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Chemical and Morphological Composition of Norway Spruce Wood (Picea abies, L.) in the
Dependence of Its Storage
Reprinted from: Polymers 2021, 13, 1619, doi:10.3390/polym13101619 . . . . . . . . . . . . . . . . 117
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Wood and wood-based composites are key engineering materials that can be success-
fully designed and manufactured with predetermined exploitation properties, making
them suitable for a wide range of applications and end uses. Notably, wood-based compos-
ites can be engineered to meet specific performance requirements, which makes them a
sustainable solution for reducing the use of solid wood.

In the difficult times caused by the COVID-19 pandemic, we succeeded in compiling
another interesting publication. It is a Special Issue of Polymers (ISSN 2073-4360) that
belongs to the Section “Biomacromolecules, Biobased and Biodegradable Polymers” of MDPI.
Even before the widespread outbreak of the pandemic, not knowing what was coming, the
Special Issue was given the title “New Challenges in Wood and Wood-Based Materials”.
Then the new challenges really came. We initially referred to different challenges. We
certainly did not imagine that many researchers would have difficulty in routine scientific
research work as a result of the significant disruption. The mobility of people has been
restricted, access to workplaces has been more limited, and the preparation and compilation
of scientific papers has become more complicated. Meeting the deadlines associated with
the peer review process has been much more demanding than during normal times.

This Special Issue of Polymers is a collection of 11 original high-quality scientific
contributions on basic and applied research in the field of wood science and technology, and
provides good examples of the recent challenges related to the production and application
of wood and wood-based materials. Individual papers concerned with the enhancement of
the performance and technological properties of wood composites, above all plywood [1–3],
as well as with ignition and combustion of wood and wood composites in monitoring and
evaluating these processes on state-of-the-art equipment [4–7], and monitoring chemical
changes in wood and wood adhesives and composites [8–11], are included. The topic of the
Special Issue has clearly resonated in the world’s scientific community and the traditional
response has come from strong wood research centers in Europe and Asia.

This Special Issue “New Challenges in Wood and Wood-Based Materials” follows up our
previous Special Issue “Application of Wood Composites” in Applied Sciences [12]. In the
first Special Issue, it turned out that wood and wood composite materials are engineered
materials with significant physical, mechanical, or chemical properties which predetermine
them for a whole range of uses, known or not yet discovered. Wood composites with
their outstanding properties have replaced some conventional materials in various fields
of applications. However, there is now a new and bolder goal: challenges. What are
challenges? Something that by its nature or character serves as a call to make a special
effort, a demand to explain or justify, or a difficulty in an undertaking that is stimulating to
one engaged in it. Is this possible within the basic or applied research dealing with wood
science and technology? The second Special Issue says quite clearly that we can also move
within such boundaries of areas.

The scientific goal of this publication is to provide the reader with new information
on recent practices in plywood research. Yes, plywood, as plywood is definitely back.
Towards the end of the 20th century and also the beginning of the 21st century, there
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was a clear decline in plywood research. However, its unexpected increase in produc-
tion and the expansion of its application also caused an increase in research activities.
This is also reflected in this Special Issue. The study [1] investigated the effect of phenol-
formaldehyde resin treatment on the weathering stability and biological durability of birch
plywood. Silver birch veneers were vacuum-pressure-impregnated with four different
phenol-formaldehyde resins with average molecular weights. The aging properties of
phenol-formaldehyde resin-modified birch plywood were analyzed using artificial weath-
ering with ultraviolet light, water spray, and weathering under outdoor conditions. The
same combinations of phenol-formaldehyde-treated plywood specimens were then tested
in soil-bed tests to determine their resistance against soft-rot wood decay. The weather-
ing stability of birch plywood treated with phenol-formaldehyde resins has been proven.
Results from unsterile soil-bed tests showed improvements in resistance to soft-rot wood
decay compared to untreated plywood and solid wood.

A remarkable challenge is the utilization of large-scale wood in existing additive
manufacturing techniques [2]. Wood-based materials in current additive manufacturing
feedstocks are primarily restricted to the micron scale. This study proposes an additive
manufacturing method—laser-cut veneer lamination—for wood-based product fabrica-
tion. Inspired by laminated manufacturing and common plywood technology, laser-cut
veneer lamination bonds wood veneers in a layer-upon-layer manner. As demonstrated by
printed samples, laser-cut veneer lamination was able to retain the advantageous qualities
of additive manufacturing, specifically, the ability to manufacture products with complex
geometries which would otherwise be impossible using subtractive manufacturing tech-
niques. Furthermore, laser-cut veneer lamination product structures designed through
adjusting internal voids and wood texture directionality could serve as material templates
or matrices for functional wood-based materials. Numerical analyses established relations
between the processing resolution of laser-cut veneer lamination and proportional veneer
thickness (layer height).

The third work on plywood research deals with three dimensionally molded plywood
formed parts [3]. They were prepared in two different geometries using cut-outs and
relief cuts in the areas of the highest deformation. The effect of flax fiber reinforcement
on the occurrence and position of cracks, delamination, maximum load capacity, and on
the modulus of elasticity was studied. The results show that designs with cut-outs are
to be preferred when molding complex geometries and that flax fiber reinforcement is a
promising way of increasing the load capacity and stiffness of plywood formed parts.

Wood and wood-based materials can be subject to combustion, and therefore research
into reducing their flammability requires long-term attention. This is also evident in this
Special Issue. The study [4] focuses on the energy potential and combustion process of
torrefied wood. Samples were prepared through the torrefaction of five types of wood:
ash, beech, oak, pine, and spruce. They were heated under a nitrogen atmosphere. The
samples enabled the investigation of torrefied wood combustion in a compact form. The
effect of the external heat flux on the combustion of the samples was measured using a
cone calorimeter. The observed parameters included initiation times, heat release rate, and
combustion efficiency. The results show that increasing the external heat flux decreases the
evenness of combustion of torrefied wood. At the same time, it increases the combustion
efficiency. The results are useful both for the energy production field and for fire safety risk
assessments of stored torrefied wood.

An experimental study of straw-based eco-panel using a small ignition initiator [5]
points to another fundamental problem. It is well known that straw, a natural cellulose-
based material, has become part of building elements and eco-panels, and compressed
straw in a cardboard casing is used as building insulation because of its excellent insulating
properties. If suitably fire-treated (insulation and covering), straw panels’ fire resistance
may be increased. This study deals with monitoring the behavior of eco-panels exposed
to a small ignition initiator (flame). The samples consisted of compressed straw boards
coated with cardboard. Samples were exposed to a flame for 5 and 10 min. The influence of
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the selected factors (size of the board, orientation of flame to the sample) was compared on
the basis of experimentally obtained data of mass loss. The results obtained do not show
a statistically significant influence of the position of the sample and the initiating source
(flame). The results presented in the paper confirm the justifiability of fire tests. As the
results of the experiments prove, the position of a small burner igniting such material is
also important. This weakness of the material can also be eliminated by design solutions in
their construction. The experiment on larger samples also confirmed the justifiability of
fire tests along with the need for flame retardancy of such a material for its safe application
in construction.

If we talk about the protection of wood-based materials against fire, this area clearly
includes oriented strand boards (OSBs). The experimental study of OSB ignition by radiant
heat fluxes [6] investigated the ability of materials to ignite when heated at elevated
temperatures. It depends on many factors such as the thermal properties of materials, the
ignition temperature, critical heat flux, and the environment. OSBs without any surface
treatment were used as experimental samples. The samples were gradually exposed to
a heat flux. The ignition times are similar for all OSB thicknesses. The influence of the
selected factors (thickness and distance from the heat source) was analyzed based on
the experimentally obtained data of ignition time and weight loss. The results show a
statistically significant effect of OSB thickness on ignition time.

The fire-technical properties of common woods such as spruce, oak, beech, etc. used in
different constructions and buildings have been given much attention, while less attention
has been paid to tropical woods as they represent more complex systems [13–15]. Selected
tropical wood species (cumaru, garapa, ipe, kempas, merbau) were tested from the point
of view of non-isothermal thermogravimetry [7]. For these tropical woods, a relationship
was established between non-isothermal thermogravimetry runs and the wood weight loss
under flame during cone calorimetry flammability testing. A correlation was found for the
rate constants for decomposition of wood found from thermogravimetry and the total time
of sample burning related to the initial mass. Non-isothermal thermogravimetry runs were
assumed to be composed of three theoretical runs, such as decomposition of the wood into
volatiles, oxidation of carbon residue, and the formation of ash. A fitting equation of three
processes was proposed and the resulting theoretical lines match experimental lines.

Other selected tropical woods (meranti, padauk) and merbau were tested from the
point of the view of their changes in wood lignin during the ThermoWood process [8].
Thermal modification is an environmentally friendly process in which technological prop-
erties of wood are modified using thermal energy without adding chemicals, the result
of which is a value-added product. Wood samples of three tropical wood species were
thermally treated according to the ThermoWood process at various temperatures (160, 180,
210 ◦C) and changes in isolated lignin were evaluated by nitrobenzene oxidation (NBO),
Fourier transform infrared spectroscopy (FTIR), and size exclusion chromatography (SEC).
New data on the lignins of the investigated wood species were obtained, e.g., syringyl to
guaiacyl ratio values. Higher temperatures cause a decrease in methoxyls and an increase
in C=O groups. Simultaneous degradation and condensation reactions in lignin occur
during thermal treatment, the latter prevailing at higher temperatures.

The chemical composition and morphological properties of Norway spruce wood and
bark were evaluated in [9]. The extractive, cellulose, hemicellulose, and lignin contents
were determined by wet chemistry methods. The dimensional characteristics of the fibers
(length and width) were measured by Fiber Tester. The results of the chemical analysis
of wood and bark show the differences between the trunk and top part, as well as in the
different heights of the trunk and in the cross section of the trunk. The biggest changes
were noticed between trunk bark and top bark. Fiber length and width depend on the part
of the tree, while the average of these properties is larger depending on the height. Both
wood and bark from the trunk contain a higher content of fine fibers and a lower content
of longer fibers compared to the top. During storage, a decrease in extractives occurred,
mainly in bark. Wood from the trunk retained very good durability in terms of chemical
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composition during the storage. In view of the morphological characteristics, a decrease in
both the average fiber length and width in wood and bark occurred.

The growing need for sustainable products and the stringent legislative requirements
related to the hazardous formaldehyde emissions from wood-based panels have boosted
scientific and industrial interest in the production of eco-friendly, wood-based panels
and optimal utilization of the available lignocellulosic materials [16–21]. The potential of
the production of eco-friendly, formaldehyde-free, high-density fiberboard (HDF) panels
from hardwood fibers bonded with urea-formaldehyde (UF) resin and a novel ammonium
lignosulfonate (ALS) is investigated in the paper [10]. HDF panels were fabricated in the
laboratory by applying a very low UF gluing factor (3%) and ALS content varying from 6%
to 10% (based on the dry fibers). The physical and mechanical properties of the fiberboard,
such as water absorption, thickness swelling, modulus of elasticity, bending strength, and
internal bond strength, as well as formaldehyde content, were determined in accordance
with the corresponding EU standards. The HDF panels exhibited very satisfactory physical
and mechanical properties, fully complying with the standard requirements of HDF for
use in load-bearing applications in humid conditions. Markedly, the formaldehyde content
of the laboratory-fabricated panels was extremely low, ranging from 0.7–1.0 mg/100 g, i.e.,
meeting the most stringent requirements of the super E0 emission grade (≤1.5 mg/100 g),
which allowed their classification as eco-friendly, low-emission, wood-based composites.

Last, but not least, the impact of wood waste on the mechanical and biological proper-
ties of silicone-based composites was investigated using wood waste from oak, hornbeam,
beech, and spruce trees [11]. The density, abrasion resistance, resilience, hardness, and
static tensile properties of the obtained wood–plastic composites were tested. The results
revealed slight changes in the density, increased abrasion resistance, decreased resilience,
increased hardness, and decreased strain at break and stress at break compared with
untreated silicone. The samples also showed no cytotoxicity to normal human dermal fi-
broblasts. The possibility of using the prepared composites as materials to create structures
on the seabed was also investigated by placing samples in a marine aquarium for one week
and then observing sea algal growth.

We would like to thank to our section managing editor of the section “Polymer Chem-
istry”, Chris Chen, for all his assistance and ongoing support throughout the publish-
ing process.

As the topic “New Challenges in Wood and Wood-Based Materials” is still relevant, i.e.,
there are emerging new challenges in wood and wood-based materials, it is understandable
that MDPI has already opened submissions to a new Special Issue “New Challenges in Wood
and Wood-Based Materials II” within the journal Polymers with the possibility of publishing
work on a new wide range of wood and wood composite material challenges. We will be
grateful for your further excellent scientific papers.
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Abstract: This study investigated the effect of phenol-formaldehyde (PF) resin treatment on the
weathering stability and biological durability of birch plywood. Silver birch (Betula pendula) veneers
were vacuum-pressure impregnated with four different PF resins with average molecular weights
(Mw) of 292 (resin A), 528 (resin B), 703 (resin C), and 884 g/mol (resin D). The aging properties of
PF resin modified birch plywood were analyzed using artificial weathering with ultraviolet (UV)
light, UV and water spray, and weathering under outdoor conditions. The same combinations of
PF-treated plywood specimens were then tested in soil-bed tests to determine their resistance against
soft-rot wood decay. It was not possible to compare weathering processes under artificial conditions
to processes under outdoor conditions. However, the weathering stability of birch plywood treated
with PF resins A, B, and C, scored better than plywood treated with commercial resin D (regardless
of solid content concentration [%]). Results from unsterile soil bed tests showed improvements in
resistance to soft-rot wood decay compared to untreated plywood and solid wood. Mass loss [%] was
lowest for birch plywood specimens treated with resin of highest solid content concentration (resin D,
20%). Provisional durability ratings delivered durability class (DC) ratings of 2–3, considerably
improved over untreated solid wood and untreated birch plywood (DC 5).

Keywords: birch plywood; molecular weight; phenol-formaldehyde resin; soft-rot; weathering stability

1. Introduction

Wood is increasingly being used for outdoor applications, yet it is still limited by
complex wood-water-ultraviolet (UV) light interactions. During weathering, wood is
cycling through wet and dry states, thus inducing repeated swelling and shrinkage and
generating tension stresses. Wood responds to these wetting-drying stresses through
creeping and surface cracking. Once the stresses exceed the fracture strength of wood, it
has a tendency to develop longer and deeper cracks at later stages [1]. These cyclic changes
in moisture content and dimensions are most pronounced at the wood surface, which is
directly exposed to rain, humidity and sunlight (UV and visible light). Moreover, UV light
exposure intensifies crack formation because photodegradation weakens the wood surface
and degrades its microstructure [2]. The presence of cracks and other defects is thus a major
drawback and may reduce its service life, market value and mechanical strength. These
defects also lead to increased water uptake, thus producing optimal moisture conditions
for wood-decay fungi to attack [3].

Silver birch (Betula pendula) plywood is widely used in construction, interior and
exterior decoration, vehicle construction, sports equipment, furniture, packaging materials,
and toy production. However, its application in outdoor, high humidity conditions is
limited due to poor biological durability (durability class 5 according to EN 350-1:2016 [4]).
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The effect of wood degrading fungi, humidity and UV light, essentially impair the technical
properties of plywood through weakening of the bonded veneers, which in-turn weaken
mechanical strength and deteriorate the surface finish. Moisture easily penetrates into
veneer layers, which causes swelling and characteristic waves on the plywood surface.
Water uptake potential can be decreased by covering the plywood with a hydrophobic
(water repelling) laminate. Melamine and phenolic resins are mostly used for the produc-
tion of resin laminates, which are subsequently hot-pressed onto one or both sides of the
finished plywood board surfaces. Coating plywood protects the top veneer layer from
direct contact with water and UV light, but when the upper laminate coating is damaged,
the inner veneer layers can swell, provoking noticeable surface failure and promoting
attack by biodegradation agents. Most wood species used for plywood production have
poor resistance to swelling, biodegradation and UV weathering under outdoor and high
humidity conditions. Therefore, when using plywood in conditions with high humidity,
where regular wetting is possible, it is necessary not only to cover it from the outside with
a hydrophobic laminate, but also to treat the single veneers constituting the entire plywood
board. Prolonging the service life of wood and wood-based products results in a positive
effect on greenhouse gas emissions by storing biomass carbon for longer periods [5].

Wood modification alters the material properties to a greater extent than preservative
treatment, and the magnitude of changes depends on the applied modification method [6].
Wood modification can simultaneously overcome several weaknesses of wood, such as
poor dimensional stability, low decay resistance, high equilibrium moisture content, and
aesthetical issues such as optical appearance can be diversified and enhanced. Wood
impregnated with most thermosetting resins causes changes in colour [7]. Compared to
untreated wood, acetylated wood [8,9], glutaraldehyde treated wood [10], DMDHEU-
and melamine- treated wood [7] exposed to accelerated or outdoor weathering develops
fewer cracks because of its improved dimensional stability. Surface discoloration (graying)
and crack development during longer exposure times is reduced, whereas in the case of
thermal treatment, the rate of graying and crack development is the same or even faster
than that of untreated wood [3,11]. In contrast, the phenol formaldehyde (PF) treated
boards remained darker, ranging from light brown to dark brown. PF resin turns wood
red-brown, due to differences in pH, because wood is acidic and resole PF resins are
alkaline [12]. This change in optical appearance depends on both the resin type and the
average molecular size of the PF resin oligomers used for treatment. PF resin acts as a UV
absorber for the photostabilization of wood [13]. PF resin is also an antioxidant, which
may also impact its ability to photostabilize wood [14]. Kielmann and Mai [15,16] have
concluded that the surface of PF-treated wood without a coating has improved resistance
against photodegradation compared to the surface of N-methylol melamine (NMM)-treated
wood because PF inhibits lignin degradation. The resistance of wood treated with low
molecular weight PF resin to weathering can be improved by increasing the concentration
of PF resin and by combining it with a water soluble hindered amine light stabilizer [17].
PF resins could be modified with ferric chloride and a mixture of ferric sulphate and
hydrolysable polyphenols to darken the colour of European beech wood (Fagus sylvatica L.)
and enhance colour stability [18]. Although a proper improvement in dimensional stability
and biological durability and a considerable reduction in water sorption are attained, the
appearance of the treated wood still undergoes considerable changes during weathering.
Therefore, over the past decade, the combined approach of coating chemically treated
wood has become an increasing point of interest as a way of increasing wood service life.

As mentioned, outdoor wooden components are subjected to a variety of biotic and
abiotic degradation factors. Additionally, wood used in soil contact is of particular risk due
to the permanent to semi-permanent presence of moisture [19]. Important considerations
for the successful proliferation of wood-decaying fungi include a carbon substrate, moisture,
temperature, and oxygen [20]. Various wood decaying fungi; brown-, white-, and soft-
rot fungi, can all be found on wood utilized in-ground, but these decay types can vary
significantly, not only in frequency and spatial distribution, but also in combinations from

8



Polymers 2021, 13, 175

one site to the next [21,22], and with decay progress [23]. Soft-rot seems to be able to
cope with high soil moisture content (MCsoil) better than brown- and white-rot fungi, and
continues to remain active over a broader temperature range (Tsoil) compared to brown-
and white-rot fungi [21,24,25].

In the pursuit of new techniques for improved wood protection, a rapid assessment of
the technique’s effectiveness can be attained through laboratory tests. Such tests deliver
results quickly and thus form the basis for the decision for further test steps. It is of the
greatest interest that the predictions obtained from these tests can be transferred to practice
(field tests) with a high degree of certainty. One possibility to better assess the risk factors
that determine wood degradation when used in contact with soil is to test the wood
in-field and in contact with soil. This test in an option when assessing the behavior of
wood preservatives by DIN EN 252:2015 [26]. However, depending on the duration and
characteristics of the vegetation periods, it may take several years before results from this
type of test are available. Since this method requires a lot of time, the use of pure-culture
basidiomycete tests such as CEN/TS 15083-1:2005 [27] and unsterile soil bed tests such
as CEN/TS 15083-2:2005 [28] under controlled laboratory conditions are often employed.
The results from these tests are designed to complement each other in combination with
longer-term field tests using specimens of larger dimension. Newly developed wood
preservative and modification techniques can therefore be tested to deliver preliminary
durability ratings.

This study compared the color changes of a developed birch plywood modified with
different PF resins after weathering under artificial conditions with UV light only, and
UV light and water spraying, and under real outdoor conditions. Additionally, so called
terrestrial microcosms (TMC) consisting of unsterile organic soil were used to test the
resistance of the developed birch plywood against wood decay by soft-rot fungi. This
study impregnated birch wood veneers with PF resin solutions of different solid content
concentrations and PF oligomer sizes, to understand the effect on dimensional stability,
weathering performance, and biological durability. Theoretically, the photostability and
resistance to wood decaying fungi of the wood material treated with low molecular weight
PF resins should be improved. Also, increasing the concentration of PF resin should
improve the weathering and biological durability of the treated wooden material. Criteria
for birch veneer treatment was based on minimum WPG requirements to achieve the
maximum improvement in properties, therefore to limit PF resin load in the wood material.

2. Materials and Methods
2.1. Weathering Stability Test
2.1.1. PF Resin Synthesis

For the synthesis of resin A, B, and C, phenol was hydroxymethylated under alkaline
reaction conditions, whereby the molar ratio of formaldehyde/phenol/sodium hydroxide
was 2.0/1.0/0.2. During the synthesis of each resin, a measured amount of phenol and
aqueous sodium hydroxide solution was weighed out in a 4-neck laboratory reactor (1 L)
equipped with a thermometer, dropping funnel, reflux condenser and stirrer. Some ethanol
was also added in order to maintain a homogeneous reaction. The 4-neck reactor was
submerged in a thermostatic water-bath. As soon as the temperature in the flask reached
the necessary synthesis temperature, the aqueous formaldehyde solution was added slowly
via a drip over a 25–30 min period. The reaction temperature (65, 75, 85 ◦C) was kept
constant during the entire reaction period (2 and 4 h). The resol synthesis was ended
by cooling the reactor with cold running water and allowing the resol to cool down to
20 ± 3 ◦C. Resin D was provided by Prefere Resins Germany GmbH (Erkner, Germany).
The different characteristic parameters of the synthesized PF resins are listed in Table 1.
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Table 1. Characteristic parameters of PF resins used in the study.

Resin Viscosity
(mPas)

Solid
Content

(%)

Mn
(g/mol)

Mw
(g/mol)

Dispersity
Q = (Mw/Mn)

Free
Formaldehyde

(%)
pH

A 75 49.4 220 292 1.327 0.6 10.0
B 125 50.0 338 528 1.562 0.4 10.3
C 282 49.7 467 884 1.892 0.5 10.4
D 216 55.9 414 703 1.698 <0.8 9.4

2.1.2. Resin Characterisation

The dynamic viscosity of liquid PF resins was determined by a Fungilab Viscolead Adv
meter (Fungilab S.A., Barcelona, Spain) equipped with a suitable spindle. The non-volatiles
content (solid content) was determined according to DIN EN ISO 3251:2019 [29]. The pH
value was determined using a digital pH meter (GPH 114 Greisinger, Regenstauf, Germany)
by inserting the pH meter electrode into the PF resins. The pH meter was calibrated with
buffer solutions at pH 4.0 and 10.0 prior pH measurements. Free formaldehyde content
was determined by the hydroxylamine hydrochloride method according to DIN EN ISO
9397:1997 [30].

For gel permeation chromatography (GPC) analysis, a 1260 Infinity system (degasser,
isocratic pump, automatic liquid sampler, heatable column compartment, RID, MWD @
280 nm, Agilent (Santa Clara, CA, USA) was used, where: column: 3 × PLgel 5 µ (50 Å,
100 Å, 1000 Å), 7.5 × 300 mm; solvent: tetrahydrofuran (THF); flow rate: 0.6 mL/min; flow
rate marker: acetone; calibration: polystyrene standard.

Approximately 40 mg of resin was dissolved in 5 mL of THF. If the resin did not
completely dissolve, it was sonicated with slow addition of H2SO4 (5% in methanol) until
neutral. If the resin was dissolved, but precipitate from additives (such as salts) remained,
the mixture was filtered with a syringe filter.

2.1.3. Treatment of Veneer Material

Air-dried veneer sheets of silver birch wood (300 × 300 × 1.5 mm3 and 400 × 400 ×
1.5 mm3 L × R × T) were prepared for impregnation. Oven-dry mass was determined after
drying at 103 ± 2 ◦C for 24 h. Previous experiments suggested that treatment of birch wood
with commercial PF resin solutions of 10% concentration delivered weight percentage
gain (WPG) of 9–12%, which subsequently improved dimensional stability and allowed
for a provisional durability class (DC) rating of 1 against decay fungi [31,32]. Veneers
(300 × 300 × 1.5 mm3) were conditioned to 5–6% moisture content and impregnated with
10% solid content concentration solutions of PF resins A, B, and C. Impregnation was
carried in a 340-litre chamber produced by Wood Treatment Technology (WTT, Grindsted,
Denmark). Veneers (n = 40) were placed in a tub filled with the resin solution. The veneers
were prevented from floating using a mesh grid and heavy weight. Impregnation was
carried out in two steps. The first, vacuum step (1 h, 0.1 bar of pressure), was used to
ensure the free air was purged from the specimens. The chamber was then pressurized
to ensure sufficient diffusion of the PF oligomers into the wood cell walls (1 h, 4 bars of
pressure). The veneers were then removed from the impregnation chamber and measured
for solution uptake. The remaining resin solution was drained from the tub and the veneers
were positioned vertically to allow excess resin solution to drip off. After impregnation,
veneers were oven dried to 4–6% moisture content, with moderate air circulation and air
exchange for 72 h using incrementally rising temperature intervals from 30–50 ◦C. A subset
of PF resin impregnated veneers from each resin impregnation treatment was measured
for WPG. These veneers were cured at 140 ◦C for 1 h. The WPG was calculated to assess
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the amount of PF resin in the veneers. The average WPG was calculated for each treatment
according to Equation (1) below:

WPG =
(M1 − M2)

M2
× 100 (1)

where:

• WPG is the weight percentage gain [%];
• M1 is the oven-dried mass of the modified wood specimens [g];
• M2 is the oven dry mass of the unmodified wood specimens [g].

Commercial resin D was used to evaluate the behaviour of different loading of PF
resin in veneers. Therefore, before being used for impregnation, the stock solution of the
PF resins D was diluted with distilled water to 10, 15 and 20% solid content concentration.
Veneers (400 × 400 × 1.5 mm3) were conditioned to 5–6% moisture content and impreg-
nated with PF resin solutions in a 1000-litre impregnation chamber at the University of
Göttingen. The impregnation and drying parameters were set the same as for veneers of
300 × 300 × 1.5 mm3. The WPG was calculated to assess the amount of PF resin in the
veneers. Veneer WPG after impregnation and curing for both veneer dimensions is shown
in Table 2 below.

Table 2. Veneer WPG after treatment with PF resin solutions.

Resin
Treatment A 10% B 10% C 10% D 10% D 15% D 20%

WPG (%) 14.6 ± 1.8 13.2 ± 1.6 13.9 ± 1.5 12.5 ± 1.0 19.9 ± 3.3 27.5 ± 1.8

2.1.4. Plywood Production

Standard PF adhesive (sourced from plywood industry partners) was applied to
the veneer sheets in preparation for pressing into plywood (nine layers). PF adhesive
viscosity was 380 mPas, solid content 44.5%, free formaldehyde content <1% and pH 12.6.
A quantity of 150 g/m2 was applied to one surface of eight of the nine plywood sheets
constituting a 9-layer plywood board. After adhesive application, veneers were pre-dried
at room temperature for 15 min (adhesive open time) before assembling nine individual
veneer sheets in a crosswise, perpendicular fashion in preparation for pressing. Assembled
sheets were then pressed in a hot press (Joos LAP 40, Gottfried Joos Maschinenfabrik GmbH
& Co. KG, Pfalzgrafenweiler, Germany) at 140 ◦C and 1.5 N/mm2 for 20 min (90 s/mm)
to deliver a plywood board with thickness of approximately 11 mm. Thereafter specimens
were prepared for artificial weathering, outdoor weathering and unsterile soil-bed tests with
dimensions of 150 × 70 × 11 mm3, 110 × 40 × 11 mm3 and 100 × 10 × 11 mm3, respectively.

2.1.5. Artificial Weathering Tests

Artificial weathering tests were performed in a QUV accelerated weathering tester,
(Q-Lab Europe, Ltd., Farnworth Bolton, England) equipped with UVA-340 type fluorescent
lamps. Three plywood specimens (150 × 70 × 11 mm3) were used for each resin treatment.
The lamps provided a good simulation of sunlight in the short wavelength region; from
295 nm to 365 nm, with a peak emission at 340 nm. The UV radiation flux density at 340 nm
was 0.89 W/m2 and the chamber temperature throughout the test was kept constant at
60 ◦C. The intensity of the full UV spectrum’s (290–400 nm) irradiation was 21.5 W/m2. In
the study, two different artificial weathering tests were carried out. The first test involved
only UV irradiation. This test was regularly suspended to measure the change in colour of
the specimens. The total duration of the test was 360 h. The second artificial weathering
test involved both UV irradiation and water spray. The test involved the following steps;
2.5 h of UV radiation at the same conditions as described earlier, followed by 30 min of
water spray. In total, 60 cycles were preformed to reach an exposure time of 180 h from
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which 150 h accounted for UV irradiation. Colour measurements after both weathering
methods was performed.

2.1.6. Surface Colour Measurements

Colour of the specimens was measured with a CM-2500d spectrophotometer (Kon-
ica Minolta, Ramsey, NJ 07446, USA) and expressed according to the CIELAB three-
dimensional colour system. On each of the specimen, five locations were randomly chosen
and marked. For the marked locations, the colour was measured before and after the
weathering tests as well as during the test after 2, 4, 8, 16, 24, 48, 120, 192, 264 and 360 h.
The colour was measured to evaluate the discolouration caused by weathering. The total
colour change ∆Eab was calculated according to the Equation (2) below. L* is a lightness
parameter, a* is a chromaticity parameter which represents red-green coordinates and b* is
a chromaticity parameter which represents yellow-blue coordinates:

∆Eab =

√
(L∗

x − L∗
o)

2 + (a∗x − a∗o)
2 + (b∗

x − b∗
o)

2 (2)

where:

• L∗
o, a∗o, b∗

o is the value on coordinate axis for the specific parameter at the beginning;
• L∗

x, a∗x, b∗
x is value on coordinate axis for the specific parameter after weathering.

2.1.7. Outdoor Weathering and Fungal Tests

Six replicates of all PF resin treated plywood with dimensions of 110 × 40 × 11 mm3,
along with untreated specimens, were used. For half of the specimens (3 from each
impregnation treatment), the side edges were coated with urethane alkyd paint (brushed
on application, three coats). According to EN 152:2011 [33], the samples were placed in an
aluminium rack at 45◦, one meter above the ground, facing the south direction with most
severe weather conditions. Microorganisms were allowed to attack the specimens. The test
site in the courtyard of Latvian State Institute of Wood Chemistry (Riga, Latvia) was free
of vegetation, shade and extreme environmental conditions. The test lasted for 3 months,
from 19 June to 21 September 2020 and weather data are listed in Table 3.

Table 3. Weather data for the outdoor, aboveground weathering test site for the 3-month test period
obtained from ©weatheronline.co.uk.

Month Mean Rainfall
[mm]

Min–Max
Temperature Range

[◦C]

Relative Humidity
Range [%]

UV Index
Range

June 2020 5 15–30 50–80 6–7
July 2020 6 10–28 55–90 5–6

August 2020 12 11–28 55–90 4–5
September 2020 12 7–24 55–90 2–4

Mould and blue stain growth was evaluated once per month by stereomicroscopy (M8,
Leica, Wetzlar, Germany) and digital photography (2 MB) according to the rating scale 0–4:
0—clean, 0% attack; 1—trace, ≤5% growth; 2—slight, 6–25% growth; 3—medium, 26–50%
growth; 4—severe, >50% growth. Colour change measurements were also performed once
per month.

2.2. Unsterile Soil-Bed Test: Resistance against Soft-Rot Wood Decay

Terrestrial microcosms (TMCs) in accordance with CEN/TS 15083-2:2005 were utilised
to test the resistance of the developed plywood material against soft-rot wood decay. The
standard stipulates that a natural topsoil or a fertile loam-based horticultural soil substrate
is used, with pH 6–8, and no additives. The soil should have a WHCsoil of 20–60%, MCsoil
equal to 95%WHCsoil, and the test should be conducted in a dark, climate-controlled room
set to a temperature of 27 ◦C and relative humidity of 65%.
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2.2.1. Soil Substrate

The soil substrate was a horticultural compost produced at the forest botanical garden
at the University of Göttingen’s North Campus. The compost comprised of fallen leaves
and cuttings from grass and trees. Soil was passed through a sieve with nominal aperture
size of 8.5 mm. WHCsoil was then determined according to the ‘cylinder sand bath method’
according to ISO 11268-2:2012 [34]. The test deviated from the standard in that no silica
sand was added to the soil in order to reduce the soil’s water-holding capacity. Silica sand
acts to standardize and reduce the soil’s inoculum potential to attain reproduceable wood
decay results which serves as a provisional durability rating.

2.2.2. Determination of the Soil-Water Holding Capacity (WHCsoil)

Soil was inserted into polyethylene cylinders 10 cm long with 4 cm diameter. The
bottoms of the cylinders were covered with a fine polymer grid and filter paper (MN 640 W
70 mm). All cylinders were filled with soil to a height of 5–7 cm and saturated in an 8 cm
high water bath for 3 h. After the saturation period, the cylinders were placed on a water
saturated sand bath for 2 h to allow unbound water within the soil-filled cylinders to drain
to reach the equivalent of field capacity. The soil samples were then weighed wet, as well
as after oven-drying at 103 ± 2 ◦C for 24 h. WHCsoil [%] was calculated according to
Equation (3) below. The compost soil batch deliver WHCsoil of 105%:

WHCsoil =

(
ms − m0

m0

)
× 100 (3)

where:

• WHCsoil is the soil water-holding capacity [%];
• ms is the saturated soil mass [g];
• m0 is the oven-dry soil mass [g].

2.2.3. Determination of the Soil Moisture Content (MCsoil)

In order to ensure an equal quantity of soil was used across all TMC boxes, mea-
surements of soil moisture content (MCsoil) were used. The soil quantity decided on for
all TMC boxes was based on the based on the oven-dry mass of the soil [g], and was
dependent on the box’s dimension. Each TMC box was filled to ensure a soil height of
approximately 12 cm, to this end the oven-dry soil mass decided on for all TMC boxes
amounted to 6000 g. The plastic TMC boxes were initially weighed in dry, empty state.
Then, TMCs were over-filled with soil (i.e., >12 cm in height), with the box (including soil)
weighed again to calculate the mass [g] of the soil component added to the box. Five MCsoil
samples of 50 g each were then taken from multiple locations throughout the TMC box to
ensure an average, but homogenously distributed MCsoil measurement was attained. Soil
samples were weighed to the nearest 0.001 g, oven-dried at 103 ◦C for 24 h, and weighed
again. MCsoil was calculated according to Equation (4) below. Once a representative MCsoil
measurement was attained, a rearrangement of Equation (4) below was carried out to
calculate the quantity of ‘wet soil’ (mw) required to be removed from the TMC box to attain
6000 g of oven-dry soil (m0):

MCsoil =

(
mw − m0

m0

)
× 100 (4)

where:

• MCsoil is the soil moisture content [%];
• mw is the wet soil mass [g];
• m0 is the oven-dry soil mass [g].
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2.2.4. Preparation of Soil Substrates to Reach Target Soil Moisture Content (MCsoil,target)

Once 6000 g of oven-dry soil was filled into each of the six TMC boxes, MCsoil for
each TMC was set to equal 95% of the measured WHCsoil, expressed as 95%WHCsoil. In
order to understand the quantity of distilled water required to reach the MCsoil equal
to 95%WHCsoil, a target soil moisture metric MCsoil,target [%] was defined. Equation (5)
below was used to calculate the mass [g] in distilled water required to add to the soil
mixture to reach MCsoil,target. Distilled water was subsequently added to each of the TMCs
to reach MCsoil,target. To account for losses in MCsoil resulting from fungal activity and
evaporation, rewetting to MCsoil,target occurred once per week throughout the 24-week
incubation period:

mwater =

(MCsoil,target − MCsoil,current

100

)
× mtotal,dry (5)

where:

• mwater is the mass of distilled water to add to the soil mixture [g];
• MCsoil,target is the target soil moisture content [%];
• MCsoil,current is the current moisture content of the soil mixture before adding any

additional water [%];
• mtotal,dry is the oven-dry mass of the total soil mixture [g].

2.2.5. Preparation and Exposure of Wood Specimens

As already mentioned, some aspects of this TMC test against soft-rot wood decay
deviated from the standard CEN/TS 15083-2:2005 [28]. One deviation was the inoculum
aggressiveness of the soil material used, the other deviation, which also influenced the
decision to use a more aggressive soil was the specimen dimension. Plywood boards of
birch with nine veneer layers were prepared. The final height (thickness) of the 9-layer
plywood boards amounted to 11.5 mm. Thereafter, individual specimens were prepared
from the larger plywood boards to final dimensions of 10 × 11.5 × 100 mm3.

Before specimens were prepared from the larger plywood boards, the boards were
conditioned to wood moisture content (MCwood) of 12 ± 2%. MCwood was tested using a
2-pronged electrical resistance moisture content measuring device. Specimens were then
prepared from strips of the boards, with a cross-section of 10 ± 0.1 mm × 11.5 ± 0.1 mm
(board thickness). Transverse cuts of the cross-section delivered sharp edges and a fine-
sawn finish to the end-grain surface, with a final specimen length of 100 ± 1 mm. All
specimens were free from obvious defects such as cracks, decay and discolouration.

