Degrad. Stab. 2005, 88, 28–34. [CrossRef]

166



Materials 2021, 14, 4781

14. de Mello, D.; Pezzin, S.H.; Amico, S.C. The Effect of Post-Consumer PET Particles on the Performance of Flexible Polyurethane
Foams. Polym. Test. 2009, 28, 702–708. [CrossRef]

15. You, K.M.; Park, S.S.; Lee, C.S.; Kim, J.M.; Park, G.P.; Kim, W.N. Preparation and Characterization of Conductive Carbon
Nanotube-Polyurethane Foam Composites. J. Mater. Sci. 2011, 46, 6850–6855. [CrossRef]
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44. Paciorek-Sadowska, J.; Borowicz, M.; Czupryński, B.; Liszkowska, J. Kompozyty Sztywnych Pianek Poliuretanowo-
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Abstract: This review article provides basic information about cannabis, its structure, and its im-
pact on human development at the turn of the century. It also contains a brief description of the
cultivation and application of these plants in the basic branches of the economy. This overview is
also a comprehensive collection of information on the chemical composition of individual cannabis
derivatives. It contains the characteristics of the chemical composition as well as the physicochemical
and mechanical properties of hemp fibers, oil, extracts and wax, which is unique compared to other
review articles. As one of the few articles, it approaches the topic in a holistic and evolutionary
way, moving through the plant’s life cycle. Its important element is examples of the use of hemp
derivatives in polymer composites based on thermoplastics, elastomers and duroplasts and the
influence of these additives on their properties, which cannot be found in other review articles on
this subject. It indicates possible directions for further technological development, with particular
emphasis on the pro-ecological aspects of these plants. It indicates the gaps and possible research
directions in basic knowledge on the use of hemp in elastomers.

Keywords: hemp; polymer; composites; chemical and physical properties; fiber; extract

1. Introduction

The polymer industry has grown smoothly and continuously for many decades.
Polymers and composites based on them have become one of the basic utility materials,
next to wood, concrete, glass or metals, for the production of simple everyday objects,
through elements of larger structures, such as vehicles and buildings, to modern and very
complex parts, specialized equipment and even spaceships. The wide range of polymers
and their properties, which can be further changed by the use of other materials and
ingredients, give us as scientists an infinite field for the development of these versatile
materials, limited only by our imagination. All this makes polymer composites a versatile
product. However, they have their pros and cons, as with any other product. One such
ambiguous property is its high durability. As consumers, we most often want polymer
materials to have as much as possible, but after use, a problem arises. What to do with such
materials? Unfortunately, many of the plastics used so far do not break down too quickly [1].
For some of them, this process can take hundreds of years. For this reason, the growing
awareness of researchers, consumers and ecologists put pressure on the development of
the field of science dealing with polymer materials and biocomposites, which, in particular,
should be characterized by a high biodegradability or compostability potential [2–5]. One
of the approaches to the development of environmentally friendly polymer materials is the
use of substances derived from fauna and flora in composites. An even better solution is to
use materials that are typical production waste from other industrial sectors. In this article,
we focus on presenting just such an approach. This review focuses on the material of plant
origin, and in particular on hemp and all its derivatives that have or may have potential
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industrial applications, including with particular emphasis on polymers for the creation
of biocomposites.

The cannabis plants originally come from Central and East Asia, which later spread to
the rest of Asia, and in subsequent periods also to Europe [6]. They are one of the earliest
used and cultivated plants in human history. Initially, they were used as plants for the
production of food, but also as fiber and medicinal substances. Due to different purposes,
man has become interested in two basic types of cannabis, also known as Cannabis Sativa
fibrous cannabis and Cannabis Indica, with a higher content of narcotic compounds. The
paleontological records indicated in the research contain information about the discovery
of cannabis fragments used by primitive humans at least 10,000 years ago [7]. Based on the
collected biological data, it can be concluded that cannabis grows best in temperate climates,
where optimal temperatures for growth are between 15 and 27 degrees Celsius. These
plants grow best in permeable soils with high fertility and in slightly moist or periodically
dry areas. Such conditions for good development can be found mainly on the shores of
water reservoirs. Due to their round shape, the seeds are not very well carried by the
wind. Rather, cannabis has developed a mechanism that uses birds and other animals to
carry their seeds because they are high-value food. Probably the seeds were used as the
first parts of the cannabis plant. They were mainly used as food. The next step was to
process the stems into strings, fabrics and fibers. It was one of the most important steps
in the progress of mankind, which allowed for the production of combining skins, furs
and the creation of fabrics or everyday objects, such as baskets, which allowed for faster
expansion of people into areas previously inaccessible, cool postglacial. The development
of this technology allowed the transition from a nomadic to a more sedentary lifestyle.
Further technological advances allowed the production of textile fabrics from fibers and
more and more complex elements. Hemp material was widely used in the Columbian
era because without hemp fibers, it would not have been possible to create such strong
and durable ropes and masts on ships that allowed long and distant sea journeys and the
discovery of new lands [8]. Only the development of the cotton industry and then the
large-scale plastics has led to the marginalization of the hemp share so far. Currently, these
versatile plants are making a comeback thanks to the multitude of possible uses with an
ecological approach at the same time. These aspects make it one of the most interesting
plants indicated as the future of agriculture in the European Union [9]. This article is
a broad overview of cannabis, its structure, composition and properties of individual
fractions and, importantly, describes the use of these very important plants in various
sectors of the economy, from the food industry, construction and pharmacology, through
the automotive industry, with an emphasis on the polymer industry. It is an extensive
work containing the most important information on the material and physicochemical
properties of this important pro-ecological, multifunctional plant. This review article has an
evolutionary structure that resembles the life cycle. This text begins with the characteristics
of the historical outline of the use of cannabis for human life, in the following chapters
the structure of plants as well as the chemical composition and properties of individual
anatomical parts of plants are described. The following chapters describe the ways of using
hemp broken down into individual industries, with the final development of the topic of the
use of the polymer industry with the division into thermoplastic polymers, elastomers and
duroplasts, which are the main topic of our research. It is worth noting that the prepared
review is one of the few prepared texts that contain a comprehensive approach to the topic,
as it is characterized not only by the composition of individual hemp derivative fractions
but also contains a general overview of the use in various industries, taking into account
the latest technological innovations of each of them. It is also the only one that describes the
use of hemp materials in polymeric materials in more detail, highlighting the knowledge
gap regarding the use of fibers and other hemp derivatives in thermosets and, above all,
in elastomers as research in this area is insufficient. We believe that this article will be a
very good tool to start spreading knowledge about cannabis, improve knowledge about
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it, and change the attitude in the community, and in particular, for it to be appreciated by
researchers, technologists and entrepreneurs.

