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Preface to ”Performance and Modification of Wood

and Wood-Based Materials”

Wood remains one of the most attractive building materials. However, its applications are

limited because it undergoes biological degradation, is combustible, and changes its properties under

the influence of weathering conditions. Many of these disadvantages of solid wood are, to some

extent, eliminated in wood-based materials, such as plywood, particleboard, fiberboard, and OSB.

However, aside from the fact that it is not possible to eliminate all shortcomings of solid wood,

these materials bring new shortcomings, such as toxicity. Therefore, the problem associated with

the inadequate properties of wood and wood-based materials still needs a solution. One of the

effective ways to improve the properties of wood and wood-based materials is to modify them

using conventional processes (thermal, chemical, etc.) or the latest technology (plasma treatment).

Concerning wood-based materials, it is possible to treat solid wood’s components (particles, fibers,

glue, etc.) and use them in wood-based materials, followed by post-treatment of ready-made

materials to improve their certain properties.

This reprint contains 12 high-quality original research papers by 74 authors from 17 countries on

3 continents: Asia (China, Indonesia, Malaysia, and Russia), Europe (Bulgaria, the Czech Republic,

Germany, Portugal, Romania, Slovakia, Slovenia, Sweden, Ukraine, and the United Kingdom),

and North America (USA). These papers were published in a Special Issue, “Performance and

Modification of Wood and Wood-Based Materials”, of the journal Forests. They provide examples

concerning conventional and novel modification processes of wood and wood-based materials, their

improved/modified properties, and their relevant applications. The Guest Editors would like to

thank all authors who contributed to this Special Issue. The Guest Editors would also like to thank

the Special Issue Editor, Mila Gao, for her overall professional attitude and kind assistance with the

publications.

Tomasz Krystofiak and Pavlo Bekhta

Editors
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Editorial

Performance and Modification of Wood and Wood-Based Materials

Pavlo Bekhta 1,2,3,* and Tomasz Krystofiak 4
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79057 Lviv, Ukraine
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* Correspondence: bekhta@nltu.edu.ua

Wood remains one of the most attractive building materials. However, its applications
are limited because it undergoes biological degradation, is combustible, and changes its
properties under the influence of weathering conditions. Many of these disadvantages of solid
wood are to some extent eliminated in wood-based materials such as plywood, particleboard,
fiberboard, OSB, etc. However, in addition to the fact that it is not possible to eliminate
the shortcomings of solid wood, these materials bring new shortcomings, such as toxicity.
Therefore, the problem of improving the properties of wood and wood-based materials still
needs a solution. One of the effective ways to improve the properties of wood and wood-based
materials is to modify them with conventional processes (thermal, chemical, etc.) or latest ones
(plasma treatment). Concerning wood-based materials, it is possible to treat their components
(particles, fibers, glue, etc.) and use them in wood-based materials or to use the post-treatment
of ready-made materials to improve their certain properties.

This Special Issue, entitled “Performance and Modification of Wood and Wood-Based Mate-
rials” comprises 12 high-quality original research papers by 74 authors from 17 countries
on three continents: Asia (China, Indonesia, Malaysia, and Russia), Europe (Bulgaria,
Czech Republic, Germany, Portugal, Romania, Slovakia, Slovenia, Sweden, Ukraine, and
United Kingdom), and North America (USA). They provide examples concerning the
conventional and novel modification processes of wood and wood-based materials, their
improved/modified properties, and their relevant applications.

Usually, the calculation of moisture content (MC) is used to estimate the water absorp-
tion of wood. However, the traditional method of determining MC by oven drying does
not allow us to accurately obtain the amounts of free and bound water separately. In their
work, Gao et al. [1] the absorption of water by heat-treated Chinese fir wood was studied
using gravimetric analysis and time-domain nuclear magnetic resonance (TD-NMR). The
wood samples were treated in a chamber with steam at several temperature levels, 160, 180,
200, and 220 ◦C, for 2 h. The results showed that when the temperature of heat treatment
increased, the amount of free and bound water decreased. Moreover, the water absorption
in the radial direction was faster than that in the tangential direction. Such a trend also
existed when the heat treatment process was completed. The authors also stated that
the pore structure of wood can seriously changes at a high (over 200 ◦C) heat treatment
temperature causing the closing of the pits in wood cells.

It is well known that the preparation of the surface of the wood substrate is one of the
important processes before finishing, and has a significant effect on the surface properties
of the coating, as well as on the adhesion of the coating to the substrate. Usually, this
process is performed by sanding. Another interesting work [2] confirmed and proved that
the thermal compression of wood substrate prior to the varnishing process, instead of the
labor-intensive sanding process, makes it possible to apply varnish on the surface of the
wood substrate without having an adverse influence on the esthetic characteristics of the
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samples. The thermally compressed surface still has an attractive “exotic appearance of
wood”, which allow the use of transparent varnishes that increase the attractiveness of the
final product. It was also found that thermally densified surface-varnished veneer is more
resistant to color changes during artificial aging compared to sanded surface-varnished
veneer. The transparent varnish systems showed better photo-stability when thermally
densified wood veneer was used as substrate compared to that of sanded wood. The water-
based varnish showed the greatest resistance to discoloration during UVL + IR irradiation,
followed by polyurethane and UV-cured varnishes. The findings of this study indicated
that replacing the sanding process with the thermal compression of the wood surface before
varnishing could be considered an alternative method of producing varnished panels with
satisfactory color properties on the surface.

It is a well-known fact that waste plastic material is a serious problem that has a
negative impact on the environment. The findings of another study [3] demonstrated that
environmentally friendly wood plastic composite (WPC) with different applications can be
manufactured using a combination of waste polyethylene terephthalate (PET), silica, and
rubberwood particles. The basic properties of this composite were also determined.

In another paper, to make the birch wood more water resistant and resistant to biologi-
cal degradation, the wood was modified by impregnation with spent engine oil [4]. It was
found that this impregnation treatment significantly increased the dimensional stability,
water resistance, and biostability of birch wood against brown rot fungi.

Timber is widely used in construction, which is not true of densified timber. This can
be explained by our insufficient knowledge on the long-term creep behavior of densified
timber. From this point of view, reference [5] is another very interesting and important
study. The authors studied the influence of the thermo-hydro-mechanical (THM) den-
sification process on the creep properties of Scots pine sapwood. It was found that the
THM densification significantly changed the physical and mechanical properties of wood.
The results of this study also demonstrated that the creep of Scots pine timber under a
long-term bending load in a constant climate is reduced with the combination of THM
densification and impregnation by low-molecular-weight phenol-formaldehyde resin or
thermal modification.

To expand our knowledge on the behavioral characteristics of cellulose properties
during THM treatment, Ouyang and Wang [6] developed a water and cellulose theoretical
model based on molecular dynamics. The authors also analyzed the effects of the hydrogen
bond numbers, small molecule diffusion coefficients, end-to-end distances, and mechanical
parameters of the water–cellulose model on the mechanical properties of wood cellulose.
They found that the pressurized hydrothermal treatment of wood can significantly improve
its rigidity and deformation resistance.

In another interesting study, an attempt was made to combine the use of chemical
treatments by amines (tricine and bicine) and thermal modification to investigate the
properties of the treated spruce and beech wood [7]. However, an improvement of the
properties of wood by such combining treatment was not confirmed in these studies. The
authors attributed this to the thermal instability of the bicine and tricine.

Another study [8] aimed to expand the fast-growing Acacia hybrid usage in the timber
engineering field by using copper chrome arsenic (CCA) treatment. It was found that the
treated samples in the tangential direction performed better than the untreated samples,
while the radial direction gave a high average strength increment when treated.

Coir fiber has good mechanical properties and has been applied in various fields.
Usually, coir fiber is treated with alkali to improve its properties. Ru et al. [9] proposed a
different approach to improve the mechanical properties of coir fiber alkali treatment. Ac-
cording to this approach, the properties were optimized and analyzed to find the treatment
conditions under which these properties are optimally improved simultaneously. This
allowed the authors to find the optimal values of sodium hydroxide (NaOH) concentration,
treatment time, and temperature at which the maximum values of mechanical properties
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are achieved. Such an approach of the optimized combination can be also applied to fiber
products when strength and toughness are required.

Another interesting work [10] presents the effects of thermal treatment temperatures
(160, 180, and 210 ◦C) on the color and chemical changes of black locust wood during the
ThermoWood process. The authors found that color changes were mainly caused by reducing
the content of extractives during thermal treatment. The degradation of wood compounds,
such as hemicelluloses and cellulose, also contributes to color changes. It was also confirmed
that temperature is a significant factor affecting the color of the wood surface.

It is well known that thermal compression is often used to improve the properties of
solid wood. The research conducted by [11] aims to develop plywood panels with two
wood species (birch and black alder) and two types of veneer treatments (non-densified
and thermally densified) in order to evaluate the influences of different lay-up schemes on
the properties of the plywood. The authors used different lay-up schemes to identify oppor-
tunities to improve the mechanical and physical properties of the plywood by replacing the
birch veneer in the plywood structure with an alternative alder veneer. The results showed
that the type of construction, wood species, and applied thermal densification of the veneer
affected the examined physical and mechanical properties. The WA, MOR, MOE, and shear
strength of plywood were more sensitive to the mixing of wood species in one panel than
the mixing of densified and non-densified veneers. Alder veneers can be used to form
the inner layers of plywood panels without reducing the shear strength. Increasing the
proportion of thermally densified veneer in one panel leads to a higher density, MOR, MOE,
shear strength, and TS of plywood panels. It was found that plywood panels manufactured
from a mixture of species offered higher bending properties when compared to panels man-
ufactured from alder veneers only. It was also shown that non-treated alder veneer, despite
exhibiting somewhat lower strength properties than birch veneer, could be successfully
used with proper lay-up schemes in the veneer-based products industry. Therefore, the
mixed-species plywood panels allowed an increased use of the lower cost, low-grade, and
low-density alder wood veneers as core veneers in panels to reduce production costs and
increase the mechanical properties of predominately low-density alder wood plywood.

The findings of another study [12] showed that the Eucalyptus hybrid wood infected by
the Chrysoporthe deuterocubensis canker disease demonstrates improved biological durability.
This opens the possibility of using infected wood in non-structural applications. The
authors observed reductions in cellulose and hemicellulose contents and increases in lignin
and extractive contents in the infected samples. It was also stated that infected wood
demonstrated better durability against fungi and termites than healthy wood.

Author Contributions: Conceptualization, P.B. and T.K.; writing—original draft preparation, P.B.;
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Abstract: Heat treatment is an environmentally friendly method that improves the moisture-resistant
properties and increases the service life of timber. In this work, Chinese fir (Cunninghamia lanceolata
[Lamb.] Hook.) wood was heat-treated in a chamber with steam at temperatures of 160, 180, 200 and
220 ◦C for 2 h, and the absorption of water was studied by gravimetric analysis and time domain
nuclear magnetic resonance (TD-NMR). The results show that both the amount of bound water and
free water decreased with the increasing treatment temperature. The water absorption of wood in
the radial direction was faster than that in the tangential direction due to the existence of rays, and
this difference remained after the heat treatment. The heat treatment at 220 ◦C had a significant
effect on water absorption in the tangential direction of wood, and the moisture content (MC) was
approximately 20% lower than that of samples absorbing water in the radial direction. T2 (spin–spin
relaxation time) distributions showed two main components which were associated with bound
water and free water, and for samples absorbing water in the radial or tangential direction, there was
only a difference in the amount of free water. The amount of free water significantly decreased for the
samples that were heat-treated at 220 ◦C and absorbed water in the tangential direction, indicating
that the high-temperature heat-treated samples tended to close the pits in wood cells.

Keywords: heat treatment; Chinese fir; TD-NMR; free water; bound water; MC

1. Introduction

Wood is a naturally hydrophilic material and its main components are cellulose,
hemicellulose and lignin matrix. The existence of hygroscopic groups makes it sensitive to
moist conditions and its mechanical properties as well as dimensional stability are deeply
influenced by the presence of water [1]. Furthermore, if it is exposed to water, wood is more
prone to be decayed or worn and the growth of mold and fungi might be enhanced. Various
methods have been developed to make wood a biologically durable material as well as to
decrease water absorption and increase the dimensional stability of wood [2,3]. Among
these methods, heat treatment is an important approach which can change the relationship
between wood and moisture without introducing chemicals, thereby effectively improving
the properties of wood.

Heat treatment is a method of exposing wood to an almost oxygen-free environment
under high temperature conditions and causing changes in the chemical structure of the
wood substance [4,5]. Hemicellulose first degrades during the heat treatment process,
including acid hydrolysis and decarboxylation reactions [6]. Lignin is generally considered
to be the most thermally stable component; however, with the production of various
phenol decomposition products, lignin undergoes thermal degradation at relatively low
temperatures [7]. In addition, high temperature will increase the crystallinity of cellulose [8].
Therefore, the amount of hydroxyl sites might be reduced and the pore structure of wood
would be changed after heat treatment. All these changes might affect the state and
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the amount of water adsorbed by wood when being stored in a humid environment
or immersed in water; consequently, the water absorption performance of wood would
be influenced.

A commonly used method for assessing the water absorption performance of wood
is that of calculating the MC after water immersion for a specific time. The traditional
method to determine MC is the oven drying method. This method, however, cannot
accurately obtain the amounts of different water states (free water, FW; bound water, BW)
separately. The NMR technique can be used to investigate the internal structure of wood
as well as water state and water content, which makes up for the lack of test methods for
characterizing the water absorption performance of timber. Thus, NMR is being more and
more widely used in many fields of wood science research for quantitively exploring the
characteristics of wood in a quick and noninvasive manner. The NMR signals obtained
by the free induction decay (FID) experiments were proven to be a feasible means of
calculating the MC of wood [9,10] and the NMR signals of wood substance and water
in wood decay at different times could be easily distinguished [11,12]. Furthermore, the
peak value of the Carr–Purcell–Meiboom–Gill (CPMG) decay curve was used for fitting
the wood MC, and the results indicate that there is a good linear relationship between the
signal and MC [13]. Since the mobility and local environment of molecules are connected
to the NMR signal decay rate, the water state can be distinguished by the water relaxation
characteristics for both hardwood and softwood [14,15]. In addition, the integral peak
areas of T2 curves acquired using the CPMG pulse sequence and the inverse algorithm also
have a good linear relationship with the wood MC and could have a good application in
calculating the amount of BW and FW.

For wood with large dimensions, water absorption mainly occurs in the transverse
direction. In order to see the difference in water absorption in the radial direction and
tangential direction and the effect of heat treatment on it, a comparison of the water
absorption properties of Chinese fir wood was carried out by the gravimetric analysis and
time domain nuclear magnetic resonance (TD-NMR) technique in this study. The wood
samples under investigation were immersed in water and weighed as a function of time
of water immersion to observe the water absorption progress. The statistical analysis of
changes in the average MC of the wood obtained by gravimetric method was conducted
and then parts of the samples were selected to perform the TD-NMR experiment. To verify
the feasibility of the TD-NMR experiment, the integral peak area of the T2 curves were
firstly used to fit the MC. Thereafter, water states as well as the change of amounts for BW
and FW were analyzed according to the T2 curves.

2. Materials and Methods

2.1. Materials

In this study, the heartwood of Chinese fir (Cunninghamia lanceolata [Lamb.] Hook.) was
studied. The dimension of the specimen used for heat treatment was 150 (longitudinal, L) × 15
(radial, R) × 15 mm3 (tangential, T). The heat treatments were processed at 160, 180, 200
and 220 ◦C for 2 h in an airtight chamber. Throughout the heat treatment process, the
oxygen content in the thermal treatment chamber was controlled to be no more than 2%.
Before the heat treatment, the sample was stored under the air-dry condition, and the MC
of the specimens was 9.8%–12.5%. After the heat treatment process, the specimens were
cooled to room temperature in the chamber, and the final moisture content was in the range
of 3.7%–7.6%. The number of the untreated references was 30 and 50 for each heat treatment
group. After heat treatment, the references and each group of the heat-treated specimens
were randomly divided into two equal parts: sealed tangential sections and cross-sections
or radial sections and cross-sections by epoxy resin, respectively, using the method similar
to that described in the previous study [16] and then conduct the experiment of the water
absorption in the radial and tangential directions.
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2.2. TD-NMR Experiments

The samples used for the TD-NMR experiments were cut in the middle of the heat-treated
specimens, as described in their references above, in dimensions of 10(L) × 15(R) × 15(T) mm3.
The NMR instrument used in this study was MesoMR23-060H-I (Niumag Co., Ltd., Suzhou,
China) with a 0.52 Tesla permanent magnet (23 MHz proton resonance frequency) operating
at 32.00 ◦C. The spectra were acquired using the CPMG pulse sequence. The number of
echoes was 15,000 with 64 scans and the echo time was 0.15 ms. More details were the
same as described in the previous study [16]. The simultaneous iterative reconstruction
technique (SIRT) algorithm was used to achieve the T2 distribution curve and the amount
of BW and FW was calculated based on Equation (1):

MCi =
(Areai/∑ Area)× WM

OW
× 100(%) (1)

where MCi is the amount of BW or FW; Areai is the integral area of BW peak or FW peak;
ΣArea is the total integral area of the T2 curve; WM is the water mass of the sample at each
water absorption stage which can be calculated on a dry basis; and OW is the oven dry
weight of the sample.

In the following analysis, the heat-treated samples are referred to as HT/X, where
X represents the heat treatment temperature in degree Celsius, and when necessary, to
distinguish the samples of water absorption in the radial direction (R direction) or the
tangential direction (T direction), the prefixes R- or T- will be added to indicate the R
direction or T direction. For instance, T-HT/220 indicates that the sample was heat-treated
at 220 ◦C and absorbed water in the T direction.

3. Results and Discussion

3.1. MC Change during Water Absorption Process

Measured as a function of water immersion time and analyzed using the oven-drying
method, the average MCs (with standard deviations) of the untreated and heat-treated
samples are shown in Figure 1a,b. Within the first 30 days, the water absorption of the
heat-treated samples was slower than that of the references in both the R direction and
T direction. The rate of water absorption was decreased with the increased heat-treated
temperature. While compared to the untreated samples, the water absorption rate was
gradually increased due to the milder modification of HT/160 and HT/180, both in the
R direction and T direction. After immersion for 30 days, the MC change of HT/160 was
similar to the untreated samples and the absorption rate was higher than the untreated ones
after water immersion for 45 days. Since the hemicellulose in the wood had already begun
to degrade when being treated at 160 degrees, more pores might be formed in the wood for
holding moisture, which was a possible reason for the higher MC after being immersed in
water for long enough, and similar results have been reported in previous research [17].
The absorption rate of HT/180 was also close to the untreated sample after immersion for
45 days. Due to the stronger treatment, the rate of water absorption for HT/200 was lower
than their untreated reference throughout the testing process, and the gap was widened
along with the immersion time. Heat treatment at 220 ◦C had the strongest effect on water
absorption, especially for samples absorbed water in the T direction, and the MC of the
T-HT/220 was approximately 70% of its untreated reference after water absorption for
180 days.

7
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Figure 1. The change of average MC along with the immersion time for the references and heat-treated samples ((a) water
absorption in the R-direction, (b) water absorption in the T-direction).

The decrease in water absorption due to heat treatment within the first 30 days was
mainly considered the result of changes in wettability. An increase was observed in the
contact angle while the wetting tension was decreased for the heat-treated wood, both
indicating that the wood samples were becoming more hydrophobic [18]. Therefore, it
was difficult for the water to spread on the wood surface and penetrate the wood sample.
However, according to the previous studies, the permeability of wood might increase due
to milder heat treatment [19], and owing to the degradation of the courts, cracks appeared
along the middle lamella and intercellular cavities [20]. Thus, the internal resistance of
water transport was weaker compared with the untreated samples. This might be one of
the reasons for the increases in the water absorption rate of HT/160 and HT/180 after
prolonged immersion time. However, the degradation of the wood constituents becomes
more severe along with the increase in treated temperature, and the micropores would
be filled with the degradation products [21]. In addition, many pits were closed because
of the heat treatment above 200 ◦C [14]. These alterations should be the most important
reason for the reduction in water absorption of HT/200 and HT/220.

Figure 2 shows the MCs’ comparison of water absorption in the R direction and T
direction for the samples which were under the same treated temperature as well as the
references. As shown in Figure 2a, the water uptakes of R-control and T-control were
almost the same after 180 days of water immersion, but the former was slightly higher than
the latter. However, the curve revealed that the difference in MC between the two groups of
samples was relatively obvious before the 150th day, revealing that the difference gradually
decreased. This might indicate that there was a difference in water absorption rates between
the R direction and T direction, but it should not affect the water absorption when upon
reaching saturation. Although the water absorption of heat-treated samples was decreased
compared to the references, no difference of the effect was founded between the R direction
and T direction at temperatures below 200 ◦C. As shown in Figure 2b,c, the decrease in
water absorption after the heat treatment was basically the same, and the water absorption
was still slightly higher in the R direction. During the heat treatment progress, both the
extractives and the products of thermal degradation would move towards the surface of
the wood or evaporate from the wood [22]. These substances might partially remain in
the surface layer of the wood and in consequence, impeding moisture from penetrating
the wood, thereby decreasing the rate of water absorption. After heat-treatment to 220 ◦C,
the water absorption of wood in the T direction significantly decreased and the MC of
T-HT/220 was approximately 20% lower than R-HT/220. The possible explanation was
the thermoplastic flow of the torus could bring about a filling of the courts after the heat-
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treated temperature above 200 ◦C [19], which would block the migration of moisture
inside the wood. However, compared with the T direction, rays which exist in the R
direction might play an important role during the water uptake process and result in higher
water absorption.

  

  

 

 

Figure 2. The average MCs’ (with standard deviations) comparison of water absorption in the radial and T directions for
samples under same heat-treated temperature and the references.

3.2. Determination of the Water States

To evaluate the feasibility of the MC analysis of the wood sample during water
absorption process using TD-NMR, the peak area of the T2 relaxation curves was calculated
using the inverse algorithm after conducting each CPMG experiment and then fitted with
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the MC obtained by the oven-drying method. The response and linear fitting curve of
the MC to the peak area are shown in Figure 3a,b. The regression equations and the
correlation coefficients (R2) are listed in Tables 1 and 2. According to the fitting curves and
the correlation coefficients, the peak area and the MC has a good linear relationship and
the R2 was higher than 0.99 for all the samples, indicating that the peak areas obtained
from the T2 curves are proportional to the water amounts.

 

Figure 3. MCs obtained by oven-drying method versus the integral peak areas of the T2 curves.

Table 1. The regression equations obtained by linear fitting of peak area and MC for samples with
water absorption in the R direction.

Samples Regression Equations Adj.R2

R-Control Y = 583.72x + 2900.81 0.997
R-HT/160 Y = 563.53x + 2386.21 0.996
R-HT/180 Y = 542.72x + 2635.67 0.995
R-HT/200 Y = 518.51x + 1751.49 0.997
R-HT/220 Y = 520.24x + 1520.01 0.998

Table 2. The regression equations obtained by linear fitting of peak area and MC for samples with
water absorption in the T direction.

Samples Regression Equations Adj.R2

T-Control Y = 554.04x + 2263.00 0.998
T-HT/160 Y = 571.94x + 2493.09 0.998
T-HT/180 Y = 482.26x + 2466.21 0.997
T-HT/200 Y = 515.90x + 1849.79 0.997
T-HT/220 Y = 531.70x + 1363.97 0.999

Figure 4 shows the water states of the wood samples determined by TD-NMR which
were acquired from a single representative sample. The wood–water system has been
widely researched using TD-NMR, and the literature has provided a good summary of
relationships between the T2 value and the states of water in softwood [23]. The T2 of the
BW was a few milliseconds and it was tens of milliseconds or more for FW according to
the research results. The anatomical structure of softwood was relatively uncomplicated
and only two obvious peaks were found in the water relaxation distribution curves which
correspond to different water components, as shown in Figure 4. For all samples, the T2 of
BW was approximately 1 ms, and there was no obvious difference between the heat-treated
samples and the untreated references. However, compared with the untreated references,
the relaxation time of FW for the heat-treated wood significantly changed, and the change
became more obvious with the increase in the heat-treated temperature. According to the
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relaxation theory of free fluid, the relaxation behavior of water inside wood was mainly
relevant to its pore diameter and surface properties [24]. Heat treatment enhanced the
surface hydrophobicity of wood due to changes in its chemical composition [25] which
might be an important reason of the T2 of FW becoming greater for the heat-treated
wood. Another possible explanation for this was that the wood porosity and average
pore diameters might be increased after the heat treatment according to the previous
literature [26].

 

Figure 4. The T2 curves of the heat-treated samples and the references after 60 days of water absorption.

In addition, as for HT/200 and HT/220, a peak with T2 of approximately tens of
milliseconds appeared on the water relaxation distribution curve, as shown in Figure 4, and
which was not found in untreated samples and samples heat-treated below 200 ◦C. The
peak was not obvious on the curve for HT/200; however, it became larger for HT/220 and
could be easily observed on the curve. As previously mentioned, the heat treatment might
affect the pore structure and therefore affect the relaxation behavior of water inside the
wood. Consequently, the above phenomenon indicates that a heat treatment temperature
over 200 ◦C might have a serious effect on the pore structure of wood. According to a
previous study [27], a peak with T2 greater than 100 ms corresponds to water in the lumen
of wood cells; by inference, the peak with T2 of approximately tens of milliseconds might
correspond to water in the pores with a diameter less than the cell lumen. During the heat
treatment, the cell wall was compressed, the cell lumens became narrow and intercellular
cracks may have appeared in the middle lamella [28]. This might be an interpretation of
the appearance of a little peak on the water relaxation curve for HT/200 and HT/220.

3.3. Amount of Bound Water and Free Water

Over the past decade, the FID signal according to the NMR experiment has been used
to determine the MC of wood [29]. The CPMG experiment was employed to investigate
the MC of a wood sample also based on the peak area of a T2 relaxation curve [30]. In
this study, both the amounts of BW and FW were calculated using MCs acquired by the
oven-drying method and the peak area of the T2 curves. The change in the amount of
BW and FW along with the water immersion time are illustrated in Figure 5. For a more
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direct comparison, the values of the BW content and FW content after 60 days of water
immersion are listed in Tables 3 and 4.

  

  

Figure 5. The dynamic change in BW (a,c) amount and FW amount (b,d) for the wood samples during 60 days of water absorption.

Table 3. The content of BW and FW of the wood samples after 60 days of water absorption in the
R direction.

Samples R-Control R-HT/160 R-HT/180 R-HT/200 R-HT/220

BW Content 28.92% 27.84% 27.43% 24.64% 19.83%
FW Content 81.00% 78.10% 74.20% 67.56% 60.17%

Table 4. The content of BW and FW of the wood samples after 60 days of water absorption in the
T direction.

Samples T-Control T-HT/160 T-HT/180 T-HT/200 T-HT/220

BW Content 28.93% 28.32% 27.23% 24.21% 19.33%
FW Content 77.20% 74.12% 69.25% 62.20% 43.23%

According to the data in Tables 3 and 4, no significant difference of the BW content
was found between HT/160 and HT/180, but the value was slightly lower compared with
the references. After the treatment temperature reached 200 ◦C, the BW content obviously
decreased, and when the temperature rose to 220 ◦C, the value dropped by more than
30% compared to the untreated samples. As we all know, changes in wood chemistry
and mass loss will occur after heat treatment [31]. The opinion of most researchers is that
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the hygroscopicity change of heat-treated wood is related to the reduction in available
hydroxyl groups in the cell wall because of the degradation of chemicals [32]. At lower
temperatures, wood chemical composition, especially that of cellulose and lignin, is less
affected. Thus, the BW content is only slightly reduced for HT/160 and HT/180. At
higher temperatures, the rearrangement or reorientation of cellulose molecules inside
quasicrystalline amorphous regions and the crosslinking condensation reaction of lignin
occur, whilst the wood chemical composition as well as wood pore structure are changed.
The increase in matrix stiffness and lignin cross-linking would decrease the capacity of
the expansion of the cell wall and lead to the reduction in the polylayer sorption [33]; as a
result, the BW content markedly decreases as the heat treatment temperature rises.

The amount of FW in the heat-treated samples and untreated reference were measured
as a function of the time of water immersion and the results are shown in Figure 5b,d. The
values increased with prolonging water immersion time, but did not reach a saturation
value after immersion in water for 60 days. For untreated samples, the absorption of FW
was slightly faster in the R direction than that in the T direction, which can be inferred from
Tables 3 and 4. This may be caused by rays, which are oriented in the R direction. After the
heat treatment, the difference in water transport speed between the R direction and the
T direction still existed, and the gap became more obvious after heat treatment at 220 ◦C.
The amount of FW for T-HT/220 was approximately 28% lower than R-HT/220 after water
immersion for 60 days. Based on the above analysis, after 60 days of immersion, water
absorption in the R direction or the T direction almost did not influence the BW content for
the untreated samples or samples treated at the same temperatures, and the difference in
MC was mainly caused due to the different amounts of FW. This might indicate that the
heat treatment changes the wood chemical composition and pore structure, which affects
the migration of liquid water but has no influence on the diffusion of water vapor inside it.

4. Conclusions

In this study, the water absorption performance of the heat-treated wood at different
temperatures, i.e., 160, 180, 200 and 220 ◦C, as well as that of untreated samples was
investigated as a function of the water immersion time. The MC analysis by the oven-
drying method showed that after the heat treatment below 200 ◦C, the rate of water
absorption slightly decreased, while higher treatment temperatures (200 ◦C and 220 ◦C)
had an obvious effect on the water absorption rate. The comparison of MCs revealed that
the water absorption in the R direction was faster than that in the T direction, and the
difference still existed after the heat treatment. It is worth mentioning that the 220 ◦C-heat
treatment had a significant effect on water absorption in the T direction, and the MC
was significantly lower than that in the R direction (R-HT/220) after the same time of
water immersion. T2 distributions showed two main components corresponding to FW
and BW, both in the case of the heat-treated samples and the references. Whereas there
was also a component with T2 of tens of milliseconds which belonged to FW for HT/200
and HT/220, the water amount was small. This might be because of changes in the pore
structure caused by the chemical degradation of wood. For the heat-treated samples, the
analysis of MCs obtained by the oven-drying method and the integral peak area of the
T2 curves showed that both the content of FW and BW decreased, which became more
obvious after heat treatment at higher temperature. For the samples which were under the
same heat-treatment conditions but in different water absorbing directions, the difference
in MC was mainly due to the different amount of FW. Moreover, for the T-HT/220 samples,
the significant reduction in FW content might be because the closing of pits reduces the
access of water to the interior of wood.
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Abstract: Impregnation is a common method of protecting wood from external influences. This
study proposes the use of spent engine oil as an impregnating composition for modifying birch
wood to make it resistant to biological degradation and water. The indicators of water resistance and
dimensional stability of wood such as wetting contact angle, thermogravimetric analysis, Fourier
transform infrared spectroscopy (FTIR), and biodegradation tests have been determined. It has been
found that treatment with spent engine oil significantly increases the dimensional stability (56.8% and
45.7% in tangential and radial directions) and water-resistant indicators of wood. Thermogravimetric
analysis has showed that the curves for the impregnated specimens were different from the control
group and had two sharp peaks at 302 and 357 ◦C. However, FTIR indicated that no clear chemical
reactions occur between spent engine oil and wood. A study on wood resistance to biological
degradation has showed a significant increase in resistance against brown rot (Poria placenta fungi)
in the treated specimens, in contrast to the control group. Thus, impregnation of wood with spent
engine oil makes it possible to increase wood resistance to water and biological degradation.

Keywords: birch wood; spent engine oil; water resistance; biostability; dimensional stability

1. Introduction

Wood is the most widespread environmentally friendly, renewable natural polymer. It
possesses a complex structure, the main components of which are cellulose, hemicellulose,
lignin and extractives. This material is important in a number of industrial sectors of the
economy and areas of economic activity such as construction, furniture production, and
the chemical industry [1].

Wood has significant advantages over other materials, for example, a high ratio of
strength indicators to its weight, high impact resistance, the possibility of using it in many
technological processes, etc. [2]. However, due to the presence of a large number of hy-
droxyl groups in its chemical structure, wood is susceptible to atmospheric influences,
under the impact of which there is a change in its size and decrease in performance, a signif-
icant reduction in the service life of products, and biological decomposition [3–6]. Increase
in dimensional stability, strength, hydrophobic properties and resistance to biological degra-
dation of wood can be achieved by reducing its hygroscopicity using many modification
methods, such as steam thermal treatment [7–9], cell wall modification with methyltrime-
tosiloxane [10,11], modification using styrene [12] and phenol-containing resins [13,14],
modification using boron and compatibilizers [15], high-density polyethylene [16] and
siloxanes [17], modification using 1,3-dimethylol-4,5-dihydroxyethylene urea [18], thermal
processing [19], modification using waxes, paraffins [20,21], vegetable oils [22,23], etc.
However, these methods have their disadvantages: heat treatment can reduce the strength
properties of wood [24,25], and chemical modification is characterized by the complexity
of the process and high energy consumption.
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In accordance with the current Russian Federation standards, wood used in high
humidity environments and constant contact with water, for example, railway sleepers,
wooden bridge structures, power transmission poles, must be impregnated [26]. The
main impregnating compounds for such wood are creosote oil, coal oil and other oily
compounds [27]. These compositions provide high protection of wood from biological
destruction and give it sufficient water resistance. However, they show high toxicity and
are hazardous to the environment [28]. Waste engine oil also includes some hazardous
substances, but according to the current standards of the Russian Federation is considered a
moderately hazardous waste, while creosote and coal oils are highly hazardous substances.

