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The main advantage of wood composites is that they can be designed for specific performance
requirements or specific qualities, since they are man-made. Therefore, they can be used in a very
wide array of applications, from small-home to industrial-scale projects. This, in turn, enables many
more options in design without sacrificing structural requirements. At the same time, their ability to
be tailored to a number of uses makes them a very viable option for reducing the use of solid wood.
This Special Issue, Advances in Wood Composites II, is a continuation of the “Advances in Wood
Composites I” [1] and presents recent progress in the enhancement and refinement of the performance
and properties of wood composites. This Special Issue, with a collection of 13 original contributions,
provides selected examples of recent Advances in Wood Composites.

An excellent and updated review on wood composites and the polymer binders used for their
manufacture is published in this Special Issue [2]. The review focuses on the most important aspects to
look out for in manufacturing excellent wood composites and on binders that currently dominate in
industry. The enormous progress made in this field during the last few years is highlighted, and an
exciting and fascinating research future is expected.

It is known that the two major drawbacks of wood composites are their dimensional instability
and their susceptibility to biotic and abiotic factors [3,4]. These can be as addressed by the chemical
or thermal modification of the raw material [5–17]. An alternative means, probably more attractive,
is so-called nanotechnology. Nanomaterials have unique characteristics, penetrate effectively and
deeply into the wood substrate and improve fundamental properties [18–31].

Wollastonite, a silicate mineral, was applied in order to fortify urea formaldehyde resin for the
manufacture of two types of composites (medium density fiber board and particleboard) made from
chicken feather and wood [32]. It was reported that wollastonite behaved as a reinforcing filler,
and therefore, most of the physicomechanical properties of the boards were improved.

In another study, nano-wollastonite and graphene were mixed in a water-based paint in order to
investigate the fire properties of beech wood [33]. The results indicated that graphene presents a high
potential to be applied as a fire retardant in the protection of wood and wood composites.

An interesting study investigated the performance of wood treated with ammonium hydroxide [34].
It is known that the dark color of wood in ammonia fuming is due to reactions among wood compounds
and ammonia gas. These chemical reactions affect the physicomechanical properties of the treated
wood. The study demonstrated that ammonia can be successfully used to change the uneven color of
black locust wood.

Xia et al. [35] used feather as a source of protein in combination with copper and boron salts,
and they made wood preservatives using nano-hydroxyapatite or nano-graphene oxide as nano-carriers.
The results revealed that the penetration into the wood structure was successful, and it was concluded,
based on the decay experiments, that the protein-based preservatives had the potential to be considered
as a low-cost and environmental friendly alternative for wood preservation.

Bekhta et al. [36] studied the effects of selected process variables on temperature evolution and
bond quality during the hot pressing of plywood. Their goal was to present an optimization of the
manufacturing process in order to reduce both energy and adhesive consumption. The main finding of

Polymers 2020, 12, 1552; doi:10.3390/polym12071552 www.mdpi.com/journal/polymers1
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the study was that the use of densified veneers can reduce the press cycle (time and pressure) and
resin consumption. In the same context, they also studied the possible effects of the veneer drying
temperature on formaldehyde emission and on key board properties [37]. The results indicated that
when elevated temperatures are applied in the drying of veneers, the formaldehyde emission from the
boards is reduced significantly. It was concluded that a 185 ◦C in-steam dryer could be considered as
optimum for industrial applications.

The sound absorption properties of wood composites have received limited attention by researchers
to date. Noise is a fundamental issue today, especially in big cities. The paper by Tudor et al. [38]
tackled this issue. They manufactured insulation panels from bark and studied their sound absorption
properties. Bark from spruce and larch was used. They concluded that bark can successfully be used for
the manufacture of insulation panels and may substitute materials currently used in sound applications.

Wood plastic composites receive great attention in this Special Issue. This interesting field
is a combination of processing techniques for filler and fiber preparation and polymer science.
In this context, the application of wood plastic composites in marine applications sounds very
interesting. Alrubaie et al. [39] presented an innovative wood plastic composite lumber made from
thermally modified wood. Its overall performance was compared to the performance of high-density
polyethylene lumber (HDPE). The main conclusion of this study was that this innovative type of
composite could successfully replace HDPE in structural applications.

In the area of composites, Cracium et al. [40] presented a natural-fiber-reinforced eco-composite.
This was based on wood wastes (obtained by electron beam irradiation) and on a rubber monomer
(ethylene-propylene-diene monomer). Sawdust was incorporated as a filler in order to improve the
mechanical and physical characteristics of the composite. It was reported that 300 kGy irradiation
seemed to be sufficient for obtaining the effect of reinforcement in the composite.

Kumar et al. [41] prepared injection-molded biocomposites in a biopolymeric matrix using raw
material from short-rotation species, such as aspen and willow. This study highlighted the technical
feasibility of preparing such a type of biocomposite and concluded that short-rotation species have the
potential to be an alternative for biocomposite manufacture.

Another interesting topic addressed in this issue is the transparency of wood. Wu et al. [42] used
the orthogonal test method to find the best way of partly delignifying wood. They concluded that this
type of transparent wood retained most of the wood texture and color and had a certain degree of
light, which means that it may used as a functional decorative material.

Last but not least, the issue of waterlogged archeological wood is addressed. Such studies are
limited in the literature. Han et al. [43] addressed this issue, in a case study in China, by studying
the hygroscopic properties of less decayed and moderately decayed waterlogged archeological wood,
collected from marine shipwrecks. It was found that moderately decayed wood possessed higher
hygroscopicity than that of less decayed wood. Based on the results of this study, which measures are
necessary for shipwreck restoration can be decided.

It can surely and definitely be said that the field of wood composites is a fascinating one and has a
bright future. What is presented here and in the previous editorial of the first series of “Advances
in Wood Composites” is only a very short overview of what will happen in the near future [1].
Progress and recent developments in this field have been accelerating, and new approaches and ideas
are continuously increasing, implying an exciting and interesting research future. Therefore, after the
successful Special Issues “Advances in Wood Composites I” and “Advances in Wood Composites II”,
which both collected innovative papers from well-known scientists worldwide, a third part of this
series is now available and open for submission.

Funding: This research received no external funding.

Conflicts of Interest: The author declares no conflict of interest.
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Abstract: This research optimizes the process of plywood production to determine its effectiveness
in reducing energy and adhesive consumption for more efficient production with the required
quality. The influence of selected parameters including veneer treatment (non-densified and
densified), plywood structure, temperature, time and pressure of pressing, on the bonding quality
and temperature evolution within the veneer stacks during hot pressing was investigated. Rotary-cut,
non-densified and densified birch veneers and phenol formaldehyde (PF) adhesive were used to
manufacture plywood samples. The effect of pressure and time of pressing on bonding quality of
the plywood was determined. Bonding quality was evaluated by determining the shear strength of
the plywood samples. The temperature evolution inside the veneer stacks was measured for birch
veneers for different pressing temperatures and pressures for different numbers of veneer layers.
The heating rate of the veneer stacks increased as the pressing temperature increased and decreased
markedly with an increasing number of veneer layers. At a high pressing pressure, the heating rate
of the densified veneer stacks was faster than that of non-densified veneers at the same pressure.
The use of densified veneers for the production of plywood can lead to a shorter pressing time (17–50%
reduction), lower glue consumption (33.3% reduction) and a lower pressing pressure (22.2% reduction)
without negatively impacting the bonding strength of the plywood.

Keywords: plywood; densification; core layer temperature; bonding quality; hot pressing; veneer
stack heating

1. Introduction

The structure and properties of plywood are formed in the hot-pressing process. Hot pressing
is one of the most important operations in the production of plywood, which has an impact on the
properties of plywood. This operation is also important from an economic point of view. The hot
press step determines the performance of the pressing line and defines the capacity of the factory.
Hot pressing is one of the most energy-consuming processes in plywood manufacturing after the
veneer-drying process. Hot-pressing parameters such as pressing time, pressure and temperature
are key factors that directly affect the properties of plywood panels [1–3]. Despite that plywood was
the first created wood-based composite, few individual studies have been conducted to investigate
the effect of process variables on hot-pressing of plywood [1,3–8]. The temperature evolution within
the panel during hot-pressing is important for the chemical and physical processes that contribute to
the properties of the panel. The temperature evolution within the panel depends on wood species,
their density and moisture content, compression of the veneers, glue spreading rate, and the pressing

Polymers 2020, 12, 1035; doi:10.3390/polym12051035 www.mdpi.com/journal/polymers5
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temperature, pressure and time. The interactions among these parameters are however, complicated
and unclear [9].

Pressing pressure depends on wood species, physical properties of the wood, characteristics of the
veneer surface and on the type of adhesive, its viscosity, the pressing temperature, etc. The application
of pressure helps the adhesive to wet and penetrate the wood surface by forcing it into the void spaces
of the wood [10,11]. However, too high of pressure should be avoided as the adhesive largely squeezes
out [12]. Bonding quality is influenced by the amount of adhesive penetration into the wood substrate
during the manufacture of wood composites, i.e., plywood [10]. Optimal adhesive penetration is
required to repair damaged wood surfaces, and it provides better contact with the inner surface for
chemical bonding or blocking and transfers stresses between the laminates [10,12], promoting a more
efficient use of adhesive and providing a reliable thickness of the adhesive layer [10].

Pressing pressure and adhesive spread rate are the main factors for determining the thickness of
the adhesive layer. The thickness of the adhesive layer should be controlled because it directly affects
the strength of the wood composites. Insufficient pressure in the production process results in a thick
adhesive layer [13]. As a rule, the thick adhesive layer of many common adhesives is characterized
by insufficient strength [11,13]. Pressure should be applied evenly and adequately because wood
adhesives based on synthetic resin, such as phenol formaldehyde (PF), are not capable of forming
strong bonds in the thick and variable thickness of the adhesive layers due to their low viscosity [12].

In low-density wood species, high pressure causes the adhesive to penetrate so deep into the
wood that there is insufficient adhesive to fill the bonding line; this excessive penetration can lead to
lower bond strength [11]. By contrast, low pressures can cause a decrease in the shear strength and do
not provide close contact between the surfaces, resulting in a poor adhesive layer [13,14].

Thermosetting PF adhesive is typically used in the manufacturing of plywood destined for use
in exterior structural applications. To harden the adhesive and form a strong adhesive bond, the
temperature inside the veneer stack (in the core layer of the stack) must be greater than 100 ◦C [14].
The heat from the hot plates of the press should be transferred to the core layer of the stack as quickly
as possible. If the heat transfer process to reach a central layer temperature greater than 100 ◦C is
prolonged, then the adhesive layers closer to the plates will be exposed to higher temperatures longer
than required, and this can lead to premature hardening of the adhesive in these layers and even
destruction of the adhesive. Therefore, for plywood, the total pressing time is determined by the time
it takes to reach a sufficient temperature in the inner glue layer to cure the resin (i.e., the temperature
at which the resin hardens) [15]. On one hand, to maximize process efficiency, the pressing time
should be as short as possible. This is enabled by increasing the pressing temperature. Even a slight
increase in the optimum pressing temperature can adversely affect the surface quality and strength
of the plywood panels. On the other hand, the pressing should be long enough to allow the glue to
harden. Furthermore, shortening the time of hot pressing can effectively reduce energy consumption
as well as time necessary for the production of wood composite materials. Therefore, choosing the
optimum pressing parameters, i.e., the temperature, pressure and pressing time, is very important,
both technologically and economically.

The possibility of reducing hot pressing time has been studied in previous works on some types of
wood composite materials, such as laminated veneer lumber (LVL) [15,16], particleboard [17], oriented
strand board (OSB) [18] and medium-density fiberboard [19]. However, there are only a few studies in
the existing literature regarding the effect of pressing time on the properties of plywood [16,20–23].
Shortening the duration of plywood pressing can be realized by steam injection [20] or by veneer
incising [16,21]. However, the rapid increase in core temperature, typical of steam-injected particleboard,
does not occur in steam-injected plywood [20]. Mirski et al. [22] demonstrated that the application of PF
resin modified with ethyl malonate enables the production of plywood with good mechanical properties
and bond quality in a pressing time shortened by 38% and can reduce the pressing temperature by
20 ◦C. Li et al. [23] investigated the effects of hot-pressing parameters (temperature, pressure, time
and veneer layers) on the shear strength of multi-plywood using modified soy protein adhesives.

6



Polymers 2020, 12, 1035

The authors found that the heating rate of the plywood core layer increased with the increase of
hot-pressing temperature and decreased noticeably with an increased number of veneer layers.

Another approach for shortening the heating time and the overall pressing time is the preliminary
thermal compression of veneers. In recent years, a number of studies have shown that introducing
a veneer preparation process via thermo-mechanical compression prior to applying the adhesive
reduces the pressure and time of pressing and also significantly reduces the consumption of adhesive
without negatively impacting the bonding quality of the plywood [24–26]. Kurowska et al. [27]
concluded that veneer densification shortened the total pressing time by 12–25% in comparison to
control samples. Bekhta and Salca [8] found that the multilayered plywood made of densified birch
veneers with an adhesive spread rate of 150 g/m2 was heated faster compared to plywood made of
non-densified veneers.

Thus, we hypothesized that thermal compression of the veneers would lead to reaching the
curing temperature of the glue in the core layer more rapidly, even at a lower adhesive spread rate,
compared with panels made from non-densified veneers, and this will subsequently shorten the
pressing time. The purpose of this study was to obtain a better understanding of the heating process of
veneer stacks and of the temperature evolution within the plywood panels during hot pressing when
using different types of veneer (non-densified and densified), different pressures, time of pressing
and pressing temperatures and different numbers of veneer layers. We also investigated the optimal
pressing parameters to reduce glue consumption and studied how this will affect the quality of the
plywood bonding and increased production efficiency.

2. Materials and Methods

2.1. Materials

In this study, we used rotary-cut birch (Betula verrucosa Ehrh.) veneers (LLC «ODEK» Ukraine)
with dimensions of 300 mm × 300 mm and thickness of 1.6 mm and density of 625 kg/m3. The average
moisture content of the non-densified veneers was 5.7%.

Half of the veneer sheets were densified by the application of heat and pressure between the
smooth and carefully cleaned heated plates of an open-system laboratory press at a temperature of
150 ◦C and a pressure of 2 MPa for 1 min. After densification, the samples were removed from the hot
press and allowed to cool to room temperature. The average thickness and moisture content of the
densified birch veneers were 1.5 mm and 1.4%, respectively.

The commercial PF adhesive Fenokol 43 EX (Chemko, a. s. Slovakia), with a solid content of 47%
(at 105 ◦C), a viscosity of 278 mPa·s, a gel time of 24 s (at 150 ◦C), a free phenol content of 0.013%, a
free formaldehyde content of 0.032% and a hydrogen ion concentration (рН11), was used to bond the
veneers. The PF resin was used for plywood panel manufacturing without any filler or additive.

2.2. Experimental Procedure

In this study, two series of experiments were performed.
During the first series of experiments, the temperature evolution of the adhesive-free plywood

samples during hot pressing was measured:

- inside a stack of common non-densified birch veneers at different pressing temperatures (100, 120,
130, 140 and 150 ◦C);

- inside a stack of either non-densified or densified birch veneers at different pressing pressures
(1.0, 1.4 and 1.8 MPa);

- inside a stack of either non-densified or densified birch veneers at different pressing temperatures
(100, 130 and 150 ◦C) and containing different numbers of veneer layers (3, 5 and 7 layers).

In this series of experiments, the measurements of the core layer temperature inside the veneer
stacks were carried out without the presence of glue. This was done to determine the real impact of
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each studied factor on the temperature evolution inside the sample. It was difficult to measure the
temperature when adhesive was used because the adhesive in a liquid or solid state would significantly
affect the result.

During the second series of experiments, the influence of the pressing parameters, in particular
the pressing time (120, 180, 240, 300 and 360 s) and the pressing pressure (1.0, 1.4 and 1.8 MPa), on the
properties of PF adhesive-bonded three-layer plywood made from either non-densified or densified
birch veneers with reduced adhesive consumption (100 g/m2) was studied.

2.3. Core Layer Temperature Testing

A thermocouple was placed inside the plywood sample to measure the glue line inner temperature.
A 5 mm × 150 mm (width × length) groove was opened in the middle of the core veneer to install the
thermocouple. The temperatures were measured with the thermocouple at the center of the central
veneer sheet (layer) of the stack and were monitored every 5 s to record the temperature evolution in the
panel during pressing. Data collection was initiated when the surface veneer began to receive pressure.
When the temperature inside the stack reached the pressing temperature, the test was completed and
the data were saved to a computer.

2.4. Preparation of Plywood Samples

The three-layer plywood samples from densified veneer were made in an electrically heated
hydraulic laboratory press under the following conditions: 150 ◦C pressing temperature; and different
specified values of pressing pressure (1.0, 1.4 and 1.8 MPa) and pressing time (120, 180, 240, 300
and 360 s) and glue spreading (100 and 150 g/m2). For comparison, plywood control samples from
non-densified veneer were made at the same pressing conditions and pressing pressure of 1.0 and
1.8 MPa. During the last 30 s of the press cycle, the pressure was continuously reduced to 0 MPa.
The adhesive was applied onto one side of every uneven ply. The plies were assembled perpendicular
to each other (veneer sheets were laid tight/loose) to form plywood of three/five/seven plies. Adhesive
was applied onto the veneer surface with a hand roller spreader.

2.5. Shear Strength Test

During the experiment, all plywood samples were conditioned prior to testing for 2 weeks at
20 ± 2 ◦C and 65% ± 5% relative humidity. The panels were cut to extract test samples according to the
standard requirements. The shear strength was determined according to methods EN 314-1 [28] and
EN 314-2 [29] after pretreatment for their intended use in exterior conditions. For the shear strength
test, PF plywood test pieces were immersed for 4 h in boiling water, followed by drying in a ventilated
oven for 16 h at 60 ± 3 ◦C, immersion in boiling water for 4 h, and finally, immersion in cool water at
20 ± 3 ◦C for at least 1 h. Ten samples were used for each variant shear strength mechanical test.

3. Results

During hot pressing, heat is first, transferred from the hot press plates to the outer veneer layers
by conduction and then continues to migrate to the middle. The effective porosity in veneer panels
was only 0.05–0.5% compared to the total panel voids, which ranged from 50% to 70%. The rate of
convection is negligible; thus, heat conduction is dominant [30]. At the same time, upon contact of
the surface veneer layers with the hot press plates, the moisture present in these layers turns into
steam. The steam migrates to the middle of the panel. However, during hot pressing of veneer panels,
it is veneer compression that results in layered and uniform barriers to moisture movement [30].
The interior vapor pressure increases as the steam continues to migrate from the hot surfaces toward
the colder middle. In the middle zone of the panel (from which moisture is virtually free to evaporate
and, under certain conditions, is contained there in the form of a superheated steam–water mixture),
the temperature is continually increasing, approaching the temperature of the press plates [9]. However,
the rate of temperature rise in the outer and inner layers of the middle zone of the panel is different [4,9].
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3.1. Influence of Pressing Temperature on the Heating Rate of the Veneer Stacks

Figure 1 shows how the core layer temperature inside the three-layer birch veneer stack depends
on the plywood pressing temperature and Table 1 presents the time required to reach a temperature of
100 ◦C inside the three-layer panel when applying the different pressing temperatures.

Figure 1. Core layer temperature curves at different pressing temperatures and 1.8 MPa of three-layer
plywood made from non-densified birch veneers.

Table 1. Time needed for the core layer of three-layer plywood bonded with PF adhesive to reach
100 ◦C and the pressing temperature.

Pressing Temperature (◦C) Time to Reach 100 ◦C (s) Time to Reach the Pressing Temperature (s)

100 60 60
110 30 50
120 25 60
130 19 60
140 19 90
150 19 125

The core layer temperature rose from an initial temperature of 25–30 ◦C to approximately 100 ◦C in
approximately 20 s when the press was closed, but it took almost 125 s to reach a pressing temperature
of 150 ◦C.

During the gradual heating of the veneer stacks, the wood underwent a temperature change and
the water contained within the wood was also altered. At 100 ◦C, some of the moisture was converted
to steam, filling all the spaces within the wood and between the veneer sheets. The rapid heating of
the middle of the panel to 100 ◦C can be explained by the fact that at this temperature liquid water is
transformed into steam, which moves from the outer layers to the inner layers, quickly heating the
panel to 100 ◦C.

It is natural that the interior temperature reaches 100 ◦C most rapidly at the higher pressing
temperatures of 130–150 ◦C. The veneer stack heated the slowest at a pressing temperature of 100 ◦C.
In this case, it took 60 s for the panel interior to reach 100 ◦C, which is equal to the temperature of the
press plates (pressing temperature). By contrast, at 150 ◦C, the veneer stack was heated three times
faster. These results are in good agreement with a previous study [4] that found that a considerable
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amount of thermal energy is needed to cure PF adhesives, i.e., the application of high temperatures
(135–150 ◦C) or long pressing times (45–60 s/mm).

At low pressing temperatures of 100–120 ◦C, we observed gradual and slow heating of the panels.
At the higher pressing temperatures of 130–150 ◦C, during the first 20 s, the panels heated very quickly
before the moisture evaporated after which the heating rate slowed. Table 1 shows that the time
required for the core layer of the three-layer panel to reach 100 ◦C was significantly reduced when
the temperature was increased from 100 ◦C (60 s) to 120 ◦C (25 s) or 150 ◦C (19 s). After the interior
temperature reached the temperature of water evaporation, the temperature inside the panel increased
slowly until the core layer temperature was close to the pressing temperature.

Throughout the period of heat transfer between the sample and the hot press plate, the system
remained at the veneer-heating stage. The heat was transmitted from the outside to inside, and the
plywood gradually reached the pressing temperature, increasing from the surface layer to the core layer.
At high pressing temperatures, such as 150 ◦C, for a short time (approximately 20 s), the core layer
rapidly heated to 100 ◦C due to steam moving from the outer layers to the middle. However, during
this time, the panel was densified, and its density increased while the porosity decreased, making it
more difficult for the steam concentrated inside the panel to escape. If the steam cannot escape from
the center of the panel, which is compressed between the press plates, then the steam will continue to
increase the temperature of the center zone to the temperature of the press plates. A similar pattern of
heating was previously described [4]. If the temperature increases from 20 to 100 ◦C, the conductivity
slightly increases up to 14% and 24% in the longitudinal and transverse directions, respectively [31].

3.2. The Effect of Pressing Pressure on the Heating Rate of Non-Densified and Densified Veneer Stacks

Based on the results of the previous series of experiments, birch veneer and a plywood pressing
temperature of 150 ◦C were used in subsequent studies.

Figure 2 shows the dependence of the core layer temperature on the pressing pressure of the
three-layer birch non-densified and densified veneer stacks. Table 2 shows the time required to reach a
core layer temperature of 100 ◦C or a pressing temperature of 150 ◦C inside the three-layer panels when
applying different pressures. There was practically no difference between densified and non-densified
veneer stacks in the time required to reach an interior temperature of 100 ◦C when applying the
different pressing pressures.

At pressures of 1.0, 1.4 and 1.8 MPa, a core layer temperature of 150 ◦C was reached after 110 s, 85 s
and 125 s for panels made from non-densified veneers and after 115 s, 90 s and 75 s, for panels made
from densified veneers, respectively. The data show that at the lower pressing pressures of 1.0 and
1.4 MPa, the panels heated at the same rate regardless of whether they were made of non-densified or
densified veneer. The reason may be that panels have more porosity in the stack and make it relatively
easy for steam to penetrate/migrate to the core while panels pressed at 1.8 MPa may mainly rely on
heat conduction to raise the core temperature.
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Figure 2. Core layer temperature curves of three-layer plywood made from non-densified (ND) or
densified (D) birch veneers at different pressing pressures and 150 ◦C.

Table 2. Time needed for the core layer of three-layer plywood bonded with PF adhesive to reach
100 ◦C or the temperature of pressing.

Type of Veneer Pressure of Pressing (MPa) Time to Reach 100 ◦C (s) Time to Reach 150 ◦C (s)

ND 1.0 14 110
ND 1.4 16 85
ND 1.8 19 125
D 1.0 18 115
D 1.4 17 90
D 1.8 11 75

It is believed that the moisture content of the veneer stack affects the heat transfer from the outer
layers to the panel core. Usually, higher moisture contents increase the thermal conductivity, which will
accelerate the heat transfer. This may also be valid for low-density panels. The non-densified veneer
had a higher moisture content (5.7%) than the densified veneer (1.4%). Arruda and Del Menezzi [32]
also stated that thermomechanical treatment provided lower equilibrium moisture content of veneers.
Therefore, for a panel made of non-densified veneer, we expected that its moisture content would have
a significant effect on the rate of temperature rise. Data from Table 2 shows that densified veneer under
high-pressure pressing was heated faster than the non-densified veneer at the same pressure. For the
panel made of densified veneer, core temperatures of 100 ◦C and 150 ◦C were reached after 11 and
75 s, respectively, compared with 19 and 125 s for the non-densified veneer stack. Kurowska et al. [27]
found that veneer densification shortened total pressing time by 12–25% in comparison to control
samples. This phenomenon is caused by lower total moisture content in the veneer stack. Furthermore,
faster stack internal temperature gain is caused by more dense wood substance. Wood compression
mainly causes a reduction in empty spaces between cells and cell lumen [32]. Cai et al. [33] also showed
that the panel moisture content does not have a significant effect on the time to reach the maximum
core temperature.

The effective thermal conductivity of compressed wood was found to be lower than that of
uncompressed wood [34]. On the other hand, Hrazsky and Kral [4] showed that the rate of heat
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passage increased with the increasing working pressure (within a certain pressing temperature range).
However, in our study, this was only true for densified veneer. For non-densified veneers, it took
longer to reach the pressing temperature inside the panel when applying high pressure. One of the
reasons for this finding may be the higher moisture content of non-densified veneers compared with
densified veneers. It is known that the rate of heat passage decreases with an increasing moisture
content [4].

The most rapid heat transfer occurs when steam can pass through cracks and voids in the veneer.
High pressures restrict these passages [20]. Wang et al. [30] similarly stated that during hot pressing
the small deformations of the veneer ply effectively act as barriers to gas and moisture movement
rather than the curing glue line acting in this regard. These barriers caused a sealing effect that led to a
low rate of convection within the panel [30].

3.3. The Effect of the Number of Layers on the Heating Rate of Non-Densified and Densified Veneer Stacks

Figure 3 shows the effect of the number of veneer layers (3, 5 and 7) on the heating rate of the
non-densified and densified veneer stacks at different pressing temperatures (100 ◦C, 130 ◦C and
150 ◦C). The heating rate decreased significantly with an increased number of veneer layers, not only at
the stage of rapid heating, but also at the stage of slow heating (Figure 3). With an increasing number
of veneer layers, the time required for the core layer to reach 100 ◦C increased, as did the time required
for the core layer to reach the pressing temperature (Figure 3).

With an increasing number of veneer layers, the temperature at which moisture evaporation
occurred decreased with an increasing number of layers and the time period over which moisture
evaporation occurred was prolonged, probably because the moisture evaporation required more heat
due to the increased number of layers. The heat transfer rate decreased with the increase of veneer
layers, so more time was required to reach 100 ◦C or the pressing temperature in the core layer, leading
to an increasing time difference between reaching 100 ◦C and the pressing temperature (Figure 3).
When there were too many veneer layers during hot pressing, the core layer temperature could not
reach the pressing temperature even with an unlimited increase in pressing time, although the core
layer temperature could approach the pressing temperature.

Figure 3a shows that the three-, five- and seven-layer panels of non-densified veneer heated faster
at a pressing temperature of 100 ◦C than those of densified veneers. At the pressing temperature
of 130 ◦C, the 3, 5 and 7-layer panels reached a core temperature of 100 ◦C in nearly the same time,
regardless of densification. These results were also apparent at the pressing temperature of 150 ◦C.
At pressing temperatures of 130–150 ◦C, for a further increase in core temperature above 100 ◦C, the
densified veneer stacks heated to the pressing temperature faster than the non-densified veneer stacks
and the difference between the pressing temperatures for the non-densified and densified veneers was
already quite large. For example, the pressing temperature of 130 ◦C was reached in the core after
140, 225 and 325 s for the 3-, 5- and 7-layer non-densified veneers and after 70, 135 and 325 s for the
densified veneers, respectively.

The pressing temperature of 150 ◦C was reached in the panel core after 125, 300 and 500 s for
the 3-, 5- and 7-layer non-densified veneer stacks and after 85, 210 and 400 s for the 3-, 5- and 7-layer
densified veneer stacks, respectively. Thus, the 3-, 5- and 7-layer panels of both the non-densified and
densified veneers at pressing temperatures of 130 and 150 ◦C reached a core temperature of 100 ◦C in
nearly the same time, but upon further heating, the densified panels heated much faster. The heating
rate of the 3-, 5- and 7-layer panels to a temperature of 130 ◦C at a pressing temperature of 130 ◦C was
faster by 50%, 40% and 0%, respectively, for the densified veneers compared with the non-densified
veneers. The rate of heating to 150 ◦C at a pressing temperature of 150 ◦C for the 3-, 5- and 7-layer
panels was faster by 32%, 30% and 20%, respectively, for the densified veneers compared with the
non-densified veneers.
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Figure 3. Core layer temperature curves of 3-, 5- and 7-layer plywood panels made from non-densified
(ND) or densified (D) birch veneers at different pressing temperatures: (a) 100 ◦C; (b) 130 ◦C; (c) 150 ◦C.
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The heating rate decreased markedly with an increasing number of veneer layers. The effect
of increasing the number of layers was mainly observed in the continuation of the first stage of
constant temperature and the increase in time required for the core temperature to reach the pressing
temperature. The heating rate of the core layer increased with increasing pressing temperature. In any
case, a pressing temperature of 100 ◦C cannot be recommended for PF-bonded plywood panels for both
technological and economic reasons. These findings are in good agreement with previous studies [4]
who showed that temperatures of 135–150 ◦C or longer pressing times are required to cure PF adhesives.

Considering the curves (Figures 1–3), we can conclude that the core temperature evolution can
be divided into three stages as follows: in the first stage the core temperature remains constant for
approximately 25–30 s after the platen reaches the veneer face surface; the second stage refers to the
rapid increase in the core temperature due to convective heat flow; in the third stage the temperature
remains nearly constant during the moisture vaporization. A similar core temperature distribution in
the middle layers of multi-ply veneer assemblies of either non-densified or densified veneer stacks,
as well as for when adhesives are not used, was previously observed [8]. The results of the temperature
evolution inside the plywood samples for both densified and non-densified veneers were found to be
quite similar to the heat transfer during hot pressing of particleboards and fiberboards [35,36].

3.4. The Influence of Pressing Pressure and Time on the Bonding Strength of Plywood Samples

The average shear strength values of the samples, along with the Duncan’s test results, are depicted
in Figure 4. The shear strengths of the plywood samples composed of either densified or non-densified
veneers were higher than 1.2 MPa and met the requirements of the EN 314-2 standard [29]. The highest
shear strength was obtained by plywood samples composed of densified veneers made at a pressure of
1.4 MPa and a press times of 6 min. The lowest shear capacity was observed in samples composed of
densified veneers made at a pressure 1.8 MPa using a 2 min press time. For densified veneers, the
shear strength increased with increasing press time.

 
Figure 4. Shear strengths of 3-layer plywood samples made from birch veneers at various pressing
pressures (1.0 and 1.8 MPa) for various durations at 150 ◦C and 100 g/m2 of adhesive spread:
ND—non-densified veneer; D—densified veneer. Latin letters A–K indicate Duncan group.

The shear strength values of the plywood samples made at a pressure of 1.8 MPa, but with
different pressing times and at a lower adhesive spread rate (100 g/m2) were higher for the densified
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veneers than for the non-densified veneers (Figure 4). Increasing the pressing time of the samples from
120 to 360 s increased the shear strength and all shear strength values met the requirements of EN
314-2 [29]. The images of densified wood shows a significant improvement in the glue line, which
became thinner and more continuous [32].

At a pressing pressure of 1.0 MPa and a lower adhesive spread rate (100 g/m2), the shear strengths
of the plywood samples composed of densified veneers and made with pressing times of 120 s
and 240–360 s were higher than shear strengths of the samples composed of non-densified veneers.
In contrast, at a pressing time of 180 s, the shear strength values of the samples made from non-densified
veneers were higher than of the samples from densified veneers (Figure 4).

For samples composed of densified veneers, the shear strength values for samples pressed at
1.0 MPa were lower than those made at 1.8 MPa. Even at 1.0 MPa, the shear strength values were high
(>1.5 MPa) and met the requirements of EN 314-2 [29].

For plywood samples made from densified veneers at a lower glue consumption rate (100 g/m2)
and pressing times of 180–360 sec, higher pressures of 1.4 and 1.8 MPa led to higher shear strengths
than when applying a pressure of 1.0 MPa (Figure 5). In contrast, for a pressing time of 120 s, the shear
strength values of the samples at a pressure of 1.0 MPa were higher than the shear strengths of the
samples made at 1.4 and 1.8 MPa.

 
Figure 5. Shear strengths of 3-layer plywood samples made from densified birch veneers at various
pressing pressures for various durations at 150 ◦C and 100 g/m2 of adhesive spread. Latin letters A–G
indicate Duncan group.

Long pressing times at high pressing pressure can increase the veneer compression ratio and
reduce the productivity of plywood, which is unacceptable in the plywood manufacturing industry.
In terms of economics and technology, it is possible to choose a pressure of 1.4 MPa and a pressing
time of 180–300 s. This allows the pressing time to be reduced by 17–50% and the pressing pressure by
22.2% without negatively impacting the bonding strength of the plywood. In similar study it was also
found that densified veneers, except 25% pressing time shortening, allow 25% glue load reduction
without affecting glue bonds strength properties [27].

Figure 6 compares the bonding strengths of plywood samples made from either non-densified or
densified veneers at reduced (100 g/m2) and currently accepted (150 g/m2) adhesive spread rates and
at different pressing pressures. The highest bonding strength was observed for the densified veneers
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at a pressure of 1.4 MPa and the lower glue consumption of 100 g/m2. A lower bonding strength
was found for samples made from densified veneer at a pressure of 1.8 MPa and an adhesive spread
rate of 150 g/m2 than at a lower adhesive spread rate. Typically, the densification process smooths
the surface of the veneer and decreases its roughness [37,38]; therefore, less adhesive is required for
bonding. A lower adhesive consumption results in a reduced thickness of the adhesive layer and an
increased bonding strength. An adhesive spread rate of 150 g/m2 for densified veneer is too large;
the adhesive is squeezed out of the panel, the thickness of the adhesive layer increases and as a
consequence, the adhesive strength decreases. It is known [39] that with increasing glue line thickness,
the bonding strength decreases; with a thicker glue line, higher internal stress is generated during
glue shrinkage, which can lead to a lower shear strength. Moreover, at the high glue spread level, gas
pressure increased significantly due to the high MC in the glue line, which generally led to blisters or
blows, which could largely deteriorate plywood bond quality [40].

Figure 6. Shear strengths of 3-layer plywood samples made from birch veneers at various pressing
pressures (1.0, 1.4 and 1.8 MPa) and a pressing time of 6 min for 150 and 100 g/m2 of adhesive spread:
ND—non-densified veneer; D—densified veneer.

At a pressing pressure of 1.4 MPa, the bonding strength was 2.93 MPa and was 8.5% higher than
at a pressure of 1.8 MPa (2.68 MPa). At a pressing pressure of 1.8 MPa, but with an adhesive spread
rate of 150 g/m2, the bonding strength (1.84 MPa) was 31.3% lower than with the lower adhesive
spread rate (100 g/m2) at the same pressure. Wang et al. [40] also found that shear strength decreased
as the pressing pressure increased. The high pressing pressure leads to reduced gas permeability and
high internal gas pressure causing blisters or blows, which could completely destroy shear strengths
of samples.

When comparing plywood samples made from densified and non-densified veneer made at a
pressure of 1.8 MPa and an adhesive spread rate of 100 g/m2, the bonding strength of the densified
samples was 18.7% higher (2.68 MPa) than of the non-densified samples (2.18 MPa). The opposite
pattern was observed for the adhesive spread rate of 150 g/m2. The bonding strength of the non-densified
samples was 13.6% higher (2.13 MPa) than for the densified samples (1.84 MPa). A previous study
found that surface roughness will affect gluing and bonding between two layers of panels. It was
observed that the adhesive was not distributed evenly on panels made from uncompressed veneer

16



Polymers 2020, 12, 1035

due to the effects of its rough surface in comparison with panels made from compressed veneer [41].
Non-densified veneer is rough and requires more glue, while densified veneer is smooth and has less
roughness. The adhesive spread rate of 150 g/m2 was too large for the smooth veneer, which led to
thickening of the adhesive layer and consequently reducing the bonding strength. Practice shows
that the thicker the adhesive layer, the more noticeable the influence of internal stresses and, as a rule,
the lower the bonding strength. For high-density hardwood veneers, a smooth surface is a necessity;
where there is no surface contact, there can be no adhesion [14,42].

The veneer roughness plays an important role in the depth of penetration and the uniform
distribution of the adhesive and influences the bonding quality of veneers. Arruda and Del Menezzi [37]
also found that increasing the temperature or time led to a significant reduction in roughness. According
to these authors, the veneer roughness decreased by 43.4%, which contributed to reducing the stress
points between the veneer surface and the adhesive layer. Several studies [38,43–46] also determined
that improved surface roughness of veneers increased the shear strength of the plywood made from
them. Images of thermo-mechanically treated wood show a significant improvement in the glue line,
which became thinner and more continuous [32]. Moreover, the permeability of the PF glue line
decreased during glue curing and the permeability of cured glue lines (films) decreased with increasing
glue spread [30]. The thermal conductivity of plywood increases with an increasing glue spreading
rate by using phenol formaldehyde resin adhesive [47].

4. Conclusions

As a current contribution of the performed research, we can draw the following conclusions.
The heating rate of the veneer stacks increased as the pressing temperature increased. The panels

were the slowest to heat at a pressing temperature of 100 ◦C, whereas at a pressing temperature of
150 ◦C, the panels heated to a core temperature of 100 ◦C three times faster. The heating rate of the core
layer increased with increasing pressing temperature.

Practically, there was no difference in the time required to heat the core to a temperature of 100 ◦C
for panels made of non-densified vs. densified veneers at the different pressing pressures. This pattern
changed when heating the core to the pressing temperature. In this case, the densified veneer stacks
heated faster than the non-densified panels at high pressing pressures. The heating rate of both the
non-densified and densified veneer stacks decreased markedly with an increasing number of veneer
layers. The 3-, 5- and 7-layer panels, for both the non-densified and densified veneers, reached a core
temperature of 100 ◦C in nearly the same time at pressing temperatures of 130 and 150 ◦C. However,
upon further heating, the densified veneer stacks heated much faster. The rate of heating to 150 ◦C
for the 3-, 5- and 7-layer panels at a pressing temperature of 150 ◦C was faster by 32%, 30% and 20%,
respectively, for the densified veneer than for the non-densified veneer.

When using densified veneers for the production of plywood, a shorter pressing time (17–50%
reduction), lower glue consumption (33.3% reduction) and a lower pressing pressure (22.2% reduction)
can be used without negatively impacting the bonding strength of the plywood samples.

The findings of this study provide useful information necessary for optimizing the plywood
manufacturing process by balancing product qualities and productivity.
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Abstract: The objective of this study was to investigate the sound absorption coefficient of bark-based
insulation panels made of softwood barks Spruce (Picea abies (L.) H. Karst.) and Larch (Larix decidua
Mill.) by means of impedance tube, with a frequency range between 125 and 4000 Hz. The highest
efficiency of sound absorption was recorded for spruce bark-based insulation boards bonded with
urea-formaldehyde resin, at a level of 1000 and 2000 Hz. The potential of noise reduction of
larch bark-based panels glued with tannin-based adhesive covers the same frequency interval.
The experimental results show that softwood bark, an underrated material, can substitute expensive
materials that involve more grey energy in sound insulation applications. Compared with wood-based
composites, the engineered spruce bark (with coarse-grained and fine-grained particles) can absorb
the sound even better than MDF, particleboard or OSB. Therefore, the sound absorption coefficient
values strengthen the application of insulation panels based on tree bark as structural elements for
the noise reduction in residential buildings, and concurrently they open the new ways for a deeper
research in this field.

Keywords: spruce and larch bark; sound absorption coefficient; impedance tube; biomass; up-cycling

1. Introduction

Noise control is an important issue in modern life. A lot of factors contribute to its increase, e.g.,
population growth, expansion of the urban centers, densification of the housing sector, correlated to the
number of vehicles, the development of automatic machines in industrial companies and devices [1–4].

Noise pollution is the second most important environmental factor in Europe, North America
and South-East Asia, contributing to different diseases after air pollution. People of all age groups
are becoming more vulnerable to mental stress, heart diseases, sleep disturbance, tinnitus, learning
disabilities etc. [5–7]. The range of frequencies for the human voice and musical sound is mostly
from 125 to 3000 Hz [8,9]. The human audible frequency range extends up to 15 kHz for most
persons, and can reach 20 kHz for children and young people [10]. The sound absorption coefficient
gives information about the acoustical effectiveness of a material and is defined as the fraction of the
energy of incident sound waves absorbed by the material [1,4]. The values of the sound absorption
coefficient are between 0 (no absorption) and 1 (complete absorption, e.g., acoustical walls in recording
studios) [11–13]. Sound insulation (expressed as the transmission loss factor) and absorption are two
different properties. Materials that are effective as sound insulators are mostly not useful as sound
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absorbers and vice versa. Parameters that influence values of these sound insulation and absorption
include density, porosity and material thickness. Thicker, denser, and heavier material have higher
transmission loss factor values, and porous materials are more effective at sound absorption [14–17].

Noise control in buildings is ensured through insulation from external sound sources and
absorption of sound generated within a space by blocking the transmission of sound from a room to
another [18].

Non-woven materials have been analyzed as sound absorption materials by various researchers
who studied cotton [19], cellulose [20] and needle [21]. Rwawiire et al. [22] investigated the
sound insulation characteristics of non-woven fabric from the inner bark of three Ficus species.
The measurements revealed that the sound absorption of the bark cloths have higher sound absorption
properties at higher frequencies, with an improved absorption coefficient when increasing the bark
cloth fiber layers [22]. The planks of birch bark were used for a hundred years as sound absorbers
under turf roofs in Sweden, serving also as waterproof membrane [23]. Natural materials such as bark,
jute, flax, kenaf, hemp, coir fiber, wood, wool, coconut, straw, cane and corn husk can be designed as
thermal and sound absorbers with the advantage of availability [24–27], sustainability [28–35] and
biodegrability [36–42].

This paper presents some aspects about sound absorption properties of tree bark insulation panels
made of larch (Larix decidua Mill.) and spruce (Picea abies (L.) H.Karst.), with different particle sizes.
The sound absorption coefficient of these panels was compared with wood-based composites from a
previous research conducted by Smardzewski et al. [9]. This is an example of the upcycling application
of woody biomass as resource for sound and thermal insulation boards that can diminish the noise
level in a building. In the context of the scarcity of raw materials, the cascading use of wood and
forest residues plays an important role, and should be weighed as a basic concept within the circular
economy [43,44]. Bio-economy can be considered environmentally beneficial only if the bio-based
resources are managed sustainably [45].

2. Materials and Methods

The spruce and larch bark were collected in a local sawmill in Salzburg County, Austria. The bark
planks were ground by means of a 4-shaft shredder RS40 at Untha Co. (Kuchl, Austria), with a mesh of
30 mm. Subsequently, the bark particles were dried at 60 ◦C and 200 to 250 mbar in a vacuum kiln
dryer Brunner-Hildebrand High VAC-S, HV-S1 from 65% to 9.0% moisture content.

The material was repeatedly screened according to EN 15149-1:2011 [46] with a sieve shaker
Retsch AS 200, to obtain particles in a size spectrum of 8–13 mm and 10–30 mm.

Four types of bark-based insulation boards were manufactured (Table 1). The spruce bark was
bonded with 10% urea formaldehyde type Prefere 10F102 (MetaDynea Austria, Krems, Austria).
The larck bark from Graggaber sawmill, Unternberg, Austria was glued with 10% tannin-based
adhesive. The formulation included Mimosa tannin extract powder (Acacia mearnsii) from Phenotan,
Tanac, Brasil, hexa-methylenetetramine (hexamine) from Merck Schuchardt, Hohenbrunn, Germany
(C99 %) and sodium hydroxide solution (C32 %) from Carl Roth, Karlsruhe, Germany. A total of
50% tannin extract powder and 50% water were stirred with a mechanical mixer at 700 and 1500 rpm.
A total of 10% of hexamine was added and sodium hydroxide was used to adjust the pH value to 9.
The boards were pressed at 180 ◦C for five minutes with a press factor of 24 s/mm [47,48].

Table 1. Particle size, dimensions, density levels and adhesive type of the bark insulation boards.

Board Type
Bark Particle

Size (mm)
Board Thickness

(mm)
Boards Dimension

(mm)
Board Density

(kg/m3)
Adhesive

Spruce fine 8–13 21 500 × 500 500 10% UF
Spruce coarse 10–30 20 500 × 500 414 10% UF

Larch coarse, thin 10–30 11 500 × 500 690 10% tannin
Larch coarse, thick 10–30 19 500 × 500 571 10% tannin
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100 mm diameter samples were cut from bark-based insulation boards manufactured in the
laboratories of Salzburg University of Applied Sciences. The thermal conductivity, mechanical
properties, microstructures and volatile organic compounds (VOC) emissions of these panels were
analyzed in publications by Kain et al. [48–52].

The samples were prepared from different areas of the boards and cut according to EN 326-
1:1994 [53] and ISO16999 [54]. The average moisture content of the samples was 8–9%, according to
EN 322:2005 [55].

Acoustical Measurements in Impedance Tube

The acoustical properties of bark-based insulation panels (Figure 1) were measured with an
impedance tube system at Krämer & Stegmaier, Berlin, Germany, according to EN ISO 10534-2:2001
(transfer function method) [56]. The system consists of two different sized pipes, which are optimized
for high and low frequencies. This covers a frequency range from 50 to 5000 Hz. In contrast
to measurements in the reverberation chamber, only small material samples are required for the
impedance tube (30 or 150 mm edge length) [57].

 
Figure 1. Larch bark particles (8–13 mm) (left) and bark based composite specimens (right) for
acoustic measurements.

The test specimen was introduced in a stationary acoustic field generated by a speaker under
normal incidence. The absorption coefficient and the impedance were determined using the transfer
function between two microphones. By evaluating the incident and reflected sound energy, the sound
absorption capacity of the material was determined [58]. The precision of results depends on the
design specifications of the impedance tube. These are the diameter of the tube, the distance of the
microphones from the samples and the distance between the microphones [59].

The share of sound absorbed by the bark-based insulation samples was calculated using
Equations (1) and (2):

α =
Ii
Ir
≡ |Pi|2 −

∣∣∣pr
∣∣∣2∣∣∣pi

∣∣∣2 = 1−
[ n− 1
n + 1

]2
=

4n

(1 + n)2 (1)

n =
pmax

pmin
(2)

where
α is he sound absorption coefficient
Ii and Ir are intensities of incident and reflected waves
pi and pr are the pressures of incident and reflected waves
n is the standing wave ratio (the ratio of the maximum pmax to minimum pmin pressure of the

sound wave) [60] cited by [61].
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3. Results and Discussion

The measurements were carried out with and without wall clearance. The assessments with wall
clearance are relevant for products such as multi-layered acoustic panels with cavities.

The acoustical properties of materials can be determined by means of impedance tube. In order to
calculate the sound absorption capacity of the larch bark samples, a sound wave was emitted in the
direction of the test specimen; and then the reflected sound energy was determined.

Figure 2 shows how much sound was absorbed by the individual samples at a frequency ranging
from 125 to 4000 Hz, without wall clearance.

Figure 2. Sound absorption coefficient for spruce and larch bark insulation boards, measured without
wall clearance.

The thickness of the board plays an important role for the sound absorption coefficient (α),
considering here the samples with 19, 20 and 21 mm, compared with the one with 11 mm.
The contribution of bark insulation boards to a better sound absorption can be observed in the
frequency range of 1000–2000 Hz [9,42,62] when α increases significantly and has a peak at 2000 Hz,
at α = 0.61 for the 21 mm sample of spruce board at a density level of 414 kg/m3, compared to α = 0.31
for the 11 mm larch bark sample with a density of 693 kg/m3. Two other peaks were recorded at 1000 Hz
for the spruce bark board (α = 0.52) made with fine particles (500 kg/m3) and for the larch bark thick
board (α = 0.41) with coarse particles (571 kg/m3). After 2000 Hz α decreases for all testing specimens,
meaning that the boards are able to absorb noise at a level of absorption coefficient smaller than 0.62.
This experiment shows that the sound absorbing properties of bark based insulating materials can be
enhanced by reducing density and increasing thickness. These results are in compliance with Arenas
and Crocker [16] and McMullan [17]. Based on these studies, materials that possess a high value of
sound absorption are usually porous materials. Sound absorption behavior observed for low-density
particleboard showed that this board had higher porosity compared to medium-density particleboard.
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In case of using wall clearance (Figure 3), the sound absorption effect is high at low frequencies,
ranging from 125 Hz (very close values, from 0.65 to 0.7). The peak is reached by the 20 mm thick
sample made of spruce, with a level of α = 0.79 at 250 Hz. After this frequency, the absorption
coefficient decreases abrupt until 1000 Hz, with a short increment up to 0.44 for spruce bark sample
with fine-grained particle size (8–13 mm). After that α ranges from 0.36 to 0.06 at 4000 Hz. The lowest
value means almost no sound absorption.

Figure 3. Sound absorption coefficient for spruce and larch bark insulation boards, measured with
wall clearance.

Smardzewski et al. [9] analyzed the sound absorption of 17 different wood-based materials. For a
thickness of 7.9 < x < 11 mm, the highest absorption coefficients were recorded between 1000 Hz
and 2000 Hz for honeycomb (T07, for a 10 mm thickness: α = 0.10 (1000 Hz), α = 0.25 (2000 Hz)),
honeycomb + veneer (T05, for a 9.8 mm thickness: α = 0.09 (1000 Hz), α = 0.25 (2000 Hz)), honeycomb
+ oak + texture (T06, for a 10.5 thickness: α = 0.10 (1000 Hz), α = 0.24 (2000 Hz)) and honeycomb +
Lloyd loom mat (T03, for a 10.2 mm thickness: α = 0.11 (1000 Hz), α = 0.23 (2000 Hz)), compared to
α = 0.08 and α = 0.31 at 1000, respectively 2000 Hz for the 11 mm larch bark board, that performed
better for this interval of frequencies (Figure 4).
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Figure 4. Dependence of the sound absorption coefficient on frequency for wood-based composites
with a thickness 7.9 < x < 11 mm (after Smardzewski et al. [9]).

In the case of medium thicknesses (16 < x < 18.4mm), the wood-based materials with densities
from 481 kg/m3 (T10, particleboard), 515 kg/m3 (T08, poplar plywood), 558 kg/m3 (T11, medium
density fibreboard, MDF) and 613 kg/m3 (T13, oriented strand board) did not reach sound absorption
coefficients higher than 0.15 (Figure 5). The spruce bark samples with similar density levels (414 kg/m3

for spruce coarse and 500 kg/m3 for spruce fine) can absorb sound better at frequencies between 250
and 4000 Hz, with two peaks at 0.52 (spuce fine, at 1000 Hz) and 0.61 (spruce coarse, at 2000 Hz).

Figure 5. Dependence of the sound absorption coefficient on frequency for wood-based composites
with a thickness 16 < x < 18.4 mm and a density 500 < y < 600 kg/m3 (after Smardzewski et al. [9]).

For thickness interval 22.3 < x < 28 mm, the wood-based materials with densities that raged
from 220 kg/m3 (T17, tubular particle board), 270 kg/m3 (T14, DendroLight—core), 459 kg/m3 (T15,
DendroLight—planked with HDF) and 493 kg/m3 (T16, DendroLight—planked with birch plywood)
performed better to the larch bark board with a thickness of 19.3 mm (Figure 5). The best values of α
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coefficient (0.06, 0.24, 0.56, 0.64, 0.5 and 0.36) were recorded for the T17 panels, with the best acoustic
absorbability for all frequencies for the interval between 125 and 4000 Hz. At 1 kHz the 19 mm larch
bark panel recorded an α coefficient with 35% smaller than the T17 tubular particleboard, and at 2 KHz
was 20% reduced, but these results are consistent with the data shown in Figure 6. These outputs
correspond with experimental data of Karlinasari et al. [63], Yang et al. [64], Zulkifli et al. [65,66] and
Smardzewski et al. [67], where the maximum sound absorption coefficient was achieved by wood and
wood composites at middle frequencies (about 1500–3000 Hz). These results are also in compliance to
authors [9,14,68–70], in that the best sound absorption capabilities of wood based composites were
achieved by the samples with low density of surface layers and high porosity.