2. Characteristics of Hemp Plants
2.1. Structure and Composition
2.1.1. Hemp Fibres

Cellulose fibers are the most common biopolymer in the world; their production in
2004 was about 1011 tons. They are widely used by man in a variety of technological
processes due to their abundance, common occurrence and excellent physicochemical
properties [10]. Cellulose belongs to the group of polysaccharides, i.e., polysaccharides
such as starch, chitin or dextrins. It is also a polyacetal containing glycosidic bonds linking
individual sugar residues, forming long linear polymer chains [11]. This homopolymer is
produced indirectly by plants through photosynthesis from the substrates, which include
water and carbon dioxide [12]. During its synthesis in plant cells, there is also the necessary
energy from sunlight. The cellulose itself is used by plants mainly as a construction material
in the construction of conductive tissues in wood. It occurs mainly in stems. It is a solid
with a fibrous structure, which consists of crystalline and amorphous areas; thus, it can be
characterized as semicrystalline [13]. It has no smell or taste and does not dissolve in cold
or warm water and organic solvents [14]. As a polymer of natural origin, cellulose has a
number of distinguishing properties among other widely used materials. In short, you can
characterize it as:

• Homopolymer that comes from natural sources;
• It has a zero-carbon balance for the environment due to its use in its synthesis,

carbon dioxide;
• It is a biopolymer derived from renewable sources, biodegradable, providing good

environmental and biological characteristics and high bioorganic compatibility [15–17];
• It is highly pure and non-toxic [18];
• It is characterized by good mechanical strength, which is why it is used as one of the

basic natural construction materials [19].

During biodegradation processes, microorganisms decompose biopolymers, and cellu-
lose as an example of a polysaccharide, under aerobic conditions into water, carbon dioxide
and biomass, and under anaerobic conditions into CH4, biomass and water [20].

Cellulose is a linear high molecular weight homopolymer. Its structure includes
sections composed of D-glucose, and more specifically β-D-glucopyranose, connected
to each other by β-1,4-glycosidic bonds. Native cellulose up to 10 thousand residues
β-anhydroxyglucose linked together to form a long chain molecule. This means that
the mass of such a molecule is over 1.5 million units. However, the unit length of
β-anhydroxyglucose is 0.515 nm, i.e., 5.15 Å. It follows that the total length of the nat-
ural cellulose molecule is approximately 5 µm. The cellulose pulp and filter paper used
usually contain particles with a degree of polymerization from 500 to 2.1 thousand [21,22].
Each β-anhydroxyglucose unit in the cellulose chain has a chair configuration with hy-
droxyl groups in equatorial positions and with hydrogen atoms in axial positions. The
chair-shaped conformation of the chain (poly-1,4-D-glucosan) is shown in Figure 1. It can
be seen that the unit part of the chain is rotated around its main axis by 180◦, resulting in
an unrestricted rope configuration with minimal steric hindrance. The glycosidic bonds act
similarly to the functional group, which, together with the hydroxyl groups, determines
the chemical properties of cellulose. All significant chemical reactions take place precisely
in the area of the glycosidic bond or the hydroxyl group. Each of the heterocyclic rings has
the following groups:

• Primary-CH2-OH;
• Two secondary hydroxyl groups-OH.
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Figure 1. The chair conformation of β-anhydroxyglucose units in the cellulose chain.

The nature of cellulose, and more specifically its chemical, physical and mechani-
cal properties, as well as the fibrous structure, we can relate to its molecular structure.
Analogously to other hydrophilic linear polymers, individual cellulose molecules combine
together to form a fibril or protofibril about 10 nm in length, 4 nm in width and about
3 nm thick. Unit distribution of cellulose chains is oriented parallel to each other and
tightly connected by numerous intermolecular hydrogen bonds. The structure that makes
up the cellulose fiber is hierarchical. The smallest basic microfiber building unit and the
macrofiber is fibril. Many such structures collectively aggregate into long, thin bundles to
form a microfiber. They, on the other hand, form macrofibrils in greater numbers and then
fibers [23–28]. The crystalline regions of the linear cellulose chains are laterally linked by
hydrogen bonds. They build a kind of mesh that extends across the entire cross-section of
the microfiber. The crystalline regions are separated from each other by a layer of cellu-
lose molecules, the arrangement of which is not specifically oriented towards each other,
creating spaces characterized by amorphous or otherwise paracrystalline domain. The
disordered area allows the degradation of the polymer chain with an aqueous solution of
a strong acid. The amorphous portions of the fiber can occur naturally and can also be
produced during mechanical degradation. The length of the molecule after acidolysis is
variable and depends on the origin of the cellulose. However, the process itself leads to an
even degree of polymerization in the obtained micelles or microcrystals [29–34].

The list of the initial stages of cellulose fiber degradation is presented, which can be
described as follows:

• An intact fiber-containing crystalline and amorphous regions, with frayed ends
at the periphery consisting of a paracrystalline region of cellulose, lignocellulosic
or hemicellulose;

• Initial attack on regions with an amorphous structure;
• There will remain residual microcrystallites and decomposition of the remaining free

short chain fragments;
• Attack on a crystalline region.

In the literature, there is a division of native cellulose into two crystal structures:

Iα with the structure of a triclinic unit cell;
Iβ monoclinic unit cell structure.

Natural cellulose, derived from green plants and wood, contains a mixture of both
crystal structures. However, it is primarily the characterization structure of a monoclinic
unit cell. For example, cotton or ramie contains as much as 77% of it in their structure. On
the other hand, the one derived from algae and bacteria has a higher content of the triclinic
form. The more stable thermodynamic form of this biopolymer is Iβ because Iα cellulose is
transformed by hydrothermal treatment in alkaline solutions or by heat treatment in an
inert gas atmosphere at 280 ◦C into the β form.
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It is possible to recognize both structures by means of the 13C-NMR test, while the cor-
relation of this test with the absorption coefficient of the FT-IR spectrum is also performed
using the following formula [24,35–39]:

fα = 2.55 ×
(

A750

A710

)
− 0.32

where:

• A710 absorption intensity at the wavenumber of 710 cm−1;
• A750 absorption intensity at the wavenumber of 750 cm−1.

Cellulose has several crystalline forms, which may change from one another by simple
technological unit operations.

Hemp is one of the main crops grown for its fiber. These fibers very quickly grow
up to several mm a day during the intense growth phase. Primaries can reach a length
of about 15 mm with a spread from a few to even more than 50 mm, as described in the
work of Mussing et al. After the intensive growth phase, the cell walls are lignified and
the cellulose content increases. This step leads to a mechanical strengthening of the fibers,
in particular their stiffness. The length, chemical composition and properties of the fibers
strongly depend on the variety and conditions in which the plant has grown. Compared to
other plants, fibrous hemp is characterized by a high content of cellulose from 70 to 74%
(including the one with a high degree of crystallinity) and hemicellulose, about 15–20%,
but it has a limited amount of lignin, which usually 3.5%, but does not exceed 5.7%. The
pectin content is usually around 0.8%, and the fat and wax content is 1.2–6.2% [40–42]. The
amount and ratio of these components may vary depending on the degree of purification
with NaOH. In the case of mechanical properties, it is difficult to determine individual
values for individual fibers due to their short length. However, the length reported in most
literature sources ranges from 5 to 55 mm, the crystallinity index is indicated as 55%, the
diameter is in the range of 10.9 to 42 micrometers, and the density is about 1.5 g/cm3. As
for Young’s modulus, it varies significantly from 14.4 to even 90 GPa, as does the breaking
strength 285–1110 MPa and the elongation at break from 0.8 to 3.3% [43]. Large differences
in the values in the sources result from irregularities in the diameter and length of the fiber,
and the fact that a technical fiber was tested, which is characterized by a lower strength
than a single, separated fiber with a shorter length, amounting to a few millimeters [44].

The analysis of the spectrum of infrared spectroscopy with Fourier transformation of
hemp fibers shows the presence of several absorption bands characteristic of this material.
These data were collected and described by Kaczmar et al. in the form of a table shown
below [45]. Table 1 was also confirmed by other references than those mentioned in the
above work.

Table 1. Absorption signals of Fourier transform infrared spectroscopy for the spectrum of
hemp fibers.