After specimen preparation, all specimens were oven-dried at 103 ◦C for 24 h and
weighed for oven-dry mass to the nearest 0.001 g. Prior to soil exposure, all specimens were
again conditioned to MCwood of 12 ± 2% (confirmed by Equation (6) and buried 4/5 of their
length into the soil substrate with 38 specimens per TMC box. For control (plywood, birch
and beech solid wood) 30 replicate specimens were used with three specimen removal
intervals (16, 20, 24 weeks). For each PF-treated plywood type 20 replicate specimens
were used, with two specimen removal intervals (16 and 24 weeks). After soil exposure,
specimens were removed, cleaned of remaining soil and again oven-dried at 103 ◦C for 24 h.
Specimens were then weighed again to the nearest 0.001 g with oven-dry wood mass loss
(MLwood) calculated according to Equation (7) below. Mean MLwood and standard deviation
of mean MLwood was calculated according to Equation (8) and Equation (9) below:

MCwood =

(
m3 − m2

m2

)
× 100 (6)

where:

• MCwood is the wood moisture content, [%];
• m3 is the wood specimen’s mass after TMC exposure, [g];
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• m2 is the wood specimen’s oven-dry mass after TMC exposure, [g].

Oven-dry mass loss (MLwood) of wood was calculated according to Equation (7) below:

MLwood =

(
m1 − m2

m1

)
× 100 (7)

where:

• MLwood is the wood specimen’s oven-dry mass loss [%];
• m1 is the wood specimen’s oven-dry mass before TMC exposure [g];
• m2 is the wood specimen’s oven-dry mass after TMC exposure [g].

Mean MLwood was calculated according to Equation (8) below:

mean MLwood =
1
n

n

∑
i=1

xi (8)

where:

• mean MLwood is the arithmetic mean of the oven-dry mass loss of the sample population;
• xi is the oven-dry mass loss (MLwood) of each individual wood specimen in the sample

population;
• n is the total number of wood specimens in the sample population.

Standard deviation of mean MLwood was calculated according to Equation (9) below.

s =

√√√√∑n
i=1

(
xi −

−
x
)

n − 1
(9)

where:

• s is the standard deviation of the sample population;
• xi is the oven-dry mass loss (MLwood) of each individual wood specimen in the sample

population;

• −
x the mean oven-dry wood mass loss (mean MLwood) of the sample population [g];

• n is the total number of wood specimens in the sample population.

2.2.6. Calculation of x-Value towards Provisional Durability Rating

According to CEN/TS 15083-2:2005 [28], the percentage oven-dry mass loss of the
tested wood specimens is used to determine the resistance of hardwood test timbers to
wood decay by soft-rotting fungi. The calculation of the x value based on the median
oven-dry mass loss of the treated test specimens and the untreated reference specimens is
used to define a provisional durability class (DC) rating. However, DC ratings do not equal
use class ratings (like those covered in EN 335:2013 [35]. Use classes, and the combination
of use classes and DC to assess wood suitability for a particular application are addressed
in EN 460:1994 [36] and prEN 460:2019 [37], respectively. Equation (10) below was used to
calculate the x value:

x =
median MLwood of the various treated test specimen group

median MLwood of reference test specimens
(10)

where:

• x is the x value used for interpretation in a provisional durability rating scale;
• MLwood is the oven-dry mass loss of the relevant wood specimen.
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3. Results and Discussion
3.1. Artificial Weathering (UV Only)

There is a demand among end users for new plywood products with predictable,
long-term aesthetic properties. Plywood products with improved colour stability naturally
have an advantage over competitors. In order to evaluate how UV radiation affects the
PF resin treated plywood developed in this study, colour parameters were evaluated at
different exposure intervals. The results presented in Figure 1 show the colour parameters
of PF treated and untreated birch plywood after UV weathering of 360 h. Both the untreated
controls and the plywood treated with PF resin became darker after UV weathering (de-
creasing ∆L*), and this effect was more pronounced for plywood treated with commercial
resin D (Mw = 703 g/mol) at all tested concentrations (Figure 1a). This is also clearly seen
in the specimen photos after UV weathering (Figure 4: UV only).
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Figure 1. Changes in colour of untreated (UNT) and PF resin treated plywood after exposure to UV light during 360 h
in QUV camera: (a) Changes in the CIE parameter ∆L* (lightness); (b) Changes in the CIE parameter ∆a (red-green);
(c) Changes in the CIE parameter ∆b (yellow-blue); (d) colour difference parameter ∆Eab.

Untreated and PF resin treated plywood became redder during UV weathering (in-
creasing ∆a). The change in red colour parameter was minimal for resin B (Mw = 528 g/mol)
while resin A and B (Mw = 292 and 884 g/mol) had similar changes compared to the un-
treated plywood. Resin D (Mw = 703 g/mol) treated plywood at all tested concentrations
had the highest changes in redness parameter (Figure 1b).

For all PF treated specimens, the yellowness (∆b) parameter increased similarly to
between 11 and 13 units after 360 h, while untreated plywood became less yellow after UV
weathering reaching 9 units after 360 h of exposure (Figure 1c).
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The total colour change (Figure 1d: ∆Eab) for all PF treated plywood specimens
was between 12 and 18 units after 360 h of exposure. Resins A, B and C (Mw = 292, 528
and 884 g/mol) had lower ∆Eab values (12–13 units) compared to commercial resin D
(Mw = 703 g/mol), at all tested concentrations (15–18 units). Resin D-treated plywood
did not show major differences in colour change between different concentrations, D15
showing the highest colour difference. For all PF-treated specimens, colour changes
under the influence of UV light occured most rapidly in the first 24 h, after which the
rate of change slowed down considerably. For untreated plywood, the change in colour
parameters reached a maximum during the first 48 h and then decreased slightly further
during the testing period.

3.2. Artificial Weathering (UV + Water Spray)

In order to recreate so called ”real-life” conditions, artificial weathering using a
combination of UV radiation and moisture spraying was used. Moisture spraying recreated
the effect of rain, mist and dew. Results presented in Figure 2 show colour parameters of
PF treated and untreated birch plywood after UV weathering and water spraying, after a
total test time of 1000 h.
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Figure 2. Changes in colour of untreated (UNT) and PF resin treated plywood after exposure to UV
light and water spray after 1000 h in QUV camera: (a) Changes in the CIE parameter L* (lightness);
(b) Changes in the CIE parameter a* (red-green); (c) Changes in the CIE parameter b* (yellow-blue);
(d) Colour difference parameter ∆Eab.

After 100 h of UV weathering and water spraying, plywood treated with PF resin
as well as untreated plywood controls became darker (L* decreased) compared to un-
weathered reference specimens. For PF resin-treated specimens, lightness decreased by
15–27 units, but for untreated plywood by only 6 units (Figure 2a). For untreated plywood
after UV and water spraying, the redness parameter (a*) decreased by 3 units and yellow-
ness (b*) by 10 units (Figure 2b,c). For plywood treated with resins A and B (Mw = 292,
528 g/mol), the redness and yellowness parameters were affected negligibly, while for
resin C (Mw = 884 g/mol) only yellowness decreased. For plywood treated with resin D
(Mw = 703 g/mol), redness increased by 2–6 units at all concentrations, while yellowness
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was only affected for 10 and 15% solid content concentration treatments (b* decreased by
5–6 units). The smallest changes in colour (∆Eab) after UV + water spray were observed
for untreated plywood (13 units), for resins A, B and C, the changes reached 17–19 units,
but the largest changes (23–28 units) were for resin D treated specimens at all tested con-
centrations (Figure 2d). A similar trend was observed for total colour change after only
UV weathering.

Visual assessment of the specimens showed that the untreated plywood turned gray
with surface cracking after 1000 h of UV and water spraying. All PF resin treated specimens
acquired an uneven brownish colour with some shades of grey that differed considerably
from the original colour of the specimens prior to weathering (Figure 4: UV + water spray).
As a result of UV light and water spraying, PF resin that was not fixed within the wood
cell wall leached to the plywood surface, causing uneven discolouration patterns during
simulated weathering. Kielmann and Mai [15] have tested PF treated (25% (w/w) aqueous
solution) beech (Fagus sylvatica L.) wood boards with and without coatings. After UV
and water spray PF treated beech surface became darker brown, however the total colour
difference (∆Eab) for PF treated wood was similar to untreated wood reaching 25–30 units.

Our data after artificial weathering with only UV light and then with UV and water
spraying contradicted general information available in literature that suggests treatment
with PF resin significantly improves the colour stability of the wood material [9,15–18].
Data obtained in this study shows that the total colour difference of PF treated specimens
is similar (in case of only UV weathering) or even greater than that of untreated plywood.

3.3. Weathering under Outdoor Conditions

Real, outdoor conditions test the ability of a material to resist weathering and dis-
colouration processes most accurately. Therefore, untreated and PF resin treated plywood
was also tested outdoors. The results presented in Figure 3 show colour parameters of PF
resin treated and untreated birch plywood after 3 months of weathering in real, outdoor con-
ditions. Here, both untreated and PF resin-treated plywood became darker (L* decreased)
after weathering. For PF-treated specimens, lightness decreased by 5–17 units, while for
untreated plywood, lightness decreased by 23 units (Figure 3a). For untreated plywood
after outdoor exposure, the redness parameter (a*) decreased by 4 units and yellowness
(b*) by 13 units, with an overall grey discolouration. For plywood specimens treated with
PF resins A, B and C (Mw = 292, 528 and 884 g/mol), redness decreased by 3–5 units and
yellowness by 5–6 units. For all specimens treated with resin D (Mw = 703 g/mol), the
opposite tendency was observed and redness increase was 1–3 units while yellowness
2–5 units (Figure 3b,c). As a result, the largest changes in colour (∆Eab) after outdoor
weathering were found for untreated plywood (26 units). For resins A, B and C, the colour
changes reached approximately 10 units, but for specimens treated with resin D at all con-
centrations, the changes reached 12–18 units (Figure 3d). Comparable results were obtained
by Evans et al. [17], who exposed PF treated radiata pine veneers in outdoor weathering
for 2000 h. They concluded that higher resin loading in wood causes higher total colour
changes after weathering. Only 10% of PF solution treated specimens showed lower total
colour difference (∆Eab) compared to untreated wood while 20 and 30% treatments had
similar values.

Under outdoor weathering conditions, PF resin-treated plywood specimens showed
considerably better colour stability than untreated plywood compared to artificial condi-
tions. This suggests that artificial weathering data do not reflect the actual properties of the
material in real-use conditions.

After three months of outdoor exposure, untreated plywood specimens turned grey
with surface cracking as well as mould and blue stain fungal growth (Figure 4: Outdoor
weathering). Specimens treated with PF resins A, B and C also show cracks, mould and
blue stain on the surface after outdoor exposure. However, their intensity was lower and
the total colour change was less pronounced. Resin D treated specimens (all solid content
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concentrations) changed colour the most. Mould and blue stain fungal growth developed
within surface cracks.
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Figure 3. Changes in colour of untreated (UNT) and PF resin treated plywood after exposure to
outdoor conditions for 3 months: (a) Changes in the CIE parameter L* (lightness); (b) Changes in
the CIE parameter a* (red-green); (c) Changes in the CIE parameter b* (yellow-blue); (d) Colour
difference parameter ∆Eab.
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3.4. Growth of Wood Discolouring Fungi on PF Treated Plywood

In outdoor aboveground conditions, wood materials are affected not only by abiotic
natural weathering through UV radiation and moisture, but also though biotic damage
caused by fungi and mould growth. Other anthropogenic sources, such as air pollution, can
also deteriorate the surface appearance of wood. Table 4 below shows the growth rate of
mould and blue stain fungi on PF resin treated plywood and untreated reference plywood
throughout the 3-month outdoor exposure period. After one month, no fungal growth was
observed on tested specimens. The first signs of fungal growth on PF treated plywood
appeared after 2 months (rated 1–3) of outdoor exposure. After 2 months more than 50%
of the untreated plywood surfaces were colonised by fungi (rated 4). After 3 months all
PF resin D (Mw = 703 g/mol) treated specimens reached rating 4 (severe growth >50%).
Higher resin loading for 15 and 20% treated specimens seemed to show no protective effect
against mould and blue stain on the plywood surface.

Table 4. Mould and blue stain growth marks on PF resin treated plywood in outdoor, aboveground
conditions tested according to EN 152:2011 [33].

Time (Months)
Resin Treatment

Untreated A B C D 10% D 15% D 20%

Coated
edges

1 0.0 0.0 0.0 0.0 0.0 0.0 0.0
2 4.0 3.0 2.0 2.0 2.0 2.0 2.0
3 4.0 4.0 3.7 3.7 4.0 4.0 4.0

Uncoated
edges

1 0.0 0.0 0.0 0.0 0.0 0.0 0.0
2 4.0 2.0 1.0 2.0 2.0 2.0 2.0
3 4.0 3.3 3.3 3.0 4.0 4.0 4.0

All PF-treated specimens reached a rating of 3–4 (medium growth 26–50% to severe
growth >50%) after 3 months. However, the best results were shown by specimens im-
pregnated with resins B and C (Mw = 528 and 884 g/mol), for which the colour marks
rated 3–3.7.

Specimens treated with resin A, B and C (Mw = 292, 528 and 884 g/mol) with coated
edges showed greater mould and blue stain growth after 2 and 3 months. Such a tendency
was not observed with the specimens treated with resin D at all tested concentrations. In our
opinion, this is due to the fact that the specimens with coated edges after wetting under
the influence of rain dried up much slower, thus creating a more favourable environment
for the development of mould and blue stain. However, the moisture content in specimens
during outdoor test was not measured and it is difficult to confirm this assertion. Our data
testify that resins A, B and C are relatively well penetrated and fixed in the birch wood cell
wall and WPG after leaching decreases by 1.5–2.0% (unpublished results). Maybe this might
be attributed to different unfixed PF resin part leaching during interaction with water.

PF resin-treated plywood did not considerably lower growth rate of mould and blue
stain compared to untreated plywood. However, we observed that mould and blue stain
on the surface of PF resin treated plywood show a weaker colouration, resulting in a
lower total colour change compared to untreated plywood (Figure 4 above). Surprisingly,
treatment with 15 and 20% resin D solutions did not provide better surface protection for
plywood against mould and blue stain. This was most likely due to the number of surface
cracks that developed during the test period. All PF resin D treated specimens were more
cracked compared to PF resin A, B and C treated specimens.

3.5. Resistance Against Soft-Rot in Unsterile Soil-Bed Test

Figure 5 below shows the mean MLwood and standard deviation of the untreated
plywood, birch and beech solid wood and PF-treated plywood specimens. For untreated
birch plywood, beech solid wood and birch solid wood specimens, measurements of
MLwood were performed after 16, 20 and 24 weeks of incubation. Due to limitations in the
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number of treated test specimens, PF resin treated specimens were only removed after 16
and 24 weeks of incubation. For all control specimens, MLwood increased almost as a linear
function within the test period. Among the control specimens, the highest MLwood range
attained was for birch solid wood (26–38%), following with beech solid wood (22–34%),
while the lowest was birch plywood (20–30%).
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D20 0.14 0.15 0.17 0.11 0.12 0.14 

Figure 5. Oven-dry mass loss (MLwood) [%] and standard deviation [%] of PF resin impregnated
plywood material as well as commercially produced untreated plywood and solid wood after
16–24 weeks of incubation in unsterile soil.

The PF resin-treated plywood specimens showed a considerably reduced MLwood
compared to untreated references. The lowest MLwood attained was for specimens treated
with 10% solid content concentration of PF resins A and D (Mw = 292 and 703 g/mol),
showing MLwood of 4.8–7.6% and 5.3–7.8%, respectively. Specimens treated with resins B
and C showed MLwood of 6.0–9.4% and 7.6–11.4%, respectively. For laboratory prepared
resin A, B, and C (Mw = 292,528 and 884 g/mol), a clear trend could be identified—use
of higher molecular mass resins for veneer treatment caused higher MLwood of plywood
after exposure to unsterile soil. Specimens treated with commercially acquired resin D
(Mw = 703 g/mol) at 10% solid content concentration did not fit into this trend since it
showed lower MLwood compared to PF resin B and C specimens treated at the same 10%
solid content concentration. However, the assumption that an increase of resin loading in
wood improves resistance against soft-rot was confirmed. The best results were shown
by specimens treated with 15 and 20% solid content concentration solutions of PF resin D,
with MLwood of 3.7–5.1% and 3.4–4.1%, respectively.

x-Value towards Provisional Durability Rating

After 16 weeks of incubation, sufficient mean MLwood (20%) of 10 reference specimens
was reached for all reference specimens, exception for commercially sourced, untreated
birch plywood. Subsequent incubation periods of 20 and 24 weeks also showed sufficient
MLwood for all untreated reference specimens. Median MLwood was used to calculate an
x value towards a provisional durability rating for the developed plywood material in
accordance with CEN/TS 15083-2:2005 [28]. A provisional durability class (DC) rating
was calculated after 16 and 24 weeks for all PF resin treated specimens against the various
untreated reference control specimens (birch solid wood, beech solid wood and birch
plywood). All PF treated plywood specimens could be classified as durable (DC 2) or
moderately durable (DC 3). After treatment with 10% solid content concentration solutions,
the best resistance to soft-rot was shown by resin A (Mw = 292 g/mol) treated specimens
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with DC 2 against birch solid wood after 16 and 24 weeks (lowest x value: Table 5). Plywood
specimens treated with resins B and C (Mw = 528 and 884 g/mol) showed DC 3 against
all controls at 16 and 24 weeks. Resin D (Mw = 703 g/mol) showed DC 2 relative to birch
solid wood after 24 test weeks. Solid content concentration increases of resin D at 15 and
20% improved the resistance to soft-rotting fungi with specimens showing DC 2 against all
reference materials after 16 and 24 weeks (Table 6).

Table 5. x values calculated according to CEN/TS 15083-2 [28] for the developed plywood material
against various untreated reference wood materials for 16 and 24 weeks of incubation in unsterile soil.

Wood
Material

Reference Material and Exposure Time [Weeks]

Birch
Solid

Beech
Solid

Untreated
Plywood

Birch
Solid

Beech
Solid

Untreated
Plywood

16 16 16 24 24 24

A10 0.20 0.23 0.25 0.20 0.22 0.26
B10 0.25 0.28 0.31 0.24 0.26 0.31
C10 0.31 0.36 0.40 0.29 0.32 0.38
D10 0.22 0.25 0.27 0.20 0.22 0.26
D15 0.15 0.17 0.18 0.13 0.14 0.17
D20 0.14 0.15 0.17 0.11 0.12 0.14

Table 6. Durability class ratings according to CEN/TS 15083-2:2005 [28] after 16 and 24 weeks of
incubation in unsterile soil.

Wood
Material

Reference Material and Exposure Time [Weeks]

Birch
Solid

Beech
Solid

Untreated
Plywood

Birch
Solid

Beech
Solid

Untreated
Plywood

16 16 16 24 24 24

A10 2 3 3 2 3 3
B10 3 3 3 3 3 3
C10 3 3 3 3 3 3
D10 3 3 3 2 3 3
D15 2 2 2 2 2 2
D20 2 2 2 2 2 2

4. Conclusions

In the Introduction we assumed that the weathering stability and resistance to biotic
degradation agents of wood treated with low molecular weight PF resin would be im-
proved, especially by using lower molecular weight PF resins, which in-turn increase resin
loading in the wood cell wall.

Our results show that it is not possible to compare weathering processes that take place
under artificial conditions with processes that take place under real, outdoor conditions.
Even the combination of UV and water spraying under artificial conditions was not able to
simulate similar material weathering processes as those achieved outdoors.

Birch veneers that were treated with laboratory synthesized PF resins A, B, and C
(Mw = 292, 528 and 884 g/mol) prior to plywood production behaved better in both
simulated and outdoor weathering conditions compared to plywood veneers treated with
commercially sourced PF resin D. The assumption that increasing the concentration of resin
in wood improves its weathering stability was not confirmed. Furthermore, it was also
not possible to determine a clear trend of how mean Mw of a particular resin affects UV
stability. Theoretically, resins with a higher molecular weight penetrate the wood cell wall
less, so their concentration on the wood surface is potentially higher. Therefore, weathering
stability of specimens treated with higher molecular weight resins could be expected to be
better. However, our results do not support this theoretical consideration.
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Resins A and D (Mw = 292 and 703 g/mol) seemed to be the most suitable for pro-
tection against soft-rot in the adapted unsterile soil bed test carried out in this study. For
plywood treated with laboratory synthesized PF resins A, B, and C (Mw = 292, 528 and
884 g/mol), results suggest that the use of higher Mw resin increase ML wood after incu-
bation in unsterile soil under various incubation periods. However, no clear correlation
between Mw and MLwood could be established when comparing all four resins used in
this study-plywood veneers treated with resins A, B, C and D, at 10% solid content con-
centration. Specimens treated with resin D showed better resistance against soft-rot decay
compared to resin B and C. It was confirmed that an increase of resin D loading in wood
improves resistance against soft-rot.
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Abstract: Wood-based materials in current additive manufacturing (AM) feedstocks are primarily
restricted to the micron scale. Utilizing large-scale wood in existing AM techniques remains a
challenge. This paper proposes an AM method—laser-cut veneer lamination (LcVL)—for wood-based
product fabrication. Inspired by laminated object manufacturing (LOM) and plywood technology,
LcVL bonds wood veneers in a layer-upon-layer manner. As demonstrated by printed samples, LcVL
was able to retain the advantageous qualities of AM, specifically, the ability to manufacture products
with complex geometries which would otherwise be impossible using subtractive manufacturing
techniques. Furthermore, LcVL-product structures designed through adjusting internal voids and
wood-texture directionality could serve as material templates or matrices for functional wood-based
materials. Numerical analyses established relations between the processing resolution of LcVL and
proportional veneer thickness (layer height). LcVL could serve as a basis for the further development
of large-scale wood usage in AM.

Keywords: veneer; laser-cut; additive manufacturing; wood composite

1. Introduction

The controlled process of material removal is a definitive trait of subtractive man-
ufacturing technologies (SM). Traditional wood-processing techniques such as sawing,
milling, turning, carving, and grinding, as well as relatively modern techniques such as
CNC (Computer Numerical Control), are all categorized as SM [1]. As shown in Figure 1,
portions of the raw material are methodically removed until the intended shape is achieved.
By contrast, additive manufacturing (AM), as shown in Figure 1, often referred to as 3D
printing, is a process of joining materials, typically in a layer-upon-layer manner, in accor-
dance with three-dimensional (3D) model data [2]. Fabrication using AM begins with a 3D
model of the desired product, such as the model shown in Figure 2a,b. Subsequently, 3D
printing software will slice the model into horizontal cross-sectional layers, as shown in
Figure 2c. Ultimately, the model is fabricated by stacking layers, an example of which is
shown in Figure 2d.

Variations of AM are differentiated by their respective layer-fabrication techniques,
including stereolithography apparatus (SLA), fused deposition modeling (FDM), laminated
object manufacturing (LOM), selective laser sintering (SLS), and direct energy deposition
(DED) [3]. Notably, AM is especially advantageous compared to SM when manufactur-
ing products with exceptional geometric complexity. Currently, AM technologies have
extended to areas in the aerospace, automotive, medical, architecture, and fashion indus-
tries [4]. The continuously increasing demand for renewable and sustainable products
sourced from petroleum-free and carbon-neutral origins has driven the development of
novel materials for AM methods in recent years.
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Figure 1. Subtractive manufacturing (SM) and additive manufacturing (AM).

Figure 2. An illustration of the typical AM process. (a) 3D model of the desired product; (b)
“wireframe” display of the desired product; (c) model after slicing into layers by the CURA software;
(d) desired product constructed using fused deposition modeling (FDM) 3D printing.

Wood derivatives, such as wood flour and sawdust, as well as the components of
wood, i.e., cellulose and lignin, are naturally abundant, biodegradable, biocompatible,
and chemically modifiable materials that have shown promising potential for AM [5,6].
Existing research has shown that the practicability of incorporating wood-based materials
in AM is largely dependent on the respective AM technique [7–13]. At present, layer
fabrication techniques using wood-based materials may be divided into two general
categories: extrusion-deposition and granular bonding. Extrusion-deposition fabrication
primarily employs wood-plastic composite filaments that could be used in FDM [7,8]. In
addition, studies have also shown that it is possible to extrude and deposit a slurry mixture
of sawdust and adhesive directly to achieve similar AM results [9–11]. Likewise, granular
bonding comprises two distinct variants. One type involves melting powdered mixtures
of thermoplastic polymers and wood-based materials with high-intensity lasers [12], a
technique utilized by SLS, whereas the other relies on the solidification reaction of a
wood-based bulk material, as inorganic binders blend upon contact with water [13].

LOM is one of the first commercially available AM techniques, in which sheets of
material, including metal, plastic, and paper, etc., are cut, often with lasers or mechanical
cutters, to precisely resemble the shape of the cross-sections of the desired product. Succes-
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sive layers are bonded layer upon layer until the object is completed [14,15]. Nevertheless,
wood-based product fabrication with the aforementioned AM techniques is primarily dom-
inated by micron scale powder and fiber materials. Current preparation methodologies
not only increase the overall processing difficulty of wood-based materials, but also create
drastic discrepancies, in both appearance and mechanical properties, compared with the
original wood.

The utilization of large-scale wood materials in AM has rarely been explored. Existing
studies have investigated the application of one-dimensional wood-based materials, such
as sticks and strips, in AM. For example, one study involved dispensing chopsticks coated
in wood adhesive from a projection mapping-guided handheld stick dispenser to construct
architectural structures [16]. Another study fabricated high-resolution timber structures
with continuous willow withe-based solid wood filaments, a robotic fiber placement
process, and topology optimization [17].

This paper proposes ideas for an alternative AM method for wood-based product
fabrication that would be able to utilize large scale wood-based materials, such as wood
veneer (a two-dimensional surface), by combining plywood technology with the basis
behind LOM [18,19]. In addition to granular and strip-like, wood-based AM materials, the
proposed method could enable the use of plate-like wood materials in AM. Furthermore,
this study is characterized by the use of simple processing techniques, such as cutting
and gluing, and AM characteristics to manufacture wood products with complex shapes
and internal structures without advanced subtractive techniques, such as robotic CNC
engraving. Moreover, its AM capabilities could be used for creating designable templates
and material matrices for functional wood-based materials, such as sound absorbers and
composites. Inspired by LOM, this process can be named laser-cut veneer lamination
(LcVL), in which sheets of laser-cut veneer form cross-sectional layers that are bonded layer
upon layer to form wood products with complex geometries and internal voids.

2. Materials and Methods

An LcVL-printed product was fabricated based on the design shown in Figure 2 to
demonstrate the capabilities of the proposed AM method.

2.1. Modeling

The procedures used in the construction of a 3D model of the sample were as follows:
as depicted in Figure 3a, a 50 mm× 50 mm square was created on the XOY plane (AutoCAD,
student version 2019, San Rafael, CA, USA). The interior of this square was then partitioned
into 16 Voronoi cells. An extrusion of 1.5 mm was applied to the surface along the Z-axis
to create a layer model for the sample, as shown in Figure 3d. A total of 20 duplicates of
the layer model were stacked along the Z-axis, as illustrated in Figure 3e. Lastly, all layers
underwent rotation with the angle of rotation increment by 2.25◦ with each passing layer,
as shown in Figure 3f.
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Figure 3. Model design methodology. (a) Outline of a Voronoi cellular-patterned cross-sectional layer; (b) Setting laser-
processing parameters in the LaserCAD software, such as laser power, moving speed, etc.; (c) Laser-cut wood; (d) A layer
slice after 1.5 mm of extrusion; (e) Stacking of layers along the Z-axis to create a layered model; (f) Layers are rotated to
produce the model of the desired product.

2.2. Processing

Poplar (Aspen) veneer with a nominal thickness of 1.5 mm and 8% moisture content
was adopted in this work. The design shown in Figure 3a was fed to the LaserCAD software
(Shenzhen Qiancheng Co., Ltd., Shenzhen, China) for setting laser processing parameters
such as path, power, and speed. As shown in Figure 3c, a laser-carving machine (Model
4060, Huitian Laser Instrument Co., Ltd., Jinan, China) was used to cut veneers following
the path and parameters set in Figure 3b to create each layer of the desired product.

The top of each layer was coated with polyvinyl acetate (PVA) adhesive (Pattex 710,
Pattex Co., Ltd., Shanghai, China) before being stacked to form a mat in accordance with
the model design. A mold of the model contour could be used to guarantee layer placement
precision. After 2 min of deposition, the mat was pressed for 5 min under 10 N using a
small cold presser (lab-made) to complete the bonding process. ifferent adhesives could be
used with adjusted pressing parameters.

3. Results and Discussion
3.1. The LcVL Product

As shown in Figure 4, the LcVL product was fabricated by stacking and bonding wood
veneers in a layer-upon-layer manner. The product demonstrated that the LcVL procedure
was able to take advantage of the qualities of additive manufacturing, specifically, the
ability to manufacture complex geometries, such as internal voids, that are nigh impossible
to accomplish using SM techniques, such as CNC. However, since LcVL is based on LOM
characteristics, although the overall product formation is additive in nature, the production
of each layer via cutting is a subtractive process. These subtractive drawbacks should be
marginal in comparison to the technical simplicity of the LcVL process. Residual materials
could be repurposed as raw materials for 3D printing. For example, leftover veneers could
be used to produce wood powder for wood/polylactic acid filaments.
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Figure 4. Comparison between the laser-cut veneer lamination (LcVL) product and its 3D model.
(a) Orthographic view of the LcVL product; (b) Orthographic view of the 3D model of the product;
(c) Top view of the LcVL product; (d) Top view of the 3D model of the product; (e) Tubular voids
present in the 3D model of the product postrotation; (f) Tubular voids present in the 3D model of the
product prerotation.

Furthermore, the surface area of tubular voids present in Figure 4e is 1.27 times the
surface area of SM possible tubular voids in Figure 4f. The increased surface area in
products with intricate geometrical structures, such as the product presented in Figure 4,
could prove beneficial for the development of special-purpose, wood-based products. For
example, the spacious tubular voids of complex LcVL-printed structures contain larger void
surfaces and enable greater convenience for architecting desired tortuosity, which could
improve sound absorption compared to standard SM possible structures [20]. Overall, as
demonstrated by the printed product in Figure 4, LcVL was able to properly realize the
3D model of the desired product to a satisfactory degree. However, the LcVL method is
not ideal for fabricating products with high angle overhangs without additional external
support to ensure uniform pressure on each layer.

Notably, comparing the printed models present in Figure 4a (LcVL) and Figure 2a,d
(FDM) revealed visible distinctions in processing resolution. As will be discussed in detail
in the following section, the fabricating resolution of LcVL-printed products is primarily
dependent on the layer parameters.

3.2. Effects of Layer Parameters on Processing Resolution

As depicted in Figure 5a, LcVL is unable to replicate the modeling curve line (MCL)
with perfect precision. The resulting step-like contour along the Z-axis comprises a theoret-
ical manufacturing error (TME) between the 3D model and the fabricated product. Using
the region circled in green in Figure 5a as an example, the relation between layer (veneer)
height and TME could be described as follows:
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Figure 5. (a) Theoretical manufacturing error between contours of the modeling curve line and
LcVL layer stacking; (b) Calculation parameters for the theoretical manufacturing error from LcVL
layer stacking; (c) Theoretical manufacturing error between contours of the modeling curve line and
postrotation LcVL layer stacking; (d) Calculation parameters for the theoretical manufacturing error
from postrotation layer stacking.

As shown in Figure 5b, when s is the arc length of a MCL, r the radius of the MCL, θ
the central angle of the MCL, α the angle of the MCL to horizontal, h the layer height, and
es the TME from layer height, then

s = 2r sin
θ

2
(1)

l =
√

s2 − h2 (2)

1
2

s·e = 1
2

h·l (3)

es =
h·
√

s2 − h2

s
(4)

The relation between layer height and TME from each step/layer of a quarter circle
MCL with radius 1 was calculated and plotted in Figure 6a. The quarter circle was divided
into five and ten layers to obtain proportional layer heights of 0.2 and 0.1, respectively. As
can be seen in Figure 6a, the proportional layer height of 0.2 consistently exhibited greater
TME compared to the smaller layer height of 0.1. Therefore, TME is positively associated
with layer height.

In addition to the TME caused by layer height, the fabrication accuracy of the LcVL
product in Figure 4 suffered further TME from layer rotation. As shown in Figure 5c, the
apparent discrepancy between the MCL (highlighted in blue) and the printed product
contributed to additional TME (highlighted in red). The TME from layer rotation could be
described as follows:
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Figure 6. (a) Relation between layer height and theoretical manufacturing error (TME) from layer
height, where total angle is the sum of α and θ; (b) Relation between layer number and TME from
layer rotation.

As shown in Figure 5d, when R is the radius of rotation, n is the number of layers
(layer number), β is the angle of rotation between the top and bottom layers, δ is the angle
of rotation between successive layers, and er is the TME from layer rotation, then

δ =
β

n− 1
(5)

er = 2R sin
δ

2
(6)

er = 2R sin
β

2(n− 1)
(7)

The relation between layer numbers (5–25) and TME from layer rotation for a height-1
hypothetical model with 45◦ of rotation between the top and bottom layers was calculated
and plotted in Figure 6b. As can be seen in Figure 6b, the corresponding TME from layer
rotation underwent reduction with larger layer numbers. Therefore, for the same product
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height, larger layer (veneer) numbers could result in decreased TME not only from layer
rotation, but also from layer height as a result of the smaller layer height. Notably, for the
product presented in this study (Figure 4), calculations showed that a 100% increase in
layer number could increase the bonding area by 225%, which could increase production
costs. The lower the layer height, the smaller the veneer thickness, which also increases the
difficulty of veneer manufacturing. Notably, although the sample created for this study was
a small object in the centimeter scale, the core characteristics of the LcVL method could be
scaled up to manufacture structures in the meter scale, in theory. Naturally, corresponding
parameters, such as the product height, layer height, and layer number should be adjusted
accordingly to optimize the TME.

3.3. Wood Texture Direction and LcVL-Product Structure

The structural directionality of LcVL products could be designed through wood
texture directions. The sample presented in Figure 4 was created by stacking identical
layers with each layer rotated by 2.25◦. As shown in Figure 7a, a pair of identically-cut
layers share the same wood texture direction. Thus, since all layers are 2.25◦ offset from
their adjacent layers, the wood texture directions of all layers are 2.25◦ apart in this sample.
However, as shown in Figure 7b, if layer 2 was cut with a counterclockwise 2.25◦ rotation
from layer 1, then the wood texture direction of layer 2 would be 2.25◦ clockwise from layer
1. Thus, if such layer pairs were laminated together with a 2.25◦ counterclockwise layer-
to-layer increment, the resulting product would have consistent wood texture direction.
Alternatively, if layer 2 was cut with a 90◦ counterclockwise plus 2.25◦ counterclockwise
rotation, as shown in Figure 7c, then the wood texture directions of layers 1 and 2 would
be orthogonal in a product with 2.25◦ counterclockwise-rotated layers. The directionality
of such a product could be analyzed with the orthogonal principle of plywood technology.
The designability of LcVL-product structures is essential for creating material templates
and matrices for composites of varying properties with LcVL.

Figure 7. Wood-texture direction (indicated by red arrows) and distinct layer-cutting solutions (a)
Cutting solution with identically cut layer 1 and layer 2. The resulting wood texture directions of the
structure are 2.25◦ between each layer. (b) Cutting solution that produces a product with a consistent
wood texture direction. (c) Cutting solution that produces a product with orthogonal wood texture
directions between layers.
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4. Conclusions

LcVL is a relatively simple procedure for constructing customized and geometrically
complex wood products which would otherwise be impossible, difficult, and/or costly
using SM. Aside from raw material costs, costs of material waste and time consumption
are optimizable factors of efficiency. In addition, the LcVL produce should be fairly
adoptable, as its core technologies, laser-cutting and plywood, are already widely used in
the wood industry.

From the above findings, the following conclusions could be made:

(1) As a combination of plywood technology and LOM, the LcVL method is a viable AM
method which is capable of producing wood-based products with complex geometries
and internal voids using large scale wood-based materials, specifically wood veneer.

(2) LcVL products have designable structures (complex internal voids and wood texture
directions). Their designability could be used for creating material matrices and tem-
plates for functional wood-based materials, such as sound absorbers and composites.

(3) The LcVL method encountered more theoretical manufacturing errors compared to
other AM techniques due to its use of larger scale raw materials with larger layer
heights. Nonetheless, the LcVL method may be used for large scale wood materials
with sufficient layer thickness and number.

(4) LcVL products could benefit greatly from postprocessing, such as surface finishing, for
theoretical manufacturing-error reduction. In comparison with other AM techniques,
larger amounts of wood and less adhesives are involved during the fabrication. The
LcVL method could serve as a basis for the further development of veneer usage
in AM.
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Abstract: The current work deals with three dimensionally molded plywood formed parts. These are
prepared in two different geometries using cut-outs and relief cuts in the areas of the highest
deformation. Moreover, the effect of flax fiber reinforcement on the occurrence and position of cracks,
delamination, maximum load capacity, and on the modulus of elasticity is studied. The results show
that designs with cut-outs are to be preferred when molding complex geometries and that flax fiber
reinforcement is a promising way of increasing load capacity and stiffness of plywood formed parts
by respectively 76 and 38% on average.

Keywords: plywood; veneer 3D moldability; natural fiber reinforcement

1. Introduction

The world is not flat-driven by the rising consumer awareness for the ecological product footprint,
designers are set to bid and overcome the limits for material applications. Composite materials are
developed to surpass single inferior material properties in order to combine quality characteristics
for specific maximum performance. A broadly available, natural composite material resource is
wood-defined as a natural polymeric, cellular fiber composite with superior advantages compared
to other engineering materials [1]. Various wood-based products, such as cross laminated timber
(CLT), particleboard, oriented strand boards (OSB) or fiberboards, resolve solid wood disadvantages,
respectively anisotropy, biodegradability, and dimensional limitations [2].