Figure 6. Dependence of the sound absorption coefficient on frequency for wood-based composites
with a thickness 22.3 < x < 28 mm and a density 220 < y < 500 kg/m3 (after Smardzewski et al. [9]).

The human ear is most sensitive to noise at central frequencies [71], therefore bark-based insulation
panels can be recommended as sound insulation applications.

4. Conclusions

This paper reveals that the sound insulation properties of the tested larch and spruce bark panels
open a new subject related to the advantages of the use of wood biomass. The thickness of the board
plays an important role for the sound absorption coefficient.

The sound absorption coefficient for the panel with a thickness of 19 mm were compared with
wood-based composites with similar thicknesses and it was found that the spruce bark panels (with
coarse and fine particles) can absorb sound even better than OSB, particleboard, MDF and poplar
plywood, therefore the values of the sound absorption coefficient confine their application as structural
elements for reducing the noise effects in residential buildings, and open new ways for a deeper
research in this field.

The spruce composite panels with densities lower than 500 kg/m3 are able to attenuate up to 60%
more sound, compared to densified larch agglomerated boards (600, respectively 700 kg/m3).

In case of using a clearance wall (Figure 3), the sound absorption effect is high (0.7 for the panels
with spruce with fine-grained particles and with larch bark) at low frequencies, starting from 125 Hz.
These findings encourage further investigations about sound insulation properties of the bark-based
insulation panels.

This research brings an expanding knowledge in the area of composites based on softwood bark
and emphasizes on the advantages of an underrated material, namely tree bark, that can substitute
wood and other materials that involve more grey energy that affect their life cycle assessment.
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Abstract: Wood-composite panel factories are in shortage of raw materials; therefore, finding new
sources of fibers is vital for sustainable production. The effects of chicken feathers, as a renewable
source of natural fibers, on the physicomechanical properties of medium-density fiberboard (MDF)
and particleboard panels were investigated here. Wollastonite was added to resin to compensate
possible negative effects of chicken feathers. Only feathers of the bodies of chickens were added to
composite matrix at 5% and 10% content, based on the dry weight of the raw material, particles or
fibers. Results showed significant negative effects of 10%-feather content on physical and mechanical
properties. However, feather content of 5% showed some promising results. Addition of wollastonite
to resin resulted in the improvement of some physical and mechanical properties. Wollastonite acted
as reinforcing filler in resin and improved some of the properties; therefore, future studies should be
carried out on the reduction of resin content. Moreover, density functional theory (DFT) demonstrated
the formation of new bonds between wollastonite and carbohydrate polymers in the wood cell wall.
It was concluded that chicken feathers have potential in wood-composite panel production.

Keywords: engineering materials; composite panels; chicken feather; cell-wall polymers; thermal
conductivity coefficient; wollastonite; wood; natural materials

1. Introduction

Fast-growing wood species are often used in the manufacture of composite panels, engineered
and modified wood, and paper industries [1,2]. Therefore, their use is of advantage since they offer a
homogeneous structure which is of great importance for many general and specific purposes [3–5].
Composite manufacturing factories have always been confronted with some ongoing issues, such
as the emission of formaldehyde, heat transfer to the core of the mat, vulnerability to vapor, and
biological susceptibility to fungi and insects [6–10]. Moreover, numerous studies have been focused
on the limitation of formaldehyde emission and on the improvement of the resin bond [11]. The
heat-transferring properties of metals and improving effects of different materials at micro- and
nano-scales [12–17] were also found to decrease hot press time and to improve the physicomechanical
properties in wood composites [6,18]. Under this frame, wollastonite (as a silicate mineral, CaSiO3) was
found to improve the biological and physicomechanical properties of both solid wood and wood based
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panels, as well as to improve the fire retardancy and to increase thermal conductivity coefficient in
medium-density fiberboards (MDF) [19–26], therefore, the first aim of the present study was to find out
possible effects that wollastonite may have on physical and mechanical properties of two engineering
wood composites, namely medium-density fiberboards and particleboards. Based on potential positive
results of the addition of wollastonite on properties of composite panels in the present study, future
studies on decreasing urea-formaldehyde (UF) resin content, or even using an eco-friendly resin within
a green framework, would be predictable and should be carried out, similar to what was previously
achieved by the application of tannin in wood-composite panels [27–32].

At the same time, Iranian wood-composite manufacturing factories confront the problem of
shortages in wood fiber or particle resources to maintain sustainable production, therefore, potential
natural fibers should be considered in order to meet the constant need for raw materials. In this way,
numerous chicken farms exist in Iran, and therefore a huge amount of chicken feathers are in stock. It is
reported by the Ministry of Agriculture of Iran that the production of chicken feathers in 2012 was about
80,000 metric tons; this figure corresponds to a manufacture of approximately 20 million composite
panels by incorporating 5% feather content in to the wood furnishes. It also has to be mentioned that
two million metric tons of chicken feathers are produced annually in the United States [26–33] whereas
a figure of 3.1 million tons of feather waste is reported for the European Union [34–36]. Nowadays, high
amounts of chicken feathers are disposed of in landfills and only a very small portion are converted
into low-nutritional-value animal food [34–36]. This solution does not utilize the potential that this
neglected material possesses, and more importantly, the management of environmental and health
concerns becomes more difficult as overall waste rises. As chicken feathers are considered a waste raw
material, it may be a cheap and renewable source for wood-composite industry.

It is reported that chicken feathers were used as a reinforcement in manufacturing wood-cement
composites, however no improvement in physicomechanical properties was found [37]. It is known
that feathers consist of half quill and half fiber, by weight in approximate [33], which in turn consists
of the hydrophobic protein keratin, which presents strength similar to that of nylon with a diameter
smaller than that of the wood fiber. It is also worth mentioning that its covalent bonds stabilize the
three-dimensional protein structure that is hard to break [38–40].

In the present study, chicken feathers were applied to the mat at a 5%- and 10%-dry-weight basis
of wood fibers in the present research project. This approach would contribute to a more efficient
use of natural resources and take advantage of this material that is produced in huge amounts and is
currently underutilized by the poultry industry. It is intended that the use of materials from renewable
resources contribute to sustainability and a reduction in the environmental impact associated with the
incineration or disposing of poultry feathers into landfills. They are cheap, low density, abundantly
available and renewable, delivering strong and stiff fibers, intrinsic characteristics of vital importance
for the valorization of this waste for reinforcing material in composite materials.

The present study was, therefore, primarily carried out to find a new source of natural fibers
to feed the MDF-manufacturing factories in Iran which are greatly suffering from a shortage of
raw materials (natural wood fibers). For this purpose, urea-formaldehyde resin (UF) was used
because melamine-urea-formaldehyde (MUF) and other resins are neither popular in Iran’s market nor
economical for the composite factories [6,20,21]. It should also be noted that the hydroxyl-groups of
serine amino acids in feather fibers could possibly bind to wood fibers, contributing to the physical
and mechanical properties of the MDF panels produced [24,33].

The separation of quill and feather-fiber was estimated to be costly and no wood composite
manufacturing factories in Iran could afford such extra expenses. Therefore, in this study, the whole
feather (quills and feather-fibers together) was used so that any potential positive results could directly
be used at industrial scale. However, the quills of the wing feathers are not flexible and they created
major problems in the preliminary tests. Therefore, only the body feather of chickens were used in the
present study, considering their flexibility and small size of quills.
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2. Materials and Methods

2.1. Specimen Procurement

Wood fibers were procured from Sanaye Choobe Khazar Company in Amol of Iran (MDF Caspian
Khazar). The fibers consisted of a mixture of five species, namely beech (Fagus orientalis), alder
(Alnus glutinosa), maple (Acer hyrcanum), hornbeam (Carpinus betulus) and poplar (mostly Populus nigra)
species from local forests (Amol, Iran). The target board thickness was 16 mm and the target density
was 0.67 g/cm3. The temperature and the total nominal pressure of the plates were 175 ◦C and 160 bars
respectively, whereas the press time was six minutes. Urea-formaldehyde resin (UF) was procured from
Pars Chemical Industries Company, Tehran, Iran. UF content was 10% with 200–400 cP in viscosity, 47
s of gel time, and 1.277 g/cm3 in density. Produced panels were conditioned (25 ◦C, and 40% ± 3%
relative humidity) for three weeks before testing. The moisture content of the board specimens at
the time of testing was 7.5%. Five replicate panels were produced for each treatment. The board
manufacture parameters are summarized in Table 1.

Table 1. Board manufacture parameters.

Board Density 0.67 g/cm3

Board Thickness 16 mm
Press Temperature 175 ◦C

Press Time 6 min
Pressure of Plates 160 bars

Resin Type and Content 10% urea formaldehyde (UF) resin
Resin Characteristics 200–400 cP in viscosity, 47 s of gel time, and 1.277 g/cm3 in density.
Wollastonite Content 10% of UF resin (based on the dry weight of the resin)

Wood chips were procured from Shahid Dr. Bahonar Composite-board Company (Gorgan, Iran) to
produce particleboards. The chips comprised the same species as were used for wood fibers mentioned
above; only a 5%–7% pruning branches of the fruit gardens was added. Boards were 16 mm in
thickness and 0.67 g/cm3 in density; density was kept constant for all treatments. The same resin and
production conditions were used in particleboard manufacturing program. Five boards were made for
each treatment.

Feathers were procured from a commercial chicken farm located in Tehran, Iran. The preliminary
evaluation of the costs revealed that separation of feather fibers from the quills would be costly and
not encouraging for composite-manufacturing factories. It was decided that the whole feather would
be used in this study so that any possible positive results could be directly used on a commercial scale.
Therefore, only the feathers of the body, which are small and flexible enough for MDF production,
were mixed with the wood fibers and chips in a drum-mixer to form the wood–chicken feather
composite-mat. The length of the feathers ranged from one to three centimeters. The flow diagram of
this experimental procedure is presented in Figure 1.

2.2. Wollastonite Application

Wollastonite gel was produced in close cooperation with Mehrabadi Manufacturing Company in
Tehran, Iran. Chemical composition of wollastonite used in the present study is presented in Table 2.
More than 90% of wollastonite particles ranged 1–4 μm in thickness and width, and 5–25 μm in length.
A total of 10% of wollastonite gel was applied, based on the dry weight of resin. Wollastonite was
mixed with the UF resin by a magnetic stirrer for 20 min. The mixture of UF + Wollastonite was
sprayed on fibers in a rotary drum.
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Figure 1. Flow diagram of the experimental procedure.

Table 2. Composition of the wollastonite used in the present study.

Component Proportion (% w/w)

SiO2 47.1

CaO 39.9

Al2O3 3.9

Fe2O3 2.8

TiO2 0.2

K2O 0.04

MgO 1.4

Na2O 0.2

SO3 0.05

Water The rest

2.3. Temperature Measurement

A digital thermometer with a sensor probe was applied in order to measure the temperature, with
0.1 ◦C precision, at the core of the mat, at 5-s intervals (Figure S1, from the Supplementary Materilas).
Its 4-mm diameter probe was directly inserted into the core of the mat (from the front edge boarder of
the mat), in horizontal direction, for about 50 mm. Temperature measurement was started immediately
after the two hot plates reached the stop-bars.

2.4. Physical and Mechanical Properties

Physical and mechanical properties were determined in accordance with the Iranian National
Standard ISIRI 9044 PB Type P2 [41] (compatible with ASTM D1037-99) specifications. Mechanical
properties were measured, using an INSTRON 4486 test machine. The physical properties included
water absorption (WA) and thickness swelling (TS), after 2 and 24 h immersion in water. A digital
scale with a 0.01 g precision was used for WA measurement. A digital caliper with a 0.01 mm precision
was used for TS measurement. Five mechanical properties were also measured, including modulus
of rupture, modulus of elasticity, brittleness, internal bond and hardness at 5.4 mm of penetration.
Dimension of the specimens for physical properties (water absorption and thickness swelling), as well
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as internal bond test, were 50 mm × 50 mm. Dimension of modulus of rupture (MOR) and modulus
of elasticity (MOE) specimens was 350 mm × 50 mm; the loading span was 320 mm. Specimens
were loaded at a rate of three mm per minute. Brittleness was calculated based on Equation (1), in
which the ratio (%) of the work absorbed in the elastic region divided by the total absorbed work is
measured [42,43]. Once internal bond specimens were cut, the two faces in each of the test specimens
were glued to an aluminum block, using hot-melt adhesive. The blocks were then pulled until failure.
For hardness measurement, two specimens of 75 mm × 50 mm, each with a thickness of 16 mm, were
bound together to prepare thickness of 32 mm according to the standard specifications. Hardness
was then measured using a 11.28 mm diameter modified Janka ball, with a projected impact area of
100 mm2.

Brittleness =
Area1

Area1 + Area2
× 100 (%) (1)

2.5. Density Functional Theory

For a better understanding of how wollastonite reacted with carbohydrates in wood polymers,
some simulations were performed. All simulations were carried out based on density functional theory
(DFT) using the OpenMX3.8 package [25,26]. The exchange and correlation potential was described
with generalized gradient approximation (GGA) of Perdew–Burke–Ernzerhof (PBE). The long-range
Van der Waals interactions were included in the simulations by the DFT-D2 approach. The plane
wave cutoff energy was uniformly set to 50 Ry in all three cell wall polymer calculations (cellulose,
hemicellulose and lignin).

Adsorption energy, Eads, was calculated by the Equation (2) in order to evaluate the interaction
between wollastonite and hemicellulose or lignin,

Eads = Ehemicellulose/lignin +Wollastonite − (Ehemicellulose/lignin + EWollastonite) (2)

where Ehemicellulose/lignin +Wollastonite is the total energy of hemicellulose or lignin with adsorbed W
(wollastonite); Ehemicellulose/lignin denotes the total energy of isolated hemicellulose or lignin; and
EWollastonite is the total energy of the isolated W. The negative adsorption energy represents the stable
adsorption structure.

2.6. Modelling of Wollastonite

Wollastonite crystals contain silicate chains along with the chain axis, linked to a periodicity of
three tetrahedral. The calcium is linked by irregular octahedral coordination to six of the oxygen [25,26].

2.7. Modelling of Hemicellulose

Hemicellulose is a branched polysaccharide consisting of shorter chains of around 200 sugar
units. Twenty percent of the biomass contains hemicellulose molecules derived from different sugar
monomers like glucose, xylose, mannose, galactose, rhamnose, and arabinose [44]. The model of
hemicellulose introduced by Kaith et al. [44] was elaborated in the present project to evaluate the
adsorption of wollastonite and water molecules.

2.8. Modelling of Lignin

Lignin is known as the second most abundant biopolymer on earth. It possesses a high content of
aromatic groups. There are three monolignol building blocks in lignin, methoxylated to various degrees:
p-coumaryl alcohol, coniferyl alcohol and sinapyl alcohol. These building blocks are incorporated into
lignin in the form of the phenyl propanoids derivatives. In the present study, modeling was separately
completed based on all three monolignols. This biopolymer contains small amounts of incomplete and
modified monolignols, as well as other monomers. There is a wide range of different functional groups
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in lignin molecules, including aliphatic and aromatic hydroxyl groups, double bonds and phenyl
groups [45].

2.9. Statistical Analysis

SAS software program was used to carry out statistical analysis in the present study (version 9.2;
2010, SAS Institute Inc., Cary, NC, USA). To discern significant difference among different treatments
and produced panels, one-way analysis of variance was performed at 95% level of confidence. Then,
Duncan’s multiple range test (DMRT) was completed to group each property among treatments. In
order to find degrees of similarities among different treatments based on all properties studied here,
hierarchical cluster analysis from SPSS/18 (2010) software was used. For graphical statistics (fitted-line,
contour and surface plots), Minitab software was utilized (version 16.2.2; 2010, Minitab Inc., State
College, PA, USA).

3. Results and Discussion

3.1. Temperature of the Core of Composite Mats

Measurement of temperature at the core of composite mats revealed a significant difference
between MDF panels without wollastonite and the three wollastonite-treated panels (Figure 2A). All
treatments showed an almost identical increase up to 90 s; however, the three wollastonite-treated
panels showed a clear higher temperature after the first 90 s. This clearly showed the effects of the
higher thermal conductivity coefficient in wollastonite-treated panels on the heat transfer to the core
section of the composite mat [20].

Measurement of the core section of the particleboard mats showed a significant lower temperature
in comparison to the MDF mats (Figure 2B). This can be attributed to the higher contact surface
among wood fibers (MDF matrix) in comparison to wood particles (particleboard matrix); that is, the
surface-to-surface contact is higher between wood fibers in comparison to the contact between wood
particles, so the heat of the hot-press plates could more rapidly be transferred to the core section in
MDF mat.

3.2. Physical Properties

Water absorption (WA) was the same in the three MDF-treatments without wollastonite, both for 2
and 24 h immersion in water (Figure S2, from the Supplementary Materials). This showed that addition
of feather to the MDF-matrix did not significantly affect the water absorption. Wollastonite-treated
panels showed a significant decrease in water absorption for all the three treatments. It was previously
reported that wollastonite-treated composite panels had lower gas and liquid permeability [20,26].
In this way, the reinforcement of UF resin by wollastonite caused higher integration of fiber in the
composite-matrix, preventing water to easily pass through. Similar reinforcement in resin and paint
was previously reported by the addition of wollastonite and graphene [15]. Moreover, the formation
of bonds between wollastonite and wood polymers prevented wood hydroxyl groups to be actively
involved in making bonds with water molecules [25,26], decreasing WA in all treatments.

In particleboards specimens, the procedure was somehow different; wollastonite decreased water
absorption only after 24 h immersion in water (Figure S2, from the Supplementary Materials). The
addition of feathers (both 5% and 10% contents) significantly increased water absorption after 2 h of
immersion, and wollastonite could not compensate for it, probably because chicken feathers reached
their maximum moisture content. However, wollastonite could control WA to some extent after
24-h immersion.
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Figure 2. Temperature (Celsius) at the core section of the MDF (A), and the particleboard (B) at 5-s
intervals (P = particleboard; MDF =medium-density fiberboard; W = wollastonite; S = time intervals).
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The lowest thickness swelling occurred in wollastonite-treated 5%-feather content MDF panels.
The addition of wollastonite or feathers at both 5% and 10% contents generally resulted in a significant
decrease in thickness swelling in MDF panels after both 2 and 24 h immersion in water (Figure S3,
from the Supplementary Materials). This was attributed to the reinforcing effect of wollastonite and
formation of bonds between wollastonite and wood polymers; moreover, the hydrophobic properties
of keratin in feathers contributed to this phenomenon.

In particleboard panels, the procedure was different again (Figure S3, from the Supplementary
Materials). The highest thickness swelling occurred in 10%-feather content particleboard panels with
no wollastonite content. In fact, lower surface-to-surface contact between wood-feather-matrix as well
as the voids and spaces between the wood particles provided more opportunity for water to penetrate
into the particleboard-matrix; however, by addition of wollastonite to panels, water penetration could
be controlled significantly in 10%-feather content wollastonite-panels. In the meantime, the addition of
5% feathers could even improve thickness swelling at 2-h immersion. The lowest thickness swelling
values were found in wollastonite-treated particleboard panels.

3.3. Mechanical Properties

The highest modulus of rupture was observed in wollastonite-treated MDF panels without
feathers (15.5 MPa) (Figure S4, from the Supplementary Materials). Wollastonite improved modulus of
rupture in all panels. This improvement was attributed to reinforcement of resin [15,46], as well as
formation of new bonds between wollastonite and wood polymers [25,26]. The addition of feathers to
the MDF panels significantly decreased modulus of rupture. In this connection, the level of decrease
in 5%-feather content was small in comparison to the high significant decrease that occurred in the
10%-feather content panels. In fact, visible checks and cracks (internal blows) occurred in the core
section of the mat in 10%-feather MDF panels (Figure 3). This clearly showed that this amount of
feather content would not be suitable for MDP panels made with UF resin, as the UF resin is not
compatible with keratin in chicken feathers. These cracks were reported to be the main reason for the
higher mass loss values in specimens exposed to fungi attack [24]. It was concluded that 10%-feather
content was too high, but 5%-feather could be considered suitable to satisfy the fiber shortage and
keep the physical and MOR properties at satisfactory level. The addition of wollastonite decreased
MOR in particleboards (Figure S4, from the Supplementary Materials). Only panels with 10% feather
content showed an improvement by addition of wollastonite, maybe due to the higher hygroscopicity
of chicken feather.

Figure 3. Cracks (blows) (↓) in the core layer of MDF-feather boards (F-10%).

The highest modulus of elasticity was found in wollastonite-treated MDF panels without feathers
(1760 MPa) (Figure S5, from the Supplementary Materials). Panels with 5%-feather content showed
significant increase in modulus of elasticity in comparison to panels with no feather, proving the
elastic-increasing effect of feathers in the MDF-matrix. However, the 10%-feather content seemed
to be too high and resulted in a significant decrease in MOE. The addition of wollastonite to panels
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manufactured with 10% feather content could improve MOE to as high as that of control panels. An
almost identical trend was seen in particleboard panels; the highest MOE value was observed in
wollastonite-treated panels without feathers, and the addition of feathers to the matrix significantly
decreased modulus of elasticity (Figure S5, from the supplementary materials).

Brittleness was not significantly changed with either addition of wollastonite or feathers at 5%
consumption level in MDF panels (Figure S6, from the Supplementary Materials). However, the
addition of the 10%-feather caused a significant increase in brittleness in MDF panels. This again
showed that the 10%-feather content was too high. Wollastonite clearly decreased brittleness in all three
particleboard treatments (control, 5%- and 10%-feather contents) (Figure S6, from the Supplementary
Materials). The addition of wollastonite to the wood fibers or wood particles significantly decreased
internal bond in the MDF and particleboard panels without feather content (Figure S7, from the
Supplementary Materials). This was attributed to the absorption or gathering of resin molecules by
wollastonite particles, preventing them from being active in the process of sticking the strips together.
Moreover, acting as a kind of filler, wollastonite improved modulus of rupture and hardness. However,
the measurement of internal bond requires resins to be under pulling force. Wollastonite did not have
improving effect on the pulling force of UF resin.

Hardness was measured at 3, 4, 5 and 5.4 mm penetration depths in order to gain a better
understanding of the effects of the addition of wollastonite and feathers on the surface or inner parts of
panels. Almost identical trends in increase and decrease were observed in all four depths of penetration
of the steel ball in both MDF and particleboard panels, indicating that the effects were the same at
different depths (Figure S8, from the Supplementary Materials). Feathers significantly decreased
hardness in both MDF and particleboard panels, which were quite predictable due to the softness of
feathers in comparison to wood fibers and particles. Furthermore, the particleboard panels showed
significantly higher hardness values in comparison to MDF panels. The addition of wollastonite
increased hardness in MDF-feather panels, although not significantly in 5%-feather content panels.
However, in particleboard panels, no significant trend was observed.

3.4. Adsorption of Wollastonite on Wood Cell Wall Polymers

Different configurations of wollastonite on hemicellulose were constructed by floating and rotating
wollastonite on the surface of hemicellulose and lignin molecules. First, wollastonite was placed
far away from the cellulose or lignin surfaces. Then, the distance of wollastonite from the surface
was gradually decreased so that the optimal adsorption distance was found based on minimum
adsorption energy. The closest distance between wollastonite and the hemicellulose surface, and the
adsorption energy of the most stable structure, were found to be 1.7 Å and −4.5 eV, respectively. This
large adsorption energy revealed a strong adsorption of wollastonite on hemicellulose as a result of
the formation of bonds between them, which proved to be effective in holding wollastonite on the
hemicellulose surface.

The comparison between adsorption energies of wollastonite on cellulose and hemicellulose
demonstrated a stronger energy bond between wollastonite and cellulose. The adsorption energies
of wollastonite on cellulose and hemicellulose were −6.6 and −4.5 (eV), respectively. The stronger
bond with cellulose was mainly attributed to the fact that cellulose is a straight chain polymer with
no branches; consequently, it provided smoother surface for wollastonite to be easily adsorbed on it.
However, hemicellulose is a branched chain polymer; the branches made it difficult for the wollastonite
to make bonds with it. It should be noted that as far as water absorption is concerned, hemicellulose
has a higher number of hydroxyl groups and is more hydrophilic in comparison to cellulose [47,48].
However, in regard to the adsorption energy of wollastonite on either cellulose or hemicellulose, a
single bond between wollastonite and cellulose has more energy than that of hemicellulose.

Water molecules with various orientations were placed on different functional groups of
hemicellulose to clarify adsorption of water on hemicellulose. The results showed formation of
hydrogen bonds between water molecules and hemicellulose (OHwater . . . Ohemicellulose and OHwater
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. . . OHhemicellulose). OHwater indicated the hydroxyl group of adsorbed water molecule; Ohemicellulose

and OHhemicellulose represented hydroxyl groups of hemicellulose, respectively.
Though wollastonite demonstrated higher adsorption energy in comparison to water molecules,

the increase of the number of adsorbed water molecules to twelve molecules gave a competition
priority to water over W.

The calculated adsorption distance between wollastonite and lignin was 1.8 Å, and the most stable
structures had an average adsorption energy of −2.6 eV. The large adsorption distance along with the
small adsorption energy indicated that the adsorption of wollastonite on lignin was so weak that it can
practically be ignored. This is quite consistent with the fact that lignin is considered a hydrophobic
element [47,48].

Moreover, the adsorption of one water molecule was separately investigated on three different
monolignols of lignin (namely, p-coumaryl alcohol, coniferyl alcohol and sinapyl alcohol). Adsorption
energies of all three alcohols were positive. The positive energy is considered corroborating evidence
of the hydrophobicity of lignin, implying than none of the three structures were energetically stable
and, therefore, water molecules could not practically be adsorbed on them. This can be explained
by the fact that hydrogen bonds between water and lignin cannot be formed because of the lack of
hydroxyl groups in lignin. Ultimately, lignin is hydrophobic in nature. Still, it should be noted that the
main reason for the hydrophobic nature of lignin could be the existence of more phenolic groups in
its structure.

3.5. Relation between Physical and Mechanical Properties

A fitted-line plot between MOR versus MOE revealed a significant relation (R-square of 100%).
This showed the direct effect of an increase or decrease in one property on the other. In addition, a
high significant R-square was found between MOR versus brittleness and hardness, although not as
high as that in MOE. A low R-square (63%) was found between MOR versus internal bond. With
due consideration to the fact that the four properties of MOR, MOE, hardness and brittleness are
mostly dependent on the surface layers of specimens rather than the core section, the high significant
correlations are justified. The internal bond, however, is mainly dependent on the properties of the core
of the composite panels, showing that the properties of the surface layers and core layer of composite
panels may be quite independent to each other.

The cluster analysis of the MDF panels based on all physicomechanical properties studied (water
absorption and thickness swelling after 2 and 24 h immersion in water, modulus of rupture, modulus
of elasticity, brittleness, internal bond and hardness at 5.4 mm of penetration) showed a different
clustering of control and wollastonite-treated panels. The cluster analysis identified the significant
effects of wollastonite on the overall physical and mechanical properties of medium-density fiberboards
(Figure 4A). Wollastonite–5%-feather treatment was closely clustered to wollastonite-treated panels;
this clearly showed that, although there was an addition of feathers to the MDF-matrix, and a significant
diminishment in properties was anticipated, wollastonite could compensate for the loss to a great
extent. With due consideration to the mitigating effects of wollastonite on the overall properties, future
studies on decreasing resin content are to be carried out, similar to what was previously achieved
by the application of tannin in wood-composite panels [27–32]. Moreover, 5%-feather treatment was
closely clustered to the control panels; this indicated that through addition of 5% of feathers to the
MDF-matrix, the overall properties remained the same. Therefore, it can be concluded that chicken
feathers can be used in MDF manufacturing programs. However, the addition of 10% of feathers to
the MDF-matrix resulted in a significant difference in the overall panel properties; 10%-feather panels
were remotely clustered to the rest of the treatments.
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Figure 4. Cluster analysis in the medium-density fiberboard (A) and particleboard (B) panels based on
all the physical and mechanical properties studied in this study (W =wollastonite; F = feather content).

In particleboard panels, control panels (without wollastonite or feather content) were closely
clustered to the wollastonite-treated panels (Figure 4B). This showed that wollastonite did not have
significant effects on the overall physicomechanical properties. Panels with 10% feather content were
remotely clustered with all the other treatments, showing that this feather content was not suitable for
the production of particleboards.

Contour plots showed an increasing relationship of hardness values versus internal bond and
MOR values (Figure 5A). However, brittleness showed a completely inverse relationship with the
mechanical properties of MOR and MOE (Figure 5B). Moreover, it was found that hardness had a
straight relationship with internal bond values, but an inverse relationship with brittleness (Figure 5C).
The contour plot of internal bond versus hardness at two depths (3 and 5.4 mm) demonstrated a
direct relationship with both shallow and deeper penetrations of the hardness ball (Figure 5D); this
implied that addition of wollastonite and feathers to mat had similar effects on different layers of
composite panels.
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Figure 5. Cont.
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Figure 5. Contour plots among different properties of composite panels observed in this study. (A)
among MOR and internal bond properties versus hardness at 5-mm penetration depth; (B) among
MOR and MOE properties versus brittleness; (C) among brittleness and internal bond properties versus
hardness at 5.4 mm penetration depth; (D) among hardness at 3 mm and 5.4 mm penetration depth
versus internal bond. (MOR =modulus of rupture; MOE =modulus of elasticity).

4. Conclusions

Chicken feathers were mixed at 5% and 10% consumption levels with wood fibers and particles to
produce medium-density fiberboard (MDF) and particleboard panels, in order to comply with the
growing need for new sources of raw materials. Urea-formaldehyde (UF) resin was used as the binder.
Wollastonite was mixed in UF resin to mitigate the potential negative effects of chicken feathers, and
also to investigate if the addition of wollastonite has any potential in future studies to decrease resin
content in composite panels in the same way that tannin was reported. The addition of 10%-feather
resulted in significant negative effects on all physical and mechanical properties. A feather content of
5% showed some promising results. Wollastonite acted as reinforcing filler in the resin, improving
most of the physical and mechanical properties. It was concluded that chicken feathers have potential
in wood-composite production.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4360/12/4/857/s1,
Figure S1: Temperature measurement at the core of the mat with 5-second intervals with a digital thermometer
using a thermocouple probe inserted into the center of the core of the MDF-mat; Figure S2: Water absorption
(%) in medium-density fiberboard (A) and particleboard (B) panels after 2 and 24 hours immersion in distilled
water (MDF=medium-density fiberboard; PB = particleboard panels; NW=nano-wollastonite; WA = water
absorption); Figure S3: Thickness swelling (%) in medium-density fiberboard (A) and particleboard (B) panels
after 2 and 24 hours immersion in distilled water (MDF=medium-density fiberboard; PB = particleboard panels;
NW=nano-wollastonite; TS = thickness swelling); Figure S4: Modulus of rupture (MPa) in medium-density
fiberboard (A) and particleboard (B) panels (MDF=medium-density fiberboard; PB = particleboard panels;
NW=nano-wollastonite); Figure S5: Modulus of elasticity (MPa) in medium-density fiberboard (A) and
particleboard (B) panels (MDF=medium-density fiberboard; (PB = particleboard panels; NW=nano-wollastonite);
Figure S6. Brittleness (%) in medium-density fiberboard (A) and particleboard (B) panels (MDF =medium-density
fiberboard; PB=particleboard panels; NW=nano-wollastonite); Figure S7. Internal bond (MPa) in medium-density
fiberboard (A) and particleboard (B) panels (MDF =medium-density fiberboard; PB = particleboard panels; NW =
nano-wollastonite; Figure S8. Hardness (N) in medium-density fiberboard (A) and particleboard (B) panels after 3,
4, 5, and 5.4 mm of penetration into the MDF-matrix (MDF =medium-density fiberboard; PB = particleboard
panels; NW = nano-wollastonite).
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Abstract: Waterlogged archaeological wood (WAW) artifacts, made of natural biodegradable polymers,
are important parts of many precious cultural heritages. It is of great importance to understand the
hygroscopic behavior of WAW in different deterioration states for the development of optimal drying
processes and choices of safe storage in varying conditions. This was investigated in a case-study using
two Hopea (Giam) and two Tectona (Teak) WAW samples collected from the Xiaobaijiao No.1 shipwreck.
The deterioration state of WAW was evaluated by the maximum water content (MWC) method and
by the cell morphological structure. Both Hopea and Tectona WAW could be classified into moderately
and less decayed WAW. The hygroscopic behavior of moderately and less decayed WAW was then
comparatively investigated using Dynamic Vapor Sorption (DVS) measurements alongside two
sorption fitting models. Compositional analysis and hydroxyl accessibility measurements of WAW
cell walls were shown to correlate with the hygroscopicity of WAW in different deterioration states.
It was concluded that moderately decayed WAW possessed higher hygroscopicity and hysteresis than
less decayed WAW because of the lower relative content of polysaccharides and the higher relative
content of lignin, including the slow hydrolysis of O-acetyl groups of xylan and the partial breakage
of β-O-4 interlinks, accompanied by an increased hydroxyl accessibility. This work helps in deciding
on which consolidation measures are advised for shipwreck restauration, i.e., pretreatments with
specific consolidates during wood drying, particularly for wooden artifacts displayed in museums.

Keywords: morphological structure; sorption behavior; sorption fitting model; compositional
analysis; hydroxyl accessibility

1. Introduction

Waterlogged archaeological wooden artifacts counting as valuable cultural heritages are being
excavated worldwide [1–3]. In dependence of environmental factors, wood species, period, and
processed treatments, WAW excavated even from the same archaeological site or collected either
from the surface or the inner part of the same wooden artifact would probably be found in different
deterioration states [4–8]. In general, WAW can be divided into severely decayed wood, moderately
decayed wood, and less decayed wood [9,10]. The subdivision can be done according to maximum
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water content, morphological observations, and chemical structure of WAW [11–13]. Even though the
water environment remarkably slows down the wood deterioration caused by microbiota, waterlogged
wooden artifacts still suffer from a high possibility of deterioration. Hence, the conservation of WAW
artifacts generally necessitates a water removal treatment [2,14].

Given that the two main forms of water in wood are free water in cell lumens and cell wall
mesopores as well as bound water adsorbed in cell walls [7,15,16], the water-removal treatment
incorporates both removal of free water and desorption of bound water. The treatment may lead to
cell morphology changes due to surface tension that affect the dimensional stability of archaeological
wooden artifacts because of cell wall shrinkage and collapse [15,17–20]. The sorption of bound water
relies on the hygroscopic behavior of WAW, which is related to the dimensional instability that causes
cracks and distortions in WAW [21]. Previous works have found that buried archaeological wood
possesses a higher equilibrium moisture content (EMC) and higher hysteresis coefficients than recent
wood [22,23], which could be attributed to the deacetylation of hemicelluloses, the degradation of
amorphous celluloses, and a decrease of crystallinity. Moreover, WAW possesses varying deterioration
states, each of which features an inhomogeneous deterioration behavior [24] and may require specific
water-removal treatment to avoid unnecessary damage caused by cell wall shrinkage. Thus, it is of
great importance to understand the hygroscopic response of WAW to different deterioration states in
order to develop optimal drying processes, suitable display conditions, and safe storage under varying
climatic conditions [25,26]. However, no studies yet illustrate the influence of deterioration state of
WAW on its hygroscopicity.

The aim of this work is to compare the hygroscopicity of WAW in different deterioration states
and to provide basic knowledge for their preservation, particularly in terms of the selection of
drying method and storage conditions. Herein, two hardwood species of WAW, Hopea (Giam) and
Tectona (Teak), were collected from the marine Xiaobaijiao No.1 shipwreck dated as 1821–1850 [27,28].
MWC and observation of cell morphological structure by LM and SEM were adopted to classify the
deterioration state of WAW. The hygroscopic behavior was then examined by DVS, including analysis
of equilibrium moisture content (EMC) and sorption hysteresis, and by fitting sorption/desorption
curves with two frequently used multilayer sorption models; the Guggenheim, Anderson, and De
Boer (GAB) and the Generalized D’Arcy and Watt (GDW) models. Furthermore, deuterium exchange
measurements were conducted in order to gain information regarding the hydroxyl group accessibility.
And finally, the study was complemented by compositional analysis in order to better understand the
effect of cell wall degradation on the hygroscopicity of WAW.

2. Materials and Methods

The Xiaobaijiao No.1 shipwreck, now preserved in a waterlogged environment at the Ningbo Base
of the Chinese National Center of Underwater Cultural Heritage (Ningbo, China), was a commercial ship
in the period from 1821 to 1850 AD. The wreck site (scheme as shown in Figure 1) is located on Yushan
Island, China [27]. Considering that an ideal selection of the reference wood specimens is a challenge
for the comparison with the broader archaeological wood research, two samples corresponding to each
of the two species composing the shipwreck were carefully chosen for comparable results. The locations
of four samples (denoted H1, H2, T1, and T2) collected for this study are marked in Figure 1 and the
detailed position information is listed in Table 1. Samples H1 and H2 were identified as Hopea spp.
(Giam), while T1 and T2 were identified as Tectona spp. (Teak). As reported by a previous and related
publication [28], the maximum water content (MWC) of the samples H1, H2, T1 and T2 were 121.59%
± 16.7%, 264.43% ± 80.55%, 108.51% ± 4.5% and 189.59% ± 65.36%, respectively.
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Figure 1. Scheme of the Xiaobaijiao No.1 shipwreck with the sample locations marked in red. Hopea
WAW: H1, H2; Tectona WAW: T1, T2.

Table 1. Detailed position of the samples collected from the Xiaobaijiao No.1 shipwreck.

Sample Name Sampling Position

H1 The 5th inner layer board of the hull
H2 The 4th inner layer board of the hull
T1 The 6th inner layer board of the hull
T2 The 7th inner layer frame of the hull

2.1. LM

Cross sections of Hopea and Tectona WAW were prepared by a rotary microtome (RM 2255, Leica,
Wetzlar, Germany) with a thickness of 10 μm. A light microscope (BX51, Olympus, Tokyo, Japan) was
used to examine microstructure of the specimens.

2.2. SEM

Prior to the SEM examination, all cross-section surfaces of WAW were prepared by a rotary
microtome (RM M2255, Leica, Germany). To avoid creating artificial damage to the cell wall structure
during cutting with the microtome, the WAW samples were embedded with polyethylene glycol (PEG)
2000 (average molecular mass: 1900–2200 g/mol), which was followed by a rinsing process under
flowing water for 30 min to remove the PEG. After mounting the dry samples on aluminum stubs
followed by a sputter-coating process with Platinum, the samples were observed using a field emission
scanning electron microscope (Quanta 200F FEI, Thermo Fisher Scientific, Waltham, MA, USA) at a
voltage of 10 kV.

2.3. DVS

EMC of moderately decayed and less decayed WAW in different relative humidity (RH) states
were measured by an automated sorption balance device (DVS Advantage ET85, Surface Measurement
Systems Ltd., Wembley, UK). Measurements were mainly conducted according to the protocol found
in [29]. Samples were cut into millimeter thick stripes by a razor blade and 30 mg of the waterlogged
stripes were initially dried at a partial water vapor pressure of p/p0 = 0 for 600 min. The samples were
then exposed to ascending p/p0 steps ranging from 0 to 0.98 for adsorption and then descending in the
same manner for desorption at 25 ◦C. Equilibrium in each step was defined to be reached at a mass
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change per time (dm/dt) of less than 0.0005%/min over a 10 min stability window or a maximal time of
1000 min per step. The sorption hysteresis parameters were calculated by the difference of EMC for
desorption and adsorption in the same relative humidity.

2.4. Isotherm Models

The obtained isotherms by DVS were fitted with two common sorption models, whose parameters
were obtained by least-square fits to the data for each sample. The first of the models, the GAB model,
was mainly improved from the commonly used BET isotherm model by increasing the sorbate activity
range [30], and was first recommended by the European Project Group COST 90 [31] as a fundamental
equation to characterize water sorption in food. It was subsequently introduced for the analysis of
wood [7,32,33]. The GAB equation reads as:

EMC = Mm
KGAB·CGAB·RH

(1−KGAB·RH)·(1−KGAB·RH + CGAB·KGAB·RH)
× 100% (1)

where EMC (%) is the equilibrium moisture content; RH (%) is the air relative humidity; Mm is the
monolayer capacity; CGAB (%) is the equilibrium constant related to the monolayer sorption, and KGAB

(%) is the equilibrium constant related to the multilayer sorption.
In addition, the internal specific surface area (SGAB) of WAW can be obtained based on the values

of Mm provided by the GAB model:

SGAB =
Mm·ρ·L·σ

M
(2)

where ρ is the density of water, L is the Avogadro number, σ is the average area where water occupies
the complete monolayer (0.114 nm2 was used in this study for the surface area occupied by a single
water molecule) and M is the molar mass of water [26,34].

The second isotherm model used, the GDW model, assumes that the Langmuir mechanism
governs the monolayer sorption, i.e., only one water molecule can be directly bound to a primary
sorption site and that there are three possible scenarios: (a) the number of the secondary sites is lower
than the number of primary sites (i.e., primary bound water molecules are not completely converted
into the secondary sorption sites, w < 1. w is a conversion ratio of primary bound water molecules
into the secondary sites); (b) the number of the secondary sites is equal to the primary sites (i.e., each
monolayer molecule is converted into the secondary site, w = 1); (c) the number of the secondary sites
is higher than the primary sites (i.e., each primary bound molecules creates more than one secondary
sorption site, w > 1) [32].The GDW model [32,35] equation reads as:

EMC =
mGDW·KGDW·RH
(1 + KGDW·RH)

·1− kGDW(1−w)·RH
(1− kGDW·RH)

× 100% (3)

where mGDW (%) is the maximum amount of water bound to the primary sorption sites, i.e., the
monolayer water content. KGDW (%) is a constant of sorption kinetics on the primary sites, and kGDW

(%) is a constant of sorption kinetic on the secondary sites.

2.5. Compositional Analysis

The carbohydrates and total lignin of WAW specimens were measured with 3 replicates under
the standard procedure according to the National Renewable Energy Laboratory (NREL, Golden,
CO, USA) protocol [36,37]. Briefly, the milled specimens were hydrolyzed in 72% H2SO4 for 1 h at
30 ◦C and were then completely hydrolyzed in an autoclave at 121 ◦C for 1 h. The acid insoluble
lignin was determined by weighing the solid, and the monosaccharides in the liquid were detected by
high-performance anion exchange chromatography (Dionex ISC 3000, Sunnyvale, CA, USA).
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2.6. Hydroxyl Accessibility

The WAW samples measured by DVS were further used to study the hydroxyl accessibility.
The samples, initially dried at p/p0 = 0 and 40 ◦C for 6 h, were exposed to D2O vapor at p/p0 = 0.95
and 25 ◦C for 10 h to ensure that the material’s accessible hydrogen protium is completely replaced by
deuterium [38]. Then, the drying procedure was applied again, and the deuterated dry mass mD was
obtained. The number of available water vapor accessible OH groups (sorption sites) was calculated
by equation (3) [29,39]:

Number =
mD −mdry

mdry·(MD −MH)
(4)

where mdry is the dry mass of archaeological wood; MD is the molar mass of deuterium and MH is the
molar mass of protium.

3. Results and Discussion

3.1. The Deterioration State of Waterlogged Archaeological Wood

According to the MWC values, the most commonly used parameter to classify the deterioration
state of waterlogged archaeological wood [9,10], samples H2 and T2 belong to class of moderately
decayed wood (185% < MWC < 400%), while H1 and T1 can be regarded as class of less decayed
wood (MWC<185%). LM and SEM revealed the morphological structures of the WAW specimens and
confirmed these deterioration states [6,9]. Cells in H1 mainly remained intact (Figure 2A) without
significant deterioration features visible in the SEM image (Figure 3A). In contrast, the morphological
structure of cell walls in H2 displayed pronounced decay patterns (Figure 2C). Parts of the S2 layers and
the S3 layers of the fiber cell walls were degraded (Figure 3C), which is a sign of erosion bacteria decay
pattern [24]. Furthermore, some parts of the cell walls of sample H2 were depleted by microbiological
degradation with significant cavities emerging. Similar micro-morphological structure differences
were present in T1 and T2. As for less decayed waterlogged Tectona (T1), the morphology shown by
LM (Figure 2B) and SEM (Figure 3B) also indicated no pronounced sign of degradation. However,
obvious features of soft-rot decay [24] were found in T2 by both LM (Figure 2D) and SEM (Figure 3D).
Specifically, the S3 layers of the cell walls of T2 were still intact, while cavities occurred in its S2 layers.
To sum up, the two moderately decayed WAWs were deteriorated to some degree by microorganisms
with pronounced alternations of their cell morphologies, while the two less decayed WAWs in this
research didn’t show any obvious cell morphologies indicating decay. Thus, the deterioration states of
Hopea and Tectona WAW revealed by the morphological method were well consistent with the MWC
method in this study.
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Figure 2. Light microscopy images of Hopea waterlogged archaeological wood (WAW): H1 (A): Less
decayed sample, H2 (C): Moderately decayed sample (red arrows display pronounced decay patterns
indicating degraded fiber cell walls); Tectona WAW: T1 (B), Less decayed sample, T2 (D): Moderately
decayed sample (white arrows show that cavities occurred in its S2 layers indicate degraded fiber cell
walls). Scale bar = 50 μm.

 
Figure 3. SEM images of Hopea WAW: H1 (A): Less decayed sample, H2 (C): Moderately decayed
sample (red arrows indicate decay in the S2 and in many of the S3 layers within the fiber cell walls);
Tectona WAW: T1 (B): Less decayed sample, T2 (D): Moderately decayed sample (white arrows indicate
cavities visible in the S2 layers). Scale bar = 20 μm.
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3.2. Hygroscopicity of WAW in Different Deterioration States

The sorption isotherms of Hopea and Tectona WAW in different deterioration states are shown in
Figure 4 for a single adsorption and desorption cycle per sample. All adsorption and desorption curves
display S-shapes, which implies that the sorption isotherms of both moderately and less decayed
WAW might be classified as type IV IUPAC isotherms [40–44] (Whether the measured isotherms can
be classified as type II or type IV can be debated. Some studies [41,43,44] classified wood sorption
isotherms as type II, but this depends on the chosen interpretation of the sorption mechanisms;
either exclusively mono/multilayer adsorption, or a mix with capillary condensation in mesopores
of the cell wall [40]. Here the authors assume type IV.). The sorption isotherms of all specimens
exhibited an upward bend at around 60%–80% RH, which is commonly reported in lignocellulosic
materials [26,32,43]. Furthermore, the EMCs of moderately decayed WAW at each RH were all higher
than those of less decayed WAW. At the highest relative humidity (98% RH), the EMCs of H2 and
T2 reached as high as 25.91% and 27.37%, whereas the EMC of H1 and T1 reached 21.55% and
22.15%, respectively. Furthermore, different relative changes in EMCs (Mm/Ml) in both adsorption and
desorption branches were present for both Hopea and Tectona WAW. The EMCs in both adsorption and
desorption of H2 were at least 15% higher than those of H1 (Figure 5A). As for Tectona, the EMCs in
adsorption for T2 were 19% to 39% higher than those of T1, and the EMCs in desorption for the former
were 20%–49% higher than the latter (Figure 5B).

 
Figure 4. Equilibrium moisture content (EMC) of Hopea (A) and Tectona (B) WAW. Water vapor
adsorption and desorption curves for the less decayed (H1 and T1, open black squares) and the
moderately decayed (H2 and T2, open red triangles) samples.

In addition to the increase of EMCs, sorption hysteresis of moderately decayed WAW was also
higher than that of less decayed WAW. The sorption hysteresis is commonly calculated as the difference
between adsorption and desorption branches of an isotherm in the range between the highest relative
humidity (98% RH) and 0% RH [45]. It is believed to originate from a potential rearrangement of
structural components in cell walls [46]. As shown in Figure 6, sorption hysteresis indeed exists in
the whole moisture extent from 0% RH to 98% RH. The measurable sorption hysteresis of moderately
decayed WAW was found higher than that of less decayed WAW at every humidity condition and
for both Hopea and Tectona WAW. The higher sorption hysteresis of moderately decayed WAW as
compared to less decayed WAW might lead to the higher variation in surface moisture content of wood
elements under standard changes of relative humidity [46]. Therefore, conservators of archaeological
artifacts usually try to consolidate WAW, for example, with lactitol and trehalose, in order to lower the
sorption hysteresis [32,47].
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Figure 5. Relative changes in EMCs (Mm/Ml) in adsorption (black solid cycles) and desorption (red
open cycles) of Hopea (A) and Tectona (B) WAW. Mm =moisture content (MC) of moderately decayed
WAW (H2, T2); Ml =MC of less decayed WAW (H1, T1).

Figure 6. Sorption hysteresis of Hopea (A) and Tectona (B) WAW for the less decayed (H1, T1, open
black squares) and the moderately decayed (H2, T2, open red triangles) samples.

In order to analyze the sorption process in detail, GAB and GDW sorption models were applied
to fit the adsorption and desorption isotherms of Hopea and Tectona WAW with two deterioration
states. The fits were considered to be valid if all the coefficient of determination (R2) values were above
0.99 [26,48]. The parameters calculated by a least-square fitting were listed in Table 2.

With the analysis by the GAB model, as listed in Table 2, it could be noticed that the CGAB values
were approximately an order of magnitude higher than the KGAB values for all samples, indicating
much higher heat of sorption of the monolayer as compared to the multilayer [49]. It could also be
deduced from the GAB model that the necessary condition for classifying the isotherms as type II (in
this context, the authors assume that the sorption isotherm is the result of unrestricted mono/multilayer
adsorption up to high p/p0) was satisfied because the conjunction of the relations 5.57 ≤ CGAB < ∞
and 0.24 < KGAB ≤ 1 was satisfied for the analyzed isotherms [32,50]. The maximum monolayer
water content reflected by the Mm coefficient was found 11.74% higher for H2 than the Mm for H1.
For Tectona WAW it was found 16.74% higher during the adsorption processes. For the desorption
processes, the value for H2 was 8.80% higher than that of H1 and in the case of Tectona, it was 13.29%
higher. The increased maximum monolayer water contents for moderately decayed WAW imply
that long-time deterioration increased the number of accessible primary sorption sites compared to
less decayed WAW. Besides, the Mm coefficient is proportional to the internal specific surface area
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(SGAB) [26,34], from which can be deduced that the internal specific surface area of WAW increases
with the deterioration level. It was found that the CGAB coefficient, which represents the total heat
of sorption of the monolayer water [26,51], was higher for moderately decayed WAW than that for
less decayed WAW. The CGAB coefficients for H2 were 16.48% and 17.91% higher than those of H1,
and in the case of Tectona they were 40.88% and 49.31% higher for both the adsorption and desorption
processes respectively. These results could lead to the interpretation that the monolayer water is
bound more strongly to the primary sorption sites for moderately decayed WAW as compared to less
decayed WAW.

Table 2. Coefficients of the GAB and GDW models for Hopea and Tectona WAW in different
deterioration states.

Sample Sorption Phase
GAB Model GDW Model

Mm KGAB CGAB R2 SGAB mGDW KGDW kGDW w R2

H1
Adsorption 4.94 0.79 15.59 0.999 187.68 8.70 4.41 0.86 0.39 1
Desorption 8.30 0.66 10.72 1 315.34 6.69 11.32 0.58 1.97 1

H2
Adsorption 5.52 0.80 18.16 0.999 209.72 9.74 4.86 0.87 0.39 1
Desorption 9.03 0.68 12.64 1 343.08 9.60 8.23 0.67 1.04 1

T1
Adsorption 4.84 0.80 11.79 1 183.88 8.57 3.71 0.85 0.45 1
Desorption 8.20 0.67 8.01 1 311.54 6.62 8.38 0.61 1.90 1

T2
Adsorption 5.65 0.81 16.63 0.999 214.66 11.55 3.64 0.88 0.31 1
Desorption 9.29 0.69 11.96 0.999 352.96 9.20 9.12 0.67 1.22 0.999

Note: Mm (%) is the monolayer capacity, CGAB (%) is the equilibrium constant related to the monolayer sorption,
KGAB (%) is the equilibrium constant related to the multilayer sorption, SGAB (m2/g) is the internal specific surface
area, mGDW (%) is the maximum amount of water bound to the primary sorption sites, i.e., the monolayer water
content, KGDW (%) is a constant of sorption kinetic on the primary sites, kGDW (%) is a constant of sorption kinetic on
the secondary sites, w – conversion ratio of primary bound water molecules into the secondary sites.