Name of the Function Group Wavenumber
[cm−1] Bibliographic

C-OH out-of-plane bending vibrations; C-C 557 [46]

Stretch vibrations of the glucose ring;
C–H stretching vibrations outside the plane of the

aromatic ring
895 [22,23]

-OH; -COO 900–1200 [47]

CO-O-CO 1000–1100 [48]

C-O stretching vibrations; deformation of the C-H
aromatic plane 1030–1058 [49,50]

The absorption band of hydroxyl compounds -OH 1100 [51,52]
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Table 1. Cont.

Name of the Function Group Wavenumber
[cm−1] Bibliographic

C-O stretching vibrations; asymmetric bridge C-O-C
stretching vibrations 1158 [52,53]

C-O; C=O; C-C-; COOH 1100–1300 [54]

Acyl-oxygen CO-OR stretching vibrations in
hemicelluloses; -CH3

1245 [50]

C-H deformation vibrations; -OH bending vibrations 1325 [51]

C-H bending vibrations related to the structure of
cellulose and hemicellulose 1369 [53,55]

CH2 stretching vibrations related to the cellulose
structure, vibrations of the bonds of the

aromatic backbone
1425–1426 [52,53,56,57]

CH deformation vibrations; asymmetric bending
vibrations from -CH2 and -CH3 groups 1426–1463 [46]

C=C stretching vibrations in aromatic structures 1508 [51]

C=C stretching of the aromatic ring 1550 [45]

C=C unsaturated bonds; 1592 [51]

COO− (pectin) 1650 [45]

-OH from absorbed water; C=C 1653 [50,51,56,58]

C=O stretching vibrations in uncoupled ketones and
free aldehydes 1736; 1718 [55–57,59,60]

CH stretching vibrations in methyl and
methylene groups 2896 [53,55,61]

-OH stretching vibrations (hydrogen bonds) 3331 [53,62]

Based on the knowledge of the structure of hemp fiber, its chemical and physical
structure and properties, its possible application in various technical solutions is known.
However, some applications require changing these properties. In order to modify them,
in basic technological operations, these are mechanical modifications such as cutting or
grinding. More advanced techniques that significantly change the properties, however, are
based on chemical modifications such as alkalization, acetylation, esterification, silanization,
acrylation, or through the use of carboxylic acids, anhydrides or solvent replacement. Each
of the mentioned physical and chemical modifications causes a specific change in the
properties of the hemp fiber and adjusts it to the most interactive use. This topic is explored
more in-depth in the extensive work of Tanasa et al. [28].

2.1.2. Extract

Plants are the main source of natural extracts. Their matrix is used to extract all the
natural compounds needed by humans, such as oils, essential oils, compounds with healing
properties and others. Hemp, in this case, is also a rich source of these substances. In
order to obtain them and collect the appropriate fraction, an appropriate extraction method
should be selected. The literature indicates two main ones: the method with the use of
organic solvents and the method with the use of supercritical gases. In the case of the first
of them, one of the first steps is the comminution of the plant material and then treatment
with a suitably selected organic solvent or their mixture at a predetermined temperature.
The solvent flushes out specific compounds from the plant matrix as a result of its diffusion
through its tissue. Unfortunately, this method suffers from a number of disadvantages, such
as low selectivity, contamination of the extract obtained with residues of often toxic solvents,
and the effect of high temperature as a factor causing the degradation of unstable natural
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compounds. The second method, i.e., the use of supercritical gases (most often carbon
dioxide), is more innovative and allows avoiding the use of both elevated temperatures
and organic solvents that are unfriendly to the natural environment. In this case, the
solubility of active natural compounds that depend on such physicochemical factors as
gas pressure, the temperature of the extraction process-by controlling these parameters,
the gas diffusivity and polarity are controlled, which affects the solubility of the extracted
substances. An additional advantage is that this process is carried out under inert gas
conditions, which significantly reduces the oxidation of unstable compounds in the air
atmosphere. Unfortunately, a small range of substances dissolves very well in supercritical
carbon dioxide, which is why small amounts of other solvents are often used as cosolvents
to help flush out the expected natural compounds from the matrix [63].

As the research conducted so far shows, over 500 active substances have been discov-
ered in Cannabis Sativa, which can be classified into 18 main groups of chemical substances.
Among other things, they are rich in 12 fatty acids, about 200 terpenes and 20 heterocyclic
compounds containing nitrogen atoms in their ring structure, over 50 hydrocarbons and
as many as 100 cannabinoids, of which hemp is the most famous. The main cannabidi-
ols found in this plant include delta-9-tetrahydrocannabinol (THC), cannabidiol (CBD),
cannabigerol (CBG), and cannabinol (CBN). The structures of the listed compounds have
been collected and presented in Figure 2. These salivae also contain various polyphenols
with antioxidant properties, coloring compounds and polysaccharides [64].
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Figure 2. Structural formulas of cannabinoids occurring in hemp (CBD—cannabidiol;
CBN—cannabinol; CBG—cannabigerol; CBC—cannabichromene; THC—tetrahydrocannabinol;
THCV—tetrahydrocannabivarin).

Previous research in cannabis has discovered CBD was shown to have very strong
antioxidant, anti-inflammatory and bactericidal properties and is used in anxiolytic, anti-
convulsant and neurological therapies, while CBG also has analgesic properties. All of the
mentioned compounds belong to the group of phytocannabinoids occurring depending on
the variety and the way of cultivation in various quantities in cannabis. Cannabigerol is a
precursor to the formation of compounds such as THC, CBD and cannabichromene (CBC).
Unfortunately, THC, due to its psychoactive effects, has made cannabis infamous, as it
contains a wide range of active, health-promoting natural compounds. CBD, CBC, and CBG
are indicated as one of the main potential medicinal substances that can help people with
diseases such as cancer, neurological diseases, bacterial infections and severe inflammation
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in the body. Strong healing properties are indicated even among drug-resistant bacteria,
such as the Staphylococcus aureus strain. Hemp also contains various polyphenols with
antioxidant properties, coloring compounds and polysaccharides [65–77].

2.1.3. Waxes

Waxes are still a little-known and studied part of the hemp plants. Its source may
be hemp dust and waste generated during the processing of entire plants, fibers, seeds
and leaves in various technological processes. This dust and waste is usually a waste
product, but in the future, it may become a potential source of hemp waxes for use as an
ingredient in cosmetics or as a natural polymer plasticizer [69]. They are part of the oil
fraction which, according to the data contained in Table 2 given by L. Apostol in his article,
has the following composition [78]:

Table 2. Composition of the oily fraction derived from hemp seeds.

Component Value [%]

The content of the oily fraction in the entire mass of the hemp seed 28.7

Saturated Fatty Acid

Palmitic acid 6.96
Stearic acid 2.74

Arachidic acid 0.77

Total saturated fatty acid 10.47

Unsaturated Fatty Acid

Oleic acid 13.64
Linoleic acid 56.35

Gamma-linoleic acid 1.35
Alpha-linoleic acid 17.30

Stearidonic acid 0.50
Eicosenoic acid 0.39

Total unsaturated fatty acid 89.53

Attard et al., as a result of their research, performed an extraction using the supercritical
carbon dioxide method and the Soxhlet extraction using heptane. In all the samples
tested, they detected the presence of hydrocarbons, fatty acids, alcohols, fatty aldehydes,
sterols, cannabinols and wax esters. The last of the mentioned groups of compounds were
characterized by chain length from C38 to C58. The most common wax ester in the samples
was C46, and then C44. Interestingly, almost all wax esters were lost from hemp waste
processed during paper production. The largest amounts of waxes were obtained as a result
of supercritical extraction carried out at a temperature of about 50 ◦C and high pressure of
350 bar [69].