Plywood, with its multilayered veneer-based laminar structure, is considered to be the oldest and
the most important wood-based composite material with two distinct fields of application—construction
purposes and multidimensional forming for interior and exterior products. Plywood can be bent by
steaming a panel before forming, thin panels can be threaded and glued together or veneer layers
are mechanically modified when producing 3D-molded parts [3]. To enhance veneer-based products
(plywood and laminated veneer lumber) mechanical load bearing capacity, several experimental
studies were conducted addressing synthetic glass, carbon, or other artificial fiber reinforcement [4–8].
Results revealed significantly improved mechanical properties for modulus of elasticity (MOE) and
modulus of rupture (MOR), dimensional stability, and especially splitting strength [9–11]. Currently,
the focus on fiber reinforcement shifted to more ecofriendly, fiber sources based on renewable
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resources. Flax (Linum usitatissium), ramie (Boehmeria nivea), hemp (Cannabis sativa), sisal (Agave sisalana),
kenaf (Hisbiscus cannabinus), jute (Corhorus capsularis) or bamboo are characterized by biodegradability,
cost effectiveness, natural availability [12,13]. Natural fibers are emerging at low cost, lightweight and
apparently environmentally superior alternatives to glass fibers in composites. The current mass-based
price of raw processed glass fibers with a density of 2.6 g/cm3 is approximately 2 to 4 times greater
than that of e.g., flax fibers with a density of 1.5 g/cm3 [14,15]. The elevated mechanical properties
of lightness, stiffness to weight ratio, and high tensile strength of natural fibers are advantageous
for high performance composites [16,17]. For instance, flax with a density of 1.50 g/cm3, tensile
strength between 345 to 1100 N/mm2, and an MOE of 27,600 to 64,500 N/mm2 [18] is characterized by a
relatively high stiffness, load capacity, and damping performance and shows comparable mechanical
performance as e-glass and s-glass fibers. Moreover, flax is flexible and preferred for complicated
geometries [19]. Bőhm et al. [20] evaluated the bending characteristics of sandwich composite materials
based on balsa plywood reinforced with flax (2 × 2 twill, 400 g/m2) and glass fibers (roving fabric,
390 g/m2) with epoxy resin. Reinforcement of the balsa plywood with both types of fibers significantly
increased the modulus of elasticity and bending strength. Whilst for flax fibers, the flexural modulus
was 7.5% higher than for glass fibers, the bending strength values of glass fibers were 26.5% lower
compared to flax fibers. Research confirmed that flax fibers with less environmental impact may be
a material that is used as an adequate replacement of glass fibers. Papadopoulos and Hague [21]
prepared single-layer particleboards made from various wood chip/flax mixtures bonded with urea
formaldehyde resin. The strength properties of boards containing up to 30% (mass-based) flax particles
meet the minimum European standard (EN 310, 317, 319) requirements for interior particleboards.
In the research of Susainathan et al. [22,23], glass fiber, carbon fiber, and flax fiber were used as
the surface layer, poplar and okoume as the core layer to make wood-based sandwich structures.
The impact and bending properties of the boards with flax fiber reinforcement showed comparable
bending strength and stiffness as glass fiber reinforced samples. Research on fiber reinforcement
primarily focuses on two-dimensional panel applications [24–26].

Bendability (formability) of two-dimensional curvature for wood is well investigated [27].
Three-dimensional (3D) molding of wood is considered as one of the most complicated chipless
methods of shaping wood [28,29]. In general, limitations for veneer formability are set by the
anisotropic character of wood and influenced by the MOE and tensile strength for the two directions
parallel and perpendicular to grain. Wagenführ et al. [30] revealed a correlation between bending radius
and veneer thickness for two-dimensional bending with a significant increase for the minimal possible
radius with increasing veneer thickness and dependence on grain direction for non-modified veneers.
Additional research on non-modified two-dimensional veneer bending suggested a higher suitability
of tangential veneers for molding [31]. 3D veneer moldability is furthermore limited by the anisotropic
nature, varying tensile strength, and plastic deformation of veneers [30]. Other relevant parameters are
wood species, moisture content, sample and molding geometry in this respect. Deciduous wood species
like beech (Fagus sylvatica L.) are considered more suitable for 3D-molding due to wood anatomy
and plasticizing ability. Wood moisture content, heat pressing, moistening of wood are process
variables which are relevant for surface quality in 3D wood molding [32]. It was shown that the 3D
formability of veneer can be improved by 12 to 50% by increasing veneer moisture content and steaming.
Birch (Betula pendula Roth) veneer showed better forming properties than beech (Fagus sylvatica L.) and
ash (Fraxinus excelsior) [33]. Warping and cracking in the forming process depends strongly on veneer
thickness [29]. According to Fekiač and Gáborík [27], there is no clear preference between radial and
tangential veneers for 3D molding. Another way to increase the moldability of the wood is surface
densification, hydrothermal plasticizing, thermal modification, reinforcement by natural fibers, and the
optimization of the pressing process [34]. Zerbst et al. [35] successfully applied the Nakjima test to
evaluate the deep drawing capacity of veneer laminate, which can be used for forming simulations.
The authors found that cracks in veneer laminate sheets occur in the early wood zone and propagate in
grain direction.
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The aim of the study is to determine the influence of woven natural flax fiber reinforcement on 3D
molded beech veneer-based plywood with a specific molding geometry. The occurrence of surface
cracks and delamination as well as 3D-bending behavior for maximum load and MOE with the factors
mold geometry and fiber-reinforcement are investigated.

2. Materials and Methods

2.1. Sample Preparation

Pre-conditioned (20 ◦C, 65% relative humidity) radial sliced zero defect beech (Fagus sylvatica L.)
veneers with a thickness of 0.6 mm, an average density of 0.67 g/cm3, and an average moisture content
of 10.2 (SD = 0.3) % were used as wooden raw material in this study due to its superior bending
strength and MOE performance compared to birch (Betula pendula Roth). Twill flax fabric LINEO
FlaxPly Balanced Fabric 200 (Ecotechnilin, Valliquerville, France) with a thickness of 0.4 mm, a density
of 1.27 g/cm3, and a grammage of 200 g/m2 acted as fiber reinforcement. The flax moisture content
accounted for 11 (SD = 0.3) %. West Systems International (Romsey, England) 105 Epoxy Resin and 207
Special Coating Hardener were used as adhesive. Two kinds of lay-ups were introduced (Figure 1).
The unreinforced reference samples existed of ninety degree cross layered veneer layers, whereas
the flax fiber reinforced samples consisted of the identical ninety cross layered veneer layers with
additional four layers of flax fabric. These were located at the first and second glue line on each side in
order to improve the tensile strength under bending and to minimize the influence of shear stresses.
The calculated amount of epoxy resin per glue line was set to 200 g/m2 for the veneer to veneer layers
and 400 g/m2 for flax fiber to veneer.
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Figure 1. Veneer layup reference (a), with flax fiber reinforcement (b).

The specimens were designed focusing on the use of the molded parts as car seat shells (Figure 2).
A transition section between seating and back was considered in the design of the specimens. The seating
shell was split in the center, and looking in driving direction, the left part of the shell was considered.
The size of the raw veneer sheets accounted for 20 × 27.5 cm.
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To overcome the veneer warping during molding, two different options where used. First,
a minimal leaving out of the critical curvature was applied (Figure 3).
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Figure 3. Cut-out of specimens (a) reference, (b) with flax fiber reinforcement.

Second, relief cuts at the critical curvature were provided (Figure 4). These were filled with an
Epoxy filler (Molto 2-components wood replacement) after pressing. In total, four different types of
setups with three samples each were tested.
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Figure 4. Relief cut of specimens (a) reference, (b) with flax fiber reinforcement.

The lay-up of the veneer laminates and the glue application were conducted manually.
The calculated areal glue amount spreading per layer was checked by a scales KERN PRS 620-6
(Kern & Sohn GmbH, Ballingen-Frommern, Germany). The controlled molding was carried out using
a HÖFLER (Taiskirchen, Austria) HLOP 280 press to reach the target thickness of 10 mm within 15 h
of cold pressing. The applied pressure during molding was 2.5 N/mm2 for the reference samples
and 2.8 N/mm2 for the flax fiber reinforced samples. The temperature was kept constant at 20 ◦C.
No pretreatment of the veneers was applied to improve the bending performance. Before further
testing, the samples were stored for seven days under constant standard climate conditions (20 ◦C,
65% relative humidity).

2.2. Testing of Surface Cracks and Delamination

Surface cracks and delamination were determined after pressing and conditioning of the formed
parts. Samples were trimmed to equal size before proceeding to the 3D bending test.

To determine the surface crack length and widths, pictures were taken with a digital camera
(Rollei Compactline 750) and a scale positioned on the formed parts. For the exact determination of
length and width, MATLAB R2018a was used according to Equation (1). On each picture taken, a scale
was installed, to determine the dimensions of cracks and delamination considering the pixel-based
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length of the defect lpixel, the pixel-based length of the reference scale lre f . pixel, and the known length
of the scale lre f . The delamination length was determined using the identical formula. In addition,
a verbal nomenklatura was introduced to describe the location of surface cracks and delamination in
order to locate critical spots of failure. First of all, cracks and delamination were categorized whether
they occurred (1–1) on the front or (1–2) back of the formed part. Second, it was described whether
they occurred (2–1) on the back shell or (2–2) on the seat. Third, defects were assessed regarding
their position relative to the transition radius; (3–1) transition radius, (3–2) above transition radius,
(3–3) below transition radius. Finally, defects on edges were assessed using the attributes (4–1) outer
edge, (4–2) edge cut-out. All measurements were taken from formed parts to exclude influences caused
by post-processing.

l =
lpixel

lre f . pixel
× lre f . (1)

2.3. Three-Dimensional Bending Test

A modified bending test following UN/ECE Regulations Nr. 17 [36] with a variation regarding the
direction of force for spreading was implemented. For testing, the samples were placed with the small
faces on an aluminum block due to its low friction coefficient to reduce influences on internal stress
distribution (Figure 5). Constant linear force with a speed of 10 mm/min was applied by a pressure
disc (ø 135 mm) parallel to the supports using a Zwick/Röll Z 250. The maximum load (Fmax) and the
modulus of elasticity (MOE) were determined following EN 310:2005 [37].
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The statistical significance of the factors molding geometry and fiber-reinforcement was determined
using two-way ANOVAs with consideration of interaction effects of first order.

3. Results and Discussion

3.1. Number of Surface Cracks and Delamination

The finished specimens showed up to 6 cracks and between 1 and 2 delamination after pressing.
Comparing the number of counted surface cracks for each of the four groups, it was assumed that
there is an influence of the factors molding geometry and fiber reinforcement. Based on a two-way
ANOVA to prove the statistical significance of the factors molding geometry (p-value 0.074) and fiber
reinforcement (p-value 0.334) displayed that there is no significant influence. In addition, there is
no significant interaction effect of the factors. This can be explained by the high variation of crack
numbers between specimens (Table 1).
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Table 1. Number of cracks and crack geometry after bending (SD in brackets).

Specimen No. of Cracks Crack Length Crack Width N

(mm) (mm)

Cut-out 1 (2) 18.2 (7.0) 0.6 (0.4) 3
Cut-out reinf. 1 (1) 6.7 (2.3) 0.4 (0.2) 3

Relief cut 2 (1) 12.2 (3.9) 0.4 (0.1) 3
Relief cut reinf. 4 (2) 17.4 (11.1) 0.5 (0.3) 3

To determine the influence of the factors molding geometry and fiber reinforcement on the number
of delamination, the same procedure as for the surface cracks was applied. The two-way ANOVA
displayed a significant influence of the molding geometry with a p-value of 0.037. On average, formed
parts with a cut-out showed one delamination, whilst parts with relief cuts had two delaminations
after pressing (Table 2). The fiber-reinforcement (p-value 0.631) such as the factor interaction (p-value
0.631) in contrast had no significant influence on the number of delaminations.

Table 2. Number and length of delamination after bending (SD in brackets).

Specimen No. of Delamination Delamination Length N

(mm)

Cut-out 1 (1) 12.7 (4.8) 3
Cut-out reinf. 1 (1) 8.9 (3.4) 3

Relief cut 2 (0) 12.3 (3.3) 3
Relief cut reinf. 2 (0) 11.3 (3.4) 3

Considering these statistics, it seems that the cracks and delamination are predominantly
caused by deformations occurring during the molding process rather than ineffective gluing between
composite layers.

3.2. Length and Width of Surface Cracks and Delamination

The effect of the factors molding geometry and fiber reinforcement on the length of cracks was
assessed using a two-way ANOVA. Only specimens with cracks were considered. According to the
ANOVA, the p-value for the interaction between the factors is significant with 0.030, stating the fact
that the level effect of one factor is dependent on the level of the other factor. Cracks on fiber reinforced
parts with cut-out have an average length of 6.7 (SD = 2.3) mm, 64% lower than their unreinforced
counterpart—a coherence that could not be shown for formed parts with relief cuts.

In contrast, the results of the surface crack widths had no statistically significant factor effect or
interaction (p-value 0.196) between the two factors molding geometry and fiber reinforcement. This is
underlined by the singular p-value for molding geometry with 0.774 and fiber reinforcement with a
p-value 0.864.

Based on the comparison of the mean and standard deviations of the factors, the two-way ANOVA
revealed no statistically significant influence on the delamination length. Molding geometry (p-value
0.587) and fiber reinforcement (p-value 0.203) showed no significant interaction effect (p-value of 0.450).

The sum of the crack length of a specimen is significantly (p-value 0.034) affected by the molding
geometry, showing that it accounts for 16.6 (SD = 27.9) mm with formed parts with cut-out compared
to 64.6 (SD = 33.5) mm with relief cut. The cumulated crack width per sample is not significantly
affected by the mold geometry or fiber reinforcement. The effect of molding geometry on the cumulated
length of delamination is narrowly not significant (p-value 0.053). The average sum of delamination
length accounts for 12.9 (SD = 10.5) mm when using cut-outs and 23.6 (SD = 4.0) mm when relief
cuts are applied (Table 3). Summarized, it was found that molded parts with relief cut have more
and additionally more significant cracks and delamination than parts with a cut-out. The sum of the
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crack lengths is two thirds lower when applying fiber reinforcement for parts with cut-out, whereas
no advantage of fiber reinforcement could be detected for parts with relief cuts. The investigation of
cracks and delamination shows that the total sum of defect characteristics is higher for parts with relief
cuts. This is due to the fact that a greater part of the critical sector of the transition zone is covered.
The forced deformations are greater with the relief cut formed parts and exceed more often the strength
of the veneer. The fiber reinforced parts with cut-out show lower crack and delamination length,
probably due to the fact that fabric with twill weave is easily shear formable and has good draping
properties [38].

Table 3. Number and length of delamination after bending (SD in brackets).

Specimen
Sum Crack Length Sum Crack Width Sum Delam. Length N

(mm) (mm) (mm)

Cut-out 24.2 (41.9) 0.6 (1.0) 16.9 (13.0) 3
Cut-out reinf. 8.9 (4.1) 1.1 (0.9) 8.9 (7.8) 3

Relief cut 53.9 (38.5) 0.6 (0.4) 24.6 (5.4) 3
Relief cut reinf. 75.3 (31.3) 2.2 (1.4) 22.6 (2.8) 3

3.3. Location and Orientation of Defects

Surface cracks occurred with a relative frequency of 67 (SD = 31) % on the inner (positive)
side of the molding with the shorter radius. Ninety-seven (SD = 11) percent are located at the
“transition radius” due to the sharp radius and the change of direction into three different dimensions.
Seventy-six (SD = 22) percent are placed on the outer edges of the molding (Figure 6). The reason is,
that tensions cannot be transferred to neighboring veneer layers in the corner range which results in
cracks. All surface cracks are oriented in grain direction, because the tensile strength of beech veneer
orthogonally to grain direction is 20 times lower than in grain direction [39], which is confirmed by
Zerbst et al. [35] finding the same phenomenon when producing molded veneer laminates.
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Cracks are not acceptable in molded parts due to structural and aesthetic reasons. A possible
optimization is to create micro cracks and collapsed cells in veneer layers before molding to prevent
the formation of macro cracks. It is important to note that a collapsed cell not necessarily goes along
with a broken cell wall [30].

Delaminations were predominantly found on the inner (front) side as well (Figure 7). Seventy-seven
(SD = 26) percent occurred on the more strongly bent inner side. All of them were found above
the transition radius on the formed parts where the shear strengths were strongest. For the same
reason, these occurred in large part with some distance to the cut-out referenced to the edge position.
Ninety-five percent of all delaminations were found near the outer edge of the formed parts. The use of
rigid press forms results in an uneven pressure distribution because the application of uniaxial vertical
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pressure results in uneven orthogonal pressure referred to the curved surface of the formed part [40].
The maximal angle of the form parts used in this study is 50 degrees on the outer edge and the pressure
was therefore 36% [40] reduced in this area, as an explanation for the less efficient bonding. The strong
influence of the mold geometry on the quality of plywood formed parts was discussed by Comsa [41],
suggesting deformation modeling using finite element methods. This shows an interesting opportunity
for the current mold part to lower crack and delamination formation during molding. Finally, the use
of plasticized veneer (at least the outer layers) before pressing suggests to lower the risk for cracks [34].
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3.4. 3D Bending Test

Based on the load-deformation curvature, two thirds of the samples with cut-outs showed a
linear-elastic deformation behavior and a nondescriptive fracture with a mixture of delaminations and
failures within the beech veneer (Figure 8). One third of samples had a partial fracture behavior within
the linear-elastic deformation with a notable tension failure. The load-deformation curve for relief
cut samples revealed a semi-fracture at the end of the linear-elastic range caused by the failure of the
filler regardless of fiber reinforcement, followed by a further plastic deformation. Fiber reinforcement
resulted in an increase in force for both cut-out and relief cut samples in the plastic deformation range,
whereas unreinforced samples of both groups more or less stagnated. These findings validate research
by Wagenführ et al. [30] considering that veneer laminates behave predominantly elastically.
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The results of maximum load displayed a significant influence of the molding geometry (p-value
0.010) as well as the fiber reinforcement (p-value 0.001). Moldings with cut-outs resulted in 58 and 36%
higher bending strength than their counterparts with relief cuts. Fiber reinforcement lead to 65 and
92% higher bending strength compared with the unreinforced part, respectively (Table 4).
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Table 4. Results of the bending test (SD in brackets).

Specimen Max. Force MOE N

(N) (N/mm2)

Cut-out 2784 (530) 532 (45) 3
Cut-out reinf. 4531 (941) 791 (68) 3

Relief cut 1736 (97) 633 (70) 3
Relief cut reinf. 3340 (322) 816 (97) 3

The reason for the significant increase in the maximal load capacity through flax fiber reinforcement
is the high tensile strength of flax fibers, approximately 5 times as high as the one of the wood fiber [38].
This increased tensile strength affects especially the inner side of the formed part which is tensile-loaded
in the current experimental situation. As the relief cuts are an interruption in the fiber reinforcement,
the filler grouts fail early and are an explanation for the lower performance of such parts.

Regarding the results of the MOE, similar effects are given. The influence of the fiber reinforcement
is highly significant (p-value 0.001), whereas the influence of the molding geometry—in contrast to
the maximum load capacity—was statistically not significant (p-value 0.168). Formed parts which are
fiber reinforced had an MOE on average 76% higher than the unreinforced parts (Table 4). The mold
geometry does not have an effect in this respect, because failures occur above 40% of the maximal force
and up to this point the part shows linear-elastic behavior.

A significant correlation between the sum of crack width in a part and the MOE was observed
(p-value 0.024, R2 = 0.41). The higher the cumulated crack width, the higher the MOE. Moreover,
a higher number of cracks result in a not significant higher MOE. A rationale for this coherence is that
crack formation during the forming process results in an improved layer contact due to a compensation
of the deformations in the transition zones.

4. Conclusions

The three-dimensional bending tests regarding the maximum load capacity and the MOE showed
that the performance of beech veneer-based 3D molded plywood could be significantly improved by
flax fiber reinforcement. In addition, the influence of the mold geometry is significant for the load
capacity, but not for the MOE.

Formed parts with few and less pronounced defects, such as cracks and delamination, can be
produced using cut-outs in the most deformed area of the 3D molded parts. The location of cracks
and delamination found in this study strongly suggests the optimization of the press form and the
application of multiaxial press processes to avoid delamination. Moreover, 3D molded parts should
be produced with some oversize as 68% of the cracks and 95% of the delamination was found on the
outer edges. A majority of defects could be removed in a final trimming process.

Further research is recommended for a deeper understanding of the interaction and influence
of veneer thickness and flax fabrics grammage on formability, as well as the influence of veneer
pretreatment and hot pressing to improve 3D formability. Additional research should focus on
interactions between veneer, flax, and adhesive to determine a better understanding of delamination
resistance and supplemented by an evaluation of fiber wetting resulting from the resin. Cost and
production aspects have to be taken into account for broader industrial applications. Especially the
research on cost efficient industrial glue systems, glue amount optimization, and the influence on the
performance of woven flax fiber fabric is worth further research.
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Abstract: This study focuses on the energy potential and combustion process of torrefied wood.
Samples were prepared through the torrefaction of five types of wood: Ash, beech, oak, pine and
spruce. These were heated for 2 h at a temperature of 300 ◦C under a nitrogen atmosphere. Torrefied
wood was prepared from wood samples with dimensions of 100 × 100 × 20 mm3. These dimensions
have enabled investigation of torrefied wood combustion in compact form. The effect of the external
heat flux on the combustion of the samples was measured using a cone calorimeter. The observed
parameters, include initiation times, heat release rate and combustion efficiency. The results show
that increasing the external heat flux decreases the evenness of combustion of torrefied wood. At the
same time, it increases the combustion efficiency, which reached an average value of approximately
72% at 20 kW m−2, 81% at 30 kW m−2 and 90% at 40 kW m−2. The calculated values of critical
heat flux of the individual samples ranged from 4.67 kW m−2 to 15.2 kW m−2, the thermal response
parameter ranged from 134 kW s0.5 m−2 to 297 kW s0.5 m−2 and calculated ignition temperature
ranged from 277 ◦C to 452 ◦C. Obtained results are useful both for energy production field and for
fire safety risk assessment of stored torrefied wood.

Keywords: torrefied wood; fuel; combustion; heat release rate

1. Introduction

The current way in which natural fossil resources are consumed to provide energy
does not reflect the concept of sustainability [1]. Sustainable development is development
that meets the needs of the present without compromising the ability of future generations
to meet their own needs [2]. Therefore, the importance of renewable energy sources is
growing. One of the possible solutions may be a more efficient use of biomass. It is a
primary source of renewable carbon that can be utilised as a feedstock for biofuels or
biochemical production in order to achieve energy independence [3].

In 2015, the worldwide total primary energy supply was 13,647 Mtoe, of which 13.4%,
or 1823 Mtoe, came from renewable energy sources. Due to its widespread non-commercial
use in developing countries, solid biofuels/charcoal remains the largest renewable energy
source, representing 63.7% of the global renewable supply [4]. Torrefied wood is a fuel
with the potential to partially replace coal [5].

Torrefaction is a pyrolysis process carried out at a temperature range of 200 to 300 ◦C
under an inert atmosphere, which produces a high-quality solid biofuel that can be used for
combustion and gasification [3,6,7]. It removes moisture and low weight organic volatile
components and depolymerises the long polysaccharide chains, producing a hydrophobic
solid product with an increased energy density (on a mass basis) and greatly increased
grindability [8].

Hemicellulose, cellulose, and lignin are the basic constituents of a biomass and their
thermal behaviour is highly related to the degradation of the biomass in a high-temperature
environment. Biomass with torrefaction temperatures of 200 to 225 ◦C are described as light
torrefaction; 250 ◦C as mild torrefaction, and 275 to 300 ◦C belong to severe torrefaction [6].
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Based on the thermal analysis results Chen and Kuo stated that xylan is always
sensitive to torrefaction in the temperature range of 200 to 300 ◦C. As the torrefaction
temperature is no higher than 225 ◦C, weight loss of hemicellulose is very low. This temper-
ature, thus, plays no part in thermal degradation of hemicellulose. Thermal degradation
of cellulose is slight if the torrefaction temperature is less than or equal to 250 ◦C [6].
By decomposing the reactive hemicellulose fraction, a fuel with increased energy density
is produced. [9] Simultaneously part of oxygen is removed from biomass [7]. During the
process of wood torrefaction and with increasing temperature and time of exposure, the
amount of fixed carbon, lignin and carbon in the end product also rises, with temperature
as the most important factor [10]. The liquid yield is also increased [11]. According to
Wannapeera and Worasuwannarak torrefaction conditions have impact on the elemental
composition of torrefied wood only at a higher mass yield (>80%). Energy yield decreases
with increasing degree of torrefaction [12].

The main gaseous products of the torrefied biomass combustion process are CO2 and
H2O which confirms that carbon and hydrogen are significant compounds in torrefied
biomass. The amount of gas decreases with increasing torrefaction temperature, probably
because of gas removal during the torrefaction process [13]. Torrefied biomass has a higher
pyrolysis and combustion temperature due to moisture and volatiles removal and thermal
decomposition of its main components. Torrefaction also increases ash content and C/H
and C/O ratio of biomass [14]. The increase in ash content of torrefied biomass is mainly
due to mass loss during torrefaction reaction [15]. The lower O/C and H/C ratio is due
to removal of water and carbon dioxide [16]. Moisure absorption of torrefied wood is
significantly reduced due to loss of hydroxyl groups [15]. In 2019 there were produced
431 4342 t wastes from wood processing and the production of paper, cardboard, pulp,
panels and furniture in the Slovak republic [17]. Although, this waste can be used for the
production of other materials, such as eco-friendly, high-density fiberboards [18], 42.7% of
this amount, was incinerated with energy recovery [16]. The most harvested wood in the
Slovak Republic is spruce, followed by beech, fir and oak [19]. Based on data from 2019,
beech (34.2%), spruce (22.1%), oak (10.5%) and pine (6.6%) have the highest proportion
in forests in the Slovak Republic [20]. In relation to logging and tree species proportion,
beech, oak, spruce and pine were selected as samples. Ash was chosen as a representative
of less common species.

Although the torrefaction process has been used for a long time, it is still one of the
important energy recovery options for biomass waste. In contrast to most previous works,
torrefied wood was produced from bigger samples, not from disintegrated wood (this
research represents the border between laboratory and medium-sized experiments). The
burning of dust particles is significantly different from the burning of compact material.
For example, in the case of dust cloud, explosive combustion can occur [21]. Our approach
allowed the investigation of torrefied wood combustion in compact form, in the contrast
to previously published works. The literature also lacks a description of torrefied wood
in terms of its fire safety during storage. In these cases, it may be an additional fuel and
may result in an increase of heat release rate during a fire. This factor subsequently affects
the load-bearing capacity and integrity of the surrounding structures. Measurements
using a conical calorimeter are suitable for such assessment of materials [22,23]. The aim
of this article is to assess torrefied wood prepared from different woods using a cone
calorimeter. The obtained results can be used in terms of energy recovery or for the needs
of fire protection during storage.

2. Materials and Methods

Samples of five types of wood were selected for the preparation of torrefied wood.
These included the wood of three deciduous trees: ash (Fraxinus excelsior), beech
(Fagus sylvatica) and oak (Quercus petraea); and two coniferous trees: Spruce (Picea abies)
and pine (Pinus radiata). The samples were cut tangentially into pieces with dimensions of
100 mm × 100 mm and 20 mm width. The schematic of the sample preparation device
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is shown in Figure 1. The torrefaction process was based on a method indicated by Liu
et al. for the torrefaction of bamboo [24]. Nitrogen was used as the protective gas. It
was continuously supplied to the muffle furnaceat a flow rate of 500 mL min−1. The
samples of wood were dried at 105 ◦C for 24 h, and then they were inserted into the heated
Nabertherm Muffle Furnace L24/11/P330 (Nabetherm GmbH, Bremen, Germany) with
the temperature set at 300 ◦C. The residence time was 2 h. After torrefaction, the samples
were placed into a desiccator, where they cooled to the ambient temperature.
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The samples prepared were subsequently characterised by their proximate and ulti-
mate analyses. Volatile matter was determined according to EN ISO 18123 [25] and ash
content was measured in compliance with EN ISO 18122 [26]. Fixed carbon was calculated
according to:

FC = 100− (VM + A) (1)
where FC is fixed carbon content, VM is volatile matter content, and A is ash content.

Grounded and homogenized samples of torrefied wood were analysed (ultimate
analysis) by the ELEMENTAR varioMACROcube instrument (Elementar Analysensys-
teme, Hanau, Alemanha). Ground and homogenization of samples were performed by
Grindomix GM 200 knife mill (Retsch GmbH, Haan, Germany) at speed 10,000 min−1

during 10 s.
The higher heating values of the samples were measured by the IKA C4000

(IKA Analysentechnik, Heitersheim, Germany) adiabatic calorimeter.
An important indicator of torrefaction is the energy yield, which indicates how much

energy remains in the samples. Applying the relationship indicated in the work of Bach
and Skrieberg, the energy yield of torrefied wood may be calculated as follows [27]:

YE =
mtorre f ied

mraw
×

HHVtorre f ied

HHVraw
× 100% (2)

where mtorre f ied is the mass of torrefied wood (kg), mraw is the mass of raw wood (kg),
HHVtorre f ied is the higher heating value of torrefied wood (MJ/kg) and HHVtorre f ied is the
higher heating value of raw wood (MJ/kg).

The measurements were carried out using a cone calorimeter (Figure 2) according to
ISO 5660-1 [28]. The sample (2) was covered by aluminium foil on the surfaces that had
not been exposed to the heat flux and were inserted into the holder (1). The holder was
subsequently placed underneath the cone heater (4). The combustion gases were exhausted
via an exhaust hood (5), with the rate of the exhaust of the thermal decomposition products
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regulated by adjustment of the fan (7). The extraction tube contained a circular perforated
probe (6), through which the combustion gases were sampled and analysed in the CO, CO2
and O2 analysers (8).
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The fan flow rate was set to 0.024 ± 0.002 m3 s−1, ambient temperature ranged from
22 ◦C to 27 ◦C and the relative humidity of air was 20–27%. The atmospheric pressure was
between 100.92–101.91 kPa. Measurements were performed at heat fluxes of 20 kW m−2,
30 kW m−2 and 40 kW m−2. Sampling interval was set to 5 s and grinding time was 1800 s.

Fuel quality is expressed by the combustion efficiency. According to Ferek et al. the
combustion efficiency of biomass can be calculated by the Equation (3) [29]:

CE =

[C]CO2
([C]CO2+[C]CO)

− 0.18

0.82
(3)

where CE is the combustion efficiency, [C]CO2 is the carbon emitted as CO2, and [C]CO is
the carbon emitted as CO.

The relationship characterising the time necessary for initiation can be written as [30]:

ti =
π

4
kρc
(

Ti − T0

qe

)2
(4)

where ti is the time to ignition, k is thermal conductivity, ρ is density, c is heat capacity, Ti is
ignition temperature, T0 is ambient temperature, and qe is external heat flux. This equation
may be adjusted as follows:

TRP = (Ti − T0)kρc (5)
√

1
ti
=

2√
π

qe

TRP
(6)

where TRP is the thermal response parameter. According to Xu et al., TRP is used as an
indicator of the ignition resistance of a material [31].

Hence, the critical heat flux (qcr) is calculated as [32]:

qi
qcr

= 0.76 (7)

where qi is the external heat flux with an infinite time necessary for initiation.

Therefore, the formula
√

1
ti

of qe allows the identification of the value of critical heat
flux and the thermal response parameter. An advantage of the TRP calculation by this
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method is that no data concerning density, heat capacity and thermal conductivity at
moment of ignition are needed.

Using the Stefan-Boltzman law, it is possible to conclude that:

Tig = 4

√(αqcr

σ
+ T∞4

)
(8)

where Tig is the ignition temperature at the critical heat flux and α is absorptivity, which is
equal to emissivity.

Impact of wood species on the average HRR and combustion efficiency was evaluated
by the Analysis of Variance (ANOVA) at a significance level α = 0.05. Wood species with
statistically equal combustion efficiency were revealed by the Duncan’s test. The StatSoft
STATISTICA 10 software was used for the ANOVA and Duncan’s test.

3. Results and Discussion

The mass of raw and torrefied samples are given in Table 1. The yield of torrefied wood
represented 37.77–46.40%. The lowest value corresponds to ash and the highest to oak.

Table 1. The mass of samples before and after the torrefaction.

Torrefied Wood Weight of Raw Samples (g) Weight of Torrefied Samples (g) Mass Yield of Torrefied Wood (%)

Ash 127.95 (±2.01) 48.31 (±2.39) 37.77 (±2.13)
Beech 131.11 (±4.28) 50.52 (±3.24) 38.51 (±1.65)
Oak 127.06 (±3.12) 58.91 (±3.30) 46.40 (±3.05)
Pine 88.28 (±3.04) 38.98 (±1.44) 44.20 (±2.30)

Spruce 81.05 (±1.88) 35.91 (±1.33) 44.30 (±1.23)

Numbers in parentheses represent standard deviation.

Proximate and ultimate analysis of individual torrefied wood samples (Table 2) indi-
cates a high carbon content, largely in the form of fixed carbon. Volatile matter represent
36.78–44.66% and ash ranges from 0.44% to 1.11%. In terms of elemental composition
the amount of hydrogen appears to be relatively low. Athough, when converted to the
amount of substance, it exceeds the oxygen content. Nitrogen and sulfur were present in
the samples in negligible amounts.

Table 2. Proximate and ultimate analysis of torrefied wood samples.

Torrefied
Wood

Proximate Analysis (%) Ultimate Analysis (%)

Volatile
Matter

Fixed
Carbon Ash C H O a N S

Ash 36.78 (±2.68) 62.11 (±2.54) 1.11 (±0.31) 71.27 (±0.62) 3.79 (±0.07) 23.52 (±0.22) 0.22 (±0.04) 0.08 (±0.03)

Beech 41.88 (±0.34) 57.16 (±0.18) 0.96 (±0.24) 70.55 (±0.57) 4.03 (±0.07) 24.23 (±0.27) 0.23 (±0.07) 0.00 (±0.00)

Oak 42.16 (±0.35) 57.41 (±0.53) 0.44 (±0.20) 69.57 (±0.56) 4.21 (±0.09) 25.61 (±0.28) 0.16 (±0.06) 0.01 (±0.01)

Pine 44.60 (±1.67) 54.70 (±1.69) 0.70 (±0.07) 72.57 (±0.72) 4.61 (±0.08) 21.91 (±0.30) 0.19 (±0.03) 0.02 (±0.01)

Spruce 42.53 (±2.47) 56.80 (±2.26) 0.67 (±0.22) 70.59 (±0.63) 4.27 (±0.06) 24.34 (±0.25) 0.13 (±0.03) 0.00 (±0.00)

Numbers in parentheses represent standard deviation; a By calculation.

The high heating value was very similar in all torrefied wood samples (Table 3). Pine was
slightly different from other types of wood. Energy yield ranged between approximately 54.5%
and 66.5%. The ratio of O/C and H/C was 0.23–0.28 and 0.63–0.76, respectively.

The cone calorimeter was used to measure the time of initiation of combustion and
heat release rate (Figure 3, Table 4), as well as the overall amount of carbon oxides released,
which were used to calculate the combustion efficiency for each sample (Table 5).
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Table 3. The energy characteristics of samples of torrefied wood.

Torrefied Wood HHV (kJ g−1) Energy Yield (%) Atomic O/C Ratio
(-)

Atomic H/C Ratio
(-)

Ash 28.79 (±0.3) 54.57 (±2.90) 0.26 0.63
Beech 28.25 (±0.7) 55.02 (±1.99) 0.27 0.68
Oak 28.18 (±0.1) 66.58 (±4.45) 0.28 0.72
Pine 30.26 (±1.0) 63.83 (±1.09) 0.23 0.76

Spruce 28.64 (±0.7) 63.22 (±1.94) 0.27 0.72
Numbers in parentheses represent standard deviation.Polymers 2021, 13, x FOR PEER REVIEW 7 of 16 
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phase, 3—even combustion phase, 4—sample overheat phase, 5—low combustion phase, 6—
heterogeneous combustion phase.

Table 4. Cone calorimeter results.

Torrefied
Wood

External
Heat Flux

pHRR [kW m−2] Time to pHRR [s] Time to
Ignition [s]

Average HRR [kW m−2]

First Second First Second 300 s 600 s 1200 s

Ash

20 27.08 - 240 - 180 23.59 23.62 21.57

30 44.72 33.44 105 260 69 30.74 29.71 27.05

40 57.68 60.00 55 535 35 44.92 48.37 42.43

Beech

20 47.52 30.83 275 710 246 28.67 28.18 26.53

30 56.49 71.09 125 615 102 38.43 48.17 42.33

40 57.79 91.54 70 515 51 46.56 54.31 46.76

Oak

20 22.82 31.74 285 1745 165 19.23 20.03 22.61

30 56.22 29.86 130 655 107 32.79 29.72 28.08

40 72.78 54.34 40 670 24 43.68 42.92 42.90

Pine

20 39.75 28.19 215 490 181 27.26 26.56 25.01

30 86.86 64.12 60 605 45 47.24 50.37 42.60

40 83.620 91.99 30 560 17 58.34 67.01 51.61

Spruce

20 44.16 34.38 130 1695 110 28.05 27.59 28.75

30 63.43 - 50 - 33 35.07 30.76 26.73

40 83.99 49.08 30 125 17 46.79 44.25 35.12
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Table 5. Results of two-way ANOVA examining both the impact of wood species and heat flux on the average HRR during
investigated time intervals (300, 600 and 1200 s) at a significance level α = 0.05.

ANOVA Coefficients
Average HRR in Time Interval [s]

300 600 1200

p (wood species) 0.0108 0.0218 0.1009
F (wood species) 6.8152 5.3207 2.7934

Fcrit (wood species) 3.8379 3.8379 3.8379
p (heat flux) 1.38 × 10−5 0.0002 0.0009
F (heat flux) 61.62 28.65 18.65

Fcrit (heat flux) 4.4589 4.4589 4.4589

As to the visual comparison and rate of heat release, the process indicated in the
individual charts may be divided into 6 phases.

1. The pre-initiation phase (the rate of heat release is essentially equal to zero, no visual
changes in the samples can be observed),

2. The initiation phase (heat release rate rapidly increases and then falls, it is possible to
see the beginning of combustion),

3. The even combustion phase (the rate of heat release is relatively constant, combustion
appears even),

4. The sample overheat phase (the heat release rate increases and reaches its second
peak, it is possible to observe a stronger flame),

5. The low combustion phase (the heat release rate decreases, it is possible to observe a
decrease in the intensity of the flame, leading to extinction), and

6. The heterogeneous combustion phase (the speed of heat release slowly decreases; it is
possible to observe blazing of the sample).