Using the GDW model, the maximum content of water bound to primary sites (mGDW) of H2
was 11.95% higher than that of H1, and in the case of Tectona WAW 34.77%, during the adsorption
processes. During desorption processes, the mGDW of the H2 sample was 43.50% higher than for H1,
and in the case of Tectona, it was 38.97% higher. This could indicate an increased number of primary
sorption sites for water in moderately decayed WAW. The ratio of water molecules bound to primary
sites and converted into secondary sites (w) of WAW generally decreased with deterioration state.
The values of H1 and H2 were the same. During the desorption processes, for Tectona, the value of
T2 was 31.11% less than that of T1 during the adsorption. The value of H2 was 47.21% less than that
of H1, and the in the case of Tectona, it was 35.79% less. The results would imply that each primary
bound molecule of moderately decayed WAW created less secondary sorption sites than in the case of
less decayed WAW. However, the decreased w of WAW in this study and other related studies [32,46]
did not obviously contribute to the increased hygroscopicity because of the significant contribution of
the increased number of primary sorption sites.

The GAB and the GDW sorption models both indicated that moderately decayed WAW may
possess more sorption sites and display a stronger capability of adsorbing water vapor from the
surrounding environment than less decayed WAW.

3.3. The Chemical Deterioration and Increased Hydroxyl Accessibility of Waterlogged Archaeological Wood

The hygroscopicity of wood highly depends on the relative contents of the main components in
the cell wall, i.e., cellulose, hemicellulose, and lignin [52]. The results of the compositional analysis
of WAW in different deterioration states are shown in Table 3. The amount of cellulose, the most
significant component, is reflected by the relative content of glucose. The content of hemicellulose can
be assigned to the relative content of xylose, because in hardwoods, xylan dominates the composition
of hemicellulose [52]. Finally, the Klason lignin content was used to reflect the content of lignin [53].
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Table 3. Chemical compositions of WAW collected from the Xiaobaijiao No.1 shipwreck. Chemical
composition 100% means related to investigated components. Statistics for n = 3 measurements. The
standard deviations were less than 2%.

Sample Acid-Insoluble Lignin Acid-Soluble Lignin Glucose Xylose

H1 46.0% 1.0% 45.6% 7.4%
H2 55.8% 1.0% 39.3% 3.9%
T1 45.0% 0.8% 47.6% 6.6%
T2 54.6% 0.8% 38.8% 5.8%

For H2, the relative content of cellulose counted by the proportion of glucose is 39.2% (according
to total dry weight), 14% lower than that of H1. Xylose accounted for 3.9%, which was 47.3% lower
than in the case of H1. In contrast, the relative content of lignin was 56.6% (55.6% Klason lignin
and 1% acid-soluble lignin) for H2, 21% higher than that of H1. Additionally, it was found that the
relative content of Klason lignin decreased from 55.6% to 46% from H2 compared to H1. As stated,
the increased content of lignin in moderately decayed WAW does not indicate an absolute increase
of lignin during the long-term deterioration process, instead, this is mainly a result from the loss of
polysaccharides including hemicelluloses and cellulose [54]. For Tectona WAW, the compositional
analysis presented the same tendency with a 9.6% higher lignin content and a 9.8% lower glucose
content as well as a 0.8% lower xylose content for moderately decayed compared to less decayed WAW.

The increase of EMC for the WAW can be understood in terms of the increase of both the number
of sorption sites and their accessibility, as reported by a previous and related publication, where it
was shown that the changes of chemical and cellulose crystallite structure led to an increased bound
water uptake [7]. The hydroxyl accessibility of WAW was obtained in this work to further explore the
apparent difference in hygroscopicity between moderately decayed and less decayed WAW.

Figure 7 displays the number of accessible hydroxyl groups obtained by sample deuteration using
heavy water. The amount of accessible hydroxyl groups of wood generally ranges from 6.8–10.3 mmol/g
according to previous research [38,55]. In this study, the number of accessible hydroxyl groups of H2
was 7.5 ± 0.4 mmol/g, while that of H1 was lower, with a value of 6.8 ± 0.3 mmol/g. For Tectona WAW,
T2 showed a higher mean value of 7.9 ± 0.5 mmol/g, while T1 showed a lower accessibility of 7.0 ± 0.5
mmol/g. Because the amount of available OH groups is generally believed to directly correlate with the
amount of sorption sites, the 10% and 13% higher numbers of hydroxyl groups in moderately decayed
WAW could strongly indicate why the EMCs and hysteresis were higher in moderately decayed WAW
than for less decayed WAW.

The observed changes in hydroxyl accessibility could be either attributed to alternation of structure
or to changes of chemical composition [29,56] upon deterioration. In fact, lignin, hemicellulose, and
cellulose possess different amounts of hydroxyl groups [57], and as was reported above, they were
each found to degrade to some different extent in WAW. The compositional analysis of different
substrates revealed that the deterioration of WAW was mainly related to the decomposition of
polysaccharides in the cell wall. Cellulose and hemicelluloses are in general extensively affected by
anaerobic microorganisms and by occurring acid or alkali environment conditions [5] during the
170-years deterioration in waterlogged conditions. It is known that slow hydrolysis of O-acetyl groups
of xylan always occurs in decayed archaeological hardwood [22,58,59]. As the hemicellulose is the
most hydrophilic polymer in wood, its degradation generally results in a reduced hygroscopicity [60].
However, it should be emphasized that the hygroscopicity was higher for WAW than recent wood
although the hemicellulose of WAW was severely degraded compared to cellulose and lignin,
as illustrated by previous studies [7,32,47]. As shown in Table 3, the relative content of xylose
representing hemicellulose decreased a lot. That means that besides hemicellulose, variations in the
component structures of cellulose and lignin should also contribute to the increased hygroscopicity
of WAW. Besides hemicellulose, cellulose is also considered as a major substance contributing to the
hydrophilicity of wood and of other natural biodegradable polymers [61–63]. Although the interior of
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the cellulose microfibrils is not accessible to water vapor [64], the hydroxyl groups on surface chains are
accessible [65–67]. Furthermore, the extent of moisture sorption of cellulose was reported to increase
with decreasing degree of crystallinity [61,68]. In WAW, the deterioration of cellulose includes both the
degradation of amorphous cellulose and the decrease of relative crystallinity [23,69]. In this research,
the observed decrease of relative content of cellulose could demonstrate its degradation, and in addition,
changes in amorphous cellulose and crystallinity were reported in the related previous study [69].
Therefore, both aspects might explain the observed increase in hygroscopicity. However, next to the
deterioration of cellulose and hemicellulose, the modification of lignin may also lead to an increase of
adsorbent functional groups in WAW [7,54,69], responsible for an increased uptake of water vapor. In
detail, lignin in archaeological wood generally undergoes modifications such as the partial breakage of
β-O-4 interlinks, an alternation of lignin structure, and demethylation/demethoxylation [7,54,70,71].
Although there is few studies on the relationship between WAW and the number of available OH groups,
it was reported that the amount of available OH groups of delignified wood increased with the degree
of delignification [29]. Both WAW and delignified wood possesses more OH groups because their lignin
appears to be less bound to the carbohydrate matrix, enabling a flexible conformation. Additionally,
the structure of lignin was partly altered, similar to extracted lignin [29,69]. In the current study, the
increase in relative content of lignin of moderately decayed WAW (shown in Table 3) was caused by
the loss of cellulose and hemicellulose, which implied that the lignin must have been modified to some
degree throughout the deterioration in order to explain the increased hygroscopicity. To sum up, the
demonstrated increase of hygroscopicity in more decayed WAW can be attributed to changes of relative
components of the cell wall. It could be demonstrated that interpretations regarding hygroscopicity
can correlate well between compositional analysis and hydroxyl accessibility measurements.

 
Figure 7. Radar image of the number (mmol/g) of accessible hydroxyl groups of the less decayed
(H1, T1) and the moderately decayed (H2, T2) samples. The mean values (black squares) and
the standard deviation (blue bands) were calculated from statistics for n = 3 measurements using
representative samples.

4. Conclusions

Two hardwood species of waterlogged archaeological wood, Hopea and Tectona, were collected
from a 170-year-old shipwreck, the Xiaobaijiao No.1, in order to investigate the effect of the deterioration
on the hygroscopicity. Two deterioration states i.e., moderately decayed and less decayed WAW were
confirmed by LM and SEM. In terms of water vapor sorption, moderately decayed WAW showed the
higher EMCs and hysteresis than less decayed WAW. The fitted sorption models revealed that, towards
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WAW, the monolayer water was bound more strongly to primary sorption sites and the number of
primary sorption sites increased with deterioration. The observed increase in hygroscopicity was
attributed to a more severe deterioration of the wood chemical components of moderately decayed
WAW in contrast to the less decayed WAW. In addition to higher hygroscopicity, moderately decayed
WAW showed higher hysteresis than less decayed WAW, particularly above 60% RH, which is a
domain close to museum humidity conditions (50%–60% RH for wooden artifacts in China). Therefore,
considering the irreversible alternations in chemistry of WAW, the active reduction of sorption sites of
WAW could be recommended as a possible strategy for conservation. Differentiated and appropriate
conservation treatments would be required for WAW in different deterioration states.
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51. Maskan, M.; Göǧüş, F. The fitting of various models to water sorption isotherms of pistachio nut paste. J.
Food Eng. 1997, 33, 227–237. [CrossRef]

52. Salmén, L.; Burgert, I. Cell wall features with regard to mechanical performance. A review COST Action E35
2004–2008: Wood machining—Micromechanics and fracture. Holzforschung 2009, 63, 121–129. [CrossRef]

53. Pettersen, R.C. The Chemical Composition of Wood; ACS Publications: Washington, DC, USA, 1984.
54. Xia, Y.; Chen, T.Y.; Wen, J.L.; Zhao, Y.L.; Qiu, J.; Sun, R.C. Multi-analysis of chemical transformations of

lignin macromolecules from waterlogged archaeological wood. Int. J. Biol. Macromol. 2017, 109, 407–416.
[CrossRef]

55. Altgen, M.; Willems, W.; Hosseinpourpia, R.; Rautkari, L. Hydroxyl accessibility and dimensional changes
of Scots pine sapwood affected by alterations in the cell wall ultrastructure during heat-treatment. Polym.
Degrad. Stabil. 2018, 152, 244–252. [CrossRef]

62



Polymers 2020, 12, 834

56. Hill, C.A. Wood Modification: Chemical, Thermal and Other Processes; John Wiley & Sons: Hoboken, NJ, USA,
2007; Volume 5.

57. Zelinka, S.L. Preserving ancient artifacts for the next millennia. Proc. Natl. Acad. Sci. USA 2014, 111,
17700–17701. [CrossRef]

58. Popescu, C.-M.; Dobele, G.; Rossinskaja, G.; Dizhbite, T.; Vasile, C. Degradation of lime wood painting
supports. J. Anal. Appl. Pyrol. 2007, 79, 71–77. [CrossRef]

59. Popescu, C.-M.; Hill, C.A.S. The water vapour adsorption–desorption behaviour of naturally aged Tilia
cordata Mill. wood. Polym. Degrad. Stabil. 2013, 98, 1804–1813. [CrossRef]

60. Rautkari, L.; Hill, C.A.; Curling, S.; Jalaludin, Z.; Ormondroyd, G. What is the role of the accessibility of
wood hydroxyl groups in controlling moisture content? J. Mater. Sci. 2013, 48, 6352–6356. [CrossRef]

61. Guo, X.; Liu, L.; Hu, Y.; Wu, Y. Water vapor sorption properties of TEMPO oxidized and sulfuric acid treated
cellulose nanocrystal films. Carbohydr. Polym. 2018, 197, 524–530. [CrossRef] [PubMed]

62. Sharma, P.R.; Joshi, R.; Sharma, S.K.; Hsiao, B.S. A simple approach to prepare carboxycellulose nanofibers
from untreated biomass. Biomacromolecules 2017, 18, 2333–2342. [CrossRef] [PubMed]

63. Klemm, D.; Heublein, B.; Fink, H.P.; Bohn, A. Cellulose: Fascinating biopolymer and sustainable raw material.
Angew. Chem. Int. Ed. 2005, 44, 3358–3393. [CrossRef] [PubMed]

64. Hofstetter, K.; Hinterstoisser, B.; Salmén, L. Moisture uptake in native cellulose–the roles of different hydrogen
bonds: A dynamic FT-IR study using Deuterium exchange. Cellulose 2006, 13, 131–145. [CrossRef]

65. Fernandes, A.N.; Thomas, L.H.; Altaner, C.M.; Callow, P.; Forsyth, V.T.; Apperley, D.C.; Kennedy, C.J.;
Jarvis, M.C. Nanostructure of cellulose microfibrils in spruce wood. Proc. Natl. Acad. Sci. USA 2011, 108,
1195–1203. [CrossRef]

66. Šturcová, A.; His, I.; Apperley, D.C.; Sugiyama, J.; Jarvis, M.C. Structural details of crystalline cellulose from
higher plants. Biomacromolecules 2004, 5, 1333–1339. [CrossRef]

67. Eyley, S.; Thielemans, W. Surface modification of cellulose nanocrystals. Nanoscale 2014, 6, 7764–7779.
[CrossRef]

68. Mihranyan, A.; Llagostera, A.P.; Karmhag, R.; Strømme, M.; Ek, R. Moisture sorption by cellulose powders
of varying crystallinity. Int. J. Pharm. 2004, 269, 433–442. [CrossRef] [PubMed]

69. Han, L.; Tian, X.; Keplinger, T.; Zhou, H.; Li, R.; Svedström, K.; Burgert, I.; Yin, Y.; Guo, J. Even Visually Intact
Cell Walls in Waterlogged Archaeological Wood Are Chemically Deteriorated and Mechanically Fragile: A
Case of a 170 Year-Old Shipwreck. Molecules 2020, 25, 1113. [CrossRef] [PubMed]

70. Colombini, M.P.; Lucejko, J.J.; Modugno, F.; Orlandi, M.; Tolppa, E.L.; Zoia, L. A multi-analytical study of
degradation of lignin in archaeological waterlogged wood. Talanta 2009, 80, 61–70. [CrossRef] [PubMed]

71. Pedersen, N.B.; Gierlinger, N.; Thygesen, L.G. Bacterial and abiotic decay in waterlogged archaeological
Picea abies (L.) Karst studied by confocal Raman imaging and ATR-FTIR spectroscopy. Holzforschung 2015,
69, 103–112. [CrossRef]

© 2020 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 (http://creativecommons.org/licenses/by/4.0/).

63





polymers

Article

Study on the Properties of Partially Transparent Wood
under Different Delignification Processes

Yan Wu 1,2,*, Jichun Zhou 1,2, Qiongtao Huang 3, Feng Yang 4,*, Yajing Wang 1,2 and Jing Wang 1,2

1 College of Furnishings and Industrial Design, Nanjing Forestry University, Nanjing 210037, China;
15250988513@163.com (J.Z.); lionzaka@163.com (Y.W.); wangjing_9711@163.com (J.W.)

2 Co-Innovation Center of Efficient Processing and Utilization of Forest Resources, Nanjing Forestry
University, Nanjing 210037, China

3 Department of Research and Development Center, Yihua Lifestyle Technology Co., Ltd., Shantou 515834,
China; huangqt@yihua.com

4 Fashion Accessory Art and Engineering College, Beijing Institute of Fashion Technology,
Beijing 100029, China

* Correspondence: wuyan@njfu.edu.cn (Y.W.); yangfeng@bift.edu.cn (F.Y.)

Received: 29 February 2020; Accepted: 14 March 2020; Published: 15 March 2020

Abstract: Two common tree species of Betula alnoides (Betula) and New Zealand pine (Pinups radiata
D. Don) were selected as the raw materials to prepare for the partially transparent wood (TW) in
this study. Although the sample is transparent in a broad sense, it has color and pattern, so it is
not absolutely colorless and transparent, and is therefore called partially transparent. For ease of
interpretation, the following “partially transparent wood” is referred to as “transparent wood (TW)”.
The wood template (FW) was prepared by removing part of the lignin with the acid delignification
method, and then the transparent wood was obtained by impregnating the wood template with a
refractive-index-matched resin. The goal of this study is to achieve transparency of the wood (the
light transmittance of the prepared transparent wood should be improved as much as possible)
by exploring the partial delignification process of different tree species on the basis of retaining
the aesthetics, texture and mechanical strength of the original wood. Therefore, in the process of
removing partial lignin by the acid delignification method, the orthogonal test method was used
to explore the better process conditions for the preparation of transparent wood. The tests of color
difference, light transmittance, porosity, microstructure, chemical groups, mechanical strength were
carried out on the wood templates and transparent wood under different experimental conditions.
In addition, through the three major elements (lignin, cellulose, hemicellulose) test and orthogonal
range analysis method, the influence of each process factor on the lignin removal of each tree species
was obtained. It was finally obtained that the two tree species acquired the highest light transmittance
at the experimental level 9 (process parameters: NaClO2 concentration 1 wt%, 90 ◦C, 1.5 h); and
the transparent wood retained most of the color and texture of the original wood under partial
delignification up to 4.84–11.07%, while the mechanical strength with 57.76% improved and light
transmittance with 14.14% higher than these properties of the original wood at most. In addition, the
wood template and resin have a good synergy effect from multifaceted analysis, which showed that
this kind of transparent wood has the potential to become the functional decorative material.

Keywords: transparent wood; orthogonal test; partial delignification; light transmittance

1. Introduction

Transparent wood is usually prepared by impregnating delignified wood template with a
refractive-index-matched resin [1]. In recent years, transparent wood, an emerging achievement
in wood modification, has attracted attention and research due to its many advantages such as
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light weight, light transmission, environmental protection, and high mechanical properties. Most of
the experiments focus on electronic equipment, optical devices and energy-saving buildings, etc.
For example, Li et al. [2] used 2–5 cm thick translucent wood composite material (light transmittance
40%) as the wall material of the house model. The wall material is made by the method of H2O2 vapor
delignification and epoxy resin impregnation, which can effectively capture the external environment
light. In addition, unlike the transparent wood roof, the light intensity inside the translucent wood
house model is more conducive to people’s daily life. In 2019, Wang et al. [3] used photochromic
materials to infiltrate modified wood templates to obtain photochromic transparent wood. This kind of
transparent wood appears a bright purple to colorless color change under light and shows about 65%
good optical transmittance and 90% high optical haze, which is very important for the application of
Smart windows and anti-counterfeiting materials. In the same year, Li et al. [4] successfully assembled
the perovskite solar cells treated at low temperature (<150 ◦C) directly on the transparent wood
substrate for the first time, with the power conversion efficiency up to 16.8%, which confirmed that the
transparent wood is suitable as a substrate for solar cell modules and has potential in energy-efficient
building applications. Celine Montanari et al. [5] also put forward the view that transparent wood
should be endowed with multiple functions. Using polyethylene glycol as the base material, PCMs
(phase-change materials) with stable shape was embedded in delignified wood templates to obtain
functional transparent wood. The application of the heat storage and reversible light transmittance of
the transparent wood in thermal energy storage was discussed.

In fact, the development and application of transparent wood reflects the broad development
prospects of wood composite materials [6], and the numerical improvement of light transmittance is no
longer a single pursuit. On the contrary, people are paying more and more attention to the functionality
of transparent wood and its corresponding application fields. At present, most of the transparent or
translucent wood tends to be glass, colorless and no texture, and lacks the visual and tactile natural
characteristics of wood [7]. Based on the inspiration given by this cutting-edge subject, from another
perspective, if wood still has a certain degree of light transmission on the basis of retaining most of
the natural color and texture, then in the home industry, transparent wood can also become a highly
functional decorative material. This concept increases the application of wood modification in some
fields [8].

The process of preparing transparent wood mainly involves the acquisition of delignified wood
template and the impregnation of refractive-index-matched resin. It is not difficult to find that
delignification is usually an important step in the preparation of transparent wood. Regarding lignin,
it accounts for about 30% of the wood mass fraction, and cross-linking with different polysaccharides
in the wood increases the mechanical strength of the wood. Components such as lignin and wood
extracts cause the wood to undergo strong light scattering and light absorption in the visible light
range [9], so that the wood shows color and texture. Because the purpose of this experiment is to
prepare transparent wood with color and texture (not absolutely transparent), it is necessary to retain a
part of the lignin to achieve the effect of color development, that is, to study the process of removing
part of the lignin. In fact, it takes a long time and a lot of chemicals to remove all the lignin [10].
In addition, the removal of all lignin will weaken the wood structure, mainly for the wood template,
such as pine, poplar and other low-density tree species are easily broken after delignification, so it is
a great challenge for preparing the transparent wood of large-scale or low-density tree species [11].
Therefore, it is of great significance to explore the partial delignification process for the preparation of
transparent wood. Although the sample to be prepared is transparent in a broad sense, it has color
and pattern, and thus is not absolutely colorless and transparent. Therefore, it was called partially
transparent in the title. For ease of interpretation, the following “partially transparent wood” is referred
to as “transparent wood (TW)”.

It is known in pre-experiments and references that the amount of lignin removal has a direct impact
on the performance of transparent wood, but there is almost no systematic research on the specific
impact of removing part of the lignin process on the performance of transparent wood, including the
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related qualitative and quantitative analysis, and most of the literature on transparent wood removes
almost all lignin or chromogenic substances. Therefore, the purpose of this experiment is to study the
process technology of partial delignification and the performance of the corresponding transparent
wood. The above has certain novelty. It is hoped that the transparency of the transparent wood
prepared from different tree species can be improved as much as possible on the basis of retaining
the aesthetics, texture and mechanical strength of the wood. In this experiment, the orthogonal test
method was used to explore the best technological conditions of removing part of the lignin in the
process of preparing transparent wood.

2. Experimental Section

2.1. Materials

Here, common tree species (one example of dark tree species and one light tree species) are selected:
Betula alnoides (Betula) and New Zealand pine (Pinups radiata D. Don), which are representative tree
species in hardwood and coniferous wood respectively. The wood veneers of Betula alnoides and
New Zealand pine that are both from Yihua Lifestyle Technology Co., Ltd., China., and these wood
veneers are produced in the actual production line. In the experiment, the wood samples were cut to
the size of 20 mm (length)×20 mm (width)×0.5 mm (thickness). The physical properties of the two tree
species such as air-dry density relative, moisture content and thickness are shown in Table 1. Chemical
reagents (analytical grade) used are as follows: ethanol absolute, acetic acid (CH3COOH) and sodium
hydroxide (NaOH) were all produced by Nanjing Chemical Reagent Co., Ltd. Methyl methacrylate
(MMA) and sodium hypochlorite (NaClO2) were supplied by Shanghai Macklin Biochemical Co., Ltd.
Azobisisobutyronitrile (AIBN) was supplied by Tianjin Benchmark Chemical Reagent Co., Ltd.

Table 1. Physical properties of two tree species.

Wood Species
Air-Dry Density
Relative (g/cm3)

Moisture Content (%) Thickness (mm)

Betula alnoides (A) 0.65 9.96 0.50
New Zealand pine (B) 0.31 10.01 0.50

2.2. Experimental Methods

In the experiment, acid delignification was applied, and chlorite method was specifically used to
prepare the wood template. After obtaining the wood template, a refractive-index-matched resin was
impregnated to make the transparent wood. The orthogonal test method is a scientific and effective
method for selecting the optimal scheme in multi-factor experiments. With the least number of tests and
the most appropriate test method, an optimal test condition and the best scheme will be obtained [12].
Therefore, in the process of removing part of the lignin by the acid method, the orthogonal test
method was selected in the experiment to explore the better process conditions for the preparation of
transparent wood. With regard to the design of orthogonal experiments, combined with the reading
reference of relevant literature and the experience of preliminary experiments, the following three
representative factors are selected in the experiment: NaClO2 concentration (X), reaction temperature
(Y), reaction time (Z). The formulation of specific experimental factor levels is shown in Table 2.

Table 2. Factor level of the orthogonal experiment.

X/wt% Y/◦C Z/min

1 0.4 70 45
2 0.7 80 90
3 1 90 135

67



Polymers 2020, 12, 661

According to the principle of orthogonal experiment design method [13], the orthogonal table L9

(34) is used to arrange the three factors/three levels of tests (L9 means that nine experiments are needed,
at most four factors can be observed, and each factor is three levels). Better production conditions
can be determined from these nine sets of data [14]. Table 3 is the proposed orthogonal test table.
Therefore, each tree species corresponds to nine different wood templates.

Table 3. Orthogonal test table on the preparation of wood templates.

XYZ X (wt%) Y (◦C) Z (min)

1 111 0.4 70 45
2 122 0.4 80 90
3 133 0.4 90 135
4 212 0.7 70 90
5 223 0.7 80 135
6 231 0.7 90 45
7 313 1 70 135
8 321 1 80 45
9 332 1 90 90

2.3. Preparation of Transparent Wood

The following preparation process is shown in Figure 1.

 

Figure 1. The main preparation process of transparent wood (TW).

2.3.1. Preparation of Wood Templates

Betula alnoides and New Zealand pine were dried at 103 ◦C for a few minutes until they were
completely dry, and then stored in a drying dish. Subsequently, a certain concentration of NaClO2

solution was prepared, and the pH value was adjusted to 4.6 by CH3COOH. The samples of the two
tree species were heat-treated according to the values in the orthogonal experiment table, and wood
templates under different experimental conditions were obtained. The above treated wood templates
were washed with deionized water and stored in the ethanol absolute solution. The ethanol absolute
solution can displace the residual water in the wood, thus greatly improving the permeability of
wood templates.

2.3.2. Preparation of the Polymer

The polymerization inhibitor inside the pure MMA monomer was removed by NaOH solution,
and then the MMA was prepolymerized in the water bath at 75 ◦C, in which 0.38 wt% AIBN was used
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as the initiator. After 15 minutes, the prepolymerized MMA was cooled to room temperature in the ice
water bath to terminate the reaction.

2.3.3. Obtainment of the Transparent Wood

Take out the wood templates stored in the ethanol absolute solution, and let the wood templates
and the prepolymerized MMA fully infiltrate for 0.5–1 h under vacuum. Then, the resin-infiltrated wood
template was sandwiched in a mold formed by two glass slides and covered them with aluminum foil
paper. Finally, the samples were put into an oven at 70 ◦C for 5 h to complete the further polymerization
reaction [15]. The above preparation process was repeated several times to obtain transparent wood
under different experimental conditions [16]. In order to facilitate the following experimental test
analysis, Betula alnoides is abbreviated as A and New Zealand pine is abbreviated as B; untreated
wood samples are collectively referred to as OW, wood templates after removing some lignin are
collectively referred to as FW, and the transparent wood after impregnation is collectively referred to as
TW. Taking Betula alnoides as an example, untreated wood is OW-A, and the wood templates treated
with NaClO2 solution (one-to-one corresponding to the setting level of orthogonal test) are labeled
FW-A-1, FW-A-2, FW-A-3, FW-A-4, FW-A-5, FW-A-6, FW-A-7, FW-A-8, FW-A-9; the transparent wood
made from the corresponding wood templates are named TW-A-1, TW-A-2, TW-A-3, TW-A-4, TW-A-5,
TW-A-6, TW-A-7, TW-A-8, TW-A-9. New Zealand pine (B) is marked in the same way as Betula
alnoides, except that A is replaced by B.

3. Performance Testing

3.1. Three Elements Test

The experiment explores the influence of partial delignification process on the properties of
transparent wood, and the main components of wood were analyzed qualitatively and quantitatively
at each orthogonal test level through the test of three elements (lignin, cellulose, and hemicellulose),
in order to refine and compare the corresponding sample characteristics under different process
parameters. In the experiment, the contents of three elements in Betula alnoides and New Zealand
pine raw samples OW, wood templates samples FW were measured by the National Renewable Energy
Laboratory (NREL) method [17].

3.2. Color Difference Test

The color reader (PANTONE) was used to measure the color difference between Betula alnoides
and New Zealand pine OW, TW samples, and the changes and causes of wood color before and after
the experiment were compared and analyzed [18]. The color of each tree species sample is kept as
consistent as possible to reduce the test error. Each sample is tested for at least 3-5 replicates and
the average value is obtained. The values of the color difference test for the samples are respectively
expressed by three parameters L, a and b: L value reflects the brightness, the higher the value is, the
higher the brightness is; a value reflects the red-green degree, the positive value is red, the negative
value is green; b value reflects the orange-blue degree, the positive value is orange, the negative value
is blue; the larger the absolute value of a and b is, the darker the color is [19].

3.3. Light Transmittance Test

The light transmittance of two tree species OW and TW were measured by the ultraviolet-visible
spectrophotometer (Shanghai youke UV1900PC) at 350–800 nm wavelength. Samples under the same
experimental conditions were selected for more than two repeated tests to reduce experimental errors.

3.4. SEM Test

The micro morphology of two tree species OW, DW and TW samples were observed by a
FEI Quanta 200 scanning electron microscope (SEM). In the experiment, the wood samples were
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tangential sections obtained by cutting longitudinally along the trunk. In order to observe the change
of wood duct or tracheid during the experiment, the samples were cut along the thickness direction by
ultra-thin microtome.

3.5. Specific Surface Area and Pore Size Distribution Test

We used an automatic specific surface area and pore size distribution tester (ASAP2020) to test
Surface area and Adsorption average pore width of OW (original wood) and FW (wood templates).
The relationship between the partial removal of lignin and the distribution of pores in the samples was
discussed, as well as the specific effect of changes in pores in these wood templates on light transmittance.

3.6. Fourier Infrared Test

The infrared absorption spectrum was obtained by Fourier transform infrared spectroscopy (FTIR),
and then the group characteristics and changes of OW, FW and TW were compared and analyzed by
the characteristic absorption peaks presented in the figure, so as to carry out the qualitative analysis of
related chemical components.

3.7. Mechanical Performance Test

The mechanical properties of wood before and after the experiment were tested and calculated.
A computer-controlled electronic universal testing machine (SANS-CMT6104) was used to measure
the mechanical tensile properties of OW and TW. The upper and lower clamps of the testing machine
first fixedly clamped the sample, and set no additional load at this time (to reduce the experimental
error), then the lower clamp was fixed, the upper clamp stretched the sample in the direction of the
wood grain until it broke, and the upward stretching speed was set to 5 mm/min.

The following formulas are used in mechanical tests:

σ =
F
S

(1)

S = b× h (2)

In the formula, σ is the tensile strength; F is the maximum force borne by the specimen when it is
broken; S is the original cross-sectional area in the tensile direction of the sample; b is the initial width
of the tensile section of the sample, and h is the initial thickness of the tensile section [20].

4. Results and Discussion

4.1. Three Elements Analysis

According to the National Renewable Energy Laboratory (NREL) method and the calculation of
fixed formula template (included in NREL), the three major elements content of natural wood samples
and delignified wood templates were obtained. The samples tested here need to be processed into
20–80 mesh wood flour and dried until absolutely dry, and it should be noted that the total lignin
content here is the sum of acid-insoluble lignin and acid-soluble lignin content [21,22]. The contents of
lignin, cellulose, and hemicellulose in Betula alnoides and New Zealand pine OW (original wood)
and FW (wood templates) samples are as shown in Figure 2. Generally, wood is mainly composed
of cellulose, hemicellulose and lignin, accounting for more than 90% of the total amount of wood,
in which cellulose and hemicellulose are colorless substances with simple structure; relatively speaking,
the structure of lignin is more complex, which is also one of the main factors of wood coloration [23].

The abscissa 1–9 in Figure 2 respectively corresponds to 9 levels of the orthogonal test (0 is the
original wood sample), and each level records the specific content of the remaining three elements of the
wood sample after partial delignification. It can be seen from Figure 2 that in the process of removing
lignin, the contents of the three major elements are all decreased to varying degrees, indicating that the
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removal of lignin will have a certain impact on the contents of cellulose and hemicellulose. Because
the discussion is centered on the removal of part of the lignin, the core of the process exploration is
also closely related to the lignin. Therefore, for the two species of Betula alnoides and New Zealand
pine, the multi-factor orthogonal range analysis method [24] is combined with the lignin content after
the experiment. As a result, Table 4 was obtained. Through the orthogonal range analysis method,
the influence of various process parameters on the partial delignification of each tree species in the
multi-factor experiment can be obtained, which is meaningful for the further discussion of the process:
it can be obtained from Table 4, for Betula alnoides, the influence order of each factor on the lignin
content is Y > X > Z, that is, the reaction temperature >NaClO2 concentration > reaction time; for New
Zealand pine, the order of influence of various factors on lignin content is Z > X > Y, that is, reaction
time > NaClO2 concentration > reaction temperature.

  
Figure 2. The contents of lignin, cellulose, and hemicellulose in (a) Betula alnoides and (b) New
Zealand pine OW and FW samples.

Table 4. Orthogonal test results and range analysis.

Betula Alnoides

Lignin content/% X Y Z

Mean value1 28.95 29.39 29.57
Mean value2 29.42 29.86 27.45
Mean value3 26.77 25.88 28.12

Range 2.65 3.98 2.12

New Zealand Pine

Lignin content/% X Y Z

Mean value1 25.91 25.64 26.10
Mean value2 25.11 25.34 24.88
Mean value3 24.58 24.61 24.61

Range 1.33 1.03 1.49

4.2. Color Difference Analysis

For the analysis of color difference values of the above tree species OW, FW and TW, although the
specific values are different, the change trend is the same. Therefore, Figure 3 (0 is ow, 1–9 corresponds
to nine levels of orthogonal test) is drawn with Betula alnoides as the representative. For the wood
template FW, it can be seen from Figure 3 that the remaining lignin content is positively correlated
with a and b values, and negatively correlated with L values. It is known that the lignin is one of the
main causes of wood color, and the higher the content of lignin, the more orange it is [25]. The positive
value of b represents orange, and the larger the value is, the darker the color is. Therefore, the change
trend of lignin content and b value is consistent with the theory, that is, the more the residual lignin
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content of FW is, the greater the b value is. Because the reagent used to remove partial lignin is
sodium hypochlorite, which has certain bleachability, the whiteness of the wood template increases,
the brightness also increases, and the L value increases. For the TW of the two tree species, the filling
of the transparent resin improves the lightness of the wood, and the L value is higher than that of the
original wood OW, and lower than that of FW. The a values are slightly reduced, and the b values are
increased compared to FW. It can be seen that the filling of the resin not only makes the wood have a
certain degree of light transmission, but also retains most of the color and texture of the wood.

 
Figure 3. The color difference of OW, (a) FW and (b) TW.

Figure 4 shows the samples of level 5 and 9 in the orthogonal test, because the amount of
delignification in level 5 tends to average compared with the whole, and the content of delignification
in level 9 is the highest, which is very representative. The sample with certain light transmittance
is placed on the paper printed with "NFU" under the sunlight; and under the condition of specific
light source, the light transmittance shows the unique texture and color of wood, which is very novel
and beautiful, showing the feasibility of the process and the potential of the material as a functional
decoration material.

 

Figure 4. Contrast photos of OW-A, FW-A-5, TW-A-5, OW-B, FW-B-5, TW-B-5, OW-A, FW-A-9, TW-A-9;
OW-B, FW-B-9, TW-B-9.

4.3. Light Transmittance Analysis

Figure 5a,b show the light transmittance of Betula alnoides and New Zealand pine OW and TW
samples respectively. The numbers 1–9 correspond to the 9 levels of orthogonal test (0 is the original
wood sample). The light transmittance of the original wood of the two tree species is very low in the
visible light wavelength range, which is mainly due to the light absorption of the color-producing
components such as lignin, and also includes the light scattering caused by the porous structure of
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wood [26]. It can be seen from Figure 5 that the OW light transmittance of the darker Betula alnoides
with a higher density is slightly lower than that of the lighter New Zealand pine with a lower density.
After the experiment, the light transmittance of TW of the two tree species has been improved compared
to the OW, and the light transmittance of New Zealand pine has increased more than Betula alnoides:
For Betula alnoides, TW-A-9 has a maximum increase of 11.39% at 800 nm; for New Zealand pine,
TW-B-9 has a maximum increase of 14.14% at 800 nm. At the same time, it can be found that the
light transmittance values corresponding to 1–9 are negatively correlated with the remaining lignin
content, that is, the lower the remaining lignin content is, the more the light transmittance increases.
The reason for this is that the more lignin is removed from the wood template, the more pores there
are, and the more transparent resin is infiltrated, so the higher the light transmittance of the sample
is [27]. In this test, the performance is explored by the process, and the process is deduced from
the performance. The goal is to hope that the light transmittance of the wood made of different tree
species can be improved as much as possible while retaining the beauty, texture, and strength of the
solid wood. Here, it can be concluded that the optimal experimental level for Betula alnoides is 9; the
optimal experimental level for New Zealand pine is 9.

  
Figure 5. The light transmittance of OW and TW for two tree species (a,b).

4.4. SEM Analysis

Taking orthogonal test levels 5 and 9 as examples for analysis, since the amount of lignin removed
by level 5 tends to be average compared with the whole, and the content of lignin removed by level
9 is the highest, which are all very representative, the observed sample is OW-A, FW-A-5, FW-A-9,
TW-A-5, TW-A-9; OW-B, FW-B-5, FW-B-9, TW-B-5, TW-B-9. From the analysis of the three major
elements (lignin, cellulose, and hemicellulose), it can be seen that most of the lignin is still retained, so
the difference between the wood templates FW of the same tree species is not large. Figure 6a,f present
the micro-morphology of OW-A and OW-B respectively, showing the natural porous structure of the
wood. It is known that lignin is mainly concentrated in the cell corner intercellular layer, as is the case
for birch and New Zealand pine. In the process of removing part lignin, cracks appear in the triangle
area where three cells intersect due to the decrease of lignin [28], as shown in Figure 6b,c,g,h. From FW
to TW of two tree species, after impregnation polymerization, it was observed that PMMA not only
fully filled the cracks but also penetrated into the cells of wood. The honeycomb porous structure of
the wood was almost eliminated, and the cell walls were more closely bonded, which indicated that
the wood template and PMMA had a good synergistic effect, and played a role in replacing part of the
lignin to connect the cellulose skeleton to a certain extent.
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Figure 6. The micro morphology of (a) OW-A, (b) FW-A-5, (c) FW-A-9, (d) TW-A-5, (e) TW-A-9;
(f) OW-B, (g) FW-B-5, (h) FW-B-9, (i) TW-B-5, (j) TW-B-9.

4.5. Specific Surface Area and Pore Size Distribution Analysis

The BET specific surface area refers to the total area of a unit mass of material [29]. It can be
obtained from Figure 7a,b that the BET specific surface area value and the average adsorption pore size
value have a negative correlation as a whole. At the same time, the more the delignification content is,
the larger the specific surface area is, and the smaller the average adsorption pore diameter is. This is
because the original adsorption pore diameter is mostly from the larger conduit hole in the wood.
When part of the lignin is removed, there will be a lot of nano-sized micro pore diameters in the wood
template, so the average adsorption pore size value decreases, and the specific surface area increases.
It is not difficult to find that both the Betula alnoides and New Zealand pine have the highest specific
surface area value at experimental level 9. This is because the wood template (level 9) has more pores.
Owing to the increase of wood template pores, the value of specific surface area increases and PMMA
has better penetration effect. Therefore, for both tree species, orthogonal test levels 9 has the highest
light transmittance, corresponding to the above.

  

Figure 7. Surface area and adsorption average pore width of OW and FW for two tree species (a,b).

4.6. Fourier Infrared Analysis

Figure 8a,b shows the infrared spectrum of OW and FW for two tree species. The characteristic
absorption peaks of OW-A and OW-B include 3417 cm−1 (O-H stretching vibration in cellulose),
2920 cm−1 (C–H stretching vibration), 1735 cm−1 (Acetyl site of hemicellulose), and 1504 cm−1

(stretching vibration of aromatic skeleton group of lignin), 1165 cm−1 (C–O–C stretching vibration
in cellulose) [30]. Although Betula alnoides and New Zealand pine are two different tree species,
their main components are similar as wood, so the main stretching vibrations of the spectrum are
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basically the same. FW1-9 (including two tree species) correspond to the 9 levels of the orthogonal test
respectively. It is found that the peak intensity of FW weakens at 3417 cm−1, 1735 cm−1, and 1504 cm−1,
which proves that the content of lignin in the samples was indeed decreasing [31]. Partial lignin has
been removed, and the content of cellulose and hemicellulose has also been slightly reduced, which is
in line with the test results of the three major elements. Figure 8c,d are the infrared spectra of TW from
Betula alnoides and New Zealand pine. After resin impregnation polymerization, TW not only has
part of the characteristic absorption peak of the wood, but also has the characteristic peak of PMMA
(2992−1 and 2950 cm−1 for C−H, 1740 cm−1 for C=O, and 1191 and 1145 cm−1 for C−O) [32], which
shows that PMMA and wood template have good synergistic effect.

  

 . 

Figure 8. The infrared spectrum of OW, FW and TW for two tree species corresponding to (a–d).

4.7. Mechanical Performance Analysis

Under the load of the longitudinal tension, the samples went through the elastic deformation
stage, the yield stage, the plastic deformation stage and instantaneous fracture stage. With the moment
of fracture, the load value dropped sharply. Therefore, the force that the sample bore at the moment
of fracture was the load value F corresponding to the highest point of the curve. Both OW and TW
(1–9 corresponding to 9 levels of orthogonal test) of Betula alnoides and Pinus New Zealand were tested
to compare the mechanical properties of the original wood and the impregnated wood samples. After
each sample was tested, the fracture load F (taking the average of multiple tests) was obtained, and then
the tensile strength σ value was calculated according to the formula, as shown in Figure 9, where the σ

value represents the maximum bearing capacity of the sample under static tensile condition. It can be
seen from Figure 9 that the tensile strength and ductility of all TW of Betula alnoides and New Zealand
pine are higher than that of OW: the maximum increase rate is 57.58% for Betula alnoides and 57.76%
for New Zealand pine. This shows that PMMA has a good synergy with the partially delignified wood
templates from a macro perspective, so the overall mechanical properties have been improved.
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Figure 9. The tensile strength of OW and TW for two tree species.

5. Conclusions

Through the study on the performance of the transparent wood under the process of removing
part of the lignin, it is concluded that this kind of transparent wood has a certain degree of light
transmittance while retaining most of the wood color and texture. The light transmittance of some tree
species is increased by 14.14%, and the mechanical strength is increased by 57.76%, demonstrating
that it has good development prospects in the home furnishing industry and will become a highly
functional decorative material. At the same time, it can be concluded that the amount of lignin removal
has a direct impact on the performance of transparent wood. In the test, combined with the orthogonal
test method, the qualitative and quantitative analysis is carried out, and a good process plan is selected.
In addition, although the specific values of the two selected tree species are different in the test, the
overall trend of change is basically the same, which shows that this experiment is applicable to a
variety of wood and is practical, and worthy of detailed further discussion.
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Abstract: In this study, the effect of the veneer-drying process at elevated temperatures on selected
properties and formaldehyde emission of plywood panels was determined. We assume that during
the veneer drying at high temperatures, more formaldehyde is released from it, and therefore,
a lower formaldehyde emission can be expected from the finished plywood. Prior to bonding, birch
veneers were dried at 160 ◦C (control) and 185 ◦C in an industrial veneer steam dryer (SD) and at
180 ◦C, 240 ◦C and 280 ◦C in an industrial veneer gas dryer (GD). Two types of adhesives were
used: urea–formaldehyde (UF) and phenol–formaldehyde (PF) resins. Bonding quality, bending
strength and modulus of elasticity in bending, water absorption and thickness swelling of plywood
samples were determined. The formaldehyde emission level of samples was also measured. It was
concluded from the study that the effects of veneer-drying temperatures on the bonding strength and
physical and mechanical properties of plywood panels were significant. Veneer-drying temperatures
of 185 ◦C/SD, 180 ◦C/GD and 240 ◦C/GD negatively affected the bending strength and the modulus of
elasticity along and across the fibres for both UF and PF plywood samples. Bonding strength mean
values obtained from all test panels were above the required value (1.0 MPa) indicated in EN 314-2
standard. The lowest formaldehyde emissions for the UF and PF plywood samples were observed in
the samples from veneer dried in a steam dryer at 185 ◦C/SD.

Keywords: birch plywood; veneer-drying temperature; formaldehyde emission; bending strength;
modulus of elasticity; bonding strength; thickness swelling; water absorption

1. Introduction

Plywood and other wood-composite materials such as particle boards, medium- (MDF) and high
density fibreboard (HDF) are becoming more popular and are widely used for the manufacture of
furniture, cabinets, engineering floors, housing and various construction products. These materials are
mainly bonded with thermosetting formaldehyde-type adhesives such as urea–formaldehyde (UF)
resin, melamine–urea–formaldehyde (MUF) resin, phenol–formaldehyde (PF) resin, etc. UF adhesives
are widely used in the production of wood-based panels because of their excellent adhesion to
lignocellulose, excellent internal cohesion, easy processing and application, the lack of colour in the
finished product and low cost. However, their poor resistance to external factors, especially moisture,
and their tendency to release formaldehyde vapours are significant limitations. Wood-composite
materials are the most important sources of formaldehyde emission (FE), a harmful gas when released
inside buildings. Because of this, one of the disadvantages of plywood and wood composite materials is
their toxicity—the release of formaldehyde. The FE from these materials is indisputable [1]. Adhesives
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based on UF and PF are carcinogenic in very high concentrations. Therefore, formaldehyde was
reclassified in 2004 by the International Agency for Research on Cancer (IARC) as ‘carcinogenic to
humans (Group 1)’ [2], compelling companies to reduce FE to lower levels.

Methods for reducing FE in wood-composite materials have been widely discussed over the years,
and many of them have been described in [3]. However, a decrease in the formaldehyde content of the
resins may impair the bonding strength, and adhesives without formaldehyde can increase the cost of
the plywood [4,5].

It is known that natural wood contains and emits volatile organic compounds, including
formaldehyde [3,6,7]. Therefore, the issue of FE no longer focuses solely on the adhesive systems used
to bond plywood panels. This may also be due to the influence of certain wood species. Typically,
coniferous species tend to have a higher content of formaldehyde than hardwood species [7].

It has been reported that heat treatment contributes to the FE from solid wood [8]. Lignin and
hemicellulose have the potential for FE, and lignin appears to have more potential in this respect than
cellulose and hemicellulose. Moreover, thermohydrolytic processing of wood can lead to FE from
polysaccharides [9]. Furthermore, the FE levels depend on numerous factors such as wood species,
moisture content (MC), outside temperature, and storing time [9–14].

Wood as a natural material contains formaldehyde [6]. The FE from solid wood increases at
elevated temperatures and prolonged heating times [9,15], even in the absence of wood resin [16]. In the
technological process of manufacturing plywood, the veneer can be subjected to high temperatures in
the drying and pressing processes.

Veneer drying is one of the most important stages in the production of wood-based panels, such as
plywood and laminated veneer lumber (LVL). As is well known, the purpose of the drying process is
to reduce the MC of the veneer to obtain the appropriate values for bonding. Prior to the bonding
process, the MC of all veneer sheets should be below 7% [17]. Best bonding results are obtained in
plywood panels with veneers having 4–6% MC [11]. The amount of moisture in the wood combined
with the water in the adhesives will significantly affect the wetting, spreading, penetration and even
curing of the adhesives [18]. Moreover, Aydin et al. [11] reported that the FE from poplar and spruce
plywood decreased with increasing veneer MC.

Baldwin [19] stated that the veneer-drying process accounts for some 70% of the thermal energy
consumed in plywood production and approximately 60% of the mill’s total energy requirement.
The drying temperatures vary mainly from 90 to 160 ◦C and are normal in the plywood industry.
The use of high drying temperatures reduces the drying time of the veneer and increases productivity.
The small thickness of veneers allows fast drying. Reducing drying time and energy consumption
offers great potential for economic benefits for the woodworking industry [20]. It has been concluded
that the practice of high drying temperature could save energy and drying time by 44% and 25%,
respectively, compared with normal drying temperature [21]. However, drying to very low MC and at
a very high temperature or at a moderate temperature for a long period inactivates the veneer surface,
causing poor veneer wetting and therefore poor bonding [22].

In addition, the drying temperature affects both the physical and chemical properties of the veneer
surface and therefore the durability and physical–mechanical properties of the plywood decreases [23].
Many studies have been conducted on the effect of veneer-drying temperature on the ability of veneer
surfaces to bond [24,25], on the relationship between surface inactivation and bonding strength [22] and
optimal conditions for surface preparation [26]. In addition, in recent years, many studies have been
conducted on the effect of heat treatment on the properties of plywood panels made from thermally
treated veneer [23,27–34].

Some physical and mechanical properties of plywood panels manufactured from alder veneer
sheets dried at 20, 110, 150, and 180 ◦C were determined by Aydin and Colakoglu [23]. These authors
concluded that shear strength values of plywood panels decreased and formaldehyde emission
increased clearly with increasing veneer drying temperature; no clear difference was found for bending
strength of panels manufactured from veneers dried at 110, 150, and 180 ◦C. Nazerian et al. [27] showed
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that heat treatment of beech, maple and poplar veneers at 120 or 180 ◦C for 4 h in a small heating unit
under atmospheric pressure alters the physical and chemical properties significantly, but the strength
properties begin to deteriorate. In other work [28] poplar veneers were subjected to heat treatment at
80, 130 and 180 ◦C for 1, 3, and 5 h in a small heating unit under atmospheric pressure. Based on the
findings in that study, the bending strength and modulus of elasticity of LVL panels decreased with
increasing in temperature and time. Jamalirad et al. [29,30] found that water absorption, thickness
swelling, shear and bending strength of plywood samples improve at higher drying temperature
180 ◦C for 2 h. As we can see, in many of these studies, veneers were subjected to heat treatment at
high temperatures for a long time (1–5 h).

In practice, steam and gas dryers are used for veneer drying [35]. In the steam dryer the drying
agent is heated by steam and in the gas dryer the drying agent is heated by flue gases from combustion
of different types of fuel. Moreover, in the gas dryers (GD), the veneer is dried under severe conditions;
the drying temperatures are high (200–280 ◦C), which significantly shortens the drying time, although
there is a risk of extra cracks since the veneer becomes brittle. In the steam dryers (SD), the veneer dries
under milder conditions than in gas dryers. Typical drying temperatures are of the order of 160 ◦C
in the steam dryers. There is some information in the literature on veneer drying at temperatures of
100–180 ◦C, but we did not find any information on veneer drying at high temperatures (180–280 ◦C),
including in gas and steam dryers, and how these high temperatures act for a short period of time
on the properties and formaldehyde emission of plywood panels. On the other hand, as mentioned
above, heat treatment promotes the release of formaldehyde from solid wood [8].

We hypothesize that during the veneer drying at high temperatures, more formaldehyde is
released from it, and therefore, a lower FE can be expected from the finished plywood. Therefore, the
purpose of this study was to determine the effects of high temperature drying of veneers on some
physical and mechanical properties and formaldehyde emission of plywood panels.

2. Materials and Methods

2.1. Materials

Birch (Betula verrucosa Ehrh.) wood veneers obtained by rotary cutting at industrial conditions
were used in the study. Rotary cut veneer sheets with 30 cm by 30 cm dimensions and 1.5 mm thickness
were classified into five groups after the peeling process and they were dried at 160 ◦C (control) and
185 ◦C in an industrial veneer steam dryer (SD) and at 180 ◦C, 240 ◦C and 280 ◦C in an industrial veneer
gas dryer (GD). These drying temperatures were obtained from local producer of rotary-cut veneer
and plywood panels. The veneer drying was performed in industrial conditions. Each veneer sheet
was dried to 4–6% MC.

Two types of formaldehyde-based adhesives were used in this study: commercial UF and PF resins.
UF resin solution used in the manufacturing was composed of 100 parts of UF resin by weight, 15 parts
of wheat flour by weight, and 4 parts of hardener by weight. The PF resin was used for plywood panel
manufacturing without any filler or additive. The formulations of the adhesive mixtures are given in
Table 1.

Table 1. Formulations of adhesive mixtures used for the manufacturing of plywood panels.