Other studies on cannabis samples by Francisco et al. showed the following chemical
composition of the waxes obtained from the ethanol suspension [79]. These data are
presented in Table 3 below.

Table 3. The content of the fraction in the entire mass of the hemp waxes.

Component Value [%]

Alkanes 27.02–28.85

pentacosane 1.92–2.17
heptacosane 6.96–7.55
octacosane 0.75–5.56
nonacosane 9.92–10.51
triacontane 0.44–0.58

dotriacontane 0.49
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Table 3. Cont.

Component Value [%]

tritriacontane 1.58–2.06
pentatriacontane 1.13–1.24
heptatriacontane 1.18–1.23

Monoterpens

sabinene 0.31–0.51
p-cymene 3.32–5.15

Sesquiterpenes

β-cubebene 0.31–0.40
(−)-trans-caryophyllene 5.90–7.22

β-copaene 0.32–0.40
α-humulene 0.51–0.94

(E,E)-β-farnesene 0.30–0.33
γ-gurjunene 0.27
γ-curcumene 0.59–0.70

valencene 0.51–0.60
germacrene A 0.39–0.44
α-7-epi-selinene 0.42–0.54

α-cadinene 0.20–0.33
α-bisabolene 1.63–2.50

(E,E)-α-farnesene 0.28

Terpenoids 22.92–23.70

dehydro-1,8-cineole 1.23–1.99
isoborneol 0.38
fenchone 0.26–0.44

cis-thujone 0.27
endo-fenchol 0.26–0.28
cis-nerolidol 2.50–2.84

trans-nerolidol 0.43
caryophyllene oxide 0.49–0.89
humulene epoxide II 0.31–0.37
10-epi-γ-eudesmol 0.61–0.82
1,10-di-epi-cubenol 0.29–0.36

γ-eudesmol 0.29–0.47
α-muurolol 0.25–0.35
β-eudesmol 0.67–1.01
α-bisabolol 0.18

(2Z,6Z)-farnesol 0.49

Cannabinoids 41.67–46.37

CBD 4.20–9.67
CBC 0.11–0.18

∆8-THC 0.12–0.13
∆9-THC 0.22–0.37

CBG 0.07–0.22
CBN 1.20–2.40

CBDA 22.91–34.56
THCA 5.78–5.89

Other 1.48–2.09

heptanal 0.22–0.61
2,4-hexadienal 0.11

nonanal 0.37
vanillin 0.27

tridecanoic acid 0.21–0.31
ethyl tetradecanoate 0.42
hexadecenoic acid 0.25–0.27

ethyl hexadecanoate 0.22–0.31
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As the research of the above scientists show, hemp waxes are rich not only in alkanes
but also in monoterpenes, sesquiterpenes, terpenoids, but also in cannabinoids. This
suggests that apart from the plasticizing and lubricating properties, the cannabis wax esters
have strong healing and antioxidant properties. These products play a multi-functional
role in their applications. However, these substances still require in-depth study because of
the limited knowledge about them.

2.2. Sectors of the Economy Using Cannabis

The subject of the use of cannabis in science, industry or the arts has gained prominence
in recent years. As can be seen from the Figure 3 below, the popularity of this keyword in
the Scopus database has increased nearly 10-fold over the last 20 years. This indicates a
remarkable interest, particularly since 2015, in this plant. The possibility of its use in a wide
range of applications and the development of the pro-ecological trend in the world causes
newer and more advanced research towards the description of properties and applications
of hemp plants in everyday products.
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Figure 3. Change in the number of occurrences of the keyword “hemp” in the Scopus database in
2000–2021.

2.2.1. Agriculture and Energetic

Fiber hemp is a species of the annual hemp plant. These plants do not contain
psychoactive substances; they are used in many industries, reaching a height of 1.5–3.5 m
under favorable conditions. The main direction of the use of hemp in agriculture is the
production of straw. As a result of processing the straw of mono-hemp fibrous hemp,
we obtain 25–30% of the fiber and about 70% of the shives. Hemp is an interesting plant
in terms of ecology and economy. Their cultivation does not require the use of plant
protection products or pesticides, and hemp itself inhibits the development of weeds,
repels pests, is resistant to diseases and requires only minerals contained in the soil. This
has a positive effect on the environment as it contributes to the improvement of soil
systems [80]. A suitable example is that these plants have a pile system root, which
loosens and ventilates the soil and improves its water conditions, making it more beneficial
for all plants that coexist with cannabis. This brings about positive effects, positively
influencing the development of the economy, especially everything in agricultural countries.
A favorable pro-ecological effect on the environment may, to some extent, reduce the need

178



Materials 2022, 15, 2565

to increase expenditure on environmental protection and climate change. As indicated in
the work of Żuk-Gołaszewska et al., one hectare of hemp plants is capable of absorbing
about 2.5 tons of carbon dioxide [80]. Agriculture is the main and basic source of food,
but despite this, it is not an economically competitive sector of the economy compared to
other industries. Hemp straw in agriculture is used as a source of fodder with very good
nutritional parameters for farm animals, mainly cattle. However, apart from that, it is also
used as highly efficient biomass in the processes of generating both thermal and electric
energy, which was presented in Figure 4 below [81].
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2.2.2. Food Industry

One of the industries that use hemp is the food industry. Hemp food has been known
for thousands of years and, at the same time, is a modern, fashionable and healthy food
supplement containing valuable ingredients. The hemp seed based on which most hemp
foods are prepared contains all of the amino acids and Omega 3, 6 and 9 fatty acids
needed for the proper functioning of the human body, especially the brain, in appropriate
proportions. About 35% of the seed content is easily digestible high-quality protein, but
also contains dietary fiber to support the digestive system and proper digestion, as well
as vitamins B and E. On the other hand, about 30% of the seed content is carbohydrates,
providing energy for the body. Hemp seeds can be eaten raw, sprouted or powdered as
flour. They are used for baking, as well as hemp milk made from them, similar to soy.
About 27–38% of the seed weight can be extracted into hemp oil rich in unsaturated fatty
acids, as Fike pointed out in his article [9]. The competition for hemp-based food products
is the entire food market, especially organic food. Food products made on the basis of hemp
have a positive health-promoting effect on our body. They affect cell regeneration, slow
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down the aging processes, inhibit the development of cancer cells and have a significant
effect on immunity [9].

As Kaniewski pointed out in his work, hemp seeds are a rich source of edestin, phytic
acid, choline, trigonelline, lecithin, chlorophyll, vitamin K and tocopherols, as well as
many micro and macro elements such as iron, calcium, zinc, phosphorus, magnesium
and vitamin E, which strong antioxidant properties. It protects unsaturated fatty acids
against oxidation reactions, thanks to which they retain their properties. In addition, it has
a positive effect on the circulatory system, making blood vessels more flexible, improving
blood flow and reducing the possibility of ischemic heart disease or atherosclerosis [82].
Vitamin E is otherwise known as alpha-tocopherol (5.66% of all tocopherols). Cannabis also
contains gamma-tocopherol (89.11%), beta-tocopherol (0.33%) and delta-tocopherol (4.90%).
These are antioxidant compounds that are involved through the interaction and active
quenching of DPPH and ABTS + cationic radicals. They form metal transfer chelates with
them. They also absorb oxygen radicals generated by AAPPH (ORAC) and prevent lipid
peroxidation in human LDL. Thanks to such good antioxidant properties, these compounds
protect proteins, lipid membranes and DNA against the harmful effects of radicals that
cause oxidative damage, as mentioned in the article by Żuk-Gołaszewska et al. [80]. Hemp
food improves digestion and is beneficial for the healthy digestive system, and also lowers
cholesterol, reducing the risk of heart attacks, one of the main civilization diseases of the
21st century in highly developed countries [78].