In this work, it is proposed to use waste gasoline engine oil as an alternative to a
highly toxic antiseptic hydrophobizator (creosote, which is still used in Russia in significant
quantities) to protect wood used in non-residential construction from water, changes in
size and biodegradation. Spent motor oil is a waste product from the automotive industry;
it shows water-repellent and antiseptic qualities [29]. There is a small amount of research
on the use of waste engine oil as an anticorrosive and preservative agent [30], as well as a
component of a stabilizer to obtain hydrophobizing composition used in railway sleeper
impregnation [31]. In remote regions (where it is not possible to ensure constant delivery
of goods) the use of spent engine oil as a water repellent capable of protecting wood from
water and making it resistant to biological degradation could be an alternative when using
wood products in non-residential construction.

The purpose of this work was to study the effect of birch wood impregnation on the
indicators of its water and moisture resistance, dimensional stability, as well as susceptibil-
ity to biological degradation. The impregnation was made by heating the specimens in a
cold bath with waste engine oil.

2. Materials and Methods

2.1. Materials

Wood of silver birch (Betula pendula) was obtained from the educational and experi-
mental forestry of Voronezh State University of Forestry and Technologies (Voronezh region,
Russia). The specimens had dimensions of 20 × 20 × 20 mm (length × width × thickness)
with an initial moisture content of 80 ± 5% (according to GB/T 1931–2009 [32]). All the
specimens were dried at 103 ◦C to constant weight. Spent engine oil GULF Formula GX
Powermax SAE 5W-40 was purchased from Avrora Avto (Voronezh, Russian Federation);
the manufacturer was LLK International (Voronezh, Russian Federation). The oil was
drained from the gasoline engine of a Granta car (Lada, Togliatti, Russia); the engine capac-
ity was 1.6 L. The total mileage of the car was 149,000 km, and the mileage on purchased
oil was 7900 km. The oil was poured into a disposable polyethylene terephthalate (PET)
bottle. Indicators of spent engine oil were determined by the supplier at the OEM-OIL
laboratory (Moscow, Russia), test report No. 000113u (Table 1).
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Table 1. Physical and chemical indicators of spent engine oil provided by Avrora Avto.

Indicator Unit Test Method Measured Value

Kinematic viscosity at 40 ◦C mm2/s ASTM D 445 82.6

Kinematic viscosity at 100 ◦C mm2/s ASTM D 445 13.7

Viscosity index - ASTM D 2270 170

TBN (Total Base Number) mg, KOH ASTM D 4739 8.28

TAN (Total Acid Number) mg, KOH ASTM D 664 2.08

pH - ASTM D 664 5.8

Water content

IR Units ASTM E 2412

<0.1

Colloidal carbon content 0.1

Oxidation product content 11

Oil content <0.1

Content of nitration products 8

2.2. Wood Impregnation Using Spent Engine Oil

Impregnation of wood specimens was carried out by the hot-cold baths method at
atmospheric pressure. At least 30 specimens were used in each experiment. The control
group of specimens was not impregnated. The impregnation was carried out in several
stages. After weighing the specimens, they were immersed in a container with spent
engine oil for 60 min at a temperature of 120 ◦C. Then the specimens were moved into a
container with cold spent engine oil at a temperature of 30 ◦C and held for 60 min, so as
not to allow them to come into contact with air. The wood was impregnated as a result of a
sharp temperature drop, leading to the creation of negative pressure in the wood. These
conditions contributed to the intensification of penetration of impregnating composition
into the wood structure. The next step was drying the wood specimens, first at room
temperature under ambient conditions for 3 days, and then drying in an oven at a constant
temperature of 60 ◦C for 72 h (the temperature was controlled to avoid oil escaping from
the specimens).

2.3. Measuring Weight Gain as a Percentage (WPG)

The WPG was determined based on the variations in the weight before and after
impregnation. It was calculated by Equation (1):

WPG =
Ww − Wo

Wo
·100 (%) (1)

where Wo the oven-dried weight of specimens before treatment and Ww is the oven-dried
weight of specimens after treatment.

2.4. Water Absorption and Dimensional Stability

To determine water absorption (WA) and volumetric swelling (S), pre-dried specimens
(impregnated, control ones) were placed in a dessicator in distilled water at a temperature
of 20 ◦C for 1, 2, 3, 6, 9, 13, 20, and 30 days. After each measurement, excessive water
amount was removed from the specimens with filter paper. And distilled water in a
dessicator was replaced with a new portion. WA was determined by Equation (2):

WA =
mi − m0

m0
·100 (%) (2)

where mi—mass of the specimen after being in distilled water for a certain period of time,
and m0 is the mass of the pre-dried specimen before placing in water.
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Volumetric swelling (S) and swelling (a) in the radial and tangential directions
were calculated after holding the specimens in distilled water for 40 days using
Equations (3) and (4), respectively:

S =
Vω − Vd

Vd
·100 (%) (3)

where Vω—volume of specimens after impregnation in distilled water for a certain time,
Vd—volume of pre-dried specimen before placing it in water:

a =
lw − l0

l0
·100 (%) (4)

where lw—size of the specimens after being in distilled water for a certain time, l0—initial
size of the specimen.

2.5. Moisture Absorption

To determine moisture absorption (MA), the specimens were placed in a climatic
chamber (TYP KBF 240, Binder, Tuttlingen, Germany) under constant environmental
conditions (temperature was 20 ◦C, humidity was 95%) for 1, 2, 3, 6, 9, 13, 20, 30, and
40 days. After certain intervals of conditioning in a climatic chamber, MA was calculated
using Equation (5):

MA =
Wa − Wb

Wb
·100 (%) (5)

where Wa—weight of specimens after being in a climatic chamber for a certain time, and
Wb—weight of specimens before conditioning in a climatic chamber.

2.6. Anti-Swelling Efficiency (ASE)

ASE was calculated from the change in volumetric swelling of natural and impreg-
nated wood before and after being in distilled water for 1, 10, or 30 days using Equation (6):

ASE =
Su − St

Su
·100 (%) (6)

where Su—volumetric swelling of impregnated specimens, and St—volumetric swelling of
non-impregnated specimens.

2.7. Thermogravimetric Analysis

Thermogravimetric analysis (TGA) was carried out on a STA449F3 analyzer (Netzsch,
Weimar, Germany) at a heating rate of 5 ◦C/min to a temperature of 450 ◦C, in a nitrogen
gas atmosphere to study the change in mass and heat effects of impregnated and non-
impregnated specimens.

2.8. Determination of the Contact Angle

The wetting contact angle of wood with distilled water was measured by the sessile
drop method in the laboratory on a goniometer using the HIview 10 program. The liquid
was applied to the wood surface with a 0.01 mL microsyringe. The image was recorded
using a portable digital microscope camera (Ruihoge, Nanchang, China) and recorded
for 90 s. Then the obtained data were analyzed using the KOMPAS 3D software package
(Askon, Russian Federation). Measurements were carried out at four different points on
the surface of each specimen.

2.9. IR Spectroscopic Studies

FTIR analysis was performed to study the intermolecular interaction of functional
groups in treated and untreated wood specimens. The studies were carried out on a
VERTEX 70 spectrometer (Bruker, city, Germany) by the method of disturbed complete
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internal reflection using a diamond prism in the frequency range from 400–4000 cm−1 with
a resolution of 2 cm−1 in the transmission mode.

2.10. Biodegradation Resistance Test

Sterile culture medium with a volume of 25 mL, obtained from barley malt (40 g) and
bacteriological agar (20 g) (HiMedia Laboratories, Moscow, Russian Federation) dissolved
in 1 L of distilled water was placed in Petri dishes with a diameter of 9 cm. Then a small
amount of freshly grown culture mycelium was inoculated with Poria placenta incubated
for 2 weeks to ensure complete colonization of the medium with mycelium at 22 ◦C and
65% relative humidity. The treated and control specimens (dimensions of 20 × 20 × 20 mm
(length × width × thickness)) were placed in a Petri dish under sterile conditions. Incuba-
tion was carried out for 16 weeks at 22 ◦C and 65% relative humidity in a Binder TYP KBF
240 climatic chamber. At the end of the test (after 16 weeks), the mycelium was removed
with a dry brush and the specimens were placed in an oven to dry to a constant weight at
103 ◦C. Weight loss (WL) was determined by Equation (7):

WL =
m0 − m1

m0
·100 (%) (7)

where m0 and m1—initial and final weights of dried wood specimens before and after
exposure to the fungus, respectively.

3. Results and Discussion

3.1. Measurements of Weight Percent Gain (WPG)

The WPG indicating net spent engine oil uptake is presented in Table 2. The average
weight of the dried specimens before impregnation with spent engine oil was 2.12 g, after
impregnation it was 3.36 g. WPG after impregnation is 58.5%, which makes it possible to
estimate a fairly high penetration of spent engine oil into the wood structure.

Table 2. Weight of the specimen before and after spent motor oil impregnation.

Before Impregnation, g. After Impregnation, g. WPG,%

Weight of the specimen 2.12 ± 0.14 3.36 ± 0.16 58.5

3.2. Dimensional Stability and Water Resistance of Wood
3.2.1. Water and Moisture Absorption

Kinetic dependences of water absorption (WA) and moisture absorption (MA) of
treated and untreated wood (Figure 1a,b) were plotted to study the hydrophobic properties
of wood impregnated with spent engine oil. Figure 1a shows MA after conditioning the
specimens in a climate chamber at 20 ◦C and 95% humidity. After 1 day in the climatic
chamber, an increase in moisture content in all the specimens by 12% was observed
(Figure 1a). In the next 10 days, MA on the wood was 24.69% and 10.44% for untreated and
treated wood, respectively. After conditioning the specimens for 40 days, their MA was
25.31%. It was 12.87% for the treated ones, which is two times lower than for untreated
wood specimens.

Figure 1b shows the change in water absorption of treated and untreated wood over
30 days. Water absorption increased to 14.2% and 43.9%, respectively, after 1 day of keeping
impregnated and non-impregnated specimens in distilled water. A significant increase
in WA for both groups of specimens was observed after 13 days of the experiment and
amounted to 31.4% for treated and 132.0% for untreated specimens. After keeping the
specimens for 30 days in distilled water, the WA of the treated specimens was 3.7 times
less than for the untreated ones and amounted to 37.5% and 141.2%, respectively.

The water absorption of wood impregnated with creosote and coal oil [33,34] turned
out to be similar in results, but on average, depending on the type of wood, it is 10%–15%
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higher. The MA of beech wood impregnated with hemp oil after 40 days of conditioning
was 17% [35]. When impregnated with wax emulsions of European spruce, WA turned
out to be significantly worse than the results obtained, so after 500 h of the experiment,
WA was 80% [36]. This can be explained by the relatively small size of spent motor oil
molecules formed during operation in the engine as a result of thermal degradation, which
is indirectly confirmed by the high depth of impregnation of wood (Figure 1c) and the high
value of WPG (58.5%). Used engine oil, like any other oil, is hydrophobic, while allowing
additional protection of wood from water and moisture.

Spent engine oil impregnation significantly reduced water and moisture absorption
properties of wood. Destruction of intermolecular van der Waals and hydrogen bonds
between adsorption centers of wood and water molecules occurs at the first, hot stage of
impregnation. At the second, cold stage of impregnation, free adsorption centers form
intermolecular bonds with the functional groups of the engine oil chemical components. It
can significantly increase water resistance of wood and stability of its dimensions.

 

 

Figure 1. Moisture absorption (a) and water absorption (b) of treated and untreated birch wood, split birch wood sample (c)
before and after impregnation.

3.2.2. Swelling and Anti-Swelling Efficiency

Dimensional stability has a significant impact on the quality and service life during
the operation of wood products. Quantitative assessment of wood dimensional stability
was carried out according to the values of wood swelling in tangential and radial directions,
volumetric swelling and anti-swelling efficiency. Figure 2a shows the results of determina-
tion of radial, tangential, and volumetric wood swelling after soaking in distilled water
for 40 days. Mean tangential swelling (%) for the control group was 12.7 and swelling
decreased by 56.8% for the treated group (relative to the control one) and it was 8.1. Mean
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radial swelling (%) was 10.2 for the control group of specimens. This indicator for the
processed specimens decreased by 45.7% and amounted to 7.0. Volumetric swelling (S, %)
of the treated specimens decreased by 25.23% in comparison with the untreated speci-
mens. It was 16.09% for the treated group of specimens and 20.15% for the untreated one.
Anti-swelling efficiency was 73.20% in one day of soaking. This indicator has significantly
decreased in ten days and amounted to 38.61%. ASE decreased by only 2.43% in 30 days,
and it was equal to 36.18% (Figure 2b).

Figure 2. Swelling (a) and anti-swelling efficiency (b) of treated and untreated birch wood.

3.3. Thermogravimetric Analysis

Thermogravimetric (TG) and differential thermal (DTG) curves of untreated and
treated wood specimens were obtained to assess the change in the thermal properties of
wood before and after impregnation (Figure 3). A small weight loss (about 2–4 wt.%) can be
observed in the area marked with the number “1” of the TG curve, in the temperature range
from 30 to 95 ◦C. It is associated with the endothermic process of dehydration of unbound
water from wood without decomposition of the main wood components [37,38]. On the
obtained TG curves, no significant dehydration is observed due to preliminary drying of
the specimens in the oven. In the area 2, where the temperature ranges from 95 to 230 ◦C,
some wood components (for example, hemicellulose) undergo degradation [39–42], while
bond breakage can occur between other structural components. The most intense area of
specimen weight loss is area 3, when the temperature changes from 230 to 385 ◦C. In this
area, all structural components of the cell wall underwent thermal destruction with a loss
of 87.29% of the total weight for the treated specimens and 89.67% for the control group. In
addition, in this area, specimens soaked in used engine oil have two sharp endothermic
peaks at 302 and 357 ◦C. At these temperatures, oxidation and decomposition of engine oil
hydrocarbon components occurs. The curves for the control group show a peak at 352 ◦C.
It corresponds to the thermal decomposition of cellulose [43]. In the area marked 4, weight
loss of the specimens is practically absent. The residual mass for the specimens (control
group) was 4.32%, and it was 10.64% for the impregnated specimen. The difference in
residual weight is caused by the presence of heat-resistant components in the impregnated
specimens [44].
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Figure 3. TG (a) and DTG (b) curves of wood specimens impregnated and not impregnated with
spent engine oil.

3.4. Angle of Contact

The degree of hydrophobicity of wood is determined by the possibility of wetting
it with water. The main method for determining the surface wettability is the angle of
contact between the surface and the liquid [45]. The value of this indicator determines
water resistance of wood and its dimensional stability, and therefore directly affects the
quality and durability of wood products. Figure 4a–c show the results of determining the
contact angle of treated and untreated wood in three mutually perpendicular directions
(transverse, radial and tangential one).

The angle of contact for the control specimen during the first 20 s in the transverse
direction decreased from 90.60◦ to 26.43◦. This indicates a high degree of surface interaction
of wood with further penetration of distilled water through the anatomical structures. The
angle of contact was 61.21◦ for the treated wood in 20 s in the transverse direction. It is
more than three times higher than for the control group. After 60 s, the lateral contact angle
for treated and untreated wood was 55.30◦ and 3◦, respectively. With a further increase of
time when water is on the wood surface, the angle of contact changed insignificantly. It
was 52.30◦ for treated wood and 0◦ for untreated wood.

In the radial direction (Figure 4b) the angle of contact for the treated wood decreased
to 71.21◦ in the first 20 s and further, in contrast to the contact angle in the transverse
direction, decreased less intensively. It was equal to 59.30◦ after 60 s. The contact angle
for untreated wood in 60 s was 62% less relative to impregnated wood and amounted to
36.39◦. The change in the angle of contact in the tangential direction is insignificant and
comparable to the transverse direction. The contact angle after 90 s is 52.30◦ for treated
wood and 0◦ for untreated wood.

24



Forests 2021, 12, 1762

The given change in the angles of contact enables to conclude that impregnated wood
is significantly hydrophobic in three directions.

Figure 4. The angle of contact of treated and untreated wood with distilled water in the transverse (a), radial (b) and
tangential (c) directions. Vertical lines indicate the standard error of measurements.

3.5. Investigation of Possibility of Intermolecular Interaction Formation (Method of IR-Fourier
Spectroscopy) during Wood Impregnation

The process of wood impregnation is accompanied by the formation of intermolec-
ular bonds between the functional groups of wood and the impregnating composition.
Hydroxyl groups play an essential role in this process. Dimensional stability and water-
resistant characteristics of wood are determined by the presence of a large number of
hydroxyl groups (-OH) in it, a decrease in access to which makes it possible to improve
its performance [46–49]. The FTIR spectra of spent engine oil, impregnated and untreated
wood are shown in Figure 5. There is an absorption band in the region of 3300–3400 cm−1

in the obtained spectra. This is a characteristic of the stretching vibration of O–H groups of
water in treated and untreated wood [50] and for ethylene glycol contamination of used
motor oil during operation in the engine [51,52]. As a result of impregnation of birch
wood with used engine oil, the spectra show clear absorption bands in the 2925 cm−1 and
2850 cm−1 region. These bands characterize the symmetric and asymmetric vibrations of
methylene (–CH2) and methyl groups (–CH3) in aliphatic chains [44] in large quantities
in used engine oil and preserved in treated wood. Peaks are preserved for untreated
wood and used engine oil in the area of 1735 cm−1. They are characteristic of stretching
vibrations of the carbon skeleton in wood [53] and vibrations of the carbonyl group in spent
engine oil [44] with an increase in the intensity of this band after wood impregnation. The
absorption bands at 1380 cm−1 and 1460 cm−1, present in used engine oil and appearing in
wood after impregnation, represent asymmetric deformation of CH, CH2 and CH3 groups.
The peak of 1240 cm−1, which is present in wood before and after treatment, corresponds
to the stretching vibrations of CO bonds in combination with vibrations of the aromatic
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ring in lignin, the value of which increases in impregnated wood [39]. In the spectrum of
treated and untreated wood, the absorption band at 1030 cm−1 is characteristic of symmet-
ric stretching of C–O–C dialkyl ethers, as well as deformation of CH bonds and β–O–4
bonds in lignin [39]. During the operation of the internal combustion engine, engine oils
are exposed to high temperatures and pressure, contact with oxygen and various metals,
and as a result, oil hydrocarbons undergo oxidation, condensation and decomposition
processes [54]. In the composition of spent motor oils, absorption bands were found at a
frequency of 720 cm−1 and 1150 cm−1, which correspond to the valence vibrations of the
peroxide group (-C-O-O-) with increased chemical activity [55]. These groups are formed
during the oxidation of hydrocarbons as a result of the operation of car engines. When
impregnating birch wood with used engine oil, the absorption bands 720 and 1150 cm−1

practically disappear, probably as a result of the interaction between the groups -OH of
wood and the peroxide groups of spent engine oil. The absorption band of 3350 cm−1

in natural wood corresponds to the oscillation frequency of the O-H groups [39]. This
band in the impregnated sample shifts to the lower frequency range (by 50 cm−1) due to
the possible participation of these groups in the formation of a hydrogen bond. No other
changes in functional groups after treatment with spent engine oil were found according to
FTIR data. Thus, the impregnation of wood with spent engine oil (to some extent) changed
the chemical groups of the wood, but without altering the wood structure.

Figure 5. FTIR study of used engine oil, treated and untreated wood.

3.6. Biodurability Test

Figure 6 shows the results of determining the biological resistance of impregnated
and untreated birch wood to Poria placenta. After 16 weeks, the untreated specimens were
completely covered with brown rot fungus mycelium, in contrast to the specimens soaked
in spent engine oil, which showed a high resistance to Poria placenta. After 10 weeks of incu-
bation in a climatic chamber, the weight loss of untreated specimens was 34.25%, and it was
2.57% for the treated ones. It indicates a high resistance of wood impregnated with spent
engine oil to biodegradation. After 16 weeks, the percentage of weight loss for untreated
specimens increased by 13.07% and amounted to 47.32%. Treated specimens showed 3.61%
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weight loss. Thus, the impregnation of wood with spent engine oil significantly increased
the resistance of birch wood to biodegradation.

Figure 6. Biostability test against Poria placenta of untreated (a) and treated wood (b) after 16 weeks;
(c) weight loss of specimens after 10 and 16 weeks of incubation with brown rot.

4. Conclusions

When birch wood was impregnated with spent engine oil, the weight percent gain
(WPG) was 58.6%, which indicates a high degree of impregnation and easy penetration of
the composition into the wood. Impregnation with spent engine oil significantly reduced
WA and MA (by 3.7-fold and 97.6%, respectively). The treatment of wood with spent engine
oil reduced swelling in tangential and radial directions by 56.8% and 45.7%, respectively.
Therefore, the treatment with this composition improves dimensional stability of the wood.
The increase in the hydrophobicity of the wood surface after impregnation is confirmed by
the data on the determination of the contact angle before and after impregnation. After
impregnation of wood specimens, a significant increase in the contact angle was observed
in all three directions (radial, tangential and transverse) relative to untreated wood. This
indicates hydrophobization of the wood surface associated with the adsorption coating
of the specimen surface by impregnating composition and its diffusion penetration into
the volumetric space. After evaluating thermal stability, the specimens treated with spent
engine oil, differed from the control group by having two sharp endothermic peaks at
302 ◦C and 357 ◦C, while the DTG of the untreated specimens appeared as a regular curve
with sharp peaks at 352 ◦C during TGA. After treating the wood with spent engine oil,
FTIR spectra showed the presence of absorption bands in the spent engine oil, although no
significant structural changes were observed. In addition, the treated specimens showed a
significant increase in biostability against brown rot fungi (Poria placenta) and a weight
loss was only 3.61% after 16 weeks of incubation.

27



Forests 2021, 12, 1762

Author Contributions: Conceptualization, L.B.; methodology, K.V.Z. and A.P.; validation, L.B. and
K.V.Z.; formal analysis, K.V.Z.; resources, L.B., A.P., T.I.; data curation, L.B. and K.V.Z.; writing—
original draft preparation, K.V.Z. and L.B.; writing—review and editing, L.B. and K.V.Z.; visualization,
K.V.Z.; supervision, L.B., A.P., T.I. and K.V.Z. All authors have read and agreed to the published
version of the manuscript.

Funding: This research was funded by FOUNDATION FOR THE PROMOTION OF INNOVATION,
grant number 15368GU/2020.

Acknowledgments: Voronezh State University of Forestry and Technologies named after G.F. Moro-
zov (VSUFT) for the opportunity to conduct research.

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

References

1. Rowell, R.; Pettersen, R.; Tshabalala, M. Cell Wall Chemistry. In Handbook of Wood Chemistry and Wood Composites, 2nd ed.;
Taylor & Francis Group: Tokyo, Japan, 2012.

2. Popescu, C.-M.; Popescu, M.-C. A near Infrared Spectroscopic Study of the Structural Modifications of Lime (Tilia Cordata Mill.)
Wood during Hydro-Thermal Treatment. Spectrochim. Acta Part A Mol. Biomol. Spectrosc. 2013, 115, 227–233. [CrossRef] [PubMed]

3. Korkut, D.S.; Hiziroglu, S. Experimental Test of Heat Treatment Effect on Physical Properties of Red Oak (Quercus Falcate Michx.)
and Southern Pine (Pinus Taeda L.). Materials 2014, 7, 7314–7323. [CrossRef]

4. Okon, K.E.; Lin, F.; Chen, Y.; Huang, B. Effect of Silicone Oil Heat Treatment on the Chemical Composition, Cellulose Crystalline
Structure and Contact Angle of Chinese Parasol Wood. Carbohydr. Polym. 2017, 164, 179–185. [CrossRef] [PubMed]

5. Li, W.; Wang, H.; Ren, D.; Yu, Y.; Yu, Y. Wood Modification with Furfuryl Alcohol Catalysed by a New Composite Acidic Catalyst.
Wood Sci. Technol. 2015, 49, 845–856. [CrossRef]

6. Kasemsiri, P.; Hiziroglu, S.; Rimdusit, S. Characterization of Heat Treated Eastern Redcedar (Juniperus Virginiana L.).
J. Mater. Process. Technol. 2012, 212, 1324–1330. [CrossRef]

7. Cao, Y.; Lu, J.; Huang, R.; Jiang, J. Increased Dimensional Stability of Chinese Fir through Steam-Heat Treatment.
Eur. J. Wood Wood Prod. 2012, 70, 441–444. [CrossRef]

8. Chung, M.J.; Wang, S.Y. Effects of Peeling and Steam-Heating Treatment on Mechanical Properties and Dimensional Stability of
Oriented Phyllostachys Makinoi and Phyllostachys Pubescens Scrimber Boards. J. Wood Sci. 2018, 64, 625–634. [CrossRef]

9. Hill, C.; Altgen, M.; Rautkari, L. Thermal Modification of Wood—A Review: Chemical Changes and Hygroscopicity. J. Mater. Sci.
2021, 56, 1–34. [CrossRef]

10. Broda, M.; Mazela, B. Application of Methyltrimethoxysilane to Increase Dimensional Stability of Waterlogged Wood.
J. Cult. Herit. 2017, 25, 149–156. [CrossRef]

11. Reinprecht, L.; Vacek, V.; Grznárik, T. Enhanced Fungal Resistance of Scots Pine (Pinus Sylvestris L.) Sapwood by Treatment with
Methyltrimethoxysilane and Benzalkoniumchloride. Eur. J. Wood Wood Prod. 2017, 75, 17–31. [CrossRef]

12. Nguyen, T.T.; Xiao, Z.; Che, W.; Trinh, H.M.; Xie, Y. Effects of Modification with a Combination of Styrene-Acrylic Copolymer
Dispersion and Sodium Silicate on the Mechanical Properties of Wood. J. Wood Sci. 2019, 65, 1–11. [CrossRef]

13. Lukowsky, D. Influence of the Formaldehyde Content of Waterbased Melamine Formaldehyde Resins on Physical Properties of
Scots Pine Impregnated Therewith. Holz Als Roh-Und Werkst. 2002, 60, 349–355. [CrossRef]

14. Kajita, H.; Furuno, T.; Imamura, Y. The Modification of Wood by Treatment with Low Molecular Weight Phenol-Formaldehyde
Resin: A Properties Enhancement with Neutralized Phenolic-Resin and Resin Penetration into Wood Cell Walls. Wood Sci. Technol.
2004, 37, 349–361. [CrossRef]

15. Ayrilmis, N. Combined Effects of Boron and Compatibilizer on Dimensional Stability and Mechanical Properties of Wood/HDPE
Composites. Compos. Part B Eng. 2013, 44, 745–749. [CrossRef]

16. Adhikary, K.B.; Pang, S.; Staiger, M.P. Dimensional Stability and Mechanical Behaviour of Wood–Plastic Composites Based on
Recycled and Virgin High-Density Polyethylene (HDPE). Compos. Part B Eng. 2008, 39, 807–815. [CrossRef]

17. Giudice, C.A.; Alfieri, P.V.; Canosa, G. Decay Resistance and Dimensional Stability of Araucaria Angustifolia Using Siloxanes
Synthesized by Sol–Gel Process. Int. Biodeterior. Biodegrad. 2013, 83, 166–170. [CrossRef]

18. Pfeffer, A.; Mai, C.; Militz, H. Weathering Characteristics of Wood Treated with Water Glass, Siloxane or DMDHEU.
Eur. J. Wood Wood Prod. 2012, 70, 165–176. [CrossRef]

19. Candan, Z.; Korkut, S.; Unsal, O. Effect of Thermal Modification by Hot Pressing on Performance Properties of Paulownia Wood
Boards. Ind. Crop. Prod. 2013, 45, 461–464. [CrossRef]

20. Kocaefe, D.; Huang, X.; Kocaefe, Y. Dimensional Stabilization of Wood. Curr. For. Rep. 2015, 1, 151–161. [CrossRef]
21. Lesar, B.; Straže, A.; Humar, M. Sorption Properties of Wood Impregnated with Aqueous Solution of Boric Acid and Montan Wax

Emulsion. J. Appl. Polym. Sci. 2011, 120, 1337–1345. [CrossRef]
22. Varganici, C.-D.; Rosu, L.; Rosu, D.; Mustata, F.; Rusu, T. Sustainable Wood Coatings Made of Epoxidized Vegetable Oils for

Ultraviolet Protection. Environ. Chem. Lett. 2021, 19, 307–328. [CrossRef]

28



Forests 2021, 12, 1762

23. Ahmed, S.A.; Morén, T.; Sehlstedt-Persson, M.; Blom, Å. Effect of Oil Impregnation on Water Repellency, Dimensional Stability
and Mold Susceptibility of Thermally Modified European Aspen and Downy Birch Wood. J. Wood Sci. 2017, 63, 74–82. [CrossRef]

24. Dündar, T.; Büyüksarı, Ü.; Avcı, E.; Akkılıç, H. Effect of heat treament on the physical and mechanical properties of compression
and opposite wood of black pine. BioResources 2012, 7, 5009–5018. [CrossRef]

25. Esteves, B.; Videira, R.; Pereira, H. Chemistry and Ecotoxicity of Heat-Treated Pine Wood Extractives. Wood Sci. Technol. 2011, 45,
661–676. [CrossRef]

26. Johnson, M.G.; Luxton, T.P.; Rygiewicz, P.T.; Reichman, J.R.; Bollman, M.A.; King, G.A.; Storm, M.J.; Nash, M.S.; Andersen, C.P.
Transformation and Release of Micronized Cu Used as a Wood Preservative in Treated Wood in Wetland Soil. Environ. Pollut.
2021, 287, 117189. [CrossRef] [PubMed]

27. Hebisch, R.; Karmann, J.; Schäferhenrich, A.; Göen, T.; Berger, M.; Poppek, U.; Roitzsch, M. Inhalation and Dermal Exposure of
Workers during Timber Impregnation with Creosote and Subsequent Processing of Impregnated Wood. Environ. Res. 2020, 181,
108877. [CrossRef] [PubMed]

28. Dolmatov, L.V.; Akhmetov, A.F.; Kutukov, I.E. Aggregative Stability and Thermal Stability of the Petroleum-Based Biocide ZhTK.
Chem. Technol. Fuels Oils 2001, 37, 274–277. [CrossRef]

29. Unnisa, S.A.; Hassanpour, M. Development Circumstances of Four Recycling Industries (Used Motor Oil, Acidic Sludge, Plastic
Wastes and Blown Bitumen) in the World. Renew. Sustain. Energy Rev. 2017, 72, 605–624. [CrossRef]

30. Animpong, M.A.B.; Oduro, W.O.; Koranteng, J.; Ampomah-Benefo, K.; Boafo-Mensah, G.; Akufo-Kumi, K.; Tottimeh, G.O.;
Amoah, J.Y. Coupling Effect of Waste Automotive Engine Oil in the Preparation of Wood Reinforced LDPE Plastic Composites for
Panels. S. Afr. J. Chem. Eng. 2017, 24, 55–61. [CrossRef]

31. Belchinskaya, L.; Zhuzhukin, K.; Dmitrenkov, A.; Roessner, F. Studying and Imparting Moisture Absorption Qualities of the New
Wood Based Bio-Composite Material. In IOP Conference Series: Earth and Environmental Science; IOP Publishing: Bristol, UK, 2020;
Volume 595. [CrossRef]

32. Zhao, R.J.; Fei, B.H.; Lv, J.X.; Yu, H.Q.; Huang, R.F.; Zhao, Y.Q.; Huang, A.M.; Cui, Y.Z. Wood Moisture Content Measuring
Method. Wood—Determination of Moisture Content for Physical and Mechanical Test. MOD CN-GB GB/T. 2009. Available
online: https://wenku.baidu.com/view/df6e7b14d35abe23482fb4daa58da0116d171feb.html (accessed on 9 December 2021).

33. Cheremisinoff, N.P.; Rosenfeld, P.E. Wood-Preserving Technology. In Handbook of Pollution Prevention and Cleaner Production;
Elsevier: Amsterdam, The Netherlands, 2010; pp. 27–41.

34. Betts, W.D. The Properties and Performance of Coal-Tar Creosote as a Wood Preservative. In The Chemistry of Wood Preservation;
Elsevier: Amsterdam, The Netherlands, 2005; pp. 136–160.
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Abstract: The aim of this pioneering study was to compare and evaluate two different pre-treatment
processes of wooden surfaces prior to varnishing by sanding or thermal compression in terms of the
impact on the color characteristics of the varnished surface. In the experiment, a wood veneer of
black alder and birch before varnishing was subjected to sanding with a sandpaper of 180 grit size,
or thermal compression at temperatures of 180 and 210 ◦C. Three different kinds of commercially
manufactured transparent varnish (water-based (WB) varnish, polyurethane (PUR) varnish and
UV-cured (UV) varnish) were applied to the prepared veneer surfaces. The samples prepared in this
way were also subjected to an artificial aging process in indoor conditions by ultraviolet light and
infrared irradiation (UVL + IR). The colors of the surfaces in the CIE L*a*b* system were measured
and color differences (ΔL*, Δa*, Δb* and ΔE) were determined for sanded and thermally densified,
unvarnished and varnished, as well as subjected to accelerated aging surfaces. It was found that
thermally densified surface-varnished veneer is more resistant to color changes during artificial aging
compared to when sanded and surface-varnished. The transparent varnish systems showed better
photo-stability, when thermally densified wood veneer was used as substrate than that of sanded
wood. The WB varnish showed the greatest resistance to discoloration during UVL + IR irradiation,
followed by PUR and UV. The preliminary findings obtained in this study indicated that replacing the
sanding process with thermal compression of wood surface before varnishing could be considered as
an alternative method of producing varnished panels with satisfactory color properties of surface.