Ingredients of Adhesive Parts by Weight

Urea–formaldehyde UF resin (with 66% solid) 100
Wheat flour 15

Hardener 4
Phenol–formaldehyde PF resin (with 47% solid) 100
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2.2. Plywood Panel Manufacturing

Plywood was processed according to an experimental design, where the factors were the types
of adhesive (UF and PF), types of veneer dryer (SD and GD) and temperatures of veneer drying
(160 ◦C, 185 ◦C, 180 ◦C, 240 ◦C and 280 ◦C) (Table 2). Three-layer and five-layer plywood panels of
300 mm × 300 mm were made for the strength and formaldehyde release tests, respectively. Four
plywood panels were made for each experimental condition—two panels for the strength test and two
panels for the formaldehyde release test. Four control panels were also made for UF and PF adhesives.
Totally 48 panels were manufactured.

Table 2. Conditions of manufacturing three-layer plywood panels.

Test No.

Manufacturing Conditions

Adhesive
Type

Type of
Drier

Temperature
of Veneer

Drying (◦C)

Adhesive
Spread Rate

(g/m2)

Pressing
Pressure

(MPa)

Pressing
Temperature

(◦C)

Pressing
Time
(min)

1 UF SD 160 160 1.8 105 5/6 *
2 SD 185
3 GD 180
4 GD 240
5 GD 280

6 PF SD 160 160 1.8 145 5/6 *
7 SD 185
8 GD 180
9 GD 240
10 GD 280

* Pressing time for five-layer plywood panels.

Plywood panels were made in an electrically heated hydraulic laboratory press. The specific
pressing pressure of 1.8 MPa and temperature of 105 ◦C for UF adhesive and 145 ◦C for PF adhesive
were used, and 5 min (for a three-layer panel) or 6 min (for a five-layer panel) pressing time (during
the last 30 s of the press cycle the pressure was continuously reduced to 0 MPa). The glue spread was
160 g·m−2 based on wet mass. The adhesive mixture was applied onto one side of every uneven ply.
The plies were assembled perpendicularly to each other (veneer sheets were laid up tight/loose) to
form plywood of three/five plies. Glue was applied onto the veneer surface with a hand roller spreader.

2.3. Panel Testing

During the experiment, all plywood samples were conditioned prior to testing for 2 weeks at
20 ± 2 ◦C and 65 ± 5% relative humidity. The panels were cut to extract test samples according to the
standard requirements. The shear strength was measured according to EN 314-1 [36] and EN 314-2 [37]
methods after pretreatment for intended use in interior conditions for UF, and exterior conditions for
PF. For the shear strength test, one-half of the samples were tested in dry conditions and the other half
in wet conditions. UF plywood test pieces were immersed in water at 20 ± 3 ◦C for 24 h; PF plywood
test pieces were immersed for 4 h in boiling water, then dried in the ventilated oven for 16 h at the
temperature of 60 ± 3 ◦C, then immersed in boiling water for 4 h, followed by cooling in water at
20 ± 3 ◦C for at least 1 h. Ten samples (a total of 480 samples) were used for each variant both dry and
wet shear strength mechanical testing.

Bending strength (MOR) and modulus of elasticity (MOE) tests were carried out for plywood
panels manufactured according to EN 310 [38] standard. Twelve samples (a total of 288 samples) were
used for the evaluation of plywood MOR and MOE. MOR and MOE in bending were carried out in
parallel (‖) and perpendicular (⊥) directions, depending on the surface layer.

Dimensional stability in the form of thickness swelling (TS) and water absorption (WA) of the
samples were determined according to a water-soaking test based on EN 317 [39], using test pieces of
dimension 50 × 50 mm. They were immersed in distilled water for four different periods of 2, 24, 48
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and 72 h. After this time the test pieces were removed from the water, weighed, and the thickness was
measured. The samples were weighed to the nearest 0.001 g and measured to the nearest 0.01 mm
immediately. Six replicate samples were tested for each type of plywood panel. The per cent change
from the original thickness represents the TS, and the per cent weight change from the original weight
represents the WA.

2.4. Formaldehyde Release from Plywood

The formaldehyde release level was measured by means of the desiccator method according to
EN ISO 12460-4 [40] standard. The test principle is a determination of the quantity of formaldehyde
emitted from plywood samples absorbed in a specified volume of distilled water during 24 h in the
glass desiccator.

The test pieces were prepared from each type of plywood with dimensions (150 ± 1) mm ×
(50 ± 1) mm (length ×width) with a total of 1735 cm2 (10 pieces). They were then placed in a desiccator
with an enclosed volume of 11 litres with a glass crystallizing dish containing 300 mL of distilled
water (Figure 1). Samples were removed from the desiccator after 24 h and the obtained formaldehyde
solution was prepared for spectroscopic analysis. To determine the formaldehyde content, 25 mL of
tested water solution from the desiccator was mixed with 25 mL of acetylacetone-ammonium acetate
solution in a 100 mL flask. The stoppered flasks were then heated in a water bath at 65 ± 2 ◦C for
10 min and subsequently cooled to ambient temperature for 60 ± 5 min. The absorbance of samples
was measured on a UviLine SI 5000 spectrophotometer (SI Analytics, College Station, TX, USA) at
412 nm. The formaldehyde content was determined using the calibration curve that was prepared
from the standard formaldehyde solutions. The emission tests were carried out in duplicate.

 

Figure 1. Plywood samples in the glass desiccator.

2.5. Analysis of Variance

Analysis of variance (ANOVA) at a 0.05 significance level was carried out using IBM SPSS Statistics
software (IBM Corp., Armonk, NY, USA) to estimate the relative importance of the effects of the
study variables such as types of adhesive and veneer-drying temperature and their interactions on the
properties of plywood panels.
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3. Results and Discussion

3.1. Shear Strength of Plywood Samples

Average values of the bonding strength of plywood samples made of birch veneer, dried at high
temperatures are given in Table 3. Drying veneer at high temperatures in both steam and gas dryers
provides high values of bonding strength of the plywood samples, glued with UF and PF adhesives,
compared with control samples. The Duncan test with a 95% confidence level was used to compare
the mean values of variance sources and the results for statistical evaluation are presented in Table 3.
ANOVA analysis showed that the effect of type of adhesive used, the form of the drying agent and the
temperature of the veneer-drying on the bonding strength of plywood samples is statistically significant
(p ≤ 0.05). Bonding shear strength mean values obtained from the samples of all plywood panels
were also above the limit value (1.0 MPa) indicated in EN 314-2 [37] standard. The limit value in the
standard indicates the minimum standard requirement for bonding strength. Therefore, the plywood
panels tested in this study have met the standard requirement for the bonding strength.

Table 3. Shear strength of plywood panels.

Drying
Temperature (◦C)

Moisture
Content (%)

Shear Strength (MPa)

UF PF

Dry Test Wet Test Dry Test Wet Test

160 ◦C/SD (control) 6.6 2.27 (0.19) A 1.81 (0.17) A 2.97 (0.24) B 1.78 (0.19) B
185 ◦C/SD 5.5 3.09 (0.22) C 2.52 (0.12) B 3.23 (0.12) C 1.92 (0.16) B
180 ◦C/GD 6.2 3.02 (0.28) C 2.67 (0.12) C 2.57 (0.22) A 1.85 (0.10) B
240 ◦C/GD 4.7 3.08 (0.20) C 2.69 (0.18) C 2.60 (0.21) A 1.93 (0.23) B
280 ◦C/GD 4.8 2.75 (0.15) B 2.48 (0.21) B 2.56 (0.18) A 1.61 (0.11) A

Values in parentheses are standard deviations. Different letters denote a significant difference. The means followed
by the same letter do not statistically differ from each other (p ≤ 0.05).

The highest values of bonding strength (2.67 and 2.69 MPa) are observed in plywood samples glued
with UF adhesive using veneer dried at temperatures 180 ◦C/GD and 240 ◦C/GD. The difference between
the bonding strength values for these temperatures is insignificant, and therefore, in practical terms, it is
more economically advantageous to use a lower veneer-drying temperature of 180 ◦C/GD. In contrast,
the lowest value of bonding strength (2.48 MPa), not considering the control sample, was recorded
for UF plywood samples from veneer, dried at the highest used temperature of 280 ◦C/GD. For PF
plywood samples, the smallest value of bonding strength (1.61 MPa), as in the case of UF plywood
samples, was found for plywood samples from veneer dried at the highest applied temperature of
280 ◦C/GD. This result may be because: (1) excessive veneer drying may cause some drying defects,
especially surface cracks [41], which may lead to loss of strength; (2) the thermal processes have caused
poor wetting of the wood with adhesive [24,42], and the poor wettability is considered as an indicator
of poor bonding strength [43]; (3) at high temperatures during veneer drying extractives migrate to the
surface where they concentrate and physically block adhesive contact with wood [22]; (4) the surface
roughness increased with increasing veneer-drying temperature; a rough veneer can contribute to the
excessive penetration of the adhesive into the wood, increasing the actual (true) surface area while
reducing the proportion of the adhesive to that surface [44], as a consequence, there is insufficient
adhesive to adhere, resulting in a decrease of bonding quality [45].

Veneer-drying temperatures of 185 ◦C/SD, 180 ◦C/GD and 240 ◦C/GD showed the same effect
on the bonding strength; the strength values did not differ significantly. In addition, it can be noted
that for UF plywood samples, the bonding strength values for all the investigated temperatures are
higher than the value for the control sample. For PF plywood samples, the bonding strength values
for the investigated temperatures, except the temperature of 280 ◦C/GD, are slightly higher than the
bonding strength value for the control sample, but the difference between these values is not significant.
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That is, the veneer-drying temperature of 185 ◦C/SD, 180 ◦C/GD and 240 ◦C/GD did not affect the
bonding strength of PF plywood samples. In general, UF plywood samples showed higher values
of bonding strength than PF plywood samples. This can be explained by the fact that higher drying
temperatures (180–280 ◦C) initiate degradation of hemicelluloses and formation of acetic acid and
formic acid leading to lower pH of veneer surfaces [46–48], which can affect the curing of acid-catalysed
UF resin and results in improving the shear strength and dimensional stability of plywood samples [29].
Özşahin and Aydin [49] also found that bonding shear strength values of panels manufactured with
PF glue were lower than those of panels manufactured with UF glue. They explained this by different
pretreatments of plywood samples bonded with UF and PF glues.

Comparing the effect of the veneer-drying temperature on the bonding strength for one type of
dryer, it can be noted that the higher temperature 185 ◦C/SD in the steam dryer had a positive effect
on the bonding strength of UF and PF plywood samples compared with the lower temperature of
160 ◦C/SD in the same dryer. Among the temperatures of 180 ◦C/GD, 240 ◦C/GD and 280 ◦C/GD of
gas dryers, the best bonding strength values for UF and PF plywood samples were obtained at the
veneer-drying temperatures of 180 ◦C/GD and 240 ◦C/GD.

The results obtained by Theander et al. [50] showed that the drying temperatures (180 ◦C) and
degradation of hemicelluloses cause the production of sugar monomers, which play an important role
in the bonding quality and in increasing the bonding strength. Fengel and Wegener [51] stated that
lignin becomes softer above 160 ◦C. When lignin softens, it enters the micropores of the wood and
makes the woody tissue more homogeneous. This significantly reduces the tendency of wood to swell
during soaking and increases bonding strength.

Demirkir et al. [33] reported that the bonding strength values of plywood panels with PF resin
increased, as the veneer-drying temperature increased. Jamalirad et al. [30] also showed that the
mechanical properties of plywood with increasing drying temperature up to 180 ◦C for 2 h do not
negatively affect shear strength and MOR of plywood samples. Opposing results were obtained
in [23], which found that shear strength values of plywood panels decreased clearly with increasing
veneer-drying temperature.

3.2. Formaldehyde Emission of Plywood Samples

FE of plywood samples is expressed as the arithmetic average of the two tests and shown in
Figure 2. As can be seen from Figure 2 the values of FE of plywood samples made using veneer
dried at high temperatures were lower, except the temperature of 280 ◦C/GD for PF plywood samples,
than the value of FE for control sample. The lowest FE of 0.31 and 0.09 mg/L for the UF and PF
plywood samples, respectively, were observed in the samples from veneer dried in a steam dryer at
185 ◦C/SD. At this temperature, the values of FE are less than 2.2 times and 1.6 times, respectively,
for UF and PF plywood samples than those values in the control samples. As can be seen from Figure 2,
the veneer-drying temperatures of 180 ◦C/GD and 240 ◦C/GD in the gas dryer are more acceptable in
terms of reducing FE in plywood samples than the highest veneer-drying temperature of 280 ◦C/GD.
The drying temperature of 280 ◦C/GD can be considered unacceptable for veneer drying in terms of
the bonding strength and FE of plywood samples.

Similar results were obtained by Murata et al. [31] who showed that heating veneer sheets in the
temperature range of 150 ◦C to 170 ◦C effectively reduced the FE of plywood. Opposing results were
obtained by Aydin and Colakoglu [23] who found that FE values of plywood panels increased with
increasing veneer-drying temperature.

Hasegawa [8] showed that solid wood dried at high temperatures emits more formaldehyde
(HCHO) than that dried at low temperatures. The border of drying temperature, which significantly
increases the HCHO emission rate, is dependent on the wood species and its components, e.g., lignin [52,
53].

It has been reported in the literature that the amount of organic compounds emitted during thermal
drying increases with increasing temperature. The main mechanisms of emission during drying of
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wood are direct evaporation, steam distillation and thermal degradation. In thermal degradation,
high molecular weight organic compounds are cleaved into low molecular weight organic compounds
with increasing temperature [51,54].

Figure 2. Formaldehyde emission of plywood panels.

3.3. Bending Strength and Modulus of Elasticity of Plywood Samples

The average values of the MOR and MOE of plywood samples made of birch veneer, dried at high
temperatures are shown in Table 4. ANOVA analysis showed that the type of adhesive used, the type
of drying agent and the veneer-drying temperature significantly (p ≤ 0.05) affect the MOR and MOE of
plywood samples.

Mean values obtained for MOR and MOE of plywood panels were higher than the limit values for
structural purpose solid wood panels (35 MPa for MOR (‖) and 5 MPa for MOR (⊥), 8500 MPa for MOE
(‖) and 470 MPa for MOE (⊥)) indicated in EN 13,353 [55] for panels having thickness up to 20 mm.

The MOR and MOE values of UF/PF plywood samples from veneer dried at elevated temperatures
were (Table 4):

- along the fibres, between 118.1 and 139.7 MPa/131.0–172.8 MPa and 9301.5–10988.3 MPa/
9930.4–13924.5 MPa, respectively;

- across the fibres, between 24.2 and 27.8 MPa/25.5–31.2 MPa and 981.9–1351.6 MPa/
1197.3–1560.7 MPa, respectively.

Veneer-drying temperatures of 185 ◦C/SD, 180 ◦C/GD and 240 ◦C/GD had a negative effect on the
MOR and MOE along and across the fibres for both UF and PF plywood samples. In addition, the
values of the MOR and MOE of PF plywood samples are higher than the similar values for UF plywood
samples. UF plywood samples made from veneer dried at temperatures of 185 ◦C/SD and 180 ◦C/GD
have lower values of MOR along and across the fibres than the reference samples. In contrast, UF
plywood samples from veneer dried in a gas dryer at temperatures of 240 ◦C/GD and 280 ◦C/GD have
higher values of MOR along the fibres than control samples. The highest values of MOR along and
across the fibres (139.7 and 27.8 MPa, respectively) are observed in UF samples made from veneer
dried at the highest drying temperature of 280 ◦C/GD. PF plywood samples made from veneer dried at
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temperatures of 185 ◦C/SD, 180 ◦C/GD and 240 ◦C/GD have lower values of MOR along and across the
fibres than the reference samples. As in the case of UF samples, the highest value of MOR along and
across the fibres are observed in PF samples made from veneer dried at temperature of 280 ◦C/GD.

Table 4. Duncan’s test results for selected mechanical properties of plywood panels.

Drying
Temperature

(◦C)

Bending Strength (MPa) Modulus of Elasticity (MPa)

UF PF UF PF

MOR
(‖)

MOR
(⊥)

MOR
(‖)

MOR
(⊥)

MOE
(‖)

MOE
(⊥)

MOE
(‖)

MOE
(⊥)

160 ◦C/SD
(control)

130.5
(7.1) B

26.2
(2.6)
AB

161.0
(9.9) C

31.1
(5.1) C

11,275.5
(905.9) B

1229.6
(92.3) C

14,888.3
(976.9) E

1363.6
(135.6) B

185 ◦C/SD 118.1
(8.4) A

25.1
(1.8) A

145.8
(11.3) B

29.6
(2.7) BC

9301.5
(898.2) A

1135.3
(64.2) B

11,625.3
(471.3) B

1277.5
(69.6) AB

180 ◦C/GD 126.3
(4.9) B

24.2
(1.4) A

146.6
(9.9) B

27.0
(3.2) AB

10,852.7
(786.5) B

981.9
(22.0) A

12,686.1
(858.0) C

1232.8
(117.2) A

240 ◦C/GD 133.6
(10.4) BC

25.5
(2.3) A

131.0
(6.6) A

25.5
(2.3) A

9738.2
(901.5) A

1111.4
(107.6) B

9930.4
(620.3) A

1197.3
(118.1) A

280 ◦C/GD 139.7
(7.6) C

27.8
(3.0) B

172.8
(11.4) D

31.2
(4.5) C

10,988.3
(743.4) B

1351.6
(99.8) D

13,924.5
(1015.4)

D

1560.7
(111.1) C

Values in parentheses are standard deviations. Different letters denote a significant difference. The means followed
by the same letter do not statistically differ from each other (p ≤ 0.05).

High veneer-drying temperatures adversely affected the MOE of plywood samples. The values of
the MOE for UF and PF plywood samples, with the exception of MOE (⊥) at 280 ◦C/GD, are lower
than the values of the MOE for control samples. In [23] no clear difference was found for MOR of
plywood panels manufactured from veneers dried at elevated temperatures. Kol and Seker [34] found
that heat treatment had an enhancement effect on MOE and adverse effect on MOR of LVL panels.
Nazerian et al. [27] showed that the MOR and MOE of the LVL manufactured from heat-treated poplar
veneers decreased with increasing temperature of treatment. Higher weight decrease was obtained
from the LVL with veneers treated at 180 ◦C for 5 h. The optimum drying temperature values were
obtained (between 160 and 165 ◦C) in Scots pine plywood and (between 190 and 196 ◦C) in alder
plywood, for best shear strength, MOR and MOE values [56].

3.4. Water Absorption and Thickness Swelling of Plywood Samples

Statistical analysis using ANOVA showed that the type of adhesive, the type of drying agent
and the veneer-drying temperature significantly (p ≤ 0.05) affected the WA and TS of the plywood
samples. The values of TS for the UF plywood samples made from veneer, dried at high temperatures
in the steam and gas dryers are less than the TS values of the control samples (Figure 3). The least
TS is demonstrated by UF and PF plywood samples from the veneer dried at 240 ◦C/GD, while the
smallest WA is demonstrated by the UF and PF samples from the veneer dried at 240 ◦C/GD and
280 ◦C/GD, respectively. With regard to the influence of high temperatures on WA of plywood samples,
the picture here is not so straightforward. The WA is greater at drying temperatures of 185 ◦C/SD and
180 ◦C/GD, and at drying temperatures of 240 ◦C/GD and 280 ◦C/GD the WA is less than the WA of the
control samples.

Drying of veneer at high temperatures reduces the WA and TS of PF plywood samples (Figure 4).
The TS values for all PF plywood samples are smaller than for the control samples. The WA values
are also smaller for all investigated temperatures, except for a temperature of 185 ◦C/SD, than for the
control samples. The smallest values of WA and TS for PF plywood samples are observed at 280 ◦C/GD
and 240 ◦C/GD, respectively.
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Figure 3. Water absorption and thickness swelling of urea–formaldehyde (UF) plywood samples.

It is known that heat treatment causes a decrease in affinity of the treated material to water. One
of the indicators that characterize the affinity of wood to water is the contact angle. Measurements
of the contact angle in previous work showed that the contact angle increases on thermally treated
veneers, plywood and OSB panels [57–59] with the increase in temperature and duration of treatment,
indicating a decrease in the affinity of the treated material to water.

Kol and Seker [34] found that heat treatment had an enhancement effect on TS of LVL panel.
Nazerian et al. [27] showed that increase of the temperature and treatment time resulted in better
dimensional stability for the LVLs manufactured from heat-treated poplar veneers. Jamalirad et al. [29]
showed that WA and TS of plywood samples were improved with increasing drying temperature up
to 180 ◦C for 2 h.

It is obvious that with the increase in amount of the heat-treated veneer sheets in a plywood
packet the MC decreases. A decrease in MC is expected because the amount of free hydroxyl groups is
reduced during heat treatment and the possibility of moisture absorption from the environment is
reduced. The equilibrium moisture content (EMC) of the plywood panels decreased with increasing
veneer-drying temperature [23]. Several authors [23,46] showed that the EMC values of alder, beech
and spruce plywood panels decreased significantly with high-temperature veneer drying.

The improvement in the dimensional stability of the plywood samples from veneer dried at high
temperatures is mainly due to the decrease in hygroscopicity due to the chemical changes at high
temperatures. Theoretically, existing OH groups in hemicelluloses have the most significant effect on
the physical properties of wood. High temperature reduces the EMC of wood [60], the veneer and, as a
consequence, TS of plywood panels made from veneer [27]. Zhang et al. [61] showed that changing
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the character of wood from hydrophilic to more hydrophobic by extracting hemicellulose can also
potentially improve the dimensional stability of wood and wood composites.

 

Figure 4. Water absorption and thickness swelling of phenol–formaldehyde (PF) plywood samples.

4. Conclusions

In this study, the birch veneer dried at elevated temperatures was successfully used for the
bonding of plywood. The results of this study confirmed our assumption that veneer drying at elevated
temperatures reduces the FE of plywood. The lowest FE for the UF and PF plywood samples were
observed in the samples from veneer dried in a steam dryer at 185 ◦C/SD. It was also concluded from
the study that the effect of veneer-drying temperatures on the bonding strength and physical and
mechanical properties of plywood panels was significant. Veneer-drying temperatures of 185 ◦C/SD,
180 ◦C/GD and 240 ◦C/GD had a negative effect on the MOR and MOE along and across the fibres
for both UF and PF plywood samples. The highest values of MOR along and across the fibres are
observed in UF and PF plywood samples made from veneer dried at the highest drying temperature of
280 ◦C/GD. Bonding strength means values obtained from all test panels were above the required value
(1.0 MPa) according to EN 314-2 standard. The effect of veneer drying at elevated temperatures on the
dimensional stability of plywood samples was not as evident as in the case of bonding strength and
mechanical properties of samples. The dimensional stability of the PF plywood samples was better
than the dimensional stability of the UF samples.

Based on the findings of this study, an optimum veneer-drying temperature of 185 ◦C/SD could be
recommended in industrial application for maintaining a balance between the formaldehyde emissions
and bonding strength of the UF- and PF-bonded plywood panels.
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49. Özşahin, Ş.; Aydin, İ. Prediction of the optimum veneer drying temperature for good bonding in plywood
manufacturing by means of artificial neural network. Wood Sci. Technol. 2014, 48, 59–70. [CrossRef]

50. Theander, O.; Bjurman, J.; Boutelje, J.B. Increase in the content of low-molecular carbohydrates at
lumber surfaces during drying and correlations with nitrogen content, yellowing and mould growth.
Wood Sci. Technol. 1993, 27, 381–389. [CrossRef]

51. Fengel, D.; Wegener, G. Wood: Chemistry, Ultrastructure, Reactions; Walter de Gruyter Prees: Berlin,
Germany, 1989.

52. Salthammer, T.; Boehme, C.; Meyer, B.; Siwinski, N. Release of primary compounds and reaction products
from oriented strand board (OSB). In Proceedings of the Healthy Buildings Conference, Singapore, 7–11
December 2003; pp. 160–165.

53. Tudor, E.M.; Barbu, M.C.; Petutschnigg, A.; Réh, R.; Krišt’ák, L’. Analysis of Larch-Bark Capacity for
Formaldehyde Removal in Wood Adhesives. Int. J. Environ. Res. Public Health 2020, 17, 764. [CrossRef]
[PubMed]

54. Spets, J.P.; Ahtila, P. Reduction of organic emissions by using a multistage drying system for wood-based
biomasses. Dry. Technol. 2004, 22, 541–561. [CrossRef]

55. EN 13353. Solid Wood Panels (SWP)–Requirements; European Committee for Standardization: Brussels,
Belgium, 2008.
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Abstract: Because of the uneven colour of black locust wood, different technologies are used to
change the colour, the bestknown being chemical and thermal treatments. Some of them affect the
mechanical properties of wood, such as elasticity modulus, strength, durability. This study aims to
compare the physical and mechanical properties of black locust wood control samples and treated
wood samples with ammonia hydroxide, in terms of density profile, colour values (CIE L*, a*, b*),
mechanical properties of samples subjected to static bending, viscous-elastic properties (storage
modulus (E’), loss modulus (E”) and damping (tanδ)). Two types of ammonia-fuming treatment were
applied on samples: first treatment T1-5% concentration of ammonia hydroxide for 30 days; second
treatment T2-10% concentration for 60 days. The results highlighted the following aspects: the overall
colour change in the case of the second treatment is 27% in comparison with 7% recorded for the
control samples; the lightness and yellowness values are the most affected by the second ammonia
treatment of black locust wood. The density increased with almost 20% due to ammonium fuming
(10% concentration/60 days); in case of static bending, the elastic modulus (MOE) tends to decrease
with increasing the exposure time to ammonium, but the modulus of rupture (MOR) increases with
almost 17% and the breaking force increases too, with almost 41%. In the case of dynamic mechanical
analysis, the temperature leads to different viscous-elastic behaviour of each type of samples.

Keywords: black locust wood; ammonia treated wood; colour change; dynamic mechanical analysis

1. Introduction

The physical and mechanical properties of wood are very important for its use. The black locust
wood (Latin name Robinia pseudoacacia) has different applications, like fence posts, boatbuilding,
flooring, furniture, mine timbers, railroad ties, turned objects, fingerboards and back plate of guitars,
some parts of musical instruments, veneer, wooden garden benches, pergolas etc. [1]. Due to the
anatomical and chemical structure, the black locust wood is characterized by high natural durability, a
fact for which it is used mainly for outdoor products. For the product diversification, harmonizing the
colour of the wood with the architecture of the space and increasing the resistance to environmental
factors, the colour of the black locust wood is modified by various treatments, but the most significant are
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chemical treatments. Chemical and thermal modifications can lead to improved wood characteristics,
such as its durability, but also to the elastic properties modification, either by reducing or improving
the mechanical strength. The surface modification of wood by different technologies improves the
UV stability and change the surface energy of wood [2]. According to the macro and microscopic
structure, natural wood is a composite material consisting of fibers and the matrix(lignin) [3–5]. In
this context, Weigl et al. reported the influence of ammonia treatment on different wood species
related to the modification of their physical properties [6]. They also noticed that one of the effect
of ammonia treatment is the increase of wood affinity to water, but also the color modification and
stabilization are enhanced [6]. The most receptive to ammonia-fumed coloring is black locust wood.
In [7,8], the authors reported that the colour of ammonia-fumed oak is more resistant than the heat
treated oak after UV exposure. Also, in [8] the authors studied the influence of wood species, time
of exposure to ammonia gas on colour change of wood, using Fourier Transform Infrared (FTIR)
spectroscopic analysis. The most significant chemical modification is related to the reaction of ammonia
with carboxylate groups from wood with formation of ammonium salt, the reaction with aldehyde and
ketonic groups resulting imines and the reaction with ester functional groups leading to formation of
amides [9]. In [10], the authors studied the density profile and thermal properties of untreated beech
wood and treated with ammonia and compressed beech wood. Many researchers investigated the effect
of ammonia treatment on oak wood, both from colour modification and mechanical properties points
of view [6,7,9,10]. The uneven colour of the natural black locust wood is an aesthetic disadvantage of
this species and therefore, the steaming of the black locust wood and fuming with ammonia gas for the
uniformity of the colour, is a widespread practice in some countries. In [11,12], the authors reported
the significant effect of black locust wood treated with ammonia on shear strength in case of different
glues, in comparison with untreated wood. Kačík et al. [12] evaluated the modification of chemical
components of black locust wood after hot-water pretreatment, highlighting that the most affected by
the treatment are lignin, hemicelluloses and holocelluloses [12].

Even if there are numerous studies on the colour changes of wood exposed to ammonia gas, there is
some lack of information about the correlation between viscous-elastic properties of black locust wood,
density profile and colour modification parameters. The chemical reactions have led to mechanical
properties modification. The aim of the study is to analyze the physical and mechanical properties
of black locust wood, both untreated and treated specimens, with solution of ammonium hydroxide,
knowing that the darker wood colour in ammonia fuming is accomplished through chemical reactions
between ammonia gas and wood compounds, which can affect the properties of black locust wood.

2. Materials and Methods

2.1. Materials

Three kinds of samples were tested: control samples-without treatment, cut in radial–longitudinal
direction (SRT0) and cut in semi-radial–longitudinal direction (SSRT0); samples submitted to treatment
T1 (surface treatment), cut in radial–longitudinal direction (SRT1) and cut in semi-radial–longitudinal
direction (SSRT1); samples submitted to treatment T2 (in-depth treatment), cut in radial–longitudinal
direction (SRT2) and cut in semi-radial–longitudinal direction (SSRT2).24 samples of black locust wood
were investigated, four from each type. The treatment of wood samples consisted in the exposure of
wood to fumes of ammonium hydroxide (T1-5% concentration and 30 days; T2-10% concentration and
60 days). Ammonium hydroxide reacts with the wood tannins. After the treatment, the samples were
dried in an oven chamber to obtain the moisture content range between 7% and 8%, specific for some
parts of musical instruments construction. The physical and geometric characteristics of the wood
samples are indicated in Table 1. The wood specimens with sizes 50 × 10 × 5 mm3 were subjected
to bending, the 6 N force being applied in the middle of the distance between supports (40 mm). In
Figure 1, the specimens tested for dynamic mechanical analysis (DMA) and colour change assessment
are presented.
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Table 1. Physical characteristics of wood samples prepared for dynamic mechanical analysis (DMA) test.

Wood Sample Codes
Dimensions Mass

Apparent
Density

Average
Density

Standard
Deviation

Width
b (mm)

Length
L (mm)

Thickness
h (mm)

m (g) ρ (g/cm3)
ρav

(g/cm3)
STDV

SRT0
MC = 7%

SRT01. 10.6 50 4.88 1.58 0.611

0.640 0.026
SRT02. 10.5 50 4.9 1.63 0.634
SRT03. 10.56 49.95 4.92 1.73 0.667
SRT04. 10.56 49.98 4.88 1.67 0.648

SSRT0
MC = 7%

SSRT01. 10.64 50.04 4.88 1.93 0.743

0.716 0.031
SSRT02. 10.64 50.05 4.86 1.92 0.742
SSRT03. 10.6 50.03 4.86 1.79 0.695
SSRT04. 10.6 50.01 4.88 1.77 0.684

SRT1
MC =
7.5%

SRT11. 10.35 49.9 4.97 1.94 0.756

0.735 0.021
SRT12. 10.59 50 5.02 1.88 0.707
SRT13. 10.45 50.01 5.09 1.94 0.729
SRT14. 10.45 49.98 4.94 1.93 0.748

SSRT1
MC = 8%

SSRT11. 10.49 49.96 4.92 1.63 0.632

0.704 0.085
SSRT12. 10.45 49.97 4.86 1.61 0.634
SSRT13. 10.46 49.97 4.91 2.06 0.803
SSRT14. 10.48 49.97 4.94 1.94 0.750

SRT2
MC = 8%

SRT21. 10.49 49.93 4.85 1.87 0.736

0.794 0.039
SRT22. 10.47 50.04 4.88 2.07 0.810
SRT23. 10.58 50 4.85 2.10 0.819
SRT24. 10.57 49.93 4.76 2.04 0.812

SSRT2
MC = 8%

SSRT21. 10.56 50 4.94 2.18 0.836

0.803 0.031
SSRT22. 10.55 50 4.96 2.08 0.795
SSRT23. 10.52 50.01 4.92 2.11 0.815
SSRT24. 10.52 49.99 4.98 2.00 0.764

ρ ρ

 
(a) 

 
(b) 

 
(c) 

Figure 1. The wood samples: (a) Control sample (without treatment); (b)T1-samples subjected to 1st

treatment (5% ammonium hydroxide); (c) T2-samples subjected to 2nd treatment (10% ammonium
hydroxide).

2.2. Methods

The experimental investigations consisted of density profile analysis (DPA) on samples subjected
to the same treatment as the other ones subjected to colour measurement (CM), a static three-point
bending testand dynamic mechanical analysis (DMA). Finally, from the samples subjected to DMA,
there were prepared some specimens which were covered with thin gold particles for scanning
electron microscopy.

2.2.1. Density Profile Analysis (DPA)

The density profile of black locust samples on transversal direction and radial longitudinal
direction was determined using an X-ray Density Profile Analyzer DPX300. The samples with the
dimensions 50 × 50 × 30 mm3 were automatically weighed and tested by the equipment devices. Then,
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each specimen was introduced in the X-ray device train where the equipment measured the density
profile using the X-ray flux. Figure 2 presents the steps followed during the DPA.

 
(a) 

 
(b) 

Figure 2. X-ray Density Profile Analyzer DPX300: (a)weighting the samples; (b)the samples in the
X–ray device train.

2.2.2. Colour Measurement (CM)

In order to find out the colour variation of black locust wood affected by chemical treatment with
ammonium hydroxide, the chroma meter CR-400 Konica Minolta was used. Measuring results were
colour values using the L*a*b* colour system, where L* describes the lightness, and a* and b* describe
the chromatic coordinates on the green–red and blue–yellow axes. The overall colour change ΔE* was
calculated with relations (1)–(3) [7]:

ΔE∗T0−T1 =

√(
L∗0 − L∗1

)2
+
(
a∗0 − a∗1

)2
+
(
b∗0 − b∗1

)2
, (1)

ΔE∗T1−T2 =

√(
L∗1 − L∗2

)2
+
(
a∗1 − a∗2

)2
+
(
b∗1 − b∗2

)2
, (2)

ΔE∗T0−T2 =

√(
L∗0 − L∗2

)2
+
(
a∗0 − a∗2

)2
+
(
b∗0 − b∗2

)2
. (3)

where ΔE∗T0−T1 represents the overall colour change between samples subjected to treatment T1 and
untreated samples (T0); ΔE∗T1−T2–the overall colour change between samples subjected to treatment T2
and samples subjected to treatment T1; ΔE∗T0−T2–the overall colour change between samples subjected
to treatment T2 and untreated samples (T0); L∗0, a∗0, b∗0–colour system in terms of lightness, greenness
and yellowness of control (untreated) samples; L∗1, a∗1, b∗1–lightness, greenness and yellowness of
treated samples subjected to the first treatment (5% ammonia);L∗2, a∗2, b∗2–lightness, greenness and
yellowness of treated samples subjected to the second treatment (10% ammonia).

2.2.3. Bending Tests

(1). Static Three-Points Bending Test

The first step was the three-points bending test performed on three types of samples, ten samples
for each type, by using the universal machine LS100 Lloyd’s Instrument with the load capacity of 100
kN. The aim of this test was to determine the breaking force, elasticity modulus of bending (MOE)and
modulus of rupture (MOR) of black locust wood samples for untreated, T1-treated and T2-treated
specimens with similar dimensions (length ×width × thickness: 150 mm × 10 mm × 6.5 mm) like those
of the samples subjected to DMA. The moisture content of wood (MC) was 6–8%, the environmental
temperature T = 22 ± 1 ◦C and the relative humidity of air RH = 50% ± 5%. In Figure 3a, the principles
of the three-point bending test can be observed and in Figure 3b, the breaking of black locust wood
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sample during the bending test. The speed of loading was set at 5 mm/min and the span between
supports was 64 mm.

 
(a) 

 
(b) 

Figure 3. Three-point bending test: (a) the principle of loading; (b)the breaking of samples.

(2). Dynamic Mechanical Analysis (DMA)

The method of dynamic mechanical analysis (DMA) consists in applying an oscillating force at
different frequencies (f = 1, 3.3, 5, 10, 50 Hz) in two cases. Firstly, isothermal conditions were used
(temperature was kept constant at 30 ◦C during the test). Each sample was subjected to five DMA
procedures with different load frequencies. The second analysis consists in the variation of temperature
between 30 and 120 ◦C for 45 min, being repeated for different loading frequencies at the same values
as in the first tests. The device returns the response of the material as a function of temperature and
frequency that depends on the viscous-elastic nature of the material. The storage modulus (E’), the
loss modulus (E”) and the complex modulus (E*) are calculated from the material response to the sine
wave. The ratio of the loss modulus and the storage modulus is called damping, denoted by tanδ,
which represents the capacity of the material to store strain energy. This type of analysis predicts the
flow behavior of wood in different environmental conditions. In Figure 4, the principles of samples
loading and the main components of the equipment are shown. Figure 4a presents the direction of
wood grain related to loading: the force is applied perpendicularly to the longitudinal axis (denoted
L or x) producing a radial or semiradial bending moment (denoted by MR and MSR). In Figure 4b,
the principles of the three-point bending test are shown and in Figure 4c, the main parts of the DMA
equipment and the position of the wood sample within the device.

2.2.4. Scanning Electron Microscope Hitachi S3400N

The microscopic views of black locust wood were captured with a Hitachi S3400N scanning
electron microscope (SEM). Before SEM analysis, the small pieces of wood samples were coated with a
thin layer of gold (Au), which is a conducting material, as can be seen in Figure 5. The SEM tests were
performed in semi-vacuum conditions.
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(a) 

 
(b) 

 
(c) 

Figure 4. The DMA experimental set-up: (a) the types of wood samples (L –longitudinal direction, along
wood grain; R–radial direction; T–tangential direction; SR—semi-radial direction; ST–semi-tangential
direction); (b) the sample position on the equipment supports; (c) the main parts of DMA 242C Netzsch
equipment: 1–specimen, 2–force application device, 3–specimen fixing/support devices, 4–electronic
system for cyclic force application.

 

T2 T0 T1 

Figure 5. The gold-coated samples prepared for scanning electron microscope (SEM).

3. Results

3.1. X-ray Density Profile Analyzer DPX300

Density is correlated with the physical characteristics of the wood species and with their mechanical
properties. Figure 6 presents the density profile of black locust samples in longitudinal–radial direction
(Figure 6a) and in transversal direction (radial–tangential plane) (Figure 6b). The average values of
density determined at 8%–10% moisture content, ranged between 700 and 780 kg/m3, values that are
similar to those reported in literature [13–15]. It is known that black locust wood is characterized
by a complex and uneven structure, with clearly visible annual rings. Since black locust wood is a
deciduous ring porous species with wide early wood vessels, heavily clogged by tyloses [16], the
density profile varies on the annual ring width depending on the areas with early and late wood, as
can be seen in Figure 6b. There is a slight increase in density of ammonia-treated black locust wood
in comparison with untreated black locust wood, but the values do not exceed the average values
recorded in the literature for black locust wood. Density determined by using the X-ray method is
almost 7% higher than the calculated one (from specific gravity relation as ratio between mass and
volume of samples), as can be seen in Figure 7.

98



Polymers 2020, 12, 377

 
(a) 

 
(b) 

Figure 6. Variation of density profile of black locust wood samples: (a) longitudinal radial direction;
(b) transversal direction of wood.

Figure 7. Comparison of conventional density (calculated) and density determined with
X-ray equipment.

3.2. Colour Measurement

Figure 8a shows the influence of ammonia treatment on black locust wood from lightness L*,
chroma from green to red (a*) (Figure 8b) and chroma from a blue to yellow (b*) point of view (Figure 8c).
The major colour changes were recorded in case of lightness: after the first treatment, the lightness
decreased with 10% and after the second treatment, the differences were about 37% in comparison with
the control samples. The overall colour change ΔE∗T0−T2 of the samples after the second treatmentwas
around 27.073 units, as compared to the overall colour change ΔE∗T0−T1 obtained after the first treatment,
whose value was 7.108 units. The overall colour change value ΔE∗T1−T2 obtained after the second
treatment in relation to the first ammonia exposure was 20.379 units, which means that the period of
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exposure to ammonia (60 days) and the concentration of ammonia (10%) have the greatest influence on
the colour change.

 
(a) 

 
(b) 

 
(c) 

Figure 8. The colour measurement: (a)the lightness; (b) the scale greenness a*; (c) the scale yellowness b*.

3.3. Bending Test

3.3.1. Static Three-Point Bending Test

The static three-point bending test has revealed that the MOE decreases with almost 11% in
case of treated samples, as compared to control samples, but the breaking force increases with 21%
(for samples T1) and with 41% for the second treatment. Also, MOR increases for ammonia treated
samples with 15%–17% in comparison with control samples. Figure 9 shows the characteristic curves
for each type of tested samples. In Table 2, the average values and standard deviation of the main
mechanical properties of control and treated samples are presented. The similar percentile changes
were obtained by Weigl et al. [6], Čermák and Dejmal [10], who considered the reduction of mechanical
properties values not significant. On the other hand, Rousek et al. [17] studied the possibilities of
mechanical properties improvement in case of beech wood modification with ammonia gas, reporting
a tendency to increase the mechanical properties of beech wood treated with ammonia, especially the
MOR to compression.
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(b) 

 σ

ε

Figure 9. The characteristic curves to static three-point bending test (a) load versus deflection variation;
(b) stress versus flexural strain variation.

Table 2. Mechanical properties obtained from the static flexural test, due to the presence of ammonia in
the black locust wood samples.

Average Values (10 Samples
for Each Type)

Samples

T0 STDEV T1 STDEV T2 STDEV

MOE of Bending (MPa) 7190 236.44 6469 214.38 6338 268.53
Differences MOE (%) 0 −10.03 −11.85

Break Force F (N) 679.19 84.64 860.93 103.80 963.50 110.74
Differences F (%) 0 +26.75 +41.86

MOR of Bending (MPa) 156.51 24.63 180.51 25.14 183.41 28.53
Differences MOR (%) 0 +15.33 +17.18

Maximum Deflection (mm) 7.01 0.512 7.00 0.653 6.05 0.721

3.3.2. Dynamic Mechanical Analysis (DMA)

The experimental investigations have resulted in numerous data about the viscous-elastic behavior
of different tested species. Thus, the first analysis consists in applying the load at different frequencies
(1, 3.33, 5, 10, 50 Hz) at constant temperature (T = 30 ◦C),being determined the storage modulus values
E’, loss modulus values E” and the damping tanδ. During the cyclic loading, wood tends to store
increasingly more energy due to internal friction occurring in wood, as shown in Figure 10, but the
damping capacity of wood decreases over time, regardless of species. Generally, the ability of wood
samples to store energy increases with increasing the time of loading. This trend is similar with the
strain hardening of steel, which is the process of making a metal harder and stronger through plastic
deformation. The second analysis consists of temperature scanningat different frequencies.
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(a) (b) 

(c) 

Figure 10. Variation of storage modulus E’ with loading frequencies: (a) control sample; (b) sample T1
(first treatment); (c) sample T2 (second treatment).

(1) Isothermal Conditions (T = 30 ◦C)

It can be seen that the elastic (storage) modulus E’ tends to increase by 6%–7%, thus increasing the
time of loading. By increasing the frequencies (from 1 to 50 Hz), the storage modulus increases by
almost 2.4% (Figure 10). The treatment of the dried black locust samples with ammonia leads to the
increase of the storage modulus: after the first treatment, the increase is 4.8%–5% and after the second
treatment, the increase is 50%, as compared to the control samples (Figure 10a–c). This phenomenon is
explained by the effect of ammonia evaporation that leads to the increase of wood stiffness [16,17]. It is
worth to mention that the black locust wood samples treated with ammonia were conditioned and
dried to 6%–8% moisture content. Thus, the plasticization effect of ammonia vapor was eliminated.
An improvement of mechanical properties of ammonia treated samples in case of beech wood was
reported by [18] who noticed the differences between the treatment with ammonia gas (dry wood) and
ammonia with water (wet wood).

The values of storage modulus ranged between 8800 MPa for untreated samples, 9400 MPa for
the first treatment of black locust samples and 14,000 MPa for the second treatment (Figure 11). Similar
values are reported by other authors [16,19–21]. The ratio between loss modulus and storage modulus
represents damping (tanδ), which is a sensitive indicator of the mechanical or thermal conditions
during the mechanical energy input dispersed as heat by internal friction caused by chain motion. The
damping tends to decrease by increasing the loading time at a constant temperature of 30 ◦C. Because
wood is a natural polymer and has a stratified structure of early and late wood, damping occurs
gradually, in stages. The energy dissipates progressively, the cellular voids leading to the damping of
the internal wood friction. This phenomenon is observed in form of variation curves of damping in
Figure 12. In case of the samples T2 (Figure 12c) it can be noticed that the slope of the curve shows a
decreasing linear variation over time, which can be influenced by chemical modification of wood by
formation of different chemical groups.
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Figure 11. Comparison between dynamic properties of testes samples: (a) storage modulus E’; (b) loss
modulus E”.
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(c) 
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Figure 12. Variation of damping tanδ with loading frequencies: (a) control sample; (b) sample T1 (first
treatment); (c) sample T2 (second treatment).

(2) Temperature Scanning

Temperature affects the stiffness and resilience of wood characterized by thermoset behaviour.
In the case of the control samples, the storage modulus increases slightly up to 75–80 ◦C, then the
recording of a decreased trend (Figure 13, a—red lines) is noticed; in the case of treated samples
(T1—blue lines and T2—black lines), the storage modulus has the trend to remain constant between
30–65 ◦C, after that, a trend to increase between 65 and 100 ◦C can be seen (Figure 13).
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Figure 13. Variation of storage modulus E’ versus temperature: (a) samples cut in radial–longitudinal
direction; (b) samples cut in semi-radial–longitudinal direction. Legend: red line—untreated samples;
blue line—samples exposed to first ammonia treatment; black line—samples exposed to the second
ammonia treatment; solid line (50 Hz); long dash dot dot line (10 Hz); dash dot line (5 Hz); square dot
line (3.3 Hz); round dot line (1 Hz).

The cross-section of wood and the relative position of loading with respect to grains (radial and
semi-radial) influence the mechanical response of samples: for untreated samples and samples T1, the
trend is similar with that of the samples cut in radial direction, but the samples T2have shown the
tendency of decreasing the storage modulus (E’) starting with the temperature of 50 ◦C. The overshoot
(peak) recorded for both treated samples, at the loading frequency of 50 Hz, is caused by molecular
rearrangements that occur due to the increased free volume at the transition [22]. With increasing the
temperature, the loss modulus E’ increases too for all types of samples; at temperatures higher than
100 ◦C, the values are double (Figure 14). An interesting behaviour regarding the variation of the loss
modulus with temperature is recorded by semi-radial ammonia treated samples using the second
treatment T2, which tends to decrease starting with 48 ◦C (Figure 14b). The viscous-elastic behavior is
influenced by temperatures higher than 48 ◦C, also revealed in damping variation (Figure 15).
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Figure 14. Variation of loss modulus E” with temperature: (a) samples cut in radial–longitudinal
direction; (b)samples cut in semi-radial–longitudinal direction. Legend: red line—untreated samples;
blue line—samples exposed to first ammonia treatment; black line - samples exposed to the second
ammonia treatment; solid line (50 Hz); long dash dot dot line (10 Hz); dash dot line (5 Hz); square dot
line (3.3 Hz); round dot line (1 Hz).
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Figure 15. tanδ with temperature: (a) control sample—radial cross-section; (b) control
sample—semi-radial cross-section; (c) sample T1 (first treatment)—radial cross-section; (d)—sample T1
(first treatment)—semi-radial cross; (e) sample T2 (second treatment)—radial cross-section; (f) sample
T2 (second treatment)—semi-radial cross-section; solid line (50 Hz); long dash dot dot line (10 Hz);
dash dot line (5 Hz); square dot line (3.3 Hz); round dot line (1 Hz).

3.4. Scanning Electron Microscope Hitachi S3400N

In Figures 16 and 17, the SEM capture of untreated and ammonia treated black locust wood
samples is presented. At microscopic level, no differences between the three types of samples can be
observed. The control samples cross-section shows thatthe wide early wood vessels (150–220 μm) are
arranged in a 2–3 vessels-thick ring and are heavily clogged by tyloses. Latewood vessels have smaller
diameters (70–140 μm). The longitudinal and the ray parenchyma often contain crystalline deposits.
Molnar et al. and Nemeth et al. presented numerous studies on microstructure of black locust wood,
highlighting the microscopic characteristics [20,21].
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Figure 16. SEM view on cross-section of wood: (a) control sample magnification ×60 SE; (b) control
sample magnification ×400 SE; (c) sample T1 (first treatment) magnification ×70 SE; (d) sample T1 (first
treatment) magnification ×160 SE; (e) sample T2 (second treatment) magnification ×65 SE; (f) sample
T2 (second treatment) magnification ×180 SE.
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Figure 17. SEM view in longitudinal–radial section of wood: (a) control sample magnification ×80
SE; (b) control sample magnification ×420 SE; (c) sample T1 (first treatment) magnification ×60 SE;
(d) sample T1 (first treatment) magnification ×190 SE; (e) sample T2 (second treatment) magnification
×150 SE; (f) sample T2 (second treatment) magnification ×350 SE.

4. Conclusions

The paper presents the experimental results of numerous studies on black locust wood samples,
uncoloured and coloured, as a result of exposure to ammonium hydroxide.

• The overall colour change in the case ofthe second treatment is 27% in comparison with 7%
recorded for the control samples. The lightness and yellowness are the most affected colour values
after the second treatment of black locust wood with ammonia hydroxide (the lightness decreased
with almost 40% after ammonia treatment and the yellowness—with 50%).

• The density increased with almost 20% due to ammonium fuming (10% concentration/60 days).
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• At the static three-point bending, MOE recorded a decrease with almost 11% and MOR increased
for ammonia treated samples with 15% to 17% in comparison with control samples.

• In the DMA test, the storage modulus (E’) is higher with almost 60% in the case of the second
treatment of samples in comparison with control samples.

• The viscous behaviour is more evident when the temperature increases above 40–60 ◦C for all
types of samples.

• The exposure of treated samples (T2) to temperature led to different behaviours according to
the direction of wood grain related to the orthogonal directions of the samples (radial versus
semiradial).

• The microscopic views captured with SEM did not highlight a specific surface modification
of wood.
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Abstract: The aim of this paper was to improve the fire retardancy of beech wood by graphene.
Six fire properties, namely time to onset of ignition, time to onset of glowing, back-darkening time,
back-holing time, burnt area and weight loss were measured using a newly developed apparatus
with piloted ignition. A set of specimens was treated with nano-wollastonite (NW) for comparison
with the results of graphene-treated specimens. Graphene and NW were mixed in a water-based
paint and brushed on the front and back surface of specimens. Results demonstrated significant
improving effects of graphene on times to onset of ignition and glowing. Moreover, graphene
drastically decreased the burnt area. Comparison between graphene- and NW-treated specimens
demonstrated the superiority of graphene in all six fire properties measured here. Fire retardancy
impact of graphene was attributed to its very low reaction ability with oxygen, as well as its high
and low thermal conductivity in in-plane and cross-section directions, respectively. The improved
fire-retardancy properties by the addition of graphene in paint implied its effectiveness in hindering
the spread of fire in buildings and structures, providing a longer timespan to extinguish a fire, and
ultimately reducing the loss of life and property. Based on the improvements in fire properties
achieved in graphene-treated specimens, it was concluded that graphene has a great potential to be
used as a fire retardant in solid wood species.

Keywords: fire retardants; fire retardancy; graphene; nano-materials; wollastonite

1. Introduction

Wood is a versatile material with a myriad of applications and therefore, its plantation and
harvesting are vastly studied all over the world [1,2]. The idea of protecting solid wood, and wood
and cellulose-based materials against different physical and chemical damages, and against the attacks
of living micro-organisms, and fire as well, is as old as human civilizations [3–7]. Over time, numerous
methods and a variety of materials have been examined and developed. Some methods changed
the pathway of pyrolysis in wood cell-wall polymers [8]. This is considered one of the easiest and
inexpensive ways for wood. In another method, the surface of the wood is improved, acting as an
isolating layer. Intumescent coatings are also categorized in the surface protection method. Alteration
in the thermal properties through changing its density, specific and heat thermal conductivity is another
one that can also be used to improve fire retardancy in wood and wood-based composites. Other
techniques involve decreasing wood ignitability by diluting pyrolysis gases or inhibiting the chain
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reactions of burning. Though several practical and effective methods and techniques have so far been
developed, research for more effective and non-toxic materials to improve fire retardancy is still in
progress [9–14].