2.2.3. Textile Industry

The fibers obtained from Cannabis Sativa can be used to produce high-quality fabrics
that are used in the clothing industry around the world. It is worth emphasizing that the
production of hemp fibers is more ecological and less water-absorbing than the widely
produced and used cotton. According to Columbia History of the World, hemp fabrics have
been known to man since the eighth millennium BC. From the 5th century BC up to the
stage of the industrial revolution, hemp fabrics were used in the production of about 90% of
sails. Until the United States of America introduced the so-called Marihuana Tax Act (1937),
which also included industrial hemp, about 80% of all fabrics intended for clothes and
other everyday textile products were made of hemp fabrics. According to specialists in the
textile industry, hemp fabrics are more durable and three times more extensible; they are
warmer, more delicate and have high water absorption than cotton fabrics. One of Ireland’s
exports from the decades to the 1930s was high-quality hemp-based underwear, while
Italian hemp-based fabrics were considered one of the best textiles in the world. Hemp was
also used to strengthen rotting and fire-resistant carpets, as opposed to artificial, flammable
synthetics [69].

2.2.4. Pulp and Paper Industry

Another of the industries mentioned that uses industrial hemp is the pulp and paper
industry. The first century AD saw the discovery in China that hemp paper is 50–100 times
more durable than most papyrus varieties, and its production it is 100 times easier and
cheaper. In the following years, this discovery spread all over the world, especially in
Europe and America, where hemp paper was used to create bibles, banknotes, securities,
navigation maps, logbooks, and in later years also, books and newspapers [83]. In 1776,
the first declarations of independence for the United States were written on hemp paper,
the popularity of which grew until the beginning of the 20th century and global industrial
development. Until 1883, hemp paper accounted for most of the global paper market.
Hemp has always been a significant competition in the present pulp and paper industry.
Twenty to thirty percent of hemp stalks are made of hemp fiber, which is used to produce
environmentally friendly paper. One hectare of hemp can produce 3–4 times more paper
than the same area of trees, and the time of their growth is incomparably shorter and
under favorable conditions, the harvest can take place even 3–4 times a year. Hemp paper,
unlike wood pulp, does not require the clearing of long-growing, centuries-old forests
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that produce the oxygen necessary for life or such strong chemical processes that have a
significant impact on the environment. The possibility of using recycled hemp paper is
estimated at seven times, while the possibility of using wood for only three. The pulp and
paper industry is one of the biggest competitors of the hemp industry, which, thanks to
its political and economic influence, contributed to the introduction of the first cannabis
prohibition in the United States and influenced the unfavorable perception of this plant
in the world. In 1916, a method of producing hemp pulp for the production of paper was
invented in the United States, using not the fibers of the stalks, as previously, but cellulose-
rich fibers-shives, with four times higher efficiency, compared to wood production. The
process could also use a much lower amount of sulfur and acid chemicals, and the hemp
paper produced by this method does not require an environmentally harmful bleaching
process. Unfortunately, no collection machines are available, and removing the outer shives
from the inner fiber has not allowed this method to gain sufficient popularity. However,
hemp is taking part in the production of paper again and again. As indicated in their article
by Amode and Jeetah, paper production in 2018 was estimated at 400 million tons, and the
annual growth each year until 2030 is forecasted at 1.1%. The data also allow the conclusion
that by 2060 there will be an increase in the use of paper for printing and writing by as
much as 180%. This information gives a signal that there is a need to use other sources of
cellulose besides wood in the paper industry, and for environmental and ecological reasons,
it will be worth increasing interest in hemp in this direction [84]. This is due to better
product parameters, such as exceptional strength and mechanical and thermal resistance,
resistance to abrasion and yellowing and high flexibility of the material [85].

2.2.5. Construction

Hemp is an extremely efficient and environmentally friendly building material. This is
due to the fact that the increase in hemp biomass is two to four times greater than in forests
managed on the same acreage. Hemp fiber is used to make furniture and decorations,
partition plates are produced, thermal insulation of buildings is also carried out, or research
is carried out on concrete blocks containing hemp fibers, characterized by low thermal
conductivity and good acoustic barrier. From special varieties of hemp, it is easy to produce
ecological bricks up to seven times stronger than concrete. Fiber hemp is also used to
produce insulation material, building material for the construction of roofs, walls and
floors. It is quite resistant to moisture, does not rot, is not flammable and is almost 100%
recyclable. According to research by construction specialists, cellulose concrete made with
hemp is resistant to fire and insects, is lighter than conventional building materials and
has much better acoustic, thermal and insulating properties [86–90]. Seng et al. in their
article, indicate that the thermal conductivity of hemp concrete, depending on the method,
ranges from 0.103 to 0.112 W m−1·K−1 [88]. The use of hemp concrete reduces the cost of
building a residential house thanks to the simplification of the structure and the use of
cheaper raw materials. Other plant derivatives, such as hemp oil, can also be an important
ingredient used in the manufacture of paints and varnishes, as it dries quickly and leaves a
thin, flexible film, and the use of its subsidies in petrochemicals is eliminated.

2.2.6. Automotive Industry

Hemp influenced the development of the automotive industry from the very beginning.
They were used in the first cars to produce structural elements. The fibers of this plant were
tested as a component in the production of car bodies by Henry Ford in 1941 and by Lotus
Cars. Hemp was also used to create laminates for any type of construction. Researchers
dealing with the subject of hemp-containing materials postulate that hemp-based materials
are extremely durable and at the same time have a high biodegradability potential. Many
specialists present hemp as a natural material that is stronger than that obtained from
other sources of natural cellulose fibers such as coconut, bamboo or jute. The prospect
of biomaterials that make up motor vehicles is promising due to the high cost of storing
old cars and a strong impact on the natural environment. The calculation of the impact
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of the entire product life cycle is emphasized. Hemp fiber is used to make body parts,
cockpits, seats and other interior elements. On the other hand, the obtained hemp oil can
be successfully used as a pro-ecological component of paints and varnishes [91–93].