Keywords: black alder; birch; color; varnish system; surface pre-treatment; sanding; thermal
compression; artificial aging

1. Introduction

Wood-based materials are very popular and widespread materials that have been
used in diverse fields, including furniture production, for interior decoration materials,
for interior panels in cars and many others. Sliced decorative veneer with a thickness
of 0.2–0.9 mm [1] produced from naturally beautiful precious woods is usually used to
overlay on the wood panels’ surface to improve their appearance and color. Common
precious wood species are oak, maple, ash, walnut, cherry, mahogany and others. However,
due to the low thickness, the decorative veneer easily cracks during storage, transportation
and use [1]. In addition, part of the precious wood is irretrievably lost in the sanding
process of veneered wood panels before their varnishing [2]. However, the resources of
valuable wood species, which can be used as a material for veneering, are sharply depleted
and have become more expensive. Less valuable wood species are characterized by various
defects, mechanical damage and less decorative appearance than valuable wood species.
This necessitates the improvement of the aesthetic properties of such wood veneer.
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The preparation of the surface of the wood substrate is one of the important processes
before finishing and has a significant effect on the surface properties of the coating (color,
gloss, and roughness) as well as on the adhesion of the coating to the substrate. Usually,
this process can be performed by helical planing, face milling and sanding, etc. [3]. Sanding
is the most common pre-treatment process of a wooden surface before finishing. Sanding
makes the surface more homogeneous and reduces the influence of wood anatomy on
the roughness profile [3,4]. In addition, a smooth surface is a prerequisite for a quality
interaction between the coating and the substrate and is also necessary for a good appear-
ance [5]. During the sanding process a layer of wood, usually of a valuable species, is
removed and this portion of wood irreversibly goes to waste, namely, generates economic
losses. Moreover, sander dust creates unfavorable conditions for workers and pollutes the
environment. However, sanding is one of the most skilled, time-consuming and expensive
operations in the woodworking industry [6].

On the other hand, in our previous studies [7–12] it was found that the combination of
heat treatment and compression enhanced the overall surface quality of the samples making
it denser, smooth and homogeneous. After such treatment, sanding of the densified wood
surface before finishing is no longer required [2,9]. This process is called thermomechanical
densification and is the simplest and most ecological method of wood modification, which
does not use chemicals [13]. Thermal compression differs from the sanding process in that
the wood is compressed between heated press plates or rolled between heated or cold
polishing drums to smooth the wood surface [13,14]. In addition, the thermomechanical
densification makes it possible to provide new useful characteristics of wood species with
low quality and technical characteristics [7–12]. In particular, after such treatment the wood
species with lower decorative characteristics are made similar in color to exotic wood [7]. In
addition, transparent coatings allow to keep the wood to retain its good aesthetic properties.
Together, this can increase the demand for such wood/wood-based panels, as well as to
determine their value and hence price.

The results obtained in our previous studies indicate that the replacement of the
sanding by thermal compression pre-treatment of wooden substrate can be considered as an
alternative way to prepare the wood surface before finishing in the production of veneered
panels with satisfactory aesthetic properties and reduce the cost of varnish by ≈50% [2,15].
Therefore, it was proposed to replace the time-consuming sanding process of wooden
substrate with the thermal compression process [16]. However, little or no information
is available on the possibility of using thermally compressed wood as a substrate for
finishing [2,15,17,18]. More information can be found in these studies on the finishing of
heat-treated wood [19–23].

One of the main parameters that is crucial for the final decision of the consumer are the
aesthetic and decorative properties of wood. Wood color belongs among the most decisive
purchasing criteria [24]. Moreover, wood color is a very important characteristic of wood,
which often determines its final price, especially when it will be used for furniture produc-
tion [25]. The color is determined by the chemical components of the wood, environmental
conditions (humidity, solar radiation, pollution and wind), as well as the area where the
trees were grown [26]. CIE L*a*b* is the most commonly used color space for measuring
the color of wood surface [27].

It should be noted that the literature analyzes the effect of thermal compression on
wood color [7], on the anatomical structure [11,28], physical and mechanical properties of
densified wood [7–12], on the bondability [29–31] and coatability [2,12,15] of wood. Wood,
like most natural and synthetic polymers, is sensitive to abiotic and biotic factors that cause
various changes in its properties, including changes in its decorative characteristics [32,33].
In addition to a number of environmental parameters (various types of radiation, including
UVL radiation, moisture, temperature, etc.) that significantly contribute to wood degrada-
tion, the rate of degradation may also be affected by wood properties [34] and the wood
species (softwood or hardwood) [35]. Kubovský and Kačík [36] note that the changes
associated with the aging process of wood are color changes due to photodegradation
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of lignin, extractives and to some extent, hemicellulose. At the same time, there is no
comprehensive data on the influence of abiotic factors, ie UVL radiation, on the color and
color stability of densified wood, in particular wood used as flooring or furniture materials.
One of the first works on this issue is the work of Laskowska [37], which examined the
influence of ultraviolet radiation on the color of thermo-mechanically modified beech and
oak wood. The author found that the greatest changes in the color of non-densified and
densified beech and oak wood occurred after 20 h of light irradiation.

Wood varnishes add beauty and provide powerful protection of wooden surfaces
against the adverse effects of external factors, namely: heat, light, temperature, moisture,
wind, abrasion, etc [5,17,22,23,38–40]. However, varnish materials applied to wood, as
well as wood itself, due to external factors are also subject to aging, which leads to loss of
their useful potential [41–45]. This is manifested primarily in the change of aesthetic and
decorative characteristics of coatings, which affects the aesthetic appeal in the interior. The
UVL-induced photo-degradation of wood products surface-treated with varnishes takes
place also in indoor conditions [43,46,47]. The measured and calculated color change values
by Kúdela and Kubovský [43] demonstrated that the most color changes are generated
during the first 100 h of accelerated ageing process.

However, there is no information on the effect of artificial UVL radiation on the color
of alder and birch wood, pre-treated with sanding or thermomechanical compression,
as well as varnished with various varnish systems. Thus, the main aim of this study
was to compare and evaluate two different pre-treatment processes of wooden surfaces
prior to varnishing by sanding or thermal compression in terms of the impact on the
color characteristics of the varnished surface. Sanding was used as a conventional surface
preparation process for the comparison.

The objectives of the current experiments are as follows: first, to determine the color
change in the CIE L*a*b* color space of selected wood species, namely birch and black
alder, under the influence of thermal compression at 180 and 210 ◦C; secondly, to assess the
influence of sanding on the color of the wood species; thirdly, to compare the color changes
of the wood species after sanding and thermal compression; fourthly, to determine the
color stability of the wood species after sanding and thermal compression, using artificial
aging; fifthly, to assess the color changes of the wood species varnished by different varnish
systems on a sanded and thermally densified surface; and sixthly, to evaluate the effect
of artificial aging on the color change of the varnished wood surface on the sanded and
thermally densified surface. The obtained information will make it possible to determine
whether it is expedient to replace sanding with thermal compression in terms of the
aesthetic properties of the varnished surface.

2. Materials and Methods

2.1. Materials

Rotary-peeled black alder (Alnus glutinosa Gaertn.) and birch (Betula verrucosa Ehrh.)
wood veneers with the nominal thickness of 1.5 mm and moisture content of 6 ± 2% were
used as cladding materials. The alder and birch peeled veneers are the most produced and
most commonly used for plywood production in Ukraine. Commercially manufactured
(SWISS KRONO Sp. z o.o., Żary, Poland) medium density fibreboard (MDF), with thickness
16 mm and density 750 ± 10 kg/m3 was used as the substrate material. Single-component
waterborne Jowacoll® 148.00 adhesive supplied by Jowat SE Corporation, Detmold based
on EVA copolymer with density 1.35 g/cm3, apparent viscosity of 13,000 mPa·s (Brookfield),
solids content 70%, and pH value 7.0 were used in the veneering process of MDF panels.
Waterborne lacquer (IQ-HY1330-15), polyurethane lacquer (R533-2-15 + 10% RLH6110
(hardener) + 10% V721 (solvent)) and UV-hardened lacquer (UV120-45) were used for
varnishing. The parameters of the varnish products are presented in Table 1.
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Table 1. Parameters of the varnish products.

Varnish Type Density (g/cm3) Solid Content (%) Viscosity (s) pH

Water-borne (WB) 1.03 ± 0.15 29 ± 3 55–75 7.0–9.0
Polyurethane (PUR) 0.88 ± 0.05 17 ± 2 15–20 -

UV acrylic (UV) 1.29 ± 0.15 95 ± 3 5–70 -

2.2. Pre-Treatment Process of Wood Veneer

Two different pre-treatment processes of wood veneer before varnishing were used,
sanding and thermal compression. Half of the veneer samples were thermally compressed
between the smooth and carefully cleaned heated plates of a laboratory press at tempera-
tures of 180 and 210 ◦C. After thermal compression, the MDF panels were veneered with
densified veneer and were used as wooden substrate before varnishing.

For the other batch of veneer samples, the conventional sanding process using sand-
paper of 180 grit size was performed for the comparison. Before that, the MDF panels were
veneered with non-sanded veneers and were used as wooden substrate before varnishing.

2.3. Surface Varnishing Process

After thermal compression or sanding process of the substrate surface, a three various
varnishes system were applied to the surface of the samples at various layers (1, 3, 2NS -
two layers of varnish without intermediate sanding and 2S - two layers of varnish with
intermediate sanding). The varnish with three layers was applied, in accordance with the
lacquer producer’s recommendations, only on the sanded surface for comparison.

The lacquer product was applied to every surface of the test samples using a roller
system or by spraying. Finished panels were finally conditioned at a temperature of
23 ± 2 ◦C and a relative humidity of 50 ± 5% in time 168 h. After the varnish application
and technological exposure, the varnished surfaces were subjected to accelerated aging
(simultaneous action of UVL and IR irradiation) in indoors’ conditions.

2.4. Artificial Aging of the Samples

The sanded and thermally compressed samples before and after varnishing, positioned
at an angle of 45◦ were exposed to intensive light and infrared radiation (UVL + IR). The
artificial aging test was carried out with a special quartz lamp (VT-800, FAMED Lodz S.A.,
Lodz, Poland) having radiation of 740 W. The radiation was applied from a distance of
40 cm to the unvarnished samples 1, 2, 4, 6 and 8 h and to the varnished samples 15, 30,
45 and 60 min exposure time. The temperature of 65 ◦C at the surface of the samples was
determined with the help of a temperature detector (DT 8662 Dual Infrared Thermometer,
CEM, Shenzhen, China).

2.5. Color Measurement

The surface color of natural alder and birch veneer was determined, after thermal
compression and sanding, after varnishing with various varnish systems, as well as the
color of sanded, thermally densified and varnished surfaces after UVL and IR irradiation
(Figure 1). The color measurements of all specimens were recorded on the surface of veneer
specimens before and after relevant treatment with a colorimeter Testan DT-145 (Anticorr,
Gdansk, Poland). The sensor head was 6 mm in diameter. Measurements were made using
a D65 illuminant and 10-degree standard observer. Color measurements were performed
always on the same marked locations on the sample.

Percentage of reflectance, collected at 10 nm intervals over the visible spectrum (from
400 to 700 nm) was converted into the CIE L*a*b* color system, where L* describes the
lightness, a* and b* describe the chromatic coordinates on the green-red and blue-yellow
axis, respectively. From the L*a*b* values, the color uniformity were calculated as a differ-
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ence in the lightness (ΔL*) and chromaticity parameters (Δa* and Δb*) between treated and
non-treated veneer samples using the following formulae:

ΔL∗ = ΔL∗
t − ΔL∗

n (1)

Δa∗ = Δa∗t − Δa∗n (2)

Δb∗ = Δb∗t − Δb∗n (3)

where “t” refers to treated and “n” to non-treated samples.

Figure 1. The diagram of sequence of samples treatment.

In addition, total color difference (ΔE) were calculated as:

ΔE =
√
(ΔL∗2 + Δa∗2 + Δb∗2) (4)

For each sample, ten random measurements of surface color were taken.
Positive values of ΔL* show whitening, and negative values of ΔL* indicate a shift

toward gray. Positive values of Δa* indicate reddening, and negative values of Δa* show a
shift towards green. Positive values of Δb* represent yellowing, and negative values of Δb*
represent a shift towards blue.

The classification of the overall color change was carried out based on assessment
guidelines by Cividini et al. [48] (Table 2).

Table 2. The Criteria to Assess the Color Change.

Variability Range Color Difference

ΔE < 0.2 Invisible changes
0.2 < ΔE < 2 Smart changes
2 < ΔE < 3 Color changes visible by high quality filter
3 < ΔE < 6 Color changes visible by medium quality filter

6 < ΔE < 12 Distinct color changes
ΔE > 12 A different color

2.6. Statistical Analysis

Statistical analysis was conducted using SPSS software program version 22 (IBM
Corp., Armonk, NY, USA). Analysis of variance (ANOVA) was performed on the data
to evaluate the effect of the surface pre-treatment, type of varnish, number of varnish
layers and duration of artificial aging on the color changes of the samples. The effects were
considered not to be statistically significant when the p-value was higher than 0.05 at the
95% confidence level. Duncan’s multiple range test was used to determine the significant
difference between and among the groups.
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3. Results

3.1. Influence of Pre-Treatment Process on Color Changes of Wood Surface

The pre-treatment processes of the wood substrate surface before varnishing, such as
sanding and thermal compression, on the color changes were investigated and compared.
In addition, the effect of artificial aging on the color changes of the sanded and thermally
compressed surfaces was also investigated.

Figure 2 shows the comparison of color changes in alder and birch surfaces of native
(non-treated), sanded and thermally compressed veneer. The surface color of thermally
compressed veneer samples varied appreciably from lighter to darker with increasing
temperature. However, it is difficult to analyse the color in samples based only on their
visual observation. Detailed analysis of the color changes was performed using CIE L*a*b*
systems and is presented below. Initial colorimetric parameters of wood veneers native
surfaces, as well as surfaces after sanding and thermal compression process are given
in the Table 3. The alder wood was less resistant to a temperature of 210 ◦C than birch
wood. The L* values for the alder and birch wood densified at a temperature of 210 ◦C
were, respectively, 22.5% and 13.3% lower than the L* values for non-densified alder and
birch wood. According to the previous studies [7,27,49,50], the darkening of wood as a
result of thermo-mechanical treatment may be caused by the degradation of hemicelluloses.
Hydrolysis of the hemicelluloses produces changes in parameter L*, while reduction of
lignin produces changes mainly in parameter a* [51].

Figure 2. Visual appearance of the surface of alder and birch veneers, native, sanded and thermally
compressed at different temperatures.

Table 3. Initial colorimetric parameters of wood veneers.

Wood
Species

Wood
Treatment

Lightness
L*

Redness
a*

Yellowness
b*

Hue
Angle

hab

Chroma
C*ab

Alder

Native 73.8
(±1.5)

11.0
(±0.8)

23.0
(±1.7)

72.8
(±2.3)

24.1
(±1.6)

Sanded 75.8
(±2.1)

11.2
(±0.3)

21.8
(±0.6)

62.5
(±0.6)

24.5
(±0.6)

TC-180 67
(±2)

12.6
(±0.9)

22.1
(±2.3)

79
(±3)

22.6
(±2.2)

TC-210 57
(±4)

13.7
(±1.7)

19.4
(±1.9)

71
(±6)

20.6
(±1.5)

Birch

Native 79.3
(±1.2)

9.0
(±0.6)

23.9
(±1.2)

80.8
(±1.1)

24.2
(±1.2)

Sanded 79
(±2)

10.2
(±1.2)

23
(±3)

65.9
(±1.7)

24.1
(±2.9)

TC-180 75.1
(±1.2)

12.6
(±1.5)

24.8
(±0.9)

84v
(±3)

25
(±1)

TC-210 68.7
(±2.6)

13.7
(±1.4)

23.9
(±0.8)

79.1
(±2.9)

24.4
(±0.9)
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Changes in the color of the veneer surface after sanding and thermal compression
processes are shown in Figure 3. As the compression temperature increases, the color
becomes darker (L* decreases). Compared with the native alder veneer surface the ΔL
changed to −6.0 and −16.6 units shifting toward gray with increasing the compression
temperature to 180 ◦C and 210 ◦C, respectively. A similar trend is observed for birch
veneer: ΔL amounted −4.1 and −10.5 units, respectively, for compression temperatures
of 180 ◦C and 210 ◦C. After sanding, ΔL amounted 2.0 (indicate whitening) for alder and
−0.3 (indicate darkening) for birch. The changes mainly concern the parameters L* and a*,
both for sanded and thermally compressed wood. The reddening of both wood species
was observed, the smallest for sanded surface (Δa* = 0.3 for alder and Δa* = 1.2 for birch
wood), the highest for TC-210 pre-treatment (Δa* = 2.7 for alder and Δa* = 4.7 for birch
wood). The birch wood reddened more than alder wood. The reddening is due to the
presence of extractives in the wood [7,52]. In addition, the blueish pigmentation became
more intense for alder wood, especially after treatment TC-210 (Δb* = −3.6); after sanding
Δb* = −1.2. On the other hand, birch surface shifts to yellow after sanding (Δb* = −0.6)
and shifts to blue after thermal compression (Δb* = 0.9 and Δb* = 0.1 for TC-180 and TC-
210, respectively). For both alder and birch veneers, the smallest total color differences
correspond to pre-treatment by sanding, with a ΔE of 2.4 and 1.4, respectively, followed
by TC-180 with a ΔE of 6.3 and 5.6, respectively, and TC-210, with a ΔE of 17.2 and 11.5,
respectively. Some researchers have also observed that sanding of marupa wood with
different grits (280 and 320) did not significantly alter the surface color [25].

Figure 3. Color differences on sanded and thermally compressed surfaces.

There is a significant difference in the total color between the sanded surface and the
surface thermally compressed at temperatures of 180 ◦C and 210 ◦C. This is natural, because
during thermal compression at temperature of 210 ◦C there is a significant darkening of the
surface. The total color change for birch is ΔE = 11.5, distinct color changes (see Table 2),
and for alder ΔE = 17.2, different color (see Table 2). Despite the darkening, the color is
attractive with a pronounced wood texture and often resembles the color of a tropical wood
species (Figure 2).

It is natural that the color of the sanded and thermally compressed surfaces is different.
The sanded surface is formed due to the short-term mechanical action of the cutting tool
on the wood surface, which does not lead to significant changes in surface color. Thermal
compression, especially at high temperatures, is the effect of heat and pressure on the wood,
because of which chemical changes occur in the surface layers of wood [49,50], which
lead to changes in the surface color, especially its darkening. This may be caused by the
degradation of hemicelluloses and increasing the lignin content in wood [27,49,50].

3.2. Influence of Artificial Aging on Color Changes of Sanded and Thermally Compressed Surfaces

There is some time between the pre-treatment process of wood surface by sanding or
thermal compression and varnishing. Within this period, wood surface may be exposed to
various factors, including UVL + IR radiation. This can cause color changes. Very often,
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such color changes in wood surface are undesirable, especially when valuable wood species
are finished with transparent varnishes. Therefore, one of the objectives of this work was to
find out what happens to the sanded or thermally compressed surface before varnishing.
Do these surfaces change color under the action of UVL + IR radiation before varnishing?

Figures 4 and 5 show the effect of artificial aging on the color changes of sanded and
thermally compressed alder and birch wood surfaces. Artificial aging affects the color of
alder and birch surface in different ways. This can be explained by the different anatomical
structure and chemical composition of these wood species. ANOVA analysis confirmed
that the susceptibility of alder and birch wood to photodegradation is different since the
effects of wood species, temperature of thermal compression and their interaction on the
color changes were significant (p ≤ 0.05). This is in good agreement with the results by
Laskowska [37] who also found that the total changes in the color of thermally densified
beech that took place under the influence of UVL radiation were twice as high as in the
case of densified oak wood.

Figure 4. Color differences on sanded and thermally compressed alder surfaces after the artificial aging.

ANOVA analysis showed that the duration of artificial aging significantly affects the
changes ΔL* and Δb*, but insignificantly affects the change Δa* and total color change ΔE of
the sanded alder surface before varnishing. Figure 4 shows that the maximum differences
in brightness occurred during the first hour of artificial aging (ΔL* = −2.9). After that,
during the next exposure time, this difference was reduced and was ΔL* = −0.3 in 8 h of
exposure. At the same time, the smallest (Δb* = 0.2) and highest (Δb* = 3.8) yellowish of
sanded alder surface was observed in 1 h and 8 h of exposure time, respectively. Despite
the fact that artificial aging affects ΔL* and Δb* significantly, according to the Duncan test,
the differences in ΔL* values between 1 and 2 h, 2, 6 and 8 h, and 4, 6 and 8 h of exposure
time were insignificant; and the differences in Δb* values between 1 and 2 h, 2 and 4 h, 6
and 8 h of exposure time were also insignificant.
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Figure 5. Color differences on sanded and thermally compressed birch surfaces after the artificial aging.

Quite different results were found for the thermally compressed surfaces of alder
veneer. The duration of artificial aging effects insignificantly on the surface color changes
ΔL*, Δa*, Δb* and ΔE after treatments TC-180 and TC-210 (except Δa* for TC-180 treatment).
Total color change values were ΔE = 3.0–4.3 for the sanded surface, ΔE = 3.1–4.6 for the
TC-180 treatment and ΔE = 2.4–3.4 for the TC-210 treatment. According to Table 2, the total
color variation of alder wood surface was classified as visible by medium quality filter after
applying the two pre-treatment processes: sanding or thermal compression. In addition,
according to the Duncan test, the difference of ΔE values between the sanded surface and
the surface after treatment TC-180 is insignificant (p > 0.05). There is a significant difference
of ΔE values between the sanded surface and surface after treatment TC-210, as well as
between surfaces after treatments TC-180 and TC-210.

In contrast, the mechanism of the effect of artificial aging on the color change of birch
wood was more complex than for alder wood. It is established that the duration of artificial
aging significantly affects the change:

- Δa*, Δb* and ΔE for sanded surface. As the duration of exposure time of artificial
aging increases, along with insignificant (p > 0.05) darkening (ΔL* varies from −2.1
to −1.1), the surface becomes significantly (p ≤ 0.05) redder (Δa* varies from +0.3 to
+1.4) and yellower (Δb* varies from +2.0 to +3.3);

- ΔL*, Δb* and ΔE for treatment TC-180. The surface after treatment of TC-180 signifi-
cantly (p ≤ 0.05) brightens (ΔL* varies from −0.5 to +1.9) and there is a shift towards
yellowing (Δb* varies from +2.0 to +4.7) with insignificant (p > 0.05) reddening (Δa*
varies from +0.6 to +1.2);

- Δb* and ΔE for treatment TC-210. After treatment TC-210, the surface becomes
yellower (Δb* varies from +1.5 to +3.7) with insignificant (p ≤ 0.05) brightness (ΔL*
varies from −0.4 to +1.2) and redness (Δa* varies from +0.9 to +1.1).

Thus, birch wood surfaces pre-treated by sanding or thermal compression are unstable
to UVL + IR radiation and are subject to color changes during artificial aging. As in the case
of alder wood, the total color variation was classified as visible by medium quality filter.
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The ΔE values vary from 2.4 to 3.8 for treatment by sanding, from 2.3 to 5.4 for treatment
TC-180 and from 2.3 to 4.7 for treatment TC-210. The difference of ΔE values between the
sanded surface and the surface after treatment TC-210 is insignificant (p > 0.05).

The yellow and red tones of wood are primarily governed by the photochemistry of
the essential wood components, particularly lignin and extractives, respectively [27,52]. All
the chemical constituents of wood are susceptible to degradation by sunlight. Cellulose and
hemicellulose are not good light absorbers and, therefore, to be degraded by light to a lesser
extent [53]. Among the wood constituent polymers, lignin is the most sensitive to light [54].
According to Pandey, “UVL + IR irradiation modified physical and chemical characteristics
of wood surfaces and resulted in rapid colour changes, degradation of lignin and increased
concentration of chromophoric groups on the wood surfaces” [54]. Moreover, the lignin
and its derivatives are factors accountable mainly for the process of wood yellowing [52,55].
The smaller the share of extractives in wood, the lower is its susceptibility to a change
in color towards red [37]. These correlations are confirmed by the studies conducted by
Tolvaj et al. [56].

It can be concluded that wood thermo-mechanically densified exhibits’ acceptable
photostability. The higher the temperatures of the thermal compression treatment, the
smaller were the total changes in the color of alder and birch wood under the influence
of UVL + IR radiation. Laskowska [37] also found that with increasing the temperature
of thermo-mechanical treatment, the beech and oak wood had a darker color and, conse-
quently, were least susceptible to a color change under the influence of UVL irradiation.
Some other experiments [57,58] also showed that the color stability for heat-treated wood
is better after exposure to UVL when compared to untreated wood due to a condensed
lignin structure and the antioxidants formed during treatment.

Therefore, artificial aging has an insignificant effect on the surface color of sanded or
thermally compressed alder wood and significantly alters the surface color of sanded and
thermally compressed birch wood. This fact must be taken into account in the technological
process, providing appropriate time for exposure of wood before varnishing.

3.3. Color Changes in the Varnished Surface

Figures 6 and 7 show the graphical interpretation of the effects of a pre-treatment
process of wooden substrate, the kind of varnish and the number/type of varnish layers on
the color changes in the varnished surface of alder and birch wood.

Varnishing of wood changes the color of the surface. ANOVA analysis showed that
the pre-treatment process of the wood substrate, the kind of varnish and the number/type
of varnish layers significantly affect the changes in ΔL*, Δa*, Δb* (except the number of
varnish layers) and ΔE (except the kind of varnish for birch wood) for both wood species.
When analysing the impact of factors on the color changes, it is worth noting that there
were considerable differences in the influence of these factors. For both wood species the
number of varnish layers has the weakest effect on the change ΔL*, Δa* and ΔE and does
not affect the change Δb* at all. The pre-treatment process influenced the changes in ΔL*
(except alder wood), Δa*, Δb* and ΔE of varnished surface to a greater extent than the kind
of varnish and number of varnish layers.

Figure 6 shows that the maximum darkening (mean value ΔL* = −5.17), reddening
(mean value Δa* = 3.3) and yellowing (mean value Δb* = 5.2) are observed for the alder
wood surface after treatment TC-210, then for the surface after sanding (mean values
ΔL* = −4.4, Δa* = 1.5, Δb* = 1.3) and for the surface after treatment TC-180 (mean values
ΔL* = −2.5, Δa* = 1.2, Δb* = 1.7). According to the Duncan test, it was found that there
is an insignificant difference between the values of ΔL* for the sanded surface and the
surface thermally compressed at 210 ◦C (treatment TC-210), and between the values of Δa*
and Δb* for the sanded surface and the surface thermally compressed at 180 ◦C (treatment
TC-180). Among the investigated varnishes, the surface with UV varnish darkens the most
(mean value ΔL* = −5.6), followed with PUR varnish (mean value ΔL* = −4.2) and the
weakest with WB varnish (mean value ΔL* = −1.2). The smallest mean value Δa* = 1.0
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corresponds to WB varnish, followed by UV varnish with a mean Δa* = 2.3 and PUR
varnish with a mean value Δa* = 2.6. However, the difference between the values of Δa* for
surfaces varnished with UV and PUR is insignificant (p > 0.05). The surface becomes the
most yellow after varnishing with PUR (mean value Δb* = 4.3), then the surfaces that are
varnished with UV (mean value Δb* = 2.7) and WB (mean value Δb* = 1.3). Vidholdová
and Slabejová [40], studying the influence of the various types of transparent surface
finishes (acrylic-polyurethane, polyacrylic and aldehyde resin, and alkyd resin) on the
change of surface color, also found that the discoloration of all the transparent varnish
systems resulted mainly from the photoyellowing of the underlying native or thermally
modified wood.

Figure 6. Color differences on sanded and thermally compressed alder surfaces after varnishing.

The maximum total color differences correspond to treatment TC-210 with a mean
value ΔE = 8.5, followed by sanded surface with a mean value ΔE = 5.2 and TC-180 with
a mean value ΔE = 4.4. The difference in values ΔE is significant between the sanded
surface and thermally compressed surfaces, as well as between both treatments (TC-180
and TC-210). The lowest mean value of ΔE = 3.3 appears for WB varnish, followed by PUR
varnish with a mean value of ΔE = 7.0 and by UV varnish with a mean value ΔE = 7.1.
The difference between the ΔE values for PUR and UV varnished surfaces is insignificant
(p > 0.05). The lowest value of ΔE = 4.3 is observed for a sanded surface with three layers
of varnish, the highest value of ΔE = 6.5 is found for a surface with two layers of varnish
without intermediate sanding (2NS). The mean values ΔE = 5.4 and ΔE = 6.4 were for 1 and
2S layers, respectively. In addition, the difference between the values of ΔE for surfaces
with the number of layers of varnish 2S and 2NS is insignificant (p > 0.05).

If for alder wood there is a darkening of the varnished surface, treated by sanding or
thermal compression, then a slightly different picture is observed for birch wood (Figure 7).
The greatest darkening is manifested for the treatment TC-180 (average value ΔL* = −4.5)
and for the treatment TC-210 (average value ΔL* = −3.2). The sanded birch surface becomes
lighter after varnishing (average value ΔL* = 0.2). In addition, the surfaces treated with TC-
180 and TC-210 are reddened with average values of Δa* = 1.0 and Δa* = 1.1, respectively;
and for the sanded surface there is a shift to green (average value Δa* = −1.5). The greatest
yellowing is manifested for the surface treated by TC-210 (average value Δb* = 2.8), then
for the surface treated by TC-180 (average value Δb* = 2.2), and for the sanded surface there
is a shift to the blue (average value Δb* = −2.1).
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Figure 7. Color differences on sanded and thermally compressed birch surfaces after varnishing.

The difference in the lightness ΔL* for the birch varnished surface is slightly lower
than for the alder varnished surface. As for alder wood, the darkest surface is varnished
with UV (average value ΔL* = −3.3), followed by PUR (average value ΔL* = −2.5) and
WB (average value ΔL* = −1.2). However, the difference between the values of ΔL* for
surfaces varnished with UV and PUR is insignificant (p > 0.05). In addition, if the surface
varnished with PUR and UV becomes redder (with average values of Δa* = 0.7 and Δa* = 0.3,
respectively), then for the surface varnished with WB there is a shift to green (average value
of Δa* = −0.4). The difference between the values of Δa* for surfaces varnished with UV
and PUR is insignificant (p > 0.05). Similar changes of Δb* occured for these varnishes. If
yellowing is observed for the surface varnished with UV and PUR (with average values of
Δb* = 0.9 and Δb* = 2.2, respectively), then for WB there is a shift to blue (average value of
Δb* = −0.2).

The minimum total color change with an average value of ΔE = 4.3 was found for the
sanded surface, a larger one with an average value of ΔE = 5.6 and ΔE = 5.9 for surfaces
thermally compressed at 210 ◦C and 180 ◦C, respectively. According to the Duncan test, the
difference between ΔE values for surfaces thermally compressed at different temperatures
is insignificant (p > 0.05). The smallest color changes were demonstrated by PUR (average
value ΔE = 4.7), followed by WB (average value ΔE = 5.1) and UV (average value ΔE = 5.7).
However, the difference between the ΔE values for surfaces varnished by PUR, WB and
UV is insignificant. The lowest value of ΔE = 4.5 is observed for a surface with one varnish
layer, the highest value of ΔE = 5.9 is found for a sanded surface with three varnish layers.
The difference between ΔE values for surfaces with the number of varnish layers 1, 2S and
2NS, or 3, 2S and 2NS is insignificant.

The different behavior of the color values of wood color after varnishing could be
explained by changes in the chemical composition of the wood samples caused by pre-
treatment process by sanding or thermal compression as well as by the different nature and
chemical composition of the investigated varnishes. Therefore, not only the pre-treatment of
the substrate, but also the type of varnish affects the color changes and determines the aes-
thetic characteristics of the varnished surface. As noted by Vidholdová and Slabejová [40]
the change in color due to the surface finish is an interaction of the changed wood color and
the color of the coating film itself. Among the investigated varnishes for both wood species,
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the WB varnish showed the greatest resistance to discoloration, followed by PUR and UV.
Because of such color changes, the surface varnished with WB varnish is the lightest, and
the surfaces varnished with PUR and UV varnishes are darker, redder and yellower.

3.4. Influence of Artificial Aging on Color Changes of Varnished Alder Surfaces
3.4.1. WB Varnish

Figure 8 shows the effect of the pre-treatment process, the number of varnish layers
and the duration of artificial aging on the change in color parameters ΔL*, Δa*, Δb* and
ΔE for the surface varnished by WB. It is established that the duration of artificial aging
significantly affects the change of ΔL*, Δa*, Δb* and ΔE; as the duration increased, the
values of color parameters increased too.

Figure 8. Color differences on sanded and thermally compressed alder varnished surfaces with WB
varnish after artificial aging.

If we analyze the percentage influence of the studied factors on the change of color
parameters of varnished alder wood, it should be noted that there were significant differ-
ences in the influence of these factors. The number of varnish layers has the strongest effect
on the change of ΔL*, Δb* and ΔE, while the pre-treatment process has the strongest effect
on the change of Δa*.

A result of artificial aging was that the sanded surface darkens (average value ΔL* = −2.1),
reddens (average value Δa* = 1.3) and turns yellow (average value Δb* = 2.3) more than sur-
faces after treatments TC-180 and TC-210. Laskowska [37] also observed that light irradiation
had the greatest effect on the change in the lightness of unmodified beech and oak wood,
and the smallest effect on the lightness of both wood densified at a temperature of 200 ◦C.
However, it should be noted that according to the Duncan test, the difference in the values of
ΔL* between the sanded surface and the surface after treatment TC-210, as well as between
surfaces after treatments TC-180 (average value ΔL* = −1.2) and TC-210 ΔL* = −1.7) was
insignificant (p > 0.05). Similarly, the differences in the average values of Δa* and Δb* between
the surfaces after treatments TC-180 and TC-210 are insignificant (p > 0.05). The smallest shifts
towards to red were found for the surface after treatments TC-180 (mean value Δa* = 0.6) and
TC-210 (mean value Δa* = 0.7), and the smallest yellowing for the surface after treatments
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TC-180 (mean value Δb* = 1.7) and TC-210 (mean value Δb* = 1.5). For the surface with two
varnish layers without intermediate sanding (2NS) the highest darkening (average value
ΔL* = −2.8), reddening (average value Δa* = 1.3) and yellowing (average value Δb* = 2.5) was
observed. Surfaces with one and three varnish layers, as well as with two varnish layers with
intermediate sanding (2S) are characterized by a tendency to reduce shades of gray, red and
yellow. The smallest darkening (average value ΔL* = −1.0), redness (average value Δa* = 0.5)
and yellowing (average value Δb* = 1.2) was observed for the surface with one varnish layer.
In addition, the difference in the values of ΔL*, Δa* and Δb* between the surfaces with 1, 3 and
2S; 3 and 2S; 2S and 2NS number of varnish layers, respectively, was insignificant (p > 0.05).