Improving the effects of nanotechnology on different materials has been vastly and intensively
elaborated [15–21]. Wood-based materials and composites are no exception [22–24]. Different
nano-metals and nano-minerals were utilized to improve heat-transfer property in solid wood
species and wood composite mats; they were also used to improve biological resistance against
different deteriorating fungi to decrease hot-press time as a costly bottle-neck in nearly all
wood-composite manufacturing factories and to increase thermal conductivity in solid wood and
composite mats [3,15,18,25–33].

In this connection, graphene is a one-atom-thick planar sheet of a hexagonally arranged carbon
atoms and therefore, it is considered a nano-material. These sheets are densely packed in a honeycomb
crystal lattice. Graphene has got appreciable attention over the last two decades due to its special
structure and exceptional properties [34,35]. These properties have made graphene ideal to be used in
electronics, sensors, energy-saving devices, different composites, and emerging modern materials, and
many other new applications to be investigated in the future. However, the authors came across little
or no research projects studying the outcome of graphene as a fire retardant in wood. Therefore, the
present research project was carried out to primarily find out if graphene may improve fire retardancy
in beech, as an important industrial solid wood species. However, a parallel study was conducted with
nano-wollastonite (NW), as a nano-material that has been reported to improve fire retardancy in both
solid wood species and wood-composite panels [36–38], for comparison purposes. As the surface of
wooden bodies and parts in buildings and structures are painted, graphene and NW were mixed with
a popular water-based paint as a carrier of the nano-materials. Separate sets of specimens without any
paint (plain wood), and with paint that contained no nano-materials, were prepared and tested for
comparison purposes with the graphene- and NW-treated specimens.

2. Materials and Methods

2.1. Specimen Preparation

For the present research project, beech boards (Fagus orientalis) were purchased from the Khavaran
Wood Bazar (Tehran, Iran). The density of beech specimens was measured to be 0.62 g·cm−3. Boards
were kept in the wood workshop of Shahid Rajaee Teacher Training University (Tehran, Iran) for four
months before cutting (35–40 ◦C; relative humidity 26%–30%). They were then cut to size, 220 mm in
length, 140 mm in width (plain sawn), and 5 mm in thickness. Specimens were free from any fungal
or insect attack, checks or cracks, and knots. Twenty specimens were selected and divided into four
treatments; for each treatment, five replicate specimens were prepared. Treatments included: control
(without any paint and nano-material), painted, NW+painted (nano-wollastonite was mixed in paint
and applied on the surface of specimens), and NG+painted (graphene was mixed with paint and
applied on the surface of specimens. Acrylic paints are popular in wood products [39] and therefore, a
water-based acrylic-latex paint was used in this experiment (code number ALCO-6510), purchased
from Alvan Paint and Resin Production Co. (Tehran, Iran). The solid content of the paint was 37% ± 1%.
Two coats were brushed on each specimen to achieve a 190–200 μm dry paint film on the front and back
surfaces of specimens. A 24-h time was given between the two coats to let the first coat being dried
out. Once the two coats were applied, all specimens were kept in a conditioning chamber (25 ± 1 ◦C,
and 40% ± 2% relative humidity) for two weeks. For the nanomaterial-treated specimens, 15% of
nano-material was mixed with the paint, based on the wet weight of the paint, before being brushed
on specimens. NW gel was produced by Vard Manufacturing Company of Mineral and Industrial
Products (Iran). At least 70% of NW particles ranged from 30 to 110 nm. The formulation of NW gel
has been reported by Taghiyari et al. [29–31]. Nanomaterials were mixed with the paint for 20 min,
using a magnetic stirrer. While mixing the nanomaterials, solid content of the final paint was kept
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constant by the addition of a calculated amount of distilled water. The moisture content of specimens
at the time of fire tests was 8% ± 0.5%.

2.2. Graphene Production Technique

Electrochemical exfoliation of graphite was performed in a system with a cathode electrode of
platinum (Pt 0.5 × 10 cm2) and the anode electrode of graphite foil (2 × 10 cm2). Two electrodes were
placed at a distance of 2.7 cm from each other. NiCl2.6H2O powder (98.0% Merck) was dissolved
in water (concentration of 0.05 M, and pH 6.5−7.0) to prepare electrolyte. To provide expansion,
exfoliation of graphite, and deposition of Ni, a voltage of 10 V was applied. The Pt electrode was
washed every 20 min with HCl and water to avoid the accumulation of the product on the cathode.
Finally, the products were collected using vacuum filtration, and then they were washed with water.
The end product was dispersible for sonication in water. In the electrochemical exfoliation mechanism,
hydroxyl ions (OH) were first produced in the cathode region by applying the voltage between the
electrodes, and then the ions accelerate towards the anode and hit the graphite surface. The collision of
OH ions with graphite and oxidation at the edge sides and grain boundaries lead to expansion of the
graphite layers, penetration of Cl ions through the graphite layers, and reduction of Cl ions to finally
produce Cl gas. An excessive force exerted to graphite layers upon Cl gas caused the separation of
the graphite layers [40,41]. Then, graphene sheets distributed in the solution trapped Ni2+ ions and
proceeded towards the negative electrode under an electric field. Finally, black composite on the Pt
electrode was created. Generation of hydroxyl at cathode via ionization of water is as follows [40]:

2H2O + 2e→H2 + 2OH.

The OH generation together with other electrons and ions lead to formation of Ni and Ni(OH)2

on graphene sheets. Finally, Ni and Ni(OH)2 as crystalline layers were deposited on graphene flakes
(G-flakes). The final product in form of powders was pressed (under a pressure of 5 MPa for 30 min)
into pellets. The average dimensions were 6.5 mm (radius) and 1 mm (thickness), approximately.

The characterization of Ni-graphene composite was done by X-ray diffraction (XRD, Cu Kα λ

= 0.154 nm) radiation, X-ray photoelectron spectroscopy (XPS, ESCA/AES, CHA, Specs model EA10
plus), tunneling electron microscopy (TEM-Philips model CM120), and dynamic light scattering (DLS,
Malvern Instruments Ltd., Worcestershire). TEM and XRD patterns of Ni-graphene represented that
the nano-crystals (Ni, Ni(OH)2, Ni-oxides) were randomly distributed on graphene sheets. The size
of Ni and Ni(OH)2 nanocrystals obtained by TEM and XRD patterns were found to be 30–40 nm.
The brightness of graphene sheets appearing in TEM images showed a small thickness (1.2 μm) of
graphene sheets [42].

2.3. Fire Test Apparatus

Fixed Fire Test Apparatus (FFTA) was designed and built, using piloted ignition, as depicted in
Figure 1 [39,43]. Natural gas was used as the fuel; it mainly comprised of methane CH4 (90–98%).
The producer reported that other hydrocarbons accompanied methane (C2H6: 1–8%; C3H8: 2%;
H4H10+C5H12: less than 1%; and also N2 +H2S +H2O: less than 1.5%). The gas flew steadily at the
rate of 0.097 lt/s through a Bunsen type burner hold vertically and the specimen is mounted at a 45◦
angle to it. The internal diameter of the burner was 11 mm. The Bunsen-type burner provides a fairly
mild and localized fire exposure to the testing specimens. The time from the point of burner application
that it takes for the specimen to develop a visible flame that is sustained for more than one second
will be registered as the “time to onset of ignition”; and the time from the point of burner application
that it takes for the specimen to sustain glowing for more than one second will be registered as the
“time to onset of glowing”. The higher the amount of time of these two properties, the better from
the viewpoint of fire-safety. As the burning continues, the back face of the specimen nearest to the
flame of the burner starts blackening and after some more time, a small hole or split appears. These
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times are also registered as back-blackening and back-holing times. The test is terminated once the
back-holing occurs. Then, the burnt area, as well as weight loss, is measured. The whole apparatus is
put in a three-wall-compartment in order to protect the burning flame from wind and air movements.

Figure 1. Schematic picture of fixed fire testing apparatus (Iranian Patent No. 67232; approved by
Iranian Research Organization for Science and Technology under license No. 3407; USPTO Pub. No.:
US 2019/0212283 A1) [38,43].

2.4. Computational Modeling and Simulation

Density functional theory (DFT) calculations were carried out for graphene and oxygen molecule
with OpenMX3.8 package to calculate the adsorption energy of oxygen molecule on graphene [44–46].
The generalized gradient approximation (GGA) function with the Perdew-Burke-Ernzerhof (PBE)
correction was employed to analyze the exchange-correlation energy functional between graphene
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and oxygen molecule [47]. The energy cutoff was set 100 Ry. The van der Waals interactions between
adsorbed molecules and sheets were described with Grimme′s method [48].

In the present simulations, one model for pure graphene flake (G-flake) was investigated. The
fully optimized atomic structure of pure G-flake is shown in Figure 2a. This G-flake consists of 24 C
atoms. The edge C atoms of the G-flake were terminated by H atoms. The second model represents
Ni-doped G-flake in which one of C atom in the pure G-flake was replaced by a Ni atom to model
Ni-doped G-flake. The optimized structure of G-flake doped with Ni atom is shown in Figure 2b.

Figure 2. Atomic structure of pure (a) and Ni-doped (b) graphene flakes.

The adsorption energy, EAds, was calculated to evaluate stability of structures by the Equation (1).

EAds = EG− f lake+O2 − (EG− f lake + EO2), (1)

where EG− f lake+O2 is the total energy of G-flake with adsorbed oxygen molecule, EO2 and EG− f lake are
the total energies of oxygen molecule and G-flake, respectively.

2.5. Statistical Analysis

Statistical analysis was carried out by a SAS software, version 9.2 (Cary, NC, USA). One-way
analysis of variance (ANOVA) was performed on the average values to ascertain significant differences
at the 95% level of confidence. Hierarchical cluster analysis, including dendrograms and Ward
methods (using squared Euclidean distance intervals), was carried out using SPSS/18, version 18
(IBM, Armonk, NY, USA). The scaled indicator on top of cluster analysis shows similarities and
differences between treatments; lower scale numbers show more similarities while higher ones show
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dissimilarities. Contour and surface plots were designed in Minitab software, version 16.2.2 (Minitab
Inc., Philadelphia, PA, USA).

3. Results and Discussion

Results demonstrated outstanding improving effects of graphene (NG) on both times to onset of
ignition and to the onset of glowing (Figure 3). NG resulted in 184% and 162% increases in times to
onset of ignition and glowing, respectively, in comparison to un-painted specimens. The favorable
increases are primarily attributed to the very low reaction ability of graphene with oxygen [49]. A
weak bond with basically no charge transfer was reported to form between oxygen molecules and
graphene sheets or tubes with very low adsorption energy [49,50]. In fact, graphene here acted as an
impermeable insulating layer towards penetration of fire into its substrate, significantly delaying in its
ignition and glowing. DFT analysis in the present study also revealed that energy of oxygen molecule
on Pure and Ni-doped G-flakes were −1.07 and −1.20 eV, respectively (Figures 4 and 5). The shortest
distances from O atom in oxygen molecule to C atom in pure and Ni-doped G-flakes were calculated
to be 3.40 and 2.37 Å, respectively. These small adsorption energies and large adsorption distances
clearly demonstrated that oxygen molecules were weakly physisorbed by pure and Ni-doped G-flake,
ultimately illustrating very low reaction ability between them.

 

 

Figure 3. Time to onset of ignition and glowing, in the four treatments of beech specimens (NW =
nanowollastonite; NG = nano-graphene) (Letters on each column represent Duncan groupings at 95%
level of confidence).
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Figure 4. Side (a) and top (b) views of oxygen molecule adsorbed on pure graphene flake.

Figure 5. Side (a) and top (b) views of oxygen molecule adsorbed on Ni-doped graphene flake.

The improvement in fire properties by graphene can be elaborated from its thermal conductivity
as well. With regard to its two-dimensional structure, the thermal conductivity of graphene can also be
studied in two directions. The in-plane thermal conductivity of graphene is reported to be one among
materials the highest thermal conductivity, about 2000–4000 W·m−1·K−1, at room temperature [51]. For
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comparison purposes, the thermal conductivity of natural diamond is about 2200 W·m−1·K−1, and that
of a purified diamond can be up to 50% higher. However, the thermal conductivity of graphene in
cross-section direction (that is, along the nano-size direction of z-axis) is as low as only 6 W·m−1·K−1 [51].
This extreme difference in thermal conductivity of in-plane and cross-section directions played a
vital role in improving fire properties in beech specimens. From one perspective, very low thermal
conductivity in cross-section direction prevented heat flow from the piloted ignition to pass through
and reach the beech wood substrate, delaying the substrate in catching fire, ultimately improving
fire properties. The increases in both times to onset of ignition and glowing partially resulted from
this low thermal conductivity in cross-section direction. From another perspective, the high thermal
conductivity in the in-plane direction prevented accumulation of heat at the point nearest to the piloted
fire, eventually postponing its ignition. Similar transfer of heat to the surrounding area of woody
specimens by nano-wollastonite was previously reported to improve fire properties as well [36,38].
Overall, the thermal conductivity of graphene in both directions helped its improving fire properties in
beech specimens.

Painted specimens showed a little bit of decrease in time values, though the decreases were not
statistically significant. The decrease, which is not favorable as far as fire retardancy is concerned, was
attributed to the easier ignitability of the chemical ingredients of the paint applied on the surface of
specimens. The addition of NW to the paint resulted in an increase in both times to onset of ignition and
glowing in comparison to the unpainted specimens, though the increase was not statistically significant
in time to onset of glowing. The increase was partially attributed to the mineral and unignitable nature
of wollastonite. In fact, NW acted as an insulating layer, too, towards the penetration of the piloted fire
from the Bunsen burner, protecting the wood substrate beneath the paint.

Results of assessing the back of specimens showed that both NG and NW increased the times to
back-darkening and to back-holing (Figure 6), showing they are both reliable to hinder the passing of
fire through specimens. NG performed a bit more efficiently with regard to these two fire-retarding
properties in relation to the backside properties of specimens. This may be attributed to the unignitable
nature of graphene, acting an insulating layer towards penetration and passing of flame.

 

Figure 6. Cont.
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Figure 6. Back-darkening and back-holing times, in the four treatments of beech specimens (NW =
nanowollastonite; NG = nano-graphene) (Letters on each column represent Duncan groupings at 95%
level of confidence.).

Measurement of the burnt area illustrated that NG was very effective in hindering the spread
of fire throughout specimens (Figure 7). The spread of fire in materials made of wood is of vital
importance as its decrease would limit the potentiality of other surrounding parts to catch on fire. A
decrease in the burnt area would eventually provide fire-fighters with a longer time-span to extinguish
the fire. This would ultimately result in a decrease in losses, both to life and property. As to NW,
thought it decreased the burnt area in comparison to un-painted specimens, the area was bigger than
that of NG. This was attributed to an increased thermal conductivity that caused heat to be more easily
transferred to the surrounding areas, ultimately increasing the burnt area. Similar increase in thermal
conductivity was previously reported [22,30].

 

Figure 7. Cont.
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Figure 7. Burnt area and weight loss in the four treatments of beech specimens (NW = nanowollastonite;
NG = nano-graphene) (Letters on each column represent Duncan groupings at 95% level of confidence.).

The weight measurement of specimens before and after being exposed to fire showed that the
lowest weight losses occurred in specimens treated with NG (Figure 7). The weight loss of NG-painted
specimens was 50% lower than that of the control of unpainted specimens. This clearly indicated that
NG can significantly decrease the volume of burnt materials.

A significant direct relationship was calculated between most of the fire properties. The highest
R-square (99%) was found between the two times to onset of ignition and glowing. Contour and surface
plots also illustrated a direct trend among different properties; for instance, weight loss increased as
the two times to onset of glowing and ignition increased (Figure 8A,B).

Figure 8. Cont.
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Figure 8. Contour (A) and surface plots (B) among fire properties of weight loss versus times to onset
of glowing and ignition.

The cluster analysis based on all six fire properties studied in the present project demonstrated
the distinct difference of specimens treated with graphene in comparison to the other three treatments
(control, painted, and NW-painted) (Figure 9). This indicated the great improving impact of graphene
on fire properties in beech specimens. Painted specimens were closely clustered with the control
specimens, indicating no significant difference between these two treatments. NW-painted specimens
were in-between position of control and NG-painted; this indicated significant improving effects of
NW on fire properties, similar to previous studies on solid wood and wood-composite panels [36,38].
However, the difference in clustering with NG-painted specimens showed higher effectiveness of
graphene in improving fire properties in comparison to NW. Based on the results discussed above, it
was concluded that graphene has great potential in improving fire properties in beech. Easy application
of graphene on the surface of materials makes it a good prospect for the industry sector to develop an
effective fire-retardant. However, as the paint used in the present project can even be more elaborated
to find a better carrier liquid.

Figure 9. Cluster analysis among the four treatments of beech specimens based on all the fire properties
studied in the present project (NW = nano-wollastonite; NG = nano-graphene).

4. Conclusions

Fire properties of beech specimens were tested by a newly developed apparatus using piloted
fire. Specimens were prepared to be surface-treated by graphene to investigate its improving effects
on fire properties. Graphene was mixed at 5% with water-based paint and applied on the front and
back surfaces of specimens. As a basis for comparison, three separate groups of specimens were
prepared, including specimens without any paint (the control group), painted with no nano-material
mixed with it, and painted with 5% nano-wollastonite. Results showed significant improving effects of
graphene on all six fire properties studied in the present project. Graphene demonstrated outstanding
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improvement in times to onset of ignition and glowing, as two very important properties that determine
the ignitability of materials. Moreover, graphene illustrated a high impact on decreasing the burnt
area. The decrease was also important from the viewpoint of the spread of fire to other surrounding
parts in an area. Overall, the improved fire properties provide fire-fighters with a larger timespan to
extinguish the fire, ultimately saving both life and property. It was concluded that graphene has a
great potential to be used as an effective fire-retardant in wood and wood-composite materials for
surface protection against fire. Therefore, further studies should be carried out to investigate graphene
from other perspectives, including FT-IR analysis.

Author Contributions: Methodology, H.R.T. and A.E.; Validation, H.R.T., R.M., and S.M.M.A.; Investigation,
H.R.T., and M.G.; Writing-Original Draft Preparation, H.R.T., and A.N.P.; Writing-Review & Editing, H.R.T., and
A.N.P.; Visualization, H.R.T.; Supervision, H.R.T. and A.N.P. All authors have read and agreed to the published
version of the manuscript.

Funding: This research received no external funding.

Acknowledgments: The authors appreciate constant scientific support of Jack Norton (Retired, Horticulture &
Forestry Science, Queensland Department of Agriculture, Forestry and Fisheries, Australia).

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

References

1. Behling, M.; Piketty, M.G.; Morello, T.F.; Bouillet, J.P.; Mesquita Neto, F.; Laclau, J.P. Eucalyptus plantations
and the steel industry in Amazonia—A contribution from the 3-PG model. Bois et Forets Des Tropiques 2011,
309, 37–49. [CrossRef]

2. Cherelli, S.G.; Sartori, M.M.P.; Prospero, A.G.; Ballarin, A.W. Heartwood and sapwood in eucalyptus trees:
Non-conventional approach to wood quality. Anais da Academia Brasileira de Ciencias 2018, 90, 425–438.
[CrossRef] [PubMed]

3. Mantanis, G.; Terzi, E.; Kartal, S.N.; Papadopoulos, A. Evaluation of mold, decay and termite resistance
of pine wood treated with zinc- and copper- based nanocompounds. Int. Biodeterior. Biodegrad. 2014, 90,
140–144. [CrossRef]

4. Papadopoulos, A.N.; Duquesnoy, P.; Cragg, S.M.; Pitman, A.J. The resistance of wood modified with linear
chain carboxylic acid anhydrides to attack by the marine wood borer Limnoria quadripunctata Hothius.
Int. Biodegrad. Biodeterior. 2008, 61, 199–202. [CrossRef]

5. Papadopoulos, A.N.; Avtzis, D.; Avtzis, N. The biological effectiveness of wood modified with linear chain
carboxylic acid anhydrides against the subterranean termites Reticulitermes flavipes. Holz als Roh und
Werkstoff 2003, 66, 249–252. [CrossRef]

6. Papadopoulos, A.N. Chemical modification of solid wood and wood raw materials for composites production
with linear chain carboxylic acid anhydrides: A brief Review. BioResources 2010, 5, 499–506.

7. Lin, C.F.; Karlsson, O.; Mantanis, G.I.; Sandberg, D. Fire performance and leach resistance of pine wood
impregnated with guayl-urea phosphate/boric acid and a melamin-formaldehyde resin. Eur. J. Wood Wood
Prod. 2020. [CrossRef]

8. Östman, B.A.L.; Tsantaridis, L.D. Heat release and classification of fire retardant wood products. Fire Mater.
1995, 19, 253–258. [CrossRef]

9. LeVan, S.; Winandy, J.E. Effect of fire retardant treatments on wood strength: A review. Wood Fiber Sci. 1990,
22, 113–131.

10. White, R.H.; Sweet, M.S. Flame retardancy of wood: Present status, recent problems, and future fields. In
Proceedings of the 3rd Annual BCC Conference on Flame Retardance, Stamford, CT, USA, 19–21 May 1992;
pp. 250–257.

11. Winandy, J.E. Thermal degradation of the fire-retardant treated wood. For. Prod. J. 2001, 51, 47–54.
12. Winandy, J.E.; Wang, Q.; White, R.H. Fire-retardant-treated strandboard: Properties and fire performance.

Wood Fiber Sci. 2008, 40, 62–71.
13. Mantanis, G. Aqueous Fire Retardant; WO 02/102926 A1; World Intellectual Property Organisation: Geneva,

Switzerland, 2002.

122



Polymers 2020, 12, 303
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Abstract: The use of wood plastic composite lumber as a structural member material in marine
applications is challenging due to the tendency of wood plastic composites (WPCs) to creep and
absorb water. A novel patent-pending WPC formulation that combines a thermally modified wood
flour (as a cellulosic material) and a high strength styrenic copolymer (high impact polystyrene and
styrene maleic anhydride) have been developed with advantageous viscoelastic properties (low initial
creep compliance and creep rate) compared with the conventional WPCs. In this study, the creep
behavior of the WPC and high-density polyethylene (HDPE) lumber in flexure was characterized
and compared. Three sample groupings of WPC and HDPE lumber were subjected to three levels of
creep stress; 7.5, 15, and 30% of the ultimate flexural strength (Fb) for a duration of 180 days. Because
of the relatively low initial creep compliance of the WPC specimens (five times less) compared with
the initial creep compliance of HDPE specimens, the creep deformation of HDPE specimens was six
times higher than the creep deformation of WPC specimens at the 30% creep stress level. A Power
Law model predicted that the strain (3%) to failure in the HDPE lumber would occur in 1.5 years
at 30% Fb flexural stress while the predicted strain (1%) failure for the WPC lumber would occur
in 150 years. The findings of this study suggest using the WPC lumber in structural application to
replace the HDPE lumber in flexure attributable to the low time-dependent deformation when the
applied stress value is withing the linear region of the stress-strain relationship.

Keywords: viscoelasticity; WPC; HDPE; composite; wood; creep; thermoplastic; flexure; power
law; modeling

1. Introduction

Wood plastic composites (WPCs) are commonly used as deck boards and railings thanks to their low
maintenance and high durability compared with conventional pressure-treated lumber [1]. However,
extensive efforts have been made to expand the use of WPCs to include structural applications [2–8]
because of their mechanical properties, longer lifetime, and their competing commercial prices with
conventional types of lumber [2,3,5,9,10]. Furthermore, WPCs made from thermally modified wood
have shown potential to be used in structural applications, since they have been shown to exhibit
relatively low time-dependent deformation under sustained flexural loads [11,12]. Likewise, plastic
lumber is also used in low-cost structural applications. One type of plastic lumber, high-density
polyethylene (HDPE) lumber, is used in the construction of aquaculture-offshore fish cages (a.k.a.
Aquapod Net Pen cages) [13,14], however, the HDPE lumber experienced damage during its service
life attributable to exposure to severe ocean conditions (wave action and high temperatures during
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the summer, ca. 48 ◦C in the Gulf of Mexico [14]) when these cages are partially exposed to air [14],
and lounging sea lions causing damage to the exposed struts of the cage structure (in the partially
exposed cages) [15–17], as shown in Figure 1.

Figure 1. Buckled Aquapod cage made from HDPE lumber and netting (covered with biofouling) with
two lounging sea lions on the exposed struts [1].

The need to have a material that has a reasonable cost for the construction of aquaculture cages that
also exhibits satisfactory structural performance during the service life of these cages [11,12] suggests
that WPC lumber can be considered a potential alternative to HDPE lumber [11,12]. Although WPCs
have been explored for use in structural applications, the material’s long-term behavior is still a subject
of concern among researchers and end-users, especially in marine applications. WPC lumber exhibits
viscoelastic behavior. When a constant stress is applied to a viscoelastic material, the sum of the elastic
strain (instantaneous strain) and the time-dependent strain will represent the total strain (creep strain)
of the viscoelastic composite material [18,19]. One dimensional (1D) viscoelastic models [power law,
Maxwell, Kelvin, Prony series, and four element viscoelastic models] have been used in previous
studies to describe both the short, and long-term creep-behavior of viscoelastic materials [2,3,20,21].
Alrubaie et al. [12] implemented a 1D power law viscoelastic model to describe the 180-day creep
behavior of WPC lumber made from thermally modified wood with a span L = 853 mm in 4-point
bending (flatwise). The power law model among other models were investigated in a preliminary
study that has shown a good agreement with the short and long-term creep behavior of WPC and the
HDPE lumber. Alvarez-Valencia [3] conducted a full-scale 90-day creep rupture in 4-point bending of a
Z-shape WPC sheet piling with 4.70 m in length, to evaluate the time-dependent structural behavior of
the WPC sheet piling, and the 1D Findlay’s power law model was used to predict the creep behavior of
the WPC sheet piling that has shown good agreement with experimental data. Dura [7] conducted one,
seven, and 15-day creep experiments on WPC dumbbell-shaped tensile specimens at 15, 30, and 45%
of the average tensile strength, to evaluate the time-dependent behavior of the WPCs. In addition
to the creep in tension, Dura [7] also conducted creep tests in compression at the same stress levels
used for the tensile creep experiments, but with respect to the average maximum compression stress
and to the same creep duration. Many researchers [3,6,7] have studied the large-scale flexural creep
behavior of WPC specimens (i.e., when the WPC specimens have length to span ratios (L/h) that
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exceed the ratio recommended by the Standards [22]). Dura [7] conducted a 90-day flexural creep
experiments (edgewise) on WPC specimens with a span length of 2515 mm with and without a layer
of fiber reinforced polymer layer (FRP) and their creep behaviors were reported. [7]. Dura used the
experimental response to verify a nonlinear 1D long-term viscoelastic model [7]. Alvarez-Valencia [3]
conducted a flexural creep rupture experiment on Z-shape WPC sheet pile with a span length of
4700 mm subjected to 55% of the flexural load at failure (11.7 kN). Hamel [6] performed a three-year
tensile creep test experiment on WPC dumbbell shaped specimens subjected to two different levels of
stress, 20% and 50% of the average maximum stress at failure, to predict the creep behavior of 2.13 m
WPC boards in flexure. Hamel [23] developed a 2D finite element (FE) model that predicted the flexural
creep behavior (edgewise) based on the uniaxial quasi-static testing using the Abaqus [24] software.

The two objectives of the research presented here were: (1) to experimentally characterize
the long-term (180 days) flexural creep behavior (flatwise) of WPC lumber made from thermally
modified wood and compare it with the flexural creep behavior of HDPE lumber currently used in
the construction of aquaculture fish cages (Aquapod Net Pen cages), and (2) to implement a power
law model to describe the long-term viscoelastic creep behavior of WPC and HDPE lumber in flexure
(flatwise) for a duration of 180 days, respectively. Furthermore, the model was implemented to predict
the failure occurrence at the outer fiber of the WPC and HDPE lumber for a duration longer than the
180 days.

In this study, thirty 4-point bending creep frames (flat wise) located in a climate control creep
room in the Advanced Structures and Composite Center (ASCC) at the University of Maine (Orono,
ME, USA) were utilized to conduct 180-day creep experiments in 4-point bending (flatwise) of the WPC
and HDPE lumber subjected to three different levels of stresses and each level of stress was applied to
five specimens (i.e., the total number of WPC and HDPE specimens is 30).

2. Experimental

2.1. Material

The WPC lumber with cross section dimensions [width (w), thickness (h)], (139 mm, 33.5 mm)
was produced using a twin-screw WoodtruderTM (Davis-Standard, Orono, Maine, USA) in the ASCC
at the University of Maine (Orono, ME) [20]. The WPC lumber cross section has two grooves along
the longitudinal direction (extrusion direction) of the lumber at the top layer with 3 mm width and
1.8 mm depth, and these grooves are located at 21.9 mm from the short edges of the WPC lumber,
as shown in the cross-section A-A in Figure 2A. The WPC examined here is based on a patent-pending
formulation, in accordance with the International Publication Number WO 2018/142314 A1 dated in
09 August, 2018, combining thermally modified wood flour (as a cellulosic material) that has been
produced at Uimaharju sawmill in Finland and a high strength styrenic copolymer system (high impact
polystyrene (HIPS) and styrene maleic anhydride (SMA)) in an equivalent weight ratio to each of
the two constituents. Section A-A in Figure 2A shows the cross section of WPC and HDPE lumber.
However, a simplifying assumption was made to consider the WPC cross-section is a rectangular
cross-section and eliminate the grooved areas at the top layer in the computations. The commercially
available HDPE lumber has a rectangular cross section with the width of 140 mm and the thickness of
38 mm is used in the construction of the Aquapod Net Pen cages and was provided by InnovaSea [11],
to conduct this study.

2.2. WPC and HDPE Sample Preparation

WPC and HDPE lumber specimens with cross section dimensions (width, thickness), (139 mm,
33.5 mm) and (140 mm, 38 mm), respectively, were cut to an adequate length to fit the span of the
creep test rig, L = 853 mm with an appropriate overhang at each support of the test rig [51 mm at each
overhang (a) in Figure 2A], as shown in Figure 2B. To achieve the magnetic mounting of the string
potentiometer that measures the creep deflection to the mid-span of the specimens, a 3-min flame
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treatment to each specimen followed by application of a 5-min epoxy to adhere a square metal piece
(19 × 19 mm) to the mid-span of each specimen (flatwise). Thereafter, a magnetic hook was mounted
on the square metal and the string potentiometer was attached to the hook during the creep loading,
and hence, the creep mid-span deflection was acquired, accordingly.

Figure 2. (A) Four-point bending test configuration used for both quasi-static tests and creep tests, (B)
Creep frames experimental setup.

2.3. 180-Day Creep Experimental Setup

Prior to the creep loading and in accordance with ASTM D618 [23], WPC and HDPE specimens
were preconditioned in the climate control creep room at the ASCC for one week. Thereafter, and
according to ASTM D6109 and ASTM D6815 [25], the long-term WPC and HDPE specimens were
loaded in 4-point bending (flat wise) with values of L/h 22 and 20, respectively. The relative humidity
(RH) and temperature were controlled during the 180 days of the creep experiment to be 50 ± 5%
and 21 ± 2 ◦C. The crosshead speed used to load the WPC and HDPE specimens for creep was the
same crosshead speed used in the quasi-static testing to obtain the mean ultimate flexural stress (i.e.,
to ensure the initial applied loading will be applied to the specimens not less than one minute and
not greater than 10 min). The measurements and the recordings of the; applied flexural level, creep
displacements, and the relative humidity and the temperature of the climate control creep room,
are managed by a data acquisition system (DAQ) located at the climate control room at the ASCC at
the University of Maine.

Based on the applied flexural stress level relative to the flexural strength (Fb), the WPC and HDPE
specimens have been divided into three groups: 7.5% of Fb, 15% of Fb, and 30% of Fb, respectively.
The selection of the stress levels was made based on the level of the linear region which is below 40%
of the ultimate flexural strength in the stress strain relationship in flexural tests specified in ASTM
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D6109, to avoid the failure occurrence during the creep duration if the selected levels of stress were
higher than 40% of the ultimate flexural strength.

2.4. Quasi-Static Tests

To obtain the apparent elastic modulus (E) and the mean of the flexural strength, five specimens
of each of the WPC and HDPE lumber were cut with a span to depth ratio 16:1 with an adequate
overhang length over the supports of the fixture, and were tested in 4-point bending in accordance
with ASTM D6109 [21], as shown in Figure 2A. The support spans of the WPC and HDPE specimens
were L = 545 mm and L = 620 mm, respectively. The crosshead rate used on the WPC and the HDPE
specimens during the 4-point bending test were selected in accordance with ASTM D 6109 [22], to be
15.9 and 18 mm/min, respectively. For the 180-day creep experiments, three levels of flexural creep
stress were applied to the WPC and HDPE specimens (five specimens in each level). These three
levels were: 7.5%, 15%, and 30% of the mean of the flexural strength obtained from the quasi-static
tests. The flexural test was conducted in accordance with ASTM D6109. The flexural stress versus
strain relationships of the WPC and HDPE lumber used in this study were reported elsewhere [26,27]
The selection of the stress levels was made based on; (1) the use of the WPC and HDPE lumber in
submerged Aquapod Net Pen cages is expected to be under low stresses (the structural members of
the cage does not carry the weight of the cage, except to withstand the mooring and the buoyancy
system [14,15,28], (2) researchers in previous studies [6,7,20,29–31] have studied the creep behavior of
WPCs under stress levels that were greater than or equal to 30% and recommended further studies
using low stress levels [6,32], thus, it is important to investigate the creep behavior of WPCs under
low stress levels. Table 1 shows the values of the apparent elastic modulus of the WPC specimens
and the HDPE with their standard deviation values and the selected levels of the creep flexural stress.
The determination of the apparent elastic modulus of WPC and HDPE specimens was performed
in accordance with ASTM D6109 [22], by computing the slope of the line obtained from the linear
regression to the linear portion in the load-midspan deflection curve. Since the span to depth ratio
(L/h) of the tested WPC and HDPE specimens was 16 which met the recommended L/h in the ASTM
standards, the shear deformation was ignored in the computation of the apparent elastic modulus
(further discussion on shear deformation in the computation of the elastic modulus of the WPCs with
similar formulation was described elsewhere [11,12]). Then, the flexural strength (Fb) was determined:
(1) for WPC, as the ultimate flexural stress at midspan at failure, (2) for HDPE, as the flexural stress at
midspan corresponding to 3% of outer fiber strain. The results are reported in Table 1. The mechanical
properties of the HDPE lumber tested in this study agreed with the mechanical properties reported
in the data sheet of the manufacturer [33]. In accordance with ASTM D6109, the flexural strength is
determined as the maximum stress in the outer fibers at failure or when the strain in the outer fibers
equals 3%, whichever occurs first.

Table 1. Values of elastic modulus (E), flexural strength, and the applied creep stress level of WPC and
HDPE lumber obtained from 4-point quasi-static testing.

Material Name of the Group Applied Stress Level E (GPa) Mean Fb (MPa) Applied Flexural Creep Stress Level (MPa)

WPC
group 7.5% Fb 7% Fb

4.34 ±
0.26

41.2 ± 4.53
3.0 ± 0.08

group 15% Fb 14% Fb 5.9 ± 0.04
group 30% Fb 29% Fb 11.8 ± 0.09

HDPE
group 7.5% Fb 8% Fb

0.93 ±
0.03

14.1 ± 0.70
1.1 ± 0.05

group 15% Fb 16% Fb 2.2 ± 0.04
group 30% Fb 31% Fb 4.4 ± 0.09

3. Results and Discussion

3.1. Determination of the Creep Stress Levels

The applied flexural stress levels for WPC and HDPE lumber were selected to be as percentages of
the mean of the flexural strength obtained from the quasi-static tests, Fb = 41.2 MPa, and Fb = 14.1 MPa,
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respectively. Thus, the flexural creep stress levels applied on the three groups of each of WPC and
HDPE lumber were approximately 7.5%, 15%, and 30% of the ultimate flexural strength, as shown
in Table 1. Since the cross section of the WPC lumber has a depth (d) which is 88% of the depth of
the HDPE lumber and according to ASTM D 6109 the expected mid-span creep displacement of the
WPC lumber is expected to be 14% higher than the mid-span creep displacement of the HDPE lumber
under the same applied stress with the assumption that the both materials have the same strength and
elastic modulus. Thus, to ignore this difference in the cross section of each materials, the applied creep
stresses were selected to be approximately at the same level to each group of WPC and HDPE lumber,
as percentages of the flexural strength of each material (Table 1). The applied stresses to each group of
HDPE lumber is approximately 14% higher than the applied stresses of each group of WPC lumber.
This difference was applied to overcome the difference between the cross section (depth) of the WPC
lumber and the cross section (depth) of the HDPE lumber. However, each group of HDPE and WPC
lumber was given a name based on the applied stress to be; group 7.5%, group 15%, and group 30%.

3.2. Experimental Comparison Between the Long-Term Creep of WPC and HDPE Lumber

Three levels of stress were applied on each group of five specimens of WPC and HDPE lumber.
The mean of the mid-span creep deflection of each group of WPC and HDPE lumber was reported, as
shown in the log-log space axes in Figure 3.

Figure 3. Time-dependent mid-span creep displacement for WPC and HDPE specimens at different
stress levels as percentages from the flexural strength Fb.

In accordance with ASTM D 6815 [25], the acceptance criteria of the creep behavior of the specimen
is evaluated via: (1) the decrement in the creep rate (all the subsequent creep rate data should be
decreasing during the duration of the creep test), (2) the fractional deflection (FD) should not exceed
2, which is obtained from dividing the mid-span creep deflection at the end of the creep experiment
by the initial mid-span deflection (D0) [25]. The values of initial midspan displacement measured
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during the first four minutes of the creep test and were reported in Table 2. In addition to D0, the initial
strain (ε0) was reported in Table 2. The computation of the initial strain was made in accordance
with ASTM D 6109. The creep rate in this study was measured at each 30 days as reported in Table 3.
Table 3 shows the 30-day creep rate of the three groups of each of WPC and HDPE specimens during
the 180-day creep experiment. It can be seen that the values of the WPC fractional deflection under
the three different flexural stress levels were within the acceptable limit recommended by ASTM D
6815, whereas, the values of the HDPE fractional deflection failed to meet the recommended fractional
deflection limit. However, all the WPC and HDPE groups exhibited a decreasing creep rate during the
180-day creep experiment as reported in Table 3, except a noticeable increase in the creep rate of the
HDPE group-15% Fb for the time between the 150 and 180 days. This increase can be attributable to
the assumption that the creep of HDPE specimens entered the steady-state of creep in the secondary
region [34].

Table 2. Initial midspan deflection (D0) and strain (ε0) of WPC and HDPE lumber at three different
stress levels.

Material % of Fb D0 (mm) ε0 (%)

WPC-7.5% 2.96 0.1
WPC-15% 5.8 0.2
WPC-30% 11.3 0.3

HDPE-7.5% 5.5 0.2
HDPE-15% 8.74 0.3
HDPE-30% 18.71 0.6

Table 3. Values of creep rate deflection (D) (mm) of all the groups of WPC and HDPE specimens at
30th, 60th, 90th, 120th, 150 and 180th day respectively and the fractional deflection (FD) at the 180th
day with respect to the initial deflection D0.

Creep Rate and FD
Material-% of Fb

WPC-7.5% WPC-15% WPC-30% HDPE-7.5% HDPE-15% HDPE-30%

D30-D0 0.54 0.99 2.35 7.31 15.57 72.54
D60-D30 0.13 0.21 0.57 0.77 1.72 7.80
D90-D60 0.12 0.28 0.45 0.51 1.04 4.62
D120-D90 0.05 0.12 0.35 0.36 0.65 3.45
D150-D120 0.08 0.12 0.29 0.25 0.5 2.87
D180-D150 0.06 0.09 0.23 0.22 0.62 2.47

FD180 1.22 1.33 1.28 2.71 3.88 5.11

For further comparison between the creep behavior of WPC and HDPE specimens, a statistical
analysis of variance (ANOVA) study of the mid-span creep deflection of each specimen at each group
of the WPC and HDPE was conducted and the results are shown in Figure 4. At the applied flexural
stress level of 7.5% of the flexural strength, HDPE specimens showed a mid-span creep deflection
exceeding two times the mid-span creep deflection of the WPC specimens. As the levels of applied
flexural stress increased from 7.5% to 15% and 30%, the HDPE specimens showed mid-span creep
deflections exceeding five times and seven times the mid-span creep deflection of the WPC at the same
applied flexural levels of stress, respectively. The rate of increase in the mid-span creep deflection
between the HDPE specimens subjected to 7.5 and 15% (i.e., HDPE specimens for-7.5% Fb, and 15%
Fb) of the flexural strength was below 150%, whereas it was below 35% for the WPC specimens (WPC
specimens in group-7.5% and 15% of Fb). When the applied flexural stress levels increased from 15%
to 30% of the flexural strength, the creep rate between groups-15% and 30% of Fb was below 215%
for the HDPE specimens, and below 110% for WPC specimens. This low time-dependent mid-span
deflection creep behavior of the WPC specimens compared with the behavior of HDPE specimens can
be anticipated based on their initial compliances (the reciprocal of the elastic modulus); 0.232 GPa-1
and 1.11 GPa-1, respectively. In regards to the comparison of the time-dependent viscoelastic behavior
of the WPC with the WPC in previous studies; a short-term time-dependent behavior comparison of
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the WPC with the same formulation of WPC in this study was presented elsewhere [11], and Alrubaie
et al. [12] have presented a comparison between the creep behavior of the group-30% of Fb of WPC
presented in this study and the creep behavior of WPC from previous studies. Thus, a comparison
to the creep behavior of the WPC used in this study with WPC material from previous studies is not
discussed here.

Figure 4. (a) Statistical analysis of variance (ANOVA) that investigates the reduction in creep rate of the
WPC specimens subjected to three applied flexural creep stress levels. (b) ANOVA that investigates the
reduction in creep rate of the HDPE specimens subjected to three applied flexural creep stress levels as
percentages from the flexural strength Fb.

3.3. Time-Dependent Creep Modeling

An empirical power law model was used to describe the 180-day mid-span flexural creep
displacement. The model showed a good degree of agreement with the experimental data of the
WPC and HDPE lumber in 4-point bending creep test (flatwise). Based on the assumption that the
WPC should fail at a flexural strain in outer fiber of 1%, and the HDPE lumber should fail at a
flexural strain in outer fiber of 3% (similar to the failure strain value mentioned in ASTM D 6109),
the computed mid-span creep the predicted failure occurrence for WPC and HDPE in flexure and
under a flexural stress of 30% of Fb will occur after 150 years and 1.5 years, respectively, as shown
in Figure 5. To investigate the stress-independency behavior (viscoelastic behavior) of the WPC and
HDPE lumber with regards the three applied stress levels (7.5%, 15%, and 30% of Fb), a power law
model was implemented to describe the normalized mid-span creep displacement behavior (d(t)).
Equation (1) describes the normalized midspan creep displacement behavior:

d(t) =
D(t)
D0

(1)
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where d(t) is the time dependent midspan deflection. For a 4-point bending test configuration, the initial
mid-span creep displacement (D0) is related to the applied flexural stress, as shown in Equation (2):

D0 =
23
108

Fb

E
L2

h
(2)

where Fb and E are the flexural stress and elastic modulus, respectively, L is the support span, and h is
the depth of the WPC and HDPE specimen. The normalized mid-span creep displacement is predicted,
as shown in Equation (3):

d(t) = 1 + d1tm (3)

where d1 and m are the stress-independent power law parameters. These parameters (d1 and m) were
computed from the experimental least square error data fitting using a Matlab code. The creep behavior
of HDPE lumber and WPC lumber has been predicted for ten years using the power law model, as was
reported in Table 4. According to InnovaSea Systems Inc. (Morril, Maine, USA), the estimated service
life of aquaculture cages is ten years. The prediction showed the failure occurrence (maximum strain
at outer fiber layer) will not occur for both WPC and HDPE specimens for the stress levels 7.5% and
15% of Fb. Whereas, the failure occurrence was predicted in 1.5 years for the HDPE lumbers subjected
to 30% of Fb. For this reason, WPCs are considered in the construction of aquaculture cage structures
subjected to stress levels 30% below Fb.

Values of the normalized mid-span creep displacement are reported in Table 5. The normalized
power law model showed the stress-independency [18] of the WPC and HDPE lumber by having similar
values of the normalized power law model (d1 and m) at different flexural stress levels, respectively.
Figures 6 and 7 illustrate the stress-independency behavior of each group of the WPC and HDPE
lumber via describing the normalized mid-span creep displacement by the normalized creep behavior.

Figure 5. Predicted failure occurrence in the outer fiber strain of WPC and HDPE lumber for the
specimens subjected to 30% Fb flexural stress using the power law model.
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Table 4. 10-year prediction of the creep displacement of the WPC and HDPE lumber (in accordance
with ASTM D6109).

Material Name-% of Fb Outer Fiber Strain at Failure %
Mid-Span Displacement at

Failure (mm)
Predicted Mid-Span Creep Displacement

in 10 Years (mm)

WPC-7.5%
1.040 46

6
WPC-15% 11
WPC-30% 22

HDPE-7.5%
3.004 120

21
HDPE-15% 50
HDPE-30% 165

Table 5. Power law model parameters.

Material Type
Model Parameters

d1 m

WPC 0.011 0.596
HDPE 0.018 0.494

Figure 6. Comparison of power law model and experimental creep result for WPC lumber.

Figure 7. Comparison of power lay model and experimental creep results for HDPE lumber.
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4. Conclusions

The WPC in this study showed a reduced time-dependent creep behavior compared to HDPE.
WPCs thus show potential to replace HDPE lumber in the construction of aquaculture cage structures.
While previous studies have studied the creep behavior of WPC at relatively high stress levels, this
study conducted the creep experiments using levels of stresses that were below 30% of the ultimate
flexural strength, which are typical for the intended design application. During the comparison
between the creep behavior of WPC and HDPE specimens at the low stress levels (7.5% and 15% of
Fb), the fractional deflections (FD) of HDPE were 122% and 192% higher than the FD of the WPC
specimens, respectively. Whereas, the FD of HDPE specimens at 30% stress level was 300% higher
than the FD of the WPC specimens. This can be advantageous for using WPC lumber as a replacement
of the HDPE lumber in the construction of aquaculture cages.

The power law model was a useful tool to describe and predict the creep behavior of both WPC
and HDPE lumber for all the stress levels (7.5%, 15%, and 30% of Fb). This model predicted that both
HDPE lumber and WPC lumber show low creep rate during ten years at stress levels below 15% of Fb.
Whereas, at stress level 30% of Fb, failure occurrence at outer fiber is predicted to happen at 1.5 years
for HDPE lumber and at 150 years for WPC lumber.
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Abstract: Injection molded biocomposite specimens were prepared by using four different weight
percentages, i.e., 10%, 20%, 30%, and 40% of aspen (Populus tremula L.) and willow (Salix caprea L.)
wood particles in a biopolymeric matrix. Dog-bone test specimens were used for testing the physical,
mechanical, and thermal properties, and microstructure of biocomposites. The tensile and bending
strength changed with the change in weight percentages of wood particles and the bending stiffness
increased with the increasing weight percentage of wood. In Brinell hardness, similar changes as
a function of wood particle weight percentage were shown, and a relationship between hardness
and tensile strength with wood content was also investigated. The prepared biocomposites could be
an alternative for plastic-based materials and encourage the use of fast growing (aspen and willow)
wood from short-rotation forests in biocomposites.

Keywords: short-rotation; aspen; willow; injection molding; biocomposite; tensile strength; bending
strength; microstructure behavior

1. Introduction

Future social and economic development globally depends on our success in mitigating climate
change by transforming our dependence on finite fossils fuels into use of sustainable resources. The key
concept of the circular economy is to reduce waste levels and increase the utilization of side-streams and
low-value wood that can be transformed into biocomposites and other value added products from the
view point of wood products cluster [1–3]. Biomass materials, such as wood, represent environmentally
friendly alternatives for fossil resources that play a key role while also turning societies towards
sustainable and circular bioeconomy [4,5]. Various types of wood products, such as engineered wood,
and wood-based panels incorporate wood, as raw material in varied forms, into industrial applications
that are manufactured by using effective processing methods [6,7]. Such manufacturing methods are
able to utilize wood with inconvenient shapes, such as branches and side-streams, or fast-growing,
small-diameters species (i.e., aspen or willow), being otherwise difficult to convert into valuable
products. Currently, the fast-growing coppice species aspen and willow are either used for energy
generation or particleboard production [8]. Fast-growing species could also be used for producing
higher added value design biocomposites. Biocomposites are defined as materials where the polymeric
matrix or resin and the reinforcement (fibers, particles, powder, etc.) are entirely made from renewable
resources. In recent years, they have attracted considerable interest due to their sustainability with
great potential to become eco-friendly, biodegradable substitutes for petroleum-based polymeric
matrices [4,9].
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Many types of natural origin fibers are predominately consumed in biocomposites production.
Flax, hemp, jute, coir, cotton, sisal, kenaf, silk, and bamboo fibers are the most explored cellulosic
fibers [10–12]. Migneault et al. [13] studied the effects of wood fiber origin, proportion, and chemical
composition on the properties of wood-plastic composites (WPC). Interestingly, pulp and paper
sludge-based WPC showed better overall properties when compared with the other raw materials.
Csikós et al. [14] fabricated the poly(lactic) acid (PLA) and Filtracel EFC 1000 (Rettenmaier and Söhne
GmbH) wood fiber composite and studied the surface of wood fibers on the interfacial bonding between
wood fibers and polymer matrix. Porebska et al. [15] found that the polymer matrix influenced the
properties of wood polymer composites when they prepared cellulose fiber reinforced composites
with polypropylene, polystyrene, polyoxymethylene, acrylonitrile butadiene styrene, polyester resin,
and PLA with different contents of cellulose fibers, by using injection molding process. The size
of wood fibers could influence the processing and properties of wood polymer composites [16].
The saw dust of spruce wood could be potential filler for high-density polyethylene (HDPE)-based
composite [17]. The properties of wood fibers are dependent on the species, contents, defects, physical,
and mechanical properties, as well as the interaction of a fiber with the polymer in the wood polymer
composites [18]. Hardwood and softwood fibers could both be suitable for wood polymer composites
while using injection molding technique with different particle size and dimension [19]. Surface
treatment of wood fiber with alkali improved the compatibility with polymer matrices by creating
rough surface, cavities, and much interspace between smaller fibrils [20]. Effah et al. [21] fabricated
wood polymer composites while using different wood species, such as pine, eucalyptus, black wattle,
long-leaved wattle, port jackson and beefwood, with a low density polyethylene (LDPE) matrix.
The different wood fibers interacted differently with polymer matrix due to the differences in chemical
and physical properties. Recently, fast-growing willow (Salix viminialis) and high-density polyethylene
(PEHD)-based injection molded composites were compared with the properties other commercial
Lignocel C-120 fibers-based composite [22].

Short-rotation forest (SRF) plantations are gaining attention in many countries, especially when
grown for energy production [23]. Among the different fast-growing hardwoods that were proposed
for energy uses, willow (Salix) is one of the few that has been planted commercially to a significant
extent in the European Union (EU). In Northern Europe, it presents the advantages of high productivity
in Nordic conditions [23,24]. European aspen (Populus tremula L.) and hybrid aspen (Populus tremula
L. x P. tremuloides Michx.) have proved to be one of the fastest growing deciduous tree species in
Nordic countries, with successful breeding and cultivation of hybrid aspen since the early twentieth
century [25]. In Finland, aspen is mainly used for paper and energy production [26,27].

The aim of this study was to investigate the effect of using the short-rotation wood particles as filler
on the physical and mechanical properties and microstructure of injection molded biocomposite.
The physical (density, color change, and water uptake), chemical (Fourier transform infrared
spectrophotometer (FTIR)), and mechanical properties (tensile strength, bending strength, and
stiffness), as well as microstructure of biocomposites were evaluated. Further, the relationship
between Brinell hardness and tensile strength of biocomposites as a function of wood particles content
was also investigated.

2. Materials and Methods

2.1. Preparations of Wood Particles

Short-rotation European aspen (Populus tremula L.) and willow (Salix caprea L.) trees (two aspen
and 19 willow stems) were harvested in Tuusula (60◦33′09”N, 24◦58′06”E; 43 m a.s.l.) in southern
Finland. The tree height and stem diameter at butt (0 m), breast height (1.3 m), and 6 m (aspen only)
were measured for each tree (Table 1).
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Table 1. Characteristics of the sample trees in Tuusula, Finland (mean ± standard deviation).