2.2.7. Cosmetics, Pharmaceutical and Medical Industries

Recently, the use of hemp derivatives in the cosmetics industry has been a very
fashionable direction. Hemp oil and extracts containing regenerative, anti-aging and
anti-inflammatory substances are used in the production of hemp-based cosmetics. The
concentration of the four main components in industrial hemp and wild hemp varied as
follows: β-caryophyllene 11–22% and 15.4–29.6%, α-humulene 4.4–7.6% and 5.3–11.9%,
caryophyllene oxide 8.6–13.7% and 0.2–31.2%, and humulene epoxide 2, 2.3–5.6% and
1.2–9.5%, respectively. The concentration of CBD in the essential oil of wild hemp ranged
from 6.9 to 52.4% of the total oil content, while CBD in the essential oils of registered
varieties ranged from 7.1 to 25%, as described in more detail in their article by Zheljazkov
et al. [94]. It is applied directly to the skin, has a protective effect, soothes inflammation,
irritation and skin changes, it is recommended for people with severe allergies. Beauty
salons use hemp preparations as a moisturizing and nourishing agent, reducing discol-
oration and evening-out skin tone. Hemp oil belongs to the so-called dry oils because it is
quickly absorbed and leaves no greasy film. It can be applied directly to the skin, but today
many companies produce cosmetics based on it, including care creams, lotions, massage
oils, soaps, shampoos, conditioners and more. Hemp extracts largely contain cannabidiol
(CBD) and resin fractions that have soothing and calming properties. The pharmaceutical
and medical industries also appreciate hemp ingredients more and more. Research is
being carried out on the treatment of depression, sleepiness, convulsions, degenerative
diseases such as Alzheimer’s disease and nutritional problems [95]. The latest reports also
indicate strong antimicrobial properties, strong Gram-positive and Gram-negative effect on
drug-resistant bacteria. Preliminary information also suggests possible inhibitory effects
on the growth of cancer cells [94–96]. Recently, there have also been reports of the biggest
problem at the moment, i.e., the SARS-CoV-2 pandemic. CBD contained in hemp was used
on lung epithelial cells and in mice. Cannabidiol and its metabolite 7-OH-CBD strongly
block viral replication by inhibiting gene expression and reversing the effects of infection.
In this case, CBD inhibits SARS-CoV-2 replication in the early stages of the disease. This
relationship is therefore indicated by Nguyen et al. as a very effective potential measure to
prevent infection in the early stages of infection; however, further testing and clinical trials
are needed to clearly confirm the effects of cannabidiol on this virus [97,98].

2.2.8. Polymer Industry

Currently, most branches of the economy are based on polymer products, but their
negative impact significantly affects the degradation of the natural environment. For this
reason, research is carried out, and newer, more environmentally friendly polymer compos-
ites are introduced to the market. Such are also composites based on hemp fibers. These
fibers replace the previously commonly used glass fibers with reinforcing properties [99].
However, those used so far have been energy-consuming in the production process and
difficult to utilize and non-biodegradable. On the other hand, replacing them with hemp
fibers allowed for the creation of more environmentally friendly composites, which, after
use, have a smaller impact on the environment during storage and are also subject to
partial decomposition. The most popular biocomposites are those based on resins such
as unsaturated polyester, phenolic or epoxy resins. They have found their application in
the production of cars, hulls of boats and small airplanes, wind turbines and other objects
made with the technology of creating laminates [43]. It is also possible to use hemp oils for
the synthesis of polymers, but so far, it is a poorly developed branch. A new approach indi-
cated in the research work of Dr. Masek’s group is the use of hemp extracts and waxes in
composites based on biothermoplastics and ecological vulcanizates. The hemp compounds
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mentioned are used as dyes, indicators of degradation processes, inhibitors and catalysts of
aging processes [63,100].

2.2.9. Other Uses

Interesting and worth mentioning and emphasizing is the possibility of using hemp
plants for the rehabilitation of mining excavations. These plants, due to their good adapta-
tion to environmental conditions, high resistance to pests and diseases, are a great organism
for pioneering introduction to damaged heaps and post-mining areas. They have good
properties of binding heavy metals in their structure, which significantly allows the soil to
be cleaned in a short and ecological way and enables the introduction of other species of
fauna and flora to the reclaimed ecosystem [82,83,101].

The Figure 5 attached above gives a good indication of the fields in which interest in
hemp plants has been greatest over the last 10 years. The top five with the highest number of
publications on them are material science, engineering, agricultural and biological sciences,
chemistry and chemical engineering. This analysis shows very interesting data, as the
general opinion of the average consumer is that the greatest use of hemp is in cosmetology,
pharmaceuticals and the medical industry, less so in the food industry. However, the
data presented show that it is the industry, especially the materials industry, that has the
greatest aspirations for the use of these plants in science and industry. As illustrated in
Figure 6 below.
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3. Hemp and Derivatives in the Polymer Industry

Polymers are the most important construction material of the 20th and 21st centuries
in many industries around the world. However, their cheapness and durability caused
enormous havoc on the natural environment due to the deposition of huge heaps of rubbish
on land and huge islands of artificial plastic seen even from space in the ratings. For this
reason, the industry of biodegradable polymers and creative composites made of these
polymers with natural additives has been rapidly developing in recent years. As can
be seen from the above-mentioned examples of applications and the specified chemical
compositions and physicochemical properties of hemp and its derivatives, these plants are
an ideal candidate for a huge share in this industry sector.

3.1. Thermoplastics

Thermoplastics are currently the largest group of manufactured polymers. They
have such advantages as the possibility of material, raw material or energy recycling.
Over the past decades, new types of thermoplastics were developed that are made from
renewable green sources and are biodegradable. Unfortunately, many of these materials do
not have the required physical or chemical properties as well as conventional fossil-based
thermoplastics [102]. Such conventional polymers are polypropylene (PP) and polyethylene
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(PE). They are characterized by durability, stiffness, lightness, good barrier properties; they
are satisfactorily chemically inert, easily processable and, above all, cheap. These features
make them one of the most commonly used polymers in everyday life for the production
of packaging, everyday equipment and construction materials. However, these are non-
biodegradable polymers; in order to increase the potential of products made of them for
biodegradation and to reduce their mass proportion in the product, natural fillers are
also introduced to strengthen the mechanical properties [103]. Hemp fibers can be an
excellent filler in this case. This is emphasized in their work by Sullins et al. [104–106]. The
addition of modified hemp fibers for modified hemp fibers to the PP composite increased
its flexural and tensile properties. The composite with up to 30% of fibers showed better
properties than pure polymer or content of 15%. Hemp fibers also showed very good
interfacial interactions with this polymer matrix. On the other hand, Etaati et al., in
their research, indicated changes in the analysis of dynamic mechanical properties. They
investigated changes in these properties of polypropylene composites with short hemp
fibers at temperatures from 25 to 150 ◦C. They indicate in their article that the addition
of fibers strengthens the composite when working at higher temperatures, above alpha
relaxation. They also emphasize that when more modifications are used in the form
of a coupling agent, it is also required, which confirms the earlier statement about the
necessity to modify the fibers and the composites formed with them [107,108]. Researcher
Oliveira et al. instead dealt with PE-based composites. In her research, she showed that the
treatment of hemp fibers with alkali in order to flush out lignin and hemicellulose improved
the dispersion of these fibers in the matrix and improved resistance to thermal degradation.
The addition of 5% modified hemp fibers and the use of a bonding agent also improved the
processability during rotational molding [109]. The introduction of hemp allows lowering
or eliminating voids altogether and creates stronger connections at the fiber-polymer matrix
boundary, thanks to which it does not change the strength, while the modulus of elasticity
increases material. Additionally, such composites characterize a more hydrophilic surface
that can affect their faster degradation and thus facilitate the recycling of polyethylene-
based products [110]. The most frequently used biodegradable polymer composites with
hemp fibers are those based on polymers of aliphatic polyesters such as polylactide (PLA)
or polyhydroxybutyrate (PHB) [99,111–113]. In the case of these polymers, the addition
of hemp fibers accelerates hydrolytic degradation, which is worth mentioning that such
material decomposes faster in the environment into simple compounds such as water,
carbon dioxide and biomass. According to Mazzanti et al., even such a small addition of
3% wt. causes this effect [114]. As for PP and PE, also for PLA, the addition of hemp fibers
significantly enhances the mechanical and thermal properties of such refined compositions.
Differential Scanning Calorimetry (DSC) studies indicated that the addition of fibers did
not significantly affect the glass transition and melting temperatures [115]. At this point, it
is also worth emphasizing that in the case of using such a filler as hemp fibers, it depends
on the orientation of the material. Arrangement parallel to the force of the fibers leads to a
strong effect of transferring stresses inside the material; therefore, an important stage in
the preparation of polymer composites with them is their proper orientation through the
use of appropriate unit operations in the process, such as rolling, extruding, injection or
calendaring. This approach allows the best possible use of the fibers as an active filler in
polymer composites [116,117]. Apart from fibers, hemp extracts are also other additives
to thermoplastic polymers. Thus far, this is a supplement with antioxidant properties. In
his work, Plota et al. showed the thermally stabilizing effect of CBD on polylactide and
Topas. In this case, the indicative effect of this additive is also indicated, as the color of
refined samples changed with the aging processes. This is one of the few works in this
direction worth exploring [118]. An equally interesting approach was shown by a team
of researchers led by Andriotis et al. They created water-soluble fibers produced by the
electrospun method using polyvinyl (pyrrolidine) (PVP) and Eudragit L-100, in which
CBD and CBG were used as active substances with therapeutic effect [119]. Thermoplastic
composites using hemp materials, as you can see, are in common use and find more
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and more possible applications in everyday life as well as in construction materials. It is
worth continuing research on this type of material in order to increase their share in green
polymer composites.