The phases are shown in Figure 3. For investigated samples of torrefied wood these
phases can be recognized in Figure 4.
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Heat release rate curve with two peaks is common for thermally thick materials. The
first peak corresponds to the combustion of volatile combustibles before the formation
of the carbonized layer [33,34] and the second is very sensitive to the thickness of the
insulating substrate [35].

Impact of external heat flux and wood species on phases of thermal degradation
is different. Increase of the heat flux causes greater heating of samples. This greater
heating results in more clearly distinguished phases. All phases can be distinguished for
all investigated samples at heat flux of 40 kW·m−2. On the other hand, oak, spruce and ash
samples have more pronounced pre-initiation and initiation phases, while other phases
are not sharply distinguished under the heat flux of 30 kW·m−2. Under the heat flux of
20 kW·m−2 only the first phase and second phase can be seen in all cases.

Both the time to ignition and thus also the time duration of pre-initiation phase
of torrefied wood are dependent mainly on the external heat flux (Figure 5). The heat
flux radiated to the surface of the sample results in heating of the top layer of material.
Heating the material to a higher temperature results in a faster release of flammable
degradation products. When mixed with an oxidizing agent (mostly atmospheric oxygen),
a flammable composition capable of initiation is formed. This phenomenon is well known
and commonly used for ignition parameters calculation.
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Time duration of initiation phase was in the range from 51 to 104 s for all samples. Im-
pact of external heat flux on the time duration of this phase was not statistically significant.

The results clearly indicate that the higher the external heat flux, the higher the
combustion rate. The heat release rate values are also higher and their peaks are shifted
towards the beginning of the test.

If the external heat flux is 40 kW m−2, almost all the samples have two peaks. With an
external heat flux of 30 kW m−2, the sample overheat phase is less significant, and in the
case of spruce it is practically non-existent. When the samples were exposed to an external
heat flux of 20 kW m−2, the second peak was negligible.

In general, in torrefied ash and torrefied oak, the values of released heat are almost identical
to the amount of heat to which the surface of the samples is exposed. On the contrary, the
highest average heat release rates were achieved by torrefied pine and torrefied beech.

ANOVA (two-way ANOVA at a significance level of α = 0.05) results revealing both
impact of wood species and heat flux on the average heat release rate for three time intervals
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(300, 600 and 1200 s) are in the Table 5. The data in Table 5 proved that impact of wood
species on the average heat release rate is only statistically significant for 300 and 600 s time
interval. Moreover, Table 5 proved statistically significant impact of heat flux on average
heat release rate for all investigated time intervals (300, 600 and 1200 s). The lowest value
of the heat release rate was reached by torrefied oak. Since this type of wood has high
resistance to ignition and burning even in the untreated state [36], it can be assumed that it
retains similar properties compared to other woods even after the torrefaction process.

The calculated combustion efficiency values are listed in Table 6. As the external
heat flux increases, so the combustion efficiency also increases, reaching, on average, less
than 71% at 20 kW m−2, more than 81% at 30 kW m−2 and almost 90% at 40 kW m−2.
The reason for the increase in combustion efficiency with increasing external heat flux is
that at higher heat flux levels there is more pronounced oxidation of the solid carbonaceous
layer formed on the sample during the cone calorimeter test.

Table 6. Combustion efficiencies of torrefied wood obtained using different heating fluxes.

Torrefied Wood
Combustion Efficiency [%]

qe = 20 kW m−2 qe = 30 kW m−2 qe = 40 kW m−2

Ash 75.1 (6.8) bc 80.7 (9.5) 89.4 (5.4)

Beech 74.7 (7.2) abd 87.9 (5.8) a 92.1 (4.5) a

Oak 61.8 (10.2) 73.1 (9.3) 88.5 (5.5)

Pine 72.3 (6.9) a 87.6 (6.1) a 92.2 (4.2) a

Spruce 74.4 (7.0) cd 77.8 (4.8) 85.7 (7.4)
Numbers in parentheses represent standard deviation, a wood species with statistically equal combustion
efficiencies at all investigated heat fluxes, b,c,d wood species with statistically equal combustion efficiency at heat
flux of 20 kW·m−2.

ANOVA results of the impact of wood species on the combustion efficiency for investi-
gated heat fluxes of 20, 30 and 40 kW·m−2 are in the Table 7. Data in the Table 7 proved that
the type of wood species has statistically significant impact on the combustion efficiency.

Table 7. Results of ANOVA examining the impact of wood species on the combustion efficiency for
heat fluxes of 20, 30 and 40 kW·m−2 (at significance level α = 0.05).

ANOVA Coefficients
Heat Flux [kW·m−2]

20 30 40

p 3.9 × 10−137 2.7 × 10−183 1 × 10−66

F 192.03 272.77 85.75
Fcrit 2.38 2.38 2.38

ANOVA is able to evaluate if there are statistically significant differences between in-
vestigated samples. However, this method is not able to evaluate between which samples
are significant differences. The Duncan’s test was used for this purpose. The results of the
Duncan’s test are implemented to Table 6. The obtained results proved that in all investigated
heat fluxes (from 20 to 40 kW·m−2), the difference between the pine wood and the beech wood
combustion efficiency are not significant (Duncan’s test p value is higher than 0.05). At heat
flux of 20 kW·m−2, the differences between the beech and ash wood, between spruce and ash
wood and between spruce and beech wood are statistically insignificant.

By simplifying the situation and stating that the surface of torrefied wood behaves
like a black body, the emissivity of torrefied wood becomes 1. The initiation temperatures
calculated in this way, as well as the critical heat fluxes, the thermal response parameters
and the respective determination coefficients, are indicated in Table 8.
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Table 8. Critical heat flux and thermal response parameter of torrefied wood.

Torrefied Wood Critical Heat Flux
[kW m−2]

Thermal Response
Parameter

[kW s0.5 m−2]

R2

[-]
Ignition Temperature

[◦C]

Ash 5.7 240 0.9997 303

Beech 4.67 297 0.9981 277

Oak 13.2 179 0.8590 428

Pine 15.2 134 0.9959 452

Spruce 8.9 152 0.9984 365

For solution of many tasks regarding fire safety of polymers average values of igni-
tion parameters are very important. The average values of the most important ignition
parameters of torrefied wood are in the Table 9.

Table 9. Average ignition parameters of torrefied wood.

Ignition Parameter Value ± Standard Deviation

Critical heat flux [kW·m−2] 9.5 ± 4.6
Thermal response parameter [kW·s0.5·m−2] 200.4 ± 67.3

Ignition temperature [◦C] 365 ± 76

The yield of torrefied wood decreases with increasing temperature and time. For pine,
Burgois and Guyonnet state that after 4 h at a temperature of 260 ◦C, it fell to 50.13%. It
contained 70.71% of carbon and 24.49% of oxygen and 4.66% of hydrogen. The volatile
combustible matter was 47.6% [37]. These values resemble the data that characterises the
prepared torrefied wood samples. Although cited authors prepared torrefied wood at
lower temperature, its influence was compensated by the longer time interval.

At 290 ◦C, Manouchehrinejad, van Giesen and Mani report a significantly higher
volatile matter content (63.57) and a lower amount of fixed carbon (35.62) [38]. However,
in the torrefaction process they used, the wood chips were exposed to an increased temper-
ature for only 30 min. For the case of wood pellets of the torrefied wood mentioned above,
the measured components are slightly closer to those of our samples.

Lee et al. also indicate that the ratio of volatile matter/fixed carbon. They report a
value of 0.78 for torrefied wood pellets prepared at a temperature of 300 ◦C for at least 4 h,
which corresponds to the values from our measurements (0.59–0.81). The carbon content
(74.8%) and higher heating value (28.8 kJ g−1) are also similar. The hydrogen content is
higher (5.1%) and the oxygen content is lower (19.2%). The energy yield is also slightly
higher (69.6%) [39].

Strandberg et al. prepared torrefied wood from spruce at temperature of 310 ◦C
during 25 min. The mass yield in the above-mentioned study (46%) was higher than mass
yield from spruce prepared in this work. On the other hand energy yield published by
Strandberg et al. was slightly lower (62%) than energy yield of spruce wood in this study.
The elemental composition of torrified spruce wood in both studies were very similar
(sample in this study contained slightly more carbon and less hydrogen and oxygen).
Significant difference between torrified spruce wood was in volatile matter (51.5%) and
fixed carbon (47.8%) stated in this and above-mentioned study [40]. The obtained results
proved slightly higher degree of spruce wood torrefaction caused by longer duration of
heat load.

Energy yield of pine wood sawdust torrefied at 300 ◦C for 6 min is 85.71% with higher
heating value of 22.35 MJ kg−1 [41]. Similar to [41] the degree of torrefaction is much lower
than in the case of torrefied pine at 300 ◦ C for 120 min due to the short exposure time of
wood to high temperature.

56



Polymers 2021, 13, 1748

Magdiarz, Wilk and Straka prepared (by torrefaction of fuel wood at temperature
of 290 ◦C during 60 min) product that contains: 62.5–66.4% of carbon and 4.48–4.56% of
hydrogen. Calorific value of this product was 24.4 MJ kg−1–26.2 MJ kg−1. Mass yield and
energy yield were 39–43%, and 58–61%, respectively [13]. These values are almost the same
as values obtained in this study. Although, the cited authors used a shorter time period in
thermal loading, they prepared very similar product (the cause was the use of lower sized
samples in the cited paper).

Solid fuels are always characterised based on their elementary H/C/O balances.
A Van Krevelen diagram shows that there is a clear increase in the heating value of the
different solid fuels by increasing the H/C and decreasing the O/C ratios [42]. The ranking
of the results of the torrified wood samples compared to other fuels is shown in Figure 6.
Torrefied pine clearly has similar features to coal. Similarly, Elaieb et al. described the
charcoal produced by carbonization at a temperature of 550 ◦C over the course of 6 h [43].
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As to safe storage, it is necessary to evaluate the ability of the individual materials
to contribute to the ignition and spread of fire. It is important to know their reactions
to sources of radiant heat, which include both hot surfaces (e.g., heaters) and flame re-
radiation. The cone calorimeter measurements were used for this purpose. As mentioned
above, there were two peaks in the measurement of the heat release rate. It is well-known
that the first peak is linked to the combustion ignition. The second one was recorded at the
end of the measurements. This process is also typical of untreated wood. When a sample
of finite thickness is burned in a heat release calorimeter, the HRR increases toward the
end of the test as a result of the near adiabatic conditions on the unexposed side [45]. The
effective heat of pyrolysis is low when the thermal wave reaches the rear insulating surface
and the original material is already preheated to the pyrolysis temperature [33].

Several authors have observed the effect of thermal treatment of the wood on the rate
of heat release during combustion. Luptakova et al. states that heat treatment of wood at
temperatures of 200–260 ◦C resulted in a lower mass loss a lower average relative burning
rate, but it did not influence ignition time, the flame-out time, and maximum burning
rate [46]. Based on measurements taken at external heat fluxes of 15–40 kW m−2 Martinka
et al. state that the heat treatment of spruce causes a significant decrease in the maximum
heat release rate [47]. Xing and Li. reached similar conclusions [48]. Lahtela and Kärki
impregnated thermally treated wood with melamine and found that the heat treatment
reduced the HRR values, but melamine impregnation before heat treatment was able to
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raise it to a higher value [49]. The aforementioned values of the peak heat release rates are
significantly higher than for torrefied wood, which may be ascribed to the significantly lower
temperatures used for the thermal treatment (180–220 ◦C) as opposed those used in torrefaction.

Elaieb et al. used a cone calorimeter to directly test the carbonized wood. However,
they employed an oil burner as an initiator and observed the ignition time, combustion
duration; combustion states and smoke [43]. For these reasons, it is impossible to compare
the sets of results.

The critical heat fluxes calculated based on the initiation times, the thermal response
parameters and initiation temperatures of torrefied wood resemble those stated by other
authors for different types of wood (Table 10). Hence, the samples may be classified into
two groups based on the calculated values of critical heat flux: Torrefied ash, torrefied
beech and torrefied spruce reach values of less than 10 kW m−2, and torrefied oak and
torrefied pine over 10 kW m−2. Nonetheless, for torrefied oak, the correlation coefficient of
the corresponding equation is significantly lower, which is why the values of critical heat
flux, heat response parameter and initiation temperature are only indicative.

Table 10. Critical heat fluxes and thermal response parameters of selected types of wood.

Wood Critical Heat Flux
[kW m−2]

Thermal Response
Parameter

[kW s0.5 m−2]

Ignition Temperature
[◦C] Source

Douglas fir 18 182 478 [31]

Scots pine 19 164 488 [31]

Southern pine 19 201 488 [31]

Shorea 16 152 456 [31]

Merbau 40 275 643 [31]

Redwood 15.5 - 375 [32]

Red oak 108 - 304 [32]

Douglas fir 16.0 - 384 [32]

Maple 13.9 - 354 [32]

Nordic spruce 19.0 291 488 [33]

Fir 11.6–12.0 128–144 372.7 [50]

Radiata pine 13.2 - - [51]

Pacific maple 10.3 - - [51]

Sugar pine 14.0 - - [51]

Bamboo 6.0–8.0 235–376 297–340 [52]

Spruce 10.1 - - [53]

Softwood 10.0 - - [54]

Leadwood 15.0 376.2 - [55]

Mopani 14.4 161.2 - [55]

Tamboti 5.9 352.7 - [55]

Stinkwood 9.2 173.6 - [55]

Real Yellowwood 1.3 232.2 - [55]

4. Conclusions

Based on the measurements conducted on samples of torrefied wood from five differ-
ent types of wood, it was discovered that the placement of such fuel in the van Krevelen
chart is close to coal and lignite. Treatment at 300 ◦C for 2 h under nitrogen also appears
to be sufficient for samples with dimensions of 100 mm × 100 mm × 20 mm with an
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energy yield from 49.45 to 61.09%. The samples were measured on cone calorimeter in
a compact form. Therefore, the obtained results are suitable for use especially in places
where torrefied wood does not occur in the crushed state.

The heat release rate increases with increasing external heat flux, although it also
increases unsteadiness of combustion. Two clear peaks occur in the heat release rate at
an external heat flux of 40 kW m−2, but these are significantly lower than those from
the thermally untreated biomass. The combustion of the torrefied wood while making
measurements using a cone calorimeter can be divided into 6 phases: Pre-initiation phase,
the initiation phase, the even combustion phase, the sample overheat phase, the low
combustion phase and the heterogeneous combustion phase.

The combustion efficiency identified based on the amount of CO and CO2 in the combus-
tion gases increases as the external heat flux increases. On average, it reaches almost 71% at a
heat flux of 20 kW m−2, more than 81% at 30 kW m−2 and almost 91% at 40 kW m−2.

Torrefied wood increases the fire load of fire compartments during storage (in com-
parison with unmodified wood). The obtained results are key for designing the fire safety
of buildings where this material is stored.
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46. Luptáková, J.; Kačík, F.; Mitterová, I.; Zachar, M. Influence of Temperature of Thermal Modification on the Fire-technical
Characteristics of Spruce Wood. BioResources 2019, 14, 3795–3807.

47. Martinka, J.; Hroncová, E.; Chrebet, T.; Balog, K. The influence of spruce wood heat treatment on its thermal stability and burning
process. Eur. J. Wood Wood Prod. 2014, 72, 477–486. [CrossRef]

48. Xing, D.; Li, J. Effects of heat treatment on thermal decomposition and combustion performance of Larix spp. wood. BioResources
2014, 9, 4274–4287. [CrossRef]

49. Lahtela, V.; Kärki, T. The influence of melamine impregnation and heat treatment on the fire performance of Scots pine
(Pinus sylvetris) wood. Fire Mater. 2016, 40, 731–737. [CrossRef]

50. Batiot, B.; Luche, J.; Rogaume, T. Thermal and chemical analysis of flammability and combustibility of fir wood in cone calorimeter
coupled to FTIR apparatus. Fire Mater. 2014, 38, 418–431. [CrossRef]

51. Moghtaderi, B.; Novozhilov, V.; Fletcher, D.F.; Kent, J.H. A new correlation for bench-scale piloted ignition data of wood. Fire
Saf. J. 1997, 29, 41–59. [CrossRef]

52. Xu, Q.; Chen, L.; Harries, K.A.; Li, X. Combustion performance of engineered bamboo from cone calorimeter tests. Eur. J. Wood
Wood Prod. 2017, 75, 161–173. [CrossRef]

53. Park, H.J.; Lee, S.M. Combustion Characteristics of Spruce Wood by Pressure Impregnation with Waterglass and Carbon Dioxide.
Fire Sci. Eng. 2012, 26, 18–23. [CrossRef]

54. Shields, T.J.; Silcock, G.W.; Murray, J.J. Evaluating ignition data using the flux time product. Fire Mater. 1994, 18, 243–254.
[CrossRef]

55. Maake, T.; Asante, J.; Mwakikunga, B. Fire performance properties of commonly used South African hardwood. J. Fire Sci. 2020,
38, 415–432. [CrossRef]

61





polymers

Article

Experimental Study of Straw-Based Eco-Panel Using a Small
Ignition Initiator

Linda Makovicka Osvaldova 1,* , Iveta Markova 1 , Stanislav Jochim 2 and Jan Bares 3

����������
�������

Citation: Makovicka Osvaldova, L.;

Markova, I.; Jochim, S.; Bares, J.

Experimental Study of Straw-Based

Eco-Panel Using a Small Ignition

Initiator. Polymers 2021, 13, 1344.

https://doi.org/10.3390/polym13081344

Academic Editor: Gianluca Tondi

Received: 23 March 2021

Accepted: 18 April 2021

Published: 20 April 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/).

1 Department of Fire Engineering, Faculty of Security Engineering, University of Zilina, Univerzitna 1,
010 26 Zilina, Slovakia; iveta.markova@fbi.uniza.sk

2 Department of Wooden Constructions, Faculty of Wood Science and Technology,
Technical University in Zvolen, T.G. Masaryka 24, 960 01 Zvolen, Slovakia; jochim@tuzvo.sk

3 EKOPANELY SERVIS s.r.o., Jedousov 64, 535 01 Prelouc, Czech Republic; bares@ekopanely.cz
* Correspondence: linda.makovicka@fbi.uniza.sk

Abstract: Straw, a natural cellulose-based material, has become part of building elements. Eco-panels,
compressed straw in a cardboard casing, is used as building insulation. Eco-panel is a secondary
product with excellent insulating properties. If suitably fire-treated (insulation and covering), straw
panels’ fire resistance may be increased. This contribution deals with monitoring the behavior of
eco-panels exposed to a small ignition initiator (flame). The samples consisted of compressed straw
boards coated with a 40 mm thick cardboard. Samples were exposed to a flame for 5 and 10 min.
The influence of the selected factors (size of the board, orientation of flame with the sample) were
compared on the basis of experimentally obtained data: mass loss. The results obtained do not show
a statistically significant influence of the position of the sample and the initiating source (flame). The
results presented in the article confirm the justifiability of fire tests. As the results of the experiments
prove, the position of a small burner for igniting such material is also important. Such weakness of
the material can also be eliminated by design solutions in the construction. The experiment on larger
samples also confirmed the justifiability of fire tests along with the need for flame retardancy of such
material for its safe application in construction.

Keywords: eco-panel; small ignition initiator; straw; relative burning rate; weight loss; fire properties

1. Introduction

Eco-panel represents a natural material used in the construction industry [1,2]. Eco-
panel is a fully recyclable material and, as a building element, is a secondary product made
out of straw with a casing of recycled paperboard or cardboard [3]. Eco-panel is produced
by pressing straw at 180–220 ◦C [4], using pressure (15 MPa), without any binders (pure
straw core), and subsequently gluing it together on both sides with recycled cardboard or
recycled paper [5,6]. A disadvantage of this material is that it is relatively heavy [7,8].

Eco-panel has excellent thermal insulation properties and low thermal conductiv-
ity [9,10]. The research on eco-panels has focused primarily on monitoring the quality of
indoor climates in enclosed environments with such straw insulation [11], and a solution of
low-energy wood houses insulated with eco-panel. Sadzevicius [12] determined, by stan-
dard methods, the main qualities of straw: heat conductivity, fire, and humidity resistance,
durability, and strength of compressed straw. The compressive strength of straw panels,
calculated by averaging, yielded a value of 144 ± 30 kPa [13]. They assert that there is no
standard for compressive strength of panels, including straw [13].

The growing need for sustainable products and the stringent legislative requirements
related to the hazardous formaldehyde emissions from wood-based panels have boosted
scientific and industrial interest in the production of eco-friendly, wood-based panels and
optimal utilization of the available lignocellulosic materials [14,15].
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The fire characteristics of building materials play an important role in building design.
Fire properties of natural materials are usually, in comparison with “standard” materials,
worse [16].

The importance of correctly applying natural materials, such as straw, in constructions
is illustrated by the fire in the construction of the Alternative Theater S2, built under an
overpass in Zilina. The construction consisted of wooden bottle crates, straw bales (the
inner lining made of a thousand straw bales), and clay [17]. The fire, which originated at
1:30 a.m. on 19 May 2019, left the structure completely destroyed. The fire spread quickly
and the flames also damaged the construction of the overpass.

Fire Characteristics of Straw-Based Eco-Panel Constructions Coated with Cardboard

Fire characteristics of straw structures are a topic of discussion. Straw structures are
said to be very susceptible to fire and burn very well [16,18].

There are separate technologies for straw burning as a form of renewable energy
production (including in the form of whole bales) [19,20]. Straw has a higher specific
calorific value than brown coal (4.9 kWh.kg−1 of dry matter or 4.0 kWh.kg−1 of straw with
a moisture content of 15%) [21]. It is used as a heating element in many countries, not only
for environmental reasons, but also because of its low cost [22,23]. The burning of straw is
influenced by its chemical nature—a natural organic polymer. Xie et al. [24] carried out a
comparative analysis of thermal oxidative decomposition and fire characteristics for differ-
ent straw powders using thermogravimetry and cone calorimetry. The fire characteristics
of straw are very similar to those of wood. The thermal degradation of straw starts at
270 ◦C, occurs in two steps, and the final temperature is 600 ◦C [24].

Straw breaks down (Figure 1) and in this case increases the area of the flammable
substance that can enter the oxygen reaction, which is significant because the presence of
an oxidizer is crucial to continued burning.

Figure 1. Light microscopy images of straw fibers with magnification 200×. Legend: Blue line
presents a size of 100 microns (µm) in 2D layout.

Eco-panels are formed from pressed straw enclosed in a surface material; the pressed,
tightly packed nature of the straw prevents the oxidative agent from reacting with the
thermally degraded layer.

The results of several tests and measurements of straw structures intended to define
its fire characteristics show that straw constructions with a proper coating have excellent
values of fire resistance [16,25–29]. Surface treatments on straw walls (e.g., clay plaster,
plasterboard cladding, and lime plaster) can increase the fire resistance of structural com-
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ponents [29,30]. Field and laboratory tests carried out by Theis [31] show plastered bale
walls to be highly resistant to fire damage, flame spread, and combustion [31].

Cardboard treatment represents a decisive factor. Producers of eco-panels assert that
there is a self-extinguishing effect [10,16] because of the highly pressed straw in the eco
panel core, which contains a minimum amount of air. If an eco-panel burns, the paper burns
first (Cardboard) followed by the straw, which slows down or even stops the process [32].

The improvement of the fire performance of straw and other similar materials can
be achieved in two ways—by physical and chemical retardation. Physical retardation is
based on regulating the size of the input material and the output density of the material.
Chemical retardation is possible by applying a retardant to the input material, thus making
a “new” product out of it, or by adding a retardant during the manufacturing process. All
of the above-mentioned procedures can be carried out for eco panels.

The purpose of this article is to monitor the fire behavior and define the fire properties
of eco-panels, defined as a pressed straw core with cardboard surface treatment used in
wooden constructions, when exposed to flame. The article also deals with non-fire-retarded
material in order to obtain input parameters for potential further observations.

2. Materials and Methods
2.1. Test Samples

Two groups of samples, 30 mm thick, were used in the experiment (Table 1). The first
set of samples were 50 × 100 mm in size and included 3 groups of 5 samples, marked
A, B, and C (Figure 2c). The second group, marked D, were samples 100 × 200 mm in
size (Figure 4). All samples were conditioned for 24 h in a burning laboratory and their
weight was determined. As the sample size increased, the weight differences became more
significant (Table 1).

Table 1. Test samples.

Series Group Composition Dimensions
(mm) Weight (g) Burner Position Test Time

(min)

1. A

Straw
Cardboard

50 × 100 101.74 ± 2.381 Lateral side of panel 5

B 103.74 ± 1.785 Edge of panel 5

C 99.74 ± 1.998 Bottom of panel 5

2. D 100 × 200 429.14 ± 34.180 Below 45◦ 10

The experiment was carried out in laboratory conditions with an ambient temperature
of 21.5 ◦C, air flow 0.02 m·s−1, and ambient humidity 57%.

2.2. The Ignitability Fire Test by a Small-Time Attack Flame of Eco Panel

The experiments were carried out in the fire-chemical laboratory of the Faculty of
Security Engineering at the University of Zilina in Zilina. Samples A, B, and C were tested
on a non-certified device (Figure 2a). The ignitability fire test by a small-time attack flame of
construction products was carried out in the special fire box. The test sample was mounted
in a vertical position.

Samples A, B, and C were exposed to a small ignition initiator, a flame, for 5 min. The
distance between the flame and the surface of the sample was maintained at 15 mm during
experiments. The position of the burner, however, changed for each set of samples (see
Table 1 and Figure 2b).

The samples of group A were exposed to a flame perpendicular to the lateral side of
the eco panel, with the flame touching the surface of the cardboard of the eco-panel carton,
approximately 1 cm from the bottom edge (illustration Figure 3a,d).
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Figure 2. (a) Test equipment scheme; (b) First set of samples (A); (c) position of the burner relative to sample A, to sample
B, to sample C. Legend for Figure 2. (a): 1—test sample, blue lines represent cardboard, 2—scales monitoring mass loss,
3—flame burner, in position of sample A.

Figure 3. Location of the burner in the experiments in the first minute (a–c) and 3rd minute (d–f) for
samples A (a,d); B (b,e); C (c,f).
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Group B samples were exposed to a flame on the edge of the eco panel, such that the
flame acted on both the cardboard and pressed straw (example Figure 3b,e).

Group C samples were exposed to flame from below, directly onto the pressed straw
(demonstration Figure 3c,f).

2.3. Test Evaluation

The test evaluated flame spread along the surface of the sample to 100 mm (A, B, and
C) or 200 mm (D) vertically from the point of contact with the flame. The results indicate
whether the flame spread over the sample (Yes) or it did not (No). Furthermore, the time
for which flame spread occurred was recorded, as was mass loss of the samples.

Two test methods based on different evaluation principles were used to assess the
experiment. The first focused on the propagation of the flame over the surface of the
material, so the samples were in a vertical position. In this case, the position of the source
that ignited the material was important. The fire source was the flame of a gas burner (pure
propane) with a flame length of 20 mm. As previously mentioned, in order to achieve a
comprehensive evaluation of the material, testing of its ignition in several positions of the
flame and the sample was carried out (see Table 1 and Figure 2). Position A represents the
effect of the flame on the surface of the sample (40 mm) from its lower edge (Figure 3a,d).
Position B represents the action of the flame on the edge of the material, so that the flame
acted on both the paperboard and the pressed straw (example Figure 3b,e). In Position C,
the flame acted on the center of the sample within its width and thickness. Group C samples
were exposed to the flame from below directly on the pressed straw (demonstration,
Figure 3c,f). These burner positions revealed the weaknesses in the material. Samples A, B,
and C were exposed to a small ignition initiator, a flame, for 5 min. During the experiments,
the distance between the flame and the sample surface was maintained at 15 mm.

The second experiment monitored the actual burning (flame propagation) using the D
samples (200 × 100 × 10 mm). The higher intensity flame from the Bunsen burner acted
on the center of the sample along its length and width, and the sample was placed at an
angle of 45◦ to the horizontal plane (see Figure 4). The flame loading time of the sample
was 10 min. The flame size was 100 mm and the position of the burner orifice from the
center of the sample was 90 mm. Evaluation criteria of individual experiments are stated
in Section 2.4.

Figure 4. (a) Treatment of the experiment for group D samples. (b) Samples D.
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2.4. Weight Loss and Relative Burning Rate

When the samples were exposed to heat, we observed and recorded weight loss in
10 s intervals. Relative weight loss was calculated according to the relation (1) [33]:

δm(τ) =
∆m

m(τ)
·100 =

m(τ)−m(τ + ∆τ)

m(τ)
·100(%) (1)

where ∆m(τ) is relative weight loss in time (τ) (%), m(τ) is sample weight in time (τ) (g),
m(τ + ∆τ) is sample weight in time (τ + ∆τ) (g), ∆m is weight difference (g).

Relative burning rate has been determined according to the following relations (2) [33]
and (3) [33]:

vr =

∣∣∣∣
∂δm

δτ

∣∣∣∣(%/s) (2)

or numerically

vr =
|δm(τ)− δm(τ + ∆τ)|

∆τ
(%/s) (3)

where vr is relative burning rate (%/s), ∆m(τ) is relative weight loss in time (τ) (%),
∆m(τ + ∆τ) is relative weight loss in time (τ + ∆τ) (%), ∆τ is time interval where the
weights are subtracted (s).

2.5. Mathematical and Statistical Processing and Evaluation of Results

To evaluate the influence of burner position on the thermal degradation of the samples
using mass loss, the results obtained were subjected to statistical analysis. The results re-
garding mass loss were statistically evaluated by a single-factor variation analysis (ANOVA)
using the LSD test (confidence intervals of 95%, 99%, using STATGRAPHICS version 18/19
software), where the factor of influence was the contact point flame vs. sample based on
the different positions of the burner.

3. Results

The experimental data obtained using mass loss in relation to exposure time (Figure 5)
were used to calculate the burning rate.

All variants exposed to flame ignited. The variability of the results depend on the
straw sample and its preparation method (such as applying glue on cardboard, etc.). The
flame position and the point of contact between the flame and the sample had an effect on
the results. The mass loss courses differed (Figure 5a,c,e). This influenced the change in
mass loss, most notably for the sample B (Figure 6), in which the flame was located on the
edge of the panel, so both the straw and the cardboard were exposed to flame.

Samples of group C burned in a relatively similar way; direct exposure of the straw
to flame caused the slowest burning progress and the lowest rates of fire propagation
(Figure 5e). During the 5-min test, the samples burned halfway (Figure 5f) and retained
their shape.

When the eco panel burns, a lower mass loss occurs compared to massive wood [34].
Maximum mass loss for sample B is 10.05% (Figure 6).

The burning rate is determined as the mass loss over time. The time-dependent
course of the burning rate is confirmed by the most intense burning behavior of sample
B. The lowest burning rate was observed for the A samples (Figure 7). The assumption
that group C samples would the lowest mass values was not confirmed. At the same
time, the burning rate for these straw eco panels was one-tenth lower than the burning
rate of wood. The Kacikova and Makovicka [35] survey, which monitored the burning
rate of juniper, spruce, fir, and larch exposed to a heat initiator, resulted in values in the
range of 0.038–0.080 (mg·s−1). At the same time, the curves show a similar course to those
showing the heat release rate (HRR) over time [24,36]. The eco-panel samples’ burning
rate curve have a regular course, and the rate of the burning rate in the initial phase does
not have a sharp increase. The effect is probably slowed down due to the smooth surface
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of the cardboard. Subsequently, the case burned through and the straw started to burn
(150 s), and there was a drop in the burning rate due to a loss of homogeneity of the
combustible material.

Figure 5. Graphical dependences of mass loss during experiment of (a) Group A samples, (c) Group B samples, (e) Group C
samples. Samples after the experiment (b) Group A samples, (d) Group B sample, (f) Group D samples. Exposure time
was 5 min.
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Figure 6. Mutual comparison of the increase in mass loss of eco panels in groups A, B, and C based
on time of burning. Note: The value X represents the average value of all samples in each group.

Figure 7. This is a figure. Schemes follow the same formatting. Note: The value X represents the
average value of all samples in each group.

The application of a single-factor ANOVA (STATGRAPHICS version 18/19 software)
analysis did not confirm a significant difference in ignition time based on panel thickness.
(Table 2; Figure 8).

Table 2. One-way ANOVA for statistical evaluation of the influence of the burner’s position on the
burning rate (weight loss) of the sample when Eco-panels in groups A, B, and C were exposed to
a flame.

Sample Number Mean Standard
Deviation Variance Standard

Error

Time 100 157.7 86.9299 7559.8181 8.6929
A 100 2.1363 1.4263 2.0343 0.1426
B 100 0.0008 0.0004 1.8864 4.3432
C 100 5.1528 2.9357 8.6183 0.2935

Source Df Sum of
Squares

Mean
Square F Value p Value

Model (Between groups) 3 1,804,842.948 601,614.3160 318.0002 4.6151
Error 369 749,179.6158 1,891.8677
Total 399 2,554,022.5639

Null Hypothesis: Means of all selected data sets are equal. Alternative Hypothesis: Means of one or more selected
datasets are different. At the 0.05 level, the population means are significantly different.
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Figure 8. Graphical representation of the statistical evaluation of the influence of the burner’s position
on the mass loss of the sample when eco-panels in groups A, B, and C were exposed to the flame.
Legend: X Axis Title = Samples. (2-Group A samples; 3-Group B samples; 4-Group C samples.) Y
Axis Title = Mass Loss.

Statistical Results: The Null Hypothesis Applies

Another aim of the research was to follow the behavior of samples of larger dimensions
and simulate the position of roofing sleepers in wooden houses. The samples were placed
at an angle of 45◦ and the burner was placed into the center of the sample. The burning
time was 10 min, the standard time of fire-fighting units’ arrival. The results of the burning
behavior of samples in group D show reduced mass loss and maintain the original sample
dimensions (Figure 9). During the experiment, the flame operated on the surface and did
not reach the inner part of the panel. In all samples, the cardboard layer burned through
and straw began to burn. The process was slower in comparison to the A, B, and C samples,
and the maximum value of weight loss was 6.4% (Figure 9c). At the same time, the burning
rate decreased by one-tenth compared to A, B, and C samples.

Several authors [11,16,37] conducted research into eco-panels as construction elements
according to the Fire Reaction Test methodology. They used the ignitability fire test by a
small time attack flame and concluded that crushed straw might not be classified into class
E according to its reaction to fire [16]. Class E is a category of products which are capable
of resisting a small flame without substantial flame spread, for a short time [38,39]. The
Class D category, however, is defined as products which satisfy the criteria for class E and
are also capable of resisting a small flame without substantial flame spread for a longer
period. In addition, they are also capable of undergoing thermal attack by a single burning
item with sufficiently delayed and limited heat release [39]. Whether crushed straw could
be classified into Class D must be confirmed by another series of fire tests.

Eco-panel, a straw building element, is characterized by a potential generation of
dangerous gases. This is caused by imperfect burning of straw [40,41]. Jenkins [42] presents
the research of pollutant emission factors for open field burning of wood and rice straw as
comparable. They differ only in the production of CO; in wood it is 5.54%, of dry fuel, and
in rice straw 3.22% of dry fuel.
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Figure 9. (a) Weight loss of D samples over time; (b) Group D samples after the experiment, exposure
time 10 min; (c) The increase in mass loss and the burning rate of D samples. All charts display
average values of all the samples.

4. Conclusions

The tests were performed on eco panel board samples with small dimensions and
the results correspond to their dimensions. Eco panel (straw with cardboard casing)
thermally degrades and burns with a luminous flame. As a result of exposure to the flame,
initiation, and burning occur at rates slower than the standard values of the burning of
wood (as a structure). A side effect is the instability of the eco panel. The samples gradually
disintegrate, and parts of the straw fly off. One of the priority conclusions is the insufficient
size of test specimens A, B, and C. For an objective assessment of the specimens, minimum
dimensions of the tested sample 180 × 90 × 40 mm as specified in EN 13501-2 + A1 [43]
are necessary. As sample D was twice as big as the other samples, it had a significantly
different, slowed, burning (slowed down) course over a doubled time of exposure. In tests
with large dimensions of eco panel boards (2.8 × 3 m) in wooden building structures, they
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showed a fire resistance of 120 min, which is declared sufficient by the Fire resistance test
report [43].

The presentation of one part of the research results, which deals with monitoring the
fire characteristics of natural materials applicable in building structures, shows the risk of
thermal decomposition of eco panels, but above all, shows the importance of size, shape,
and positioning of the eco panel in the structure in order to increase fire resistance.
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12. Sadzevicius, R.; Gurskis, V.; Ramukevičius, D. Sustainable construction of agro-industrial buildings from straw panels. In
Proceedings of the Rural Development 2015, Kaunas, Lithuania, 23–24 April 2015.

13. Torun, G.; Korkut, Ö. Preparation of Cement Based Composites and Cellulosic Panels from Barley Straw for Thermal Insula-
tion. GU J. Sci. 2017, 30, 31–32. Available online: https://dergipark.org.tr/tr/download/article-file/290214 (accessed on 29
September 2020).

14. Antov, P.; Savov, V.; Krišt’ák, L’.; Réh, R.; Mantanis, G.I. Eco-Friendly, High-Density Fiberboards Bonded with Urea-Formaldehyde
and Ammonium Lignosulfonate. Polymers 2021, 13, 220. [CrossRef]

15. Antov, P.; Krišt’ák, L.; Réh, R.; Savov, V.; Papadopoulos, A.N. Eco-Friendly Fiberboard Panels from Recycled Fibers Bonded with
Calcium Lignosulfonate. Polymers 2021, 13, 639. [CrossRef]
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Abstract: Wood and composite panel materials represent a substantial part of the fuel in many
building fires. The ability of materials to ignite when heated at elevated temperatures depends on
many factors, such as the thermal properties of materials, the ignition temperature, critical heat flux
and the environment. Oriented strand board (OSB) without any surface treatment in thicknesses
of 12, 15 and 18 mm were used as experimental samples. The samples were gradually exposed to
a heat flux of 43 to 50 kW.m−2, with an increase of 1 kW.m−2. At heat fluxes of 49 kW.m−2 and
50 kW.m−2, the ignition times are similar in all OSB thicknesses, in contrast to the ignition times
at lower heat fluxes. The influence of the selected factors (thickness and distance from the heat
source) was analysed based on the experimentally obtained data of ignition time and weight loss.
The experimentally determined value of the heat flux density was 43 kW.m−2, which represented the
critical heat flux. The results show a statistically significant effect of OSB thickness on ignition time.