Wood Species Height (m)
Stem Diameter (cm) *

0 m 1.3 m 6 m

Aspen 19.6 ± 0.7 26.1 ± 1.4 20.3 ± 0.6 13.0 ± 0.6
Willow 7.0 ± 2.9 4.7 ± 2.2 1.7 ± 0.5 not measured

* Diameters were measured from two compass directions across the stem and arithmetic mean values calculated.

The stems were then sawn into smaller blocks, from which bark, branches, larger knots, and
defects and whorls were removed. The blocks were converted into wood chips while using a lab-based
chipping machine, as described in Figure 1. The chips were dried with warm air at a room temperature
for two to three weeks to stabilize the moisture content. The corn starch-based polylactic acid (PLA) was
purchased from Sigma Aldrich (Helsinki, Finland) as a biopolymer matrix for biocomposites fabrication.

 

Figure 1. Harvesting and chipping process of short-rotation aspen and willow.

Aspen and willow chips were milled with Fritsch Pulverisette mill (Helsinki, Finland). A two-step
milling process was applied, where the second, fast rotating cutting blade followed the first slowly
rotating crushing blade. Against the second blade, a sieve with 2.0 mm openings was used. The particle
size varied from 0.2 mm × 1.0 mm × 2.0 mm to 0.5 mm × 2.0 mm × 6.0 mm. The milled powder was
dried for at least 4 h at 105 ◦C, and the mixtures with natural binder were made at 80 ◦C to avoid
moisture absorption to the raw materials. The wood particles of both species were mixed to natural
binder in 10%, 20%, 30%, and 40% based on dry weight percentage of PLA before molding process.

2.2. Injection Molding Process

The test specimens (Figure 2) of aspen and willow wood with PLA matrix were molded at
industrial scale with a twin-extruder (Engel ES 200/50 HL, Eschweiler, Germany), according to ASTM
D638 standards. Twenty tensile bars of each weight percentages of wood in biocomposites were
prepared for tests of tensile, bending strength, and Brinell hardness. All of the specimens were
conditioned at 20 ◦C and 65% relative humidity for 48 h prior to testing. The nominal dimensions of
specimens were, as follows: gauge length 80 mm, width 10 mm, and thickness 4 mm. The following
temperature settings were used for injection molding process: Feed zone: 185 ◦C, compression
zone: 190 ◦C, homogenizing zone: 190 ◦C, machine nozzle: 195 ◦C, and mold temperature: 30 ◦C.
The gravimetric method measured the density of all the prepared biocomposites.
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Figure 2. Dog-bone shaped biocomposite test samples of aspen and willow.

2.3. Mechanical Properties

The mechanical properties were tested while using Zwick Z050 (Kennesaw, GA, USA) material
testing machine. Tensile strength was measured according to EN ISO 527, bending strength (σw, MPa),
and modulus of elasticity (Ew, GPa) were measured according to EN ISO 178, and Brinell hardness
(HB, MPa) was measured according to EN 1534 [28].

2.4. Color Measurement

The surface reflectance spectrum was measured from the range of 8 mm in diameter of each
specimen in the visible light wavelength range 360–740 nm while using a Konica Minolta CM-2600d
spectrophotometer (New Jersey, NY, USA) Spectral data was converted to CIEL*a*b* color coordinates
using 2◦ standard observer and D65 light source for lightness (L*), redness (a*), and yellowness (b*),
according to CIEL*a*b* color space (ISO 11664-4:2008). For each sample group, the mean and standard
deviations of the color coordinates were calculated.

2.5. Microstructures of Biocomposites

Small specimens (ca. 20 mm × 5 mm × 4 mm) having a trapezoid-shaped head were cut from the
biocomposite samples by using a saw and a razor blade. Semi-thin sections (ca. 5–6 μm thick) were
cut from trapezoids by using glass knives in a rotary microtome (Leica RM2265, Leica Microsystems,
Wetzlar, Germany). The sections were stained with an aqueous solution of 0.1% toluidine blue, air-dried,
and then mounted in Ultrakitt M540 mountant (TAAB, Reading, UK). Optical microscope images of
sections were taken by using a digital camera (MicroPublisher 3.3 RTV, QImaging, Surrey, BC, Canada;
6.6 PL-B686CF-KIT, PixeLINK, Ottawa, ON, Canada) that was attached to a light microscope (Olympus
BX60 or Olympus BX50) at 10X -magnification and with a resolution of 0.343 μm/pixel.

2.6. FTIR Measurement

Fourier transform infrared spectrophotometer (Shimadzu Cooperation, Kyoto, Japan
IRPrestige-21/IRAffinity-1/FTIR-8000 series) coupled with IRsolution software to control them and
data processing used in this work. Semi-thin layers were cut from biocomposites, a razor blade, and
then dried at 60 ◦C for two hours. The prepared samples were scanned while using Attenuated Total
Reflection (ATR) setup in the absorbance range of 400–4000 cm−1 with a scanning rate of 2 cm−1 and
50 scans per run.

2.7. Water Absorption

Three specimens of each biocomposite samples with nominal dimensions of 32 mm × 20 mm
× 4 mm were immersed into water for 24 h and for four days and weight change was measured to
calculate the water absorption percentage.
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2.8. Statistical Analysis

One-way analysis of variance (ANOVA) at P < 0.05 level was performed to identify the statistical
difference between the control PLA sample and wood particles reinforced biocomposite samples by
using Microcal Origin statistical software.

3. Results and Discussion

3.1. Density and Water Absorption

The density of pure PLA injection molded composite varied between 1.22 to 1.26 g/cm3. The density
of biocomposite increased with an increasing weight percentage of wood particles (Table 2). The density
of aspen-based biocomposite was increased from 1.22 g/cm3 (wood content 10%) to 1.32 g/cm3 (wood
content 40%), while the pure biopolymer possesses density between. The willow-based biocomposite
showed higher density in comparison to aspen-based biocomposite.

Table 2. Density and water absorption of biocomposites for different weight percentage of wood particles.

Species and Wood Weight Percentage Density (g/cm3)
Water Absorption (%)

24 h 4 days

PLA 1.22 ± 0.05 0.20 ± 0.04 ns 0.59 ± 0.07 ns

Aspen 10% 1.23 ± 0.05 ns 0.33 ± 0.04 ns 0.98 ± 0.06 *
Aspen 20% 1.26 ± 0.06 ns 0.53 ± 0.07 ns 1.5 ± 0.15 *
Aspen 30% 1.29 ± 0.05 * 0.75 ± 0.05 ns 2.27 ± 0.2 *
Aspen 40% 1.32 ± 0.04 * 0.90 ± 0.08 ns 2.79 ± 0.18 *
Willow 10% 1.30 ± 0.05 * 0.40 ± 0.04 ns 1.41 ± 0.21 *
Willow 20% 1.31 ± 0.03 * 0.51 ± 0.03 ns 2.01 ± 0.10 *
Willow 30% 1.32 ± 0.04 * 1.25 ± 0.1 * 5.30 ± 0.30 *
Willow 40% 1.33 ± 0.05 * 1.56 ± 0.03 * 6.20 ± 0.27 *

(ns—no signifiecant different). (*—Significant difference at p < 0.05).

The stability of biocomposite in humid condition or water contact is a very essential characteristic
that is required for several applications. Table 2 shows the water absorption of biocomposites after
being immersed into water for 24 h and four days. The water absorption capacity of biocomposite
increased with increase in weight percentage of wood particles. After 24 h, the 10% aspen sample
showed 0.33% water absorption, while the 40% aspen sample reached 0.90% water absorption. Similar
trend was observed for willow-based biocomposites, but with higher average water absorption than
that of aspen-based biocomposites. Increasing trend of water uptake with wood particle content was
also observed after four days of immersion. However, the water absorption was significantly higher,
i.e., 2.79% and 6.20% for 40% aspen and willow samples, respectively. These results are in accordance
to studies that were reported in literature, where wood-based material was used in biocomposite
preparation [29,30].

3.2. Tensile Testing

To evaluate the effect of reinforcement by wood particles on the PLA matrix, the mechanical
properties of biocomposites were determined. The tensile strength of PLA was 64± 3 MPa. The addition
of 10% of wood particles significantly reduced the tensile strength by 26% to 49 ± 2 MPa, as shown in
Figure 3. This might be due to the random distribution of wood particles in biopolymer matrix, which
has created different load transfer points within biocomposite due to packing frication. Tensile strength
increased with further increase in wood particle content up to 30. However, increasing the wood
particles content beyond 30% was found to have a negative impact on bond formation between polymer
matrix and wood particles, thus creating weak interfacial regions [31]. Earlier studies also showed
similar behavior in the reduction of tensile strength of wood particles (flour and fibers) reinforced
PLA-based biocomposites with increasing wood content [32–34].
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Figure 3. Tensile strength comparison between different species. (* Significant difference at p < 0.05)

3.3. Bending Strength and Stiffness

The pure biopolymer of this study showed a strong bending strength of 100 MPa, which
is comparable to the bending strengths that were reported for other biopolymers, such as PLA
and polyester resin [15,21]. Figure 4a shows the bending strength of the prepared biocomposites.
The bending strengths of wood particle-reinforced biocomposites were significantly decreased as
compared to the pure PLA. The bending strength reduced to 88–90 MPa from 100 MPa with different
weight percentages of wood particles of both species and the lowest values were shown for the samples
with 40% of weight percentage. This reduction in bending strength is attributed to the redistribution of
binding forces between wood particles and biopolymer. At higher wood filler contents, the bending
stiffness of biocomposites significantly increased (50%–90%) with the increasing wood particle content
of both species in comparison with the bending stiffness of pure biopolymer. The bending stiffness of
pure biopolymer was 3.4 GPa and the stiffness of biocomposites increased to 3.7, 4.7, 5.7, and 6.8 GPa
with 10%, 20%, 30%, and 40% of aspen wood weight percentages, respectively, as shown in Figure 4b.
Similar, trend was shown by willow wood particles reinforcement, with the highest stiffness of 5.6 GPa
with 40% of wood particle content.

 
Figure 4. Comparison of the bending properties between the PLA and biocomposite samples:
(a) Bending strength and (b) Bending stiffness. (* significant difference at p < 0.05 and ns not significant).
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The stiffness and brittleness of the biocomposites increases with increasing wood particle content
(Figures 4b and 5). For all cases, there is a linear increase in the bending stiffness with wood particle
content. The load-displacement curves (Figure 5a,b) show that as the content of wood particles increases,
the biocomposites show the brittle-behavior with reduced displacement towards bending force.

 
Figure 5. Load-displacement curves of biocomposites for bending strength for (a) aspen wood particles
and (b) willow wood particles.

3.4. Brinell Hardness

The technical hardness is the resistance that a body opposes the penetration of another.
The hardness mainly characterizes plastic or mainly elastic deformation, depending on the type
of deformation of the materials to be tested [34]. Figure 6 demonstrates the change in the Brinell
hardness of biocomposites with wood particles content. The hardness significantly increases with the
wood particles content for both wood species. With 10% wood particles, the hardness of biocomposite
was 89.27 and 91.80 MPa for aspen and willow, respectively. It was increased to 102.79 and 98.80 MPa
for aspen and willow-based biocomposites, respectively, with 40% wood particles content. The average
mean Brinell hardness for pure biopolymer was 75 ± 5 MPa, so Brinell hardness of biocomposites
significantly increased with increasing wood particles content. Similar results have been reported in
literature, where wood particles of other species were used [31,35]. The natural aspen and willow
wood have a significantly lower, i.e., 18 ± 3 MPa Brinell hardness when compared to that of biopolymer
(75 ± 5 MPa). The hardness of the produced biocomposites increased with increasing wood contents
when wood particles were used as fillers in biopolymer.
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Figure 6. Brinell hardness of biocomposite with different weight percentages of wood particles.
(* significant difference at p < 0.05 and ns not significant)

3.5. Correlation between Brinell hardness and Tensile Strength

Hardness is of persistent interest to understand the relationships between hardness and other
fundamental properties of material [36]. In the present work, the ultimate tensile strength of biocomposite
was estimated with different wood particle content of two different wood species. The relationship
between the Brinell hardness and the tensile strength of the biocomposite was determined by linear
regression analysis and the coefficient of correlation was established between them, as shown in Figure 7.
The linear correlation showed a decreasing trend with increasing wood particles content. The highest
coefficient correlation R2 found was 0.987 for 10% aspen wood particles biocomposite, whereas 10%
willow particles filled biocomposite showed R2 of 0.972. With 40% wood particles content, the R2 was
reduced to 0.958 and 0.954 for aspen- and willow-based biocomposites, respectively. A similar value of
correlation coefficient was reported [30] for wood plastic composite (polypropylene beech and pine wood
mixed wood flour) between the Brinell hardness and tensile strength, where R2 significantly reduced
when wood flour content of ≥40% was used for polypropylene-based injection molded composite.
The interfacial bonding between biopolymer and wood particles might be reduced with increasing
wood content, also possibly resulting in lower R2. According to literature, this is a typical behavior of
thermoplastic composites that are filled with lignocellulosic material [16,18,31,35,37].

 

Figure 7. The correlation between Brinell hardness and tensile strength of the biocomposite reinforced
with aspen and willow wood particles.
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3.6. FTIR Analysis

Figure 8 shows the typical hardwood FTIR spectra that represent aspen and willow wood with
characteristic peaks at 3350 cm−1 for O–H stretch (hydrogen-bonded), C–H stretching at 2926 and
2854 cm−1; and 1739 cm−1 for C=O stretch; 1593 cm−1 and 1502 cm−1 for aromatic skeletal vibration
of lignin; 1234 cm−1 for C–O of guaiacyl ring; and, at 1031 cm−1 for C–O of primary alcohol and
guaiacyl C–H, respectively [38]. The stretching frequencies for C=O and C–O, –CH3 asymmetric, –CH3

symmetric at 1746 cm−1, 2995 cm−1, 2946 cm−1, and 1080 cm−1, respectively, as shown in Figure 9
for biopolymer. The –CH3 asymmetric and –CH3 symmetric frequencies at 1452 and 1361 cm−1,
respectively, are the identification of PLA [39]

The biocomposite that was reinforced with aspen and willow wood particles showed the
characteristic FTIR peaks (see Figure 9) of biopolymer and aspen wood, as discussed above. The O–H
stretch (hydrogen-bonded) at 3350 cm−1 of wood was not presented in biocomposite, due to bonding
between biopolymer and reactive hydroxyl group of wood. The C–O at 2995 cm−1, –CH3 asymmetric
at 2946 cm−1 has shifted to 2926 cm−1, 2854 cm−1, respectively, when 40% of aspen wood particles
reinforced the biopolymer matrix. The peak stretch intensity at 1746 cm−1 that represented the C=O
stretch of wood and –CH3 symmetric of biopolymer significantly increased for biocomposites with
increasing wood content.

Figure 8. Fourier transform infrared spectrophotometer (FTIR) of wood particles, biopolymer and
the biocomposites.

3.7. Color Difference

The lightness values were at the lowest in the groups of 10% of wood particles content, as shown
in Figure 9. The low level of the lightness in those biocomposites were probably due to the fact that
the glasslike binder of the composite material passed through most of the light and the light was
not reflected back to the detector from the sample surface or the surface behind it. The redness of
biocomposites increased with increase in wood particles content. Aspen-based biocomposites showed
lower redness values as compared to willow-based biocomposites. While yellowness was consistent
with different wood particles contents, the difference in yellowness between the wood species was
apparent: aspen-based biocomposites showed yellowness values of 30 or more, while willow-based
biocomposites had values that were lower than 30.
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Figure 9. Color measurement of biocomposites with different weight percentage of aspen (a) and
willow (b) wood particles.

3.8. Microstructure of Biocomposites

Figure 10 shows the visual appearance of microstructure of biocomposites with different wood
particles content of aspen and willow mixed with the PLA matrix. The wood particles were uniformly
mixed with the binder and cellular characteristics of wood were well recognizable. The interfacial
bonding of wood particles with the biopolymer was homogenous, which resulted in even and high
quality of the composite material. It was clear from microstructures that the wood particles were
covered by the polymer matrix that could account for good strength performance of biocomposites.
Any types of bubbles or voids were not observed between the biopolymer matrix and the wood
particles; however, with higher wood particles content, the homogeneity decreased, possibly causing
negative impacts on mechanical properties. The arrows in Figure 10 represent the interfacial zone
formation between wood particles and PLA materials. At low wood content, the wood particles
formed a bigger interface and random distribution with PLA matrix (Figure 10a,c), and wood particles
seem to appear ruptured. On the other hand, the high wood content loading into PLA matrix formed
smaller interface zone and wood particles appeared to be less ruptured. The higher wood content
loading showed lower tensile strength due to the formation of smaller interface zone.

 

Figure 10. Microstructure of biocomposites with different weight percentage of wood particles mixed
to natural binder before the molding process (white color for PLA matrix and blue color for wood
particles in PLA matrix): (a) 10% of aspen wood, (b) 40% of aspen wood, (c) 20% of willow wood, and
(d) 40% of willow wood. Scale bars: 100 μm.
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4. Conclusions

The present study was focused on exploring the potential utilization of wood raw materials from
short-rotation forests, namely aspen and willow, in the production of injection molded biocomposites.
The aspen and willow wood particles were mixed as filler in different weight percentages (10%, 20%,
30%, and 40%) into the PLA matrix to produce biocomposites at the industrial scale setup. Biocomposites
were analyzed to evaluate their physical (color, density and water absorption, microstructure), chemical
(FTIR), and mechanical (tensile strength, bending behavior, and Brinell hardness) properties. The results
revealed that the tensile and bending strength initially decreased with 10% weight percentage of
wood particles when compared to pure biopolymer, but showed increasing trend with higher wood
particles contents. However, the bending stiffness was higher than that of pure PLA already at
the lowest wood particles content and increased with the increase in weight percentages of wood
particles. The linear correlation between tensile strength and Brinell hardness varies with wood
particles content, as the values of the linear coefficient of regression (R2) was decreased with increasing
wood particles percentage. The microstructure analysis revealed the formation of good interfacial
bonding between wood particles and biopolymer, but also variations in the homogeneity with different
weight percentages of wood particles. As a conclusion, wood of short-rotation tree species has excellent
potential to be used for production of biocomposites and contribute to the sustainable bioeconomy.
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Abstract: In this study, feather was used as the source of protein and combined with copper and boron
salts to prepare wood preservatives with nano-hydroxyapatite or nano-graphene oxide as nano-carriers.
The treatability of preservative formulations, the changes of chemical structure, micromorphology,
crystallinity, thermal properties and chemical composition of wood cell walls during the impregnation
and decay experiment were investigated by retention rate of the preservative, Fourier transform
infrared spectroscopy (FT-IR), scanning electronic microscopy-energy dispersive spectrometer
(SEM-EDS), X-ray diffraction (XRD), thermoanalysis (TG), and confocal Raman microscopy (CRM)
techniques. Results revealed that the preservatives (particularly with nano-carrier) successfully
penetrated wood blocks, verifying the enhanced effectiveness of protein-based preservative with
nano-carrier formulations. Decay experiment demonstrated that the protein-based wood preservative
can remarkably improve the decay resistance of the treated wood samples, and it is an effective,
environmentally friendly wood preservative. Further analysis of these three preservative groups
confirmed the excellent function of nano-hydroxyapatite as a nano-carrier, which can promote the
chelation of preservatives with higher content of effective preservatives.

Keywords: feather protein; wood preservatives; nano-carrier; treatability; decay resistance

1. Introduction

Wood is a conventional construction material, but wood products that have direct contact with
outdoor soil without protection easily become less stable and present serious deterioration through
the decay and degradation in the ambient environment, which may result huge economic losses
and resource waste because wood materials are susceptible to being damaged and destroyed by
microorganism such as fungi, bacteria and insects. Based on the above reasons, wooden constructions
and architectures are mostly protected and chemically-modified to obtain significant improvements
in their stability and durability [1]. In most cases, preservative treatment should be performed on
wood products, and the durability and resistance of treated wood products against biological attacks
during their service period can be improved [2,3]. Chemical preservatives are common in wood
preserving treatments, in which water-soluble preservatives are mostly used. Chromated Copper
Arsenate (CCA) preservatives have been the most extensively used in the past decades, especially
for wood-framed building timbers. Nevertheless, CCA has been prohibited for residential purposes
by the U.S. Environmental Protection Agency since 2004 due to its toxic effect on the environment
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during manufacture, treatment, and disposal [4,5]. In recent years, some wood preservatives have been
subjected to restrictions on its application considering public concern regarding their high toxicity [6–9].
Based on the above considerations, low toxicity and environmental benign wood preservatives is
the research focus in this field, and the development of effective and environment-benign wood
preservatives for new preservative systems without chromium and arsenic is necessary [10,11].

In this perspective, copper and boron salts are attracting more and more attention in recent years
since they are poisonous to microorganisms and insects but with low toxicity [12–16]. In current
circumstances, copper-based preservatives, such as Ammonium Copper Quaternary (ACQ) and
Chromated Copper Arsenate (CCA) are the most common preservatives. Since some species of fungi
can develop resistance to copper salts, copper-based preservatives are usually applied with other
active ingredients to achieve a better preservative effect. Boron-based preservatives are also commonly
used because of their low toxicity, resistance against fungi and insects, and low-cost characteristics.
In contrast, borates are not suitable for outdoor application because they are easily to leach out
due to borates’ preferable water-soluble property. To avoid the leaching of active ingredients from
preservative caused by their water solubility, proteins can be used as fixative agents, such as soy
isolates and egg albumin, to chelate boron and copper in the preservative by chelation, coagulation,
and/or chemical reactions to form insoluble complexes thus increase the fixation and durability of
preservatives during the wood treating process [17–23]. Nevertheless, since protein is a kind of
nutritious matter, excessive amounts of protein may precipitate in wood blocks. This suggests that the
excessive protein can serve as a nutrient source consumed by fungi, which might cause a loss of Cu
and B in the decay process. Therefore, the ideal protein-based wood preservative should chelate more
preservative components and contain less protein.

Based on this, many researchers seek alternative solutions to solve the problem about preservative
fixation. Furthermore, to promote the penetration depth and uniformity of the active preservative
components, nano-carriers are frequently used in the preparation of wood preservative to enhance the
content of effective preservative ingredients [24–28]. In this study, feather protein-based preservatives
with different nano-carriers were firstly developed. The treatability of preservative formulations,
the changes of chemical structure, micromorphology, crystallinity, thermal properties, and chemical
composition of wood cell walls during the modification and decay test were comprehensively
investigated. Results show that the feather protein-based preservative studied in this paper can
significantly improve the resistance performance against decay fungi of the treated wood, and it is
believed that the protein-based preservatives with different nano-carriers have great potential in the
fabrication of eco-friendly wood products.

2. Materials and Methods

2.1. Preparation of Feather Protein-Based Wood Preservatives

The preservative formulations were made from hydrolyzed feather protein, copper sulfate
(CuSO4·5H2O) and sodium borate (Na2B4O7·10H2O). Protein hydrolysate was obtained by hydrolyzing
chicken feather powder at 140 ◦C for 4 h after immersed in 6 wt% aqueous sodium hydroxide at room
temperature for 24 h. The concentration of hydrolyzate was condensed to 50% and it was added into
the suspension of copper sulfate and sodium borate with the ratio of protein to total amounts of Cu
and B in the formulations of 1:1, w/w. Then, a few drops of glacial acetic acid were added into the
mixture. Commercial ammonium hydroxide (NH4OH) with a one-tenth volume of the suspension
was added to dissolve the water-insoluble mixture and obtain preservative solution, which was named
feather protein-based wood preservative in this study.

To further increase the performance of the preservative, nano-hydroxyapatite or nano-graphene
oxide was added into feather protein-based preservative as nano-carriers and blended by the ultrasonic
vibration, which facilitates the uniform distribution of these nano-particles in the newly developed
preservative. In this study, there are three preservative formulations (P1, P2 and P3). P1 was prepared
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by feather protein combined with copper sulfate and sodium borate, accordingly named the feather
protein-based preservative (Cu-B-Pr). Preservative P2 and P3 were prepared by the feather protein
combined with copper sulfate and sodium borate and nano-hydroxyapatite, nano-graphene oxide,
respectively. Based on these formulations, P2 and P3 were correspondingly named nano-hydroxyapatite
protein-based preservative, and the nano-graphene oxide protein-based preservative (Cu-B-Pr-HA,
Cu-B-Pr-Go). The preparation procedure for the protein-based preservative was shown below
(Scheme 1).

Scheme 1. The preparation process for the feather protein-based preservative.

2.2. Preservative Treatment of the Wood Blocks

Wood blocks sawed from Pinus yunnanensis sapwood with a dimension of 150.0 × 20.0 × 20.0 mm
(size in axial, radial, and tangential) were each immersed in preservative formulation for 24 h at normal
temperature and pressure conditions, and then oven-dried at 60 ◦C for 24 h, followed by air-dried
over 24 h. Each preservative formulation with size of 10.0 × 20.0 × 20.0 mm (size in axial, radial, and
tangential) was used for determining decay experiments.

2.3. Treatability of the Preservatives

To measure the solution uptake of treated samples in preservative formulations, treated wood
blocks were air conditioned for 24 h and then oven-dried at 60 ◦C for 24 h. Treatability,
representing actual percent retention of the preservatives in the treated samples, was calculated
through the ratio of measured retention and target retention for the preservative.

2.4. Decay Resistance of Treated Wood Samples

Decay resistance of control and the treated wood blocks exposed to decay fungi was evaluated
according to the method described in ASTM Standard D 1413-07. Brown-rot fungi Gloeophyllum trabeum
(GT) was used as the test fungi in decay experiments [29].

Fungus cultured on potato dextrose agar was inoculated on the feeder strips on the surface of
a mixture composed of river sand, sawdust, corn flour and brown sugar. After the fungal mycelia
covered the surface, sterilized wood blocks were placed onto the feed strips, two blocks per bottle.
Culture bottles were sterilized for 1 h before being inserted into the decay chamber. The soil-block
culture was incubated at 26 ± 1◦C and 75% relative humidity for 12 weeks. After the incubation,
wood blocks were moved out from the culture bottles in the decay chambers, and the fungal mycelia
were cleaned, then dried overnight in an oven at 80 ◦C and weighed to determine weight loss of the
wood samples. The decay rate of the wood block was represented by the percentage weight loss during
exposure to the decay fungus. The treated wood blocks (24 pieces of wood) with different preservatives
formulations were evaluated by the decay test.

2.5. Multi-Analysis of Control and Treated Samples

To better investigate the effect of preservative treatment on the treatability of protein-based
preservatives, multi-analysis of control and treated samples (12 weeks decay test) was conducted to
investigate the decay resistance performances against fungi of the three preservative formulations.

Fourier transform infrared (FT-IR) spectra analysis was used on Thermo Scientific Nicolet iN10
FT-IR microscope (Thermo Nicolet Corporation, Waltham, MA, USA), which was conducted in the
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range from 4000 to 400 cm−1 with 64 scansions per sample at a resolution of 4 cm−1 [30,31]. Control and
wood samples were milled into powders (40–60 mesh) and then analyzed to elucidate the changes
before and after the treatment with preservatives.

Crystallinity index was measured by X-ray diffraction (XRD) using Ni-filtered CuKa radiation
at 40 kV and 30 mA. The crystallinities of the specimens were calculated by the ratio of areas under
crystalline peaks and amorphous curve according to previous publications [32,33]. Thermogravimetric
analysis (TGA) was performed on a simultaneous thermal analyzer DTG-60 (Shimadzu, Kyoto, Japan).
3-5 mg samples were heated in an alumina crucible at a heating rate of 10 ◦C·min−1 from room
temperature to 600 ◦C under nitrogen atmosphere [34].

Scanning Electron Microscope (SEM) can clearly observe the micromorphology and microstructure
change of plant cell walls. Energy Dispersive Spectrometer (EDS) can analyze the chemical composition
of the cell walls of controlled and treated samples. SEM images were executed with a Hitachi S-3400 N
II (Hitachi, Tokyo, Japan) instrument at 10 kV and 81 mA [35].

Raman spectra were acquired with a confocal Raman microscope (CRM, LabRam Xplora, HORIBA,
Kyoto, Japan), which was equipped with a piezo scanner and a high numerical aperture (NA)
microscope objective from Olympus (100oil NA = 1.40). The Labspect5 software (HORIBA) was
used for measurement setup and image processing to remove spikes, smooth the spectra by the
Savitsky-Golay algorithm at a moderate level, correct baselines, and the data was further smoothed by
Fourier transformation coupled with cosine apodization function [34–36]. Cross sections of 10 μm
thickness were cut from wood sample using a rotary microtome RM 2255 (Leica, Wetzlar, Germany) to
obtain a full wafer and then covered with glass cover slips. The chemical images allowed us to separate
cell wall layers into secondary wall (S) and the cellular corner middle layer (CCML) with different
chemical compositions, and to mark distinct cell wall regions for constructing average spectra.

3. Results and Discussion

3.1. Treatability of Protein-Based Preservatives

Treatability of preservative formulations means actual percent retention of the protein-based
preservatives in treated wood blocks, which was listed in Table 1. As shown in Table 1, the measured
retentions of Cu and B in wood samples treated with P1, P2 and P3 were very close to the target
retention, respectively. The treatability of Cu in pretreated wood samples was 84.6% to 87.9%, while the
treatability of B in pretreated wood samples was 89.6% to 95.5%. This fact suggested that the three
preservative formulations could effectively penetrate wood blocks since ammonium hydroxide is a
good dissociating agent [4,5].

Table 1. Treatability of three formulation feather protein-based wood preservatives.

Formulations
Target retention Measured retention Treatability

Cu B Cu B Cu B

P1, Cu-B-Pr 12 20 10.16 17.92 84.63 89.60
P2, Cu-B-Pr-HA 12 20 10.40 18.31 86.69 91.55
P3, Cu-B-Pr-Go 12 20 10.55 18.69 87.92 93.45

3.2. FT-IR Analysis before/after Decay

To compare the structural changes of wood samples after the preservative treatment, the fingerprint
region in the FT-IR spectra of control and treated wood samples are presented in Figure 1. As can
be seen from Figure 1, it was found that the spectra at 3350 and 2900 cm−1 decreased distinctly,
revealing that a relatively high content of the hydroxy and aliphatic acid extractives could interact with
preservative ingredients during the treatment process. It was observed that the signals at 1740 cm−1

for hemicellulose almost disappeared, suggesting that deacetylation of hemicelluloses occurred during
the impregnation stage. The absorption bands at 1590 cm−1, 1505 cm−1 attributed to aromatic skeletal
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vibration breathing with C=O stretching in the lignin fraction signals, were observed to be weakened.
Moreover, the peaks at 1460 cm−1 and 1370 cm−1 corresponding to cellulose, hemicellulose and lignin,
are also significantly diminished or decreased sharply, implying that effective interaction occurred
between cellulose, hemicellulose and lignin with three groups of preservative.

Figure 1. Fourier transform infrared (FTIR) spectrum of wood samples before/after decay.

After a decay resistance test, the absorption peaks at 3350, 2900, 1740, 1160, 1040 cm−1 are distinctly
weakened in the spectra of control sample, indicating that cellulose and hemicelluloses were partly
destroyed during the decay process. By contrast, the main components in the treated samples remained
relatively steady after the decay test, suggesting that treated wood samples have been effectively
protected. In short, the data presented herein revealed that the protein-based preservative systems
were effective formulations and constituted appropriate protections for treated wood blocks.

3.3. Morphology Analysis

The morphology of control and treated samples was investigated by SEM, and the distributions
and contents of Cu and B within the wood cell wall were also analyzed by SEM-EDS, as shown in
Figure 2. To observe the cross-section morphology by SEM, a small piece was randomly cut from the
inside of the wood blocks, after removing at least 5 mm from the edge, completed with the preservative
modification treatment and wood drying. The cross-section and radial-section morphologies of the
control and treated wood samples are shown in Figure 3. From the magnified images, deposition of
Cu-B-protein was not observed inside tracheid in these samples.
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Figure 2. SEM images showing the distribution of B, N and Cu within the wood cell wall. (a), control
sample, (b), sample treated with P1, (c), sample treated with P2, (d), sample treated with P3.

Figure 3. SEM photographs of wood samples. Cross-section: (a), control sample, (b), sample treated
with P1, (c), sample treated with P2, (d), sample treated with P3; Radial-section: (e), control sample,
(f), sample treated with P1, (g), sample treated with P2, (h), sample treated with P3.

SEM pictures of control and treated samples with protein-based wood preservatives demonstrated
that Cu and B elements have successfully impregnated and penetrated uniformly into the treated wood
cell walls. SEM-EDS analysis showed the distributions and contents of active preservative elements
within the cell walls before and after decay tests, and the results are shown in Table 2. It was found
that elements (Cu and B) distributions in the samples treated by P2 and P3 preservatives were higher
than those in P1 treated wood samples. In contrast, lower N contents were observed in P2 and P3

treated wood samples. These results showed that the P2, P3 preservatives with nano-carriers can
chelate more active components (Cu, B) and less protein in preservative formulations, facilitating the
permeation of preservatives into the treated wood cell walls. In particular, for the samples treated
by P2 preservative with nano-hydroxyapatite, the protein content in cell walls was the least but Cu
and B contents were at high levels. Since protein is also a kind of nutritious matter, preferable wood
preservative should chelate less protein and more active components for protecting wood materials
from decay. Consequently, it can be concluded that nano-carriers in P2 preservatives could promote
more active ingredients permeating into treated wood cells.
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Table 2. Elements distributions with cell wall by SEM-Energy Dispersive Spectrometer (EDS).

Control Samples Treated Samples-1 Treated Samples-2 Treated Samples-3

B 1.76 2.23 3.10 3.16
C 43.27 40.00 41.76 39.98
N 0.00 7.37 3.87 6.67
O 52.15 42.28 42.58 40.32
Ca 0.96 1.06 1.03 1.06
Cu 1.86 7.06 7.66 8.81

Total 100.0 100.0 100.0 100.0

After 12 weeks decay test, the entire cell wall can scarcely be found in the control samples (Figure 4),
suggesting that serious degradation of cell walls had occurred after the decay process. In contrast,
the cell walls were relatively unchanged in the three treated wood samples, further suggesting the
effectiveness of protein-based preservatives. The cell wall treated by preservative P2 is more intact
than samples modified by preservative P1 and P3. This might be attributed to the high contents of Cu
and B but with less protein content of P2. In general, the morphology results reflected by SEM-EDS
and SEM pictures confirmed that the active ingredients in preservatives can effectively penetrate and
fixate within the wood blocks, especially in the P2 preservative.

Figure 4. SEM photographs of wood samples after 12 weeks decay stage. Cross-section: (a),
control sample, (b), sample treated with P1, (c), sample treated with P2, (d), sample treated with
P3; Radial-section: (e), control sample, (f), sample treated with P1, (g), sample treated with P2, (h),
sample treated with P3.

3.4. XRD Analysis

In this study, the crystallinity index (CrI) of control and treated samples was measured by
XRD-6000 instrument (Shimadzu, Japan). The X-ray diffraction patterns of wood samples are presented
in Figure 5. The CrI values were calculated and shown in Table 3. As can be seen from Figure 5,
the XRD pattern of wood samples all showed typical cellulose I structure, indicating that the crystal
structures of the treated samples were not changed by preservatives during the impregnation processes.
The unchanged crystal structures are beneficial for utilization of the modified wood, and contributed
to some properties, such as strength of treated wood blocks, remaining unchanged.
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Figure 5. X-ray diffraction (XRD) patterns of wood samples before/after decay.

Table 3. Crystallinities of wood samples before/after decay.

Degree of Crystallinity

Before Decay After Decay (12 Weeks)

Control samples 60.10 40.33
Treated samples-1 50.69 44.66
Treated samples-2 51.27 46.92
Treated samples-3 50.66 45.49

As can be seen from the Table 3, the CrI of preservative-treated wood samples all reduced (from
50.66 to 51.27%) distinctly as compared to that (60.1%) of control sample, which might be attributed to
the addition of amorphous protein in the preservative. The CrI (50.69% and 50.66%) values of treated
wood samples with the preservatives P1, P3 were less than that treated with P2 (51.27%). This might
attribute to the function of nano-carrier in P2 preservative, which promotes more active ingredients
chelating less protein and facilitates preservatives into the wood cells.

After 12 weeks of decay tests, the CrI of three treated wood samples all substantially decreased
(44.66%–46.92%), whereas the CrI of control samples decreased to 40.33%. Fungi can directly attack
and degrade the main chemical components of the control wood blocks during the decay process,
such as cellulose and hemicelluloses. The CrI of P2 (46.92%) treated samples was slightly higher than
those of P1, P3 treated samples (44.66% and 45.49%) after decay, which was attributable to the function
of nano-carrier in preservatives. P2 preservative contained a high content of active ingredients and low
protein content and it showed more effective protection for wood materials, demonstrating that P2 is
the most effective preservative.

3.5. Thermogravimetric Analysis (TGA)

TGA was used to evaluate the thermal properties of control and modified wood samples. As shown
in Figure 6 (before the decay process), the initial pre-carbonization temperature of preservative-treated
samples was lower than that of the control samples. This might attribute to the facilitation for char
forming derive from Cu and B elements. The final carbon residue of the treated samples (P1, P2 and
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P3) was considerably higher than control sample since preservative ingredients can promote the
carbonization and retard the thermal decomposition of the wood components.

Figure 6. Thermogravimetric (TG)/Differential Thermogravimetric (DTG) spectrum of wood samples
before/after decay.

As can be seen from Figure 6 (after the decay process), the content of residual char in the control
sample increased as compared to that before decay test. The increased content of “char residues” in
the control sample is likely attributed to the high content of lignin in the decayed sample, which is
due to the serious degradation of cellulose and hemicelluloses during the decay stage. In contrast,
the content of residual char in the treated samples (P1, P2 and P3) after the decay test was close to that
before the decay test, demonstrating that preservatives effectively inhibit wood decay, and the loss
of treated wood is not obvious after decay treatment. Furthermore, the content of “char residues” in
P2 and P3 treated wood samples is higher than that of P1 without nano-carrier. This indicated that
wood products pretreated by P2 and P3 preservatives have higher thermostability, which can extend
the application range of wood products in different conditions.

3.6. Raman Analysis

Raman analysis was performed to reveal the distribution and microscopic changes of the main
structural compositions at subcellular level. The morphological and compositional information of
control and the treated samples were simultaneously recorded by the CRM, and the intensity of the
bands may be used for the calculation of the relative content in the samples [36–38]. Obvious differences
between three treated groups and the control sample can be observed in Figure 7 before the decay test.
The changes in the contents of carbohydrates and lignin in the wood cell wall implied that the three
kinds of preservative (P1, P2 and P3) all can penetrate into the treated wood cell walls.
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Figure 7. Raman images showing the distribution of carbohydrates and lignin.

As observed in Raman spectra, the control wood cell wall was intact before the decay process,
and the concentration of carbohydrates was high in the S2 layer. After the decay stage, it was found
that the distribution of carbohydrates and lignin decreased significantly. However, the cell walls of
three treated samples (P1, P2, and P3) were ultimately well preserved after the decay test, although the
decrease of carbohydrates and lignin distribution were observed, implying that the preservative can
protect the wood from degradation.

It can be seen from Figure 7, after the decay stage, that the concentrations of carbohydrates and
lignin in the P2 treated cell wall are higher than those in P1 and P3, suggesting that the P2 treated
cell wall remained relatively intact. This might be attributed to the nano-carrier function in the
P2 preservative, which could promote high contents of effective ingredients chelating within the
preservative formulations.

Verification was further performed by Raman spectroscopy, as shown in Figure S1 in
Supplementary Materials. In Raman spectra, the average signal intensity in the spectral ranges
of 1550–1650 cm−1 and 2880–2920 cm−1 are respectively applied to assess the carbohydrates and lignin
distributions. From Figure S1, an obvious trend can be found, which can be attributed to the distinct
decreases of peak intensity generated by the huge reduction in carbohydrates and lignin for the control
sample after the decay process. Compared to the control sample, the intensities of the carbohydrates
and lignin signals in the treated samples were also reduced, indicating the relative degradation of cell
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walls treated by three formulation preservatives (P1, P2 and P3). The reduction in peak intensities of
carbohydrates in P2 was the least in the three treated samples, further indicating the better protection
effectiveness of P2 formulation.

In short, Raman analysis demonstrated that the ingredients of preservatives can effectively
impregnate into the wood cell wall and adequately protect the treated wood blocks. Furthermore,
P2 preservative formulation is the most optimal one in the three preservative formulations, which is
consistent with the aforementioned SEM, XRD analysis.

3.7. Mass Loss Analysis after Decay Test

As can be seen from Table 4 and Figure 8, the mass loss rates of the control sample were
significantly much higher than those of the treated samples, indicating that the treated samples (P1,
P2 and P3) exhibited strong resistance against decay fungi. It was illustrated that these three formulation
preservatives can effectively protect wood blocks. In the treated wood samples, the mass loss rate
(9.1%) of sample treated with P2 formulation was the lowest, suggesting that P2 exhibited the optimal
preservative effect, which might be attributed to the nano-carrier function of nano-hydroxyapatite
(HA). It can chelate more content of active ingredients and fix the preservative ingredient (Cu and B)
into the cell walls of wood, which is in accordance with the results. In addition, weight percent gain
(WPG) of P1, P2 and P3 was 20.5%, 20.3% and 22.0%, respectively. The least mass loss rate and weight
percent gain indicated that the P2 can better protect the wood products from degradation.

Table 4. Mass loss of control and treated samples.

Formulations WPG/% Mass Loss/%

P1, Cu-B-Pr 20.52 12.08
P2, Cu-B-Pr-HA 20.30 9.10
P3, Cu-B-Pr-Go 22.02 11.02

Figure 8. Mass loss and weight percent gain (WPG) control and treated samples.

4. Conclusions

In this study, the results indicated that protein-based preservatives could serve as effective,
environmentally friendly and cost-competitive alternatives for traditional wood preservatives. In this
formulation system, copper and boron salts are preferably fixed together and exhibit a durable
performance on account of the feather protein being introduced as a chelation agent to form insoluble
complexes by chelation, instigate chemical reactions with wood components and form a long-term
protection mechanism in woodblocks. This enables the feather protein-based preservative to be fairly
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appropriate for wood construction. Treatability and morphology of the control and treated samples
further verified the excellent permeability and feasibility of protein-based preservative formulations.
SEM-EDS and Raman analysis of the control and treated samples after decay experiments illustrated
the good performance of nano-carriers for the Cu, B penetration and fixation of the protein-based
preservative. In particular, the nano-hydroxyapatite preservative formulation could increase the
content of Cu and B in preservative at low protein levels. In the future, the protein-based preservatives
with nano-carrier (nano-hydroxyapatite) should be further evaluated by field trials to identify their
long-term ground-contact applicability.
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Abstract: A natural fiber reinforced composite, belonging to the class of eco composites, based on
ethylene-propylene-terpolymer rubber (EPDM) and wood wastes were obtained by electron beam
irradiation at 75, 150, 300, and 600 kGy in atmospheric conditions and at room temperature using a
linear accelerator of 5.5 MeV. The sawdust (S), in amounts of 5 and 15 phr, respectively, was used to
act as a natural filler for the improvement of physical and chemical characteristics. The cross-linking
effects were evaluated through sol-gel analysis, mechanical tests, and Fourier Transform Infrared
FTIR spectroscopy comparatively with the classic method with dibenzoyl peroxide (P) applied on the
same types of samples at high temperature. Gel fraction exhibits values over 98% but, in the case
of P cross-linking, is necessary to add more sawdust (15 phr) to obtain the same results as in the
case of electron beam (EB) cross-linking (5 phr/300 kGy). Even if the EB cross-linking and sawdust
addition have a reinforcement effect on EPDM rubber, the medium irradiation dose of 300 kGy looks
to be a limit to which or from which the properties of the composite are improved or deteriorated.
The absorption behavior of the eco-composites was studied through water uptake tests.

Keywords: EPDM rubber; wood sawdust; electron beam irradiation; dibenzoyl peroxide; cross-liking;
physico-chemical characteristics

1. Introduction

Ethylene-propylene-diene monomer (EPDM) rubber is a versatile polymer containing low
compound costs. The stability of its saturated backbone structure determines the manifestation of a
good resistance at heat and oxidation and also at ozone or weather ageing [1]. Its very good physical
and chemical properties make it extremely suitable for obtaining automotive parts, sports goods,
packaging materials, etc. [2]. For vulcanizing rubber compounds, many curing systems have been
developed: sulfur, peroxides, metal oxides, phenolic resins, quinines. Of these, the first two were the
most used for cross-linking of rubber materials until recently [3]. Even if the sulfur vulcanization has
been known and applied for over 150 years, the complex chemistry of sulfur vulcanization is still not
clearly understood. Both free radical and ionic mechanisms are considered as chemical pathways [3–5].
Both unsaturated and saturated elastomers can be cross-linked by means of organic peroxides but,
for the second type, the sulfur curing systems cannot be applied [3]. Currently, the rubber processing
using high energy radiations is a method increasingly used for designing new materials based on the
modification of polymers [1,6,7]. By the use of gamma rays or electron beams C–C bonds, as in the
case of peroxide cross-linking, are formed [1]. Particularly, the electron beam irradiation has many
advantages over the mentioned curing systems such as high degrees of cross-linking and extremely
strong bonds, which are obtained directly by C–C linkage. The process occurs at room temperature so
the degradation generated by temperature is avoided. The curing cycles are shorter than in classical
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treatments and the productivity is higher, which is very suitable for both thin and thick products
(depending on the electrons’ energy and the density of the product to be irradiated) and, lastly,
a very important aspect of the process is that it does not generate material wastes [8–11]. Due to the
radiation ability to initiate chemical reactions at any temperature, under any pressure and in any
phase (gas, liquid, or solid) without the use of catalysts, very reactive intermediates are formed [12].
These intermediates can follow several reaction paths, which result in rearrangements and/or the
formation of new bonds. Therefore, radiation offers a productive way of forming polymer bridges to
bond together very different polymeric and non-polymeric elements of an engineering structure [12].
The fully saturated bonds in the main chain with a lack of quaternary carbon atoms make EPDM
rubber suitable for radiation cross-linking that can induce additional cross-linking and/or scission of
the polymeric chain [1]. The obtained product characteristics depend on the content and nature of
fillers or additives added but also on dose and dose rates applied [1,8,13,14]. The oxidation degradation
phenomena that can occur during processing must be taken into account and a method to retard or
even to suppress the oxidative degradation is compounded with antioxidants, like Irganox, Tinuvin,
or N-phenyl-N’-isopropyl-p-phenylenediamine IPPD [15]. Antioxidants are autoxidation inhibitors,
which interfere in the free radical reactions that take place during processing and/or irradiation process.
This leads to the incorporation of oxygen into the rubber molecules forming hydroperoxides that
feed the chain reaction with new radicals [15–17]. The resistance to thermo-oxidative degradation of
irradiated EPDM rubber is greatly improved by the addition of antioxidants [15,18–20]. However,
the radiation curing differs from thermal curing, which is carried out at ambient temperature under
closely controlled conditions, such as radiation dose, dose rate, penetration depth. This form of curing
ultimately results in a more well-defined end product [21].

The EPDM use in so many different applications is due to the capacity to accept large amounts
of fillers as silica or carbon black that can significantly improve its properties [1,7,22]. However, the
concern regarding the demonstrated adverse effects on occupational health (silicosis, tuberculosis,
cancer, autoimmune diseases, etc. [23–25] due to the use of the mentioned reinforcing fillers made
as natural fibers are now under attention to replace them [7,26–28]. In addition, the growing global
environmental and social concern, and new environmental regulations have forced the search for new
composites and green materials, compatible with the environment. For these reasons but also from
others related to energy saving, favorable processing properties, dimensional stability, and not least
biodegradability potential, the natural fiber reinforced composites were called eco-composites [29]
and the wood sawdust was taken under study as a possible active filler substitute [30–32] initially in
classical methods of cure consisting of repeated heating cycles in hot presses [8]. The filler amount,
particles dimension, and process characteristics as an irradiation dose and dose rate are important for
the obtained product properties especially due to the poor interfacial adhesion between the polymeric
matrix and hydrophilic lingo-cellulosic fillers observed in classical treatments [8,33,34].

The goal of the paper is to comparatively present the cross-linking effects induced by two different
methods of cure, electron beam irradiation, and dibenzoyl peroxide in order to obtain a polymeric
eco-composite based on EPDM rubber and wood sawdust. The influence of filler loading and irradiation
dose on cross-linking was studied through physical and chemical investigations as sol-gel analysis,
mechanical tests, and Fourier Transform Infrared (FTIR) spectroscopy. The absorption behavior of the
eco-composites was studied through water uptake tests.

2. Materials and Methods

2.1. Materials and Sample Preparation

The raw materials that were used in the experiments were as follows: (I) Ethylene-propylene-diene
terpolymers (EPDM) rubber as eco-composite matrix was of Nordel 4760 type, produced by Dow
Chemical Company (Michigan, MI, USA) (mooney viscosity of 70 ML1+4 at 120 ◦C, ethylene content
of 70%, 5-ethylidenenorbornene (ENB) content of 4.9 wt %, density of 0.88 g/cm3 and crystallinity
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degree of 10%), (II) Polyethylene glycol (PEG) as process aid was of PEG 4000 type supplied by
Advance Petrochemicals Ltd. (Ahmedabad, India) (density of 1128 g/cm3 and melting point in the
range of 4–8 ◦C), (III) Pentaerythritol tetrakis(3-(3,5-di-tert-butyl-4-hydroxyphenyl)propionate) as an
antioxidant was of Irganox 1010 type bought from BASF Schweiz (Basel, Switzerland), (IV) Dibenzoyl
peroxide as a cross-linking agent was of Perkadox 14-40B type from AkzoNobel Chemicals (Deventer,
The Netherlands) (density 1.60 g/cm3, 3.8% active oxygen content, 40% peroxide content, pH 7),
(V) sawdust was of fir wood type obtained from a local sawmill in Romania (Sebes, Romania) (size
particles—mash 250–270, single type of wood).

Blends were prepared on an electrically-heated laboratory roller. For preparation of the polymeric
composites, the blend constituents were added in the following sequences and amounts: 100 parts of
EPDM were rolled until binding for 1–2 min, than 3 phr of PEG 4000, and 1 phr Irganox 1010 were
added and embedded for another 3–4 min and finally 5 and 15 phr of wood sawdust were added and
mixed for 2–4 min until the homogenization. Blends were removed from the roll in the form of the
sheet that is about 2 mm thick. Test specimens were obtained by compression molding at 160 ◦C and a
pressure of 150 MPa using an electrical press for 5 min. Plates were then cooled to room temperature
under pressure. Process variables were as follows: temperature between 25–50 ± 5 ◦C, friction 1:1.1,
and total blending time 8–14 min. Plates required for physical and mechanical tests with sizes of 150 ×
150 × 2 mm3 were obtained by pressing in a hydraulic press at 110 ± 5 ◦C and 150 MPa [8].

Samples vulcanized with dibenzoyl peroxide were prepared in the same way as those for the
electron beam, while adding 8 phr of the vulcanizing agent dibenzoyl peroxide Perkadox 14-4B in a
hydraulic press at 160 ◦C for 20 min.

2.2. Experimental Installation and Sample Irradiation

Samples obtained as above and packed in polyethylene film for minimizing the oxidation were
irradiated at 75, 150, 300, and 600 kGy in atmospheric conditions and at room temperature of 25 ◦C
using the ALID-7 electron beam accelerator from National Institute for Laser, Plasma and Radiation
Physics, Magurele, Romania. The nominal values of the electron beam (EB) parameters were as
follows: energy of 5.5 MeV, peak current of 26 mA, output power of 134 W, and 3.75 μs pulse repetition
frequency of 50 Hz [8].

The irradiation process performance depends on the rigorous control of the irradiation dose and
dose rate [35,36]. In our experiments, the process dose rate was of 3.5 kGy/min. The primary standard
graphite calorimeter was used for radiation dosimetry. In order to assure the equality between the
entry and the exit irradiation dose of the irradiated samples, but also for an efficient use of the electron
beam, the penetration depth was calculated according with the following equation [8,36].

E = 2.6 · t · ρ+ 0.3 (1)

where E (MeV) is the electron beam energy, t (cm) is the sample thickness, and ρ (g·cm−3) is the sample
density (in our case, 1 g·cm−3).