Regarding the total color change, the smallest ΔE with an average value of ΔE = 2.6 was
experienced by the surface after treatment TC-180, and the largest with an average value of
ΔE = 3.5, sanded surface. In addition, it should be noted that the surfaces after treatments
TC-180 and TC-210 (average value ΔE = 2.9) on the values of ΔE differ insignificantly
(p > 0.05). The lowest average value of ΔE = 2.0 was observed for the surface with one
varnish layer, the highest average value of ΔE = 4.2 was found for the surface with two
varnish layers without intermediate sanding (2NS). The difference in the values of ΔE
between the surfaces with one and three, 2S and 2NS number of varnish layers was
insignificant (p > 0.05).

3.4.2. PUR Varnish

Figure 9 shows the effect of the pre-treatment process, the number of varnish layers
and the duration of artificial aging on the change in color parameters ΔL*, Δa*, Δb* and ΔE
for the surface varnished by PUR. It was found that the duration of artificial aging, as well
as for WB varnish, significantly affects the change in ΔL*, Δa*, Δb* and ΔE. As the duration
of artificial aging increased, the values in color parameters increased too. The findings in
this research agree with other authors [40,59] who also noted that the total color difference
ΔE shows a systematic trend towards higher values with increasing irradiation time for the
surfaces of thermally modified wood coated by transparent varnishes.

Figure 9. Color differences on sanded and thermally compressed alder varnished surfaces with PUR
varnish after artificial aging.
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However, if we compare these results with the percentage influence of investigated
factors, we found some differences in the color change of the surface varnished with PUR.
In particular, it was found that the number of varnish layers has a negligible effect on
the change of ΔL* and ΔE. The most strongly influenced ΔL* and ΔE was the duration of
artificial aging, followed by the pre-treatment process. The change in Δa* was most strongly
influenced by the pre-treatment process, then the duration of artificial aging and the number
of varnish layers. In contrast, the change in Δb* was most strongly influenced by the number
of varnish layers, then the pre-treatment process and the duration of artificial aging.

During artificial aging, the surface varnished with PUR, in contrast to WB varnished
surface, darkened (average value ΔL* = −2.6), reddened (average value Δa* = 1.0) and
yellowed (average value Δb* = 1.7) the most after treatment TC-210. The smallest average
values of ΔL* = −0.6 and Δa* = 0.6 were found for the sanded surface, while the smallest
average values of Δb* = 1.1, for the surface after treatment TC-180. However, it should
be noted that according to the Duncan test, the difference in the values of ΔL*, Δa* and
Δb* between the sanded surface and the surface after treatment TC-180 was insignificant
(p > 0.05). Similarly, the difference in the average values of Δa* between the surfaces after
treatments TC-180 and TC-210 was also insignificant (p > 0.05). The control sanded surface
with three varnish layers was characterized by a tendency to reduce shades of gray (with an
average value of ΔL* = −0.3) and yellow (with an average value of Δb* = 0.7). The surface
varnished with two varnish layers without intermediate sanding (2NS) was the darkest
(with an average value of ΔL* = −1.8), while the surface varnished with two varnished
layers with intermediate sanding (2S) was the reddest (average Δa* = 1.3) and the yellowest
(with the average value of Δb* = 1.6). The smallest redness was observed for surfaces with
one and three varnish layers with average values of Δa = 0.3 and Δa = 0.4, respectively. In
addition, the difference in the values of ΔL*, Δa* and Δb* between the surfaces with 1, 2S
and 2NS, 3 and 1; 1 and 3, 2NS and 2S; 1, 2S and 2NS number of varnish layers, respectively,
was insignificant (p > 0.05).

Regarding the total color change, the smallest ΔE with an average value of ΔE = 2.1
corresponded to the sanded surface, and the largest with an average value of ΔE = 4.0 to
the surface after treatment TC-210. In addition, it should be noted that the surfaces after
sanding and treatment TC-180 (average value ΔE = 2.8) and TC-210 on the values of ΔE
differed significantly (p < 0.05). Moreover, the smallest total color change with an average
value of ΔE = 1.5 was found for the control sanded surface with three varnish layers, while
the largest with an average value of ΔE = 3.4 for a surface with two varnish layers with
intermediate sanding (2S). The difference in the values of ΔE between surfaces with 1, 2S
and 2NS number of varnish layers was insignificant (p > 0.05).

3.4.3. UV Varnish

The Figure 10 shows the effect of pre-treatment process, the number of varnish layers
and the duration of artificial aging on the change in color parameters ΔL*, Δa*, Δb* and
ΔE for the surface varnished with UV. It was found that the duration of artificial aging, in
contrast to WB and PUR varnishes, had little effect on the change in ΔL*, Δa* and ΔE of the
surface varnished with UV. As the duration of artificial aging increased, only the values Δb*
changed significantly. In addition to the duration of artificial aging, the number of varnish
layers had also insignificant effect on the change of ΔL*, Δa* and ΔE. The pre-treatment
process had a significant effect on the change in ΔL*, Δa* and ΔE, but an insignificant effect
on the change in Δb*.

It was found that the surface treated with TC-210 was the lightest (with an average
value of ΔL* = 0.3) compared to the surface treated with TC-180 (with an average value
of ΔL* = 0.5) and the sanded surface, which was the darkest (with an average value of
ΔL* = −1.3). However, it should be noted that the difference in the average values of ΔL*
and Δa* between the surfaces after treatments with TC-180 and TC-210 was insignificant.
The sanded surface, in addition to the highest darkening, was also characterized by the
highest reddnening (with an average value Δa* = 0.8) and yellowing (average value of
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Δb* = 1.1). The smallest reddening (with an average value Δa* = 0.1) and yellowing (with
an average value Δb* = 0.8) was the surface after the treatment TC-180. The lightest (with
an average value ΔL* = 0.2), and at the same time the yellowest (with an average value
Δb* = 1.5), was the surface with two varnish layers with intermediate sanding (2S). The
control sanded surface with three varnish layers was the darkest (with an average value
ΔL* = −1.3) and the reddest (average value Δa* = 0.7). At the same time, the surface with
one varnish layer had the lowest value Δa* = 0.1 (was the least red) and Δb* = 0.7 (was the
least yellow). In addition, the difference between the values Δb* for surfaces with 1, 3 and
2NS number of varnish layers was insignificant (p > 0.05).

Figure 10. Color differences on sanded and thermally compressed alder varnished surfaces with UV
varnish after artificial aging.

Regarding the total color change, the smallest color changes with an average value
of ΔE = 1.8 were experienced by the surface after treatment TC-180, and the highest with
an average value of ΔE = 2.7, the surface after treatment TC-210. In addition, it should be
noted that the surfaces after sanding (average value ΔE = 2.2) and treatment TC-180 in
the values of ΔE differ insignificantly (p > 0.05). The smallest total color changes with an
average value of ΔE = 2.1 and the highest with an average value of ΔE = 2.4 were found for
the surfaces with two varnish layers without intermediate sanding (2NS) and one varnish
layer, respectively. The difference between the values of ΔE for surfaces with 1, 3, 2S and
2NS number of varnish layers was insignificant (p > 0.05).

As a result, it can be argued that UVL + IR-induced slight photo-degradation of
alder wood-varnished surface pre-treated by sanding or thermal compression takes place
in indoor conditions. Similar results are presented in [59]. The authors came to the
conclusion that transparent varnishes cannot also prevent photo-degradation of the wood
underneath during exposure to UVL in the case of thermally modified wood. Thermally
densified surface-varnished wood is more resistant to color changes compared to sanded
surface-varnished wood. This agrees with the results of other authors [37] who noted
that wood that densified at a higher temperature was less susceptible to color changes
under the influence of light irradiation. It could be due to an increase in lignin stability
by condensation at the thermal compression process at 210 ◦C [59,60]. The better photo-
stability of the thermally modified wood compared to the non-modified wood for the
transparent varnishes was also reported by Deka and Petric [59], which supports our
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present results. Some authors [58] indicate acceptable photostability also of thermally
treated wood, when the wood is coated with PUR and UV-hardened coatings. Sanded
surface-varnished wood is darker, redder and yellower than a thermally densified surface.
It is known that clear transparent varnishes allow transmission of sunlight, and surface
degradation can take place in the underlying wood [61]. However, the findings in this
research showed that various transparent varnishes produce different colors in wood
surfaces. Among the studied varnishes, the darkest, reddest and yellowest surface was
found for WB varnish; UV varnish showed the lightest and least red and least yellow
surfaces. The least darkening, rednening and yellowing was observed for varnished
surfaces with one and three layers of varnish, the most for varnished surfaces with 2NS
and 2S layers.

3.5. Influence of Artificial Aging on Color Changes of Varnished Birch Surfaces
3.5.1. WB Varnish

Figure 11 shows the effect of the pre-treatment process, the number of varnish layers
and the duration of artificial aging on the changes in color parameters ΔL*, Δa*, Δb* and ΔE
for the surface of birch wood varnished with WB. With an increasing duration of artificial
aging, the values in color parameters increased. The maximum changes in color parameters
are observed after 60 min of artificial aging, the minimum, after 15 min of exposure time.
However, ANOVA analysis showed that the duration of artificial aging significantly affects
the changes in Δa* and Δb*, but insignificantly affect ΔL* and ΔE. In addition, the pre-
treatment process significantly affects the changes in Δa* and Δb*, but insignificantly affects
the changes in ΔL* and ΔE. The number of varnish layers significantly affects the changes
of all parameters ΔL*, Δa*, Δb* and ΔE.

Figure 11. Color differences on sanded and thermally compressed birch varnished surfaces with WB
varnish after artificial aging.

During artificial aging, the sanded surface remains the darkest (with an average value
of ΔL* = −0.3), the surfaces are lighter after the treatments TC-210 and TC-180 with average
values of ΔL* = 1.1 and ΔL* = 1.4, respectively. However, the difference between the values
of ΔL* for these two surfaces treated with TC-180 and TC-210 is insignificant (p > 0.05).
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Regarding the reddening of the surface, the smallest, with average values of Δa* = 0.1
and Δa* = 0.0, respectively, was recorded for the sanded surface and the surface after the
treatment TC-210. The surface after the treatment TC-180 demonstared a shift towards
green (with an average value of Δa* = −0.2). The difference between the values of Δa* for
the sanded surface and the surface after the treatment TC-210 was insignificant (p > 0.05).
The yellowest surface was detected after the treatment TC-210 with an average value
of Δb* = 1.1. The surface after treatment TC-180 and the sanded surface showed a shift
towards blue and yellow with average values of Δb* = −0.4 and Δb* = 0.6, respectively.

The surfaces with two varnish layers without intermediate sanding (2NS) and one
varnish layer were lighter, with average values of ΔL* = 1.5 and ΔL* = 1.7, respectively. The
darker surface was the one with two varnish layers with intermediate sanding (2S) with
an average value of ΔL* = −0.8, and the darkest surface was the control sanded surface
with three varnish layers with an average value of ΔL* = −1.6. However, according to the
Duncan test, the difference between the values of ΔL* for surfaces with 3 and 2S, 2NS and
1 number of varnish layers was insignificant (p > 0.05).

Among the surfaces, the control sanded surface withthree varnish layers was also
characterized by the highest redness (average value Δa* = 0.8). For the surfaces with two
varnish layers without intermediate sanding (2NS) and one varnish layer there was a
shift towards green with average values of Δa* = −0.2 and Δa* = −0.3, respectively. The
difference between the values of Δa* for surfaces with 1 and 2NS number of varnish layers
is insignificant (p > 0.05).

The highest yellowing with an average value of Δb* = 1.3 was found for the sanded
surface with three varnish layers. The smallest yellowing with average values of Δb* = 0.2,
Δb* = 0.3 and Δb* = 0.5 was observed for the surfaces with two varnish layers with interme-
diate sanding (2S), with one varnish layer and with two varnish layers without intermediate
sanding (2NS), respectively. The difference between the values of Δb* for surfaces with 2S,
1 and 2NS number of varnish layers is insignificant (p > 0.05).

Regarding the total color change, the smallest change with an average value of ΔE = 2.2
was experienced by the sanded surface, higher total changes were experienced by the
surfaces after treatments TC-180 and TC-210 with average values ΔE = 2.6 and ΔE = 2.9,
respectively. In addition, it should be noted that the sanded surface and surfaces after
treatments TC-180 and TC-210 in the values of ΔE differ insignificantly (p > 0.05). The
smallest and highest average values of ΔE = 2.1 and ΔE = 3.0 were observed for the surfaces
with two varnish layers without intermediate sanding (2NS) and with one varnish layer,
respectively. The difference between the values in ΔE for surfaces with 2NS, 2S and 3; 2S,
3 and 1 number of varnish layers is insignificant (p > 0.05).

3.5.2. PUR Varnish

Figure 12 shows the effect of pre-treatment process, the number of varnish layers and
the duration of artificial aging on the changes in color parameters ΔL*, Δa*, Δb* and ΔE for
the surface varnished with PUR. With an increasing duration of artificial aging, the values
of the color parameters increased; the maximum changes in color parameters are observed
after 45–60 min of artificial aging, the minimum in 15 min of exposure time. The ANOVA
analysis showed that the duration of artificial aging, as well as for WB varnish, significantly
affects the change in Δa* and Δb*, but effects insignificantly (p > 0.05) on ΔL* and ΔE.

However, if we compare these results with the percentage influence of factors on the
color change of the surface varnished with PUR, some differences were found. In particular,
it was found that the pre-treatment process has the greatest effect and the number of varnish
layers has the lowest effect on ΔL*, Δa*, Δb* and ΔE.

During artificial aging, the surface varnished with the PUR, as well as for the WB
varnish, darkens (average value ΔL* = −1.5), reddens (average value Δa* = 0.7) and turns
yellow (average value Δb* = 0.9) the most after the treatment TC-210. The surface after
treatment TC-180 was the lightest (average value ΔL* = 0.9), the least red (average value
Δa* = 0.0) and the least yellow (average value Δb* = 0.5). For the sanded surface, there is a
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shift towards gray (average value ΔL* = −0.1), towards green (average value Δa* = −0.1)
and towards blue (average value Δb* = −0.1). However, according to the Duncan test, the
difference in the values of Δa* for the sanded surface and the surface after the treatment
TC-180 was insignificant (p > 0.05).

Figure 12. Color differences on sanded and thermally compressed birch varnished surfaces with PUR
varnish after artificial aging.

The brightest were surfaces with two layers of varnish with intermediate sanding
(2S) and without intermediate sanding (2NS) with average values ΔL* = 0.5 and ΔL* = 0.6,
respectively. The difference in the values of ΔL* between these surfaces was insignificant.
For the surface with one varnish layer there was a shift towards gray (with an average
value of ΔL* = −0.8). The control sanded surface with three layers of varnish was the
darkest (with an average value of ΔL* = −2.0). In addition, the control sanded surface
with three varnish layers was the reddest (average value Δa* = 1.0) and the yellowest (with
average value Δb* = 1.5). For the surface with two varnish layers with intermediate sanding
(2S) there was a shift towards green (average value Δa* = −0.1) and towards blue (with an
average value of Δb* = −0.3). In addition, it should be noted that surfaces with one varnish
layer and two varnish layers without intermediate sanding (2NS) on the values of Δa* and
Δb* differ insignificantly (p > 0.05).

Regarding the total color change, the smallest change with an average value of ΔE = 2.1
was the sanded surface, and the highest was the surfaces after the treatments TC-210 and
TC-180 with average values ΔE = 2.8 and ΔE = 2.9, respectively. In addition, the surfaces
after the treatments TC-180 and TC-210 on the values of ΔE differ insignificantly (p > 0.05).
The surface with one varnish layer undergoes the smallest total color change with an
average value of ΔE = 2.3, then the surface with two varnish layers without intermediate
sanding (2NS) with an average value of ΔE = 2.3 and the control sanded surface with
three varnish layers with an average value of ΔE = 2.8. The highest color changes (with
an average value of ΔE = 3.2) were observed for the surface with two varnish layers with
intermediate sanding (2S). The difference between the values of ΔE for surfaces with 1, 2NS
and 3; 3 and 2S number of varnish layers was insignificant (p > 0.05).
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3.5.3. UV Varnish

Figure 13 shows the effect of the pre-treatment process, the number of varnish layers
and the duration of artificial aging on the changes in color parameters ΔL*, Δa*, Δb* and ΔE
for the birch surface varnished with UV. The ANOVA analysis showed that the duration of
artificial aging has an insignificant effect on the changes in color parameters. In addition
to the duration of artificial aging, the number of varnish layers also has an insignificant
effect on the changes in ΔL* and Δb*, while the pre-treatment process significantly affects
the changes in ΔL*, Δb* and ΔE, but has an insignificant effect on the change in Δa*.

Figure 13. Color differences on sanded and thermally compressed birch varnished surfaces with UV
varnish after artificial aging.

It was found that the surface treated with TC-210 and the sanded surface were the
brightest (with an average value of ΔL* = 0.5) compared to the surface treated with TC-180
(with an average value of ΔL* = −0.7), which was the darkest. However, the difference
between the mean values of ΔL* for all three surfaces was insignificant (p > 0.05). Redder
surfaces were after treatments TC-210 and TC-180 with average values of Δa* = 0.2 and
Δa* = 0.3, respectively. For the sanded surface, a shift towards green with an average
value of Δa* = −0.9 was observed. The difference between the values of Δa* for the
surfaces after treatments TC-180 and TC-210 was insignificant (p > 0.05). The surfaces
after treatments of TC-180 and TC-210 were yellower, with average values of Δb* = 1.1 and
Δb* = 1.9, respectively. For the sanded surface, a shift towards blue with an average value
of Δb* = −0.5 was observed. The difference between the values in Δa* and Δb* for surfaces
after treatments TC-180 and TC-210 was insignificant (p > 0.05).

The control sanded surface with three varnish layers and the surface with one varnish
layer with average values of ΔL* = 1.8 and ΔL* = 0.1, respectively, were lighter. For surfaces
with two varnish layers without intermediate sanding (2NS) and with intermediate sanding
(2S), a shift towards gray was observed with average values of ΔL* = 0.0 and ΔL* = −0.4,
respectively. There is no difference in ΔL* between surfaces with 1, 2S and 2NS numbers
of layers. At the same time, surfaces with the number of layers 1, 2S and 2NS were
characterized by a slight reddening with average values of Δa* = 0.1, Δa* = 0.2 and Δa* = 0.2,
respectively. Moreover, there is no difference in Δa* between these surfaces. In addition
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to a slight reddening of surfaces with the number of layers 2S, 2NS and 1, they were
also characterized by yellowing with average values of Δb* = 0.4, Δb* = 0.6 and Δb* = 1.6,
respectively. The opposite trend was observed for the control sanded surface with three
layers of varnish, for which there was a significant shift towards green and blue with
average values of Δa* = −3.4 and Δb* = −0.7, respectively. In addition, the difference
between the values in Δb* for surfaces with 2S and 2NS number of varnish layers was
insignificant (p > 0.05).

Regarding the total color changes, the smallest color changes with an average value of
ΔE = 2.6 corresponded to the sanded surface and the highest, the surface after treatments
TC-210 and TC-180 with average values ΔE = 3.3 and ΔE = 3.3, respectively. In addition,
according to the Duncan test, the surfaces after sanding and treatments TC-180 and TC-210
on the values of ΔE differed insignificantly (p > 0.05). The smallest total color changes
with an average value of ΔE = 1.9 were found for the surface with two varnish layers with
intermediate sanding (2S). The highest total color changes with average values of ΔE = 3.4,
ΔE = 3.4 and ΔE = 4.0 were found for surfaces with two varnish layers without intermediate
sanding (2NS), with one varnish layer and for the control sanded surface with three varnish
layers, respectively. The difference between the values in ΔE for surfaces with 2NS, 1 and
3 number of varnish layers was insignificant (p > 0.05).

Therefore, we can conclude that the studied transparent varnishes cannot prevent
the photo-degradation of the birch wood underneath them, during exposure to UVL + IR
radiation in indoor conditions. There was still a slight degree of color change for sanded
and thermally densified wood surfaces during UVL + IR exposure. This might be due to
the fact that the absorption of UVL by lignin leads to the formation of free radicals which
react with oxygen, producing carbonyl and carbonyl chromophoric groups, which are
responsible for wood’s color changes [54,57,59,60]. Free radical reactions were proved by
the detection of free radical signals in EPR spectra after exposure to light [59]. It is clear that
different transparent varnishes behaved differently on both wood species. Therefore, the
photo-degradation of the birch wood’s varnished surface had a slightly different behavior
than the alder wood-varnished surface. A sanded surface that is varnished is darker,
greener and less yellow than the thermally densified surface, which is lighter, redder and
more yellow. Among the studied varnishes, the darkest and reddest surface was found for
the PUR varnish; UV varnish showed the yellowest surface and WB varnish provided the
lightest and least yellow surface. The lightest varnished surfaces were with one and 2NS
layers of varnish, the darkest—with 3 and 2S layers of varnish. Moreover, the surfaces were
redder and yellower with 1, 2NS and 2S layers of varnish, and were greener with 3 layers
of varnish.

4. Conclusions

The results of this work confirmed and proved that thermal compression of wood
substrate prior to the varnishing process, instead of the labor-intensive sanding process,
makes it possible to apply varnish on the surface of wood substrate without having an
adverse influence on the esthetic characteristics of the samples. The thermally compressed
surface still has an attractive “exotic appearance of wood”, which allow the use of trans-
parent varnishes that increase the attractiveness of the final product. The alder wood was
less resistant to a temperature of 210 ◦C than birch wood. Sanding of both alder and birch
wood did not significantly alter the surface color.

Despite the improved esthetic and decorative properties compared to sanded wood,
thermally compressed wood, both varnished and unvarnished, is still prone to surface
degradation during UVL + IR radiation, even in indoor conditions. However, it should be
noted that alder and birch wood, thermally compressed at higher temperatures, was less
susceptible to discoloration under the influence of UVL + IR radiation than sanded wood. It
was found that by increasing the duration of artificial aging the values in color differences
(ΔL*, Δa*, Δb* and ΔE) increased too. The alder and birch wood that was surface-varnished,
both sanded and thermally densified, showed a similar susceptibility to color changes after
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UVL + IR irradiation. The WB varnish showed the greatest resistance to discoloration
during UVL + IR irradiation, followed by the PUR and the UV. The surface varnished with
WB was the lightest, and the surfaces varnished with PUR and UV varnishes were darker,
redder and yellower. In all cases, the ΔE values were lower than six, which indicates slight
color changes in surface-varnished after artificial aging compared to the original surface
color and these color changes are visible by medium quality filter. Therefore, thermal
compression of wood veneer followed by an appropriate transparent varnish system,
could be considered as an industrially acceptable method to protect wood against photo-
degradation in indoor conditions with simultaneous improvement of aesthetic surface
properties and preservation of wood in the absence of sanding process.

Author Contributions: Conceptualization, P.B.; methodology, P.B., T.K., B.L. and N.B.; investigation,
T.K., B.L. and N.B.; writing—original draft preparation, P.B.; writing—review and editing, P.B., T.K.,
B.L. and N.B.; project administration, P.B. All authors have read and agreed to the published version
of the manuscript.

Funding: This research was supported by the Polish National Agency for Academic Exchange
(NAWA) under contract No. PPN/ULM/2020/1/00188/U/00001, to implement the project “Devel-
opment of a Novel Wood Surface Preparation Method before Varnishing” by Prof. Pavlo Bekhta at
the Poznan University of Life Science, Poland.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data that support the findings of this study are available upon
reasonable request from the authors.

Acknowledgments: Bekhta acknowledges the Polish National Agency for Academic Exchange
(NAWA) for support of his research. Special thanks are extended to Yu. Maksymiv for technical
assistance during all the experiments.

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

References

1. Ozarska, B. A Manual for Decorative Wood Veneering Technology; Project No. PN01.1600; Australian Goverment, Forest & Wood
Products Research and Development Corporation: New South Wales, Australia, 2003.

2. Bekhta, P.; Krystofiak, T.; Proszyk, S.; Lis, B. Surface gloss of lacquered medium density fibre-board panels veneered with
thermally compressed birch wood. Prog. Org. Coat. 2018, 117, 10–19. [CrossRef]

3. Hernández, R.E.; Cool, J. Evaluation of three surfacing methods on paper birch wood in relation to water- and solvent-borne
coating performance. Wood Fiber Sci. 2008, 40, 459–469.

4. Richter, K.; Feist, W.C.; Knabe, M.T. The effect of surface roughness on the performance of finishes. Part 1: Roughness
characterization and strain performance. Prod. J. 1995, 45, 91–97.

5. Williams, R.S. Finishing of Wood. In Wood Handbook—Wood as an Engineering Material; General Technical Report FPL-GTR-190;
U.S. Department of Agriculture, Forest Service, Forest Products Laboratory: Madison, WI, USA, 2010; Chapter 16; pp. 16-1–16-39.

6. Taylor, J.B.; Carrano, A.L.; Lemaster, R.L. Quantification of process parameters in a wood sanding operation. Prod. J. 1999, 49,
41–46.

7. Bekhta, P.; Proszyk, S.; Krystofiak, T. Colour in short-term thermo-mechanically densified veneer of various wood species. Eur. J.
Wood Prod. 2014, 72, 785–797. [CrossRef]

8. Bekhta, P.; Proszyk, S.; Lis, B.; Krystofiak, T. Gloss of thermally densified alder (Alnus glutinosa Goertn.), beech (Fagus sylvatica L.),
birch (Betula verrucosa Ehrh.), and pine (Pinus sylvestris L.) wood veneers. Eur. J. Wood Prod. 2014, 72, 799–808. [CrossRef]

9. Bekhta, P.; Proszyk, S.; Krystofiak, T.; Mamonova, M.; Pinkowski, G.; Lis, B. Effect of thermomechanical densification on surface
roughness of wood veneers. Wood Mater. Sci. Eng. 2014, 9, 233–245. [CrossRef]

10. Bekhta, P.; Proszyk, S.; Krystofiak, T.; Lis, B. Surface wettability of short-term thermo-mechanically densified wood veneers. Eur.
J. Wood Prod. 2015, 73, 415–417. [CrossRef]
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Abstract: The objective of this work was to evaluate some of the properties of experimental wood
plastic composite (WPC) panels manufactured from a low percentage of rubberwood (Hevea brasiliensis
Muell. Arg), waste polyethylene terephthalate (PET) and silica at three different ratios. It was
determined that water absorption values of the samples decreased with the increasing amount of
PET in the panels. The lowest absorption value of 0.34% was determined for the samples having
40% PET in their content as a result of 24-h soaking. The highest hardness value of 4492 N was
found for the samples made with the combination of rubberwood, PET and silica at 10%, 40% and
50%, respectively. The compressive strength of WPC specimens also followed a similar trend with
the hardness characteristics of the panel and improved with increasing PET percentage. Statistical
analyses revealed that values of compression strength, hardness, 2-h and 24-h water absorption
of the specimens made with 20, 30, and 40% PET content resulted in significant difference from
each other (p ≤ 0.0001). Based on the findings in this study it appears that increasing silica content
in the samples adversely influenced their mechanical properties while creating a certain level of
enhancement of water absorption of the specimens. It seems that using a combination of waste PET
and a limited amount of silica with a low percentage of wood particles could have the potential to
produce value-added environmentally friendly composites to be used for different applications.

Keywords: wood plastic composite; rubberwood; polyethylene terephthalate; silica

1. Introduction

Wood-plastic composite (WPCs) are panel or lumber products made from recycled
plastic and small wood particles or fibers being low-carbon and environmentally friendly
value-added material. Wood plastic composites are relatively new as compared to the
long history of natural lumber or traditional wood composites such as particleboard or
fiberboard. They are manufactured by mixing wood particles as fine flour and recycled
plastics to be used for indoor and outdoor applications in the U.S. and many Asian coun-
tries. Due to the ncreasing demand for WPC, new products are being developed such as
door stiles, rails, and window lineal.A typical manufacturing process of WPC involves
a combination of wood and thermoplastic, such as high-density polyethylene (HDPE),
low-density polyethylene (LDPE), and polyvinyl chloride (PVC), which are mixed into a
dough-like-consistency, called compounding. Mixing can be carried out by either batch or
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continuous process. In addition to the main ingredient, which is wood with a grain size
ranging from 20 to 60 mesh, plastic coupling agents, stabilizers, foaming agents or dyes
are also added to enhance the properties of the final product for specific use, including
window and stair rails [1–5].

Wood-plastic composites have satisfactory strength properties as well as excellent
hydrophobic characteristics, which prevent water and entrapping air onto its surface, so
they are ideal products for outdoor applications [6].

Globally, 6–7 billion tons of plastic wastes have been produced per year in the form of
different materials such as disposed of polythene bags, single-use face masks, cups, and
water bottles [7]. Polyethylene terephthalate (PET) is a widely used synthetic plastic that
is polymerized by terephthalic acid (TPA) and ethylene glycol (EG) [8]. It has become an
indispensable part of daily life since disposable plastic bottles were initially made in the
20th century [9]. Currently, the main methods used to manage and eliminate PET waste
include landfilling, incineration, as well as physical and chemical recycling [10]. Some of
the initial studies investigated the panels manufactured using PET as a partial substitute
for sand in concrete [11,12]. Additionally, recent studies investigated the potential of PET
to be used as a raw material in WPC production [13,14]. Additional works also evaluated
the characteristics of WPCs manufactured from different wood species by the flat platen
pressing process [15,16].

Rubberwood (Hevea brasiliensis Muell. Arg) is grown in tropical forest zones in the
form of plantations and plays a significant role in the economy in Southeast Asian counties.
Wood is comparable to oak, containing an amount of cellulose, hemicellulose and lignin
with approximate values of 38–40%, 28–31% and 21–24%, respectively [17]. Rubbertree
represents a renewable and environmentally friendly material and, typically, any tree that
is over 7 years old can produce latex until it reaches 30 years. Nonproductive trees are
mainly used for furniture production and wood-based panels including particleboard and
fiberboard in Thailand [18,19].

In a previous study carried out by Ramesh et al. different aspects of wood based
polymer composites were reviewed and the use of various additives to improve the overall
properties, including mositure resistance and bonding strength of the experimental samples
was emphasized [20]. The characteristics of wood plastic composites manufactured from
pecan orchard waste were also investigated in a study, determining that increasing the
amount of pecan flour in the panels increased their tensile properties [21]. Along this line,
the dimensional stability and mechanical properties of WPC panels have been improved
with different approaches including acetylation, silane treatment, and thermal treatment of
wood particles [22–25]. Application of different materials as fillers, such as silica, would
also be considered an alternative method within the perspective of these approaches [25].
It is a well-known fact that silica is one of the most abundant available materials with a low
cost. It has been used as fillers in the manufacturing of WPCs in past studies [24–26].

It is a fact that waste plastic material is a major problem, creating an adverse influence
on the environment. Therefore, it is vital to reduce, reuse, and recycle such waste resources
so that they can be managed effectively and efficiently. Scientists have been searching for
innovative and sustainable approaches to reuse and recycle plastic wastes to reduce their
negative impact on the environment [27]. It is a well accepted fact that manufacturing
value-added composite from waste plastic would be considered as one of these approaches.
There are past studies that have investigated the properties of WPCs manufactured from
different wood species, including rubberwood [28–32]. However, there is almost none or
very limited information on the properties of experimental panels with a combination of
rubberwood particles, recycled plastic and silica.

Therefore, the main objective of this work is to manufacture experimental panels from
such combinations and determine their basic properties to understand how this material
can be used with better effectiveness for different applications.
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2. Materials and Methods

Commercially produced rubberwood (Hevea brasiliensis Muell. Arg) sawdust supplied
by BNS Wood Industry Co., Ltd. In Surat Thani, Thailand, was used to produce the
samples. Sawdust was classified into particle size on 18–40 mesh screen. Polyethylene
terephthalate (PET) from plastic bottom waste was provided and shredded, employing
a hammermill manufactured by Wagner Inc, in Austria into small particles. Silica with
18–40 mesh size was bought from Huatanon Co., Ltd., Kanchanadit, Surat Thani province,
Thailand. Initially, both rubberwood particles and silica were dried at a temperature of
102 ± 3 ◦C for 24 h before the mixing process was carried out.

2.1. Manufacturing of the WPC Samples

The WPC samples were manufactured based on three different composition ratios of
rubberwood, PET, and silica by weight, as displayed in Table 1. All materials were mixed
in a laboratory-type reactor (PSU, Songkhla, Thailand) heated at a temperature of 180 ◦C
and manually stirred for 5–10 min until becoming a homogeneous compound. In the next
step it was transfored into a square frame of 300 mm by 300 mm in 5 mm thickness. Each
mat was compressed using a pressure of 5.5 MPa at a temperature of 180 ◦C for 10 min
in a computer-controlled press, Chareon Tut Co., Ltd., Bang Phli, Thailand. Afterward,
the panels were cooled off for 20 min until they were formed and cured completely. Later,
the panels were conditioned in a controlled room having a temperature of 25 ± 2 ◦C and
relative humidity of 65 ± 2% for a week before the samples were cut for different tests. An
average target panel density was 1.46 g/cm3.