Keywords: OSB; heat flux density; ignition time; weight loss

1. Introduction

Composite panel materials are important wood products [1]. Their production encom-
passes the utilization of wood of lower quality classes to obtain suitable materials with
improved physical and mechanical properties [2]. Oriented strand board (OSB) belong to
this group of products but essentially, these products are input materials in the furniture
and construction industries [3].

The production of wood-based sheet materials utilizes wood of lower quality classes
and chemically safe recyclates and generates materials with improved physical and me-
chanical properties compared to raw wood [4]. Oriented strand boards (OSBs) are defined
in [5] as multilayer boards made of wood strands of a specific shape, thickness and ad-
hesiveness. Strands in the outer layers are oriented parallel to the length or width of the
boards. Strands in the middle layer or layers may be oriented randomly or generally
perpendicular to the strands of the outer layers [5].

Oriented strand board, also known as OSB, waferboard, Sterling board or Exterior
board and SmartPly, is a widely used engineered wood product formed by strands (flakes)
of wood, often layered in specific orientations [6]. In appearance, it may have a rough
and variegated surface with the individual strands (typically around 2.5 by 15 cm each)
lying unevenly across each other. OSBs are cheap and strong boards, and this makes them
excellent building material [7].

OSB is produced from thinner wood strands, which can be arranged better with
respect to the direction of the wood fibres when adding the layers in longitudinal and
transverse directions in the production flow. Strands have the longest length in the direction
of the fibres [8]. Thinner debarked forest wood assortments, predominantly soft deciduous
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woods but also coniferous woods, are used as a raw material for OSB production. Great
emphasis is placed on the preparation of strands. They are mainly produced by disc and
drum chippers [9]. Thinner and longer strands are used for the surface layer, thicker
and slightly shorter strands are used for the middle layers. Fine particles and dust are
carefully sorted out. The strands are pressed under high pressure and temperature, using
formaldehyde-based synthetic resins [10].

Most commonly used adhesives are conventional synthetic adhesives, both liquid
and powder, including isocyanate-based adhesives [11]. OSB is categorized based on the
purpose of its application. General-purpose boards (manufactured with a thickness of 9, 11,
15 or 18 mm) and boards for indoor furnishing (including furniture) in dry conditions are
classified as OSB/1; load-bearing boards for use in dry conditions are classified as OSB/2;
load-bearing boards for use in humid conditions are OSB/3; and heavy-duty load-bearing
boards for use in humid conditions are OSB/4 [12].

OSB panel product in terms of physical and health hazards is unclassified according to
safety data sheets [13]. OSB is the flammable composite material. OSB can be in contact with
heat sources, and it will react to the effect of heat and temperature rise in its structure [14,15].
Wood materials are thermal insulators and do not conduct heat; hence there is a gradual
process of thermal degradation, which can result in ignition and fire [16,17]. In the case of
thermal stress, the strength of OSB decreases with increasing temperature and time of its
action, while at higher temperatures the rate of this change is higher [18].

Flammability is defined as the ability of a sample to ignite under the action of an
external thermal initiator and under defined test conditions according to [19]. According to
International Organization for Standardization (ISO) 3261 [20], flammability is the ability
of a material to ignite. Flammability is characterized by the ignition time of substances
and materials, which depends on the ignition temperature, thermal properties of materials,
sample conditions (size, humidity, orientation) and critical heat flux [21]. The definition
of the term “ignition temperature” can be interpreted as the minimum temperature to
which the air must be heated so that the sample placed in the heated air environment
ignites, or the surface temperature of the sample just before the ignition point [22,23]. This
interpretation was used as the basis of our research. The results were realized on tested
equipment without a small burner flame, having only a radiated heat loading.

The aim of this article is to monitor the significant effect of heat flux density (from
43 to 50 kW.m−2) and thickness (12 mm, 15 mm, 18 mm) of OSB on the ignition time and
change in the weight of the sample. The change in heat flux was previously monitored and
recorded for the purpose of validating equipment for the research of heat release loading.

At the same time, the critical temperature of the ignition point of the OSB was experi-
mentally determined depending on the time of action of the radiant heat source and the
intensity of the heat flux.

2. Materials and Methods
2.1. Experimental Samples

Samples of oriented strand board (OSB) without surface treatment, produced by
Kronospan Jihlava (KRONOSPAN CR, spol. s r.o., Jihlava, Czech Republic) under the
title OSB/3 SUPERFINISH ECO (Figure 1), were selected for the experiments. The OSBs
used were multilayer boards made of flat strands of a specific shape and thickness. The
strands in the outer layers were oriented parallel to the length or width of the board, and
the strands in the middle layers were oriented randomly or were generally perpendicular
to the lamellas of the outer layers. They were bonded with melamine formaldehyde resin
and polymeric diphenylmethane diisocyanate (PMDI) (Shandong Shanshi Chemical Co
Ltd, Zhangdian District, Zibo City, Shandong Province, China) and they were flat-pressed.
The boards contained mainly a mixture of coniferous wood. Table 1 shows the physical and
chemical properties and fire technical characteristics of the OSB with thickness of 10 mm to
18 mm [10,13].
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Figure 1. Oriented strand board in (a) full piece and (b) prepared for measurement according to [24].

Samples of OSB were cut to specific dimensions (165 × 165 mm) according to ISO
5657: 1997 [24]. The density of the strand boards was determined according to Standard
EN 323: 1996 [25].

Table 1. Physical and chemical properties and fire technical characteristics of the OSB with thickness
of 10–18 mm [13].

Parameters Notes Values

Density (kg.m−3) 630 ± 10%
Humidity (%) 5 ± 12%

Bending Strength (N.mm−2) Main Axis 20
Secondary Axis 10

Modulus of Elasticity (N.mm−2) Main Axis 3500
Secondary Axis 1400

Swelling (%) 15
Thermal Conductivity (W.m−2.K−1) 0.13
Formaldehyde Content (mg.100 g−1) 8

Flame Spread Index 1 83.3
Reaction to Fire Thickness 9 mm 2 D-s2, d2

Thickness 18 mm 3 D-s1, d0
Class of Fire Reaction [26] E—Eoderately Flammable

1 Flame spread index was calculated from peak heat release rate (HRR), total heat release and time to sustained
ignition by ASTM E 84 ([27] and [28]; 2 [29]; 3 [10].

The selected board materials were stored at a specific temperature (23 ◦C ± 2 ◦C) at
relative humidity (50 ± 5%). Rantuch et al. [30] state that OSB moisture does not have a
significant effect on the critical conditions under which they can be ignited, but significantly
affects the time at which it occurs.

2.2. Experimental Procedures

The methodology can be divided into three parts:

1. Verification of test equipment; a small burner flame was not used as the secondary
ignition source.

2. Determination of ignition time and weight loss depending on the selected level of
heat flux density and thickness of board materials and on the distance of selected
board materials from the ignition source.

3. Determination of the critical temperature during ignition of an OSB with a thickness
of 15 mm.

2.2.1. Verification of Test Equipment

The beginning of the experimental measurement entailed verification of the test
equipment according to ISO 5657: 1997 [24]. The aim of this verification was to monitor
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the temperature parameters of the cone calorimeter. The cone calorimeter must provide a
heat flux in the range of 10 to 70 kW.m−2 in the centre of the hole in top plate and in a base
plate which matches with the bottom side of the top plate (Figure 1b).

Verification of the actual condition of the cone calorimeter was performed using a
SBG01-100 radiometer with a cooling sensor (Hukseflux, Delft, The Netherlands) and a
METEX M-3890D digital multimeter (Manufacturer: Zebronics, India) with a USBVIEV
program (SOFTONIC INTERNATIONAL S.A., Barcelona, Spain). Several experimental
measurements, which included collecting voltage values from the multimeter and evaluat-
ing the results using the calibration curve specified in the standard, confirmed that at the se-
lected temperature, the cone calorimeter indicated the corresponding heat flux densities in
accordance with the previous measurements performed during test equipment calibration.

Based on the obtained values and compared results, a graphical dependence of the
heat flux on the temperature of the cone calorimeter was constructed (Figure 2). The
measurements were repeated with each thickness of the board material 5 times.
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2.2.2. Methodology for Determining Ignition Time and Weight Loss

The ignition time and weight loss depending on the selected level of heat flux density
and thickness of the board materials, as well as on the distance of the selected board
materials from the ignition source, were determined according to a modified procedure
based on ISO 5657: 1997 [24]. This modification included a change of igniter. Ignition was
caused only by heat flux, without the use of a direct flame (Figure 3a).

The samples were placed horizontally and exposed to a heat flux of 43 to 50 kW.m−2

by an electrically heated conical radiator (Beijing Global Trade Software Technology Co.,
Ltd., Chaoyang District, Beijing, China). Orientation experiments determined the minimum
heat flux required to maintain flame combustion. The time-to-ignition value was recorded,
while considering only the permanent ignition of the surface of the analysed sample when
exposed to a selected level of heat flux density.
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Figure 3. (a) Scheme of the equipment for determination of flammability of materials at a heat
flux of radiant heat of 10–50 kW.m−2 according to [24]; (b) a photo of the real test equipment [31].
Legend: 1, heating cone; 2, board for sample; 3, movable arm; 4, connection point for recording
experimental data.

The observed factors influencing the ignition time and weight loss were

• the thickness of the board material; and
• the density of the radiant heat flux.

2.2.3. Determination of the Critical Ignition Temperature

Determination of the critical ignition temperature was performed on a sample of OSB
with a thickness of 15 mm. Test equipment according to [24] was supplemented by two
thermocouples. These thermocouples were placed in the middle of the top and bottom
surfaces of the board.

Test samples were exposed to four selected levels of heat flux density (44, 46, 48 and
50 kW.m−2) for 300 s, which was repeated 5 times.

2.2.4. Statistical Processing of Data and Evaluation of Results

To evaluate the influence of the above-mentioned factors on the ignition temperature
and weight loss, the obtained results were subjected to statistical analysis. The obtained
results of the ignition and weight loss temperatures were statistically evaluated by one-
way analysis of variance (ANOVA) using the Least Significant Difference LSD test (95%,
99% detectability level) (STATGRAPHICS software version 18/19, The Plains, VA, United
States), with the use of board material thickness (12, 15 and 18 mm) and radiant heat flux
density (from 43 to 50 kW.m−2) as influence factors.

3. Results and Discussion

The course of the experiment (Figure 4) according to [24] confirmed the verified
behaviour of the material in terms of the classification “reaction to fire D-s1, d0 by [10]”. D-
s1, d0 means “combustible materials – medium contribution to fire, with speed of emission
absent or weak during combustion” by [26]. The priority of the experiment was to monitor
the critical parameters of the ignition based on the change in board thickness (Table 2).
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Figure 4. Demonstration of the course of burning of oriented strand boards (OSBs) after their ignition by radiant heat (a)
ignition (100 s); (b) burning time of 160 s; and (c) 300 s. (d) A demonstration of the combustion process by 44 kW.m−2.
(e) A sample selected from the measuring device; specific distance of 12 mm, time of ignition of 57 s and density heat
flux of 50 kW.m−2. (f) Cooled sample 10 min after the experiment; sample thickness of 15 mm and ignition time of 108 s,
44 kW.m−2.

3.1. Determination of Ignition Temperature and Weight Loss

For the purposes of our research, the initial value of the radiant heat flux, to which the
selected OSBs were exposed, was experimentally set to 43 kW.m−2. This value represented
the critical heat flux for the selected samples. Critical heat flux is the heat flux between the
minimum incident heat fluxes at which ignition occurs and maximum incident heat flux at
which ignition does not occur. It can be used to evaluate the ignition ability. The critical
heat flux is obtained experimentally by gradually exposing the samples to decreasing
heat flux until ignition ceases [30]. The maximum value of the radiant heat flux, to which
selected board materials were exposed, was 50 kW.m−2. The heat flux gradually increased
by 1 kW.m−2 (Table 2).

The effect of external heat flux on a sample is the incident energy upon its surface. Part
of the energy is reflected (depending on the emissivity of the surface), part is transferred
by conduction to deeper layers of the material (depending on its thermal conductivity)
and the rest is absorbed by a thin layer on the surface, i.e., heating takes place. As the
temperature of the sample increases, pyrolysis and thermal oxidation occur, as a result
of which gaseous products are released into the environment [30]. Therefore, the time to
ignition of the sample decreases with increasing external heat flux [31], which is confirmed
by our results.
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Table 2. Ignition time and weight loss in samples with different thicknesses using heat fluxes of 40 to
50 kW.m−2 at a distance of 20 mm.

Density of Radiant
Heat Flux (kW.m−2)

Corresponding
Temperature (◦C) 1

Thickness
(mm)

Ignition Time
(s)

Weight Loss
(%)

43 700 12 107.4 ± 32.927 19.018 ± 0.742
15 172.8 ± 68.271 16.528 ± 1.103
18 170.0 ± 19.279 12.436 ± 0.402

44 710 12 80.80 ± 14.372 20.188 ± 1.210
15 108.0 ± 31.093 16.092 ± 0.885
18 140.0 ± 31.698 13.256 ± 0.745

45 720 12 86.4 ± 10.442 20.87 ± 0.889
15 100.2 ± 21.673 17.026 ± 0.541
18 111.2 ± 24.235 13.716 ± 0.303

46 724 12 84.4 ± 9.002 21.868 ± 0.879
15 93.4 ± 21.767 17.272 ± 0.647
18 98.8 ± 12.592 13.504 ± 0.228

47 727 12 67.08 ± 5.403 22.026 ± 0.908
15 71.0 ± 8.671 17.5 ± 0.455
18 103.6 ± 18.391 13.818 ± 0.266

48 730 12 58.60 ± 5.953 23.206 ± 0.505
15 63.40 ± 7.116 18.366 ± 0.910
18 77.60 ± 25.881 14.222 ± 0.826

49 735 12 62.20 ± 3.2497 23.578 ± 0.858
15 63.20 ± 3.187 18.764 ± 0.571
18 65.0 ± 11.436 14.678 ± 0.899

50 742 12 56.80 ± 2.039 24.302 ± 0.814
15 59.40 ± 5.607 19.402 ± 0.586
18 60.20 ± 5.741 14.846 ± 1.033

1 Based on the graphical dependence in Figure 3.

An interesting result is the reduction of time differences in individual thicknesses
at higher heat fluxes. Heat fluxes of 49 and 50 kW.m−2 offered almost equal times in
all thicknesses. Differences in ignition times decreased with increasing heat flux, and
the ignition differences between the individual thicknesses decreased. The maximum
difference of ignition time between thicknesses (67.4 s) was at 43 kW.m−2 and the minimum
(3.4 s) was at 50 kW.m−2.

It can therefore be concluded that with increasing heat flux value, the thickness of the
OSB has no significant effect on the ignition time. The increase in weight loss was with
increasing heat flux, namely in 12 mm by 5.3%, in 15 mm by 2.9% and in 18 mm by 2.41%.

With increasing heat flux, there was an increase in weight loss of 12 mm by 5.3%,
15 mm by 2.9% and 18 mm by 2.41%. It is possible to make the following assumption:
smaller thicknesses of OSB due to the increase of heat flow have more intensive thermod-
egradation processes, which manifest in higher weight losses.

Mitterová and Garaj [32] studied the weight loss and ignition time of an OSB caused
by the action of radiant heat. Test samples were exposed to an infrared heater with a power
of 1000 W for 600 s, while the distance of the samples from the surface of the radiating
body was 30 mm.

The weight loss of the OSB reached 58.92%, and the ignition time was 53.4 s. In
comparison with the values obtained by our research, the results are significantly different,
because the distance between the emitters and the sample was relatively high, which
affected the ignition time. The surprising result is more than 50% weight loss under
these conditions.

The use of one-way ANOVA confirms the significant dependence of the ignition time
on the board thickness (Table 3, Figure 5). The ANOVA table decomposes the variance
of Col_4: Time- to-ignition into two components: a between-group component and a
within-group component. The F-ratio, which in this case equals 4.31448, is a ratio of the
between-group estimate to the within-group estimate. Since the P-value of the F-test is
less than 0.05, there is a statistically significant difference between the mean Col_4 from
one level of Col_2 to another at the 5% significance level. To determine which means are
significantly different from which others, select Multiple Range (Table 3).
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Table 3. ANOVA table for Col_4 Time-to-ignition by Col_2 thickness.

Source Sum of Squares Df Mean Square F-Ratio P-Value

Between Groups 12,608.1 2 6304.03 4.31 0.0156
Within Groups 170,953 117 1461.13

Total (Corr.) 183,561 119
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Figure 5. Graphical representation of the statistical evaluation of the influence of the board thickness
on the ignition time under the action of the radiant heat source on the OSB. Legend: Col_2, thickness;
Col_4, Time-to-ignition.

Concurrently, a significant dependence of the ignition time on the heat flux was
confirmed (Table 4, Figure 6). The ANOVA table decomposes the variance of Col_4 into
two components: Time-to-ignition and heat flux. The F-ratio, which in this case equals
17.5456, is a ratio of the between-group estimate to the within-group estimate. Since the
P-value of the F-test is less than 0.05, there is a statistically significant difference between
the means Col_4 Time-to-ignition from one level of Col_1 heat flux to another at the 5%
significance level. To determine which means are significantly different from which others,
select Multiple Range (Table 4).
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Table 4. ANOVA table for Col_4 Time-to-ignition by Col_1 heat flux.

Source Sum of Squares Df Mean Square F-Ratio P-Value

Between Groups 96,009.1 7 13,715.6 17.55 0.000
Within Groups 87,551.5 112 781.71

Total (Corr.) 183,561 119

Weight loss caused by thermal degradation of the board surface, which was exposed
to radiant heat (Table 2), maintained the same course. Trend lines for the individual board
thicknesses have a parallel direction, so it can be assumed that the weight loss is uniform
per each unit of thickness (Figure 7). Difference can be seen in the samples with a thickness
of 12 mm.
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Figure 7. Graphical dependence of the weight loss ∆M and sample thickness H ratio on the heat flux.
Legend: black point, 12 mm thickness; blue point, 15 mm thickness; red point, 18 mm thickness.

The results clearly show the following dependence: with increasing thickness, the
weight loss decreases, but the ratio of weight loss and sample thickness ∆M/H is rather
similar in all heat fluxes (Figure 7). A similar scenario is observed at a thickness of 15 mm.
The highest weight loss is observed at a thickness of 12 mm, where an area of light weight
of the material burns down and it is possible to observe a slight increase in weight loss
with increasing heat flux. There are several studies that confirm the reduction of the weight
loss and prolongation of time-to-ignition by appropriate fire-retardant treatment of the
boards [3,33,34].

Statistical analysis confirmed this fact. The heat flux (Table 5) and material thickness
(Table 6) have no statistically significant effect on the change in sample weight.

Table 5. ANOVA table for Col_3 Weight loss by Col_1 heat flux.

Source Sum of Squares Df Mean Square F-Ratio P-Value

Between Groups 5.11703E7 7 7.31005E6 2.05 0.0554
Within Groups 4.00277E8 112 3.5739E6

Total (Corr.) 4.51448E8 119
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Table 6. ANOVA table for Col_3 Weight loss by Col_2 thickness.

Source Sum of Squares Df Mean Square F-Ratio P-Value

Between Groups 5.78793E6 2 2.89396E6 0.76 0.4701
Within Groups 4.4566E8 117 3.80906E6

Total (Corr.) 4.51448E8 119

The ANOVA table decomposes the variance of Col_3 Weight loss (%) into two compo-
nents: a between-group component and a within-group component. The F-ratio, which
in this case equals 2.0454, is a ratio of the between-group estimate to the within-group
estimate. Since the P-value of the F-test is greater than or equal to 0.05, there is not a
statistically significant difference between the mean Col_3 Mass loss (%) from one level of
Col_1 (heat flux) to another at the 5% significance level.

Additionally, since the P-value of the F-test is greater than or equal to 0.05, there is not
a statistically significant difference between the mean Col_3 Weight loss (%) from one level
of Col_2 thickness to another at the 5% significance level.

3.2. Determination of Critical Ignition Temperature

Critical ignition temperature was monitored by means of thermocouples placed below
and above the test sample. The increase in temperature was monitored on the upper
surface of the 15 mm OSB, which was exposed to a direct radiant heat flux of 44, 46, 48 and
50 kW.m−2 for 300 s. The OSB boards with 15 mm thickness are the most commonly used
building material in the construction of soffits.

The first set of experiments with a heat flux density of 44 kW.m−2 for the period of
300 s resulted in an ignition time of 142 s (Table 7). The temperature at the bottom surface of
the board rose minimally (Figure 8). The time to ignition (142 s) was the longest compared
to other values obtained at higher heat fluxes (Table 3). The ignition temperatures obtained
from the experiments varied. It is not possible to find the correlation with other parameters.

Table 7. Time-to-ignition and ignition temperature at the upper and lower surfaces of a 15 mm thick
OSB sample corresponding to the individual radiant heat flux densities.

Heat Flux
(kW.m−2)

Time to Ignition (◦C)
Temperature (◦C)

Direct Side of Heat Opposite Side

44 142 287 34
46 70 358 25
48 64 252 26
50 58 319 27
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The temperature at the upper surface of the sample rose sharply to about 700 ◦C after
ignition (Figure 8). The temperature at the bottom surface of the sample rose slowly and
had a comparable course in all heat fluxes (Figure 8).

The temperature curves have a smooth linear course and show dependence of the
temperature at the upper surface on the time of exposure to radiant heat with heat fluxes of
44 kW.m−2 and 46 kW.m−2 (Figure 8). After ignition, there was a sharp rise in temperature
at the upper surface of the sample (Figure 8). The sharp rise in temperature was likely
caused by two effects. The first effect was a higher heat flux from the cone calorimeter to
the surface of the tested sample and the second effect was a higher reverse heat radiation
from flares [35].

Rantuch et al. [21] divided the OSB combustion process into five phases based on
extensive research on OSB (14 mm thickness) using a cone calorimeter with heat fluxes of
20, 30, 40, 50 and 60 kW.m−2. The first phase entails a period prior to the sample ignition.
The heat received by the samples is consumed while heating them, but the concentration
of gaseous combustible products during thermal degradation is not sufficient to initiate
the flame combustion. The second phase occurs after ignition of the sample. The amount
of released flammable gases is sufficient to maintain a steady-flame combustion and at
the same time a carbonized layer has not yet formed on the surface of the OSB. The mass
burning rate as well as the rate of heat release have, therefore, high values. After the
formation of a carbonized layer (Figure 4e) on the exposed surface of the samples, a steady
burning phase occurs. The rate of heat release is almost constant, and the weight loss is
uniform. This is followed by the burning phase of the superheated sample, characterized
by significant pyrolysis in its entire volume (Figure 4d).

The increase in the concentration of pyrolysis products is manifested by a more
pronounced combustion and, thus, also by an increase in the rate of heat release. After
complete burnout of the gaseous pyrolysis products, flameless combustion of the sample
occurs with low weight loss [21].

OSB is often a part of the structural elements in the exterior, and therefore it is also
crucial to carry out large-scale fire tests [36–38]. Sultan [36] showed that the effect of
insulation types on the fire resistance of exterior wall assemblies with OSB sheathing can
be considered significant for specific conditions.

4. Conclusions

The ignition process cannot be defined by a single characteristic. Our research mon-
itored important parameters, specifically type of the sample (OSB), thickness, heat flux
density, weight loss, ignition temperature and critical ignition temperature, and modified
conditions specified in the test procedures. OSBs with a thickness of 12, 15 and 18 mm
were analysed with a focus on the critical heat flux and the ignition temperature. The ex-
perimentally determined value of the heat flux density was 43 kW.m−2, which represented
the critical heat flux. In all cases, dependences of the ignition time on the external heat flux
were confirmed and there was a correlation between the ignition time, weight loss and
intensity of radiant heat.

The following results were obtained from the conducted experiments:

• As the heat flux density increased, the ignition time decreased in all thicknesses of
analysed OSB.

• The ignition time increased with increasing thickness of the OSB, and the weight loss
decreased with increasing thickness of the OSB at a constant heat flux.

• With increasing board thickness, the weight loss decreased. The largest average weight
loss of 24.31% was recorded in a 12 mm OSB that was exposed to a radiant heat flux
of 50 kW.m−2; the lowest average weight loss of 12.44% was recorded in a sample of
18 mm OSB that was exposed to a radiant heat flux of 43 kW.m−2.

• The ignition time is significantly dependent on the thickness of the OSB sample and
on the value of the heat flux. As the heat flux increases, the ignition time shortens;
as the thickness of the OSB increases, the ignition time extends. The largest weight
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loss of 27.22% was recorded in an OSB with a thickness of 12 mm and a density in the
range of 500 to 550 kg.m−3, which was exposed to a radiant heat flux of 50 kW.m−2.
The lowest weight loss of 11.91% was found in an OSB with a thickness of 18 mm and
a density in the range of 550–600 kg.m−3, which was exposed to a radiant heat flux of
43 kW.m−2.

• The weight loss is not significantly dependent on the ignition time and the thickness
of the OSB.

• Critical temperature of an OSB with a thickness of 15 mm that was exposed to heat
flux densities of 44 kW.m−2 and 46 kW.m−2 had a linear character; at the heat flux
densities of 48 kW.m−2 and 50 kW.m−2, it had an initially linear course, but due to
ignition, a sharp rise in temperature was noted at the upper surface of the sample.
The sharp rise in temperature was caused by two effects. The first effect was a higher
heat flux from the cone calorimeter to the surface of the tested sample, and the second
effect was a higher reverse heat radiation from flares.

Analysed parameters, such as the time-to-ignition parameter, related weight loss of
the OSBs, the density and thickness of the OSBs, radiant heat flux density, distance of the
ignition source from the material and determination of the critical ignition temperature
with a modified arrangement of the test equipment and horizontal placement of the sample,
confirmed the importance and complexity of these parameters for a better understanding
of the critical ignition conditions of the OSB, as well as the combustion process.
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Abstract: For selected tropical woods (Cumaru, Garapa, Ipe, Kempas, Merbau), a relationship was
established between non-isothermal thermogravimetry runs and the wood weight loss under flame
during cone calorimetry flammability testing. A correlation was found for the rate constants for
decomposition of wood in air at 250 and 300 ◦C found from thermogravimetry and the total time of
sample burning related to the initial mass. Non-isothermal thermogravimetry runs were assumed to
be composed from 3 theoretical runs such as decomposition of wood into volatiles itself, oxidation of
carbon residue, and the formation of ash. A fitting equation of three processes was proposed and the
resulting theoretical lines match experimental lines.

Keywords: tropical wood; non-isothermal thermogravimetry; deconvolution of thermogravimetry
runs; cone calorimetry testing; heat-release rate

1. Introduction

Wood is a natural, flammable material, and therefore fire-risk properties represent
some obstacle for its applicability in constructions. The fire-technical properties of common
woods such as spruce, oak, beech, etc. [1–4] used in different constructions and buildings
have been given much attention, while less attention has been paid to tropical woods
as they represent more complex systems [5,6]. Differences in fire behavior from that of
the classical woods may be the result of the tropical woods’ morphology, differences in
content of hemicelluloses, cellulose, and lignin, as well as the characteristics and amount of
inorganic and organic substances of low molar mass.

Tropical and subtropical trees have been imported, processed, and sold in Central
Europe since the end of the 1970s, desirable for their excellent physical and mechanical
characteristics and innovative color finish in comparison with European native trees. The
good stability and lifespan of some exotic tree species make them the ideal choice for
decking balcony and swimming pool flooring, etc., especially in places with increased
humidity and high probability of sudden weather changes [7]. Wood from tropical trees is
used both in natural and modified forms, such as Thermwood [8,9]. However, as with any
wood, tropical woods are a natural combustible material, and their fire properties are worth
of further study. Less attention has been paid to tropical woods, regarding their potential
fire-risk, than to the more typical woods such as e.g., spruce, oak, beech, etc. [10–13] used
in different constructions and buildings. Tropical woods are more complex systems [1,4,5],
leading to more difficulty in characterizing their fire properties. Comparison of the com-
bustibility of woods of different origin can be complicated due to differences in density,
and therefore different initial masses of samples at uniform dimensions; this disparity may
affect the time to ignition. There are also the different admixtures of both organic and
inorganic nature with the result that unambiguous ordering of combustibility may be more
complex [14–18].
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This contribution, a continuation of previous research [19] is an attempt to charac-
terize the thermal stability of 5 tropical woods, three of South American origin (Cumaru,
Garapa, Ipe) and two of Southeast Asian origin (Kempas and Merbau), by non-isothermal
thermogravimetry in air and oxygen. Simultaneously, the accompanying changes in mass
during burning were monitored using cone calorimetry. The burning was characterized by
the classical parameters read from cone calorimetry such as MARHE (Maximum average
rate of heat emission) and FIGRA (fire growth rate) as well as by the effective heat of
combustion and consumption of oxygen.

However, it is worth noting that in addition to its combustion or mechanical resistance
properties, the choice of a wood for a particular application must always be conditioned
to the careful analysis of its sustainable character regarding its conditions of exploitation
and availability of its species to long term. The goal of this research is not therefore to
support the extreme deforestation and illegal logging of rainforests, but to do research on
the types of trees which might be used in buildings, but to partially examine their response
to fire. In the case of some tropical tree species (in natural form or modified), getting to
know as much as possible about their fire properties (willingness to ignite and burn) may
limit their use in practice, as they might not meet the fire regulations of some countries. By
pinpointing these, we can regulate and limit their wider use.

2. Materials and Methods
2.1. Materials

The samples came from a Slovak supplier DLH SLOVAKIA s.r.o. in the form of boards
without any surface treatment. Three were from the South American continent—Cumaru,
Garapa, Ipe—and two from South-east Asia—Kempas and Merbau. Specification lists of
respective woods are in papers [19,20].

Samples were selected carefully regarding their moisture content and density. The
samples were selected from the cut boards such that samples’ density did not differ by
more than ± 5% kg/m3. The content of water in the samples was measured gravimetrically
and conditioned to constant weight.

The density of the samples (kg/m3) at 12% relative humidity was: Cumaru (1070) >
Ipe (1050) > Kempas (880 > Merbau (830) > Garapa (790).

Samples of the dimensions 100 × 100 × 20 mm (±1 mm) were used in cone calorimetry
testing. 4 parallel experiments were performed for each wood type.

Figure 1 shows the cross-section and microscopic structure of the selected tree species:
(a) Cumaru, (b) Garapa, (c) Ipe, (d) Kempas, (e) Merbau.

Polymers 2021, 13, x FOR PEER REVIEW 2 of 13 
 

 

This contribution, a continuation of previous research [19] is an attempt to character-
ize the thermal stability of 5 tropical woods, three of South American origin (Cumaru, 
Garapa, Ipe) and two of Southeast Asian origin (Kempas and Merbau), by non-isothermal 
thermogravimetry in air and oxygen. Simultaneously, the accompanying changes in mass 
during burning were monitored using cone calorimetry. The burning was characterized 
by the classical parameters read from cone calorimetry such as MARHE (Maximum aver-
age rate of heat emission) and FIGRA (fire growth rate) as well as by the effective heat of 
combustion and consumption of oxygen. 

However, it is worth noting that in addition to its combustion or mechanical re-
sistance properties, the choice of a wood for a particular application must always be con-
ditioned to the careful analysis of its sustainable character regarding its conditions of ex-
ploitation and availability of its species to long term. The goal of this research is not there-
fore to support the extreme deforestation and illegal logging of rainforests, but to do re-
search on the types of trees which might be used in buildings, but to partially examine 
their response to fire. In the case of some tropical tree species (in natural form or modi-
fied), getting to know as much as possible about their fire properties (willingness to ignite 
and burn) may limit their use in practice, as they might not meet the fire regulations of 
some countries. By pinpointing these, we can regulate and limit their wider use. 

2. Materials and Methods 
2.1. Materials 

The samples came from a Slovak supplier DLH SLOVAKIA s.r.o. in the form of 
boards without any surface treatment. Three were from the South American continent—
Cumaru, Garapa, Ipe—and two from South-east Asia—Kempas and Merbau. Specifica-
tion lists of respective woods are in papers [19,20]. 

Samples were selected carefully regarding their moisture content and density. The 
samples were selected from the cut boards such that samples’ density did not differ by 
more than ± 5% kg/m3. The content of water in the samples was measured gravimetrically 
and conditioned to constant weight. 

The density of the samples (kg/m3) at 12% relative humidity was: Cumaru (1070) > 
Ipe (1050) > Kempas (880 > Merbau (830) > Garapa (790). 

Samples of the dimensions 100 × 100 × 20 mm (±1 mm) were used in cone calorimetry 
testing. 4 parallel experiments were performed for each wood type. 

Figure 1 shows the cross-section and microscopic structure of the selected tree spe-
cies: (a) Cumaru, (b) Garapa, (c) Ipe, (d) Kempas, (e) Merbau. 

 
Figure 1. Microscopic structure (cross-section) of tropical tree species from listed as: (a) Cumaru, 
(b) Garapa, (c) Ipe, (d) Kempas, (e) Merbau [19]. 

Figure 1. Microscopic structure (cross-section) of tropical tree species from listed as: (a) Cumaru, (b)
Garapa, (c) Ipe, (d) Kempas, (e) Merbau [19].

90



Polymers 2021, 13, 708

2.2. Method
2.2.1. Thermogravimetry

The wood board samples were reduced to sawdust; the mass used for the measure-
ments was between 1–2 mg.

The change of the sample mass with increasing temperature was measured using
a Mettler–Toledo TGA/SDTA 851e instrument with a gas flow of 30 mL/min, in a tem-
perature range from room temperature up to 550 ◦C and a heating rate of 10 ◦C/min.
Temperature calibration was performed with Indium and aluminum standards. The re-
peatability of the experiments was excellent; the scatter between two parallel measurements
in the temperature region of an active decomposition between 300–400 ◦C was lower than
1 ◦C. The average line from two parallel measurements was taken [21–23].

2.2.2. Thermogravimetry Reaction Scheme

The formation of volatile degradation products from wood, as observed by non-
isothermal thermogravimetry, is a complex process. Before the appearance of molecules
capable of escaping the system, wood may undergo a sequence of reaction steps that are
essentially based on cleavage of the weakest bonds in the macromolecules of cellulose,
hemicellulose, and lignin. This results in smaller fragments which are both volatile and
nonvolatile under instantaneous conditions. Simultaneously, depolymerization may occur,
as well as crosslinking that may enormously complicate the process of the formation of
volatiles [20,21,24].

In this paper, we introduce Scheme 1 of wood W decomposition into volatiles V, where
S are the products remaining on the reaction pan.
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If the temperature program is appropriately chosen so that respective steps of Scheme 1
become well separated, then from the viewpoint of volatiles formed it may well be re-
placed by the Scheme 2 that we have used for the deconvolution of observed experimental
lines [21].
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The complex non-isothermal thermogravimetry curve may then be described as being
composed of three independent processes each being described by the first-order scheme, i.e.,
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In a non-isothermal mode,

− dm
dT

dT
dt

= Aexp
(
− E

RT

)
m

or alternatively,

− dm
m

=
A
β

exp
(
− E

RT

)
dT (2)

where m—actual mass, T—temperature in Kelvins, R—universal gas constant, A and
E—pre-exponential factor and activation energy and is the linear heating rate.

β =
dT
dt

After integration of this equation, we obtain:

m = m0 exp[− A
β

∫ T

T0

exp(− E
RT

)dT] (3)

For the process composed of 3 temperature dependent components—“waves”, we have:

m = m0

j

∑
i=1

αi exp[− Ai
β

∫ T

T0

exp(− Ei
RT

)dT] (4)

Provided that mass changes are expressed as a percentage of the initial mass, m0,
the parameters αi, Ai, Ei, where αi is a fraction of respective component process, may be
found by a nonlinear regression analysis (Levenberg, Marquardt algorithm) applied to
curves of the experimental mass m vs. temperature T, from the initial temperature T0 to
a final temperature T of the experiment. The rate constant, ki, corresponding to a given
temperature is expressed as ki = Ai exp(−Ei/RT).

2.2.3. Cone Calorimetry

The cone calorimeter used was product of Fire Testing Laboratory Ltd. UK. The peak
release rate (PkHRR) from a cone calorimeter, a key factor in fire assessment, is measured
by monitoring the oxygen consumption based on the difference of air flows between the
cone entrance and the cone extraction pipe of the cone calorimeter system. Calculations
can then be executed based on empirical knowledge of the combustion of macromolecules,
namely that an average of 13.1 MJ of heat is released per one kilogram of consumed O2 [25].
The heat flow was set at 35 kW/m2.

Other readouts were ignition time, total burning time, weight loss, effective heat
consumption (EHC), total O2 consumption.

Each sample of the given dimensions was placed into the steel frame in horizontal
position. The only part of the sample exposed to heat was its surface, not its edges. To
prevent the material from peeling and the degradation products from dripping, the sample
was wrapped in aluminum foil on the bottom and the sides. The radiator, which has a
shape of a truncated cone and provided a uniform source of radiation, was placed above the
sample. The temperature was regulated using 3 thermocouples and a thermostat. Weight
measurements were carried out using the load cell of a tensometer with a readability of
0.01 g. A 10 kV spark generator equipped with a safety shut-off mechanism was used to
ignite the volatiles from the test specimens [26]. There was a steady flow of air of 24 l/h
throughout the burning channel.

3. Results
3.1. Non-Isothermal Thermogravimetry

Figure 2 demonstrates the effect of atmosphere (air and oxygen) on the mass loss of
Cumaru wood when heated at a rate of 10 ◦C/min. The mass loss was precipitated by a
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slight increase in the mass, probably due to peroxidation. The main mass loss then is faster
in oxygen than in air.
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Figure 2. The average non-isothermal thermogravimetry–temperature runs (from 2 parallel experi-
ments) in oxygen, and air for Cumaru wood at the rate of heating 10 ◦C/min.

For deconvolution of experimental runs and for evaluation of corresponding pre-
exponential factor and activation energy of the main fraction of volatiles formed from
wood the function 1) and j = 3 was used.

An example of such a deconvolution for Garapa samples in air is shown in Figure 3.
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Figure 3. The deconvolution of non-isothermal thermogravimetry–temperature run into correspond-
ing component processes with the use of Equation (1) for Garapa wood in air at the rate of heating of
10 ◦C/min. Points represent the theoretical run.