The proper thickness of samples subjected to EB irradiation was calculated as being of 20 mm [8,37].

2.3. Laboratory Tests

Laboratory tests were carried out on EPDM samples with and without sawdust cross-linked by
EB irradiation and by dibenzoyl peroxide. The sample codes are as follows: (1) EPDM-EB for samples
without sawdust cross-linked by electron beam irradiation, (2) EPDM-EB-S 5 and EPDM-EB-S 15 for
samples containing 5 and 15 phr of sawdust cross-linked by EB irradiation, (3) EPDM-P for samples
without sawdust cross-linked with dibenzoyl peroxide, (4) EPDM-P-S 5 and EPDM-P-S 15 for samples
containing 5 and 15 phr of sawdust cross-linked using dibenzoyl peroxide.
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2.3.1. Mechanical Characteristics

The mechanical properties of samples were evaluated using specific and proper equipment and
instruments in accordance with the international standards in force as follows: a Schopper tensile
tester according to ISO 37/2017 for tensile strength, a hardness tester according to ISO 7619-1/2011 for
hardness, and a Schob test instrument according to ISO 4662/2017 for elasticity [8,11,37].

2.3.2. Cross-Linking Evaluation

Sol-gel analysis and cross-link density determination were carried out on EPDM-EB, EPDM-EB-S,
EPDM-P, and EPDM-P-S samples as in our previous works [8,11,37]. In order to determine the cross-linked
products, gel content (gel fraction) was used as the solvent (toluene) extraction method [8,11,37].
The samples cross-link density (ν) was determined on the basis of equilibrium solvent-swelling
measurements in toluene by applying the modified Flory-Rehner equation for tetra functional networks.
The Flory-Huggins polymer-solvent interaction termχ12 for the EPDM-toluene system was of 0.49 [8,38,39].

2.3.3. Fourier Transform Infrared Spectroscopy (FTIR)

The structure of the EPDM-EB-S and EPDM-P-S composites cross-linked by EB irradiation and
dibenzoyl peroxide were analyzed by FTIR measurements using TENSOR 27 spectrophotometer
(Bruker, Germany). The absorption spectra were obtained as 30 scans mediation, in the range of
4000–600 cm−1, with a resolution of 4 cm−1 [8].

2.3.4. Water Uptake Evaluation

The water absorption in EPDM-EB-S and EPDM-P-S was evaluated as in our previous work [8],
by immersion in distilled water until they no longer absorb water, in accordance with ISO 20344/2011.

2.3.5. Rubber-Filler Interaction

The interaction between the EPDM rubber and filler (wood sawdust) was also analyzed as in our
previous work [8] using the Kraus theory that helps assess an interfacial interaction in filler-reinforced
rubber composites [40–42].

3. Results and Discussion

3.1. Mechanical Characteristics

By EB irradiation, cross-linking and chain scission can occur. The first one appears frequently
at lower irradiation doses, up to 150 kGy, while the second one is associated with the breaking of
C–C bonds at higher doses [37,43,44]. Due to the aliphatic chain, which has low resistance to ionizing
radiation action, the degradation can be predominant as compared to cross-linking in EPDM rubber at
higher irradiation doses [37,44,45].

The mechanical properties of the EPDM/EPDM-S composites cross-linked by peroxide (P) and
electron beam (EB) are presented comparatively.

As shown in Figure 1, hardness was improved by the addition of sawdust (S) in the case of P
cross-linking and by the irradiation dose increasing and S addition, in the case of EB cross-linking.
The S addition increased hardness with 8% in the case of P cross-linking and with 13% in the case of EB
cross-linking. An irradiation dose up to 300 kGy appear to be sufficient to obtain the reinforcement
effect and to the extent of cross-linking in the polymeric material [1,8,46].

In Figure 2, the composites’ elasticity behavior is presented. In the cases of both cross-linking
methods, the addition of S led to the elasticity decreasing against the samples without S. However,
it should be noted that the EB cross-linking method, with or without S, is at least as effective as P
cross-linking at a low irradiation dose of 150 kGy and more effective until the irradiation dose of
300 kGy. After that, it can be seen that only the samples containing 15 ppm of S and cross-linked by EB
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are still more elastic than samples containing 5 and 15 ppm of S and cross-liked by P. As in the case of
hardness, low and middle irradiation doses appear to be sufficient to maintain the elasticity decreasing
below 6%. If, in the case of P cross-linking is obvious, the presence of S reduces the degree of elasticity
and segment mobility of the cured composites. In the case of EB cross-linking, the addition of S does not
diminish the strain energy [8,46,47] and does not increase the composite hysteretic behavior [8,47,48].

 
Figure 1. The influence of sawdust amount and the cross-linking method (P/EB) on composite hardness.

Figure 2. The influence of sawdust amount and cross-linking method (P/EB) on composites elasticity.

The composites’ tensile strength behavior is presented in Figure 3. It is easy to observe the superiority
of the EB cross-linking method comparatively with the P cross-linking method in the case of EPDM
blends, irrespective of the irradiation dose.

Figure 3. The influence of sawdust amount and cross-linking method (P/EB) on composites’ tensile strength.
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In the case of P cross-linking, the addition of 5 ppm of S decreased the tensile strength with
20% while the addition of 15 ppm of S decreased the tensile strength with only 10%. In the case of
EB cross-linking, at low and medium irradiation doses (up to 150 kGy), the addition of 15 ppm of S
maintain the tensile strength over the P cross-linking values, even if comparatively with the values
without S addition. The tensile strength decreased between 25% and 35% [1].

The results can conduct to the idea of a not-so-strong interaction between the rubber and filler or
an unsatisfactory adhesion of the filler in the polymeric matrix, which is insufficient to constrain the
motion of the chains [8,49,50]. It looks like the loading with low S amounts and irradiation with doses
up to 300 kGy can be a solution to maintain the composites’ properties similar with those obtained in
the case of P cross-linking.

As seen in Figure 4, irrespective of the irradiation dose below 300 kGy, the elongations at break of
the composites containing S are superior to those measured for samples cross-linked by the P method.
Differences between the samples containing the same S amounts and cross-linked by P/EB methods
are more than 300%. The elongation at break decreasing with the increase of the irradiation dose
and S amount indicates an increase in cross-link density. Furthermore, the addition of S can lead to
the appearance of a restriction in the molecular chains’ movement [8,51]. Additionally, the striking
forces between the filler and the polymer molecules led to the development of a cross-linked structure,
which limit the free mobility of the polymer chains. Hence, this increases the resistance to accelerate
upon the execution of tension [8,51,52]. The results are comparable with other obtained using different
reinforcing fillers [1].

Figure 4. The influence of sawdust amount and cross-linking method (P/EB) on composites’ elongation
at break.

Additionally, as above, in Figure 5, it can be seen that tearing strength of EPDM-EB and EPDM-EB-S
15 samples up to 300 kGy are over the values obtained in the case of P cross-linking with or without S.
More than up to 150 kGy, tearing strength for samples EPDM-EB-S 15 is even over that of EPDM-EB
samples. Considerable differences (up to 60%) can be observed between samples containing the same
S amounts and cross-linked by P/EB methods.

The results presented above indicate that the EB irradiation and S addition have a reinforcing effect
on EPDM rubber and conduct to special and different properties than in P cross-linking. This result
can be explained by a different chemical nature of free radicals formed by radiation action that help for
the addition to double bonds of unsaturated rubbers unlike those formed in P decomposition [3,53,54].
The relative reactivity or stability of the free radicals generated in P decomposition is related to the
hydrogen bond dissociation energy of the parent compound [3,53]. Due to the high values of bond
dissociation energy, methyl, phenyl, tert-butoxy, and other alkoxy radicals are highly reactive and are
good hydrogen abstractors. Opposite ethyl, tert-butyl, and isopropyl radicals have lower values of
bond dissociation energy. Therefore, they are poor hydrogen abstractors [53,55–57]. The reactivity of
peroxide radicals depend not only on their structure but also on their size [3].
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Figure 5. The influence of sawdust amount and cross-linking method (P/EB) on composites tearing strength.

3.2. Gel Fraction and Cross-Link Densities

The cross-linking evaluation was done based on the gel fraction and cross-link density measurements.
The results represent the average of five specimens.

As seen in Figure 6, gel fraction exhibit values over 98% (excepting for the EPDM-EB and
EPDM-EB-S 15).

Figure 6. The effect of the cross-linking method (P/EB) and sawdust amount on the gel fraction.

As the irradiation dose increased, the gel fraction also increased. The results obtained at the
highest irradiation dose of 300 and 600 kGy are similar with those obtained in the case of peroxide
cross-linking. In addition, samples containing 5 phr S cross-linked with EB (EPDM-EB-S 5) exhibit
higher gel fractions than those without S (EPDM-EB) and with 15 phr S (EPDM-EB-S 15). Thus, in the
case of P cross-linking, it is necessary to add more S (15 phr) to obtain the same results as in the case
of EB cross-linking (5 phr S/300 kGy). To obtain improved results, the sample was irradiated over
300 kGy (5 phr S/600 kGy).

The cross-linking process evaluation was also done by calculating cross-link density for P and EB
cross-linked samples. The results are presented in Figure 7.

As seen in Figure 7, the cross-link densities of samples cross-linked by EB, with or without S,
have increased with the irradiation dose increasing. In addition, for irradiation doses over 150 kGy,
the cross-link density grows closely following the increase in filler load [47]. The increase of the
network density could be explained by the composite rigidity increasing due to the S presence or by
some specific chemical interactions between the S and EPDM matrix. The same behavior was observed
in the case of hardness dependence on the S content [47].

Correlating the mechanical properties with the cross-linking evaluation, we can conclude that
S acts similar to active fillers in both EPDM-P-S [47] and EPDM-EB-S composites and leads to
the improvement of the composite properties [42,47,58–61]. Even in Figure 7, it can be observed
that the P cross-linking led to the obtainment of better cross-link densities than EB cross-linking,
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by correlating the results with those presented in Figures 1–5 up to 300 kGy. The results show that all
mechanical properties of EPDM-EB and EPDM-EB-S samples were superior. This can be explained by
stiffness and poor elasticity due to the lower mobility of the macromolecular chains at high cross-link
densities [42,48,58–61].

ν

Figure 7. Effect of the cross-linking method (P/EB) and sawdust amount on the gel fraction.

3.3. FTIR Analysis

For a composite structure investigation (identification of different functional groups, presence or
absence of specific functional groups), Fourier Transform Infrared (FTIR) spectroscopy was used [62].

Figures 8 and 9 present the infrared spectra obtained in the range of 2000–650 cm−1 on
EPDM-P/EPDM-P-S and EPDM-EB/EPDM-EB-S composites due to the valence and deformation
vibration of the atoms involved in the existing or formed covalent bonds. In addition, details of
FTIR spectra in the range of 4000–3000 cm−1 on EPDM-EB-S 5 and EPDM-EB-S 15 composites will
be presented.

Figure 8. FTIR spectra of EPDM-S composites cross-linked by peroxide (P).

Due to the covalent bonding of the monomer units in EPDM rubber, they can be considered as
being separate chemical components. Intra-chain (between adjacent monomer units in the polymer
chain) and inter-chain (between monomer units that are not adjacent in the same polymer chain)
interactions may be happening [63]. Due to the intra-chain interactions, ethylene and propylene groups
are sensitive to the identities of adjacent groups in the polymer chain. On the other hand, polymer
crystallinity and morphology are consequences of inter-chain interactions [63].

In the EPDM spectra, three absorption regions were identified as being significant. The first
one was dominated by second overtone C–H stretching bands and located between 1100–1350 cm−1.
The second one has a higher absorptivity with an order of magnitude, dominated by first-overtone
C–H stretching bands, and located between 1570–1850 cm−1 and the third one that contains C–H
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combination bands with much higher absorptivity than those of the bands in regions one and two and
located between 1950–2500 cm−1 [63].

 

Figure 9. FTIR spectra of EPDM-EB-S composites cross-linked by EB irradiation at 75 kGy (a), 150 kGy
(b), 300 kGy, (c) and 600 kGy (d) in the range of 650–2000 cm−1.

The FTIR spectra of EPDM-P-S (Figure 8)/EPDM-EB-S (Figures 9 and 10) show the presence of the
EPDM specific bands, located in the above specified regions.

 
Figure 10. FTIR spectra of EPDM-EB-S 5 (a) and EPDM-EB-S 15 (b) composites cross-linked by
EB irradiation.

Thus, this includes C–H stretching vibration (2918 and 2850 cm−1) [63–67], C=C stretching
vibration (1630 cm−1) [68–70], CH2 bending and rocking vibrations (1460 and 720 cm−1) [64–67],
and CH3 bending vibration (1376 cm−1) [64–67]. In Figure 8, all fingerprints of dibenzoyl peroxide
were found including a weak absorption band in the region 950–800 cm−1 due to the O–O stretching
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vibration, a strong band at 1775 cm−1 (saturated aliphatic) due to the C=O stretching vibration, and a
band between 1300–1050 cm−1 due to the C–O stretching vibrations emphasizing its domination over
the O–O bond [71].

The main chemical components of wood sawdust are carbon (60.8%), hydrogen (5.2%), oxygen
(33.8%), and nitrogen (0.9%) [72,73]. Cellulose (38%–50%) is the one that gives the wood stiffness [73,74].
Lignin (15–25%) is the cementing agent or resin in wood [73,75] and hemicelluloses (23–32%) are the
bonding agent between cellulose and lignin [73]. The primary and secondary hydroxyls, carbonyls,
carboxyls, esters, or ethers from cellulose, hemicelluloses, and lignin are examples of active functional
groups that can be involved in chemical reactions [76–79].

The wood strength can be significantly reduced by EB irradiation [73] due to a decrease of
polymerization degree and crystallinity and to the increase of the hydrolysis rate and yield of
cellulose [76–78].

In Figure 8, Figure 9a–c, and Figure 10, the following basic structures of sawdust have been found
in the obtained composites: a broad band between 3600–3100 cm−1 due to the OH-stretching vibration,
which gives important information about the hydrogen bonds [80,81], a strong broad OH stretching
(3598–3637 cm−1) that includes inter and intra-molecular hydrogen bond vibrations in cellulose [62],
C–H stretching of all hydrocarbon constituents in polysaccharides [62] including methyl and methylene
groups (2800–3000 cm−1), and a strong broad superposition with sharp and discrete absorptions in the
region from 1000 to 1750 cm−1 [82].

Notable differences between EPDM-P, EPDM-P-S, and even between EPDM-P-S 5 and 15 in
some regions can be observed in Figure 8. Thus, except the regions 1340–1550 cm−1 and 650–780
cm−1, all others absorb EPDM-P-S upper or under the EPDM-P with band intensities varying due
to the possible degradation (chain scission/chain link cross-linking) processes and addition of the
basic structure from S (especially between 1600–1800 cm−1 due to the ring stretching mode strongly
associated with the aromatic C–O–CH3 stretching mode, the C=O stretching of conjugated/aromatic
ketones, or the aromatic skeletal vibrations [82]) in EPDM-P-S 5 and EPDM-P-S 15 spectra [8,80,81].
Results can be correlated with those presented in Figure 7, where it is observed that the cross-link
densities of the EPDM-P-S composites, especially EPDM-P-S 15, are comparable with those of EPDM-P.
Thus, the use of other additive or fillers, as S, to replace sulphur (instead of increase the state of cure) are
necessary additions to the cross-linking method (the cross-linking using only peroxide is low) [8,82].

By comparing the spectra presented in Figures 9 and 10 with the spectra of cellulose, holocellulose,
and lignin [82], the following specific bands have been found: aromatic skeletal vibrations caused
by lignin (1510 and 1600 cm−1) and the absorption located at 1730 cm−1 caused by holocellulose.
This indicates the C=O stretch in non-conjugated ketones, carbonyls, and in ester groups [82,83].
Appearance of the band near 1600 cm−1 is a relative pure ring stretching mode associated with the
aromatic C–O–CH3 stretching mode [82]. The C=O stretch of conjugated or aromatic ketones absorbs
below 1700 cm−1 [82] and can be seen as shoulders in the spectra.

Formation of active functional groups able to be involved in chemical reactions and radicals
during the EB irradiation is responsible for the bonding process between the EPDM rubber matrix and
filler (sawdust) [8,79].

The addition of 5 phr of S (Figure 10a) decreases the 3200–3600 cm−1 broad band intensity from
0.058 (for un-irradiated EPDM-S 5) to 0.035 (for EPDM-S 5 irradiated at 600 kGy), 0.029 (for EPDM-EB-S
5 irradiated at 75 kGy), 0.0275 (for EPDM-EB-S 5 irradiated at 150 kGy), and 0.018 (for EPDM-EB-S 5
irradiated at 300 kGy)—shifted band. The addition of 15 phr of S (Figure 10b) places from the beginning
the intensity of the broad band at 3200–3600 cm−1 corresponding to un-irradiated EPDM-S under all
other EPDM-EB-S 15 irradiated, except 150 kGy.

The band assignments in EPDM-P-S and EPDM-EB-S samples from the FTIR spectra presented
above are listed in Table 1.
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Table 1. Band assignments in EPDM-P-S and EPDM-EB-S samples.

Band Position in the
EPDM-P-S/EPDM-EB-S Composites (cm−1)

Functional Group

3360–3390, 3598, 3636, 3637
(EPDM-EB-S 15) O–H stretching vibration (3300–4000 cm−1) from wood sawdust/cellulose [62]

2918 C–H stretching vibration (2800–3000 cm−1) from EPDM [64–67]

2850 (EPDM-P-S, EPDM-EB-S) C–H stretching vibration (2800–3000 cm−1) from EPDM [64–67] and wood
sawdust (polysaccharides/cellulose) [62]

1775 cm−1 (EPDM-P-S) C=O stretching vibration in P [71]

1730–1740 (EPDM-P-S, EPDM-EB-S)
Aromatic skeletal vibrations caused by

holocellulose (wood sawdust) [82]
C=O stretch in non-conjugated ketones, carbonyls, and ester groups [82,83]

1640 C=C stretching vibration (1630 cm−1) from EPDM [68–70]

1642–1646 (EPDM-EB-S) Typical bands assigned to cellulose—Vibration of water molecules absorbed in
cellulose [62]

1539, 1540 (EPDM-P-S) Aromatic skeletal vibrations caused by lignin (wood sawdust) [82]
C=O stretch in non-conjugated ketones, carbonyls, and in ester groups [82,83]

1460 CH2 bending and rocking vibrations from EPDM [64–67]

1435, 1436 (EPDM-EB-S) Stretching and bending vibrations of –CH2 bonds, associated with the amount
of the crystalline structure of the cellulose [62,84,85]

1376 CH3 bending vibration from EPDM [64–67]

1034 (EPDM-EB-S) Stretching and bending vibrations of
–OH bonds in cellulose [62,84,85]

1300–1050 cm−1 (EPDM-P-S)
C–O stretching vibrations emphasizing its domination over the O–O bond

in P [71]

950–800 cm−1 (EPDM-P-S) O–O stretching vibration in P [71]

930 (EPDM-EB-S) Assigned to the amorphous region in cellulose [62,86]

905 (EPDM-EB-S) C–O bonds in cellulose [40,84,85]

720 CH2 bending and rocking vibrations from EPDM [64–67]

The previously mentioned presence of wood components (cellulose, hemicellulose, and lignin) in
EPDM-EB-S samples confirms their origin from the sawdust used for obtaining composites (Table 1).
In Figure 10a,b, notable differences in band widths and intensities can be observed due to the
cross-linking method and S loading. Thus, in the case of 5 phr S loading, all EB irradiation results are
under P curing (Figure 10a). In the case of 15 phr S loading, except for the 150 kGy EB irradiation, all
other absorbances were over the P curing absorbance and close to degradation. The results are very
well correlated with the mechanical test results (Figures 1–5) where EB irradiation with 150 kGy turned
out to be the most effective dose for obtaining better effects than P curing.

3.4. Water Uptake Test Results

The results of water uptake experiments that were carried out on samples with/without sawdust
and treated by means of P and EB are presented comparatively in Figure 11. The cross-linking method
(EB and P), S loading (5 and 15 phr), and irradiation dose (75, 150, 300, and 600 kGy) are responsible
for composite absorption behavior.
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Figure 11. EPDM (a), EPDM-S 5 (b), and EPDM-S 15 (c) water uptake behavior as a function of
immersion time.

In Figure 11, it can be observed that water uptake equilibrium was reached earlier by the samples
containing S, except in the case of EPDM-S 5 cured with P (Figure 11b). In addition, as the S loading
increased, the water uptake increased from up to 2% for EPDM-EB-S 5 (Figure 11b) to up to 4% for
EPDM-EB-S 15 (Figure 11c). Samples with or without S and cured by EB irradiation present absorptions
lower than those cured by P (Figure 11a,b), except for the sample EPDM-EB-S 15 irradiated at 600 kGy
(Figure 11c). The increase of water absorption with the S loading may be explained by both a hydrophilic
nature of S and a big interfacial area between the S and the elastomer matrix [8,87]. In rubber composites
that contain wood, water is absorbed mainly by the last one because, since rubbers are hydrophobic, their
absorbability can be neglected [8,87]. The amount of free –OH groups from cellulose and hemicellulose
increases when the S content increases. Their contact with water leads to the formation of hydrogen
bonds and, consequently, the weight of the composite increases [8,88]. A reduced amount of –OH groups
inside the composite may conduct to a low availability to absorb water [8,88].

There are several studies that have shown that P prevents the aggregation of filler in the rubber
matrix forming a network structure and, in the same time, acts as a plasticizer for rubber and as
a compatibilizer between the hydrophobic rubber and the hydrophilic filler. These properties are
responsible for the improved interaction at the interface between EPDM rubber and sawdust [8,89–91].

3.5. Rubber-Filler Interaction

The Kraus equation was used to analyze the interaction between EPDM rubber matrix and the
natural filler, which is sawdust. The results are listed in Table 2 in terms of volume fraction of rubber
in the swollen gel (Vrf) and degree of restriction of the rubber matrix swelling due to the presence of
filler (Vro/Vrf ratio) [8,92,93].

Table 2. Vrf and Vro/Vrf of EPDM-S composites determined in toluene.

Irradiation Dose Samples Vrf Vro/Vrf

75 kGy EPDM-EB-S 5 0.1912 0.8609
EPDM-EB-S 15 0.1516 1.0862

150 kGy EPDM-EB-S 5 0.2920 0.7787
EPDM-EB-S 15 0.2964 0.7670

300 kGy EPDM-EB-S 5 0.2242 1.0760
EPDM-EB-S 15 0.2358 1.0232

600 kGy EPDM-EB-S 5 0.3401 0.8922
EPDM-EB-S 15 0.3202 0.9478

As shown in Table 2, the addition of a higher quantity of sawdust (15 phr) led to a slowly
decreasing Vro/Vrf ratio, except for the composites obtained at 150 kGy and 300 kGy. According to
Kraus theory, reduced values of the Vro/Vrf ratio are associated with a good adhesion between rubber
and filler and with the appearance of the reinforcement effect [8,92,93].
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Even if fillers generally reduce the swelling, high or enhanced values Vrf depend on the
density of the cross-links and are associated with complex networks that present a lower degree of
swelling [8,92,93]. In addition, in Table 2, it can be seen that, for the same irradiation dose of 150 kGy
and 300 kGy, the increase of the sawdust amount led to the Vrf growing.

The quantitative evaluation of yields of cross-linking and chain scission of the EPDM rubber
and EPDM-EB-S composites was done from the plots of S +

√
S vs. 1/absorbed dose (D) from the

Charlesby-Pinner equation for blend compositions (Figure 12) [8,94,95].

S +
√

S =
p0

q0
+

1
αPnD

(2)

where S is the sol fraction (S = 1-gel fraction), p0 is the degradation density, average number of main
chain scissions per monomer unit and per unit dose, q0 is the cross-linking density, proportion of
monomer units cross-linked per unit dose, Pn is the number averaged degree of polymerization, and D
is the radiation dose in Gy.

Figure 12. Plot of S +
√

S vs. 1/absorbed dose (D) for EPDM-EB-S composites.

In Figure 12, it is observed that the EPDM-EB-S 15 sample is the most effective cross-linked by
EB irradiation. The cross-linking extent increases linearly with the S content. Low values of p0/q0 for
high S content are suggestive for the relatively improved radical-radical interactions in the polymer
composite [8,94,96,97]. Values under the unit of the p0/q0 ratio (0.1069 for EPDM, 0.0848 for EPDM-EB-S
5 and 0.0851 for EPDM-EB-S 15) indicate that the cross-linking prevailed over degradation.

4. Conclusions

Two classes of eco-composites based on ethylene-propylene-terpolymer rubber (EPDM) and wood
sawdust (S) were obtained by two different methods: dibenzoyl peroxide cross-linking (P) at a high
temperature and EB cross-linking at room temperature of 25 ◦C using the irradiation dose between
75 kGy and 600 kGy. 5 phr and 15 phr were the amounts of S used as filler. Even if both cross-linking
methods insured gel fractions over 98%, the cross-link densities determined on samples cross-linked
by the P method were higher when compared to those determined on samples cross-linked by EB.
However, the addition of S increases the cross-link density of the composite in the case of the EB cure.
Over the irradiation dose of 300 kGy, the composite becomes harder and less elastic, even for 5 phr S.
The addition of 15 phr S to the samples irradiated over 300 kGy degrades the tensile properties of the
composite. These results correlated with FTIR analysis show that the irradiation dose up to 300 kGy
appears to be sufficient to obtain the reinforcement effect in the composite. After that, the process is
susceptible to be close to degradation. FTIR analysis showed the cellulose radical formation during the
irradiation and also the formation of active functional groups susceptible to chemical reactions that can
be associated with the bonding process between the matrix (EPDM rubber) and the filler (S). The water
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uptake tests have shown very good absorption properties, especially for 5 phr S, irrespective of the
irradiation dose.

The sawdust adding was carried out with the purpose of increasing the composite degradation
potential without affecting its mechanical properties, as a solution for replacing the materials based
exclusively on EPDM.

Author Contributions: Conceptualization and methodology: G.C. and E.M.; investigation: G.C., E.M., D.I. and
M.D.S.; data curration: E.M.; writing—review and editing: G.C. and D.I. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was funded by the Romanian Ministry of Education and Research through STAR Research,
Development and Innovation Program (Space Technology and Advanced Research)—Contract No. 140/2017,
Nucleu LAPLAS VI Program—Contract No. 16N/08.02.2019 and Contract No. 6PFE/2018-PERFORM-TEX-PEL
funded the research.

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

References

1. Radi, H.; Mousaa, I.M. Characterization Study of EPDM Rubber Vulcanized by Gamma Radiation in The
Presence of Epoxidized Soybean Oil. Egypt. J. Radiat. Sci. Appl. 2015, 28, 121–134. [CrossRef]

2. Lee, S.H.; Yang, S.W.; Park, E.S.; Hwang, J.Y.; Lee, D.S. High-Performance Adhesives Based on Maleic
Anhydride-g-EPDM Rubbers and Polybutene for Laminating Cast Polypropylene Film and Aluminum Foil.
Coatings 2019, 9, 61. [CrossRef]

3. Kruzelak, J.; Sykora, R.; Hudec, I. Vulcanization of Rubber Compounds with Peroxide Curing Systems.
Rubber Chem. Technol. 2017, 90, 60–88. [CrossRef]

4. Akiba, M.; Hashim, A.S. Vulcanization and crosslinking in elastomers. Prog. Polym. Sci. 1997, 22, 475–521.
[CrossRef]

5. Quirk, R.P. Overview of Curing and Cross-linking of Elastomers. Prog. Rubber Plast. Technol. 1988, 4, 31–45.
6. Samarzija-Jovanovic, S.; Jovanovic, V.; Cincovic, M.M.; Simendic, J.B.; Markovic, G. Comparative study of

radiation effect on rubber—Carbon black compounds. Compos. Part B 2014, 62, 183–190. [CrossRef]
7. Stelescu, M.D.; Airinei, A.; Manaila, E.; Fifere, N.; Craciun, G.; Varganici, C.; Doroftei, F. Exploring the Effect

of Electron Beam Irradiation on the Properties of Some EPDM-Flax Fiber Composites. Polym. Compos. 2019,
40, 315–327. [CrossRef]

8. Manaila, E.; Stelescu, M.D.; Craciun, G.; Ighigeanu, D. Wood Sawdust/Natural Rubber Ecocomposites
Cross-Linked by Electron Beam Irradiation. Materials 2016, 9, 503. [CrossRef]

9. Stelescu, M.D.; Manaila, E.; Craciun, G.; Dumitrascu, M. New green polymeric composites based on hemp
and natural rubber processed by electron beam irradiation. Sci. World J. 2014, 684047. [CrossRef]

10. Stelescu, M.D.; Manaila, E.; Craciun, G.; Zuga, N. Crosslinking and grafting ethylene vinyl acetate copolymer
with accelerated electrons in the presence of polyfunctional monomers. Polym. Bull. 2012, 68, 263–285.
[CrossRef]

11. Stelescu, M.D.; Manaila, E.; Craciun, G. Vulcanization of ethylene-propyleneterpolymer-based rubber
mixtures by radiation processing. J. Appl. Polym. Sci. 2013, 128, 2325–2336. [CrossRef]

12. Czvikovszky, T. Degradation effects in polymers, in IAEA-TECDOC-1420, Advances in radiation chemistry of
polymers. In Proceedings of the Technical Meeting, Notre Dame, IN, USA, 13–17 September 2003; pp. 91–102.

13. Stelescu, M.D.; Manaila, E.; Craciun, G.; Chirila, C. Development and Characterization of Polymer
Eco-Composites Based on Natural Rubber Reinforced with Natural Fibers. Materials 2017, 10, 787. [CrossRef]
[PubMed]

14. Craciun, G.; Manaila, E.; Stelescu, M.D. New Elastomeric Materials Based on Natural Rubber Obtained by
Electron Beam Irradiation for Food and Pharmaceutical Use. Materials 2016, 9, 999. [CrossRef] [PubMed]

15. Abdel-Aziz, M.M.; Basfar, A.A. Thermal Stability of Radiation Vulcanized EPDM Rubber. In Proceedings of
the 8th Arab International Conference on Polymer Science and Technology, Cairo-Sharm El-Shiekh, Egypt,
27–30 November 2005.

16. Clough, R.L. Isotopic exchange in gamma-irradiated mixtures of C24H50 and C24D50: Evidence of free radical
migration in the solid state. J. Chem. Phys. 1987, 87, 1588–1595. [CrossRef]

180



Polymers 2020, 12, 215

17. Gatos, K.G.; Karger-Kocsis, J. Effects of primary and quaternary amine intercalants on the organoclay
dispersion in a sulphur-cured EPDM rubber. Polymer 2005, 46, 3069–3076. [CrossRef]

18. Charlesby, A. Atomic Radiation and Polymers; Pergamon Press: Oxford, UK, 1960.
19. Dole, M. (Ed.) The Radiation Chemistry of Macromolecules; Academic Press: New York, NY, USA, 1972; Volume I.
20. Grassia, N.; Scott, G. Polymer Degradation and Stabilization; Cambridge University Press: Cambridge, UK, 1985.
21. El-Zayat, M.M.M. Radiation Curing of Rubber/Thermoplastic Composites Containing Different Inorganic

Fillers. Master’s Thesis, Menoufia University, Shibin Al Kawm, Egypt, 2012.
22. Planes, E.; Chazeau, L.; Vigier, G.; Fournier, J.; Stevenson-Royaud, I. Influence of fillers on mechanical

properties of ATH filled EPDM during ageing by gamma irradiation. Polym. Degrad. Stab. 2010, 95,
1029–1038. [CrossRef]

23. Chaiear, N. Report No. 138 Health and safety in the rubber industry. In Rapra Review Reports; Rapra
Technology Limited: Shrewsbury, UK, 2001; Volume 12, pp. 21–22. ISBN 1-85957-301-0.

24. Guzmán, E.; Santini, E.; Ferrari, M.; Liggieri, L.; Ravera, F. Interfacial Properties of Mixed DPPC–Hydrophobic
Fumed Silica Nanoparticle Layers. J. Phys. Chem. C 2015, 119, 21024–21034. [CrossRef]

25. Guzmán, E.; Santini, E.; Zabiegaj, D.; Ferrari, M.; Liggieri, L.; Ravera, F. Interaction of Carbon Black Particles
and Dipalmitoylphosphatidylcholine at the Water/Air Interface: Thermodynamics and Rheology. J. Phys.
Chem. C 2015, 119, 26937–26947. [CrossRef]

26. Lopez-Manchado, M.A.; Biagiotti, J.; Arroyo, M.; Kenny, J.M. Ternary composites based on PP-EPDM blends
reinforced with flax fibers. Part I: Processing and thermal behavior. Polym. Eng. Sci. 2003, 43, 1018–1030.
[CrossRef]

27. Rozik, N.N.; Abd-El.Messieh, S.L.; Yaseen, A.A.; Abd-El-Hafiz, A.S. Dielectric and mechanical properties
of natural nanofibers—Reinforced ethylene propylene diene rubber: Carrot foliage and corn gluten.
Polym. Eng. Sci. 2013, 53, 874–881. [CrossRef]

28. La Mantia, F.P.; Morreale, M. Green composites: A brief review. Compos. Part A 2011, 42, 579–588. [CrossRef]
29. Gaceva, G.B.; Avella, M.; Malinconico, M.; Buzarovska, A.; Grozdanov, A.; Gentile, G.; Errico, M.E. Natural

Fiber Eco-Composites. Polym. Compos. 2007, 28, 98–107. [CrossRef]
30. Cristaldi, G.; Latteri, A.; Recca, G.; Cicala, G. Composites Based on Natural Fibre Fabrics. In Woven

Fabric Engineering; Dubrovski, P.D., Ed.; IntechOpen: Rijeka, Croatia, 2010; pp. 318–342. Available online:
http://www.intechopen.com (accessed on 2 June 2014).

31. Begum, K.; Islam, M.A. Natural fiber as a substitute to synthetic fiber in Polymer Composites: A Review.
Res. J. Eng. Sci. 2013, 2, 46–53.

32. Nora’asheera, M.N. Composites From Polypropylene (PP) Reinforced With Oil Palm Empty Fruit Bunch
(OPEFB) Fibre. Bachelor’s Thesis, University of Malaysia Pahang, Pahang, Malaysia, 2011.

33. Fakhrul, T.; Mahbub, R.; Islam, M.A. Properties of wood sawdust and wheat Flour Reinforced Polypropylene
Composites. J. Mod. Sci. Technol. 2013, 1, 135–148.

34. Fu, S.Y.; Feng, X.Q.; Lauke, B.; Mai, Y.W. Effects of particle size, particle/matrix interface adhesion and particle
loading on mechanical properties of particulate–polymer composites. Compos. Part B 2008, 39, 933–961.
[CrossRef]

35. Fiti, M. Dozimetria Chimica a Radiatiilor Ionizante (Ionizing Radiation Chemical Dosimetry), 1st ed.; Editura
Academiei Republicii Socialiste Romania: Bucuresti, Romania, 1973; pp. 24–70.

36. Cleland, M.R. Industrial Applications of Electron Accelerators—Ion Beam Applications. Presented at the
CERN Accelerator School/Small Accelerator Course, Zeegse, The Netherlands, 24 May–2 June 2005.

37. Stelescu, M.D.; Airinei, A.; Manaila, E.; Craciun, G.; Fifere, N.; Varganici, C.; Pamfil, D.; Doroftei, F. Effects of
Electron Beam Irradiation on the Mechanical, Thermal, and Surface Properties of Some EPDM/Butyl Rubber
Composites. Polymers 2018, 10, 1206. [CrossRef]

38. Anelli, P.; Baccaro, S.; Carenza, M.; Palma, G. Radiation grafting of hydrophilic monomers onto
ethylenepropylene rubber. Radiat. Phys. Chem. 1995, 46, 1031–1035. [CrossRef]

39. Nashar, K.; Gosh, U.; Heinrich, G. Influence of molecular structure of blend components on the performance
of thermoplastic vulcanisates prepared in electron induced reactive processing. Polymer 2016, 91, 204–210.
[CrossRef]

40. Kraus, G. Swelling of filler-reinforced vulcanizates. J. Appl. Polym. Sci. 1963, 7, 861–871. [CrossRef]
41. Mathew, L.; Ulahannan, J.; Joseph, R. Effect of curing temperature, fibre loading and bonding agent on the

equilibrium swelling of isora-natural rubber composites. Compos. Interfaces 2006, 13, 391–401. [CrossRef]

181



Polymers 2020, 12, 215

42. Dong, Z.; Liu, M.; Jia, D.; Zhou, Y. Synthesis of natural rubber-g-maleic anhydride and its use as a
compatibilizer in natural rubber/short nylon fiber composites. Chin. J. Polym. Sci. 2013, 31, 1127–1138.
[CrossRef]

43. Planes, E.; Chazeau, L.; Vigier, G.; Fournier, J. Evolution of EPDM networks aged by gamma
irradiation—Consequence on the mechanical properties. Polymer 2009, 50, 4028–4038. [CrossRef]

44. O’Donell, J.; Whittaker, A.K. The radiation crosslinking and scission of ethylene-propylene copolymer
studied by solid-state nuclear magnetic resonance. Br. Polym. J. 1985, 17, 51–55. [CrossRef]

45. Manaila, E.; Stelescu, M.D.; Craciun, G. Aspects regarding radiation crosslinking of elestomers. In Advanced
Elastomers—Technology, Properties and Applications; Boczkowska, A., Ed.; InTech: Rijeka, Croatia, 2012; pp. 3–34.
ISBN 978-9535107392.

46. Palm, A.; Smith, J.; Driscoll, M.; Smith, L.; Scott Larsen, L. Chemical constituent influence on ionizing
radiation treatment of a wood–plastic composite. Radiat. Phys. Chem. 2016, 124, 164–168. [CrossRef]

47. Stelescu, M.D.; Airinei, A.; Manaila, E.; Craciun, G.; Fifere, N.; Varganici, C. Property correlations for
composites based on ethylene propylene diene rubber reinforced with flax fibers. Polym. Test. 2017, 59,
75–83. [CrossRef]

48. Zhao, J.; Ghebremeskel, G.N. A review of some of the factors affecting fracture and fatigue in SBR and BR
vulcanizates. Rubber Chem. Technol. 2001, 74, 409–427. [CrossRef]

49. Ismail, H.; Shuhelmy, S.; Edgham, M.R. The effect of a silane coupling agent on curing characteristics and
mechanical properties of bamboo fibre filled NR composites. Eur. Polym. J. 2002, 38, 39–45. [CrossRef]

50. Kohls, D.J.; Beauage, G. Rational design of reinforced rubber. Curr. Opin. Solid State Mater. Sci. 2002, 6,
183–194. [CrossRef]

51. Ahmed, K. Hybrid composites prepared from Industrial waste: Mechanical and swelling behavior. J. Adv. Res.
2015, 6, 225–232. [CrossRef]

52. Kukle, S.; Gravitis, J.; Putnina, A.; Stikute, A. The effect of steam explosion treatment on technical hemp fibres.
In Proceedings of the 8th International Scientific and Practical Conference, Rezekne, Latvia, 20–22 June 2011;
Volume 1, pp. 230–237.

53. Naskar, K. Dynamically Vulcanized PP/EPDM Thermoplastics Elastomers: Exploring Novel Routes for
Crosslinking with Peroxides. Ph.D. Thesis, University of Twente, Enschede, The Netherlands, 2004.

54. Alvarez Grima, M.M. Novel Co-Agents for Improved Properties in Peroxide Cure of Saturated Elastomers.
Ph.D. Thesis, University of Twente, Enschede, The Netherlands, 2007.

55. Dluzneski, P.R. Peroxide Vulcanization of Elastomers. Rubber Chem. Technol. 2001, 74, 451–492. [CrossRef]
56. Moad, G. The synthesis of polyolefin graft copolymers by reactive extrusion. Prog. Polym. Sci. 1999, 24,

81–142. [CrossRef]
57. Vroomen, G.L.M.; Visser, G.W.; Gehring, J. Electron Beam curing of EPDM. Rubber World 1991, 205, 23–26.
58. Dhakal, H.N.; Zhang, Z.Y.; Richardson, M.O.W. Effect of water absorption on the mechanical properties

of hemp fibre reinforced unsaturated polyester composites. Compos. Sci. Technol. 2007, 67, 1674–1683.
[CrossRef]

59. Wang, Q.; Wang, F.; Cheng, K. Effect of crosslink density on some properties of electron beam-irradiated
styreneebutadiene rubber. Radiat. Phys. Chem. 2009, 78, 1001–1005. [CrossRef]

60. Majumder, P.S.; Bhowmick, A.K. Structure-property relationship of electronbeam-modified EPDM rubber.
J. Appl. Polym. Sci. 2000, 77, 323–337. [CrossRef]

61. Vijayabaskar, V.; Tikku, V.K.; Bhowmick, K.A. Electron beam modification and crosslinking: Influence
of nitrile and carboxyl contents and level of unsaturation on structure and properties of nitrile rubber.
Radiat. Phys. Chem. 2006, 75, 779–792. [CrossRef]

62. Hospodarova, V.; Singovszka, E.; Stevulova, N. Characterization of Cellulosic Fibers by FTIR Spectroscopy
for Their Further Implementation to Building Materials. Am. J. Anal. Chem. 2018, 9, 303–310. [CrossRef]

63. Miller, C.E. Analysis of EPDM Terpolymers by Near-Infrared Spectroscopy and Multivariate Calibration
Methods. Appl. Spectrosc. 1989, 43, 1435–1443. [CrossRef]

64. Gunasekaran, S.; Natarajan, R.K.; Kala, A. FTIR spectra and mechanical strength analysis of some selected
rubber derivatives. Spectrochim. Acta A 2007, 68, 323–330. [CrossRef]

65. Majumder, P.S.; Bhowmick, A.K. Surface and bulk-properties of EPDM rubber modified by electron beam
irradiation. Radiat. Phys. Chem. 1998, 53, 63–78. [CrossRef]

182



Polymers 2020, 12, 215

66. Van Gisbergen, J.G.M.; Meijer, H.E.M.; Lemstra, P.J. Structural polymer blends: 2. Processing of polypropylene,
EPDM blends: Controlled rheology and morphology fixation via electron beam irradiation. Polymer 1989, 30,
2153–2157. [CrossRef]

67. Kumutha, K.; Alias, Y. FTIR spectra of plasticized grafted natural rubber–LiCF3SO3 electrolytes.
Spectrochim. Acta A 2006, 64, 442–447. [CrossRef] [PubMed]

68. Barra, G.M.O.; Crespo, J.S.; Bertolino, J.R.; Soldi, V.; Nunes Pires, A.T. Maleic Anhydride Grafting on EPDM:
Qualitative and Quantitative Determination. J. Braz. Chem. Soc. 1999, 10, 31–34. [CrossRef]

69. Vieira, I.; Severgnini, V.L.S.; Mazera, D.J.; Soldi, M.S.; Pinheiro, E.A.; Pires, A.T.N.; Soldi, V. Effects of
maleated ethylene propylene diene rubber (EPDM) on the thermal stability of pure polyamides, and
polyamide/EPDM and polyamide/poly(ethylene terephthalate) blends: Kinetic parameters and reaction
mechanism. Polym. Degrad. Stab. 2001, 74, 151–157. [CrossRef]

70. Schmidt, V.; Domenech, S.C.; Soldi, M.S.; Pinheiro, E.A.; Soldi, V. Thermal stability of polyaniline/ethylene
propylene diene rubber blends prepared by solvent casting. Polym. Degrad. Stab. 2004, 83, 519–527.
[CrossRef]

71. Aarthi, R.; Ramalingam, S.; Periandy, S.; Senthil Kannan, K. Molecular structure-associated pharmacodynamic
investigation on benzoyl peroxide using spectroscopic and quantum computational tools. J. Taibah Univ. Sci.
2018, 12, 104–122. [CrossRef]

72. Horisawa, S.; Sunagawa, M.; Tamai, Y.; Matsuoka, Y.; Miura, T.; Terazawa, M. Biodegradation of
nonlignocellulosic substances II: Physical and chemical properties of sawdust before and after use as
artificial soil. J. Wood Sci. 1999, 45, 492–497. [CrossRef]

73. Postek, M.T.; Poster, D.L.; Vladár, A.E.; Driscoll, M.S.; Laverne, J.A.; Tsinas, Z.I.; Al-Sheikhly, M.I. Ionizing
Radiation Processing and its Potential in Advancing Biorefining and Nanocellulose Composite Materials
Manufacturing. Radiat. Phys. Chem. 2017, 143, 47–52. [CrossRef]

74. Panshin, A.J.; de Zeeuw, C. Textbook of Wood Technology: Structure, Identification, Properties, and Uses of
the Commercial Woods of the United States and Canada (McGraw-Hill Series in Forest Resources), Subsequent ed.;
McGraw-Hill College: New York, NY, USA, 1980; pp. 120–125. ISBN1 10-0070484414. ISBN2 13-978-0070484405.

75. Sjöström, E. Wood Chemistry: Fundamental and Applications, 2nd ed.; Academic Press, Inc.: London, UK;
San Diego, CA, USA, 1993; pp. 1–20. ISBN 9780080925899.

76. Driscoll, M.; Stipanovic, A.J.; Winter, W.T.; Cheng, K.; Manning, M.; Spiese, J.; Galloway, R.; Cleland, M.R.
Electron beam irradiation of cellulose. Radiat. Phys. Chem. 2009, 78, 539–542. [CrossRef]

77. Cheng, K.; Barber, V.A.; Driscoll, M.S.; Winter, W.T.; Stipanovic, A.J. Reducing Woody Biomass Recalcitrance
by Electron Beams, Biodelignification and Hot-Water Extraction. J. Bioprocess. Eng. Biorefin. 2013, 2, 143–152.
[CrossRef]

78. Smith, S.; Bergey, N.S.; Salamanca-Cardona, L.; Stipanovic, A.; Driscoll, M. Electron Beam Pretreatment of
Switchgrass to Enhance Enzymatic Hydrolysis to Produce Sugars for Biofuels. Carbohydr. Polym. 2014, 100,
195–201. [CrossRef]

79. Dumitrescu, L.; Matei, A.; Manciulea, I. Composites acrylic copolymers-wood waste. In Proceedings of
the 4th International Conference of Advanced Composite Materials Engineering (COMAT 2012), Brasov,
Romania, 18–20 October 2012; DERC Publishing House: Tewksbury, MA, USA, 2012; pp. 597–600.

80. Bodirlau, R.; Teaca, C.A. Fourier transform infrared spectroscopy and thermal analysis of lignocellulose
fillers treated with organic anhydrides. Rom. J. Phys. 2009, 54, 93–104.

81. Khan, M.A.; Rahaman, M.S.; Al-Jubayer, A.; Islam, J.M.M. Modification of jute fibers by radiation-induced
graft copolymerization and their applications. In Cellulose-Based Graft Copolymers: Structure and Chemistry;
Thakur, V.K., Ed.; CRC Press: Boca Raton, FL, USA, 2015; pp. 209–235. ISBN 9780429156878.

82. Owen, N.L.; Thomas, D.W. Infrared studies of “hard” and “soft” woods. Appl. Spectrosc. 1989, 43, 451–455.
[CrossRef]

83. Hergert, H.L. Infrared spectra. In Lignins: Occurrence, Formation, Structure and Reactions; Sarkanen, K.V.,
Ludwig, C.H., Eds.; John Wiley & Suns Inc.: New York, NY, USA, 1971; pp. 267–297.

84. Xu, F.; Yu, J.; Tesso, T.; Dowell, F.; Wang, D. Qualitative and Quantitative Analysis of Lignocellulosic Biomass
Using Infrared Techniques: A Mini-Review. Appl. Energy 2013, 104, 801–809. [CrossRef]

85. Fackler, K.; Stevanic, J.S.; Ters, T.; Hinterstoisser, B.; Schwanninger, M.; Salmén, L. FT-IR imaging microscopy to
localise and characterise simultaneous and selective white-rot decay within spruce wood cells. Holzforschung
2011, 65, 411–420. [CrossRef]

183



Polymers 2020, 12, 215

86. Poletto, M.; Ornaghi, H.L.; Zattera, A.J. Native Cellulose: Structure, Characterization and Thermal Properties.
Materials 2014, 7, 6105–6119. [CrossRef] [PubMed]

87. Chaudhuri, S.; Chakraborty, R.; Bhattacharya, P. Optimization of biodegradation of natural fiber (Chorchorus
capsularis): HDPE composite using response surface methodology. Iran. Polym. J. 2013, 22, 865–875.
[CrossRef]

88. Idrus, M.A.M.M.; Hamdan, S.; Rahman, M.R.; Islam, M.S. Treated Tropical Wood Sawdust-Polypropylene
Polymer Composite: Mechanical and Morphological Study. J. Biomater. Nanobiotechnol. 2011, 2, 435–444.
[CrossRef]

89. Qu, P.; Gao, Y.; Wu, G.; Zhang, L. Nanocomposites of poly (lactic acid) reinforced with cellulose nanofibrils.
BioResources 2010, 5, 1811–1823.

90. Luo, S.; Cao, J.; Wang, X. Investigation of the interfacial compatibility of PEG and thermally modified
wood flour/polypropylene composites using the stress relaxation approach. BioResources 2013, 8, 2064–2073.
[CrossRef]

91. Luo, S.; Cao, J.; Wang, X. Properties of PEG/thermally modified wood flour/polypropylene (PP) composites.
For. Stud. China 2012, 14, 307–314. [CrossRef]

92. Desmet, G. Functionalization of Cotton-Cellulose Via High Energy Irradiation Initiated Grafting and Cyclodextrin
Immobilization. Master’s Thesis, Faculty of Engineering University of Ghent, Ghent, Belgium, 2010.

93. Nallasamy, P.; Mohan, S. Vibrational Spectra of CIS-1,4-Polyisoprene. Arab. J. Sci. Eng. 2004, 29, 17–26.
94. Dubey, K.A.; Bhardwaj, Y.K.; Chaudhari, C.V.; Kumar, V.; Goel, N.K.; Sabharwal, S. Radiation processed

ethylene vinyl acetate-multiple walled carbon nanotube nano-composites: Effect of MWNT addition on the
gel content and crosslinking density. Express Polym. Lett. 2009, 3, 492–500. [CrossRef]

95. Charlesby, A.; Pinner, S.H. Analysis of the solubility behaviour of irradiated polyethylene and other polymers.
Proc. R. Soc. A 1959, 249, 367–386. [CrossRef]

96. Sharifa, J.; Yunus, W.M.Z.W.; Dahlan, K.Z.H.M.; Ahmad, M.H. Preparation and properties of radiation
crosslinked natural rubber/clay nanocomposites. Polym. Test. 2005, 24, 211–217. [CrossRef]

97. Zagorski, Z.P. EB-crosslinking of elastomers, how does it compare with radiation crosslinking of other
polymers? Radiat. Phys. Chem. 2004, 71, 261–265. [CrossRef]

© 2020 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 (http://creativecommons.org/licenses/by/4.0/).

184



polymers

Review

Wood Composites and Their Polymer Binders

Antonio Pizzi 1,*, Antonios N. Papadopoulos 2 and Franco Policardi 3

1 LERMAB-ENSTIB, University of Lorraine, 88000 Epinal, France
2 Department of Forestry and Natural Environment, International Hellenic University, 66100 Drama, Greece;

antpap@for.ihu.gr
3 Faculty of Electrical Engineering, University of Ljubljana, Tržaška cesta 25, SI-1000 Ljubljana, Slovenia;

franc.policardi@fe.uni-lj.si
* Correspondence: antonio.pizzi@univ-lorraine.fr

Received: 4 May 2020; Accepted: 12 May 2020; Published: 13 May 2020

Abstract: This review presents first, rather succinctly, what are the important points to look out
for when preparing good wood composites, the main types of wood composites manufactured
industrially, and the mainly oil-derived wood composite adhesives and binders that dominate and
have been dominating this industry. Also briefly described are the most characteristic biosourced,
renewable-derived adhesives that are actively researched as substitutes. For all these adhesives,
synthetic and biosourced, the reviews expose the considerable progresses which have occurred
relatively recently, with a host of new approaches and ideas having been proposed and tested, some
even implemented, but with even many more already appearing on the horizon.
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1. Introduction

Wood composites is a growing field of products that are increasingly present for a variety of
applications, with an undiminished upward trend now for very many decades. One must first define
what is strictly intended as a wood composite as there are a host of different products that, while they
could be classified as wood composites, are really on the margin of what is defined as such in the
jargon of the wood profession. In general, two main and distinct groups of wood composites exist,
namely, strictly speaking, just wood panel composites and the rest, this latter being glulam, fingerjoints,
etc., with parallam and scrimber really belonging in the margin of both classes. In general, also, a
wood composite is a composite in which the wood is in a markedly dominant proportion. This would
exclude wood–plastic composites where the proportion of the plastic is equal, or almost equal, to the
proportion of the wood present, and they are excluded from this review.