Table 1. The composition of WPC samples.

Sample Type
Rubberwood

(%w/w)
PET

(%w/w)
Silica

(%w/w)

WPC-1 10 20 70

WPC-2 10 30 60

WPC-3 10 40 50

2.2. Water Absorption Test of the Samples

The water absorption test (WA) was carried out according to ASTM D1037-12 stan-
dard [33]. A total of nine specimens with dimensions of 50 mm by 50 mm by 15 mm from
each type of panel were cut using a bandsaw for the tests. At the end of the 2-h and 24-h
tests, the specimens were taken out from the water and all surface water was removed by
wiping before they were weighed at an accuracy of 0.01 g.

2.3. Janka Hardness Test of the Samples

The Universal Testing Machine, Tinius Olsen, Series,100KU (Redhill, UK) was em-
ployed for the Janka hardness test. The ASTM standard [33] was applied. A total of
10 samples with dimensions of 50 mm by 50 mm by 15 mm from each panel type were
used. The samples were embedded by a hemisphere steel having 11.2 mm diameter on
their surface as depicted in Figure 1.

2.4. Compressive Strength Test of the Samples

The compressive strength test of the samples was carried out on the Automatic Com-
pression Testing Machine, TTR-D 080G Series: KC-2000 based on ASTM C109/C109M-02
standard [34].

A total of 10 samples with the dimensions of 50 mm by 50 mm by 50 mm from each
panel type were considered for the compression test. The compressive strength of each
specimen was determined based on the equation below:
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CS =
F
A

, (1)

where CS is the compressive strength (N/mm2), F is the maximum force or load (N) at the
point of failure and A is the initial cross-section surface area (mm2).

 

Figure 1. Hardness test of the samples.

2.5. Micrographs by SEM

Three samples of 5 mm by 10 mm by 6 mm were cut from each type of WPC panel for
microscopic evaluation. The samples were coated with a thin gold layer before micrographs
were taken on a scanning electron microscope (SEM), FEI Quanta 250.

2.6. Processing of Data

Analysis of variance (ANOVA) was used to evaluate the significant differences among the
three types of WPC specimens by using XLSAT in Microsoft Excel 365® (Microsoft, Redmond,
WA, USA). A confidence level of the p-value = 0.05 was considered as displayed in Table 2.

Table 2. Statistical analysis of the tests.

Analysis of Variance (Compressive Strength)

Source DF Sum of squares Mean squares F Pr > F

Model 2 113.740 56.870 159.948 <0.0001
Error 6 2.133 0.356

Corrected Total 8 115.874

Analysis of Variance (Hardness)

Source DF Sum of squares Mean squares F Pr > F

Model 2 11,907,613.333 5,953,806.667 7.861 0.007
Error 12 9,088,480.000 757,373.333

Corrected Total 14 20,996,093.333

Analysis of Variance (2 h WA):

Source DF Sum of squares Mean squares F Pr > F

Model 2 11.074 5.537 705.830 <0.0001
Error 6 0.047 0.008

Corrected Total 8 11.121

Analysis of Variance (24 h WA):

Source DF Sum of squares Mean squares F Pr > F

Model 2 24.150 12.075 158.278 <0.0001
Error 6 0.458 0.076

Corrected Total 8 24.607
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3. Results and Discussion

3.1. Water Absorption of the Samples

Table 3 displays the results of water absorption characteristics of the samples.

Table 3. Water absorption values of the samples.

Samples Type
Water Absorption (%)

2-h Soaking 24-h Soaking

WPC-1 2.76 (0.08) * 4.28 (0.42)

WPC-2 1.28 (0.13) 1.68 (0.19

WPC-3 0.05 (0.02) 0.34 (0.14)
* Numbers in parentheses are standard deviation values.

Figure 2 also illustrates the images taken of surface of the water-soaked samples for
24 h by a single lens reflex digital camera. Panels with 40% PET and 50% silica along
10% rubberwood particles had the lowest water absorption values of 0.05% and 0.34%
for 2-h and 24-h exposure, respectively. The corresponding findings were 1.28% and
1.68% for WPC-2 type panels manufactured with a 30%/60% PET and silica combination.
The ANOVA of samples showed that the values are significantly different from each
other (p ≤ 0.0001). It appears that having higher silica content in the panels significantly
enhanced their water absorption resistance. In addition, excellent water resistance of any
kind of plastic-based materials is a well-known fact. In a previous study, experimental
WPCs manufactured from eastern red cedar and polypropylene had improved dimensional
stability when polypropylene content was increased in the samples [35]. Silica is widely
used, where special applications for moisture resistance are desired. In the case of sample
type WPC-3 with 40% PET and 50% silica increased the water resistance of the samples.
Of course, using a relatively low amount of only 10% rubberwood with poor dimensional
stability as compared to that of both PET and silica did not contribute to any substantial
adverse effect in water absorption of the samples. Panel type WPC-1 manufactured with
20% PET and 70% silica had poor water resistance values. Such finding could be related to
increased porosity due to gaps created using a large amount of silica content resulting in
more void volume to attract water.

 

Figure 2. Surface of the water-soaked samples for 24-h: (a) WPC-1, (b) WPC-2, (c) WPC-3.

One should note that all three types of samples still had far better water absorp-
tion values that any other types of traditional wood composites such as particleboard or
fiberboard.

In two previous studies, typical water absorption values for 24-h water soaking were
found, ranging from 24.9% to 55.2% for particleboard and 25% to 30% for medium density
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fiberboard [36,37]. Figure 3 also illustrates the water absorption values of the three types of
panels.
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Figure 3. Water absorption of the samples.

3.2. Janka Hardness of the Samples

Mechanical properties of the samples are displayed in Table 4. The hardness of any
kind of composites is an important characteristic, especially when they are targeted to be
used for construction purposes. The hardness of WPCs is also a function of the polymer
type, porosity of wood species, as well as its density. In general, a higher polymer load
would result in a harder panel [38]. Having 50% silica and 40% PET in the samples showed
the highest hardness value of 4922 N. Overall hardness of the samples reduced with
decreasing PET content in the panels, as illustrated in Figure 4. An increasing percentage
of silica in the samples also did not improve their hardness as in the case of panel type
WPC-1 having 70% silica and 20% PET. In a previous study, it was also found that the initial
addition of different types of fillers improved the hardness of WPC panels, however, their
hardness was adversely influenced by the increase of those additives at the expense of
polymer loading [38]. The means of groups are significantly different from each other, as
shown in Table 2.

Table 4. Mechanical properties of the WPC samples.

Sample Type
Density
(g/cm3)

Hardness **
(N)

Compressive Strength **
(N/mm2)

WPC-1 1.41 (0.07) * 2854 (292.80) 10.08(0.51)

WPC-2 1.41 (0.06) 4492 (1152.57) 15.55(0.31)

WPC-3 1.57 (0.02) 4922 (926.27) 18.69(0.84)
* Numbers in parentheses are standard deviations values. ** Highly significantly different (p ≤ 0.01).
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Figure 4. Hardness values of the samples.

3.3. Compression Strength of the Samples

The lowest compression strength value of 10.08 N/mm2 was determined for the panel
type WPC-1, having 20% PET and 70% silica, as shown in Figure 5. It seems that a high
percentage of silica in the panels did not mix uniformly, creating a certain amount of gaps
between the two major materials, resulting in lower strength values. This finding can
be observed from the micrographs taken by SEM, as shown in Figure 6a. Similar to the
hardness of the samples, the amount of polymer loading is also a main parameter influenc-
ing the overall mechanical properties of WPC. When the percentage of PET in the panels
is increased sequentially from 30% to 40% with decreasing silica content, compression
strength values of the samples was enhanced to a certain extent. An increased amount of
PET in the samples had a more uniform mixture, resulting in higher compression strength
values of the samples. The SEM micrographs taken from the panels surface of types WPC 2
and WPC 3 also supported such findings. The WPC-3 sample presented an increased value
of the compression strength of 18.69 N/mm2, which is almost 1.8 times higher than that of
WPC-1 panels type.

It appears that both types of panels had a more uniform and homogeneous mixture of
each material in the panels, so that their compression strength properties were improved, in
WPC-2 and WPC-3, as shown in Figure 5. The compressive strength of WPC samples was
also confirmed to be significantly different from each other based on the statistical analysis,
as displayed in Table 4. The result showed statistical differences between the means of
three independent groups (p ≤ 0.0001).
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Figure 5. Compressive strength of the samples.

Figure 6. SEM micrographs of WPC samples: (a) WPC-1, (b) WPC-2, and (c) WPC-3.

4. Conclusions

In this work, some properties of experimental wood plastic composite (WPC) samples
manufactured from a low percentage of rubberwood, waste polyethylene terephthalate
(PET), and silica at three different ratios have been evaluated. Both hardness and com-
pression strength values of the specimens were adversely influenced by increased silica
content in the panels, while their water absorption properties were improved at a certain
extent. It appears that using a higher amount of silica in the samples, creating a larger
void volume for water to be located in, resulted in high water absorption characteristics.
Overall, it seems that using a combination of waste PET and silica with a low percentage of
wood particles could have the potential to produce value-added environmentally friendly
composites to be used for different applications such as window and stairs rails.
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Abstract: Thermo-hydro-mechanical (THM)-densified timber is rarely used in construction, although
its mechanical properties are in many cases excellent. The main reason for its rare use is set-recovery,
which reduces the degree of densification over time so that the mechanical properties deteriorate. Our
knowledge of the long-term creep of densified timber is insufficient and a full understanding of its
long-term behaviour is still lacking. The purpose of this study was to examine the behaviour under
long-term loading of Scots pine sapwood densified in an open system at 170–200 ◦C. The influence
of the THM densification process on the creep properties was studied on (1) unmodified speci-
mens, (2) THM-densified specimens, (3) THM-densified specimens that had been further thermally
treated, and (4) low-molecular-weight phenol-formaldehyde resin-impregnated and THM-densified
specimens. All specimens were loaded at 20 ± 2 ◦C and 65 ± 5% relative humidity for 14 days
under 3-point bending at 35% of the short-term ultimate load, and the bending deformation was
registered. The THM densification doubled the density, causing a significant increase in the modulus
of rupture but no change in the modulus of elasticity, and reduced the equilibrium moisture content
and creep compliance. Post-thermal modification and resin impregnation improved the dimensional
stability and further reduced the creep compliance in bending. The results demonstrate that THM
densification combined with resin-impregnation or thermal modification reduces the creep of Scots
pine timber under a long-term bending load in a constant climate.

Keywords: thermo-hydro-mechanical densification; Scots pine; creep compliance; thermal modification;
resin impregnation

1. Introduction

Timber has become an increasingly popular building material for commercial, medium
and high-rise buildings worldwide due to the general concern regarding the environment
and climate change. For timber to be competitive with other construction materials, wood
material must be attractive from both a technical and an economic and environmental
perspective. Most engineered timber construction elements such as cross-laminated timber
(CLT) and glued-laminated timber (GLT) are manufactured from low-density softwoods
(typically 300–600 kg m−3) like Norway spruce and Scots pine. These low-density woods
have, however, a limited capacity to support heavy loads, and the load-bearing span is
limited due to the large deformations under load. Densification is a process to considerably
improve the mechanical properties of low-density woods and make them more attractive
as a raw material in timber construction elements, for example.

It is well known that there is a strong correlation between many important timber
properties and the density, and densification, i.e., the transversal compression of wood, is a
method of increasing the density and improving the properties primarily of low-density
timber species [1]. In most cases, densification involves a combination of heat, moisture
and pressure, i.e., thermo-hydro-mechanical (THM) densification, to deform the wood cells
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without fracturing the cell walls, leading to a reduction in the volume of voids within the
cells. This means that the maximum bulk density achievable through densification is close
to the density of the wood’s cell wall, which is about 1500 kg m−3 [2]. The increase in
hardness, modulus of elasticity (MOE) and modulus of rupture (MOR) in bending usually
matches the increase in density achieved during densification [3–5].

During THM densification, the main wood components, except cellulose, become
plastic and deform when the wood is under the combined influence of moisture, high
temperature and mechanical compression. The semicrystalline cellulose macromolecules
are, however, elastically deformed, and elastic strain energy is then stored in the helical
semicrystalline microfibrils. The deformation is temporarily fixed by two phenomena:
(1) the transfer of lignin from a rubbery state to a glassy state when the wood is cooled to
below the glass-transition temperature, and (2) the formation of hydrogen bonds between
cellulose and hemicellulose during drying. When the densified wood is again exposed
to moisture and heat, the lignin is softened and hydrogen bonds between cellulose and
hemicellulose are broken and combined with water molecules. As a result, densified wood
cells tend to recover to their original shape and the improvement in properties resulting
from densification is lost—a phenomenon known as set-recovery [6,7].

There are three basic ways to avoid set-recovery: (1) to make the cell wall hydrophobic
to prevent the wood from being re-softened by the absorption of moisture, (2) to create
covalent crosslinks between the wood constituents during densification, and (3) to release
the elastic stresses stored inside the microfibrils [8,9]. In practice, steaming wood before
or after densification is widely used to prevent the densified wood from recovering to its
original shape due to stress relaxation, the degradation of hygroscopic hemicellulose or
the breaking of crosslinks between adjacent cellulose molecules [7,10,11]. Other ways to
reduce set-recovery are to impregnate the wood with a low molecular-weight resin that
acts as a plasticizer before densification, and after curing, locks the wood in its densified
shape [12] by modification with ionic liquids [13] or by mechanical locking [14].

With the successful elimination of set-recovery, densification creates the potential
for the use of low-density wood in load-bearing structures. Timber used in construction
(whether it is in its natural state or not), in engineered wood products or that is modified in
some way, will be exposed to long-term loading and will thereby exhibit creep deformation
and, in extreme circumstances, lead to early failure of the structure or at least give a
negative impact on the serviceability during its service life. With insufficient knowledge
of the long-term loading behaviour limits, however, the use of densified wood in timber
construction may involve a potential safety risk [15,16].

Wood is a viscoelastic material, i.e., its behaviour under load is time-dependent,
showing the characteristics of both elastic and viscous materials. The total creep behaviour
can be divided into three main stages, as shown in Figure 1: (1) primary creep, which
increases rapidly and then slows down progressively with time; (2) secondary creep, which
is almost zero; and (3) tertiary creep where the deformation increases rapidly to failure [17].
Whether or not the tertiary stage occurs in a loaded timber element depends on the stress
level (σ). In order to guarantee that the deformation never reaches the tertiary stage
resulting in wood failure, Eurocode 5 (CEN 2004) specifies a stress limit (σlim), which
depends on the climate and on the duration of the load [18].

Like all polymeric materials, wood exhibits a complex viscoelastic behaviour de-
pending on the structure, temperature and moisture content (MC), and it is extremely
anisotropic [20,21]. In general, the creep behaviour in wood can be divided into two cat-
egories that are dependent on the ambient temperature (T) and relative humidity (RH):
viscoelastic creep and mechano-sorptive creep [22].

Viscoelastic creep is a deformation beyond the elastic recoverable deformation and
arises when wood that is kept at a constant MC in the green state or at an equilibrium MC
(EMC) below fibre saturation is instantly loaded to a constant stress level. Viscoelastic creep
may occur as an effect of a change in temperature during loading while the MC is kept
constant. Mechano-sorptive creep occurs as a consequence of a change in the MC of the
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material. When wood is under constant load and the RH cycles from wet to dry, the creep
deformation also follows a cyclic pattern, a phenomenon called mechano-sportive creep.
Unlike viscoelastic creep, which is time-dependent, the mechano-sportive component of
the total creep is directly related to the rate of change and to the range of the change in MC.
The accumulative deformation as a result of RH cycles is considerably greater than that of
a constant RH, at a given stress level, and mechano-sportive creep can result in premature
failure at a low stress level [23].

Figure 1. Creep deformation of timber under load. σ = applied load stress, σlim = ultimate stress
limit [19].

Under conditions of moderate loading, constant temperature and constant MC, the
time-dependent characteristics of wood can be measured in static (creep, stress relaxation)
and dynamic tests. To characterise the linear viscoelastic behaviour of wood, creep and
stress relaxation tests are generally preferred to dynamic tests. In static tests, the creep
and relaxation functions are obtained explicitly on a time scale, whereas dynamic tests
give a complex function related to the frequency. It is not always possible to convert
complex dynamic functions to static creep or relaxation functions, but within the limits
of linear viscoelasticity, the results obtained from these three methods are mathematically
related [24].

Water acts as a natural plasticizer for wood, where the replacement of hydrogen bonds
within the amorphous cellulose and hemicellulose increases the movability of the cell-wall
constituents. Several studies have reported that viscoelastic creep compliance increases
when the MC of wood increases [25–27]. Hering and Niemz [26] studied the viscoelastic
creep of European beech timber loaded in bending to 25% of its ultimate strength at different
MCs (8, 15 and 23%), and showed that the viscoelastic creep compliance increased by about
8 times when the MC increased from the lowest to the highest tested MC.

The temperature of the wood material affects the viscoelastic creep behaviour both
directly and indirectly. With increasing temperature, the thermal action weakens the inter-
and intra-molecular interactions such as hydrogen and Van der Waals forces between the
main wood components and makes the macromolecular more flexible [28]. Engelund and
Salmén [29] showed that the creep deformation of Norway spruce at constant MC increased
when the temperature was raised from 10–45 ◦C. The influence of temperature on the creep
becomes more apparent when the glass-transition temperature (Tg) of wood is passed [30].
The Tg of wood is related to the proportions of the main wood components and their MC.
The softening of cellulose is limited due to its crystalline and hydrophobic nature, however,
and the strong secondary forces between the molecules of crystalline cellulose raise the Tg
above the temperature where wood begins to show severe thermal degradation. Because of
the branched, highly crosslinked and hydrophobic molecular structure of lignin, its Tg is
still above 80 ◦C when wood reaches the fibre-saturation point. In contrast, the amorphous
cellulose and hemicelluloses are hydrophilic, and their Tg can be as low as 20 ◦C when the
MC is high [31].
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Because of the natural orthotropic structure of wood, the viscoelastic creep behaviour
is also highly dependent on the loading direction, the loading mode and the stress level. The
creep of timber when it is loaded perpendicular to the fibre direction can be several times
greater than when it is loaded parallel to the fibres, but due to the existence of wood rays,
the creep in the radial direction is less than that in the tangential direction. Shear loading
results in greater creep than the creep in compression, tension or bending [32]. The ultimate
stress level also has a significant effect on the creep level. Roszyk and Kaboorani [27,33]
found that wood showed a linear viscoelastic behaviour in bending at stress levels up to
45% of its ultimate strength. Because the creep behaviour of wood is strongly dependent on
the MC, Eurocode 5 (CEN 2004) takes into consideration the ambient climate by using the
concept of “service class”. The standard provides different strength reduction factors (kmod)
and different creep coefficients (kdef) at different service classes to estimate the load-bearing
capacity and total deformation during the structural life. The service class is defined as the
temperature and RH of the material in service [18]. For modified timber, the safety factors
may differ from those of unmodified timber, but this is not yet well understood.

The objective of the present study was to examine the behaviour of THM densified
Scots pine sapwood under long-term loading at a constant climate (Service Class 1 of
Eurocode 5). The effects of resin impregnation prior to the THM treatment and thermal
modification after the THM densification have also been examined.

2. Materials and Methods

2.1. Specimen Description

Kiln-dried Scots pine (Pinus sylvestris L.) sapwood with an MC of 9.4% and an average
density of 480 kg m−3 (at ≈12% MC) was used. Sixty straight-grained, knot-and defect-free
specimens 200 mm (longitudinal) × 20 mm (radial) × 20 mm (tangential) in size were
prepared from a single piece of sawn timber. The specimens were randomly distributed
into four different groups: (1) reference (R), (2) densified (D), (3) resin-impregnated and
densified (RI-D) and, (4) densified and thereafter thermally modified (D-TM), as shown
in Figure 2. Each group was divided into sub-groups of five replicates for set-recovery,
three-point bending, and creep tests (Table 1).

 

Figure 2. Specimens in the four groups: (a) reference without any treatment, (b) densified, (c) resin-
impregnated and densified, and (d) densified and thereafter thermally modified.
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Table 1. Test groups and numbers of specimens in each group.

Title 1 Set-Recovery
Three-Point Bending

Short-Term Test
Three-Point

Bending Creep Test

Reference (R) 5 5 5
Densified (D) 5 5 5

Resin-impregnated and densified (RI-D) 5 5 5
Densified and thereafter thermally

modified (D-TM) 5 5 5

2.2. Wood Modification

An open-system hydraulic hot-press (Langzauner “Perfect” LZT-UK-30-L, Lambrechten,
Austria) equipped with a water-cooling system was used for the THM densification of
groups D, RI-D and D-TM. The specimens were compressed in the radial direction from
20 to 10 mm in thickness (50% target compression ratio). A metal stop with a height of
10 mm determined the endpoint. The THM densification included the following stages:
(a) the upper and lower platens of the hot press were pre-heated to ≈170 ◦C, (b) the speci-
mens were placed in the press, and a pressure of 4 MPa was applied in the radial direction
with a closing speed of 3 mm s−1, (c) the pressing conditions were held for 3 min after the
press platen reached the metal stop, (d) the temperature of the upper and lower platens
was raised to ≈200 ◦C and kept at this temperature for 2 min, and (e) the upper and lower
platens were cooled to ≈60 ◦C with the specimens remaining under compression. The press
was then opened, and the specimen dimensions were measured immediately (Figure 3).

Figure 3. Schedule of thermo-hydro-mechanical (THM) treatment. Closing speed 3 mm s−1.

An aqueous, low-molecular-weight phenol-formaldehyde (PF) resin was used for the
impregnation process of group RI-D, supplied by Metadynea Austria GmbH (Krems an der
Donau, Austria). A 30% solids content solution was prepared with distilled water. During
the impregnation, the wood specimens were submerged in the solution and vacuum im-
pregnated at 0.001 bar for 30 min. The specimens were then dried under indoor conditions
for 12 h and afterwards at ≈60 ◦C in an oven for 24 h.

The thermal modification was carried out for group D-TM in a non-pressurized cham-
ber, heated with a 4 kW electric resistance and a 1.4 bar steam generator following the
schedule shown in Figure 4. The process was divided into three stages: (a) the temperature
was progressively raised from room temperature (≈20 ◦C) to ≈200 ◦C (dry-bulb tempera-
ture) for 8 h, (b) the temperature was held at 200 ◦C for 2 h (thermal-modification stage),
and (c) the chamber was cooled down to a temperature of ≈100 ◦C, and the specimens
were removed after the chamber had reached room temperature.
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Figure 4. Schedule of thermal modification.

The specimens in all four groups were conditioned at 20 ± 2 ◦C and 65 ± 5% RH
for 2 weeks, and then sawn to final dimensions of 200 mm (longitudinal) × 10 mm
(radial) × 15 mm (tangential) before the physical tests were carried out.

2.3. Set-Recovery Test

Before densification, after press opening, and after conditioning at 20 ± 2 ◦C and
65 ± 5% RH for 2 weeks, the dimensions of the specimens were measured by a digital
caliper with a precision of ±0.03 mm, and volume (V) was calculated. The mass (M) of each
specimen was also measured on a balance at the same time. The density (ρ) was calculated
as Equation (1).

ρ =
M
V

(1)

The specimens with a dimension of 200 mm (longitudinal) × 10 mm (radial) × 15 mm
(tangential) were kept in a convection oven at a constant temperature of ≈103 ◦C for 24 h,
and the dimension in the densification direction (the radial direction) was measured. The
specimens were then immersed in water (≈20 ◦C) for 24 h followed by oven-drying at
≈103 ◦C for 24 h. This wet–dry cycle was repeated twice. After each cycle, the specimens
were weighed and the dimension in the radial direction was measured at three locations
(5, 150 and 195 mm) in the length direction of the specimens with a digital calliper with a
precision of ±0.03 mm. The water uptake (W) and the set-recovery (SR) were calculated as
Equations (2) and (3).

W =
M1 − M0

M0
(2)

where M1 is the mass after being immersed in water for 24 h, and M0 is the oven-dry mass, and

SR =
T′

0 − Td

T0 − Td
(3)

where T′
0 is the oven-dry thickness after the wet-dry cycles, Td is the actual thickness after

densification and T0 is the initial oven-dry thickness before densification.

2.4. Three-Point Bending Short-Term Test

The three-point bending test based on EN 408 (CEN 2012) [34] was carried out using a
universal machine Zwick/Roell UTM Z100 (Zwick GmbH & Co. KG, Ulm, Germany) with
a 100 kN load cell to determine the modulus of elasticity (MOE) and modulus of rupture
(MOR). The loading span was set to 160 mm, and the speed of loading was controlled by a
displacement rate of 5 mm min−1. The specimens were loaded in the radial direction. MOE
and MOR values were calculated as Equations (4) and (5).

MOE =
Pl3

4bd3 Δ
(4)
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MOR =
3Fmaxl
2bd2 (5)

where P is the load difference (N) in the elasticity zone, l is the supporting span (mm),
b is the width (mm) of the specimens, d is the thickness (mm) of the specimens, Δ is the
deflection (mm) at mid-length below the proportion of deflection limit, and Fmax is the
maximum load (N) when the specimen breaks.

2.5. Three-Point Bending Creep Test

The creep test was carried out in a custom KAPPA Multistation testing machine (Zwick
GmbH & Co. KG, Ulm, Germany), able to accommodate five specimens simultaneously.
The specimens were loaded as in the three-point bending with an applied stress level at
35% of the mean MOR value for each group given in Table 2. Each test was run for 14 days
at 20 ± 2 ◦C and 65 ± 5% RH, in accordance with Service Class 1 as defined in Eurocode 5
(CEN 2004). The mid-span vertical deflection was recorded by an extensometer.

Table 2. Physical and flexural properties of untreated and treated specimens.

After Press
Opening

After 2 Weeks Conditioning at 20 ± 2 ◦C and 65 ± 5% RH

Group
Thickness

(mm)
Thickness (mm)

Density
(kg m−3)

EMC (%) MOE (GPa) MOR (MPa)
Water Uptake

(%)
Set-Recovery

(%)

R / / 480 (±0.04) C 9.4 (±1.6) C 12.4 (±1.9) B 101.5 (±10.4) C 47.5 (±11.7) C /
D 9.85 (±0.05) A 10.67 (±0.18) A 940 (±0.04) B 7.0 (±0.7) B 14.0 (±3.4) AB 166.8 (±25.9) AB 81.1 (±21.3) A 72.3 (±4.1) C

RI-D 9.83 (±0.05) A 10.09 (±0.06) B 980 (±0.04) A 5.2 (±0.7) A 19.4 (±4.1) A 212.7 (±38.5) A 23.8 (±14.5) B 24.7 (±11.3) A
D-TM 9.83 (±0.03) A 10.12 (±0.12) B 910 (±0.03) B 6.2 (±0.6) AB 17.0 (±4.3) AB 157.4 (±40.4) B 35.3 (±14.0) B 6.5 (±1.2) B

R is the reference group without any treatment; D is the densified group; RI-D is the resin-impregnated and
densified group; D-TM is the densified and thereafter thermally modified group. Values with different letters
behind indicate a statistically significant difference (Scheff’s post-test, p < 0.05).

To facilitate comparison, the creep is expressed as the total creep compliance Dt(t),
creep compliance Dc(t), initial compliance Di, and the relative creep compliance Rc(t), which
were calculated according to Equations (6)–(8), respectively.

D(t) =
4bd3

Fl3 δ (6)

where b is the width (mm) of the specimens, d is the thickness (mm) of the specimens, F is
the applied load (N), l is the span (mm) between support, δ is the deflection (mm) at time t,

Dt(t) = Dc(t) + Di (7)

where Di is the initial compliance after the loading reached the applied stress target, and

Rc(t) =
Dc(t)

Di
(8)

where Dc(t) is the creep compliance at time t and Di is the initial creep compliance after the
load reaches the applied stress target.

The anti-creep efficiency (ACE) is a value to quantify the ability of a specific modifica-
tion to reduce the creep deformation [35], calculated as Equation (9).

ACE =
DJu − DJt

DJu
(9)

2.6. Statistical Analysis

All the results are expressed as mean values with standard deviations. The normality
and homogeneity of the data’s variance were verified by the Shapiro–Wilk and the Levene’s
tests, respectively. The results were satisfactory for the application of parametric tests.
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Therefore, a comparison between the results was performed by one-way analysis of variance
(ANOVA) with Scheff’s post-test at a significance level of 5%.

3. Results and Discussion

3.1. Physical and Flexural Properties

Table 2 shows the physical and flexural properties of the different groups of specimens.
After press opening, the dimensions of the densified specimens in the compression direction
(thickness direction) were slightly less than the end-stop limit (10 mm) due to shrinkage,
which means that the 50% compression ratio was successfully achieved. The density of the
RI-D group was slightly higher than that of the D group due to the mass gain during resin
impregnation, and the D-TM group had a slightly lower density due to thermal degradation
of the wood substance.

As shown in Table 2, after conditioning at 20 ± 2 ◦C and 65 ± 5% RH for 2 weeks,
a small set-recovery was recorded for the modified specimens (D, RI-D, and D-TM). All
the modified groups had a statistically significant lower EMC 20 ± 2 ◦C and 65 ± 5% RH
compared with the untreated R group, especially the EMC of the RI-D group, which was
only 5.2%. The mean MOE was slightly improved by densification, but there was no
significant difference between the D and R groups. Nevertheless, the resin impregna-
tion combined with densification (RI-D) gave a considerable increase in the MOE. The
densification leads to an improvement by about 64% on the MOR. When combining resin-
impregnation with densification, RI-D showed further increases on the MOR due to the
impregnation induced higher density and permanent swelling of the cell wall [36,37]. The
thermal modification, however, slightly reduced the densification-induced MOR improve-
ment, presumably because the non-crystalline cellulose, hemicellulose and extractives were
thermally degraded [7,10].

The resin impregnation and thermal modification reduced the water uptake and set-
recovery considerably compared to the D group. The high plasticizing effect of the PF
resin on the wood cell wall [12] can effectively decrease the inner stresses generated during
densification and therefore prevent set-recovery if specimens are exposed to moisture, and
the cured resin in the cell wall can provide excellent anti-swelling efficiency when exposed
to a varying climate [36]. The post-thermal modification weakens the connection between
the microfibrils and lignin and leads to hydrolysis of the hemicelluloses and, therefore,
allows internal stresses to relax [38].

3.2. Three-Point Bending Creep

The creep compliance of Scots pine under constant climate was significantly changed
by the densification (Table 3). The initial creep compliance of the modified groups (D,
RI-D, and D-TM) was about half that of the untreated R-group, which can be attributed to
the EMC reduction. There was no significant difference in the relative creep between the
untreated R groups and the modified groups (D, RI-D, and D-TM) after 14 days.

Table 3. Result of bending creep test.

Groups Di (GPa−1) Dc (14d) (GPa−1) Rc (14d) (%) ACE (14d) (%)

R 1.02 (±0.11) A 0.36 (±0.07) A 34.88 (±3.69) AB /
D 0.57 (±0.11) B 0.21 (±0.04) B 36.88 (±3.71) A 41 A

RI-D 0.50 (±0.11) B 0.16 (±0.02) B 33.45 (±4.17) AB 54 A
D-TM 0.65 (±0.08) B 0.16 (±0.05) B 25.43 (±8.48) A 54 A

R is the reference group without any treatment; D is the densified group; RI-D is the resin-impregnated and
densified group; D-TM is the densified and thereafter thermally modified group. Di is the creep compliance after
loading achieved target applied stress and called initial compliance; Dc (14d) is the creep compliance except for
initial compliance at 14 days; Rc (14d) is relative creep at day 14; ACE (14d) is Anti-creep efficiency at day 14.
Values with different letters behind indicate a statistically significant difference (Scheff’s post-test, p < 0.05).

The creep compliance of all the groups showed a rapid increase in the first 2 days
and followed by a gradual slowing down with time (Figure 5). At the end of the test, the
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creep compliance of the untreated R group was 0.36 GPa−1, whereas that of the modified
groups (D, RI-D, and D-TM) was only about half this value. Compared to the untreated R
group, the creep compliance of all the modified groups (D, RI-D, and D-TM) was reduced
by 40–55% after 14 days, which means that the densification reduced the creep deformation
and that both resin impregnation and thermal modification enhanced this effect. This
result agrees with a previous study of the viscoelastic properties of densified wood using
dynamic mechanical analysis, which showed a lower creep compliance of densified wood
under controlled RH [39]. None of the specimens reached the tertiary creep stage, where
the deformation rapidly increases and leads to failure of the material.

 

Figure 5. Average creep compliance of untreated and treated wood for 14 days. R is the reference
group without any treatment; D is the densified group; RI-D is the resin-impregnated and densified
group; D-TM is the densified and thereafter thermally modified group.

It was assumed that the modification-induced change in the chemical components
and the change in hygroscopicity contribute to the creep compliance reduction. It has been
reported that the crystallinity increases during densification due to the hydrolysis and
depolymerization of amorphous wood components [40–42]. Since the change in cell wall
crystallinity contributes to about 60% variation in the total creep deformation in a constant
environment [43], the densification-induced crystallinity increase may also reduce the
creep deformation. The lower viscoelastic creep at low EMC is because water is a natural
plasticizer for wood. Compared with wood at a low EMC, there are more water molecules
in wood with a high EMC and these break the hydrogen bonds within the amorphous
components. As a result, there is more free space for the movement of polymer molecules,
the intermolecular bonding energy is weakened and finally the slipping between molecular
chains and the loosening of cell wall structure increases the creep compliance [27,44].