Table 1 gives the formal summary of parameters extracted from average experimental
runs-mass of the sample vs. temperature according to Equation (4). The main component
of the wood degradation is depicted in red. From this set of data, the rate constants of the
wood decomposition were determined for 250 and 300 ◦C (Table 2). The decomposition
of wood itself (red line), oxidation of carbon residue (blue line) and slight temperature
changes of the ash (black line) can be seen.
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Table 1. Set of parameters from deconvolution of non-isothermal thermogravimetry runs (Equation (4)) for samples of tropical woods
measured in air and oxygen (the rate of heating of 10 ◦C/min.) (αi is the fraction ascribed to the respective component of the whole
degradation process, i = 1,2 and 3).

Sample Gas α1 A1/β, (◦C)−1 E1, kJ/mol α2 A2/β, (◦C)−1 E2, kJ/mol α3 A3/β, (◦C)−1 E3, kJ/mol

Cumaru air 0.460 2.2 × 105 97.4 0.465 8.6 × 107 106.1 0.060 7.2 × 10−6 26.9
Garapa air 0.110 28.2 166.3 0.574 6.6 × 107 103.3 0.328 5.1 × 107 121.5

Ipe air 0.311 1.1 × 108 133.4 0.602 2.2 × 107 101.3 0.110 2.1 × 10−8 21.1
Kempas air 0.302 6.7 × 103 78.6 0.590 2.2 × 107 97.6 0.124 3.2 × 10−7 37.0
Merbau air 0.329 2.3 × 106 113.5 0.604 3.6 × 105 81.0 0.076 8.4 × 10−7 32.7

Cumaru oxygen 0.438 8.2 × 104 88.8 0.485 1.2 × 109 116.6 0.081 4.0 × 10−7 31.3
Garapa oxygen 0.136 19.6 160.3 0.554 2.6 × 109 118.4 0.334 4.0 × 105 41.2

Ipe oxygen 0.337 0.095 104.5 0.572 5.6 × 108 113.8 0.095 8.9 × 10−4 0.004
Kempas oxygen 0.341 3.2 × 103 71.4 0.596 4.5 × 107 98.8 0.080 5.2 × 10−7 40.4
Merbau oxygen 0.359 1.9 × 105 95.2 0.599 5.8 × 106 92.2 0.040 1.4 × 10−8 12.1

Table 2. Set of parameters extracted from deconvolution of non-isothermal thermogravimetry runs (the Equation (4),
Table 1) for samples of tropical woods measured in air and oxygen decomposed with the rate of heating of 10 ◦C/min.
The above set of data is related to second component process (the red data) which was used for determination of the rate
constants of second component of wood mass loss at 250 and 300 ◦C.

Sample Gas α2 A2/β, (◦C)−1 E2, kJ/mol k2300 × 103, s−1 k2250 × 104, s−1

Cumaru air 0.465 8.6 × 107 106.1 3.6 4.3
Garapa air 0.574 6.6 × 107 103.3 4.9 6.2

Ipe air 0.602 2.2 × 107 101.3 2.5 3.3
Kempas air 0.590 2.2 × 107 97.6 5.3 7.6
Merbau air 0.604 3.6 × 105 81.0 2.8 5.5

Cumaru oxygen 0.485 1.2 × 109 116.6 5.5 5.4
Garapa oxygen 0.554 2.6 × 109 118.4 8.3 7.8

Ipe oxygen 0.572 5.6 × 108 113.8 4.6 4.8
Kempas oxygen 0.596 4.5 × 107 98.8 8.5 11.9
Merbau oxygen 0.599 5.8 × 106 92.2 4.3 6.9

3.2. Cone Calorimetry

The cone calorimetry runs were recorded by the averaging 4 parallel experiments with
sample Cumaru (Figure 4); all important parameters for respective samples are in Table 3.
In contribution [19] we stated that repeatability of respective experiments was high. Typical
heat-release rate (HRR)–time runs involve a sharp increase of the heat released just after
ignition. After that time, the flame is spread along the surface and, in its close proximity,
the flame then penetrates through the layer of carbonaceous residue underneath.
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Figure 4. The average HRR–time and mass-loss runs (from 4 parallel experiments) at 35 kW/m2

for Cumaru.

94



Polymers 2021, 13, 708

Table 3. Parameters read from cone calorimetry measurements of tropical wood samples C (Cumaru), G (Garapa), K
(Kempas), M (Merbau) and I (Ipe). Average from 4 parallel experiments.

Sample Average
Line from 4

Parallel Runs
m Initial (g) mlost (g)

Time to
Ignition/Time
of Burning (s)

EHC
(MJ/kg)

Peak HRR
(kW/m2) TOC (g) MARHE

(kW/m2)
FIGRA

kW/m2/s

Cumaru 163.3 121.5 45 ± 4/1067 ± 30 15.6 457.2 ± 42.3 115.9 176.5 ± 5.1 0.457
Garapa 180.0 118.5 90 ± 10/1439 ± 49 13.6 275.0 ± 28.2 98.4 107.4 ± 6.3 0.215
Kempas 139.9 112.7 37 ± 2/1200 ± 34 17.1 307.8 ± 9.8 115.8 155.6 ± 7.4 0.296
Merbau 253.3 183.0 91 ± 16/1676 ± 50 17.4 438.4 ± 32,8 194.8 187.9 ± 8.4 0.291

Ipe 227.0 171.9 89 ± 5/1340 ± 64 16.9 500.9 ± 17.9 177.6 224.6 ± 8.6 0.444

Where mlost—total loss of mass during burning; time to ignition/time of burning–time to ignition is time interval from insertion of
sample bellow cone heater to ignition (piloted ignition by spark)—time of burning is time of flame burning of sample until self-extinction;
EHC—effective heat of combustion, Peak HRR—maximum heat-release rate corresponding to the second maximum of record; TOC—total
oxygen consumed during combustion; MARHE—a maximum value of ARHE = (

∫
HRR*t* dt)/(t1), integral in nominator is from time of

ignition to t1—time of burning; FIGRA—the ratio of the peak HRR/time corresponding to this maximum.

It was assumed that the high-molar-mass products of the degradation of the wood’s
degradation were pushed into the bottom of the carbonaceous layer by the heat front, and
partially accumulate there. In the final stage of the wood burning, a second maximum
appears, representing the burning of the accumulated products, followed by the extinction
of the flame. The HRR–time runs are, in fact, a first derivative of mass-loss runs, as may
be also seen on Figure 4. Table 3 presents the time of ignition, time of burning, HRR peak,
MARHE, and FIGRA and other averaged parameters.

When looking at Table 3, it is difficult to decide which of the five samples was the
most flammable. However, when testing it by Bunsen burner shoved that Ipe and Merbau
samples continued burning even when the burner was removed from direct contact with
the sample, while Garapa, Kempas, and Cumaru extinguished. This alights with the values
of MARHE parameters related to the second maximum, as well as with FIGRA (Figure 5).
It is generally valid that the higher MARHE and/or FIGRA, the more flammable sample is.
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Figure 5. Correlation between MARHE and FIGRA parameters (average values) for respective
samples of tropical woods: C—Cumaru, G—Garapa, I—Ipe, K—Kempas, M—Merbau.

Figure 6 shows the average plots of mass loss related to 100% of the original mass
during the burning of the woods. In the region of almost-linear decay, designated by
arrows, quasi-isothermal conditions may be expected to occur on the surface of the
burning material.
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Figure 6. The average mass loss–time runs (from 4 parallel experiments) at 35 kW/m2 for C—Cumaru,
G—Garapa, I—Ipe, K—Kempas, M—Merbau.

The density of the wood, and thus the initial mass at identical dimensions, is one of
the factors determining the time to ignition (Figure 7). For samples of the same quality,
(spruce) this is quite evident, while tropical trees differing also in structure and the amount
of other additional compounds show larger scatter of respective experiments. Kempas,
Cumaru, and Garapa approximately follow the straight line, but Ipe and Merbau decline.
Ipe and Merbau samples have lower time to ignition than expected from the linear plot of
Figure 7, probably because they are more ignitable than other woods.
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Figure 7. Time to ignition in dependence on initial mass. The cone radiancy was 35 kW/m2. The
times of ignition of spruce were presented in the paper [19], G—Garapa, C—Cumaru, K—Kempas,
I—Ipe and M—Merbau.

Time to ignition appears also to be related to the total amount of oxygen consumed
in burning (Figure 8), as if the ignition requires more oxygen to successfully initiate the
burning. A quite convincing demonstration of a possible link between thermogravimetry
runs and cone calorimetry burning may be seen in Figure 9, where rate constants from
non-isothermal thermogravimetry determined for 250 and ◦C correlate quite well with the
total time of burning related to the initial mass of samples.
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Figure 8. Correlation between time to ignition and the total oxygen consumed (TOC) related both to
the initial mass of the sample for C—Cumaru, G—Garapa, I—Ipe, K—Kempas, M—Merbau.
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Figure 9. The rate constants at 250 and 300 ◦C determined from non-isothermal thermogravimetry
vs. the total time of burning related to the initial mass of wood C—Cumaru, G—Garapa, I—Ipe,
K—Kempas, M—Merbau.

Figure 10 shows the relationship between EHC and total oxygen consumed (TOC)
divided by the mass lost during burning. The straight line produced in both cases of
tropical woods, as well as spruce fir, has the shape: EHC = 1.008 + 16.1 × TOC/mass lost
where the slope about 16 kJ/g is higher than parameter 13.1 kJ/g of consumed oxygen
implemented in cone calorimeter. It may be of interest that the above correlation is also
valid for spruce samples that were thinner than tropical woods [19].
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Figure 10. Universal correlation between EHC and total oxygen consumed related to unity of mass
lost during burning (all parallel experiments involved).
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4. Discussion

A correlation has been found for the rate constants for the decomposition of selected
tropical woods in air at 250 and 300 ◦C, and the total time of sample burning related to the
initial mass. The sequence of rate constants of wood degradation was as follows: Kempas
> Garapa > Merbau > Cumaru > Ipe.

Decomposition of wood in thermogravimetry works with small initial mass of the
sample, and thus with the direct release of volatile decomposition products into gaseous
phase. However, in a cone calorimetry burning with much higher initial mass, the back
effect of the heat from cone heater on degradation products formed during burning may
keep them beneath the upper carbonaceous layer [27–32].

As expected, the time to ignition was affected by the initial mass of sample. This was
valid for Cumaru, Ipe, and Kempas while Garapa and Merbau decline. This is probably
due the fact that the latter two woods give the decomposition phenomenon composed
formally from two processes [19,32–36].

The sequence of MARHE parameter related to the second maximum of the heat-
release rate–time cone calorimetry runs is different from the sequence obtained from
thermogravimetry. The order of flammability of examined woods is: Ipe (238) > Merbau
(188) > Cumaru (176) > Kempas (155) > Garapa (107), given in kW/m2. This sequence
correlates quite well with FIGRA parameters. At the same time, this may describe the
relative tendency of the burning wood to retain some less volatile degradation products
below the upper carbonaceous layer.

A linear correlation between EHC and TOC related to a mass lost during burning has
been confirmed. The slope is however higher (about 16 kJ/g of consumed oxygen) than
that implemented into cone calorimeter (13.1 kJ/g of consumed oxygen), which indicates
that the stoichiometry of burning involves a significant portion of products such as carbon
in the form of solid residue and soot, as well as carbon monoxide.

5. Conclusions

The degradation of tropical woods was evaluated in air and oxygen at a heating rate
of 10 ◦C/min, while cone calorimetry tests were performed in air with a cone radiance of
35 kW/m2. The experimental conditions of decomposition of wood using thermogravime-
try mean that considerably lower initial masses of a sample are used and the direct release
of volatile decomposition products into the gaseous phase occurs. The sequence of the rate
constants of wood degradation was as follows: Kempas > Garapa > Merbau > Cumaru >
Ipe. The same decaying sequence was found for flammability of samples expressed as a
total time of their burning related to the initial mass.

The larger initial mass of the samples in cone calorimetry burning created the condi-
tions for the back effect of the heat from the cone heater contributing temporary retention
of higher-molar-mass degradation products burning beneath the upper carbonaceous layer,
which is demonstrated by the appearance of the second maximum on curves of heat-release
rate vs. time. This maximum is brought about by their subsequent release.
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Abstract: Thermal modification is an environmentally friendly process in which technological
properties of wood are modified using thermal energy without adding chemicals, the result of which
is a value-added product. Wood samples of three tropical wood species (meranti, padauk, and
merbau) were thermally treated according to the ThermoWood process at various temperatures
(160, 180, 210 ◦C) and changes in isolated lignin were evaluated by nitrobenzene oxidation (NBO),
Fourier-transform infrared spectroscopy (FTIR), and size exclusion chromatography (SEC). New data
on the lignins of the investigated wood species were obtained, e.g., syringyl to guaiacyl ratio values
(S/G) were 1.21, 1.70, and 3.09, and molecular weights were approx. 8600, 4300, and 8300 g·mol−1 for
meranti, padauk, and merbau, respectively. Higher temperatures cause a decrease of methoxyls and
an increase in C=O groups. Simultaneous degradation and condensation reactions in lignin occur
during thermal treatment, the latter prevailing at higher temperatures.

Keywords: meranti; padauk; merbau; thermal treatment; wood lignin

1. Introduction

As a renewable composite material, wood is an ideal building material that is easy
to work with and offers advantages such as a high strength-to-weight ratio and lower
processing energy. However, dimensional instability is one of its major drawbacks, es-
pecially for structural uses. Apart from that, it is also susceptible to fungal degradation
and to weathering [1–3]. These shortcomings can be minimized by making hydrophilic
wood hydrophobic, and thermal treatment is a widely used modification method for this
purpose. Some wood products are popular in dark and/or red colour. Wood colour be-
comes darker and redder with increasing temperature due to formation of chromophores
predominantly in lignin [4]. Tropical woods have high commercial value on the market
and wood industry due to their good appearance and excellent physical, mechanical, and
machinability properties. Despite the immense tree diversity of tropical forests in Brazil,
only a few species are well known, explored, and sold in local markets, but many others
can provide wood with good properties and high potential for applications in the wood
industry [5–7]. Nevertheless, it is desirable to improve some of their properties, e.g., dura-
bility, stability, pest resistance, and colour uniformity. Thermal treatment appears to be an
environmentally friendly and economical technology to improve the properties and colour
of wood products. Thermal treatment is suitable for wood since it is non-toxic and does not
require the use of chemicals. The thermal modification of wood at temperatures from 180
to 260 ◦C leads to hemicellulose and lignin degradation. This process changes the chemical
composition of the wood and reduces its hygroscopicity. Thus, thermally modified wood
tends to be more dimensionally stable than unmodified wood of the same species [8–11].

One of the main wood components is lignin, the largest source of aromatics on earth, as
wood-derived biomass consists of up to 35% of lignin. Lignin is an amorphous cross-linked
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biopolymer that, in combination with cellulose and hemicelluloses, confers structural
stability to plants [12,13]. Many statements about lignin being “energetically utilized” are
confessions that come disguised as proud claims, but we still do not know how to utilize
lignin on a large scale better than burning it. The vast amounts of technical lignins generated
annually by the global pulp and paper industries are still awaiting viable ideas for large-
scale and general utilization. In addition, lignin can be used in a broad range of composite
materials and serves as a raw material to produce many chemicals [14–16]. However, a
large amount of lignin is also produced in other wood processing industries, such as in the
recycling of wood products, which also includes thermally modified wood, and this work
can contribute to its better utilization. Thermally modified wood has been used to improve
wood composite properties, e.g., wood–plastic composites, particleboard, etc. [17].

Although heat-treated wood exhibits some improved properties [18], e.g., hydropho-
bicity, dimensional stability, decay resistance, and darker colour, however, some mechanical
properties deteriorate due to the heat treatment [19]. The bending strength properties for
keruing (Dipterocarpus spp.) and light red meranti (Shorea spp.) wood were affected by
heat exposure. Both modulus of elasticity (MOE) and modulus of rupture (MOR) values
for both thermally treated wood species increased when subjected to temperatures of 150,
170, and 190 ◦C, except for 210 ◦C [20]. The lightness of teak and meranti wood was the
most affected colour attribute during thermal treatment [21].

African padauk wood is a versatile material, and with declining rosewood resources,
the value of this wood species is increasing. Padauk wood is used for making furniture,
musical instruments, and for construction purposes. Although many applications are
implemented, it is still possible to obtain many new applications of this material [22,23].
Thermal treatment of iroko and padauk wood caused a decrease in its density, colour
darkening, and considerable improvement of dimensional stability [24]. Although merbau
wood is often used in outdoor applications, its disadvantages include easy leachability of
water-soluble substances that stain the surrounding materials. This shortcoming can be
solved by thermal treatment [25,26]. Merbau extractives have potential as an impregnating
material for low-quality timber to improve its properties [27,28]. The effect of higher
temperatures on selected fire safety features of tropical wood shows that the thermal treat-
ment of merbau and meranti wood significantly increased its flammability and accelerated
its combustion [29].

Despite intensive research, there is still a lack of data about chemical changes in
properties of many tropical woods during their thermal modification. Therefore, the
purpose of this study was to provide more detailed information about the effect of thermal
modification on lignin changes in meranti, padauk, and merbau wood species.

2. Materials and Methods

Light red meranti (Shorea spp.), padauk (Pterocarpus soyauxii Taub.), and merbau
(Intsia spp.) wood species with dimensions of 20 × 20 × 300 mm (tangential × radial ×
longitudinal) were thermally modified at various temperatures [30]. Samples were labelled
as 20 (untreated), 160, 180, and 210 (according to the applied temperatures), disintegrated
to sawdust, and extracted according to the ASTM Standard Test Method [31]. The acid-
insoluble lignin (known as Klason lignin) was determined according to the National
Renewable Energy Laboratory (NREL) procedure [32]. Procedures for lignin isolation and
conditions of its nitrobenzene oxidation (NBO) were reported recently [33]. The molecular
weight distribution (MWD) evaluation of dioxane lignins was performed by the previously
described method [33]. Fourier transform infrared spectroscopy (FTIR) of isolated dioxane
lignin was performed on a Nicolet iS10 spectrometer with Smart iTR ATR accessory. The
spectra were collected in an absorbance mode between 4000 and 650 cm−1 by accumulating
32 scans at a resolution of 4 cm−1 using diamond crystal. All analyses were performed
in four replicates. Statistical analysis was performed by applying a one-way analysis of
variance, using the probability theory and Fisher’s F-test.
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3. Results and Discussion
3.1. Changes in Lignin Yields

Lignin is the most stable wood component at thermal treatment. Its yield usually
increases during all kinds of biomass pre-treatments accomplished at a low pH and high
temperature conditions such as dilute acid pre-treatment, hot water pre-treatment, steam
explosion, and at high temperatures. The relative percentage of acid-insoluble lignin
(Klason lignin) is higher in the modified material than in that of the untreated ones. This
phenomenon is due to formation of pseudo-lignin due to the condensation reactions of
degradation products of lignin and polysaccharides [25,34,35]. The results in Table 1
show the different behaviour of meranti, padauk, and merbau wood Klason lignins when
subjected to thermal modification. The increase of meranti lignin is relatively high at
a temperature of 160 ◦C, then it decreases unexpectedly. This yield drop can be due to
preferential lignin degradation reactions, and it corresponds with the decline of lignin
molecular weight determined by size exclusion chromatography (Table 4). In contrast,
an increase in lignin was observed after the superheated steam treatment of light red
meranti wood [36]. On the other hand, yields of padauk and merbau lignins continuously
increase similarly to the increase found during the thermal treatment of various wood
species [34,36,37]. We found a higher Klason lignin content (32.42%) with a S/G ratio of
1.21 (Table 2), with differences probably due to different wood species, the location of their
origin, etc. Similar results for the S/G ratio were found by Syafii, 2001 [38] for several
tropical wood species. He reported that the syringyl to guaiacyl ratio of albizia, gmelina,
kapur, and yellow meranti woods are 2.03, 2.02, 1.87, and 1.30, respectively. This means that
the lignin structure of the above-mentioned woods is predominated by syringyl units. The
content of Klason lignin in yellow meranti was 30.00% [38]. The extraction of lignin from
wood by dioxane provides good yields with minimal structural changes, which is why
dioxane lignin is often used for structural studies [39,40]. Yields of dioxane lignin increased
from 1.7 to 1.8-fold for all three species at a temperature of 210 ◦C in comparison to the
original samples (Table 1). The amount of extracted lignin may depend on the degree of its
condensation, but a comparison of the yields of dioxane lignin (Table 1), NBO products
(Tables 2–4), and its molecular weights (Tables 5–7) shows that other factors also influence
its yields, e.g., functional groups, crosslinking, etc. These factors result in simultaneous
degradation and condensation reactions in lignin during the thermal treatment.

Table 1. Klason (KL) and dioxane lignin (DL) yields from untreated and thermally treated meranti,
padauk, and merbau (mean ± SD, % odw).

Product 20 ◦C 160 ◦C 180 ◦C 210 ◦C

Meranti-KL 32.42 ± 0.08 36.67 ± 0.10 36.29 ± 0.09 35.33 ± 0.13
Padauk-KL 33.77 ± 0.10 34.84 ± 0.04 35.53 ± 0.03 39.73 ± 0.09
Merbau-KL 33.75 ± 0.23 33.23 ± 0.07 35.75 ± 0.20 44.61 ± 0.23
Meranti-DL 7.57 ± 0.10 6.79 ± 0.11 7.32 ± 0.06 13.54 ± 0.11
Padauk-DL 9.02 ± 0.16 10.72 ± 0.41 14.20 ± 0.25 16.62 ± 0.31
Merbau-DL 9.01 ± 0.11 7.97 ± 0.12 13.69 ± 0.28 15.37 ± 0.11

The lignin content in meranti (Shorea almon) is 23.10% with the ratio of syringyl to guaiacyl (S/G) 0.94 [41].

3.2. Changes in NBO Products

The increasing amount of NBO products indicates preferential degradation reactions,
which is also confirmed by the drop of molecular weight determined by the SEC analysis
(Table 4, Figure 1). The increase of S/G ratio at higher temperatures suggests that G-type
lignin is more prone to the condensation reactions [42].
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Table 2. Phenolic aldehydes and acids from nitrobenzene oxidation of meranti dioxane lignins
(mean ± SD, %).

Product 20 ◦C 160 ◦C 180 ◦C 210 ◦C

p-Hydroxybenzoic acid 0.04 ± 0.00 0.05 ± 0.00 0.04 ± 0.01 0.03 ± 0.01
p-Hydroxybenzaldehyde 1.93 ± 0.12 1.44 ± 0.41 1.93 ± 0.12 0.98 ± 0.16

Vanillic acid 0.33 ± 0.00 0.46 ± 0.03 0.65 ± 0.07 0.16 ± 0.03
Vanilline 14.71 ± 0.25 14.19 ± 0.45 15.67 ± 0.09 16.66 ± 0.20

Syringic acid 0.39 ± 0.03 0.38 ± 0.08 0.32 ± 0.00 0.42 ± 0.02
Syringaldehyde 17.77 ± 1.01 18.13 ±0.50 20.26 ± 1.01 22.21 ± 1.76

Total yield on DL 35.17 ± 1.41 34.64 ± 0.52 38.87 ± 1.10 40.47 ± 1.75
S/G ratio 1.21 ± 0.05 1.26 ± 0.08 1.26 ± 0.06 1.35 ± 0.09

Table 3. Phenolic aldehydes and acids from nitrobenzene oxidation of padauk dioxane lignins
(mean ± SD, %).

Product 20 ◦C 160 ◦C 180 ◦C 210 ◦C

p-Hydroxybenzoic acid 0.04 ± 0.01 0.05 ± 0.00 0.04 ± 0.00 0.05 ± 0.00
p-Hydroxybenzaldehyde 3.19 ± 0.12 3.17 ± 0.33 3.08 ± 0.04 3.17 ± 0.16

Vanillic acid 1.09 ± 0.05 1.04 ± 0.16 0.98 ± 0.01 0.92 ± 0.05
Vanilline 7.61 ± 0.07 8.67 ± 0.22 7.96 ± 2.52 3.89 ± 0.07

Syringic acid 1.49 ± 0.06 1.43 ± 0.20 1.41 ± 0.02 1.47 ± 0.09
Syringaldehyde 13.33 ± 1.26 15.28 ± 1.51 14.22 ± 0.50 7.11 ± 0.00

Total yield on DL 26.76 ± 1.56 29.64 ± 1.97 27.68 ± 2.96 16.61 ± 0.24
S/G ratio 1.70 ± 0.13 1.72 ± 0.19 1.75 ± 0.45 1.78 ± 0.02

Table 4. Phenolic aldehydes and acids from nitrobenzene oxidation of merbau dioxane lignins
(mean ± SD, %).

Product 20 ◦C 160 ◦C 180 ◦C 210 ◦C

p-Hydroxybenzoic acid 0.02 ± 0.00 0.04 ± 0.00 0.02 ± 0.00 0.01 ± 0.00
p-Hydroxybenzaldehyde 2.86 ± 0.02 3.26 ±0.16 3.46 ± 0.44 3.23 ± 0.12

Vanillic acid 3.49 ± 0.19 3.57 ± 0.17 4.49 ± 0.98 6.13 ± 0.19
Vanilline 1.18 ± 0.08 2.24 ± 0.02 1.59 ± 0.05 0.30 ± 0.02

Syringic acid 1.24 ± 0.05 1.41 ± 0.11 1.52 ± 0.29 1.44 ± 0.03
Syringaldehyde 13.19 ± 0.46 26.50 ± 0.48 14.18 ± 0.85 6.00 ± 0.45

Total yield on DL 21.98 ± 0.30 37.02 ± 0.05 25.26 ± 0.18 17.11 ±0.59
S/G ratio 3.09 ± 0.16 4.80 ± 0.18 2.58 ± 0.66 1.16 ± 0.04

Table 5. Molecular weights and polydispersity index of lignin from meranti wood (mean ± SD).

Temperature (◦C) Mw (g/mol) Mn (g/mol) Mz (g/mol) PDI

20 8627 ± 256 2549 ± 26 41,157 ± 3769 3.38 ± 0.09
160 8595 ± 122 2470 ± 22 48,388 ± 2696 3.48 ± 0.07
180 5607 ± 109 2217 ± 17 15,651 ± 1432 2.53 ± 0.03
210 4253 ± 75 1761 ± 16 11,071 ± 763 2.42 ± 0.04

Note: Mw: Weight average molecular weight (MW); Mn: Number average MW; Mz: Z average MW; PDI
(polydispersity index): Mw/Mn.

Table 6. Molecular weights and polydispersity index of lignin from padauk wood (mean ± SD).

Temperature (◦C) Mw Mn Mz PDI

20 4265 ± 303 1771 ± 32 10,341 ± 529 2.41 ± 0.22
160 4301 ± 103 1850 ± 14 10,237 ± 279 2.32 ± 0.02
180 4504 ± 105 1698 ± 18 12,972 ± 494 2.65 ± 0.07
210 4999 ± 48 1898 ± 12 16,264 ± 669 2.63 ± 0.04

Note: See Table 5 for symbols.
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Table 7. Molecular weights and polydispersity index of lignin from merbau wood (mean ± SD).

Temperature (◦C) Mw Mn Mz PDI

20 8284 ± 757 2772 ± 283 37,826 ± 1526 2.99 ± 0.17
160 7461 ± 72 3128 ± 31 20,268 ± 787 2.39 ± 0.02
180 14,567 ± 107 2806 ± 46 113,672 ± 8141 5.19 ± 0.13
210 14,728 ± 729 2815 ± 31 114,080 ± 13,700 5.23 ± 0.29

Note: See Table 5 for symbols.

Figure 1. Molecular weight distribution of meranti wood lignins.

Similarly, to meranti, padauk also has SG lignin, containing more syringyl units
compared to guaiacyl ones with an S/G ratio of 1.70, and this ratio slightly increases
with the temperature (Table 3). No data of S/G ratio in padauk lignin were found in
the literature.

An unexpectedly high S/G ratio was determined in merbau lignin (Table 4), indicating
a much lower guaiacyl unit content in comparison to meranti and padauk lignin. The high
S/G ratio means that this lignin presents a more open matrix, with a lower degree of C-C
bonds at the C5-ring position [43].

3.3. Changes of Macromolecular Traits in Lignins

Dioxane lignin isolated from meranti wood before thermal treatment shows typical
monomodal molecular weight distribution and a small peak with high molecular weight
(Figure 1). Competitive degradation and condensation reactions in lignin can be observed
at a temperature of 160 ◦C, resulting in an increase in the high molecular weight peak (Mz
increases from 41,157 to 48,388 g/mol) and partial degradation of the main peak. At higher
temperatures, degradation reactions predominate and both the molecular weights and
the polydispersity index decrease, e.g., the value of Mw drops to half at a temperature of
210 ◦C (Table 4, Figure 1). It should be noted that no data on the molecular weight of lignin
have been found in scientific literature for either meranti or padauk.

Padauk wood lignin reacts to elevated temperatures differently compared to meranti
lignin. From a molecular weight of 4265 g/mol in the case of untreated wood, it increases
up to a value of 4999 g/mol at a temperature of 210 ◦C (Table 5). From molecular weight
distribution curves, it is evident that both degradation and condensation reactions occur
simultaneously, however, the latter are predominant (Figure 2). The SEC analysis similarly
revealed concurrent degradation and condensation reactions by heating poplar lignin [42].
The thermal degradation of lignin causes the formation of phenoxy radicals causing a
coupling reaction to form new 4−O−5 and 5−5′ linkages, respectively [44,45]. The pre-
dominant condensation reactions result in an increase in molecular weight by almost 20%
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when compared to the unmodified sample. An increase in lignin molecular weight was
observed in the thermal treatment of spruce wood up to a temperature of 240 ◦C [46].

Figure 2. Molecular weight distribution of padauk wood lignin.

The molecular weight of merbau lignin slightly decreases at a temperature of 160 ◦C
(Table 7) and increases dramatically at higher temperatures (by 77%) compared to the
untreated sample. Molecular weight distribution curves (Figure 3) show a decrease in both
high and low molecular fractions indicating a simultaneous process of degradation and
condensation reactions at a lower temperature of treatment. Higher temperatures (180
and 210 ◦C) predominantly cause the condensation of lignin macromolecules resulting in
both higher molecular weights and polydispersity. Similar changes in lignin were found
during the thermal treatment of spruce and teak wood, respectively [33,46]. The crosslink-
ing of lignin leading to the increase of molecular weight was observed by [47] during
thermoplastic processing of grass lignin with ethylene and vinyl acetate copolymer (EVA).

Figure 3. Molecular weight distribution of merbau wood lignin.

3.4. Changes in FTIR Spectra

Chemical changes in thermally treated wood lignin are expressed as the differential
FTIR spectral absorbances of selected related bands (Figures 4–6). Their values were ob-
tained as the differences between absorbances after treatment at the given temperature
and absorbances of untreated samples (e.g., “ME-Diff 160” means absorbances of meranti
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lignin treated at 160 ◦C minus absorbances of untreated meranti lignin). The positive
values refer to an increase and the negative values to a decrease in the absorbance. Given
the similarity of the trends of the measured absorbances for meranti, padauk, and mer-
bau, the FTIR spectra will be evaluated together (in the case of more significant unequal
behavior between them, this will be mentioned). A broad band around 3400 cm−1 (OH
stretching vibration in alcohols, acids, phenols, and weakly bounded absorbed water in
lignin) [22,48] and bands around 2940 and 2840 cm−1 (C−H stretching in methyl and
methylene groups) [49,50] show only negligible changes in absorbance during the thermal
treatment. The absorbance of the band at 1710 cm−1 (C=O vibrations of non-conjugated
carbonyl groups) increases with the increasing temperature (with a maximum at 210 ◦C).
The increase in intensity may be a result of cleavage of β−O−4 linkage accompanied by
the formation of C=O groups formed in lignin during oxidation [51,52]. This trend was
observed and explained by several authors as a consequence of increasing the amount of
acetyl and carbonyl groups from lignin [53,54]. The absorption intensities near 1600 and
1500 cm−1 (C=C stretching vibrations in aromatic structure of lignin) are related to the
skeletal vibration of the syringyl and guaiacyl structures in lignin [55,56]. In our case, the
band around 1600 cm−1 slightly decreased in the meranti and padauk samples treated
at lower temperatures (160 and 180 ◦C) (Figures 1 and 2). On the contrary, it rises at the
highest temperature (210 ◦C), where the increase is higher in padauk (Figures 1 and 2). In
the merbau sample, an increase in the band can be observed at each temperature (Figure 3).
The band at 1508 cm−1 has a different trend in the studied samples. While the meranti
and merbau show a gradual increase when subjected to thermal treatment, a permanent
decrease can be observed with padauk. An increase in absorbance has been observed
by some researchers [57,58], while other authors obtained opposite results [26,52]. The
found differences may be due to the different proportions of lignin in the investigated
wood species [59]. Absorbance at 1460 cm−1 (C−H asymmetric bending in CH3 groups
in lignin) relating to hemicellulose and methyl groups in lignin [60], shows a variable
trend, which is essentially identical as the reported dependence absorbances under thermal
treatment at 1593 cm−1. In samples treated at lower temperatures (160 and 180 ◦C), it
decreases (Figures 1 and 2). On the contrary, it rises slightly at the highest temperature (210
◦C), probably due to the condensation reactions in the lignin structure (Figures 1 and 2).
The thermal treatment of lignin causes gradual removal of water and methanol to form
conjugated ethylene bonds [61]. A permanent regress at 1420 cm−1 (aromatic ring vibration
in lignin combined with C−H deformation in carbohydrates) [50] was measured (except for
merbau, where the band increased at 210 ◦C). Decreases in absorbances on bands at 1460
and 1420 cm−1 indicate the cleavage of methoxyl groups during thermal treatment leading
to gradual demethoxylation [52,62]. The bands at 1325 cm−1 (C−O vibration in syringyl
plus guaiacyl derivatives is characteristic for condensed structures in lignin) [56,63,64],
1265 and 1215 cm−1 (C=O stretching and breathing of guaiacyl ring in lignin) [64–66] show
a slight decrease at the lowest temperature. This decrease may be due to the cleavage of
the ether bond in the lignin structure leading to the elimination of methoxy groups [67].
However, as the temperature rises, the trend reverses and there is a significant increase
in these bands (especially in thermal treatment at a temperature of 210 ◦C). The gradual
increase of these bands indicates the development of condensation reactions in lignin [63]
(with a significant contribution of guaiacyl). The absorbance value at 1120 cm−1 (C−H vi-
bration of syringyl units in lignin) [40] also decreased. The ratio of the relative absorbances
of the bands at 1265 and 1120 cm−1 shows that a higher temperature induces condensation
reactions more easily in guaiacyl units than in syringyl units [68,69]. A decrease of band
intensity at 1028 cm−1 (C–O stretching) [63] indicate the cleavage of β-alkyl-aryl ether
and methoxyl bonds. A similar trend was observed in teak and oak wood [54,57]. These
results indicate a significant degradation of the lignin structure, which is most pronounced
especially in condensation reactions at the highest temperature value.
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Figure 4. Differential FTIR spectra of thermally treated meranti wood lignin.

Figure 5. Differential FTIR spectra of thermally treated padauk wood lignin.

Figure 6. Differential FTIR spectra of thermally treated merbau wood lignin.
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3.5. Statistical Evaluation Analysis

The effect of the interaction of thermal modification temperature (20, 160, 180, and
210 ◦C) and wood species (meranti, padauk, merbau) was evaluated by applying a one-way
analysis of variance, using the probability theory and Fisher’s F-test. Due to the large range
of results, we do not present the tables in this article. Based on the values of the level of
significance “P” and Fisher’s F-test, these results showed that the effect of the observed
interaction (thermal modification temperature and wood species) on the values of Mn, Mw,
Mz, S/G, and YIELD has a very significant effect in all monitored cases (Figures 7–12).

Figure 7. The effect of thermal modification temperature and wood species on number average
molecular weight (Mn) values.

Figure 8. The effect of thermal modification temperature and wood species on weight average
molecular weight (Mw) values.
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Figure 9. The effect of thermal modification temperature and wood species on Z average molecular
weight (Mz) values.

Figure 10. The effect of thermal modification temperature and wood species on polydispersity index.

Figure 11. The effect of thermal modification temperature and wood species on syringyl to guaiacyl
ratio (S/G) values.
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Figure 12. The effect of thermal modification temperature and wood species on YIELD values.

Figure 7 shows the effect of the interaction of the thermal modification temperature
and the wood species on Mn values. It is clear from the results that the lowest Mn values
were measured in padauk wood, and the highest ones were measured in merbau wood.
The effect of temperature on the values of this characteristic was also very significant.
In meranti wood, we recorded a significant increase at a temperature of 160 ◦C, while
there was no significant difference between Mn values measured at 20, 180, and 210 ◦C.
In merbau wood, we can see a significant decrease in Mn values with an increase in the
temperature of thermal modification.

In padauk wood this trend is not so clear-cut. The effect of a temperature of 160 ◦C
increased the values of the examined characteristic, at a temperature of 180 ◦C there was a
significant decrease in the values, and at 210 ◦C the values of the monitored characteristic
increased again.

Figure 8 shows the interaction of the thermal modification temperature and the wood
species on Mw values. The effect of the wood species is similar to the previous case, the
lowest Mw values were measured in padauk wood and the significantly highest values
in merbau wood. In the case of padauk wood, the values of the monitored characteristic
increased significantly with an increase in the applied temperature. In meranti wood, this
effect is opposite, and with an increase in the operating temperature, the values of the
observed characteristic of Mw decrease significantly. An interesting course can be observed
in merbau wood, while the effect of 160 ◦C cannot be considered significant compared to
thermally untreated wood. Temperatures of 180 and 210 ◦C resulted in a very significant
increase in the value of the observed characteristic Mw.

Figure 9 shows the effect of the interaction of the temperature of thermal modification
and wood species on Mz values. It is evident from the value in the graph that the lowest
values of the observed characteristic were measured in padauk wood again, and the highest
values of the monitored characteristic were measured in merbau wood. In padauk wood, a
decrease in the values of the observed characteristic Mz can be observed at a temperature
of 160 ◦C in comparison with the untreated wood. With higher temperatures (180 and
210 ◦C), we achieved an increase in the values of the observed characteristics. In meranti
wood, the effect was the opposite. At 160 ◦C the values of the monitored characteristic
increased insignificantly, but at temperatures of 180 and 210 ◦C there was a very significant
decrease in the values of the monitored characteristic. The effect of the interaction of the
thermal modification temperature and the wood species on the values of the observed
characteristic PDI is very similar as in the previous case (Figure 10).