3.2. Elastomers

Rubbers are another important material used by humans. Due to cross-linking, unfor-
tunately, they are not recyclable, and their natural decomposition takes hundreds of years.
For this reason, it is worth delving into and developing intensively more environmentally
friendly rubber compounds. In this case, hemp materials can also help us. Previous studies
indicate the use of hemp derivatives in mixtures based on natural rubber (NR) [120]. From
the results obtained by Moonart et al., it follows that in order to obtain good adhesion
between the fiber and the polymer matrix, they must be treated. In this case, it was pro-
posed to prepare by treating the hemp fiber with alkali and then using a KMnO4 solution
and silane. Such modification resulted in an increase in the tensile strength of the fibers
and a better interfacial connection of the materials [121,122]. Another study investigated
NR vulcanizates with hemp fibers cross-linked with benzoyl peroxide. This arrangement
exhibited increased hardness, modulus at 100% elongation, tear strength, tensile strength
and elongation at break. This effect depended on the degree of fiber filling of the composite.
Hemp fibers can be, in this case, a good replacement for synthetic or steel fibers due to their
cheapness, biodegradability and good weight-to-strength ratio [123].

3.3. Duroplasts

Duroplasts are the last group of the polymeric materials we discuss with conspicu-
ous additives [124]. One of the most commonly used thermosets is unsaturated epoxy
resins [41,53,125–130]. It is this polymer that is one of the most modified with hemp deriva-
tives. As a result of the addition of fibers, the tensile, compressive and bending strengths
increased. It is logical because the fibers perfectly transfer stresses in materials in which they
are active fillers. Modification by copolymerization involving the grafting of acrylonitrile on
the surface of the fibers also allowed for a minimal improvement in thermal stability than in
the case of unmodified hemp fibers [108,131,132]. In his article, Scarponi compared the use
of glass and hemp fibers [133]. They showed that hemp/epoxy composites could compete
with glass/epoxy composites. The covers for ultra-light airplanes produced for the purpose
of the tests showed very good properties and, at the same time, greater environmental
friendliness [134]. As indicated by previous research and theory, natural fibers require some
modification to improve compatibility with the polymer matrix. In the case of combinations
of hemp fibers with unsaturated polyester resin (UPE), esterification of the fibers is a good
example. Such an operation allows to significantly improve the interfacial adhesion, as a
result of which the chemical resistance but also the mechanical and thermal resistance of the
obtained composites is improved. Another popular polymer matrix of hemp composites
is polyurethanes. Members et al., in their publication, showed that the addition of hemp
derivatives influenced such properties of polyurethane foams as morphology, mechanical,
thermal and insulating properties. They showed in their work that impregnation with
sunflower oil and tung oil resulted in improved thermal stability and flame retardancy of
PUR foams. It reduced hydrophilicity by limiting water absorption [135]. Materials such as
PUR are used in the construction industry to improve the thermal insulation properties
of buildings. The introduction of the hemp filler brings us closer to a more sustainable
development of this industry sector. Hemp fibers added to polyurethanes in the amount of
15% by weight will increase the tensile and bending modulus. Such an addition makes the
product more environmentally friendly and reduces its cost [136,137].

4. Conclusions

This overview article shows how important cannabis has been in human history so
far and what it may be in the future. The contained data illustrating the richness of the
chemical composition of these plants indicates the possibility of the very wide use of
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active compounds in medicine, pharmacy, cosmetology and the food industry. Interest
in these plants is already growing in these sectors. The use of hemp and its derivatives
in the new materials sector also shows promise for the development of environmentally
friendly polymer products. The polymer industry, contributing to each of the main sectors
of the economy, can draw from this green source of many active phytosubstances, oils and
fibers. The pro-ecological aspect of hemp cultivation, low soil and water requirements
and the possibility of processing and using 100% of plants with cheap production allow
us to be optimistic about the development of this production department and related
science activities. There is also a lack of basic knowledge in the use of other cannabis
derivatives in the polymer industry. The section dealing with elastomers is the poorest in
the literature on this subject. It is a signal for researchers, technologists and entrepreneurs
with a possible niche to research and use this valuable source of substances, not only fibers
as a strengthening additive but also extracts and waxes as an antioxidant, antimicrobial
substances, plasticizers and aging time indicators. In our opinion, scientists from around
the world should intensify research on environmentally friendly materials such as hemp,
which is the material of the future.
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Abbreviations

AAPPH (ORAC) Oxygen Radical Absorbance Capacity
ABTS 2,2-azinobis-(3-ethylbenzothiazoline-6-sulfonate)
CBC Cannabichromene
CBD Cannabidiol
CBDA Cannabinoid acid
CBG Cannabigerol
CBN Cannabinol
C-NMR Carbon-13 (C13) nuclear magnetic resonance
DPPH 2,2-diphenyl-1-picrylhydrazyl.
FT-IR Infrared Spectroscopy with Fourier Transformation
NaOH Sodium hydroxide
THC Delta-9-tetrahydrocannabinol
THCV Tetrahydrocannabivarin
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18. Kubiak, K.; Kalinowska, H.; Peplińska, M.; Bielecki, S. Celuloza bakteryjna jako nanobiomateriał. Postępy Biol. Komórki
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29. Sołowski, G. Wybrane Zagadnienia z Zakresu Ochrony Środowiska i Energii Odnawialnej; Wydawnictwo Uniwersytetu Przyrodniczego

w Lublinie: Lublin, Poland, 2016; ISBN 9788365598165.
30. Heinze, T.; Liebert, T. Unconventional methods in cellulose functionalization. Prog. Polym. Sci. 2001, 26, 1689–1762. [CrossRef]
31. Maréchal, Y.; Chanzy, H. The hydrogen bond network in I(β) cellulose as observed by infrared spectrometry. J. Mol. Struct.