It must be clearly pointed out that one cannot speak about wood composites without speaking
in depth of the polymer binders and adhesives used to hold them together. The history of wood
composites themselves is inextricably intertwined with the history and the development of the polymer
binders that hold them together and their manufacture. In fact, not only has there been continuous
development of new or improved binders that has allowed the development of wood composites but,
as presented later in this review, it is the continual renewal, new discovery, and upgrading of such
binders that has allowed and allows progress in wood composites. It is for this reason that this review
is divided into three parts. The first describes the main wood composites existing today, the second
the synthetic adhesives that have dominated and still dominate this field, and the third the variety
of new adhesives, either synthetic or biosourced, or renewables, which is the real area of intellectual
ferment and exploration today. This is defined with the clear understanding that for any adhesives or
composites where in-depth reviews already exist, the reader will be referred to these. This approach is
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adopted as the field is really very vast, as befits a wood binders industry that represents in excess of
65%, by volume, of all the adhesives produced in the world, all applications included.

It must be also pointed out that the technique to prepare a good wood composite is the mix of
two very different technologies, namely the use of a good adhesive, hence the capacity of formulating,
engineering, and preparing one, and the technology of manufacture of the composite, with this being
particularly true in the case of wood panels. Thus, to obtain a good/acceptable wood composite is
a 50/50 balance between these two technologies. This must be clearly kept in mind because one can
prepare really awful wood panel composites even when using an excellent adhesive if the composite
assembly technology is faulty and, conversely, one can still prepare an acceptably good composite
by playing with its manufacturing technology, even if the adhesive is rather mediocre, if not outright
poor. Thus, the mastering of the two technologies is essential. The manufacturing techniques of
wood composites are mechanical and will not be treated in this review, which is polymers-oriented;
nonetheless, the most essential examples will be presented in brief. In-depth, detailed reviews of
the manufacturing technology of pressing and on how to master this to obtain a good wood panel
composite already exist, and the readers are referred to these extensive specialized reviews [1].

2. Wood, Wood Plasticization and Wood Panels

Wood is a natural composite made of approximately 60−65% carbohydrate fibers (approx.
two-thirds cellulose and one-third hemicelluloses), 25−30% of a random polyphenolic branched
polymer, lignin, functioning as a fiber binder, and 10% of residues, extractives, or cellular waste
infiltrates (oleoresins, tannins, starches, some inorganic salts, etc.) coating its porous cellular surfaces.
Wood panel manufacturing is based on the densification of a particle mat and its consolidation in
a hot press. At a molecular level, wood cells are deformed above their elastic domain and plastic
deformation or damage occurs [1]. Both mechanisms result in an irreversible deformation. As
wood viscoelastic properties depend on internal mat conditions, when the environment is such that
the viscous component becomes very important, flow takes place, and this leads to a true plastic
deformation. If conditions do not allow or inhibit molecular movement, damage will appear. Thus,
mechanisms that occur in wood densification and are regarded as a manifestation of plasticity would,
under different circumstances, be considered as damage. Referring to wood composites, most of the
final board properties depend on how wood cells buckle [2].

Among the many factors influencing the performance of the composite, the relative moisture
content of the panel’s surfaces and core is the most important as one can easily play on it to improve a
composite by its pressing technology, even if the adhesive is not a great one. This concept leads to
the importance of the density profile across the thickness of a wood composite panel. The density
profile as a function of panel thickness is an important measure and a forecasting tool of the likely
characteristics of a panel. At parity of overall panel density, the shape of the density profile determines
which are the characteristics that the panel will have. The different panel density profiles are shown in
Figure 1, in an exaggerated manner, for example purposes.
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Figure 1. (a) Schematic, exaggerated representation of two different panel density profiles along the
panel thickness leading to very different board properties; (b) an example of two real, different density
profiles of two different wood particleboards [1].

First of all, the density of the surfaces is practically always higher than the density of the core of the
board, if the board is well made. The low density of the outermost surfaces of the raw panel is always
eliminated in industrial panels just by sanding, so that the surfaces can present the highest density
possible, hence, as hard as possible. Panels which have relatively higher surface densities and lower
core densities at parity of total panel density have better bending strength and better screw-holding
capability. Conversely, panels which have relatively lower surface densities in relation to the core
density have better internal bond strength (tensile strength perpendicular to the panel plane) and
better durability. Thus, what type of strength characteristics and, hence, which density profile it
should be manufactured with often depends on the application which is intended for the board. Many
parameters influence the compression ratio in the press and, hence, the density profile of the panel. In
the introduction of this chapter, it has been stated that one can still make good panels when using
a relatively poor adhesive. This can be explained on the basis of the density profile. Internal bond
strength depends almost exclusively on how good the adhesive is, and on how high is the density
of the panel layer of lower density. When the adhesive is poor, it is then sufficient to use pressing
conditions of the panel that increase compression of the core to bring it to a higher density value, and
lowers the density of the surfaces without changing the panel overall density. A flatter profile is then
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obtained, such as the flatter profile in Figure 1, where the weakest layer has a higher density, hence
giving a much higher internal bond strength, this being the real measure of how good the panel and
bonding are. This can be achieved quite readily by just changing, for example, the relative percentage
moisture content (MC%) of surfaces and core before pressing. Thus, changing the surface to core MC%
of 14%:10%, which is quite common, to just 13%:11% or 12%:10% will considerably densify the board
core and upgrade the internal bond strength of the board [1]. In this respect, other parameters also
have strong influence on this effect, such as the rate of press closure, maximum pressure, and others [1].
In industrial practice, however, a multipurpose board satisfying national standards is often produced
unless the client has pre-specified the type of characteristics they want.

3. Types of Wood Composites

Many types of wood panels, for a variety of applications, are manufactured today. Their definitions,
in brief, are as follows, but the reader is referred to far more detailed and in-depth reviews on the
technology of manufacturing of these products [1,3,4].

Particleboard: A flat hot-pressed wood composite panel composed of randomly oriented wood
chips bonded by hot-pressing by using thermosetting adhesive resins, mainly urea–formaldehyde
(UF), melamine–urea–formaldehyde (MUF), phenolic resins (PF and TF), and isocyanates (pMDI). The
board is generally composed of three distinct layers, the surface layers being composed of finer wood
chips than the coarser core layers. Some processes yield a continuously chip-size-graded board along
the surface/core/surface thickness. The panel generally has a density of 650−700 kg/m3 and the average
amount of resin solids in the board core section is of between 6% and 12% on dry wood (although
lower and much higher percentages are also sometimes used). Panels of the same type but composed
of wood chips of greater length and greater width but similar thickness are called also flakeboard
and waferboard.

Oriented Strand Board (OSB): A flat hot-pressed three-layers wood composite panel composed
of oriented wood wafers bonded by hot-pressing by using thermosetting adhesive resins. The
very thin wafers (length and width are very much bigger than in particleboard and of the order
of 100 mm × 20 mm, respectively) are oriented in the same direction within the same layer and at
90◦ of each other in adjacent layers yielding a particularly strong panel very suitable for structural
applications. It is the modern competitor of plywood but at a much lower price. The lower surface area
of the wafers, in relation to other types of panel, yields panels that need to be bonded with only 4−5%
adhesive solids on dry wood. OSB is, today, the main substitute panel for the rather more expensive
plywood, but presenting the same advantages. It is a panel for structural use.

Medium Density Fiberboard (MDF): a flat hot-pressed composite panel composed of wood
fibers obtained by thermomechanical wood pulping and traditionally bonded with an adhesive to a
density of around 750–800 kg/m3. MDFs of much lower densities are also known. It is a panel mainly
bonded with urea–formaldehyde resins, and used for furniture and interior use. Its production has
experienced a considerable growth.

Hardboard (high density fiberboard): A flat-pressed wood composite panel composed of
randomly oriented wood fibers obtained by thermomechanical wood pulping and traditionally bonded
without any adhesive by hot-pressing simply by the very high density (900–1100 kg/m3) and the
high-temperature-induced flow of the lignin component of the fibers. Panels containing a small amount
of adhesives (2–3% adhesive solids on dry fiber), generally PF resins, are often produced today to
upgrade the properties of the panel.

Plywood: A flat hot-pressed multilayer wood panel composed of oriented wood veneers bonded
by hot-pressing by using thermosetting adhesive resins. The veneer wood grains are oriented at 90◦ of
each other in adjacent layers, yielding a particularly strong panel. As a consequence, this is the panel
with the best strength/weight ratio but is rather expensive in relation to the equally strong OSB.
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Laminated Veneer Lumber (LVL): A flat-pressed multilayer wood panel similar to plywood
composed of oriented wood veneers but differently from plywood oriented all in the same direction in
all the layers and bonded by hot-pressing by using thermosetting adhesive resins.

Laminated beams (glulam), parallam, scrimber, and fingerjoints: A flat-pressed multilayer
wood beam with thick wood planks constituting the layers, used for structural exterior applications
and bonded with PRF (phenol–resorcinol–formaldehyde) cold-setting resins, or MUF cold-setting
resins, or even with certain types of polyurethanes (PURs), especially single-component PURs. The
individual wood planks are bonded to the necessary length to compose the beam by fingerjoints
bonded with one of the same three adhesives above.

Parallam and scrimber are similar products. Parallam is a beam made by a continuous
manufacturing process composed of bigger size wood needles (very elongated wood particles)
reassembled with a structural exterior grade adhesive, the favorite adhesive when heat curing
isocyanates (pMDI) and PRFs when cold-curing. Scrimber was instead conceived by the CSIRO in
Australia with the idea of “scrimming”, thus breaking down the structure of the wood by crushing it
only as far as necessary and producing bundles of interconnected but still aligned strands to allow it to
be formed by coating them with an adhesive into a desired end-product, rather than destroying the
natural alignment of wood fibers and realigning them as more conventional processes do.

A recent review of the type of panels used in European industry is also available, and the reader
is referred to this [4].

4. Current Wood Composite Adhesives

The most current big volume wood composite adhesives are briefly listed as follows. Synthetic
adhesives do still dominate this market. What is already on the market will be described later for
biobased adhesives and for totally new approaches in synthetic adhesives. The reader is however
referred to far more in-depth reviews for each of them.

4.1. Urea–formaldehyde Adhesives

Urea–formaldehyde (UF) adhesives are, by far, the adhesive dominating the wood panel composites
market for the preparation of interior grade composites used for furniture and a wide variety of other
applications. An approximate volume of 11 million tons/year of these adhesives for wood are used
worldwide. They are obtained by reaction of urea and formaldehyde according to the simplified
Scheme 1:

Crosslinked Hardened
        Adhesive

 
Scheme 1. Basis reaction of urea and formaldehyde to prepare UF resin.

Their technology has considerably progressed during the last few decades under the pressure
of ever more stringent formaldehyde emission regulations. Notwithstanding their drawbacks, such
as lack of resistance to exterior weather conditions and emission of formaldehyde, they are however
very difficult to substitute due to their relatively low cost, their excellent adhesive performance, and
their ease of handling. The reader is referred to more specific, in depth and detailed reviews on their
chemistry and conditions of applications [5–8].
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4.2. Melamine-Formaldehyde and Melamine–Urea–Formaldehyde Adhesives

Melamine is an expensive chemical, thus, today, these resins are traded as
melamine–urea–formaldehyde (MUF) resins of equal performance as the older pure
melamine–formaldehyde (MF) resins. They are of two types: (i) mUF, thus UF resins with just
between 2–5% melamine that are nothing else than upgraded interior grade UF resins, this being also
one method of decreasing a UF’s formaldehyde emission.; (ii) exterior- and semi-exterior-grade MUF
adhesives containing between 30% to 40% of melamine. Their schematic representation can be shown
in Scheme 2.

 
Scheme 2. Schematic representation of a MUF resin.

Traditionally, a few decades ago, these resins were considered as semi-exterior-grade, but the
progress in their technology has been so considerable that they can compete well in performance with
the more classical exterior-grade phenol–formaldehyde (PF) adhesives. Here, too, the reader is referred
to more in-depth reviews [7–9].

4.3. Phenol–Formaldehyde Adhesives

Phenol–formaldehyde (PF) adhesives are, by volume, the second most important wood composite
adhesive, with up to 3 million tons/year being used worldwide. Their schematic structure can be
represented as in Scheme 3

 
Scheme 3. Schematic representation of a PF resin.

They are fully exterior-grade adhesives to bind truly weather-resistant wood composites and
extensively used for particleboard, OSB, and marine plywood. They dominate where panels are used
for housing, but have traditionally had the defect of having slower curing at higher temperature than
for MUF adhesives. The progress has been considerable also in these resins, with PF adhesives now
pressing as fast as MUF resins. Here, too, the reader is referred to more in-depth reviews [8,10,11].

4.4. Phenol-Resorcinol-Formaldehyde (PRF) Adhesives

Differently from the first three classes of wood composite adhesives presented above, PRF
adhesives are cold-setting adhesives. They can be schematically represented in Scheme 4
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Scheme 4. Schematic representation of a PRF resin.

They are expensive, due to the high cost of resorcinol that gives them their characteristic to
cure at ambient temperature. They are thus used for glulam, finger-jointing, and similar products,
and for ambient temperature-made LVL. They are binders for fully exterior-grade, weather-resistant
composites. Due to their high cost and the particular products they are used to bind, their volume is
relatively low, around 30 thousand tons/year, but they are high-value resins. Here, too, the reader is
referred to more in-depth reviews [8,10,12].

4.5. Polymeric Isocyanates

The concern about the formaldehyde emission vapor levels from UF adhesives has brought
isocyanate adhesives to the fore, where formaldehyde emission does not occur as no formaldehyde
is added. For wood composites only polymeric 4,4′-diphenyl methane diisocyanate (pMDI) is the
isocyanate used, which is a liquid of 100% solids. It can be schematically represented as (Scheme 5)

 
Scheme 5. Schematic representation of pMDI.

pMDI is an excellent adhesive and can be used in markedly smaller proportions than UF, MUF,
and PF adhesives to bind wood composites. It is, though, relatively more expensive than the other
three major formaldehyde-based adhesives, this somewhat counterbalancing the advantage of it being
needed in lower proportions. Even this adhesive has more recently been under some pressure from
stringent environmental regulations due to its vapor and relative toxicity. A use where it has a particular
advantage is in mixing, in smaller proportions, with any of the three formaldehyde-based adhesives to
upgrade their performance. Here, too, the reader is referred to more in-depth reviews [5,8,13].

4.6. One-Component Polyurethanes (PURs)

One-component PURs are the main competitor of PRF adhesives for the same types of applications.
Their structure can be schematically represented as (Scheme 6)

with

Scheme 6. Schematic representation of monocomponent PUR.

Their advantage is their considerably better ease of handling as no mixing with hardeners or
catalysts are needed. Their main drawback is in the structure itself, as they are prone to yielding
bonded joints subject to both creep and temperature-dependent creep. However, some of them have
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been formulated to partially overcome this drawback. They are relatively expensive, but this is not a
drawback as their competitor, the PRF adhesive, is also expensive. Here, too, the reader is referred to
more in-depth reviews [14].

5. New, Biobased, Renewable and Synthetic Wood Polymeric Adhesives

5.1. Biobased Wood Composite Adhesives

There are several biobased adhesives based on renewable natural materials that are at the forefront
of new developments. Some of these are already industrial, sometime for many years, such as tannin
adhesives and some soy adhesives, while others are on the way of industrialization, and many others
are, as yet, at the experimental stage.

First of all, it is necessary to define what is meant by biobased wood adhesives or adhesives from
renewable, natural, non-oil-derived raw materials. This is necessary because in its broadest meaning,
the term might be considered to include urea–formaldehyde resins, urea being a non-oil-derived raw
material. This, of course, is not the case. The term “biobased adhesive” has come to be used in a
very well specified and narrow sense to only include those materials of natural, non-mineral origin
which can be used as such or after small modifications to reproduce the behavior and performance of
synthetic resins. Thus, only a limited number of materials can be currently included, at a stretch, in the
narrowest sense of this definition. These are tannins, lignin, carbohydrates, unsaturated oils, proteins
and protein hydrolysates, dissolved wood, and wood welding by self-adhesion.

Regarding tannin adhesives, tannins extracted from bark or wood of trees are traditionally used
for leather, and these adhesives have been in industrial use since the early 1970s in a few countries
of the southern hemisphere. There are a number of detailed reviews on the use of tannins for wood
adhesives. The reader is referred to these detailed studies [8,15]. However, here, existing technologies
and industrial use of tannin wood adhesives are presented.

As extensive studies already exist, regarding this application of tannin, only a few of the main
achievements of tannin-based adhesives for wood products will be highlighted: (1) The development,
optimization, and industrialization of non-fortified but chemically modified thermosetting tannins
for particleboard, other particle products, and plywood [16–18]; (2) The technology for rapidly
pressing tannin adhesives for particleboard, which is also industrial [19]; (3) The development
and industrialization of tannin–urea–formaldehyde adhesives for plywood and, in particular, as
impregnators for corrugated board starch binders [20,21]; (4) The development and industrialization
of cold-setting tannin–resorcinol–formaldehyde adhesives for glulam and finger-jointing [22]; (5) The
large-scale development and industrialization of quick-setting “honeymoon” separate application
cold-setting adhesives for tannin-bonded glulam and fingerjoints [23–25]; (6) The development
and industrialization of zinc salts to accelerate the hardening of non-fortified tannin adhesives for
plywood [5,26–28]; (7) Successful formulation, development, and industrialization of pine bark tannin
adhesives for particleboards and for glulam and finger-jointing in Chile [18,29]; (8) The development
of isocyanate/tannin copolymers as difficult-to-bond hardwood adhesives and for plywood and other
applications [30,31]; (9) The development of very low formaldehyde tannin adhesives for particleboards
and other wood panels; (10) The development of the use of hardeners other than formaldehyde for
thermosetting tannin adhesives [5,32–34]; (11) The discovery and development of self-condensation of
tannin for adhesives [35–42].

All industrialized technologies today are based on paraformaldehyde or hexamethylene tetramine
(hexamine) [42–45]. The latter is much more user- and environmentally friendly.

As regards new approaches in tannin-based wood adhesives, a number of experimental
improvements have been studied, dictated by the new environment in which wood adhesives
must operate. First of all, the relative scarcity of tannins produced in the world, compared to the
tonnage of synthetic adhesives used in the panel industry, has led to a great deal of research on
the extension of the tannin resource in order to have larger tonnage. As the potential material for
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tannin extraction shows that millions of tons of this material can be extracted each year worldwide,
some companies have started to build additional extraction plants. This movement is still relatively
small, but is ongoing. The second approach, to extend the tannin with another abundant and natural
material, has led to the preparation of adhesives based on in situ copolymers of tannins and lignin [46]
or copolymers of tannin and protein or soy flour [47], the use of tannin–furfuryl alcohol adhesive
formulations, furfuryl alcohol being also a biobased material [48].

The second new constraint is the demand of most companies to eliminate formaldehyde
emissions from tannin adhesive. This quest has taken two approaches: (i) total elimination of
formaldehyde by substituting it with aldehydes that are less or nontoxic and nonvolatile [33,49],
such as glyoxal, glutaraldehyde, or vanillin, the latter giving a fully biobased tannin adhesive
and, more recently also, fully biobased carbohydrate extracts from very diffuse African trees
that yield, on hot-pressing, both hydroxymethyl furfural and hydroxymethyl furfuryl alcohol as
hardeners [34]; (2) the use of non-aldehyde hardeners such as tris(hydroxymethyl)nitromethane [50]
and tris(hydroxymethyl)aminomethane [51] or even by combination with furfuryl alcohol, the latter
functioning both as a hardener and a contributor to a tannin/furan copolymer [48,52]; (3) the use
of hexamine with the formation of –CH2–NH–CH2– bridges between the tannin molecules, where
the secondary amine is capable of absorbing any emission of formaldehyde from the heating of the
wood itself or any other emission of formaldehyde to produce truly zero-formaldehyde emission
panels [42–45]; (4) lastly, the hardening of the tannins by self-condensation without the addition of a
hardener, self-condensation catalyzed by the wood substrate itself in the case of fast-acting procyanidin
tannins, such as pine bark tannins, and for slower tannins, by addition of silica or silicate or other
accelerators [8,35–41] allowing the preparation of wood particleboard of indoor quality.

A very new approach, giving very encouraging results, was obtained from the research on
sodium periodate-specific oxidation of carbohydrates pursued in the ambit of the research on soy flour
adhesives (see later) [53,54]. In this approach, periodate oxidation of the monomeric and oligomeric
carbohydrates present in tannin extract and of glucose added to it caused cleavage of the monomeric
and polymeric carbohydrates forming a variety of nontoxic and nonvolatile monomeric and oligomeric
aldehydes. These reacted with the tannin polyphenolic part of the tannin extract to give good bonding
results for particleboards [55].

Lignin adhesives: Extensive reviews on a number of proposed technologies of formulation
and application do exist, and the reader is referred to these in earnest [56–65]. Lignin is the most
abundant natural polymer after cellulose. Its polyphenolic nature has always generated interest for
preparing wood adhesives. None of the many adhesive systems based on pure lignin resins, hence,
without synthetic resin addition, have succeeded commercially at an industrial level. Some were
tried industrially, but for one reason or another, too long a pressing time, high corrosiveness for the
equipment etc., they did not meet with commercial success. Still notable among these is the Nimz
system based on the networking of lignin in presence of hydrogen peroxide [8,56,66] and the Shen
system based on the self-coagulation and crosslinking of lignin by a strong mineral acid in the presence
of some aluminum salt catalysts [5,8,56]. Of interest in the MDF field is also the system of adding
laccase enzyme-activated lignin to the fibers or activating the lignin, in situ, in the fibers, also by enzyme
treatment with the addition of 1% polymeric isocyanate [66,67]. The more traditional approaches
are the use of methylolated lignin or lignosulphonates in PF resins [68] or even the preparation of
copolymerized lignin–phenol–formaldehyde resins for plywood. In this respect, adhesion of plywood
by the first of these with limited formylated lignin addition (up to 20%) has been used extensively
in the past, in Canada, for plywood [69,70]. More recently, an LPF resin according to the second
approach has been commercialized for plywood containing up to 50% lignin [71], and improvements
on this by using ionic liquid-treated lignin to prepare LPF and LP-glyoxal resins have also been
reported with encouraging results [72–74]. A further new approach for lignin wood adhesives uses
pre-methylolated lignin with small amounts of a synthetic PF resin and of isocyanates (PMDIs), the
lignin proportions being up to 65% of total solids [75,76]. Some new and rather promising technologies
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on totally biolignin adhesives have, however, also been developed recently. These are (a) adhesives for
particleboard, thin hardboard, and other agglomerate wood panels based on a mix of tannin/hexamine
with pre-glyoxalated lignin [46], and (b) similar formulations for high resin content, high-performance
agricultural fiber composites [77–83].

The newest approach was obtained from the research on sodium periodate specific oxidation of
carbohydrates pursued in the ambit of the research on soy flour adhesives (see later) [53,54]. In this
approach, periodate-specific oxidation of pre-demethylated lignin by cleavage of some bonds of its
aliphatic chains at the level of its beta-O-4 bonds and vicinal C–OH groups caused cleavage of the
lignin structure, yielding a variety of nontoxic and nonvolatile aldehyde groups in the lignin structure
itself. These reacted with the lignin aromatic nuclei to give a lignin adhesive, yielding good bonding
results for plywood [84].

Protein Adhesives: First of all, it must be noted that excellent wood composite UF resins
containing up to 15% of proteins have already been commercially available for quite a long time
now, around a decade. These are the AsWood resins for wood panel products. However, this field is
dominated by the abundant research work on soy protein and soy flour adhesives. A considerable
number of different approaches have been tried with encouraging results. First technologies based on
the pre-reaction of soy protein hydrolysate pre-reacted with formaldehyde, and this being mixed with a
PF resin and with isocyanate (pMDI) gave encouraging results [85,86]. The same with pre-glyoxalated
soy and/or wheat gluten with PF and pMDI [87,88]. An even more interesting, non-traditional system
is based on the pre-reaction of the soy protein hydrolysate with maleic anhydride to form an adduct
that is then reacted in the panel with polyethylene imine [89,90]. This system also works well, as one
company has started using it industrially in the United States, but suffers from the drawback of being
expensive. Equally, work on protein–glutaraldehyde adhesives has been published [91].

Three totally new experimental approaches to yield totally biobased soy flour and soy protein
wood adhesives have very recently come to the fore. The first is based on the reaction of a hydrolyzable
tannin (tannic acid), or a condensed tannin with soy protein isolate and/or soy flour. This gave
rather encouraging results for plywood, particleboard, and hardboard [47,92–94]. The second unusual
approach is by the formation of soy protein isolate-based polyamides formed by the reaction of soy
protein isolate with maleic anhydride and hexamethylene diamine [95] as a totally new resin for such
an application. The third approach to obtain totally biobased adhesives is even more revolutionary. It
is based on the specific oxidation of carbohydrates by sodium periodate. The bonding results using
soy flour gave good bonding results for plywood [53]. The periodate treatment was found to cause
cleavage of monomeric and polymeric carbohydrates in soy flour, forming a variety of nontoxic and
nonvolatile monomeric and oligomeric aldehydes. These reacted with the protein part of the soy
flour to give good bonding results [54]. Even more interesting was that periodate oxidation formed
aldehyde groups on the soy protein itself, this also contributing to good bonding results [53,54].

Carbohydrate Adhesives: Carbohydrates can be used as wood panel adhesives in three main
ways: (i) as modifiers of existing PF and UF adhesives, with considerable literature on this traditional
approach already existing [96–102], (ii) by forming degradation compounds which then can be used as
adhesives building blocks, and (iii) directly as wood adhesives. The second route leads to furanic resins.
Furanic resins, notwithstanding that their basic building blocks, furfuraldehyde and furfuryl alcohol,
are derived from acid treatment of the carbohydrates in waste vegetable material, are considered
today as purely synthetic resins [103]. This opinion needs to change, as they are real natural-derived
bio-resins, and extensively used in applications other than wood composite binders. Appropriate
reviews dedicated just to them do exist [103]. However, both compounds are relatively expensive
and very dark-colored, and furanic resins have made their industrial mark in fields where their high
cost is not a disadvantage. They can be used very successfully for panel adhesives, but the relatively
higher toxicity of furfuryl alcohol before it is reacted needs to be addressed if these resins are to be
considered for wood composites. In this context, furanic–aldehyde resins for wood composites starting
from furfuryl alcohol and nontoxic, nonvolatile aldehydes have also been reported [104].
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Several research groups [105,106] have recently described the use of liquefied products from
cellulosic materials, literally liquefied wood, which showed good wood adhesive properties.
Lignocellulosic and cellulosic materials were liquefied in the presence of sulfuric acid under normal
pressure using either phenol or ethylene glycol.

The oxidation by periodate ion, resulting in a 1,2-glycol scission, is one of the most widely used
reactions in carbohydrate chemistry. The mild reaction and the aqueous solvent conditions for periodate
oxidation are particularly apt for use with water-soluble carbohydrates. The development and wide
application of the reaction are due to its high degree of selectivity [53,54,107–109]. While the periodate
specific oxidation reaction and outcome are better known for carbohydrate monomers [54,107] and
dimers [54] (Figure 2) such as glucose and sucrose, equivalent reactions are also known for higher
carbohydrate oligomers up to cellulose itself [53,54,108,109] (Figure 2). In the case of cellulose and
long carbohydrate oligomers alone, the reactions that have been shown to occur are the condensation
of the aldehydes formed with other carbohydrate chains to yield crosslinking, leading to solid panels
in the case of cellulose (Figure 2) [109].

NaIO4

NaIO4

NaIO4

with or without

 
Figure 2. Specific oxidation of carbohydrates by sodium periodate leading to nontoxic and nonvolatile
biosourced aldehydes and to different crosslinked products according to the conditions used [54].

By increasing the level of oxidation with further periodate in the presence of an aldehyde-reactive
species such as a soy protein [53,54], a flavonoid tannin [55], or other reactive species, including lignin,
crosslinking can also occur, leading to feasible wood adhesives [53–55,84] already described above
(Figure 2).

A recent approach to wood composite binders is based on glucose- and sucrose-based
non-isocyanate polyurethanes (NIPUs). The finding that glucose and sucrose reacted with dimethyl
carbonate (or other cyclic dicarbonates) and a diamine to form NIPU resins [110] (Figure 3) has led to
the application of these resins as wood panel composite adhesives [111] with very encouraging results.
An equally new approach is the use of the reaction of glucose with maleic anhydride and a diamine
to rather form polyamide binders, rather than NIPU, that also yielded wood particleboard binders
showing good results [95].
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Figure 3. Schematic representation of the formation of non-isocyanate polyurethane (NIPU) oligomers
from monosaccharides reacted with dimethyl carbonate and hexamethylene diamine. The two tetramers
shown have been identified and are among the multitude of other NIPU oligomers identified [110].

Equally exciting and revolutionary has been the development of the use of citric acid as a wood
composite binder. This is articulated in a number of different approaches, all involving carbohydrates
in one manner or another. The concept of citric acid binders for wood composites was first advanced
by Japanese researchers yielding very encouraging bonding results [112,113]. The use of citric acid was
then extended later to application to wood welding with increased waterproofing of the wood weld
line [114] and to bonding of flat veneers such as plywood and LVL [115]. This latter work showed, by
chemical analysis, that citric acid was able to function as a binder of the carbohydrates in wood by
reacting with them as well as to react with lignin, across two joint veneers [115], with species as in
Figure 4 being identified, and was a viable plywood binder. Again, sugar, such as in sucrose + citric
acid, was demonstrated as well to be a very viable adhesive for wood composite panels [116–119] in
which not only furfural and hydroxymethyl furfural were formed by the action of the acid on the sugar
but also crosslinking of the sugar and the holocellulose carbohydrates by the citric acid was observed
(Figure 5), corroborating the same crosslinking with wood carbohydrates, glucose, and with lignin by
the action of citric acid directly on wood, as found by Del Menezzi et al. (Figure 4) [115].

 
Figure 4. Example of citric acid bridges linking glucoses or holocellulose chains, and actually identified
reaction products of citric acid with lignin. The compounds shown have been identified among several
others of the same type, showing that both holocellulose and lignin are involved in wood bonding and
citric acid bridge-forming by citric acid alone [116].
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Figure 5. Proposed bridges and possible structures formed by the reaction citric acid with sucrose and
with the furfural and hydroxymethyl furfural generated from sucrose by the citric acid treatment in
sugar + citric acid adhesives [118].

5.2. Other Bioadhesives for Wood Composites

There are other biomaterials that have been proposed and used for the preparation of bioadhesives.
None of the resins presented in this section have reached, at least up to now, industrial trials, but they
are interesting and unusual concepts that are worthwhile to pursue and report on.

First, cashew nutshell liquid, mainly composed of cardanol but containing also other compounds.
Its dual nature, a resorcinol aromatic ring with an unsaturated fatty acid chain, makes a potential natural
raw material for the synthesis of water-resistant resins and polymers. The resorcinol group and/or
the double bonds in the chain can be directly used to form hardened networks. Alternatively, more
suitable functional groups, such as aldehyde groups and others, can be generated by ozonolysis on the
alkenyl chain. The first reaction step yields a cardanol hydroperoxide as major product, that following
reduction by glucose or by zinc/acetic acid, yields a high proportion of cardanol-derived aldehyde
groups. These crosslink with the aromatic groups of cardanol itself and, thus, a self-condensation of
the system, yielding hardened networks [120]. A good review on cardanol thermoset polymers other
than for wood composites does exist [121].

Equally, adhesives based on vegetable oils have also been proposed. Encouraging techniques
involving unsaturated oils for wood and wood fiber adhesives have been reported [122]. Wheat straw
particleboards were made using UF and acrylated epoxidized soy oil (AESO) resins with two resin
content levels: 8% and 13%. The physical and mechanical properties of these boards showed that
AESO-bonded particleboards have higher physical and mechanical properties than UF-bonded boards,
especially regarding internal bonding and thickness swelling [122]. Bioresins based on soybean and
other oils have also been mentioned in the literature [123]. These liquid resins were obtained from
plant and animal triglycerides by suitably functionalizing the triglyceride with chemical groups (e.g.,
epoxy, carboxyl, hydroxyl, vinyl, amine, etc.) that render it polymerizable. The reference claims that
composites were made using natural fibers such as hemp, straw, flax, and wood in fiber, particle,
and flake form, but no results were given. In an older work, an epoxidized oil resin was evaluated
as a wood adhesive in composite panels, and it could be tightly controlled through the appropriate
selection of triglycerides and polycarboxylic anhydrides [124]. The literature on this resin [123] claims
that crosslinking can be varied through the addition of specialized catalysts and several samples were
prepared at a range of temperatures (120–180◦C) that exhibited high water tolerance, even at elevated
temperatures. Their main drawbacks appear to be a slow hot press time and their relatively high cost.

Fungal mycelium bonding is another very new and unusual concept that has been tested and
presented for bonding wood panel composites. These new mycelium-based biocomposites (MBBs) were
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obtained from local agricultural (hemp shives) and forestry (wood chips) byproducts which were bonded
together with natural growth of fungal mycelium [125]. As a result, hemp mycocomposites (HMCs)
and wood mycocomposites (WMCs) were manufactured and their mechanical, water absorption, and
biodegradation properties determined. Compression strength was better for WMCs by about 60%
compared to that of HMCs. Water absorption and swelling were relatively high, and these composites
were extensively biodegradable, an advantage for certain applications and a disadvantage for others.

Finally, in this category, one can count wood friction welding without adhesives. Rapid friction of
two wood surfaces, one against the other, partially melts and mobilizes the intercellular wood material,
mainly lignin and xylan hemicelluloses, to form a high-density and high-strength composite interphase
formed by intertwined wood fibers and molten material [126–129]. A basic review on this subject
exists [130]. The system works well both as linear welding or rotational dowel welding. Several systems
have been recently developed to improve its water resistance [114,131,132]. Linear wood friction
welding is an impressive but rather limited technique, as it requires expensive machinery and it can
weld only pieces of rather limited length, around one meter. Rotational dowel welding, instead, is very
flexible, needing only inexpensive but good quality hand or fixed drills, and presents no limitations of
application. It has been and is already being used in small workshops for some biofurniture, assembly
of small wood pieces, and room refitting [133–142]. Some temperature-welded plywood has also been
prepared, but its hot press time is far too long to be of industrial significance [143,144].

There are numerous other natural biomaterials, oligomers, and polymers that have been used
as binders in fields other than wood composites, but that would be worthwhile to test for wood
composites as well. Among these, one can mention humins, isosorbide, itaconic acid, urushiol, and
others [145–149].

6. New Approaches to Synthetic Adhesives

It must be clearly pointed out that while the environmental concern that predominates today
has led to a considerable increase in research and publication on biobased adhesives for wood
composites, the research on synthetic adhesives also has made huge progress with a host of new
ideas and approaches been thought out and presented. Not all can be presented here, but a few
of the more interesting examples are selected. There are two distinct trends in this context: (i) the
ongoing improvement, also considerable, of traditional synthetic adhesives, especially in UF resins
with, moreover, very valuable new ideas being presented [150–156] and MUF resins (see later), and (ii)
the presentation of partially non-traditional or even totally non-traditional synthetic adhesives, some
also with biobased content.

For the first type of approach, the first tendency has been to prepare engineered UF resins of
progressively lower molar ratio, at levels much lower than 1:1 [157], which has become rather common
in industry today. This was due to the attempt to minimize formaldehyde emissions from wood panels
bonded with UF resins. One of the drawbacks of the much lower than 1:1 molar ratio has been identified
in the increase in the tendency of the UF resin to form increasingly present crystalline domains upon
hardening as a result of hydrogen bonds between linear molecules [153,158–160]. At higher molar
ratios, the hardened resin is amorphous, affording better adhesion and better bonding performance.
The overly high crystallinity drawback was very recently solved, and solved well [153] by blocking the
formation of hydrogen bonds using transition metal ion-modified bentonite nanoclay through in situ
intercalation and, thus, converting the crystalline domains of the UF resins to amorphous polymers.
Addition of 5% nanoclay to the UF yielded in excess of 50% better adhesion, and almost 50% lower
formaldehyde emission, thus resulting in a marked improvement in performance with a low level
of crystallinity.

In the same trend, the potential introduction of a very acid pH condensation step in the
preparation of UF resins, inducing the formation of occasionally considerable amounts of uron
(a cyclic intramolecular urea methylene ether) in the UF resins of lower formaldehyde emission has
attracted some research interest [149]. This initial work indicated that introduction of such an acid
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step can lead to UF resins of improved bonding strength, but also of higher post-cure formaldehyde
emission. The results also indicated that minimization of the formation of urons yielded better UF
resins when the strongly acid condensation step is introduced in the reaction. Subsequent work on
the very acid step showed favorite uron formation at pH values higher than 6, and lower than 4 at
which the equilibrium urons/dimethylol ureas are shifted in favor of the cyclic uron species [151]. If the
pH is slowly shifted from one pH range to the other, the equilibrium shifts in favor of the formation
of a majority of methylol urea. A rapid change in pH does not cause this to any great extent. UF
resins with high uron proportions showed this structure linked by methylene bridges to urea and other
urons, and also as methylol urons, the reactivity of the methylol group of this latter being much lower
than that of methylol urea. Thermomechanical analysis (TMA) tests and tests on wood particleboard
prepared with uron-rich resins to which urea was added at the end of the reaction yielded bonds
of good strength. Equally, mixing a uron-rich resin with a low F/U molar ratio UF resin yielded
resins of greater strength than a simple UF of corresponding molar ratio, indicating that UF resins of
lower formaldehyde emission with still acceptable strength could be prepared with these resins [151].
Subsequent research on this aspect compared five resins produced in different manners: four via the
traditional alkaline–acid process and one using the strongly acid step process [152]. The differences
between the syntheses were mainly based on different formaldehyde/urea molar ratios during the
synthesis, temperatures, and the number of urea additions. The resins differed in some characteristics,
namely percentage of unreacted oligomers, chemical composition, viscosity, and reactivity [152]. The
internal bonds of the particleboards bonded with them was similar for all the resins prepared with
the alkaline–acid process, but were better than those bonded with the strong acid step; nonetheless,
formaldehyde emission appeared to be independent of the type of synthesis used.

Very reactive iminoamino methylene base intermediates (CH2=NH–CH2+) obtained by the
decomposition of hexamethylenetetramine (hexamine) [43–45] stabilized by the presence of strong
anions such as SO4

−2 and HSO4− , or hexamine sulfate were shown to markedly improve the water
and weather resistance of hardened melamine–urea–formaldehyde (MUF) resins used as wood
adhesives, and of the wet internal bond strength performance of wood composite boards bonded
with them [45,161,162]. The effect was shown to be induced by very small amounts, between 1 and
5 wt % of this material on resin solid content. This strong effect allowed the use of MUF resins of
much lower melamine content and also provided good performance of the bonded joints. Because
the main effect was also present at the smaller proportion of hexamine as hexamine sulfate, it was
not due at all to any increase in the molar ratio of the resin as a consequence of hexamine sulfate
addition [45,162]. The effect of hexamine sulfate was closely linked to the strong buffering action it has
on MUF resins. Its role is mainly to induce regularity of the reaction and the stability of conditions
during resin networking, due to the buffer [161,162]. Shifting of the polycondensation/degradation
equilibrium to the left appeared to be the determining factor. This was a consequence of maintaining a
higher, constant pH during curing due to the buffer action. The resins are faster-curing than when
catalyzed by ammonium sulfate. The effect is valid within the narrow buffering range of pH used
for resin hardening. Polycondensation is far too slow to occur at a much higher pH, and degradation
is, instead, more predominant at much lower pH. The network formed is then more crosslinked and
less tainted by degradation when curing occurs within the correct pH range [45,161,162]. The result is
a much better performance of the wood board after water attack. The effects induced by hexamine
sulfate are of longer duration than those of other potential buffers. This is due to the hexamine sulfate
heat stability under standard hot curing conditions of the resin. Alternate systems were found and
shown to have a comparable effect. This approach has already been used to a limited extent in some
industrial MUF adhesives.

Of interest is the upgrading of UF, MUF, and PF resins by addition of PMDI (polymeric 4,4′-diphenyl
methane diisocyanate) directly in the water-based formaldehyde-based resin glue mix before application
to wood [30,31]. This was shown to lead to crosslinking by both formation of the traditional methylene
bridges and simultaneously coupled with them by the formation of urethane bridges [30,31]. This is
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now a currently used industrial adhesive system, especially for UF and MUF resins, and proved to
be to be the only system at the time to prepare polyurethane bridges in water. It was based on the
stability of PMDI in water for about 5 h before being water-deactivated. Variations of the theme, such
as the use of water emulsifiable blocked PMDI [163–165] and, more recently, of microencapsulated
pMDI [166] have also been tried. They both worked and were attempted to see if an improvement on
the original, simpler, system could be achieved. The bonding performance for both is the same as the
simpler system, but the stability of the isocyanate in water is much improved affording, perhaps, the
preparation of a stable premix of better shelf- and pot-life.

Very recently, the catalytic influence of TiO2 in accelerating both synthesis and cure of MF resins
has been found [154]. The effect is noticeable and could be due to a variety of causes. There are several
possible explanations for this effect. Thus, firstly, Ti is known to form coordination complexes with
carbonyl groups (as an aldehyde to pass the C=O to a C–OH, with the intermediate CH2–O–TiO2,
thus an effect of acceleration due to the Ti charge being stronger than that of H+. This effect is well
known in PF resins, for example. In this case, one should assume that the Ti in TiO2 behaves as a
divalent ion. With this approach, TiO2 might even complex more than one molecule of formaldehyde
at the same time, possibly rapidly increasing the number of aldehyde molecules added onto the
same or to different NH2 groups, also explaining the acceleration of the rate of reaction. The second
possibility is the McMurry reaction, where catalysis by Ti joins two carbonyl groups by elimination of
the two oxygens, thus from H2C=O + O=CH2 passing to CH2=CH2. What would happen, then, is
not the formation of just CH2=CH2 but the reaction of the NH2 group of melamine with the C of two
formaldehyde molecules and the formation of a –NH–CH2=CH2–NH– bridge between two molecules
of melamine and, thus, two formaldehyde at the time bridging instantly, again explaining the catalysis
of the reaction.

The third possibility is that if TiO2 forms a stable complex, then the initial attack of the aldehyde
on the melamine will be fast, but after that, all will remain blocked [26–28]. It has been proven that this
is not the case as the reaction accelerates. It means that if complexes are formed, the rate of exchange in
solution is very rapid [167] as the complex is not stable (and the TiO2 complexes cannot be very stable,
otherwise they could not function as catalysts in a number of organic chemistry reactions) and, thus,
only the effect of the initial fast attack remains, hence, the acceleration in rate [26–28].

Lastly a further explanation might well be valid, thus that once blocked the reaction of the
aldehyde with the melamine the bridges forming in the resin are instead through the Ti itself if the
complexes formed are stable. First, as –NH–CH2O–Ti–OCH2–NH– with the other two valences of the
Ti have been linked in the same way to other NH–CH2–O groups, thus forming a tridimensional knot,
this would easily explain the strong acceleration. It is very possible that several, if not all, of these
mechanisms are at work, although to a different extent.

Having discussed interesting advances in wood composite aminoplastic adhesives, one has to say
that progress has been equally impressive in PF adhesives in the last two decades. Just two cases are
reported here, although there are others that are also of interest.

The first regards the curing and reaction rate acceleration mechanism of the resins for wood
composites induced by certain esters (also called the “alpha-set” in jargon). The concept of ester
acceleration was initially promoted by the Borden company in the early 1950s, but applied in a different
manner to foundry core binders, not to wood composites [168]. The approach was rather modified to
be adapted to wood composite binders with propylene carbonate and triacetin (glycerol triacetate)
being, finally, the two esters retained for wood composite binders [169–173]. Controversy followed,
with some research groups claiming that nothing was occurring [174,175], and others claiming that
it was the same type of acceleration being caused by inorganic carbonates, such as sodium and
potassium carbonates [176], which was disproved [172], while other groups instead also observed some
structural resin modifications [173,177–179], with the controversy finally being resolved by isolating
and identifying the structural modifications caused to the resin by the esters [180].
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The mechanism was found to involve the phenate ion of the resin to apparently yield a carbonyl
or carboxyl group attached to the aromatic ring. Either directly or by subsequent rapid rearrangement
after the initial attack on the ortho site, these C=O groups were found on sites different from the
ortho site. The appearance determined from NMR shift calculation indicated preferential positioning
or repositioning to the para site and, surprisingly, to the meta sites of the phenolic ring. The shifts
of these C=O groups correspond to those of an anhydride and to no other intermediate structures
previously thought of. Anhydride-like bridges were clearly shown by MALDI-TOF mass spectrometry
to contribute to oligomer structures in which linkages between phenol rings were mixed methylene
bridges and anhydride bridges. These structures appeared to be temporary, possibly due to the
instability of the anhydride bridges; hence, they were in small proportions at any given moment
of the reaction. 13C NMR and MALDI-TOF analysis clearly indicated that these structures were, at
some moment, an integral part of the structure of the liquid resin and that they existed parallel to
the methylene bridges pertaining to a normal PF resin structure [180]. While the complexity and
unusualness of the mechanism is interesting, the main importance of ester acceleration is to be able
to use PF resins with simpler and shorter manufacture time and of much faster hot press time of the
wood composite, a real industrial advantage.

Low-condensation phenol–formaldehyde (PF) resins co-reacted under alkaline conditions with
up to 42% molar urea on phenol during resin preparation yielded PUF resins capable of faster
hardening times than equivalent pure PF resins prepared under identical conditions and presented
better performance than the latter [181,182]. The water resistance of the prepared PUF resins seemed
comparable to pure PF resins when used as adhesives for wood composite panels. Part of the urea
is copolymerized to yield the alkaline PUF resin, but unreacted urea was still present in the resin,
especially at the higher levels of urea addition. Increase of the initial formaldehyde to phenol molar
ratio considerably decreased the proportion of unreacted urea and increased the proportion of PUF
resin. The copolymerized urea functions as a prebranching molecule in the forming, hardening
resin network. PUF resins are capable of further noticeable curing acceleration by addition of ester
accelerators; namely, glycerol triacetate (triacetin), to reach gel times as fast as those characteristic of
catalyzed aminoplastic resins, but with wet strength values of the wood composites bonded with them,
characteristic of exterior PF resins. Synergy between the relative amounts of copolymerized urea and
ester accelerator occurs at the lower levels of the two additives. However, this synergy decreases at the
higher percentages of urea and triacetin. The relative performance of PUF adhesives was checked by
preparation of wood particleboard, and the capability of the accelerated PUF resins to achieve press
times as fast as those of aminoplastic (UF and others) resins has been confirmed [181,182]. This system
has been in industrial utilization, to a moderate extent, for more than a decade.

For the non-traditional synthetic adhesives, the (at first shocking) concept is that
urea–formaldehyde can also be classed as a bioadhesive. Urea is bioderived from nitrogen in
the air, but while formaldehyde exists in nature, its industrial production is not “bio” at all. Thus,
there is interest in eliminating formaldehyde through replacement with something less or nontoxic
and, especially, nonvolatile (to eliminate formaldehyde emission). The first attempts to solve this
problem led to the preparation of urea–glyoxal (UG) resins for wood composite adhesives [183,184].
Urea–glyoxal resins are already known and used in the textile industry, but the formulations needed
to be extensively changed for wood composites. The problem encountered was that UG resins are
much slower curing in hot-pressed than UF resins, their energy of activation for curing being markedly
higher. The first approach to solve this drawback was to prepare and use melamine–glyoxal (MG)
resins, melamine being much more reactive with aldehydes than urea. This yielded an improvement
to the point that these MG resins could at least be used for paper impregnation, the resin being in
direct contact with the hot platen of the press and, thus, at higher temperature [185]. However, while
faster, they were still too slow as adhesives for bonding wood panel composites. The breakthrough to
solve these very limiting drawbacks came with the introduction of ionic liquids (ILs) as hardeners
of UG resins. These markedly decreased the energy of activation of curing of UG adhesives and
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the resultant IL UG adhesives were used to prepare wood particleboards at pressing times and with
results comparable with UF resins [186]. The approach then progressed to IL MG and, finally, to IL
melamine–glyoxal–glutaraldehyde (IL MGG’) adhesives that gave a very acceptable performance as
adhesives for wood composites [187].

Equally noticeable in this context is the renewed trend and renewed interest in resins based
on urea furfural and urea–furfuryl alcohol having become, again, a basis of study, notwithstanding
that these are old technologies used for other applications [188,189]. New, however, is the interest
in hydroxymethyl furfural, with urea–hydroxymethyl furfural [190] and phenol–hydroxymethyl
furfural [191] as well as tannin–hydroxymethyl furfural [192]. While these are acceptable for phenol
and natural polyphenols such as tannins, that are anyhow dark adhesives, the natural developing
dark colors of the furanic materials constitute a serious commercial drawback for urea resins that are
traditionally transparent or white. Resins based on furfuryl alcohol + an aldehyde have also been
tested with encouraging results for plywood bonding, these being furfuryl–alcohol formaldehyde,
furfuryl alcohol–glyoxal, and furfuryl alcohol–glutaraldehyde [104].

Even more different approaches to mainly synthetic thermoset adhesives have been tried and
presented. For example, glucose or sucrose reacted with glycerol triacetate and a diamine yielded a
variety of mixed oligomers (Figure 6) and a very acceptable wood adhesive for plywood. The system
was found by pure chance, but it worked, and the oligomers and polymers formed were identified and
characterized [193].

And Higher Molecular Weight Oligomers up to Cross-linking  
Figure 6. Example of a mixed higher molecular weight oligomer leading to adhesive crosslinking
formed, among others, in the new adhesive system derived by the reaction of glucose or sucrose with
triacetin and hexamethylene diamine [194].

7. Thermoplastics as Binders for Wood Composites

Very promising directions for the bonding of plywood and LVL based on environmentally friendly
or even recycled products, is the field where thermoplastics (polyethylene, polypropylene, poly(vinyl
chloride), and their copolymers) are used as the wood composite binders. Such thermoplastic polymers,
as a substitute for conventional UF and PF thermosetting adhesives, can be used for veneer bonding in
various forms, such as textile fiber waste (i.e., polyurethane, polyamide-6), recycled plastic shopping
bags, or film. This area constitutes an area of major research effort especially in recovering and reusing
waste polymeric materials. One example of this is the use of waste polyurethanes for the binding of
particleboard and plywood [195,196]. There are excellent reviews on this wide field and the reader is
referred to these for a more in-depth look of this area [197–200].

Furthermore, dry adhesive film, in particular, is now used for plywood as it is simpler to apply
than wet adhesives; all of the untidy and unpleasant mixing and spreading operations in wet gluing
are thus wholly removed from the factory floor by the use of such dry adhesive films. The dry adhesive
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film contains, in each square meter of surface, precisely the same quantity of adhesive, equal quality,
uniform composition, yielding exactly the same bond strength and the same standard thickness [194].

8. Conclusions

The field of wood composites is a huge field of research of vast economic importance, fast moving
both in the conception of newer composites but even more in the conception and development of newer
and sometimes even revolutionary types of binders for them. While the wood composite industry,
mainly for reason of supply, is still dominated by traditional oil-derived adhesives, both in these fields
as well as in the strongly upcoming field of biobased adhesives, there has been almost incredible
progress as well as developments dictated by the intellectual ferment induced by a number of outside
constraints. These are the stricter government regulations to reduce and even eliminate formaldehyde
and other materials that are to some extent toxic, consumer awareness and the consequent drive of
industry to favor more environment-friendly materials and, finally, the drive of industry to decrease or
even eliminate their dependence on petrochemicals, due to the real or imagined future decrease of oil
reserves with its consequent increase in the price of raw materials for purely traditionally manufactured
wood binders. As it stands, what presented in this review is only a brief overview of what has happened
and is happening in this field, with possibly lesser or more difficult to implement approaches not
being mentioned or not mentioned enough. Progress in this fascinating field of primary economic
importance has been accelerating, and the number of new ideas, approaches, and new proposed binder
systems is continuously increasing, providing a glimpse of an exciting and interesting research future.
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