The interaction of thermal modification temperature and wood species was shown to
have an insignificant effect on the monitoring of this interaction on S/G values measured
in padauk and meranti wood (Figure 11). While the effect of the monitored interaction
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had a very significant effect on the values measured in merbau wood, the values measured
in this wood were significantly higher than in the case of meranti and padauk wood.
We can also see a significant increase in the values of the monitored characteristic at
160 ◦C, accompanied by a significant decrease in these values at higher temperatures
(180 and 210 ◦C).

YIELD values measured in padauk and meranti wood do not differ. In both woods,
an insignificant increase in the values of the monitored characteristic can be observed
due to the thermal modification temperature. In contrast, the YIELD values measured
in merbau wood decrease significantly under the effect of thermal modification tempera-
ture (Figure 12).

Figure 13 shows the relationship between the observed interaction (thermal modifica-
tion temperature and wood species) and its influence on the monitored characteristics Mn,
Mw, Mz, S/G, and YIELD. It is clear from the values of the correlation coefficient and the
data in Figure 13 that the effect of the observed interaction has a significant correlation in
all monitored cases, and each of the monitored characteristics has a declining trend as a
result of the interaction.

Figure 13. Correlations of the interaction of thermal modification temperature and wood species with the values of the mon-
itored characteristics Mn, Mw, Mz, S/G, and YIELD evaluating the mutual connection between the monitored relationships.

4. Conclusions

Meranti, padauk, and merbau wood samples were thermally treated according to the
ThermoWood process at different temperatures (160, 180, 210 ◦C), lignin was extracted by
dioxane and its changes were evaluated by chemical, chromatographic, and spectroscopic
analyses. Different changes in all the examined lignins were observed. However, simulta-
neous degradation and condensation reactions take place during the thermal modification
of wood samples. In meranti lignin, the loss of molecular weight occurs, in padauk only the
negligible increased, but merbau lignin dramatically condensed at the temperature above
180 ◦C. All the examined wood species are characterized by an SG type of lignin, with more
syringyl units compared to guaiacyl, and with a minor content of hydroxyphenyl-units.
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Nitrobenzene oxidation (NBO) analyses show a similar S/G ratio and yield products in
meranti and padauk lignins, the higher S/G ratio and products yield at the temperature
of 160 ◦C was found in merbau lignin, then these values rapidly decreased. Infrared
spectra also indicated significant changes in lignin structure, which is most pronounced
especially in condensation reactions at the highest temperature value. The knowledge
about the changes of lignin structure during the heat treatment could be useful in the
ThermoWood treatment, recycling of thermally treated wood or in its processing at the end
of the life cycle.
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Abstract: Chemical composition and morphological properties of Norway spruce wood and bark
were evaluated. The extractives, cellulose, hemicelluloses, and lignin contents were determined
by wet chemistry methods. The dimensional characteristics of the fibers (length and width) were
measured by Fiber Tester. The results of the chemical analysis of wood and bark show the differences
between the trunk and top part, as well as in the different heights of the trunk and in the cross section
of the trunk. The biggest changes were noticed between bark trunk and bark top. The bark top
contains 10% more of extractives and 9.5% less of lignin. Fiber length and width depends on the part
of the tree, while the average of these properties are larger depending on height. Both wood and
bark from the trunk contains a higher content of fines (fibers <0.3 mm) and less content of longer
fibers (>0.5 mm) compared to the top. During storage, it reached a decrease of extractives mainly in
bark. Wood from the trunk retained very good durability in terms of chemical composition during
the storage. In view of the morphological characteristics, it occurred to decrease both average fibers
length and width in wood and bark.

Keywords: spruce wood; cellulose; hemicelluloses; lignin; extractives; time of storage; fiber characteristics

1. Introduction

Wood is an anisotropic material, with respect to its anatomical, physical, and chemical
properties, and is made up of different kinds of cells. Wood is degradable by fungi,
microorganisms and heating [1]. Degradation of wood and its chemical structure are
influenced by the temperature, oxygen available to the material, ambient pressure, wood
type and shape, moisture content of the wood, and additives, such as inorganic substances,
sorbed emissions, etc. [2–4]. Fedyukov et al. [5] progressively describe the decreasing of
cellulose content of spruce wood with soil condition deterioration.

The structure of wood, chemical components (cellulose, hemicelulloses, lignin and
extractives) and their relative mass proportion depending on the morphological region,
kind of the tree, and age of the wood [1]. Variation can be found within a single tree from
the center of the trunk to the bark, from the trunk to the top, between earlywood and
latewood, and between sapwood and heartwood [6]. According to Fengel and Wegener [7],
earlywood contains more lignin and inversely less cellulose than latewood.

Understanding the morphological and chemical heterogeneity of wood is important
in its utilization, for example in the paper industry. Like wood, bark is an important
source of raw material and chemical compounds [8]. The chemical composition of bark
varies among the different tree species and depends on the morphological element in-
volved. Many of the constituents present in wood also occur in bark, but their proportion
is different. Bark can roughly be divided into the fraction: fibers, corok cells and fine sub-
stance (including parenchyma cells) [1]. Bark contains much more extractives than wood
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from the trunk [9], considerable amounts of bioactive components such as antioxidants
(polyphenols), and also structural polysaccharides such as pectins [10–12]. Degradation of
biomass is influenced by photodegradation (UV light), high temperatures during storage
in piles, microorganizms, etc., Routa et al. [13] describe the major reactions of lipophilic
extractive compounds during wood storage, which can be divided into three types: (1)
hydrolysis of triglycerides (rapid reaction) and steryl esters and waxes (proceeds slower);
(2) oxidation/degradation/polymerization of resin acids, unsaturated fatty acids, and to
some extent, other unsaturated compounds; and (3) evaporation of volatile terpenoids,
mainly monoterpenes.

As any wood material, spruce wood is chemically complex and its physical, chemical
and morphological characteristics are not uniform. In Slovakia, it is the most common wood
specie. In Norway spruce, approximately 95% of wood cell matrix is composed of tracheids,
which can also be termed fibers. The average tracheid length is mainly influenced by tree
age. As most wood properties, fibers length and width varies greatly both within and
among trees, depending on its vertical and radial position (ring age) in trunk, and forest
stand [14]. The tracheids length is shortest next to the pith, the increase with age is at first
very rapid in the juvenile period, then slow down between the ages 10–30 and thereafter,
as mature wood begins to form, increases very gradually with seasonal fluctuation [15].

The aim of this paper is to characterize chemical composition (extractives, lignin,
polysaccharides, cellulose and hemicelluloses) and morphological properties (fibers length
and width) of different parts of Norway spruce wood (Picea abies (L.) Karst.) and to evaluate
the rate of changes in these properties after wood storage.

2. Experimental
2.1. Materials

Norway spruce wood (Picea abies L. Karst.) was harvested in the middle part of
Slovakia (Zvolen region) in June. The 65-year-old tree was cut 0.5 m from the ground and
its height was 25 m. For the experiment, we used a 5 m long trunk part (the diameter of
32 cm—thicker part and the diameter of 29.5 cm—thinner part) and the top part of tree,
represented the waste biomass (the diameter of 12 cm—thicker part and the diameter of
7.5 cm—thinner part). We took samples (cut with an all diameter) from the trunk in a
height of 0.5, 1.5, 2.5, 3.5 and 4.5 m from the ground and both wood and bark from the top.
Equally, we took samples A, B, C (Figure 1) in a height of 0.5 and 4.5 m, whereas sample A
represent juvenile wood, which is within the first 20 years of growth; B sample, the next
20 years; and C sample, the rest.
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After trunk sampling, we obtained five wood pieces with a length of approximately
1 m. We debarked the first one. A part of the bark was used for the experiment and the
rest for storage. The rest (four) of the wood pieces (in the bark) were also used for storage.
After 2, 4, 6 and 8 months of storage, we always analysed one piece of wood (the first
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sample was wood and the next sample bark from this piece) and bark, which was stored
separately. Specifications of the samples are described in Table 1.

Table 1. Samples signification.

wood 0.5 m; 1.5 m; 2.5 m; 3.5 m; 4.5 m sample taken from the tree trunk in a height of 0.5 m; 1.5 m; 2.5 m; 3.5 m; 4.5 m
from the ground

wood-top sample taken from the tree top

bark-trunk sample taken from the trunk

bark-top sample taken from the top

wood 0.5 m-A; 4.5 m-A sample taken from the tree trunk in a height of 0.5 m or 4.5 m from the ground,
first 20-years of growth (Figure 1)

wood 0.5 m-B; 4.5 m-B sample taken from the tree trunk in a height of 0.5 m or 4.5 m from the ground,
from 20 to 40 years of growth (Figure 1)

wood 0.5 m-C; 4.5 m-C sample taken from the tree trunk in a height of 0.5 m or 4.5 m from the ground,
the last 25-years of growth (Figure 1)

wood 0, 2, 4, 6, 8 month wood from the trunk taken in time of 0, 2, 4, 6, and 8 month of its storage

bark trunk 0, 2, 4, 6, 8 month bark from the trunk taken in time of 0, 2, 4, 6, and 8 month of its storage

bark 0, 2, 4, 6, 8 month separately stored bark taken in time of 0, 2, 4, 6, and 8 month of its storage

During storage, the conditions were as follows (Table 2):

Table 2. Conditions during wood storage.

Time of Storage/
Conditions

Average Air Humidity
(%)

Average Air Temperature
(◦C)

Average Precipitation
(mm)

from Jun to August 82.99
(max. 99.05, min. 59.32)

19.31
(max. 23.08, min. 14.37)

3.20
(max. 29.0, min. 0)

from August to October 86.89
(max. 99.17, min. 71.39)

17.02
(max. 23.63, min. 8.95)

2.28
(max. 23.80, min. 0)

from October to December 96.98
(max. 99.17, min. 81.52)

5.39
(max. 12.45, min. −2.99)

2.06
(max. 42.2, min. 0)

from December to February 97.45
(max. 99.17, min. 76.56)

0.54
(max. 6.17, min. −8.79)

1.50
(max. 17.8, min. 0)

2.2. Methods
2.2.1. Chemical Composition of Wood

The samples were disintegrated into sawdust, and fractions 0.5 mm to 1.0 mm in
size were used for the chemical analyses. The extractives content (EL) was determined
in a Soxhlet apparatus with a mixture of ethanol and toluene (2:1) according to ASTM
D1107-96 [16]. The lignin content (LIG) was determined according to Sluiter et al. [17],
and the cellulose content (CEL) was determined according to the method by Seifert [18],
and the holocellulose content according to the method by Wise et al. [19]. Hemicelluloses
(HEMI) were calculated as the difference between the holocellulose and cellulose contents.
Measurements were performed on four replicates per sample. The results were presented
as oven-dry wood percentages.

2.2.2. Fibers Length and Width

Two hundred-millilitre mixtures of concentrated CH3COOH and 30% H2O2 (1:1, v/v)
were poured onto the wood samples (weight = 10 g and dimensions = 20 mm × 2 mm × 2 mm).
Then, the samples were refluxed for 3 h, suction filtered through a sintered glass filter
(S1), and washed with distilled water. An L & W Fiber Tester (Lorenzen and Wettre, Kista,

119



Polymers 2021, 13, 1619

Sweden) was used to determine the fibre dimensional characteristics. This measurement is
based on the principle of two-dimensional imaging technology. The measurement tech-
nology is automated, allowing for frequent and rapid analysis of the fibre quality. The
instrument measures various fibre properties, such as the length and width of the fibres,
fine portion (from 0.1 mm to 0.2 mm). Measurements were performed on a single replicate
per sample, and the number of fibres within each population of the replicate ranged from
19,182 cells to 21,128 cells.

3. Results and Discussion
3.1. The Differences in the Spruce Wood and Bark in the View of Its Chemical Composition and a
both Fibers Length and Width Distribution

Wood is composed of cellulose, hemicelluloses, lignin, and extractives. From the re-
sults of the chemical analysis of spruce wood (Figures 2 and 3), we obtained the differences
between the wood, as part of the trunk, and the top part of the tree. We compared the
chemical composition of the trunk part in a height of 0.5 m and 4.5 m. We have taken
samples (A, B, C) from the tree trunk, as shown Figure 1. The results indicate that there
are differences in extractives content between A, B, and C in a height of 0.5 m. The biggest
content of extractives, 1.68%, is in the part C (the last 25 years of growth), then A, 1.29%,
and the last B, 1.04%. In a height of 4.5 m, there are no differences between the A and B
part, and the amount of extractives in part C is comparable to the results in a height of
0.5 m. The amount of LIG, CEL and HEMI was very similar in a height of 0.5 and 4.5 m as
well (Figure 2).

The analysis of chemical composition of wood and bark in different heights (Figure 3)
exposed that the extractive content of both wood and bark is growing up with a height of
the tree. The biggest extractives content of 32.35% was recorded in bark taken from the
top part. Several authors mention the extractives amount of spruce bark from 23.5% to
28.3%, depending on the part of bark (inner bark from 17.3 to 38.7%, outer from 19.1 to
43.3%) [20–23]. The extractives content of the wood part is between 1% and 4.5% [24,25],
while there is a difference between sapwood, values from 1.7% to 2.7% and heartwood,
from 1.1% to 1.8% [26].

The amount of main chemical compounds: LIG (from 23.69 to 26.06%), CEL (from
39.01 to 42.51%), and HEMI (from 34.98 to 35.30%) were very similar in wood samples
taken from the trunk (in a height from 0.5 to 4.5 m) compared to the top part. Sjostrom [27]
mentions the lignin content of 27.5%, cellulose of 39.5 and hemicelluloses of 17.2% for Picea
glauca; Wang et al. [28] showed a Klasson lignin of 28.2% for Picea abies (L.) H. Karst; Neiva
et al. [29] showed a lignin content of 27.22%, polysaccharides of 71.18% for Picea abies (L.)
H. Karst; Harris [30] showed a lignin from 28.0% to 30.8%, cellulose content from 38.1% to
40.3% for juvenile wood, and the lignin from 26.1% to 28.2%, cellulose from 40.2% to 42.7%
for the mature wood of Norway spruce.

The biggest changes in chemical composition we noticed between bark trunk and
bark top (Figure 3). As mentioned above, the extractive content was higher in the bark-top
(32.35%) compared to the bark-trunk (22.16%), the lignin content was higher in bark-trunk
(24.97%) compared to bark-top (15.46%), and the content of polysaccharides were similar
(52.87% bark-trunk and 52.18% bark-top). Neiva et al. [29] determined the lignin between
26.86% and 29.92%, and polysaccharides content between 37.86% and 52.27%, depending
on the bark fraction.
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Figure 2. Chemical composition (relative values) of spruce wood trunk at heights of 0.5 and 4.5 m.
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Results of the Fiber Tester analysis (Figures 4 and 5) show that there are differences
in both wood fibres length and width, mainly between samples A and B in a height of 0.5
and 4.5 m. The lower part of the trunk contains the highest amount of fines (>0.3 mm),
from 45.94% (part B) to 52.38% (part A). The lowest content of long fibers (more than
1.01 mm) we determined in sample 0.5-A. There are also visible differences of fibers width
in this sample (Figure 5). This part of the wood contains a higher amount of narrow fibers
compared to sample 4.5-A. The average fiber length depends on the part of the trunk. The
results show (Table 3) the smallest average fiber length and width in sample A, then B, and
lastly C in a height of 0.5 m and 4.5 m as well. Both average fiber length and width are
larger with the height of the tree.
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Figure 4. Fibers length distribution of spruce wood trunk at heights of 0.5 and 4.5 m. Fibres length
classes: >0.3; 0.31–0.5; 0.51–1.0; 1.01–2.0; 2.01–3.0; 3.01–6 mm.
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Figure 5. Fibers width distribution of spruce wood trunk at heights of 0.5 and 4.5 m; (a) samples
0.5-A, 4.5-A; (b) samples 0.5-B, 4.5-B; (c) samples 0.5-C, 4.5-C.

Wood from the trunk contains the highest amount of fines, approximately 50%
(Figure 4) and its average length is 1.5 mm (Table 4). Tyrväinen [31] presents the av-
erage fiber length and its variation of Norway spruce trunk, namely inner heartwood
1.9 mm (1.28–2.70 mm), middle zone 3.0 mm (1.69–3.88 mm), and outer sapwood 3.7 mm
(2.80–4.29 mm). Harris [30] and Lönnberg et al. [32] mentioned the fiber width of Norway
spruce as being between 15.0 and 28.5 µm in juvenile wood, and between 29.3 and 39.7 µm
in mature wood. According to our results (Figure 6), the biggest content of fraction (from
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45% wood-trunk to 60.85% wood-top) is in the width class from 15.1 to 30.0 µm and the
average width of the wood trunk is 24.33 µm and bark 21.02 µm (Table 4).

The results of the bark analysis (Figures 6 and 7) show the differences mainly in fibre
length distribution. The results of fibers width distribution were very similar and the
largest proportion of fibers is in the class from 15.1 to 30 µm (67.53–69.17%). Bark from
the trunk contains a high amount of fines (65.9%) and a lower amount of longer fibers
compared to the bark from the top part of the tree. Bark contains a higher amount of shorter
fibers to 0.5 mm (65.88% bark-top, 80.81% bark-trunk), than the wood part.

Table 3. The average fibre length and width of wood samples.

Trait/Sample 0.5-A 0.5-B 0.5-C 4.5-A 4.5-B 4.5-C

average fiber length (mm) 0.83 1.33 1.55 1.22 1.61 1.65
average fiber width (µm) 21.58 23.58 23.91 23.26 24.49 24.70
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3.2. The Differences in the Spruce Wood and Bark after Storage

The amount of extractives is influenced by wood storage. Tree bark is a biological,
heterogeneous material whose composition is changing. Immediately after tree harvesting,
the amount of volatiles declined, and degradation continued during wood storage.

According to the results (Figures 8 and 9), it is visible that the biggest changes in
the chemical composition can be obtained in bark (stored separately and as a part of
the trunk). Figure 10 explains the results of chemical composition of wood trunk, while
values are very comparable. Spruce wood retained very good durability in terms of
its chemical composition after eight months of storage. Several authors studied wood
with different natural aging time and the results found that the proportion of saccharides
gradually decreases (mainly due to the hemicelluloses degradation), and the content of
lignin increases successively with increasing time [33–35].
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Figure 10. Changes in the spruce wood composition (relative values) after its storage of 2, 4, 6, and
8 months.

The degradation of main chemical components of both bark stored separately and
bark as a part of the trunk, was obvious. During eight months of storage, a decreasing
of extractives occurred (bark of 80.96%, bark trunk of 73.69%) and HEMI (bark of 67.52%,
bark trunk of 49%), and increasing of LIG (bark of 45.65%, bark trunk of 60.9%) and CEL
(bark of 65.73% and bark trunk of 69.11%). Bergström and Matison [36] in their study
describe a decrease in the extractive content during storage, roughly halving during the
first four weeks. The biggest losses noticed during this period were in the amounts of
hydrophilic, and lipophilic as well. From chemical components, the stilbenes are very
sensitive to degradation [37]. According to Routa et al. [13], after eight weeks of pine bark
storage, we obseved types of extractive substances, which are predominate in the bark:
triglycerides, steryl esters, sterols, resin acids, and fatty acids.

The Fiber Tester analysis (Figures 11 and 12) shows changes in fibers length and width
distribution of both wood and bark. Sample of wood stored for eight month contains
lower amount of fibers longer than 1.01 mm (decrease of 23,9%). The both average fiber
length and width of samples decreased during storage (Table 4) because of wood and
bark degradation.

Table 4. The average fibre length and width before and after storage for 8 months.

Trait/Sample Wood-Trunk Wood-Trunk 8 Bark-Trunk Bark 8 Bark-Trunk 8

average fiber length (mm) 1.50 1.02 0.49 0.35 0.38
average fiber width (µm) 24.33 22.50 21.02 19.57 19.36
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Figure 11. Fibres length distribution of spruce wood trunk and bark before and after its storage of
8 months.
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Figure 12. Fibres width distribution of spruce wood trunk and bark before and after storage for
8 months.

4. Conclusions

1. The amount of extractives is the highest in the last 25 years of growth (close to bark),
polysaccharides and lignin content was similar in a cross section of trunk.

2. Compared to the chemical composition of wood trunk in a different height (0.5, 1.5,
2.5, 3.5 and 4.5 m from the ground), very similar results of cellulose, hemicelluloses
and lignin content were determined. The extractive content of both wood and bark is
growing up with the height of the tree.

3. From the view of chemical composition, the differences between bark, as a part of
the trunk and the top part of the tree were obtained. In the bark top we determined
bigger amount of extractives (10%) and less amount of lignin (9.5%) compared to the
bark trunk. The amount of polysaccharides was similar.

4. Juvenile wood contains a smaller amount of longer fibers, >1.01 mm, than other parts
of the tree.

5. The both average fiber length and width is higher with a height of the tree.
6. The amount of extractives is very influenced by the time of storage, especially in bark.

During eight months of storage, a decreasing of extractives occurred (from 73.7 to
80.9%) and hemicelluloses (from 49.1 to 67.5%) relative content, and an increasing
of lignin and cellulose. Bark stored separately degraded faster than bark stored on
the trunk.

7. In view of the chemical composition of the wood from the trunk retained very good
durability during the storage for eight months.

8. Eight months stored wood contains a lower amount of fibers, longer than 1.01 mm com-
pared to raw wood. The both average fibers length and width decreased during storage.
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18. Seifert, V.K. Űber ein neues Verfahren zur schnell Bestimmung der rein-Cellulose [About a new method for rapid determination

of pure cellulose]. Das Pap. 1956, 10, 301–306.
19. Wise, L.E.; Murphy, M.; D’Addieco, A.A. Chlorite holocellulose, its fractionation and bearing on summative wood analysis and

on studies on the hemicelluloses. Pap. Trade J. 1946, 122, 35–44.
20. Ånäs, E.; Ekman, R.; Holmbom, B. Composition of nopolar extractives in bark of Norway spruce and Scot pine. J. Wood Chem.

Technol. 1983, 3, 119–130. [CrossRef]
21. Tyalor, A.M.; Gartner, B.L.; Morrell, J.J. Heartwood formation and natural durability—A review. Wood Fiber Sci. 2002, 34, 587–611.
22. Wajs, A.; Pranovich, A.; Reunanen, M.; Willför, S.; Holmbom, B. Characterisation of volatile organic compounds in stemwood

using solid-phase microextraction. Phytochem. Anal. Int. J. Plant Chem. Biochem. Tech. 2006, 17, 91–101. [CrossRef] [PubMed]
23. Barnett, J.; Jeronimidis, G. Wood Quality and Its Biological Basis; John Wiley &Sons: Hoboken, NJ, USA, 2009; 240p.
24. Anttonen, S.; Piispanen, R.; Ovaska, J.; Mutikainen, P.; Saranpää, P.; Vapaavuori, E. Effects of defoliation on growth, biomass

allocation, and wood properties of betula clones grown at different nutrient levels. Can. J. For. Res. 2002, 32, 498–508. [CrossRef]
25. Kaakinen, S.; Piispanen, R.; Lehto, S.; Metsometsä, J.; Nilson, U.; Saranpää, P.; Linder, S.; Vapaavuori, E. Growth, wood chemistry,

and fibre length of Norway spruce in long-term nutrient optimization experiment. Can. J. For. Res. 2009, 39, 410–419. [CrossRef]
26. Hakkila, P. Utilization of Residual Forest Biomass; Springer: Berlin/Heidelberg, Germany, 2011; 568p.
27. Sjostrom, E. Wood Chemistry. Fundamentals and Applications, 2nd ed.; Academic Press: San Diego, CA, USA, 1993; 292p.
28. Wang, Z.; Winestrand, S.; Gillgren, T.; Jönsson, L.J. Chemical and structural factors influencing enzymatic saccharification of

wood from aspen, birch and spruce. Biomass Bioenergy 2018, 109, 125–134. [CrossRef]
29. Neiva, D.M.; Araújo, S.; Gominho, J.; Carneiro, A.D.C.; Pereira, H. An integrated characterization of Picea abies industrial bark

regarding chemical composition, thermal properties and polar extracts activity. PLoS ONE 2018, 13, e0208270. [CrossRef]
30. Harris, G. Comparison of northern softwood and southern pine fiber characteristics for groudwood publication paper. TAPPI

1993, 76, 55–61.
31. Tyrväinen, J. Wood and Fiber Properties of Norway spruce and its suitability for thermomechanical pulping. Acta For. Fenn. 1995,

249, 210–263. [CrossRef]
32. Lönberg, B.; Bruun, H.; Lindquist, J. UV-microspectrophotometric study of wood and fibers. Pap. Wood 1991, 73, 848–851.
33. Inari, G.N.; Petrissans, M.; Lambert, J.; Ehrhardt, J.J.; Gérardin, P. XPS characterization of wood chemical composition after

heat-treatment. Surf. Interface Anal. 2006, 38, 1336–1342. [CrossRef]
34. Popescu, C.-M.; Hill, C.A.S. The water vapour adsorption-desorption behaviour of naturally aged Tilia cordata Mill. wood.

Polym. Degrad. Stab. 2013, 98, 1804–1813. [CrossRef]
35. Zhao, C.; Zhang, X.; Liu, L.; Yu, Y.; Zheng, W.; Song, P. Probing Chemical Changes in Holocellulose and Lignin of Timbers in

Ancient Buildings. Polymers 2019, 11, 809. [CrossRef]
36. Bergström, D.; Matison, M. Efficient Forest Biomass Supply Chain Management for Biorefineries. Synthesis Report. Forest Refine

2012–2014; SP Processum: Hörnberg, Andreas; Joelsson, Jonas; Sveriges lantbruksuniversitet: Umeå, Sweden, 2014; 116p.
37. Holmbom, B. Extraction and utilisation of non-structural wood and bark components. Biorefining For. Resour. 2011, 20, 178–224.

127





polymers

Article

Eco-Friendly, High-Density Fiberboards Bonded with
Urea-Formaldehyde and Ammonium Lignosulfonate

Petar Antov 1,* , Viktor Savov 1 , L’uboš Krišt’ák 2,* , Roman Réh 2 and George I. Mantanis 3

����������
�������

Citation: Antov, P.; Savov, V.;

Krišt’ák, L’.; Réh, R.; Mantanis, G.I.

Eco-Friendly, High-Density

Fiberboards Bonded with

Urea-Formaldehyde and Ammonium

Lignosulfonate. Polymers 2021, 13,

220. https://doi.org/10.3390/

polym13020220

Received: 17 December 2020

Accepted: 6 January 2021

Published: 10 January 2021

Publisher’s Note: MDPI stays neu-

tral with regard to jurisdictional clai-

ms in published maps and institutio-

nal affiliations.

Copyright: © 2021 by the authors. Li-

censee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and con-

ditions of the Creative Commons At-

tribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Department of Mechanical Wood Technology, Faculty of Forest Industry, University of Forestry,
1797 Sofia, Bulgaria; victor_savov@ltu.bg

2 Faculty of Wood Sciences and Technology, Technical University in Zvolen, T. G. Masaryka 24,
960 01 Zvolen, Slovakia; reh@tuzvo.sk

3 Department of Forestry, Wood Sciences and Design, Lab of Wood Science and Technology,
University of Thessaly, 43100 Karditsa, Greece; mantanis@uth.gr

* Correspondence: p.antov@ltu.bg (P.A.); kristak@tuzvo.sk (L’.K.)

Abstract: The potential of producing eco-friendly, formaldehyde-free, high-density fiberboard (HDF)
panels from hardwood fibers bonded with urea-formaldehyde (UF) resin and a novel ammonium
lignosulfonate (ALS) is investigated in this paper. HDF panels were fabricated in the laboratory by
applying a very low UF gluing factor (3%) and ALS content varying from 6% to 10% (based on the
dry fibers). The physical and mechanical properties of the fiberboards, such as water absorption
(WA), thickness swelling (TS), modulus of elasticity (MOE), bending strength (MOR), internal
bond strength (IB), as well as formaldehyde content, were determined in accordance with the
corresponding European standards. Overall, the HDF panels exhibited very satisfactory physical
and mechanical properties, fully complying with the standard requirements of HDF for use in load-
bearing applications in humid conditions. Markedly, the formaldehyde content of the laboratory
fabricated panels was extremely low, ranging between 0.7–1.0 mg/100 g, which is, in fact, equivalent
to the formaldehyde release of natural wood.

Keywords: wood-based panels; high-density fiberboards; bio-adhesives; ammonium lignosulfonate;
zero-formaldehyde emission

1. Introduction

The growing need for sustainable products and the stringent legislative requirements
related to the hazardous formaldehyde emissions from wood-based panels have boosted
scientific and industrial interest in the production of eco-friendly, wood-based panels [1–7]
and optimal utilization of the available lignocellulosic materials [8–13].

Fiberboards are wood-based panels produced by breaking down softwood and hard-
wood material into fibers, mixing them with wax and a formaldehyde-based thermosetting
resin, such as urea-formaldehyde (UF), phenol formaldehyde, or melamine-urea formalde-
hyde, and forming panels by applying pressure and high temperature in a hot press [14,15].
Depending on the density, fiberboards can be classified into low-density fiberboards, with
densities less than 400 kg·m−3, medium-density fiberboards, with densities ranging from
400 to 900 kg·m−3, and high-density fiberboards (HDF), with densities ranging from 900 to
1100 kg·m−3. HDF panels are one of the most widely used wood-based products world-
wide, with a variety of end-uses, such as high-grade furniture, laminate flooring, wall
panels, shelves, and door skins. High-density fiberboards are denser than particleboards,
and can be even denser than ordinary plywood; this characteristic broadens their appli-
cation. HDF panels have many advantages, such as having a smoother surface, easier
machinability, and increased strength. Resistance to direct screw withdrawal is relevant
only for those fiberboard products used in furniture and cabinetmaking. Such panels
are ideal for use as substrates for thin overlays in indoor conditions [16–18]. Another
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important advantage of HDF panels is the utilization of small-sized, low-quality wood,
which is otherwise used mainly for energy purposes [19–21].

Traditional synthetic adhesives used in the production of wood-based panels are based
on fossil-derived constituents, mainly urea, melamine, and phenol [22–25]. At present,
about 95% of total wood adhesives used in the production of wood-based panels are
formaldehyde-based resins [25]. UF resins dominate the global market, accounting for
about 85% of the amino resins produced worldwide, with an estimated annual production
of 11 million tons/year [2,25,26]. UF resins are thermosetting resins, the product of a
reaction between urea and formaldehyde. These resins have been widely used in the
production of engineered wood-based panels as a result of their numerous advantages, e.g.,
low press temperatures, short press times, excellent strength properties, chemical versatility,
and a relatively low price [23–30]. The main drawback of UF resins, apart from their lower
water resistance in comparison with phenol and melamine formaldehyde resins [31], is the
release of hazardous volatile organic compounds (VOC) and free formaldehyde from the
final UF-bonded products, especially with indoor use [32–34].

Formaldehyde (HCHO, CAS No. 50-00-0) is associated with a number of significant
environmental issues [35] and serious human health hazards, such as skin and respira-
tory tract irritation, skin sensitization, nausea, genotoxicity, and cancer [36–38]. In 2004,
formaldehyde was reclassified from “probable human carcinogen” to “known human
carcinogen” (Group 1) by the International Agency for Research on Cancer [39]. Since
then, the formaldehyde limit values have steadily been lowered, which has led to the
development of less toxic, low-emission, eco-friendly, wood-based panels, where con-
ventional synthetic resins have been partially or completely replaced by sustainable, bio-
based adhesives [40–47] or by adding formaldehyde scavengers to adhesive formulations,
such as urea [48], sodium metabisulfite (Na2S2O5), ammonium bisulfite ((NH4)HSO3),
other ammonium-containing agents [49,50], Al2O3 nanoparticles [51], etc. Various natural
compounds, such as wood bark flours [32,52–54] and tannins [55–57], have also been
successfully used to reduce the free formaldehyde content of wood panels.

Different renewable biomass resources, such as proteins [58–60], starch [61,62], tan-
nins [63–65], and lignin [9,66–69] have been used as sustainable raw materials for the
development of bio-based adhesives for engineered wood panels.

Lignin is a polyaromatic amorphous macromolecule and the second most abundant
organic material after cellulose [70,71]. It is considered to be low-value waste or a byprod-
uct, e.g., of the pulp and paper industries, which generate approximately 50–70 million
tons of lignin annually [72]. With the increased production of biofuels, it is estimated that
this number will reach 225 million tons per year by 2030 [72]. The enhanced scientific
and industrial interest in lignin valorization is due to its abundance, renewability, and
potential for providing an economically and environmentally sustainable alternative raw
material for the production of value-added products, including adhesives for wood-based
panels [4,43,73]. The application of lignin in the formulation of adhesives is primarily due
to its polyphenolic structure. Thus, lignin may be used in lignin-phenol-formaldehyde
resins, where it is applied to partially replace phenol [6,74,75]. Additional chemical modi-
fication of lignin, such as phenolation and methylolation, can be applied to increase the
lignin reactivity to formaldehyde [1,75,76].

Technical lignins are obtained by different pulping technologies, but only lignosul-
fonates, which are water-soluble polyelectrolytes derived as byproducts of the sulfite
processes, are available in large quantities, with an estimated annual production of ap-
proximately 800,000 tons [77–80]. Lignosulfonates contain a large number of functional
groups, resulting in excellent surface activity; ammonium lignosulfonates (ALS) have been
shown to be the most suitable ones for adhesive applications due to their large number
of hydroxyl groups [75,81]. Another important advantage of ALS is their solubility in a
number of organic solvents, unlike sodium, calcium, and magnesium salts, which are only
soluble in water [82].
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The aim of this research work is to investigate the potential of producing eco-friendly
HDF panels from hardwood fibers, bonded with UF resin and a novel ALS adhesive, in
order to reach the European standard requirements.

2. Materials and Methods

Industrially produced fibers obtained in factory conditions through the Asplund-
method, using a L46 Defibrator (Valmet, Stockholm„ Sweden), were used in this work.
The fibers were supplied by the factory of Welde Bulgaria AD (Troyan, Bulgaria). The
fibers were obtained by the thermo-mechanical defibration of wood chips with dimensions
(length) from 5 to 30 mm, subjected to steam treatment at 0.8 MPa steam pressure and
170 ◦C temperature. The industrial wood fibers had a bulk density of 29 kg·m−3 and a
pulp freeness of 11◦ SR (Schopper Riegler test). The fibers were composed of the hardwood
species European beech (Fagus sylvatica L.) and Turkey oak (Quercus cerris L.) at a ratio
of 2:1, and were oven dried to a moisture content of 6.2%. The fibers had lengths from
1116 µm to 1250 µm (factory data).

Urea-formaldehyde resin with a solid content of 64% and a molar ratio (MR) of 1.16
was provided by Kastamonu Bulgaria AD (Gorno Sahrane, Bulgaria).

Commercial ammonium lignosulfonate (D-947L) was supplied by Borregaard (Sarps-
borg, Norway). The ALS (CAS No. 8061-53-8) adhesive had the following characteristics:
ammonium content—4.1%, sodium content—0.1%, total sulfur content—6.8%, high per-
formance liquid chromatography (HPLC) sugars—20%, pH—4.5%, total solids content—
48.6%, specific gravity—1.220, boiling point 104 ◦C, evaporation rate 0.4, vapor pressure
14.2 mmHg, and viscosity (cps)—400 at 25 ◦C.

Under laboratory conditions, the HDF panels were produced with dimensions of
400 × 400 mm2, a thickness of 6 mm, and a target density of 910 kg·m−3. The adhesive
formulation was comprised of UF resin at 3% and three addition levels of ALS (6%, 8% and
10%), based on the weight of fibers. The UF resin was used at 50% concentration. Urea at
3% based on the dry resin at 50% concentration was used as a formaldehyde scavenger.
Ammonium sulfate ((NH4)2SO4, CAS No. CAS 7783-20-2) at 1.5% based on the dry UF
resin and 2% based on dry D-947L at 30% concentration was used as a hardener.

A control panel was fabricated with 6% UF content, based on the dry fibers, and
without ALS (HDF type 4). This resin addition level (6%) is typical for commercial HDF
panels.

The manufacturing parameters of the laboratory-fabricated HDF panels are presented
in Table 1.

Table 1. Manufacturing parameters used in this research work.

Panel No. Adhesive Type Target Density
(kg·m−3)

UF Resin Content
(%)

Ammonium Lignosulfonate Content
(%)

1 UF + ALS 910 3 6
2 UF + ALS 910 3 8
3 UF + ALS 910 3 10
4 UF 910 6 0

The industrial wood fibers were mixed with the adhesive formulation in a high-speed
laboratory glue blender (850 min−1). The hot pressing process was carried out using a
single opening hydraulic press (PMC ST 100, Italy). The press temperature used was
200 ◦C. The press factor applied was 30 s·mm−1. The following four-stage pressing regime
was used: in the first stage, the pressure was increased to 4.5 MPa for 20 s; in the second
stage, the pressure was steadily decreased to 1.2 MPa; in the third stage, the pressure was
decreased to 0.6 MPa. The fourth pressing stage was performed at a pressure of 1.8 MPa.
After pressing, the fabricated composites were conditioned for 10 days at 20 ± 2 ◦C and
65% relative humidity.
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The physical and mechanical properties of the fabricated HDF panels (Figure 1)
were tested according to European standards, namely EN 310, EN 317, EN 319, and
EN 323 [83–86]. A precision laboratory balance Kern (Kern & Sohn GmbH, Balingen,
Germany) with an accuracy of 0.01 g was used to determine the mass of the test specimens.
The dimensions of the test pieces were measured using digital calipers with an accuracy
of 0.01 mm. The physical properties (water absorption and thickness swelling) were
measured after 24 h of immersion in water. The thickness swelling was assessed using
the differences between the initial and final panel thicknesses, and the water absorption
was determined using the difference in weight. The mechanical properties of the HDF
panels were determined using a universal testing machine Zwick/Roell Z010 (Zwick/Roell
GmbH, Ulm, Germany). For each parameter, eight HDF samples were used for testing.
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Figure 1. High-density fiberboards from industrial hardwood fibers bonded with UF resin and
ammonium lignosulfonate; 910 kg·m−3 target density, 6 mm thickness and three addition levels of
ammonium lignosulfonate (6%, 8%, 10%).