2000, 523, 183–196. [CrossRef]
32. Chundawat, S.P.S.; Bellesia, G.; Uppugundla, N.; Da Costa Sousa, L.; Gao, D.; Cheh, A.M.; Agarwal, U.P.; Bianchetti, C.M.;

Phillips, G.N.; Langan, P.; et al. Restructuring the crystalline cellulose hydrogen bond network enhances its depolymerization
rate. J. Am. Chem. Soc. 2011, 133, 11163–11174. [CrossRef]

33. Kondo, T.; Sawatari, C. A Fourier transform infra-red spectroscopic analysis of the character of hydrogen bonds in amorphous
cellulose. Polymer (Guildf.) 1996, 37, 393–399. [CrossRef]

34. French, A.D.; Miller, D.P.; Aabloo, A. Miniature crystal models of cellulose polymorphs and other carbohydrates. Int. J. Biol.
Macromol. 1993, 15, 30–36. [CrossRef]

188



Materials 2022, 15, 2565

35. Marrinan, H.J.; Mann, J. A study by infra-red spectroscopy of hydrogen bonding in cellulose. J. Appl. Chem. 2007, 4, 204–211.
[CrossRef]

36. Dri, F.L.; Hector, L.G., Jr.; Moon, R.J.; Zavattieri, P.D. Anisotropy of the elastic properties of crystalline cellulose Iβ from first
principles density functional theory with Van der Waals interactions. Cellulose 2013, 20, 2703–2718. [CrossRef]

37. Rees, D.A.; Skerrett, R.J. Conformational analysis of cellobiose, cellulose, and xylan. Carbohydr. Res. 1968, 7, 334–348. [CrossRef]
38. Pizzi, A.; Eaton, N. The Structure of Cellulose by Conformational Analysis. Part 4. Crystalline Cellulose II. J. Macromol. Sci. -Chem.

1984, 24, 901–918. [CrossRef]
39. Kroon-Batenburg, L.M.; Kroon, J. The crystal and molecular structures of cellulose I and II. Glycoconj. J. 1997, 14, 677–690.

[CrossRef]
40. Manaia, J.P.; Manaia, A.T.; Rodrges, L. Industrial Hemp Fibres: An Overview. Fibers 2019, 7, 106. [CrossRef]
41. Väisänen, T.; Batello, P.; Lappalainen, R.; Tomppo, L. Modification of hemp fibers (Cannabis Sativa L.) for composite applications.

Ind. Crops Prod. 2018, 111, 422–429. [CrossRef]
42. Marrot, L.; Lefeuvre, A.; Pontoire, B.; Bourmaud, A.; Baley, C. Analysis of the hemp fiber mechanical properties and their

scattering (Fedora 17). Ind. Crops Prod. 2013, 51, 317–327. [CrossRef]
43. Müssig, J.; Amaducci, S.; Bourmaud, A.; Beaugrand, J.; Shah, D.U. Transdisciplinary top-down review of hemp fibre composites:

From an advanced product design to crop variety selection. Compos. Part C Open Access 2020, 2, 100010. [CrossRef]
44. Duval, A.; Bourmaud, A.; Augier, L.; Baley, C. Influence of the sampling area of the stem on the mechanical properties of hemp

fibers. Mater. Lett. 2011, 65, 797–800. [CrossRef]
45. Kaczmar, J.W.; Pach, J.; Burgstaller, C. The chemically treated hemp fibres to reinforce polymers. Polimery 2011, 56, 817–822.

[CrossRef]
46. Yang, H.; Yan, R.; Chen, H.; Lee, D.H.; Zheng, C. Characteristics of hemicellulose, cellulose and lignin pyrolysis. Fuel

2007, 86, 1781–1788. [CrossRef]
47. Patel, H.A.; Somani, R.S.; Bajaj, H.C.; Jasra, R.V. Preparation and characterization of phosphonium montmorillonite with enhanced

thermal stability. Appl. Clay Sci. 2007, 35, 194–200. [CrossRef]
48. Salmén, L.; Bergström, E. Cellulose structural arrangement in relation to spectral changes in tensile loading FTIR. Cellulose

2009, 16, 975–982. [CrossRef]
49. Ołdak, D.; Kaczmarek, H.; Buffeteau, T.; Sourisseau, C. Photo- and bio-degradation processes in polyethylene, cellulose and their

blends studied by ATR-FTIR and raman spectroscopies. J. Mater. Sci. 2005, 40, 4189–4198. [CrossRef]
50. Chwanninger, M.; Rodrigues, J.C.; Pereira, H.; Hinterstoisser, B. Effects of short-time vibratory ball milling on the shape of FT-IR

spectra of wood and cellulose. Vib. Spectrosc. 2004, 36, 23–40. [CrossRef]
51. Chen, C.; Luo, J.; Qin, W.; Tong, Z. Elemental analysis, chemical composition, cellulose crystallinity, and FT-IR spectra of Toona

sinensis wood. Mon. Für Chem. -Chem. Mon. 2014, 145, 175–185. [CrossRef]
52. Cichosz, S.; Masek, A. Cellulose fibers hydrophobization via a hybrid chemical modification. Polymers 2019, 11, 1174. [CrossRef]
53. Pandey, K.K.; Pitman, A.J. FTIR studies of the changes in wood chemistry following decay by brown-rot and white-rot fungi. Int.

Biodeterior. Biodegrad. 2003, 52, 151–160. [CrossRef]
54. Gulmine, J.V.; Janissek, P.R.; Heise, H.M.; Akcelrud, L. Polyethylene characterization by FTIR. Polym. Test. 2002, 21, 557–563.

[CrossRef]
55. Owen, N.L.; Thomas, D.W. Infrared studies of “hard” and “soft” woods. Appl. Spectrosc. 1989, 43, 451–455. [CrossRef]
56. Sarkanen, K.; Ludwig, C. Liguins. Occurrence, Formation, Structure, and Reactions; Wiley-Interscience: New York, NY, USA, 1971.
57. Müller, U.; Rätzsch, M.; Schwanninger, M.; Steiner, M.; Zöbl, H. Yellowing and IR-changes of spruce wood as result of UV-

irradiation. J. Photochem. Photobiol. B Biol. 2003, 69, 97–105. [CrossRef]
58. Oh, S.Y.; Yoo, D.I.; Shin, Y.; Seo, G. FTIR analysis of cellulose treated with sodium hydroxide and carbon dioxide. Carbohydr. Res.

2005, 340, 417–428. [CrossRef]
59. Lebo, S.E.; Lonsky, W.; McDonough, T.; Medvecz, P. The Occurrence and Light Induced Formation of Ortho Quinonoid Lignin

Structures in White Spruce Refiner Mechanical Pulp. In Proceedings of the International Pulp Bleaching Conference in Orlando,
Orlando, FL, USA, 5–9 June 1988.

60. Anderson, E.L.; Owen, N.L.; Feist, W.C.; Pawlak, Z. Infrared Studies of Wood Weathering. Part I: Softwoods. Appl. Spectrosc.
1991, 45, 641–647. [CrossRef]

61. Morán, J.I.; Alvarez, V.A.; Cyras, V.P.; Vázquez, A. Extraction of cellulose and preparation of nanocellulose from sisal fibers.
Cellulose 2008, 15, 149–159. [CrossRef]
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81. Kraszkiewicz, A.; Kachel, M.; Parafiniuk, S.; Zając, G.; Niedziółka, I.; Sprawka, M. Assessment of the Possibility of Using Hemp
Biomass ( Cannabis Sativa L.) for Energy Purposes. Appl. Sci. 2019, 9, 4437. [CrossRef]

82. Kaniewski, R.; Pniewska, I.; Kubacki, A.; Strzelczyk, M.; Chudy, M.; Oleszak, G. Konopie siewne (Cannabis sativa L.)—
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