Impregnation with a thermosetting resin enhances the bonding between wood micro-
fibres and therefore reduces the creep compliance [45,46]. Xiang [47] reported that thermal
modification can also significantly increase the crystallinity, crystalline thickness, and
crystalline length of wood, which reinforces the arrangement of cellulose molecular chains
and therefore reduces creep compliance. In addition, the thermal modification induced
condensation polymerization of lignin also increases the creep resistance [48].

4. Conclusions

THM densification leads to a significant increase in density and therefore increases
the bending strength but not the MOE of Scots pine sapwood. The THM densified wood
showed a reduced time-dependent creep under long-term constant load in a stable environ-
ment compared to that of untreated wood. The initial compliance and creep compliance
of THM densified wood after 14 days of loading was reduced by 40% compared to that of
untreated wood. In summary, THM densification shows the potential to increase the use of
low-density wood in construction for long-term loading.
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Both resin impregnation and thermal modification considerably reduced the set-
recovery of the THM densified wood. In addition, resin impregnation and thermal modifi-
cation combined with densification can maintain and enhance the densification-induced
property improvement. The EMC is an essential factor influencing the creep behaviour of
wood, and since the treatments applied in this study lead to a lower EMC of modified wood
(group D, group RI-D, and group D-TM), this could be the primary reason for the reduced
creep compliance. A future study should therefore focus on how the modification-induced
change in EMC affects the bending creep behaviour.
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Carmen-Mihaela Popescu 4,5 , Maria-Cristina Popescu 4 , Christian Brischke 6 , Lina Nunes 7 ,

Simon F. Curling 8 , Graham Ormondroyd 8 and Dick Sandberg 1,2

1 Wood Science and Engineering, Luleå University of Technology, Forskargatan 1, SE-931 87 Skellefteå, Sweden;
dick.sandberg@ltu.se

2 Department of Forestry and Biomaterials, Czech University of Life Sciences Prague,
16500 Prague, Czech Republic

3 Biotechnical Faculty, University of Ljubljana, Jamnikarjeva 101, 1000 Ljubljana, Slovenia;
davor.krzisnik@bf.uni-lj.si (D.K.); miha.hoc@gmail.com (M.H.); andreja.zagar@bf.uni-lj.si (A.Z.);
miha.humar@bf.uni-lj.si (M.H.)

4 Petru Poni Institute of Macromolecular Chemistry of the Romanian Academy, 41A Grigore Ghica Voda Alley,
700487 Iasi, Romania; mihapop@icmpp.ro (C.-M.P.); cpopescu@icmpp.ro (M.-C.P.)

5 Centre of Wood Science and Technology, Edinburgh Napier University, Edinburgh EH11 4EP, UK
6 Wood Biology and Wood Products, University of Goettingen, Buesgenweg 4, D-37077 Goettingen, Germany;

christian.brischke@uni-goettingen.de
7 Structures Department, LNEC, National Laboratory for Civil Engineering, Av. do Brasil, 101,

1700-066 Lisbon, Portugal; linanunes@lnec.pt
8 The Biocomposites Centre, Bangor University, Deiniol Road, Bangor LL57 2UW, UK;

s.curling@bangor.ac.uk (S.F.C.); g.ormondroyd@bangor.ac.uk (G.O.)
* Correspondence: dennis.jones@ltu.se

Abstract: The effects of thermal modification of wood have been well established, particularly in
terms of reductions in mechanical performance. In recent years, there has been an increase in studies
related to the Maillard reaction. More commonly associated with food chemistry, it involves the
reaction of amines and reducing sugars during cooking procedures. This study has attempted to
combine the use of amines and thermal modification, with subsequent properties investigated for
the treatment of spruce (Picea abies (L.) H. Karst) and beech (Fagus sylvatica L.). In this initial study,
the combined effects of chemical treatments by tricine and bicine were investigated with thermal
modification. Along with some preliminary data on mechanical properties, the modifications which
appeared in the wood structure were evaluated by infrared spectroscopy and biological studies
according to EN113 and EN117 methodologies. The hierarchal study interpretation of FTIR suggested
interactions between the bicine or tricine and the wood, which was partly supported by the analysis
of volatile organic compounds (VOC), though other tests were not as conclusive. The potential of the
method warrants further consideration, which will be described.

Keywords: wood; Maillard reaction; thermal/chemical treatment; mechanical properties; infrared
spectroscopy; biological properties

1. Introduction

Wood has long been associated as an important natural resource, given its use by
humanity to produce such diverse items as art and furniture and its use in construction.
The use of wood is seen as a necessity for sustainable construction in our modern society [1].
As greater importance is placed upon the performance of wood as a material, it has become
necessary to alter some of the inherently undesirable properties limiting the longevity of
service performance. Of particular importance are issues relating to limitations related to
stability in service, susceptibility to fungal decay or weathering, etc., [2,3]. Thus, ways of
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improving factors such as moisture sensitivity, low dimensional stability, low hardness and
wear resistance, low resistance to bio-deterioration against fungi, termites, marine borers
and low resistance to UV radiation have become important parameters in wood treatment
technologies and in particular wood modification treatments.

Nowadays, wood modification is defined as a process adopted to improve the physical,
mechanical or aesthetic properties of sawn timber, veneer or wood particles used in the
production of wood composites. This process produces a material that can be disposed of
at the end of a product’s life cycle without presenting any environmental hazards greater
than those that are associated with the disposal or combustion of unmodified wood. Recent
publications [4,5] indicated how wood modification is becoming more established across
Europe at both the commercial large and the niche manufacturing scale. A range of methods
have become available, with the focus on thermal [6–9] and chemical treatments [10–13]
being the most studied. The subject has attracted several reviews, e.g., [14–16], and is
hereby introduced in more detail.

The thermal modification of wood is now an accepted means of treating wood, with
several commercialised processes. Depending on the process, humidity, temperature and
time [17], a range of reactions may occur, such as hydrolysis, oxidation and decarboxy-
lation reactions, along with physical changes. The results of such treatments are end
products presenting improved physical characteristics, such as lower hygroscopicity, better
dimensional stability and durability, though mechanical properties are often significantly
reduced, with dynamic mechanical properties (such as impact bending, fatigue) typically
being more affected than static properties. Improvements in stability and durability are
of importance where wood is exposed to different chemicals or biological agents such as
fungi and bacteria, or to frequent use under natural environmental conditions.

Another possible type of wood modification is the reaction with different chemicals—
chemical modification—where chemical moieties are covalently bonded to the wood cell
wall polymers. Different chemical modifications [11–13,18–20] may be used to alter the
properties of wood [20], particularly for improving the dimensional stability, decay resis-
tance and water performance of wood, and to improve mechanical properties compared
to those from typical thermal modification processes [21]. Most modification methods
involve the hydroxyl groups in the cell wall, which are partially substituted, and the cell
wall of the wood is bulked with the bonded chemicals. The substitution of the hydroxyl
groups reduces the number of primary sorption sites (typically the OH groups), while the
bulking reduces the volume in the wood cell wall which is available to water molecules.
The most common chemical modification process involved reaction with anhydrides, with
a multitude of examples listed in the literature. However, it is the acetylation process using
acetic anhydride that has been the most studied, resulting in its commercialisation [2].
Apart from anhydrides, many other chemicals have been used to try to improve the prop-
erties of wooden material. For example, treatments with dimethyloldihydroxyethylene
urea (DMDHEU), melamine resin, silane or silicon polymers were found to improve the
mechanical strength of wood [3].

More recently, the use of Maillard reactions for wood treatment proved to be a promis-
ing modification method to improve some of the wood properties. This type of reaction
is well-known in food chemistry, where it is responsible for the browning in many foods
during baking [22,23]. The essence of the reaction is that a reducing sugar condenses
with a compound possessing a free amino group to give a condensation product [24].
Subsequently, a range of reactions takes place, including cyclisations, dehydrations, retroal-
dolisations, rearrangements, isomerisations and further condensations, which ultimately
lead to the formation of polymers and co-polymers, known as melanoidins [24]. The
composition of its chemical structure is relatively unknown due to the complexity of the
products that are generated in the reaction [25]. The advantage of this reaction is that it
is an aqueous process and initiated by heat only, making it relatively straightforward to
apply to wood in a commercial process. In addition, the reaction does not require the use
of strong acids or bases, which could degrade the wood structure.
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In earlier experiments [26], the influence of the Maillard reaction on European beech
and Scots pine was investigated. The wood was impregnated with an amine (glucosamine,
lysine or glycine), sugars (glucose or xylose) and an extra reagent to improve the reaction
(magnesium chloride, maleic acid or citric acid). The results showed that when lysine,
glucose or citric acid were reacted, a high weight percentage gain (WPG) was obtained
(18% for beech and 40% for pine). After a leaching procedure, the WPG for beech was 11%
and 25% for pine, respectively. This preliminary screening reaction has shown that the
Maillard reaction offers potential as a potential new wood modification system, though a
reduction in leaching would help maintain the modification benefits.

In this context, a recent work of Hauptmann and co-workers [3] considered the use
of tricine for the modification of wood. This is capable of binding with reduced sugars,
though studies have been limited to a maximum temperature of 103 ◦C. They observed
increased hardness and the tensile strength of their modified wood species. As indicated
earlier, Maillard type reactions are a cascade of reactions (known also as nonenzymatic
browning). The initial step consists in a reaction between a reducing end of a saccharide
and an amino acid [3,26]. This reaction takes place usually during the heat processing of
food with a low relative humidity [27] and it is considered to cause the brown stains during
wood kiln drying with temperatures higher than 80 ◦C due to the presence of natural amino
acids and reduced sugars [3]. The most efficient characterisation method to identify the
modifications appearing in the wood structure during heating and to identify the possible
interaction and bonds formed between the wood components and the reagents used in
chemical modification is infrared spectroscopy. This technique proved to be an efficient
tool to identify small modifications in the wood structure appearing during different
treatments [17,28,29] such as decay, i.e., [30,31] or photodegradation, i.e., [32,33]. Moreover,
due to the use of the small amount of sample and little or no processing, this method is
considered by many to be non-destructive.

In this study, the combined effects of chemical treatment and the thermal modification
are investigated in terms of the use of bicine [2-(Bis (2-hydroxyethyl) amino) acetic acid]
and tricine [N-(2-Hydroxy-1,1-bis (hydroxymethyl)ethyl) glycine] (Figure 1). The concept of
the Maillard reaction depends upon the availability of an active site on the nitrogen within
the amino group (i.e., a N-H group). Whilst this is not present in bicine, it was postulated
within this work that the compound may undergo side group displacement, allowing the
general concepts within the Maillard reaction to proceed. Some of the resulting properties
for the treatment of beech are considered (mechanical, physical and bioresistivity), along
with infrared spectroscopic analysis in an attempt to demonstrate actual chemical bonding.

Figure 1. Chemical structure of bicine (a) and tricine (b).

2. Materials and Methods

In this study, the potential of combining chemical and thermal treatments for European
beech (Fagus sylvatica L.) and Norway spruce (Picea abies (L.) H. Karst) was determined.
For both species, material sourced and felled in Slovenia was used. For each treatment
set, separate sets without visible growth features and varying ring widths, mainly in semi-
radial orientation, were prepared from heartwood sections. Thus, only mature wood was
used for these experiments. The density ranges of the samples were within the typical
oven-dry ranges commonly noted in the scientific literature. Thus, bicine (Bi, CAS Number
150-25-4, Fisher Scientific, Waltham, MA, USA) and tricine (Tri, CAS Number 5704-04-1,
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Fisher Scientific, Waltham, MA, USA) were impregnated into wood specimens, using a 10%
solution (weight:volume, w:v) of the respective compound per impregnation.

2.1. Specimen Treatment

Beech (hereafter referred to as B) and spruce (hereafter referred to as S) specimens of
varying dimensions depending on subsequent testing were prepared and subjected to the
following treatment regimes (Table 1).

Table 1. Overview of treatments undertaken.

Species Code Treatment Description

Beech

B_HT Heat treatment only
B_Bi Bicine pre-treatment and drying

B_Bi_HT Bicine pre-treatment and heat treatment
B_Tri Tricine pre-treatment and drying

B_Tri_HT Tricine pre-treatment and heat treatment
B_C Control

Spruce

S_HT Heat treatment only
S_Bi Bicine pre-treatment and drying

S_Bi_HT Bicine pre-treatment and heat treatment
S_Tri Tricine pre-treatment and drying

S_Tri_HT Tricine pre-treatment and heat treatment
S-C Control

For the impregnation procedure, the solutions were introduced using a vacuum-
pressure impregnation (VPI) process according to the full-cell process in a laboratory im-
pregnation setup (Kambič, Semič, Slovenia). It consisted of 30 min of vacuum (1.0 × 104 Pa),
40 min of pressure (10 × 105 Pa) and 10 min of vacuum (1.5 × 104 Pa). Reagent uptakes
were subsequently determined gravimetrically. The impregnated specimens were con-
ditioned (23 ◦C; 65% relative humidity (RH)) for 2 weeks prior to thermal modification.
Non-impregnated and conditioned specimens served as controls.

The thermal modification (HT) was performed according to a modified Silvapro®

commercial procedure [34] limited to 165 ◦C, due to the risk of thermal degradation of the
chemicals if exposed to temperatures above 180 ◦C. Control specimens were only heated
up to 100 ◦C during the drying procedure in atmospheric conditions. The time of thermal
modification at the target temperature was 3 h and mass loss (ML) of the specimens after
thermal modification was determined gravimetrically. The HT specimens were stored in
the laboratory for 4 weeks (23 ◦C; 65% RH) before subsequent testing.

2.2. Physical Tests
2.2.1. Colour Analysis

Colour was determined on the semi-radial surfaces of a selection of specimens. The
colour measurements were performed according to the CIE L*a*b* system, a method created
by the Commission International de l’Eclairage. The CIE L*a*b* system is characterised
by three parameters: L*, a* and b*. The L* axis represents the lightness, which varies from
a hundred (white) to zero (black), representing the achromatic axis of greys, whereas a*
and b* are the chromaticity coordinates. A positive value of a* denotes a redder colour
on a green–red scale, whereas a positive value of b* denotes a more yellow colour on a
blue–yellow scale. Together, those three components form a three-dimensional colour space.
Colour measurements of in-service testing were performed several times a year with a
portable Colour Measuring Device (EasyCo 566, Erichsen, Hemer, Germany) and expressed
in the CIE L*a*b* system. This device enables contact-free precise colour measurement.
The diameter of the measurement spot is 20 mm. However, laboratory test specimens were
scanned and processed with Corel Photo-Paint 8 software. Corel Photo-Paint was used
as colour analysis as this technique provides the colour of the whole surface and not of
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individual spots. Total colour difference ΔE* (Equation (1)) from a reference colour (L*0,
a*0, b*0) to a target colour (L*1, a*1, b*1) in the CIE Lab space is calculated by determining
the Euclidean distance between two colours given by:

ΔE = ((ΔL*)2 = (Δa*)2 + (Δb*)2)0.5 (1)

2.2.2. Contact Angle Measurements

Contact angles were detected using a Theta optic tensiometer (Biolin Scientific Oy,
Espoo, Finland) and OneAttesion 2.4 (r4931) software (Biolin Scientific, Espoo, Finland).
Five replicates of each treatment were used, to which were added 2 droplets of water (4 μL
each). The samples used were 25 × 15 × 50 mm in size, having been thoroughly dried
(103 ◦C, 24 h). Subsequent changes in contact angle were determined using a 7.6-megapixel
camera, with software constantly monitoring subsequent wetting over a period of 60 s.

2.2.3. Dynamic Vapour Sorption (DVS) Analysis

Samples for dynamic vapour sorption (DVS) analysis were milled in a Retsch SM
2000 cutting mill (Retsch GmbH, Haan, Germany) with a Conidur® perforation sieve with
1.0 mm perforations. Thus, several samples were milled together to create an average
mix of fibres representing each treatment. The milled wood samples were conditioned at
20 ± 0.2 ◦C and 1 ± 1% RH through blowing with dry air. Analysis of the wood samples
was performed using a DVS apparatus (DVS Intrinsic, Surface Measurement Systems Ltd.,
London, UK). A small amount (approximately 400 mg) of pre-conditioned wood chips
was placed on the sample holder, which was suspended in a microbalance within a sealed
thermostatically controlled chamber, in which a constant flow of dry compressed air was
passed over the sample at a flow rate of 200 cm3/s and a temperature of 25 ± 0.2 ◦C.
The schedule for DVS had two steps: 0% and 95% RH. The DVS maintained a given RH
until the weight change of the sample was less than 0.002%/min for at least 10 min. The
running times, target RH, actual RH and sample weights were recorded three times per
min throughout the isotherm run. After the DVS analysis, equilibrium moisture content at
95% RH (EMC95% RH) was determined along with the hysteresis values, determined as
the difference between desorption and adsorption values at a given RH.

2.3. Mechanical Tests
2.3.1. Mechanical Performance Tests

Modulus of elasticity (MOE) and modulus of rupture (MOR) were determined ac-
cording to EN 310 [35] with a static three-point bending test on a Zwick Z005 universal
testing machine (Zwick-Roell, Ulm, Germany). In total, 60 specimens (10 replicates for each
tested material) with dimensions 360 × 20 × 20 mm were prepared and oven dried (103 ◦C)
until a constant mass was achieved. They were dried in order to eliminate the influence
of different moisture contents between control and modified wood. The specimens were
tested for MOE and MOR immediately after drying.

Compressive strength was determined according to the ASTM D1037-99 standard [36]
on a Zwick Z100 universal testing machine (Zwick-Roell, Ulm, Germany). In total, ten
specimens for each test group with dimension 50 × 20 × 20 mm were prepared and oven
dried until a constant mass was achieved. The specimens were tested for compressive
strength immediately after conditioning under standard conditions. After the test, the
compressive strength (Fm) was calculated.

The Brinell hardness (HB) was determined by a standard test method according to
EN 1534 [37]. The penetration depth (h) of an iron sphere (D = 10 mm) was used for
5 replicates, each undergoing 4 individual measurements, in calculations at load F = 1000 N
to determine the Brinell hardness according to:

HB =
2·F

π·D·(D − √(
D2 − 4·h·(D − h)

) (2)
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2.3.2. High Energy Multiple Impact (HEMI) Test

The development and optimisation of the high energy multiple impact (HEMI) test has
been previously described by Rapp et al. [38]. For testing modified and non-modified con-
trol specimens in a high-energy multiple impact (HEMI) test, specimens of 20 × 20 × 10 mm
were split in four specimens of 5 × 20 × 10 mm (radial × tangential × longitudinal). Five
times, n = 20 samples of 5 × 20 × 10 mm were submitted to the HEMI tests. HEMI tests
were performed in a heavy-impact ball mill (Herzog HSM 100-H; Herzog Maschinenfabrik,
Osnabrück, Germany). In short, 20 oven-dried (103 ◦C) samples were placed in the bowl
(140 mm in diameter) of the mill, together with one steel ball of 35 mm in diameter plus
three balls of 12 mm and 6 mm in diameter, respectively. For crushing the specimens,
the bowl was shaken for 60 s at a rotary frequency of 23.3 s−1 and a stroke of 12 mm.
The fragments of the 20 specimens were fractionated on a slit sieve according to EN ISO
5223 [39] with a slit width of 1 mm using an orbital shaker at an amplitude of 25 mm and a
rotary frequency of 200 min−1 for 2 min. The degree of integrity (I), fine percentage (F) and
resistance to impact milling (RIM) were calculated following Equations (3)–(5), where m20
is the oven-dry mass of the 20 biggest fragments, mall is the oven-dry mass of all fragments
and mfragments<1mm is the oven-dry mass of fragments smaller than 1 mm. The RIM was
calculated according to the optimised method [38], which contains a three-fold weighting
of the fine fraction (3 × F), with the values 300 and 400 guaranteeing to achieve a maximum
RIM value of 100%.

I = m20/mall (3)

F = mfragments<1mm/mall (4)

RIM = ((I − 3 × F) + 300)/400 (5)

2.4. Chemical Tests
2.4.1. Volatile Organic Compound (VOC) Analysis

In order to aid FTIR analysis and attempt to identify Maillard-type reaction products,
it was decided to undertake gas chromatography–mass spectrometry (GCMS) analysis
of samples. Thus, subsamples of the materials were cut and immediately placed into a
minichamber (Markes International, Llantrissant CF72 8XL, UK). A flow of nitrogen at
2 mL/min was passed over the samples and through Tenax columns to collect any volatile
organic compounds (VOCs) released. Samples were kept in the chamber for 2, 8 or 16 h.
Collected VOCs were eluted form the Tenax columns using methanol and analysed using
an electron impact (EI) capillary GCMS (Glarus 680 gas chromatograph, Perkin Elmer,
using an Agilent VF5-MS column (30 m × 0.25 mm × 0.25 μm), coupled with a Clarus
600 C mass spectrometer, Perkin Elmer). GC conditions were an initial temperature of 60 ◦C
for 1 min, followed by a temperature increase of 6.0 ◦C/min to a maximum temperature
of 300 ◦C, with the final temperature being held for a further 10 min. Mass spectra were
collected between elution times of 3–51 min from the gas chromatograph over an electron
impact mass range of 40.00 to 600.00.

2.4.2. Infrared Spectroscopy

The infrared spectra of the reference and treated wood specimens were recorded in
potassium bromide (KBr) pellets on a Bruker ALPHA FT-IR spectrometer with 4 cm−1

resolution. The concentration of the sample was a constant of 2 mg/200 mg KBr. Processing
of the spectra was performed using the Grams 9.1 program (Thermo Fisher Scientific,
Waltham, MA, USA).

2.5. Effects against Biological Deterioration Tests

In order to ascertain any biological effects of the treatments, the following aspects
were evaluated within this section.
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2.5.1. Resistance to Fungal Decay

In order to determine any potential effectiveness of treatment against wood-destroying
fungi, tests were carried out according to EN113 [40] once samples had undergone artificial
ageing to remove possible extractives and other components that could act like surfactants.
A similar process occurs in nature with the first extensive rain period. The European EN
84 standard [41] describes a method for artificial ageing (leaching) of wood before testing
the biological effectiveness. This standard was designed to simulate extensive leaching
by natural precipitation. The first step was impregnation with demineralised water. The
samples were stacked in a container, weighed down and vacuum impregnated (4 kPa)
with demineralised water for 20 min and soaked for an additional 2 h. Samples were then
immersed in water for 14 days and during this period water was replaced nine times. After
the ageing process was completed, samples were dried in ambient conditions for 2 weeks
prior to subsequent tests.

The decay test was performed according to the modified EN 113 [40] on treated
and untreated beech and spruce samples. Disposable Petri dishes containing 20 mL of
4% potato dextrose agar (PDA, Difco, NJ, USA) were inoculated with 3 different fungi:
one white rot fungi (Trametes versicolor (L.) Lloyd (ZIM L057)) and two brown rot fungi:
Gloeophyllum trabeum (Pers.) Murrill (ZIM L018) and Poria monticola Murrill (ZIM L033). The
fungal isolates originate from the fungal collection of the Biotechnical Faculty, University of
Ljubljana, Slovenia. A plastic mesh was used to avoid direct contact between the samples
and the medium. The assembled test dishes were then incubated at 25 ◦C and 80% RH for
12 weeks.

Samples of dimensions 8 mm × 25 mm × 25 mm were prepared and 5 replicates per
fungus species were used for each type of treatment. The untreated beech and spruce wood
samples served as reference wood species to assess the validity of the test. After incubation,
the fungal mycelium was removed and the samples weighed for moisture content. After
24 h of drying at 103 ◦C, mass loss was determined gravimetrically.

2.5.2. Efficacy against Subterranean Termites

Subterranean termites belonging to the species Reticulitermes grassei Clément were
captured in a pine forest in Sesimbra, Setúbal district of Portugal and were brought to
the laboratory and kept in a conditioned room at 24 ± 1 ◦C and 8 ± 5% RH. Groups
of 150 workers of termites were established in 200 mL glass jars with moistened sand
(Fontainebleau sand and water; 4:1 v/v) as substrate. Three replicates (30 × 10 × 10 mm)
per treatment were then placed in contact with the termites and the test run for four weeks
at the described conditions. Maritime pine test specimens with the same dimensions were
also included as internal virulence controls [42,43]. The initial moisture content of the
blocks was measured in sets of three additional replicates per treatment and these values
were used to determine the theoretical initial dry mass (IDM) of the exposed specimens (in
all tests conducted). At the end of the trial, the final moisture content was recorded and the
mass loss was obtained according to:

Mass loss = (FDM − IDM)/IDM (6)

where FDM is the oven-dry mass of the block at the end of the test. The survival of the
termites was also recorded and all wood blocks were graded in terms of termite attack
using the scale: 0 = no damage; 1 = attempted attack; 2 = slight damage; 3 = superficial and
inner damage; 4 = heavy inner damage.

2.6. Statistical Analysis

Where applicable, a multivariate analysis of variance (ANOVA) was performed to
determine any significant affect as a result of specific treatments and resulting tests. Sig-
nificance established at the p < 0.05. Tukey’s honest significance test was applied to find
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means that are significantly different from each other. Additionally, statistical analysis was
undertaken using IBM SPSS Statistics V26.

3. Results and Discussion

3.1. Weight Uptakes

Figure 2 gives an overview of the weight changes as a result of the treatments un-
dertaken. The results from experiments involving spruce produced weight gains from
treatment with bicine or tricine, respectively. However, the combined chemical treatment
of bicine with thermal treatment resulted in what appears to be an erroneous higher weight
gain than that observed for treatment with bicine alone, though standard deviation could
suggest similar results for S_Bi and S_Bi_HT, respectively. Since the thermal modification
process resulted in a weight loss, it would be expected that similar thermal treatment
following chemical treatment would result in some reduction in weight uptake unless some
degree of interaction of bicine with components that would normally be lost during the
thermal modification has occurred. The mass loss noted after thermal modification (1.30%)
can be explained by the mild conditions applied during the experiments. This would
seem to suggest that there is some retention of components because of the thermal process,
which can react with the bicine. This contradicts the expected Maillard-type reaction, which
is dependent on the presence of a reactive N-H group, usually in a primary amine, but
suggested in work by Hauptmann et al., [3] as being possible in the secondary amine
of tricine.

Figure 2. Weight changes as a result of treatments on beech (B) and spruce (S). Bi = bicine, Tri = tricine,
HT = thermal modification.

3.2. Results from Physical Tests
3.2.1. Colour Changes

Evaluation of the colour changes as a result of the treatments can be seen in Tables 2 and 3
for European beech and Norway spruce, respectively.

The results for spruce indicated that treatment with bicine in conjunction with heat
treatment had the greatest impact in terms of darkening (ΔL*) of samples, resulting in
a value of −30.4. However, with beech, it was the corresponding treatment with tricine
that produced the greatest darkening (ΔL* = −23.04), compared to the darkening by heat
treatment alone, where ΔL* values of −12.4 and −11.1 were obtained for bicine and tricine,
respectively. For spruce, ΔL* was lower for tricine with heat treatment (−15.7), but still
significantly different from the heat treatment alone. Similar effects were noted for bicine
when heat treated with beech. In general, a* and b* values remained relatively unchanged
for all samples.
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Table 2. Colour determinations of European beech (B) treated with bicine (Bi) and tricine (Tri),
respectively. HT = thermal modification.

B_C B_HT B_Bi B_Bi_HT B_Tri B_Tri_HT

L* (s.d.) 76.00 (2.59) 64.94 (0.96) 64.86 (0.96) 63.14 (1.36) 64.72 (2.22) 52.96 (3.26)
a* (s.d.) 7.68 (0.18) 6.90 (0.27) 9.70 (0.27) 8.02 (0.32) 7.86 (0.62) 9.3 (0.60)
b* (s.d.) 8.90 (0.22) 7.68 (0.19) 10.20 (0.27) 8.20 (0.27) 7.94 (0.37) 8.40 (0.22)

ΔL* −11.06 −11.14 −12.86 −11.28 −23.04
Δa* −0.78 2.02 0.34 0.18 1.66
Δb* −1.22 1.30 −0.70 −0.96 −0.50

ΔL* (%) −14.55 −14.66 −16.92 −14.84 −30.32
Δa* (%) −10.16 26.30 4.43 2.34 21.61
Δb* (%) −13.71 14.61 −7.87 −10.79 −5.62

ΔE* 11.15 11.40 12.88 11.32 23.11

Table 3. Colour determinations of Norway spruce (S) treated with bicine (Bi) and tricine (Tri),
respectively. HT = thermal modification.

S_C S_HT S_Bi S_Bi_HT S_Tri S_Tri_HT

L* (s.d.) 84.46 (1.08) 72.06 (1.33) 75.20 (1.96) 54.04 (1.61) 83.26 (0.22) 68.80 (1.61)
a* (s.d.) 6.90 (0.45) 8.20 (0.27) 8.40 (0.55) 9.52 (0.38) 7.00 (0.22) 8.20 (0.41)
b* (s.d.) 10.78 (0.38) 11.80 (0.35) 13.60 (0.42) 10.98 (0.18) 13.06 (0.40) 13.02 (0.40)

ΔL* −12.40 −9.26 −30.42 −1.20 −15.66
Δa* 1.30 1.50 2.62 0.10 1.30
Δb* 1.02 2.82 0.20 2.28 2.24

ΔL* (%) −14.7 −11.0 −36.0 −1.40 −18.5
Δa* (%) 18.8 21.7 38.0 1.40 19.1
Δb* (%) 9.50 26.20 1.90 21.20 6.90

ΔE* 12.51 9.80 30.53 2.58 15.73

As previously described [9], the change as a result of thermal modification may be
explained by a darkening of lignin components alone, whereas results here indicate some
additional processes, albeit seemingly differing between spruce and beech for bicine and
tricine, respectively. This suggests that some form of additional chemical reaction assumed
to be a Maillard process has occurred as a result of the combination of treatments, with a
p-value for the interaction effect of heat treatment and choice of respective chemicals of
0.021, which was possibly as a result of the formation of polymerisation products such as
melanoidins [24].

Based on the results in Tables 2 and 3, it would appear that the combined effect of
chemical treatment and thermal modification had differing impacts on the beech and spruce,
respectively. For softwoods, the treatment with bicine produced the most significant colour
change on thermal modification (p = 0.068 for S_Bi, but p < 0.001 for S_Bi_HT), whilst
tricine was most significant with thermally treated beech. The result for bicine and heat
treatment for spruce would appear to confirm the retention of material suggested from
weight uptakes in Figure 2, given that the retained materials show greater colouration,
typical of a Maillard-type reaction occurring.

3.2.2. Contact Angle Measurements

Studies into how treated beech and spruce samples adsorb a droplet of water over a
period of time are shown in Table 4. It can be seen that the thermal modification, albeit
under mild conditions, had a significant effect on how quickly a droplet was adsorbed into
the wood surface. Increasing the thermal treatment temperatures from those in this study
(165 ◦C) to typical thermal modification conditions (above 190 ◦C) would further increase
the hydrophobicity of the wood surface and help maintain the droplet stability. However,
operating the thermal processing at these higher temperatures would result in thermal
decomposition of the bicine and tricine.
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Table 4. Overview of contact angle studies of a water droplet over time. B = beech, S = spruce,
Bi = bicine, T = tricine, HT = thermal modification, C = control.

Time (Seconds)

1 s 10 s 20 s 30 s 45 s 60 s

Beech B_C 70.71 57.45 53.93 51.47 48.19 45.97
B_HT 99.78 90.17 84.49 81.66 78.07 75.28
B_Bi 87.04 70.98 65.27 61.53 57.80 55.80

B_Bi_HT 101.83 86.24 79.78 75.70 71.73 68.95
B_Tri 99.13 83.06 77.64 75.31 72.26 70.43

B_Tri_HT 113.17 102.75 96.96 93.04 89.23 86.50

Spruce S_C 106.05 99.87 97.99 96.31 94.74 93.86
S_HT 112.79 110.24 109.55 109.08 108.33 107.69
S_Bi 86.16 69.90 63.04 59.79 58.04 56.64

S_Bi_HT 102.58 87.81 82.87 79.85 76.88 75.44
S_Tri 102.53 86.50 81.27 77.93 74.42 72.39

S_Tri_HT 108.10 101.79 99.16 97.88 96.47 95.16

It is interesting to note the effect of impregnating bicine and tricine into the wood
specimens. For spruce, there is a significant reduction in immediate contact angle, with
the droplet being more rapidly adsorbed into the wood surface over the 60-s duration.
However, there is a slight increase in droplet stability when beech is treated with bicine
(p < 0.001). When combined with thermal treatment, bicine treatments are equivalent to
the thermal treatment alone, whilst tricine treatment followed by thermal modification
resulted in a significant increase in droplet stability (and therefore hydrophobicity) for
beech (p < 0.05). The combined salt and thermal treatments on spruce yielded results
similar to those of the thermal treatment alone. The slightly better results for tricine may be
partly described by its different solubility level to bicine (18 g per litre compared to 160 g
per litre for bicine). Whilst this did not appear to cause any problems in preparation of the
treatment sample, it may be possible that once deposited within the cell wall, the tricine
resulted in a coating that slightly enhanced the hydrophobic nature of the wood surface.
The potential of subsequent reaction with reduced sugars during the thermal modification
process may further enhance this effect.

3.2.3. Dynamic Vapour Sorption (DVS)

The equilibrium moisture contents of samples (Table 5) mainly followed the patterns
observed for low temperature thermal modification processes, with the slight decreases
noted matching those previously reported under similar conditions [44].

Table 5. Average equilibrium moisture content (EMC) values of combined milled samples at 95%
relative humidity (RH). B = beech, S = spruce, Bi = bicine, Tri = tricine, HT = thermal modification,
C = control.