The formaldehyde content of the laboratory-produced panels was tested in the lab-
oratory of Kronospan Bulgaria EOOD (Veliko Tarnovo, Bulgaria) on four specimens in
accordance with the commonly used Perforator method [87].

Variation and statistical analysis of the results was carried out by using the specialized
software, QstatLab 6.0.

3. Results
3.1. Physical and Mechanical Properties

The results of the physical and mechanical properties of the HDF panels, comprised
of industrial hardwood fibers bonded with UF resin and a novel ALS adhesive (D-947L),
are presented in this part. The density of the laboratory-produced panels varied from 893
to 930 kg·m−3, which was close to the targeted value. The differences in the final density
of the panels were significantly below 5%; thus, it did not have a significant effect on the
mechanical and physical properties.

The physical properties of the laboratory-produced HDF panels, i.e., water absorption
(WA) and thickness swelling (TS), were determined after 24 h of immersion in water. Both
WA and TS are critical panel properties that are directly correlated with the dimensional
stability of wood-based panels [22,24].

A graphical representation of the WA (24 h) of the laboratory-produced HDF panels is
presented in Figure 2.

It was determined that increasing the ALS content from 6% to 10% resulted in de-
creased WA values of HDF panels from 31.5% to 26.1%, respectively; this means an average
improvement of this property by 21%. The increased ALS addition resulted in a gradual
decrease of WA values—a relative improvement of the WA by 10%, while increasing the
ALS content by 2%. ALS has a pH of about 4.5, and the increased addition of ALS in
the UF resin resulted in a decreased pH of the adhesive mixture. This acidic condition
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resulted in decreased fiber moisture absorption, and hence, improved the water resistance
of the finished HDF panels. The increase in resistance of the UF resin modified by ALS
was also caused by the decreased brittleness of the adhesive, which, in the case of the
unmodified UF, causes the cured resin to crack and allow moisture to penetrate into the
bonded product [88,89]. Only the HDF panel, fabricated with 3% UF resin and 6% ALS
content, had higher WA values compared with the control HDF panel, produced with 6%
UF resin and without ALS addition. The HDF panels, produced with 8% ALS and 10%
ALS, had 1.06 times and 1.16 times lower WA values than the control panel, respectively.
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WA is not a standardized technical property; nonetheless, according to the liter-
ature [24,90], the WA of common HDF panels typically varies between 30% and 45%.
Thus, the HDF panels, produced under laboratory conditions from industrial wood fibers,
bonded with a UF resin and an eco-friendly, formaldehyde-free ALS adhesive, exhibited
comparable or better WA values compared with the industrially-produced HDF panels
bonded with formaldehyde-based adhesives.

A graphical representation of the TS (24 h) of the laboratory-produced HDF panels is
shown in Figure 3.
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As seen in Figure 3, TS of HDF panels bonded with ALS varied from 18.3% to 12.9%,
i.e., increasing the ALS addition from 6% to 10% resulted in a 1.41 times improvement
in TS values due to the decreased pH of the adhesive. All laboratory-produced panels
had significantly better (lower) TS values than the standard requirement for application
in humid conditions—25% [91]. The decreased pH of the adhesive may not be the only
reason for the improvement in the TS values. Press temperature has a significant effect on
the hygroscopic thickness swelling rate of HDF as well. The press temperature used in
our research was 200 ◦C. It has been confirmed that the swelling rate increases as the HDF
press temperature increases [92]. Only the HDF panel, produced with 3% UF resin and 6%
ALS content, had higher TS values compared with the control panel (HDF type 4).

In terms of mechanical properties, the modulus of elasticity (MOE), bending strength
(MOR), and internal bond (IB) strength of the laboratory-produced HDF panels were
evaluated.

A graphic representation of the MOE of the laboratory-produced HDF panels is shown
in Figure 4.
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Figure 4. Modulus of elasticity (MOE) of HDF panels produced.

The MOE of fabricated HDF panels reached high values, ranging from 3197 to
4114 N·mm−2. The estimated values significantly surpassed the European standard re-
quirements [91] for HDF panels for use in humid conditions (≥2900 N·mm−2). Increasing
the ALS addition from 6% to 10% resulted in a 29% improvement in MOE values. The
incorporation of the increased ALS addition into the UF resin effectively reinforced the
composites. The larger ALS quantity in the adhesive acted as a barrier against the influx of
water, which resulted in better MOE values. Comparable results, i.e., MOE values ranging
from 3730 to 4476 N·mm−2, were reported by [6] in their work on the development of
eco-friendly, medium-density fiberboards bonded with low phenol-formaldehyde (PF)
resin content (3–5%) and calcium lignosulfonate, varying from 5% to 15%, depending on
the dry fibers.

Only the HDF panel produced with 3% UF resin and 6% ALS addition content had
lower MOE values compared with the control panel (HDF type 4). The HDF panel produced
with 10% ALS content had 16% higher MOE values than the control panel.

A graphical representation of the MOR of the laboratory-produced HDF panels is
shown in Figure 5.
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The fabricated HDF panels had very satisfactory MOR values, ranging from 30.99 N·mm−2

to 40.47 N·mm−2, meeting the EN 622-2 standard requirements for HDF panels in humid
conditions (MOR ≥ 30 N·mm−2) [91]. MOR and MOR of HDF may be affected by a number
of factors that are discussed in [93]. According to that study, the fiber dimensions have a
significant effect on the physical, mechanical, and thermal properties of HDF panels. The
wood species and digester conditions, i.e., press temperature, time, pressure, and defibrator
grinding disc distance, are the most important parameters for the fiber quality. Increasing
the ALS content from 6% to 10% resulted in improved MOR values by 31%. In the case of
MOE, the greater ALS quantity in the adhesive mixture acted as a barrier against the water
influx, which resulted in improved MOR values. The panels produced with 6% and 8%
ALS content had lower bending strength values than the control panel. The HDF panel
fabricated with 10% ALS content had a 27% greater MOR value than the control panel,
bonded with 6% UF resin content. The maximum MOR value obtained in this work, i.e.,
40.5 N·mm−2, was determined at 3% UF resin content and 10% ALS addition. Similar
values were reported by Antov et al. (2020) [6] in their work, in which the maximum MOR
of 35.2 N·mm−2 was recorded for medium-density fiberboards bonded with 5% PF resin
and 5% calcium lignosulfonate.

Finally, a graphical representation of the average IB strength of the laboratory-produced
HDF panels is shown in Figure 6.

The IB strength of the HDF panels ranged from 0.58 N·mm−2 to 0.67 N·mm−2; this
means that increasing the ALS content from 6% to 10% resulted in a 17% increase in
IB strength values. A significant improvement, i.e., by 12%, was recorded when the
ALS content was increased from 6% to 8%. An increase in ALS significantly improved
the interfacial compatibility of the materials. ALS acts as an anionic surfactant, and its
molecular structure contains not only polar groups (e.g., hydroxyl and sulfonic groups),
but also nonpolar groups (e.g., benzene propane skeleton and aliphatic side chains). With
the increase of ALS, its activation gradually reduced the interfacial tension and interfacial
free energy, thereby improving the mechanical properties of the composites [94]. There is
an apparent correlation between internal bond and thickness swelling; the better a HDF is
bonded, the better it resists the forces trying to cause thickness swelling. All laboratory-
produced HDF panels met the standard requirements for HDF use in dry conditions
(IB ≥ 0.50 N·mm−2) [91]. Only the HDF panel bonded with 3% UF resin content and 6%
ALS had a lower IB value than the control panel. The laboratory-produced HDF panel,
produced with 10% ALS content, had a 13% greater IB strength value compared with the
control panel.
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3.2. Formaldehyde Content

The results for the free formaldehyde content of the fabricated HDF panels, tested in
accordance with the standard EN ISO 12460-5 (called the Perforator method), are presented
in Table 2.

Table 2. Formaldehyde content of HDF panels according to EN ISO 12460-5.

HDF Type Adhesive UF Resin Content
(%)

Ammonium Lignosulfonate Content
(%)

Formaldehyde Content
(mg/100 g)

1 UF + ALS 3 6 1.0 ± 0.1
2 UF + ALS 3 8 0.8 ± 0.1
3 UF + ALS 3 10 0.7 ± 0.1
4 UF 6 - 4.3 ± 0.1

The results obtained for the free formaldehyde content of the laboratory-produced
HDF panels from industrial hardwood fibers, bonded with UF resin and ammonium
lignosulfonate adhesive (D-947L), were remarkably low and can be considered as a zero-
formaldehyde content [1,24]. All laboratory-fabricated HDF panels fulfilled the require-
ments of the super E0 emission grade (≤1.5 mg/100 g). The lowest formaldehyde content
of 0.7 ± 0.1 mg/100 g was achieved for the HDF panel bonded with 3% UF resin and
10% ALS (D-947L) content. In accordance with the free formaldehyde content results,
the reference HDF panel, bonded with 6% UF resin only, can be classified under the
emission class E1 (≤8 mg/100 g). These results are in agreement with previous research,
where using lignosulfonates as binders for wood composites resulted in decreased free
formaldehyde content [6,9,45,69]. ALS has very good characteristics for methylolation due
to its large number of phenolic hydroxyl groups and amount of aromatic protons of the
guaiacyl units, whose presence tends to increase the reactivity of lignosulfonate toward
formaldehyde [94,95].

Natural wood releases low, yet still measurable, amounts of formaldehyde formed by
its main polymeric components and extractives at approximately 0.5 to 2 mg/100 g [96–98].
Considering this, HDF panels bonded with UF resin and ALS (D-947L) can be defined as
extremely low-emission wood-based panels.

4. Conclusions

Eco-friendly HDF panels with acceptable physical-mechanical properties and close-to-
zero formaldehyde emissions, fulfilling the European standards, can be produced from
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hardwood fibers bonded with a very low conventional UF resin (3%) and a novel am-
monium lignosulfonate at a content of 6% to 10%, depending on the dry fibers. The
laboratory-fabricated HDF panels met the stringent standard requirements for use in load-
bearing applications in humid conditions. The formaldehyde content of panels produced
in the laboratory was distinctly low, ranging from 0.7 mg/100 g to 1.0 mg/100 g (according
to EN 12460-5), which is equivalent to the formaldehyde release of natural wood. The HDF
panels manufactured with 3% UF gluing content and ammonium lignosulfonate addition
>8% exhibited superior physical and mechanical properties compared with those of the
control panels produced with a straight UF resin (at 6%). Future studies should focus on
decreasing the hot-pressing factor by modifying the formula of ammonium lignosulfonate
by adding suitable cross-linking agents, and studying in-depth the bonding interaction
among formaldehyde-based resin, lignosulfonate additives, and lignocellulosic fibers.
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Abstract: The impact of wood waste on the mechanical and biological properties of silicone-based
composites was investigated using wood waste from oak, hornbeam, beech, and spruce trees.
The density, abrasion resistance, resilience, hardness, and static tensile properties of the obtained
WPC (wood–plastic composites) were tested. The results revealed slight changes in the density,
increased abrasion resistance, decreased resilience, increased hardness, and decreased strain at break
and stress at break compared with untreated silicone. The samples also showed no cytotoxicity to
normal human dermal fibroblast, NHDF. The possibility of using prepared composites as materials
to create structures on the seabed was also investigated by placing samples in a marine aquarium for
one week and then observing sea algae growth.

Keywords: wood–plastic composite (WPC); silicone; mechanical properties; cytotoxicity; casting;
ageing

1. Introduction

Polymeric fillers are very popular and include natural fillers, which can be derived
from both vegetables (maize husk, nutshell, ground coffee, bran, and starch) and animals
(milled bird feathers). Such fillers are introduced primarily into thermoplastic polymer
materials [1–4]. An important feature of this type of material, apart from the ability to
change their physical and mechanical properties, is the ability to modify their environ-
mental properties. Wood–plastic composite (WPC) with a thermoplastic matrix, which are
mainly obtained by extrusion and injection, have found applications in the construction in-
dustry (boards, furniture, and lagging) [2,4–6]. The introduction of biofillers for duroplasts,
along with changes in the physical and mechanical properties, allows resin shrinkage
to be minimized, but it also increases the resin viscosity, making it difficult to saturate
fabrics. A separate issue is the introduction of silicone biofillers, which are used for both
sealing and construction elements [2,5,6]. The main problem in obtaining polymer–wood
composites is the lack of compatibility between the hydrophilic wood waste filler and
hydrophobic polymer matrices. To ensure proper adhesion between the filler and matrix,
it is important to treat the surface of wood waste to make it hydrophilic, for example by
using acetic anhydride and thermal treatment [2,6–9]. Thermal treatment of wood waste
causes changes in color, regrouping of polymers, and in the case of resinous trees, modi-
fication and redistribution of wood extracts [9,10]. The result is increased measurement
stability and resistance to biodegradation, and lower mechanical properties. Previous
research has shown that increasing the strength and stiffness is affected by the shape of the
waste and not its size [11]. Wood–polymer composites may also prove to be alternatives to
traditional materials used for facade panels, concrete fillers, packaging, and protective and
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anticorrosion coatings. These materials are especially interesting due to environmental con-
cerns [1,2,6,12]. Silicone-based composites are one of the most important elastic technical
materials produced industrially, e.g., glass-fiber-reinforced silicone composites [13]. In a
high-power white light emitting diode (LED) package, the phosphor-silicone composite
is typically used for photometric and colorimetric conversions, ultimately producing the
white light [14]. Ceramifiable silicone rubber composites play important roles in the field of
thermal protection systems (TPS) for rocket motor cases due to their advantages [15]. There
are ceramizable (ceramifiable) silicone-based composites commonly used to increase flame
retardancy of electrical cables and to ensure integrity of electricity network during fire by
their ability to create a continuous ceramic structure [16]. In other paper silicone compos-
ites filled with different-sized nickel particles. The samples with particles showed larger
improvements in shear storage modulus than those without particles [17]. By using an ap-
propriate filler, composites with the desired properties can be obtained. The silicone-based
membrane with 0.36 wt % of graphene oxide showed excellent antifouling performance,
and is promising in practical applications [18]. There are no articles in the literature devoted
to the introduction of fillers of natural origin into silicones. The authors took up this topic
due to the need to create new materials based on waste products of natural origin.

This work aimed to assess the impact of wood waste from deciduous (beech, oak,
and hornbeam) and coniferous trees (spruce) on the mechanical and biological properties
of silicone composites used for structural element protection. Such a goal required the use
of several physical and mechanical tests (static tensile test, hardness, abrasiveness, and
density) and biological tests, which included cytotoxicity and aging tests in a replicated
seawater environment.

2. Materials and Methods
2.1. Materials

The research was carried out on silicon matrix composites XIAMETER 4234-T4 (addi-
tive silicone) from Dow Corning (Table 1), in which the filler was wood waste from decidu-
ous trees: oak (Quercus robur), beech (Fagus sylvatica), and hornbeam (Carpinusbetulus), and
coniferous spruce (Piceaabies). Tree properties are summarized in Table 2. To identify the
fillers, microscopic photos were taken on a stereo discovery Zeiss stereoscopic microscope
(Carl Zeiss AG, Oberkochen, Germany), and single particles were imaged on a Zeiss Supra
35 scanning electron microscope, (Carl Zeiss AG, Oberkochen, Germany). The particle
size distribution was tested on the Fritsch Analysette 22 Micro Tec Plus (FRITSCH GmbH,
Idar-Oberstein, Germany).

Table 1. Properties of XIAMETER 4234-T4 silicone [19]. A—Xiameter RTV-4234-T-4 BASE; B—
Xiameter T-4 curing agent.

Properties Unit Value

Ratio mixing A:B 10:1
Density (g/cm3) 1.1

Viscosity (mPas) 35,000
Hardness (ShA) 40

Linear shrinkage (%) <0.1
Tensile strength (MPa) 6.7

Tensile strain (%) 400
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Table 2. Properties of wood fillers [20–23].

Properties Oak Beech Spruce Hornbeam

After drying density (kg/m3) 900–1150 820–1270 700–850 660–1200
Flexural strength (MPa) 74–105 74–210 49–136 58–200
Flexural modulus (GPa) 10–13.5 10–18 7.3–21.4 7–17.7

Compressive strength (MPa) 48 41–99 30–79 54–99
Tensile strength (MPa) 50–180 55–180 21–245 24

Impact strength (J/cm2) 1–16 3–19 1–11 8–12
Brinell’s hardness (HBW) 34 34 12 29–36

2.2. Methodology
2.2.1. Composites

The composites were prepared by gravity casting with a content of 10 and 20 wt %
wood waste. The mark of the composites is shown in Table 3.

Table 3. The mark of samples.

Name Base Filler Filler Content (%)

XS

XIAMETER 4234 - T4

- -

10 - O oak 10

20 - O oak 20

10 - B beech 10

20 - B beech 20

10 - S spruce 10

20 - S spruce 20

10 - H hornbeam 10

20 - H hornbeam 20

Before introducing wood waste into the silicone matrix, it was gradually heat-treated
at 180◦C for 180 min, until a constant weight was obtained. The dried waste was sieved to
obtain particles smaller than 1 mm. Unification of the size of wood waste helped evenly
distribute the filler in the obtained composites. Smaller waste sizes also promoted homoge-
nous functional properties throughout produced composites. The silicone component A
was mixed with the fillers on a high shear mixer, then the catalyst was added. The mixing
speed was 500 RPM.

The prepared compositions were deaerated in a vacuum oven for 45 min at 0.78 bar
and then cast into previously prepared, leveled molds to ensure a constant plate thickness
of 5 mm. Seventy-two hours after being poured into molds, samples were cut by punching.
The sample preparation scheme is shown in Figure 1.

The obtained samples were subjected to mechanical and biological tests. Mechanisms
were examined using hydrostatic weighing tests, radiation resistance tests, Schopper
abrasion resistance tests, and Shore type A hardness tests and static tensile tests. Toxicity
to normal human cells was also evaluated using the MTT test. The possibility of using the
received WPC to obtain cable covers, which are placed on the seabed was also examined.
All tests were carried out at the temperature in the room where the test was performed,
which was 22 ◦C with a humidity of 50%.
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2.2.2. Density Testing by Hydrostatic Weighing

Densities were measured on a scale in accordance with EN ISO 1183-1:2006 using 5
samples from each system [24]. The method of determining the density by the method of
hydrostatic weighing of composite polymer materials consisted in weighing the test sample
with the use of an OHAUS Adventurer-Pro (OHAUS Europe GmbH, Nänikon, Switzerland)
analytical balance with a density measurement kit. The sample was weighed twice. The
first measurement is carried out with the sample placed on the pan and surrounded by air.
The second measurement is carried out for a sample immersed in a liquid of known density.
During the tests, water was used as a liquid with a known density d = 0.997 g/cm3.

Density was determined using Formula (1):

d = dH20
m1

(m1 −m2)
(1)

where:

• dH20—density of water (g/cm3),
• m1—dry sample mass (g),
• m2—wet sample mass (g).

2.2.3. Rebound Resilience with Schober’s Test

The resilience test was carried out in accordance with the EN ISO 4662:2017 standard
for five samples with dimensions of 30 mm × 30 mm × 5 mm [25]. Before conducting basic
tests, the samples were mechanically conditioned (2 impacts). The measurement of the
resilience of composite materials consists in hitting the sample with a weight placed on
a pendulum. The sample is held in an anvil attached to a metal body. The measurement
consisted in reading the value indicated by the pointer on the value axis (%).

2.2.4. Abrasion Resistance Tests

The abrasion resistance tests were carried out on a Schopper–Schlobach apparatus
(APGI) in accordance with the ISO 4649:2007 standard [26]. In the research, sandpaper
(60 grit) was used, wound on a roller with a diameter of 150 mm, which was rotating
at a speed of 40 RPM. Abrasion resistance was determined for 3 cylindrical samples
with a 16 mm diameter and 10 mm height. Due to the thickness of spilled boards (5
mm), the samples were glued with cyanoacrylate adhesive (according to ISO 4649: 2007).
Abrasion resistance (abrasive wear), i.e., the volume loss relative to a standard sample, was
determined based on the Formula (2):

∆V =
m1 −m2

d
(2)

where:
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• m1—mass of sample before abrasion (g),
• m2—sample mass after abrasion (g),
• d—sample density (g/cm3).

2.2.5. Hardness Test

The shore A hardness test was carried out in accordance with ISO 7619-1:2010 [27].
The measurements were made with a hardness durometer Shore A type (Etopoo). Five mea-
surements were taken on each of the composites, maintaining a distance of at least 10 mm
from the sample edge.

2.2.6. Tensile Test

Tensile strength tests were performed in accordance with EN ISO 527-1 [28]. The
measurements were carried out according to EN ISO 527-1 [28] for 5 samples (type 5-B)
cut from each composition and native samples. The test was carried out on the Instron
4465 tensile test machine. The test speed was 50 mm/min. The stress at break and strain at
break were determined.

2.2.7. Cytotoxicity Testing of Composite Samples

Cytotoxicity testing of composite samples according to the procedure described ear-
lier [29,30]. Cell viability of normal human dermal fibroblasts (NHDF, Lonza) was assessed
using an MTT (3-[4-5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide) test. Cells
were seeded in Petri plates with a concentration of 105 cells per well. Cell cultures were
seeded on tested materials and incubated for 72 h at 37 ◦C in a humidified atmosphere with
5% CO2. Then, the culture medium was removed and replaced with a trypsin solution for
cell collection. After trypsin neutralization, cell suspensions were centrifuged (2000 RPM,
3 min, room temperature) and cell pellets were resuspended in the MTT solution (50 µL,
0.5 mg/mL in RPMI 1640 without phenol red, Sigma, (Saint Louis, MO, USA). After 3 h of
incubation, the MTT solution was removed, and the acquired formazan was dissolved in
isopropanol:HCl system. Finally, the absorbance at 570 nm was spectrophotometrically
measured with a plate reader Epoch, BioTec, (Winooski, VT, USA). The results were ex-
pressed as a survival fraction (%) in comparison to the untreated controls (100%), from 3
separate experiments, ±SD.

2.2.8. Ageing in Seawater Conditions

Due to the potential application of the prepared materials for the covers of structures
installed in the seabed, tests were carried out in the sea water environment. The possibility
of surface settling of obtained composites was investigated using marine algae. The tests
were carried out in an aquarium with samples mounted on a wooden plate. Seawater was
prepared in accordance with the standard ASTM D 1141-52 [31]. The chemical composition
of the substitute seawater is shown in Table 4.

Table 4. Chemical composition of substitute sea water [31].

Ingredients Concentration (g/L)

Sodium chloride (NaCl) 24.53
Magnesium chloride (MgCl2) 5.2

Sodium sulfate (Na2SO4) 4
Calcium chloride (CaCl2) 1.16
Potassium chloride (KCl) 0.695

Sodium bicarbonate (NaHCO3) 0.201
Potassiumbromide (KBr) 0.101

Boric acid (H3BO3) 0.027
Strontium chloride (SrCl2) 0.025

Sodium fluoride (NaF) 0.003
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Marine algae was added to the aquarium, which was intensively illuminated for
30 days. After this time, the sample plate was removed. The aging was carried out at the
temperature of 30 ◦C, while illuminating the aquarium with a reflector placed 1 m from the
aquarium.

3. Results and Discussion
3.1. Characteristics of Fillers

Wood waste fillers are shown in Figure 2. Images of wood fillers were taken on a
stereo discovery Zeiss stereoscopic microscope (Figure 2a,c,e,g) and single filler particles
were imaged on a Zeiss Supra 35 scanning electron microscope (Figure 2b,d,f,h). Particle
size tests were performed on a Fritsch Analysette 22 Micro Tec Plus equipped with a wet
dispersing unit. Measuring range 0.08–2000 microns. The particle size distribution is
shown in Figure 3. The frequency curves were developed on the basis of 5 measurements
for each wood waste. As can be seen, the smallest filler particles were observed for beech
and hornbeam.
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Figure 3. The frequency curve for the tested fillers.

Analyzing the images of fillers presented in Figure 2, it can be noticed that the structure
of spruce differs from that of other trees. Spruce has a tubular structure. The structure
of spruce is characterized by visible tracheas and pits, which, for example, increases the
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mechanical adhesion between the matrix and the filler. However, the release of resin
without proper preparation of the spruce filler may adversely affect some properties.
Microscopy images of fillers used in this study showed no significant differences in shape,
but differed in surface image. These differences can primarily be seen between deciduous
tree waste and spruce.

The size of the most common particles was 747.78 µm for beech (8.2%), hornbeam
(7.8%), and oak (9.6%), and 825.9 µm for spruce (9.3%). As can be seen, the smallest particles
are characteristic of beech (90%—940.03 µm) and hornbeam (90%—917.03 µm), while the
largest range was noted for oak (90%—998.13 µm), while for spruce 90% of the particles
have the size below 971.77 µm (Figure 4). This is due to the structure and properties of
individual trees.
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3.2. Density Test Results

The density of composites produced using wood waste filler were determined by
measuring five samples. The average values and their standard deviations are graphically
displayed in Figure 5.
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Figure 5. Densities of tested materials (g/cm3).

Samples from XIAMETER 4234-T4 silicone showed a density of 1.069 g/cm3; the
specified density was 1.1 g/cm3. The introduction of 10% filler, regardless of the type of
wood waste, reduced the density of the obtained composites, and the lowest density was
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obtained using spruce wood waste. The density of the spruce-silicone composite decreased
by approximately 5% compared to the native sample (XS). It was most likely caused by
the structure of spruce waste as shown in Figure 2f. This is probably the result of tracheas
(Figure 2f) distributed throughout the wood, which is why spruce is considered to be a light
tree (range 410–500 kg/m3, and after drying 700–850 kg/m3) and the measurement method.
The highest density at 10% filling was recorded for hornbeam, approximately 3% in relation
to spruce. This is mainly due to the density and structure of the wood. The hornbeam
has a uniform and fine structure, which affects its properties. Hornbeam, beech, and oak
belong to heavy and very heavy trees, whose densities after reach 1200 kg/m3 (Table 2).
Buk contains numerous wood rays, which serve as conductive channels. Oak wood, unlike
beech wood, is characterized by wide conductive channels but in much smaller quantities.
Composites in which the share of wood waste was 20% had a similar or slightly higher
density than native silicone. Composites with 20% filling with hornbeam waste were
characterized by the highest density by approximately 4% compared to XS. The conducted
one-way analysis of variance showed a significant influence of the examined factors on the
density of composites (F = 15.71, test F = 2.208).

3.3. Rebound Resilience Results

The average resilience values and standard deviations of the tested materials are
shown in Figure 6.
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Figure 6. Resilience values of tested materials (%).

Introduction 10 wt % wood waste caused a reduction in elasticity for composites
with oak by 27% and beech by 20% in relation to native samples, but no change was
observed in composites with spruce filling, while a slight increase was observed in the
resilience of samples with hornbeam filling. Such a reduction may be related to the size
of the grain introduced into the composite and the structure of the wood. The beech
particles were characterized by the smallest dimensions, which are confirmed by the
normal distribution—Figure 3. Although the literature reports [11] a greater impact on
the properties of composites, the shape of the particle has a greater impact, and in the
examined case the size is also important. It seems that this is also the result of obtaining
the filler from the waste and the properties of the tree itself.

In all types of composites containing 20 wt % filling the wood, resilience increased,
the highest of which was observed in samples with beech filling (41%). In composites with
hornbeam filling, the resilience results were relatively similar (34.6 and 36.6%). Hornbeam
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wood is very hard and difficult to break, hence the resilience remained at a similar level,
regardless of the content. Regardless of the wood’s cleavage and its hardness, the additional
filler improved the flexibility in all systems containing 20 wt % filler. It can therefore be
concluded that the introduction of 20 wt % of the wood filler into the systems, regardless of
the wood type, its structure, and the particle size, improved the resilience of the obtained
composite. That is why the samples recovered their original shape after applying more
force than in the unmodified system. The carried out one-way analysis of variance showed
that both the content and the type of filler had a significant impact on the change of
relativity (F = 38.47, F = 2.208 test).

3.4. Abrasion Resistance Results

The results of abrasion resistance tests were compared to a standard sample made
of silicone XIAMETER 4234-T4 without filler. The average abrasion resistance values are
shown in Figure 7. The test results show that the introduction of filler into the matrix
reduced abrasion. The composite containing 10 wt % beech waste (10 - O) showed a loss of
0.51 cm3 and had the highest loss of volume. In the case of fillers obtained from deciduous
trees, abrasion is approximately 20% lower than that of the native sample. Spruce waste
causes a loss of volume by 65% compared to the native sample. The introduction of 20%
beech and hornbeam fillers did not affect the abrasion resistance. The differences observed
fall within the potions of errors. However, it can be assumed that the distribution of
filler particles in the structure of the composite resulted in no changes observed. These
fillers are characterized by the smallest particles: beech 90%—940.03 µm and hornbeam
90%—917.03 µm (Figure 4). The lowest abrasion (approximately 50% of XS abrasion) was
observed for spruce waste, similarly to composite materials with 10% filling. It seems
that the related abrasion is determined mainly by the type of wood and particle size. The
smaller the particle, the greater the loss in volume. Samples filled with deciduous tree
waste are characterized by worse abrasion resistance than composites with spruce waste.
The conducted one-way analysis of variance confirms the strong relevance of the studied
factors for the abrasion of composites (F = 202.9, test F = 2.51).
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3.5. Shore A Hardness Test

Five samples of each composite variant were tested for hardness tests. Graphical
presentations of hardness test results and standard error are presented in Figure 8.
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In each modified system, the obtained hardness was higher than the unmodified
sample. In systems containing 10 wt % XIAMETER 4234-T4 silicone, the obtained compos-
ites had comparable hardness values. Both heavy woods like beech, hornbeam, oak, and
light spruce showed a hardness of around 57 ShA. Such a high value in the case of spruce
precipitation may indicate the content of the resin inside the waste. As in previous systems,
when 20 wt % filler was used, the highest value was obtained in samples containing spruce
waste. The obtained value of 69.6 ShA was 11 ShA higher than hard oak waste samples.

This may prove that the separated spruce wood resin additionally increased the
hardness of the composite, which was also confirmed by the results of resilience. Relatively
soft spruce wood did not differ from harder beech, hump, or oak, even taking into account
the particle size. As can be seen, as in previous studies, both the type of wood waste and
the size of the particle had a significant impact on the obtained hardness results (F = 91.1,
test F = 2.208).

3.6. Tensile Test Results

Tensile test samples were cut using a punch, which ensured a repeatable shape and
dimensions of tested samples. Five measurements were made for each composite variant
(filler fraction, type of wood waste). A graphical presentation of the results is shown in
Figure 9 (strain at break) and Figure 10 (stress at break).
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Figure 9. Strain at break.
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Figure 10. Stress at break (MPa).

Samples of pure XIAMETER 4234-T4 silicone showed the greatest strain at break, and
all other composites showed reduced strain at break. The sample showing the most similar
strain to unmodified silicone (1.269) was that with 10 wt % beech content (1.181). The lowest
value was observed in composite 20 - S (0.567), but also the highest measurement error of
6% and standard deviation of 0.06, which may be a result of the preparation of the filler for
introduction, the introduction technology itself or the physicochemical properties of wood.
Composites containing hornbeam filling showed similar deformation values, irrespective
of the percentage of the composite (0.994 and 0.985, respectively). This seems to be related
primarily to the distribution of the filler in the composite, and secondly to the grain size.
The one-way analysis of variance showed a significant impact on the stain values of the
type and content of the filler (F = 162.19, test F = 2.208).

It can be observed that the smaller the filler particles and the proportion by weight,
the better the strain at break, which confirms the adopted theories. The lowest strain at
break was observed for composites with 20% spruce filling, which proves a significant
influence of wood properties on the tested composite characteristics.

The tensile test results indicate that a higher stress at break was observed in samples
modified with XIAMETER 4234-T4 silicone. All composites showed lower stress at break,
with the exception of composite 10 - B, whose value (1.98 MPa) was similar to unmodified
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silicone (2.02 MPa). The greatest differences between the native and filled samples were
observed for composites with meringue waste and amounted to 10 wt %—30% and for
20 wt %—35%. The composites with the filler from deciduous trees had smaller differences.
For 10%, the filling was on average approximately 8% (the lowest value was shown by
hornbeam—1.72 MPa), while for 20% by wt filling 26%. ANOVA analysis confirmed the
significant influence of the tested factors on the stress at break, F = 35.75, test F = 2.208.

3.7. Cytotoxicity Test Results

The cytotoxicity of the tested composites was obtained according to the standard
procedures against model cell lines [29,30,32]. The viability and proliferation assays, such
as an MTT assay, allowed for biocompatibility of different, natural, or synthetic agents as-
sessments [32,33]. Figure 11 presents the cytotoxicity against NHDF cells. The cytotoxicity
test results showed that neither silicon nor any of the tested composites showed any toxicity
to the normal fibroblasts. After 72 h, the fraction of living cells for the XS, 10 - B, and 10 - O
groups showed similar values of 100%, 98%, and 93%, respectively. The remaining results
showed significant cell proliferation when in contact with composites. The 20 - O and
20 - H composites showed the most proliferative values, for which the living cell fractions
were 190% and 196%, respectively. The results confirm the biocompatibility of composites
and any toxicity against the NHDF cell line in a standard in vitro cytotoxicity assay [34]
was reported.
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3.8. Possibly of Using WPC on the Seabed

Figure 12 shows the image of composite samples before and after ageing in seawater.
Based on the observation of plates covered with marine algae, it can be concluded

that algae covered the composites with a higher wood waste content. The exception is the
composite containing hornbeam waste in which higher algae content was observed on
the sample containing 10 wt % wood waste. The silicone sample was also overgrown by
marine algae. Most importantly, in all the samples tested, there is a larger or smaller sample
of marine algae. After performing additional tests, this will enable the use of the tested
composites as materials for use on the seabed. The results of this research are presented in
Table 5.
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Table 5. Results of microscopic research: wood filler and aged samples.

Wood Filler 10% 20%

oak
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Microscopy images of samples aged in seawater showed the growth of marine algae
film on their surface. Along with filler content, the number of marine algae increased and
the color of the silicone matrix changed. At the same time, it should be noted that in the
case of spruce waste, a smaller algae growth rate was observed compared with composites
filled with deciduous tree waste. Samples with 10 wt % filler showed more diffuse growth
than those with 20 wt % filler. Composites containing hornbeam waste were the most
overgrown, while the least overgrown were those with beech filling, possibly due to the
hardness of the tree (beech shows the lowest hardness among deciduous trees). This also
explains the observations of the spruce composite filling. It can therefore be concluded that
more algae growth occurred on harder trees (i.e., those containing more cellulose fibers).
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Figure 12. Comparison of plates with composites before and after immersion in a marine aquarium.

In order to select the best filler and content, a simplified multicriteria assessment
table was developed (Table 6). The grading scale was adopted from 1 to 5, where 5 means
the composites with the best properties and 1 the worst. The same grade was assigned
for identical averaged test results. Assessments were made for each percentage of filling
separately, based on the results of the tests carried out. The results of the cytotoxicity and
ageing tests were not included in the multicriteria analysis. Cytotoxicity measured in the
MTT test showed no cytotoxicity of all materials against normal cells, NHDF and more
accurate interaction of materials with cells requires additional tests. In turn, the aging
was assessed on the basis of macro and microscopic photos of the surface, which makes it
impossible at this stage to assess changes in the mechanical and physicochemical properties
of the materials.

Table 6. Quality assessment of wood–silicon composites, Wc—criterion weight, E—evaluation,
R—result.

Własność Wc
XS 10-O 20-O 10-B 20-B 10-S 20-S 10-H 20-H

E R E R E R E R E R E R E R E R E R

Density 1
5

3
5

3 3 3 4 4 5 5 4 4 2 2 3 3 4 4 5 5

Resilience 4 1 4 2 8 3 12 5 3 5 20 5 20 4 16 4 16 3 12

Abrasion
resistance

results
6 1 6 4 24 3 18 3 18 2 12 5 30 5 30 4 24 2 12

Hardness 3 1 3 2 6 2 6 4 12 3 9 5 15 5 15 3 9 4 12

Strain at
break 2 5 10 3 6 3 6 4 8 2 4 2 4 2 4 1 2 4 8

Stress at
break 5 5 25 3 15 4 20 4 20 3 15 1 5 1 5 2 10 2 10

Suma
53

51
62 66 66 64 76 73 65 59

4. Conclusions

The conducted research allows the following conclusions to be reached:
The density of composites changed with filler content and the type of wood. A reduc-

tion of approximately 3–5% in density was observed for the 10% fill composites and for
20% fill and an increase of up to 4%. This is mainly due to the structure of wood waste and
the density of fillers. However, on the basis of statistical analysis, it was found that the
examined variables are of little importance for the tested characteristic.

The introduction of wood filler into composites increased the hardness, which is not
directly proportional to the hardness of trees. The highest hardness was characteristic for
the composite with 10 and 20% spruce filler (density 700–850 kg/m3), which may be related
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to the particle size of 998.13 µm and the resin presence probably additionally hardening the
composite. At the same time, the silicone-spruce composite shows the smallest abrasive
wear by an average of approximately 30% compared to deciduous trees fillers. Both the
size and type of the tree from which the waste was obtained significantly influences the
hardness and abrasion.

For 20% at the higher the resilience and the lower the strain and stress at break was
observed. All composites with 20 wt % filling, showed higher resilience and lower values
of the characteristics determined in the static tensile test. For the 10% share, there is no
unequivocal dependence of the resilience on the filler content in the composite. It seems
that in this case both the type of wood and the property gradient resulting from the casting
technology are important. The tested characteristics are strongly dependent on the weight
fraction of the filler and the properties of the wood waste.

Conducted aging tests in the sea water environment showed that the area covered
with algae increased with the increase of the filler, which was related to the type and
structure of wood waste. All composites stimulated the proliferation of normal cells of the
human body, demonstrating their lack of toxicity on normal fibroblasts, NHDF cells.

The multicriteria analysis proves that the best test results were obtained for composites
filled with spruce waste, both with 10% by weight and with 20% by weight.

Further research will allow for a more complete characterization of WPC as materials
for use in protective coatings, insulation systems, or packaging.
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