Beech EMC95% RH (%) Spruce EMC95% RH (%)

B_C 23.40 S_C 23.79
B_HT 19.98 S_HT 19.62
B_Bi 26.95 S_Bi 22.96

B_Bi_HT 25.36 S_Bi_HT 20.92
B_Tri 24.54 S_Tri 20.41

B_Tri_HT 21.58 S_Tri_HT 20.86

Significant differences were noted in the EMC values for samples treated with bicine
and tricine, respectively, for both beech and spruce. For spruce, all samples exhibited a
lower EMC than the control sample (with the exception of the samples undergoing heat
treatment alone), with these values further lowered following respective heat treatments.
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The individual sorption curves show typical patterns for sorption and desorption,
though there are slight differences in the hysteresis values of samples, representing the EMC
difference at a particular RH. However, as pointed out by Frederiksson and Thybring [45],
care must be taken in analysing sorption hysteresis, since the common method, as in this
study, depends on the determination of an absorption isotherm followed by desorption. The
desorption step, based on the definition by Frederiksson and Thybring [45], is a scanning
isotherm, since the isotherm has not been obtained from either a dry or water-saturated
state. The hysteresis graphs, shown in Figure 3 for spruce, would seem to suggest that
the treatments with bicine and tricine alone resulted in similar results. However, when
thermal modification was subsequently undertaken, the hysteresis curve for S_Bi_HT closer
matched that of S_HT, whereas the effect of tricine seemed to have the greater effect on the
hysteresis results. Similar experiments with beech resulted in almost identical hysteresis
curves for all samples related to bicine treatment, whilst for tricine alone there was a
similar reduced hysteresis, but when combined with thermal treatment resulted in a curve
matching those of the control and thermal treatment, respectively.

Figure 3. Hysteresis results for spruce, showing (a) effects of bicine treatment and (b) effects of tricine
treatment, respectively.

From these results, it would appear there is a reduction in the hysteresis of spruce sam-
ples treated with bicine or tricine. This effect is then lost when applying a thermal treatment
to the bicine specimens. However, to determine the actual effects, it would be necessary to
undertake analysis from water-saturated specimens, as previously suggested [45], instead
of running a standard adsorption–desorption analysis between 0 and 95% RHs.

3.3. Mechanical Testing
3.3.1. Mechanical Performance Testing

The results of the mechanical tests are shown below (Table 6), in terms of Modulus
of Elasticity by three-point bending and compression testing, Modulus of Rupture (MOR)
values and Compressive strength (Fm) for both beech and spruce.

For beech, the MOE from three-point bending tests suggested that very little variation
was observed, with maximum reductions compared to control samples being around
7.5%. However, compressive MOE values revealed a more significant (p < 0.001) reduction,
with up to 60% reduction when either bicine or tricine was added. In comparison, the
compressive MOE for thermally modified beech only reduced by approximately 5%. MOR
values were found to be fairly consistent for samples where thermal modification was not
applied. Thus, control samples (B_C) had MOR value of 182.7 N/mm2, whereas treatments
with bicine and tricine led to values of 178.4 and 175.4 N/mm2, respectively. Greater
changes were noted when looking at thermally modified beech samples, whereby MOR
values for samples treated with tricine and subsequently thermally modified (B_Tri_HT)
were around 13% lower than for thermal modification alone (B_HT) and samples treated
with bicine and thermally modified (B_Bi_HT). In all cases with beech, values of Fm were
higher than those of the reference samples, suggesting that the use of bicine or tricine had a
positive effect on Fm. Brinell hardness (HB) results failed to show any general trends.
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Table 6. Overview of mechanical properties of bicine (Bi)- and tricine (Tri)-treated wood. B = beech,
S = spruce, HT = thermal modification, C = control. Standard deviation in brackets ().

Three-Point Bending Test Compression Test

Group
MOE

(N/mm2)
MOR

(N/mm2)
MOE

(N/mm2)
Fm

(N/mm2)
HB

(N/mm2)

Beech B_C 16,030 (1213) 182.70 (18.68) 20,100 (1120) 99.73 (5.40) 30.06 (3.45)
B_HT 14,750 (1732) 162.60 (34.63) 19,100 (6140) 105.43 (7.77) 29.73 (4.83)
B_Bi 15,800 (812) 178.44 (24.74) 7800 (920) 108.37 (4.68) 30.18 (4.66)

B_Bi_HT 15,956 (1138) 159.78 (21.90) 7200 (920) 106.44 (6.50) 35.29 (5.52)
B_Tri 16,120 (2420) 175.40 (40.32) 7300 (1060) 108.24 (5.01) 35.45 (4.69)

B_Tri_HT 14,790 (1931) 140.21 (34.31) 8100 (740) 110.84 (9.41) 30.84 (4.83)

Spruce S_C 14,410 (1799) 106.87 (9.72) 19,400 (970) 88.73 (11.61) 16.77 (1.92)
S_HT 12,019 (4761) 93.66 (25.51) 21,000 (1250) 88.49 (12.38) 16.74 (2.37)
S_Bi 12,040 (935) 97.72 (15.10) 18,600 (1710) 96.39 (10.35) 17.14 (2.97)

S_Bi_HT 13,440 (1751) 93.95 (9.62) 19,000 (1490) 85.70 (10.10) 15.77 (2.30)
S_Tri 12,823 (1860) 92.93 (32.09) 8000 (1250) 88.73 (7.31) 20.18 (2.39)

S_Tri_HT 13,805 (1756) 87.39 (26.73) 8400 (520) 97.98 (7.77) 19.35 (2.18)

For spruce, MOE values from three-point bending tests showed that thermal modifica-
tion (S_HT) realised a 14% reduction compared with control samples (S_C). However, direct
comparison of the effects of bicine and tricine showed increases in MOE compared with
the impregnated samples alone. MOR values generally showed the thermal modification
process resulted in lower values to the non-thermally modified analogues. Tukey’s HSD
Test for compressive MOE values showed that, for spruce, only tricine had a significant
effect on values measured (p < 0.05). Fm values showed no clear trends, though the results
for tricine and thermal modified samples (S_Tri_HT) were considerably higher than the
non-thermally modified samples. Similarly, the effects of tricine (both S_Tri and S_Tri_HT)
realised higher HB values than any of the other treatments considered herein.

3.3.2. HEMI Tests

Earlier work [46,47] suggested that the main benefit of HEMI testing was for identify-
ing the effects of treatments on the brittleness of materials. Other than ANOVA showing
the obvious statistical significant difference between samples undergoing heat treatment
and those that did not, results obtained for beech (Table 7) and spruce (Table 8) showed
that there were no clear benefits of any specific treatment when considering the resistance
to impact milling (RIM). However, there appeared to be a slight influence resulting from
treating spruce with tricine (both as a stand-alone treatment and in conjunction with ther-
mal treatment) and with treatment of beech with tricine and heat treatment (S_Bi was
shown to be statistically different from ANOVA analysis when considering resultant F
values, with p < 0.001). The effect of reduced temperature heat treatment showed little
effect on the samples, as would be expected, since studies [46] showed that increasing
the thermal modification temperature had no significant effect on the RIM values. These
similarities in RIM values also suggested no brittleness as a result of treating with bicine or
tricine, respectively.

Table 7. HEMI test results for beech (B). Bi = bicine, Tri = tricine, HT = thermal modification,
C = control.

B_C B_HT B_Bi B_Bi_HT B_Tri B_Tri_HT

F (s.d.) 0.89 (0.23) 1.55 (0.18) 0.82 (0.22) 1.82 (0.69) 1.41 (0.64) 1.57 (0.62)
I (s.d.) 55.63 (2.39) 50.44 (1.80) 57.24 (1.93) 53.87 (4.10) 55.37 (3.85) 55.22 (2.64)

RIM (s.d.) 88.24 (0.72) 86.45 (0.43) 88.70 (0.41) 87.10 (1.41) 87.79 (1.35) 87.63 (0.90)
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Table 8. HEMI test results for spruce (S). Bi = bicine, Tri = tricine, HT = thermal modification,
C = control.

S_C S_HT S_Bi S_Bi_HT S_Tri S_Tri_HT

F (s.d.) 2.49 (0.66) 3.65 (0.60) 3.08 (0.68) 3.79 (0.98) 4.04 (1.13) 5.63 (1.26)
I (s.d.) 28.65 (4.55) 27.86 (1.73) 29.15 (4.68) 24.32 (2.61) 29.64 (4.64) 25.86 (3.94)

RIM (s.d.) 80.30 (1.33) 79.22 (0.66) 79.98 (1.48) 78.24 (1.17) 79.38 (1.86) 77.24 (1.74)

In all the treatments, it can be seen that the percentage of fine material present after
the HEMI test was higher following the application of heat treatment (p < 0.05), any minor
change in I values could result in greater fragmentation to smaller pieces.

3.4. Chemical Tests
3.4.1. VOC Analysis

Qualitative analysis of samples of collected extractives by gas chromatography–mass
spectrometry (GC-MS) showed, as expected, the untreated controls exhibited typical VOCs:
3-carene, α-pinene, β-pinene, α-thujene, β-terpinene and formic acid in both beech and
spruce, with an additional peak for acetaldehyde present in spruce. Table 9 gives an
overview of the major VOCs detected from samples. Results from experiments combining
bicine and heat treatment showed a large number of minor peaks, which could not be
assigned probable structures.

Table 9. Principal compounds detected by GC-MS of volatile organics from beech (B) and spruce (S)
reactions involving bicine (Bi) and tricine (Tri). HT = thermal modification.
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Formic Acid CH2O2 46.03
√

Acetaldehyde C2H4O 44.05
√ √ √ √ √ √ √ √

Tetraacetyl-d-xylonic nitrile C14H17NO9 343.29
√ √ √ √

3N-(7-acetamido-[1,2,4]triazolo
[4,3-b][1,2,4]triazol-3-yl)acetamide C7H9N7O2

√ √ √

Deoxyspergualin C17H37N7O3 387.50
√ √ √

Tetrahydro-4h-pyran-4-ol C5H10O2 102.13
√ √ √

Oxiranemethanol C3H6O2 74.08
√ √ √ √ √ √ √ √

O-methylisourea C2H6N2O 74.08
√ √ √ √ √ √ √ √

Propane C3H8 44.10
√ √ √ √ √ √ √ √

From results shown in Table 9, there appears to be more indication of reactions using
bicine, though it is uncertain how identified compounds such as tetraacetyl-d-xylonic nitrile,
3N-(7-acetamido-[1,2,4]triazolo[4,3-b][1,2,4]triazol-3-yl)acetamide and deoxyspergualin can
be derived, particularly from impregnation with both spruce and beech, where a maximum
temperature of 60 ◦C should have limited any fragmentation of the reagent, whilst being
below anticipated temperatures for reactions to occur. Despite this, it is probable that that
tetraacetyl-d-xylonic nitrile is a result of an interaction between the chemical reagents and
a hemicellulose fragment, whilst the presence of tetrahydro-4h-pyran-4-ol could also result
from the breakdown of the hemicellulosic components in wood, though it is interesting that
this only occurred at low temperatures in bicine-treated beech, and for the bicine treatment
and bicine-high temperature treatment of spruce.

The presence of all the components identified to date did not provide any addi-
tional insight into possible reaction mechanisms at this time, other than the likelihood of
probable incorporation of nitrogenous moieties from the bicine or tricine into hemicellu-
osic fragments.
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3.4.2. Infrared Spectrometry

A detailed investigation into the FT-IR spectrometry of samples has previously been
reported [48]. This showed that both the infrared spectra and their derivatives for the
control (S_C and B_C) and the thermal treated (S_HT and B_HT) samples did not indicate
any significant differences occurring as a result of the thermal process. However, the spectra
for treatments involving bicine or tricine showed the presence of the chemicals, though the
peaks were found to overlap with those from the wood at higher wavenumbers (3700 to
2500 cm−1).

Analysis at lower wavenumbers, along with the respective second derivative spectra,
offered more insight into possible interactions. These results allowed the observation of
the peaks with bicine treatments described in Table 10, based on spectra shown in Figure 4.
Comparative peaks from tricine experiments were less pronounced, probably due to the
lower weight uptake of samples.

The use of chemometric methods such as principal component analysis and hierarchal
cluster analysis [48] suggested the occurrence of reactions between the functional groups
from bicine and tricine and those present in wood structure. In the case of bicine, this could
suggest that a chain displacement from bicine to create the Amadori-type products and
activation of the N via a quaternary ammonium intermediate is typical of a Maillard reac-
tion. However, assessment of the spectra alongside VOC analysis did not give conclusive
evidence of such mechanisms.

Table 10. Selection of peaks showing significant differences in 2nd derivate FTIR spectra for reactions
involving bicine.

Wavenumber (cm−1) Peak Identification

1740 Carbonyl/carboxyl stretching vibration
1647 Carbonyl/carboxyl stretching vibration
1493 Methyl or methylene deformation vibration
1465 Methyl or methylene deformation vibration
1422 Methyl or methylene deformation vibration
1402 OH stretching
1317 OH deformation
1267 C-N stretching vibration in amine groups
1208 C-N stretching vibration in amine groups
1166 C-O groups stretching vibration
1118 C-O groups stretching vibration
1074 C-O groups stretching vibration
1045 C-O groups stretching vibration
1024 C-O groups stretching vibration

Figure 4. Cont.
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Figure 4. FTIR and 2nd derivative spectra of beech and spruce samples. (a) FT-IR spectra beech
samples; (b) 2nd derivative spectra for beech samples; (c) FT-IR spectra spruce samples; (d) 2nd
derivative spectra for spruce samples.

3.5. Biological Efficacy
3.5.1. Effects against Fungal Decay

Results from experiments with bicine and tricine, both individually and in combi-
nation with a reduced thermal modification, did not provide any discernible variation
in effects against the three fungal species studied in these trials. However, there were
significant variations in degradation studies depending on undertaking the prerequisite
EN84 accelerated weathering prior to decay [41]. This is clear from Figure 5 for beech and
Figure 6 for spruce, respectively, outlining analysis of decay with Gloeophyllum trabeum,
Poria monticola and Trametes versicolor, respectively.

(a) (b)

Figure 5. Mass loss of beech as a result of fungal decay, (a) without EN84 weathering; (b) with EN84
weathering. GT—G. trabeum, PM—P. monticola, TV—T. versicolor. Tukey analysis groups shown above
each bar graph.
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(a) (b)

Figure 6. Mass loss of spruce as a result of fungal decay, (a) without EN84 weathering; (b) with EN84
weathering. GT—G. trabeum, PM—P. monticola, TV—T. versicolor. Tukey analysis groups shown above
each bar graph.

ANOVA analysis of results of non-EN84 accelerated ageing of both beech and spruce
showed there were significant differences for all the fungi (p < 0.05). From Figures 5 and 6,
it can be seen that the EN84 accelerated ageing of samples had a significant effect on the
effectiveness of treatments considered in this study. Whereas the spruce control (S_C) and
beech controls resulted in similar levels of decay irrespective of EN84, values for other
treatments varied considerably, with the greatest effects noted for treatments of both spruce
and beech involving bicine or tricine in non-EN84 tests, particularly when assessing with
P. monticola. However, decay rates were similar or worse where EN84 ageing was carried
out prior to decay studies. Similarly, when spruce underwent decay with G. trabeum with
bicine (S_Bi and S_Bi_HT) without EN84, significant decreases in decay were noted, though
these were found to result in greater decay rates when EN84 was carried out. A similar
effect was noted with beech (B_Bi).

In an attempt to ascertain why the non-EN84 treated samples experienced considerable
reduction in decay levels, moisture content assessments were also carried out on these
samples. Results (Figures 7 and 8) suggest that the presence of bicine or tricine as part
of the treatment regime significantly affected the moisture content levels noted for the
various experimental regimes. Such increases were, however, not noted when looking at
equilibrium moisture content measurements (Table 5). The exceptionally high moisture
contents noted for some of the non-EN84 treated samples during fungal decay tests may
result in water logging of samples, which in turn diminishes the fungal activity during the
trial. However, these high moisture contents appear to be within the functional limits for
the fungal species used in these trials. This suggests that the presence of the non-leached
treatments may have a direct effect on the degree of biological attack by selected fungi.
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(a) (b)

Figure 7. Moisture content of beech measured during fungal decay, (a) without EN84 weathering;
(b) with EN84 weathering. GT—G. trabeum, PM—P. monticola, TV—T. versicolor.

(a) (b)

Figure 8. Moisture content of spruce measured during fungal decay, (a) without EN84 weathering;
(b) with EN84 weathering. GT—G. trabeum, PM—P. monticola, TV—T. versicolor.

3.5.2. Termite Testing

As shown in Figure 9, the survival of the termites and the mass loss showed some
differences between the treatments, although a high variability of the results was observed
for some treatments. The durability of thermal modified wood is recognised as low and the
results of the present work are in accordance with that perception. This low durability fits
in well with previously reported data [49,50].

When considering the degree of termite attack of treated samples, it was found that
S_B_HT had the lowest attack grade (2.7), followed by S_B, S_Tri and B_Bi, each of which
had a grade of 3.0. The treatment B_Tri was found to have a very slight improvement
(3.7) over control samples, which, along with the remaining treatments, had a grade of
4.0. In terms of termite survival rate, termites exposed to beech (untreated control and
treated wood), though with high variability of results, did not show significant differences
among them (F = 1.83, p = 0.181). For spruce wood (untreated control and treated wood),
significant differences (F = 6.28, p = 0.004) were observed. Termites exposed to spruce
treated with Bi_HT and Tri scored significantly lower survival rates than termites that fed
on untreated controls (both pine and spruce) and heat-treated spruce (S_HT), with specific
p values shown in Table 11.
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(a) (b)

Figure 9. Overview of termite tests with various treatments. (a) Survival rates of Reticulitermes grassei
Clément and (b) mass losses of samples following a modified EN117 experiment [42]. Tukey analysis
groups shown above each bar graph.

Table 11. Significant results (p < 0.05) of the Tukey’s honestly significant difference test (HSD) for
termite survival in untreated and treated spruce (non-significant p values are not shown in this table).

_HT _Bi _Bi_HT _Tri _Tri_HT S_C

Heat treatment _HT x
Bicine and oven dry _Bi x

Bicine, oven dry and heat treatment _Bi_HT 0.028 x
Tricine and oven dry _Tri 0.012 x

Tricine, oven dry and heat treatment _Tri_HT x
Spruce control S_C 0.035 0.015 x

For mass loss, termite consumption was significantly different among beech (untreated
control and treated wood) (F = 14.40 p < 0.001); termites consumed less B_Bi and B_Bi_HT
when compared with control and B_HT (all p < 0.001). The same significant differences
were only found for tricine-treated beech without HT (p = 0.031). For spruce, significant
differences among untreated and treated spruce were also observed (F = 26.96, p < 0.001);
wood treated with S_Bi and S_Tri showed significantly lower mass losses relatively to
the group of untreated spruce controls (all p < 0.001). S_Bi_HT-treated wood showed
significantly lower mass loss than untreated control of spruce, heat treated spruce and THT
(p < 0.001).

In addition to these mass loss data, a more detailed investigation into the effects of
bicine and tricine as a result of the treatments detailed herein on the digestive protists
within termite guts has been published [51]. Whilst both bicine and tricine are recognised
as Good’s buffers and have similar properties (e.g., pH levels), it is interesting to compare
similar treatments between the two wood species. When bicine is introduced without
subsequent thermal treatment, termite survival is considerably lower for beech than spruce.
However, when subsequent thermal treatment was applied, termite survival rates were
lower in spruce. This could suggest some mode of action between the bicine and pine as a
result of the thermal treatment and not just the effect of the chemical alone.

Given the fact that EN84 treatment was not undertaken prior to exposure of these
tests, there may be an increased impact of the unleached bicine or tricine within the wood
samples having a direct effect on termite feeding habits and potential toxic effects due to
reductions in specific protists within the termite guts [51].

4. Conclusions

The use of bicine and tricine as part of an enhanced thermal modification process
has been considered. The results herein were part of establishing the feasibility of such
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combined chemical/thermal modification processes for treating wood. However, the
thermal stability of the selected compounds resulted in the need for a reduced thermal
modification temperature, which would have expected impacts on the effectiveness of the
thermal modification on its own.

Studies using colour, FT-IR spectroscopy and VOC analysis seem to suggest there is
some level of chemical interaction between the treatments and the wood resulting from
the trials undertaken, particularly through the presence of compounds such as tetraacetyl-
d-xylonic nitrile, though no clear evidence of exactly what the mechanism is has been
determined to date. The use of principal component analysis with FT-IR studies confirmed
specific peaks were a direct result of chemical reactions.

The hypothesis of combining chemical and thermal reactions of wood resulting in
equivalent or better mechanical properties were not borne out in these studies, with three-
point bending and compression tests being reduced. There were slight improvements in
some Brinell hardness data, though this may be a direct result of the increased density
resulting from the uptake of bicine or tricine. The lack of improvements may also be a
direct result of the thermal instability of the bicine and tricine.

The results from fungal and termite attack of samples suggested that significant
improvements were possible for experiments where the EN84 weathering had not been
undertaken. Whilst moisture content levels for fungal decay tests on non-weathered
samples suggested the possibility of water logging occurring, corresponding samples
tested under standard hysteresis conditions did not show such significant uptakes of
moisture. When samples underwent EN84 weathering prior to testing, the beneficial effects
were not noted. This indicated that any benefits were lost when the bicine or tricine was
leached from the samples. Thus, it would seem logical that further means of entrapment
within the wood cell wall structure needs to be considered in future work.

Despite the inconclusive results from this study, there are sufficient indications to
suggest some degree of reaction is occurring. Part of the issue with the process undertaken
in this study was the use of an open system, whereby any potential intermediate moieties
resulting from Maillard-type reactions were volatilised before subsequent reactions could
occur. This could potentially be overcome through the use of a closed system reactor,
thereby allowing these intermediate groups to undergo further reactions. In addition,
the risk of thermal degradation of the key reagents in this study (bicine and tricine) at
temperatures typically employed for more effective thermal modification (between 180
and 210 ◦C) may limit the degree of reactivity encountered in this study, even though
reduced heat treatment temperatures (160 ◦C) were employed. Further consideration into
the use of reagents that are more stable at elevated temperatures may enable the full effect
of Maillard-type reactions to be explored in more detail.
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Hočevar), C.-M.P., C.B. and L.N.; validation, M.H. (Miha Humar), A.Z., M.-C.P. and G.O.; formal
analysis, D.J., D.K. and M.H. (Miha Humar), S.F.C.; investigation, D.J., M.H. (Miha Humar), L.N.
and C.-M.P.; writing—original draft preparation, D.J.; writing—all authors; visualization, D.J. and
M.H. (Miha Humar); statistical analysis, L.N.; supervision, D.J. and D.S.; project administration, D.J.
and D.S.; funding acquisition, D.J. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was funded by COST Action FP1407 “Understanding wood modification
through an integrated scientific and environmental impact approach (ModWoodLife)”, which pro-
vided a Short-Term Scientific Mission (STSM) grant to D.J. to initiate this work.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

95



Forests 2022, 13, 834

Acknowledgments: The involvement of several co-authors as a result of discussions and interaction
at both COST FP1407 “Understanding wood modification through an integrated scientific and
environmental impact approach (ModWoodLife)” and COST FP1303 “Performance of bio-based
building materials” is hereby acknowledged. Additional support to D.J. and D.S. through the project
“Advanced research supporting the forestry and wood-processing sector’s adaptation to global change
and the 4th industrial revolution”, OP RDE (Grant No. CZ.02.1.01/0.0/0.0/16_019/0000803) and CT
WOOD—a centre of excellence at Luleå University of Technology supported by the Swedish wood
industry—is also gratefully acknowledged (D.J. and D.S.). The termite work (L.N.) was conducted
under LNEC P2I project ConstBio. Support of the Slovenian Research Agency (D.K., M.H. (Miha
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Abstract: Based on molecular dynamics, a water and cellulose model was constructed to provide
more theoretical support for the behavior characteristics of cellulose properties in thermo-hydro-
mechanical treatment. In this paper, dynamic simulations were carried out under the NPT ensemble
at 4, 5.5, 8, and 12 MPa, respectively. Moreover, we analyze the effects on the mechanical properties
of wood cellulose in terms of the hydrogen bond numbers, small molecule diffusion coefficients,
end-to-end distances, and mechanical parameters of the water–cellulose model. The results indicate
that the densification of the water–cellulose model gradually increases with increasing pressure.
The effect of pressures on mechanical properties is mainly due to the formation of massive hydrogen
bonds within the cellulose chain and between water and cellulose. This is reflected in the fact that
water molecules are more difficult to diffuse in the cellulose, which therefore weakens the negative
effect of large amounts of water on the cellulose. The increase in end-to-end distance represents the
stiffness of the cellulose chains being strengthened. The mechanical parameters indicate an increase
in wood stiffness to resist deformation better, while reducing tensile properties at the same time.
The dynamic simulation results in this paper can well correspond to macroscopic experiments.

Keywords: thermo-hydro-mechanical treatment; molecular dynamics; wood cellulose; mechanical
properties

1. Introduction

As the only renewable green material, wood is used extensively because of its wide
coverage of raw materials and strong maneuverability. The hygroscopic expansion of
wood materials can form bonding interfaces, but at the same time, they are also vulnerable
to corrosion cracking and dimensional deformation, which reduces the utilization rate
of wood. Therefore, natural wood needs to be modified [1]. Heat treatment is the most
common method used in wood modification [2]. Since the concept of heat treatment was
first proposed by Stamm [3] in 1946, this method has been widely studied and continu-
ously modified to better improve wood utilization, such as dimensional stability, moisture
absorption, durability, etc. [4].

Hydrothermal treatment uses water vapor or liquid water as the heat transfer medium
and modifies wood in the range of 160–240 ◦C [5]. In general, as the temperature of hy-
drothermal treatment increases, the dimensional stability and durability of wood increases
significantly, but it will cause the loss of mechanical properties of wood [6]. This was
confirmed by the study of Camiyani Black Pine, where the compression strength of Black
Pine was reduced by 27% after 10 h treatment at 180 ◦C [7], while in the M. Gaff et al. study,
the highest reduction in the impact bending strength of oak and spruce reached 32.2% and
39.8%, respectively [8].

To reduce the influence of hydrothermal treatment on the mechanical properties
of wood, thermo-hydro-mechanical (THM) treatment can be used to modify wood [9].
Thermo-hydro-mechanical wood treatment is based on a combination of high tempera-
tures, moisture, and mechanical loading, which leads to modified wood [10]. It has been
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demonstrated that THM treatment can better improve the mechanical strength of wood
compared to dry-heating conditions [11]. Bao et al. applied 4–12 MPa of pressure while
THM densified hybrid poplar wood at 160 ◦C [12]. The modulus of elasticity increased
significantly compared to the wood without high pressure. Moreover, this study showed a
positive correlation with the mechanical properties of the wood as the densification degree
of wood enhanced.

By calculating the dynamic evolution of molecules, molecular dynamics can help
us understand their motion. Cellulose is the primary component of wood. The study of
cellulose movements by molecular dynamics assists us in both verifying the changes of
wood in macroscopic experiments and predicting the impact of changes in conditions on
the properties of wood. Wood cellulose belongs to higher plant cellulose, whose crystalline
form is monoclinic crystal [13]. Cellulose is composed of crystalline and amorphous regions.
The cellulose chains are disordered in the amorphous region. It is obviously observed that
there are many pore structures in the system of cellulose [14], which causes a high frequency
of interaction between water and cellulose in the amorphous region. Du et al. investigated
the mechanical properties of amorphous cellulose by constructing an amorphous region
from a cellulose chain with a degree of polymerization of 20 [15]. The mechanical properties
obtained were similar to the experimental values. Therefore, this study focuses on the
amorphous region of cellulose.

The accuracy of molecular dynamics simulation depends on the selection of force
fields. Zhang et al. used the GLYCAM force field to study the effect of temperature on
the thermal response of crystalline cellulose [16]. Chen et al. investigated the structural
stability and thermal motion of natural cellulose in different potential hydrogen bonding
patterns using the Gromos56Acarbo force field [17]. Wang et al. used the PCFF force field
to simulate the cellulose at high temperatures, which investigated the effects of different
temperatures on the mechanical properties of cellulose [18]. Meanwhile, it is also proved
that the PCFF force field is suitable for the amorphous region of cellulose.

Available studies on molecular dynamics simulation mainly focused on the effects
of temperature and transfer medium on wood heat treatment. The research on the effect
of THM treatment on the properties of wood is limited to macroscopic properties such as
wood size, hardness, and strength. However, the mechanism between heat and pressure
and solid wood with high moisture has not been well explained. Exploring the effects of
the combined mechanisms of pressure, temperature, and moisture on wood is crucial to
improving wood utilization.

In this paper, a cellulose model was conducted under certain humidity in the con-
trolled environment of THM treatment, which is used to analyze the micro-mechanism
associated with the effect of THM treatment on the mechanical properties of the water–
cellulose model that was studied. Moreover, we analyzed this model in terms of its
hydrogen bond numbers, small molecule diffusion coefficients, and end-to-end distances.
The main purpose of this paper is to study the changes in the macroscopic properties
of wood in the THM treatment while providing stronger theoretical support for wood
thermo-hydro-mechanical modification.

2. Materials and Methods

2.1. Model Establishment

Material Studios software (version 2020, Accelrys, San Diego, CA, USA) was used to
simulate a cellulose chain with a degree of polymerization of 20. In order to investigate the
effect of humidity on cellulose, a composite model with water contents of 25% was con-
structed [12]. The model was constructed using the method proposed by Theodorou et al.
for the construction of amorphous polymers [19]. The Ewald method was adopted to charge
addition. The Van der Waals addition method used the atom-based method. The water–
cellulose composite model was established with a target density of 1.5 g/cm3 [20], which
consists of a cellulose chain with 125 water molecules, as shown in Figure 1. The water
molecules are displayed in ball-and-stick mode and the cellulose molecule is displayed in
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stick mode. The hydrogen and oxygen atoms are represented with the white and yellow
spheres, respectively.

Figure 1. Water–cellulose composite model.

2.2. Dynamic Simulation

All simulations in this paper were based on the PCFF force field [18]. To minimize
the energy of the system before the molecular dynamics simulation, the model must first
completely relax and minimize its energy. First, the Smart algorithm was used to perform
5000 steps of operations, after which the model was geometrically optimized. Then we
performed a dynamic relaxation at 433.15 K under the NVT ensemble for 1000 ps. One frame
was output every 5000 steps. Huang et al. has proved that these parameters are reliable [21].
After all these steps, the system energy tended to be stable.

Based on the previous complete relaxation, we performed a 1000 ps under the NVT
ensemble with a temperature of 433.15 K as pre-heating. After that, a 1000 ps dynamic
simulation was performed under the NPT ensemble. The temperature was set to 433.15 K
and the pressure was set to 4, 5.5, 8, and 12 MPa for simulation, respectively. The model
with dynamic simulations at atmospheric pressure of 0.1 MPa as the untreated control
group was prepared as well. Bao et al. tested the selection of temperature and pressure,
demonstrating that the effect of the pressurized hydrothermal treatment on cellulose could
be well explored [12]. The electronic effect was controlled by the Ewald method [22],
the van der Waal force was calculated by the atom-based method [23], the temperature was
controlled by the Anderson method [24], and the pressure was controlled by the Berendsen
method [25].

3. Results and Discussion

3.1. Model Characterization
3.1.1. System Energy

In molecular dynamics, temperature and energy will change with time, which can
be used as criteria for determining whether a system is in equilibrium. The variation
of the water–cellulose system’s energy with time is shown in Figure 2a. The system
equilibrium can be expressed by the energy convergence parameter δE [20], which is
defined in Equation (1):

δE =
1
N

N

∑
i=1

∣∣∣∣Ei − E0

E0

∣∣∣∣ (1)

where N is the total number of steps of the simulation, E0 represents the system’s initial
energy, and Ei represents the energy after the simulation i steps.

When δE ≤ 0.001 − 0.003, the system tends to be in equilibrium, while the simulation
results are reliable. After analysis, the δE for the water–cellulose model was 0.0015 at the
last 200 ps.
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Figure 2. Energy and temperature variation of the model: (a) Energy–Time; (b) Temperature–Time.

The temperature–time variation of the water–cellulose composite model is shown in
Figure 2b. The temperature, as shown in the figure, varied slightly over time while remaining
within ±25 K, which indicated that the system was in equilibrium after energy relaxation.

As a result of geometric optimization and energy relaxation, the energy of the water–
cellulose composite model is stable, and the subsequent dynamic simulation results
are trustworthy.

3.1.2. Lattice Parameters and Density

The lattice cell of the water–cellulose model is a cube. The cell parameters show the
length of the cell, which can be used to characterize the cell size. The variation in pressure
affects the cell size as well as density, and the variation of the cell parameters under different
pressures is shown in Table 1.

Table 1. Cell parameters of water–cellulose model.

Pressure (MPa)
Cell Parameters (Å)

The Length The Width The Height

Untreated 24.86 24.86 24.86

4 22.83 22.83 22.83

5.5 22.79 22.79 22.79

8 22.71 22.71 22.71

12 22.69 22.69 22.69

The density of the model reflects the densification degree of cellulose chains under
different pressures, which can be used to analyze the mechanical properties of wood
cellulose [26]. The density of the water–cellulose composite model after hydrothermal
treatment under high pressure is reported in Table 2.

Table 2. Density of water–cellulose model.

Pressure (MPa)
Density (g/cm3)

Final Average Std. Dev.

Untreated 0.979 0.978 0.020

4 1.242 1.264 0.014

5.5 1.264 1.270 0.015

8 1.268 1.280 0.014

12 1.285 1.288 0.013
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Where Final represents the density of the model at the end of the dynamic simulation
and Average is the average density after dynamic simulation. Std. Dev. is the standard
deviation, which indicates the dispersion degree of the density at different moments.
The lower the standard deviation, the more reliable the density value.

Analyzing the data in Table 1, the cell parameters decreased from 24.86 to 22.69.
The cell parameters decrease as the pressure increases, which indicates that the cell is
compressed under high pressure. From Table 2, it can be inferred that the average density
of the water–cellulose model increases with increasing pressure. The cellulose volume
decreases and the average density increases significantly under high pressure, which
demonstrates that the densification degree of wood can be greatly enhanced.

3.2. Hydrogen Bond Analysis

Glucose is the minimum component unit of cellulose, which contains multiple hy-
droxyl groups, hence the strong hydrogen bond in cellulose [27]. The hydrogen bond
network is directly related to the mechanical properties of materials. Hydrogen bonds can
be formed within the cellulose chain, between cellulose chains, as well as between cellulose
and water molecules. The number of various hydrogen bonds under different pressures
can be clearly seen in Table 3.

Table 3. Number of hydrogen bonds in the water–cellulose model.

Pressure (MPa)

Number of Hydrogen Bonds

Between Cellulose
Chains

Between
Water Molecular

Between
Water–Cellulose

Total

Untreated 39 56 20 115

4 59 134 150 343

5.5 62 130 160 352

8 64 128 167 359

12 70 127 173 370

Water and cellulose form more hydrogen bonds than cellulose chains, which may con-
tribute to moisture diffusion into the cellulose system to form hydrogen bonds. Significant
quantities of moisture may weaken the original hydrogen bonding network, making the
wood susceptible to fracture.

Table 3 demonstrates that the THM treatment significantly increased the number of
hydrogen bonds of the THM cellulose in comparison with those of the untreated model.
Table 3 also determines that hydrogen bonding between cellulose chains is higher at high
pressure, which is probably owing to the increased cellulose densification caused by high
pressure. The volume of cellulose decreases and intermolecular contacts boost, making
it easier to form hydrogen bonds [28]. The formation of intermolecular hydrogen bonds
not only enhances the structural stability, but also mitigates the negative effect of water
intrusion on the mechanical properties of cellulose.

3.3. The Molecular Diffusion Coefficient

The diffusion of small molecules in polymers can be characterized by the diffusion
coefficient. The size of the diffusion coefficient can be expressed by the motion range of
small molecules in the system. The greater the diffusion coefficient, the more likely it is
that water molecules will react with cellulose chains. The investigation of the diffusion
coefficient of water molecules contributes to the movement of cellulose chains under high
pressure [29]. The mean square displacement (MSD) is one of the important parameters
to describe the motion of molecular chains, which is usually used to describe the centroid
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displacement of molecular chains within a section of time, and can be obtained from
Equation (2):

MSD =
n

∑
i=1

〈∣∣∣→ri (t)−→
ri (0)

∣∣∣2
〉

(2)

where
→
ri (t) represents the displacement of the molecule i at time t;

→
ri (0) represents the

initial displacement. The diffusion coefficient D of water molecules can be calculated
through the Einstein equation [30], which is related to MSD, represented by Equation (3):

D =
1

6n
lim
t→∞

d
dt

n

∑
i=1

〈∣∣∣→ri (t)−→
ri (0)

∣∣∣2
〉

(3)

when t is sufficiently large, the diffusion coefficient can be solved as Equation (4),

D =
k
6

(4)

where k represents the slope obtained by simulating the MSD curve with the least square
method. Analyzing the water–cellulose model produced the MSD curves of water molecules
under various pressures.

It can be seen from Figure 3 that the MSD curve of water molecules linearly correlated
with time. The MSD curves were simulated to obtain the slope k and the correlation
coefficient r2, as well as the diffusion coefficients D at various pressures, which are shown
in Table 4.

Figure 3. MSD of water–cellulose model.

Table 4. Diffusion coefficients of water–cellulose model under different pressures.

Pressure (MPa) k D R-Square

Untreated 1.9112 0.3185 0.9993

4 1.6162 0.2694 0.9989

5.5 1.4387 0.2398 0.9952

8 0.7320 0.1220 0.9967

12 0.2752 0.0459 0.9983

From the analysis of Table 4, the diffusion coefficient of the pressurized model was
smaller than those of the untreated model. Furthermore, the diffusion coefficient of water
molecules decreases as the pressure increases, implying that water molecules move less
flexibly in cellulose, as summarized in Table 4. As a strong polar molecule, water easily
forms hydrogen bonds with the cellulose chain, thus inhibiting water movement in cellu-
lose [31], as clearly reflected by the increased number of hydrogen bonds formed between
water and cellulose.
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The interaction between water and cellulose is increased as a result of the massive
formation of intermolecular hydrogen bonds [32], while the diffusion coefficient of water
molecules decreases as the adsorption capacity of cellulose to water increases. The rapid
diffusion of water in cellulose accelerates the thermal movement of molecules, which is the
primary reason for wood fracture. THM treatment reduces the diffusion of water molecules,
which improves the stability of molecular chain movement and the deformation resistance
of wood.

3.4. End-to-End Distance

End-to-end distance is the distance between the ends of a polymer chain, describing
the degree of molecular curl. The curling of the cellulose polymer chain is owing to the
non-bonding force in the molecular chain, such as hydrogen bond and van der Waals force,
so that the energy of the whole system reaches the lowest value to ensure the stability of
the system, which conforms to the entropy increase principle [33]. The end-to-end distance
of the water–cellulose model is shown in Figure 4, and the cellulose presents a crimp state.

Figure 4. End-to-end distance of water–cellulose model.

In this paper, end-to-end distance was used to characterize the stiffness of the cellulose
chain. The higher stiffness of the cellulose chain at the microscopic level strengthens the
deformation resistance of the wood, which means it is harder to deform due to external
forces [34]. The Flory’s characteristic ratio [35] is defined as follows:

C =

〈
h0

2〉
Nl2 (5)

where h0 is end-to-end distance, N denotes the number of cellulose chain molecules, and l
denotes the length of a single bond. The larger value of C indicates the better stiffness of
the cellulose chain. Given that N and l remain unchanged in this paper, the change in C is
only related to h0.

The end-to-end distance data at each pressure were extracted to obtain the graph
shown in Figure 5.

Comparing the untreated model with the THM groups, end-to-end distance is demon-
strated in Figure 5. With the enhancement of pressure, the amplitude of end-to-end distance
keeps increasing. Hence, higher pressure lowered the curl degree of the cellulose. Large
amounts of hydrogen bonds are formed, which makes a great contribution to the increasing
end-to-end distance and increases the difficulty of rotation and displacement of cellulose
chains. Above all, the equilibrium conformation of molecular chains depends more on
the interaction energy rather than the conformation entropy. Non-bonding interaction of
hydrogen bonds between water and cellulose is also the reason why cellulose chains are
stretched [36]. As a result, the increase in end-to-end distance means that cellulose chain
stiffness is strengthened, and its deformation resistance will also be enhanced.
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Figure 5. End distance distribution curve of cellulose chain.

3.5. Mechanical Properties

The mechanical parameters were obtained from the dynamic simulation results at
different pressures, which were able to characterize the mechanical properties of the wood.
Hooke’s law governs the stress–strain behavior of solid linear–elastic materials, so that the
mechanical properties of cellulose can be calculated by Equation (6):

[
Cij

]
=

⎡
⎢⎢⎢⎢⎢⎢⎣

λ + 2μ λ λ 0 0 0
λ λ + 2μ λ 0 0 0
λ λ λ + 2μ 0 0 0
0 0 0 μ 0 0
0 0 0 0 μ 0
0 0 0 0 0 μ

⎤
⎥⎥⎥⎥⎥⎥⎦

(6)

where λ and μ are known as Lamé constants and are often applied to compute mechanical
parameters, such as Young’s modulus (E), shear modulus (G), Poisson’s ratio (γ), and so
on. The formulas are as follows:

E =
μ(3λ + 2μ)

λ + μ
(7)

G = μ (8)

K = λ +
2

3μ
(9)

γ =
λ

2(λ + μ)
(10)

As shown in Figure 6, each mechanical parameter of the water–cellulose model under
different pressures to that of the untreated model was calculated to quantify the influence
of the THM process.

Young’s modulus (E) is the ratio of stress to the corresponding strain of the material
within the elastic limit, which is commonly applied to indicate whether the material is
prone to deformation. A large value indicates that wood is more resistant to deformation.
The shear modulus (G), as the ratio of shear stress to strain, also represents the stiffness of
the material.

It can be seen from Figure 6a that the Young’s modulus and shear modulus increase
with increasing pressure, which indicates that wood stiffness increases. The results showed
that the E and G value of the THM model with 12 MPa increased by 12.0381 GPa and
4.4378 GPa compared with those of the untreated model, respectively. Both Young’s
modulus and shear modulus increases that are caused by the enhancing densification
degree of wood have been investigated [37]. The increase in hydrogen bonds between
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cellulose chains also increases the van der Waals force of the inter-chain contact [31].
The enhancement of the intermolecular force makes the entire cellulose system form
a denser structure, resulting in the decrease in Young’s modulus and shear modulus.
In consequence, the wood has a stronger stiffness to resist deformation. It is also consistent
with the conclusion that pressurized hydrothermal treatment can improve the Young’s
modulus and shear modulus of wood, which Bao et al. [12] studied.

 
(a) (b) 

Figure 6. Mechanical parameter of water–cellulose model (a) Young’s modulus and shear modulus;
(b) Poisson’s ratio and the ratio of volume variable to shear variable.

Poisson’s ratio (γ) and the ratio of volume variable to shear variable (K/G) are used as
the elastic constants to describe the transverse deformation of the material. The greater the
value, the better the flexibility of the material. The results shown in Figure 6b excluded
the increasing pressure between γ and K/G values, showing that the flexibility of wood
is weakened. An updated review by Yu et al. confirms the reduction in wood toughness
attributed to the degradation of cellulose at high temperatures [38].

Different application scenarios of wood have different requirements for its perfor-
mance. Compared with other industries, wood has higher requirements of stiffness when
used as a building material. Pressurized hydrothermal treatment can significantly improve
the stiffness and deformation resistance of wood, allowing it to be used in applications that
require high wood stiffness.

4. Conclusions

This paper studies the effect of pressurized hydrothermal treatment on the mechanical
properties of wood cellulose. Model parameters, hydrogen bond numbers, molecule
diffusion coefficients, end-to-end distances, and mechanical parameters of the water–
cellulose model were analyzed. The conclusions obtained are as follows:

1. High pressure improves the densification degree of wood. The total number of
hydrogen bonds in the system, the number of hydrogen bonds between cellulose
chains, and the combined hydrogen bonds of water and cellulose are on the rise,
which improves the structural stability of cellulose. Reduced diffusion coefficient of
water molecules in the cellulose indicates that high pressure weakens the cracking of
the wood caused by the bulk diffusion of moisture.

2. The stiffness of the polymer chain can reflect the macroscopic mechanical properties
of the material from the microscopic level. The analysis found that the increase in
pressure caused the continuous increase in the end-to-end distance of the cellulose
chain and the decrease in the degree of curling, which was related to the formation of
many hydrogen bonds between the cellulose chains. The increase in the end-to-end
distance also means that the stiffness of the cellulose chain increases, indicating that
the wood can have better deformation resistance at the macro level.

3. The mechanical properties of the water–cellulose model were studied, and the Young’s
modulus, shear modulus, Poisson’s ratio, and K/G value were calculated and analyzed.
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With the increase in the pressure, the Young’s modulus and the shear modulus were in
an upward trend, and the increase was very large, which means that the deformation
resistance and rigidity of the wood have been greatly improved. Moreover, Poisson’s
ratio and K/G value decreased with the increase in pressure, and the toughness of the
wood decreased. The pressurized hydrothermal treatment of wood can significantly
improve its rigidity and deformation resistance, and what is more, its utilization rate
in applications requiring high rigidity.
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Abstract: An effort was carried out to fully utilise fast-growing Acacia hybrid usage in the timber
engineering field; however, the research data are still lacking. This paper aims to evaluate the physical
and mechanical properties performance between untreated (control) and treated with 10% copper
chrome arsenic of Acacia hybrid collected from Daikin Plantation Sdn. Bhd. Bintulu, Sarawak at
air-dry condition at different age groups using the small clear method. Mechanical properties test
refers to shear parallel to grain (tangential and radial directions), cleavage (tangential and radial
directions), and tension parallel to grain test. Meanwhile, the physical properties test refers to
moisture content (MC) and density test. After treatment, mechanical properties increase with an
average of 13.67%; meanwhile, moisture content decreased with an average of 0.58% or 0.09% MC,
and density slightly increased with an average of 0.44% or 0.002 g/cm3. Results indicate that 10-year-
old Acacia hybrid exhibits the highest strength values in shear parallel to the grain, tension parallel
to the grain, and cleavage, followed by 13-year-old and 7-year-old. Treated samples in the tangential
direction performed better with consistent mean results than that of the untreated samples, while
radial direction gave a high average strength increment when treated.

Keywords: Acacia hybrid; fast-growing; copper chrome arsenic; physical and mechanical properties

1. Introduction

Timber was used throughout the history of mankind and provided humans with a
broad range of building products and construction materials [1]. It is the most sustain-
able construction material, as it is renewable and absorbs carbon dioxide as it grows [1].
Malaysia is one of the leading producers of the world’s good quality timbers, which are
very highly demanded all over the globe [2]. However, over the year, Malaysia was unable
to accommodate the huge demand for timber, especially primary hardwood timber, due
to a shortage of timber resources. In conjunction with that, Malaysia introduced Acacia
mangium for forest plantation species due to its fast-growing rate. Sarawak’s effort, by
planting the fast-growing species tree, began in the 1980s, and includes plantations of
Acacia mangium with the largest forest plantation area in the country. However, the effort
plantations grew and turned out to be prone to several diseases [3].
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In a serious effort to meet the current and future raw material demand, the Acacia
hybrid was introduced in Sarawak. Acacia hybrid is a cross-breed of Acacia mangium ×
Acacia auriculiformis and tends to possess many desirable features, such as less tapering,
straight bole, fast growth, and heart rot resistance [4]. It was first reported in Sabah in the
late 1970s. The wood properties of the Acacia hybrid are similar to those of A. mangium [5].
Its morphological traits, such as flower colour, pod aspect, leaf shape and size, bark aspect,
and wood density, are generally an even mixture between its pure parent species [6].
However, it also differs from its parents in several ways. The tree has many small and
light branches that can be easily pruned, and the main stem is not as straight as that of A.
mangium, but it is much straighter than the main stem of A. auriculiformis [5]. It is reported
that the Acacia hybrid shows more excellent resistance to diseases, a higher growth rate
and better adaptation to different soil types than the parental species [7]. In Malaysia, heart
rot disease was frequently observed in A. mangium, but it was never reported in Acacia
hybrid [8]. Acacia hybrid also showed the ability to improve soil properties both physically
and chemically [9]. The research on improved species with fast-growing time, durable
and high engineering properties, viz., mechanical and physical properties, were carried
out to perceive the suitability and potential of the species. Research conducted by Choong
et al. [10] found that the improvement of Acacia mangium species to the Acacia hybrid
improved the wood quality. The Acacia hybrid is more durable and less susceptible to
heart rot disease [11]. The density of the Acacia hybrid was reported as slightly higher; the
shape of the log is almost completely round and not susceptible to termite attack [4]. Study
in determining the engineering properties of Sarawak species, especially fast-growing
timber, to determine its strength grouping still at the beginning stage. There are more
species to be explored and timber engineering research approaches to be done before the
timber engineering properties of the species can be introduced in engineering design or
other related fields for its various utilisation and application. Thus this has led to lacking
knowledge in timber properties and design among architects and engineers [2]. Little is
known about the mechanical and physical properties of the Acacia hybrid, especially in the
timber engineering field, and the utilisation of this species is only limited to furniture, pulp,
and paper industries. It is an alternative to evaluate the mechanical properties of Acacia
hybrid and introduce this species as a building material in the timber engineering field. As
mentioned by Treza et al. [12], fast-growing wood is an alternative solution for replacing
the function of broadleaf plants as a material for floor, furniture, interior elements, and
as structural components. Additionally, this research information will be used to utilise
timber species more efficiently and effectively. Wood’s strength properties are classified
according to its moisture content, density, durability, and grain direction [13]. Timber’s
strength properties are essential to determining timber applications in real life, whether
suitable for furniture, outdoor, or structural. The stronger the strength of the timber, the
heavier the loading it will be able to withstand.

This study was conducted to evaluate and compare the behaviours of Acacia hybrid’s
engineering properties between untreated and treated samples under 10% of the copper
chrome arsenic (CCA) treatment at different age groups using a small clear method. Copper
chrome arsenic (CCA) treatment was used in this study since this treatment is widely used
in the timber industry in the country [14]. Due to the environmental impact of timber
engineering applications, understanding the treated timber for durability is very important.
To achieve the aim of this study, several objectives should be considered. Firstly, evaluate
the behaviours of physical and mechanical strength performance between untreated and
treated Acacia hybrid in different age groups at air-dry conditions. Secondly, compare the
mechanical properties of Acacia hybrid in different age groups and grain directions. Third,
identify the age group with the best performance in mechanical and physical properties
treated or untreated.
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2. Materials and Methods

The sample for the experiment used was Acacia hybrid species, and it was taken from
Daikin Plantation Sdn. Bhd. located at Bintulu, Sarawak (Figure 1a). There are three age
groups of Acacia hybrid collected, which are the age groups of 7-year-old, 10-year-old, and
13-year-old. The selected trees must be free from any decay, termites, and defects. However,
there is an exception for the knots on the trees. The trees were cut approximately 30 cm
above the ground, with the diameter at breast height over the bark of trees approximately
20 cm at the height of 1.3 m from the root collar.

Figure 1. Timber collection process. (a) The plot number were marked on Acacia hybrid logs at
Daikin Plantation. (b) The logs were sawn and trimmed into plank size. (c) The timber was stacked
according to age groups in airdry room.

All the collected logs were transferred to Samling Plywood Bintulu Sdn. Bhd. for
the sawing process. The processed samples were in plank size and were transferred to
Sarawak Forestry Corporation, Kuching (Figure 1b). All of the processed green condition
samples were appropriately stacked and allowed for the natural air-drying process placed
in a shed air-drying room at AFSID Sarawak Forestry Corporation. The samples were
stacked according to their age group. The natural air-drying process was chosen for this
study to minimise the strength of the wood failures, such as various splits and cracks [15],
as shown in Figure 1c. This air-drying process for this species took about one year to reach
an approximate moisture content of 19%. The air-drying process depends on the type of
species. Ismaili [16] conducted a study on Acacia mangium where the air-drying process
took more than nine months to reach 19% moisture content. The plank’s moisture content
(MC) under natural air-drying needs to be checked using electric moisture metres before
cutting it into test samples. The moisture content (MC) must be less than 19% for the test at
air-dry condition.

Two types of samples were prepared for each age group shear parallel to grain test,
tension parallel to grain test, and cleavage test. These samples were prepared in small
clear sizes under untreated and treated samples at air-dry condition. It was understood
that timber is a heterogeneous or nonhomogeneous material; thus, the most suitable
sample to be tested was suggested using a small clear sample, which is defect-free [17–20].
The samples are prepared in accordance with Tan et al. [21], which is adopted from BS
373:1957 [22]. The samples for shear (Figure 2a), cleavage (Figure 3a), and tensile (Figure 4a)
are cut from a stick with a cross-sectional dimension of 30 mm × 30 mm. The sticks are
yielded from the flitches by reaping the 2.5 m of log sample using a band saw. Due to its
hygroscopic behaviour [18,23,24], to prevent the dry condition of timber, the flitches are left
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in the air-conditioned room and air-dried to ensure its moisture content is less than 19%.
Samples will be prepared in solid untreated and solid treated, with different age groups
(Figure 5). A total of 3600 samples for untreated and treated samples were prepared for
these three tests. The mechanical properties test was designated with 1200 samples, with
40 samples for each test and 2400 samples for the physical properties test, with 200 samples
for each test.

Figure 2. Shear parallel to grain test. (a) Shear parallel to grain test sample. (b) Measuring of the shear
parallel to grain of an Acacia hybrid sample with universal testing machine Instron 5569, Norwood,
MA, USA.

Figure 3. Cleavage test. (a) Cleavage test sample. (b) Measuring of the cleavage of an Acacia hybrid
sample with universal testing machine Instron 5569, Norwood, MA, USA.
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Figure 4. (a) Tension parallel to grain test sample. (b) Measuring of the tension parallel to grain of an
Acacia hybrid sample with universal testing machine Instron 5569, Norwood, MA, USA.

Figure 5. Timber treatment process. (a) Samples are placed in a treatment cylinder. (b) Samples were
treated by using copper chrome arsenic (CCA).

2.1. Moisture Content Determination

The moisture content is according to the BS 373: 1957 [22] and Tan et al. [21]. Samples
were dried in an oven with a temperature of 103 ± 3 ◦C for 24 h, or until a constant weight
was obtained. In order to achieve accurate results, the sample should be kept in a desiccator
before reweighing. The samples were weighed again in order to obtain the oven-dry weight
with MC ≤ 19% by using an electronic balance to obtain the initial weight of Acacia hybrid
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samples. Samples of 1200 test pieces of size 20 × 20 mm were used. The moisture content
was calculated using the formula given:

MC = (Initial weight − Oven-dried weight (g))/(Oven-dried weight (g)) × 100% (1)

2.2. Density Determination

According to BS 373: 1957 [22], a density determination test was conducted using
the moisture content determination test samples. The prepared samples’ dimensions are
measured using vernier calipers to obtain the green volume of the Acacia hybrid. A total of
1200 samples were dried in an oven with a temperature of 103 ± 3 ◦C for 24 h or until a
constant weight was obtained. The samples were weighed to obtain oven-dry weight with
MC ≤ 19%. The basic density was calculated using the formula given:

Density = (Oven-dried weight (g))/(Green volume of sample (cm3)) (2)

2.3. Treatment Process

The treatment process of the sample using copper chrome arsenic (CCA) is according
to Tan et al. [21]. A total of 1800 samples of Acacia hybrid at three different age groups were
treated using copper chrome arsenic (CCA) treatment, as shown in Figure 5a,b. Test samples
underwent a full-cell process using 10% of the copper chrome arsenic (CCA) solution to
achieve maximum absorption into the wood. The process was started by performing the
initial vacuum, where −85 kPa was subjected to the samples for 1 h. The preservative
pumped into the treatment cylinder with the vacuum was maintained at −85 kPa. Then,
200 psi (14 bars) of hydraulic pressure was subjected to samples for 2 h. The copper chrome
arsenic (CCA) solution was drained out from the treatment cylinder after the pressure
period was completed. The final vacuum was subjected to samples at −85 kPa for 30 min
to remove excess copper chrome arsenic (CCA) solution in the samples.

2.4. Mechanical Testing

All testing was conducted based on BS 373: 1957 [22] and Tan et al. [21]. This study
has three types of mechanical strength tests: shear parallel to grain, tension parallel to
grain, and cleavage test. The tests were performed using the Instron 5569 universal testing
machine to determine the samples’ strength value. The shear parallel to grain test was
carried out by a constant loading speed at 0.6 mm per minute on the samples. This test
aims to measure the maximum dividing load by the cross-section area when the load is
applied parallel to grain direction of timber. The samples are prepared with dimensions
20 mm × 20 mm × 20 mm. The shear failures are shown along a plane parallel to the
tangential and radial directions. Shear stress at maximum load in megapascal (MPa) is
calculated by using the formula as follows:

Shear stress at maximum load = (Force (N))/(Area (mm2)). (3)

The cleavage test aims to measure the resistance of timber to splitting based on the
failure caused by the maximum load on the test samples. The samples are prepared with a
dimension of 20 mm × 20 mm × 45 mm. The load is applied to the cleavage sample at a
constant crosshead speed of 2.5 mm per minute to give a failure along the tangential and
radial surface. The test layout is shown in Figure 3a,b. The maximum splitting load in
N/mm is calculated by using the formula given:

Load per mm of width to resist splitting = (Max. load (N))/(breath (mm)). (4)

The tension parallel to grain test is conducted to determine the maximum loadable
to cater by sample before tensile failure occurs. This test will give the maximum load and
maximum tensile stress exerted by the samples. In correlation with that, the samples are
subjected to load at constant head speed until the samples break. Both ends of the test

116



Forests 2022, 13, 1969

samples are held by toothed and self-aligning grips, as shown in Figure 4a,b. The samples
are a break in 1.5 to 2 min from the start of loading. The failure of tension parallel to grain
happened at the minimum cross-section of the test sample. Tensile stress at maximum load
in MPa is calculated by using the formula given:

Tensile stress at maximum load = ((Force (N))/((Area (mm2)). (5)

3. Results

From this study, Tables 1 and 2 show the mean value with a 95% coefficient interval
of physical and mechanical properties taken during the experiment accordingly to the
condition of the samples that are untreated and treated. The results of the Acacia hybrid at
an untreated condition show that the 7-year-old age group sample recorded a higher mean
value of 15.56% MC with 95% coefficient interval value of 0.04, followed by the 13-year-
old sample that recorded 15.52% MC with 95% coefficient interval value of 0.04, and the
10-year-old sample that recorded 15.44% MC with 95% coefficient interval value of 0.04.
The results of the Acacia hybrid under the treated condition show a similar pattern, where
the 7-year-old age group sample recorded a higher mean value of 15.48% MC with 95%
coefficient interval value of 0.04, followed by the 13-year-old sample that recorded 15.45%
MC with a 95% coefficient interval value of 0.03, and the 10-year-old sample that recorded
15.32% MC with 95% coefficient interval value of 0.04. After the samples were treated with
10% copper chrome arsenic, the moisture content value for the Acacia hybrid at air-dry
condition from each testing sample at different age groups showed a decrement with an
average of 0.58% or 0.09% MC. It was recorded that moisture content in the age group
10-year-old sample decreased more moisture content with 0.76% or 0.12% MC, followed by
the 7-year-old sample with 0.52% or 0.08% MC, and the 13-year-old sample with 0.45% or
0.07% MC, which can be clearly observed in Figure 6. The decreasing moisture content from
untreated to treated samples was observed in this study. The study by Ferreira et al. [25]
shows that CCA treatment increased the moisture content from an untreated to treated sample
of plywood panel from Pinus taeda wood. However, previous work by Epmeier et al. [26]
and Bruno et al. [27] has similar results to this study, where pine species were treated by
furfurylation treatment, showing that the moisture content decreased when treated.

Table 1. Summary of the mean mechanical properties of Acacia hybrid.

Condition
Unit

Controlled Treated
Age Groups 7 10 13 7 10 13

M
ec

ha
ni

ca
lp

ro
pe

rt
ie

s

Shear
parallel to

grain
(tangential)

Nos 40 40 40 40 40 40
MPa 17.06 18.18 17.61 17.52 18.59 17.67
SD 1.55 1.85 2.62 1.85 1.86 2.17

CV % 9.1 10.18 14.91 10.55 10 12.3
SE 0.25 0.29 0.42 0.29 0.29 0.34

95% CI 0.50 0.59 0.84 0.59 0.59 0.70

Shear
parallel to

grain
(radial)

Nos 40 40 40 40 40 40
MPa 16 17.46 16.62 16.78 17.92 16.88
SD 2.06 2.09 2.64 1.74 1.92 2.2

CV % 12.86 11.95 15.88 10.38 10.71 13.06
SE 0.33 0.33 0.42 0.28 0.30 0.35

95% CI 0.66 0.67 0.84 0.56 0.61 0.71

Cleavage
(tangential)

Nos 40 40 40 40 40 40
N/mm 15.82 17.66 16.19 16.69 18.12 16.86

SD 2.68 2.52 1.98 2.27 3.16 2.1
CV % 16.94 14.29 12.21 13.62 17.43 12.43

SE 0.42 0.40 0.31 0.36 0.50 0.33
95% CI 0.85 0.80 0.63 0.72 1.00 0.66
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Table 1. Cont.

Condition
Unit

Controlled Treated
Age Groups 7 10 13 7 10 13

M
ec

ha
ni

ca
lp

ro
pe

rt
ie

s Cleavage
(Radial)

Nos 40 40 40 40 40 40
N/mm 13.67 15 14.19 14.61 16.41 15.41

SD 2.57 2.09 2.16 2.75 2.75 1.68
CV % 18.78 13.9 15.18 18.79 16.77 10.91

SE 0.41 0.33 0.34 0.43 0.44 0.27
95% CI 0.81 0.66 0.68 0.87 0.87 0.53

Tension
parallel to

grain

Nos 40 40 40 40 40 40
MPa 141.8 148.99 144.19 158.4 176.44 160.26
SD 24.26 22.33 17.49 17.56 27.08 11.94

CV % 17.11 14.99 12.13 11.08 15.35 7.45
SE 3.84 3.53 2.77 2.78 4.28 1.89

95% CI 7.67 7.06 5.53 5.55 8.56 3.78

Table 2. Summary of the mean moisture content and density of Acacia hybrid.

Condition
Unit

Controlled Treated
Age Groups 7 10 13 7 10 13

Ph
ys

ic
al

pr
op

er
ti

es

Moisture
content

Nos 200 200 200 200 200 200
% 15.56 15.44 15.52 15.48 15.32 15.45
SD 0.31 0.27 0.28 0.31 0.29 0.20

CV % 2.01 1.74 1.80 1.99 1.87 1.32
SE 0.02 0.02 0.02 0.02 0.02 0.01

95% CI 0.04 0.04 0.04 0.04 0.04 0.03

Density

Nos 200 200 200 200 200 200
g/cm3 0.503 0.479 0.507 0.503 0.482 0.511

SD 0.09 0.09 0.08 0.08 0.08 0.08
CV % 17.03 18.83 16.67 15.91 17.37 16.42

SE 0.01 0.01 0.01 0.01 0.01 0.01
95% CI 0.01 0.01 0.01 0.01 0.01 0.01

Figure 6. Moisture content mean values of Acacia hybrid sample compared within the age groups,
grain direction, and treatment condition at air-dry condition.
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For density, untreated Acacia hybrid shows that the 13-year-old sample recorded
higher mean value 0.507 g/cm2 with a 95% coefficient interval value of 0.01, followed by
the 7-year-old sample, which recorded 0.503 g/cm2 with 95% coefficient interval value of
0.01, and the 10-year-old sample, which recorded 0.479 g/cm2 with 95% coefficient interval
value of 0.01. The mean results of the Acacia hybrid under treated condition show a similar
pattern as of untreated Acacia hybrid, with the 13-year-old age group sample recording a
higher mean value of 0.511 g/cm2 with a 95% coefficient interval value of 0.01, followed
by the 7-year-old age group sample, which recorded 0.503 g/cm2 with a 95% coefficient
interval value of 0.01, and the 10-year-old age group sample recorded a lower mean value
of 0.482 g/cm2 with s 95% coefficient interval value of 0.01. As a result of the decrement in
moisture content value, the density of samples increased after the sample was treated. The
density result observed for each testing sample in different age groups is in the range of
0.479 g/cm3 to 0.507 g/cm3 for untreated and 0.482 g/cm3 to 0.511 g/cm3 for untreated
samples. It was recorded that 13-year-old density increased more by 0.78% or 0.004 g/cm3,

followed by the 10-year-old increase by 0.62% or 0.003 g/cm3, and the 7-year-old age group
sample remained unchanged, which can be clearly observed in Figure 7. From these results,
we can observe that the reduction percentage in treated samples’ moisture content led to
an increase in density. According to Ismaili [16], the moisture content is reported to greatly
influence the mechanical strength of the timber. The more the timber dried, the greater
the timber’s strength. This shows that changing moisture content directly influences the
basic density, and this is supported by the study conducted by Alik and Naohiro [28]. The
increment of strength is due to the reduction in moisture content in timber because of
the shortening and, consequently, strengthening of hydrogen bonds linking together the
microfibrils in the timber [17,29]. Therefore, high basic density has low moisture content
and vice versa. Although the timber density is relatively reflected in the strength of the
timber, it should not be the definitive measurement of its strength [19].

Figure 7. Density mean values of the Acacia hybrid sample compared within the age groups, grain
direction, and treatment condition at air-dry condition.

3.1. Shear Parallel to Grain

As shown in Table 1, the mean value was observed with a 95% coefficient interval. For
a shear parallel to grain tangential direction, the 10-year-old group exhibited the highest
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shear strength for both untreated and treated samples. For the untreated 10-year-old
sample, the mean value was recorded as 18.18 MPa with a 95% coefficient interval value
of 0.5 and the shear strength increased by 2.26% or 0.41 MPa to 18.59 MPa with a 95%
coefficient interval value of 0.59. This was followed by the untreated 13-year-old and
7-year-old samples. The untreated 13-year-old sample was recorded with a mean value of
17.61 MPa with a 95% coefficient interval value of 0.84 and slightly increased by 0.34% or
0.06 MPa to achieve 17.67 MPa with a 95% coefficient interval value of 0.7 when treated.
The 7-year-old untreated sample recorded a mean value of 17.06 MPa with a 95% coefficient
interval value of 0.5 and increased by 2.7% or 0.46 MPa higher than the 10-year-old to
achieve 17.52 MPa with a 95% coefficient interval value of 0.59 when treated.

The results in shear parallel to grain radial direction show a similar pattern, where
the untreated 10-year-old sample recorded a higher mean value of 17.46 MPa with a 95%
coefficient interval value of 0.67. The shear strength increased by 2.63% or 0.46 MPa to
achieve 17.92 MPa with a 95% coefficient interval value of 0.61 when being treated. This
was followed by an untreated 13-year-old sample with a mean value of 16.62 MPa with a
95% coefficient interval value of 0.84, and shear strength increased by 1.56% or 0.26MPa to
achieve 16.88 MPa when treated. Meanwhile, the untreated 7-year-old recorded 16 MPa
with a 95% coefficient interval value of 0.66, and a huge increment was spotted with 4.88%
or 0.78 MPa to achieve 16.78 MPa with a 95% coefficient interval value of 0.56 when the
sample was treated. From this result, it can be concluded that the CCA treatment improves
the shear strength parallel to grain for both grain directions when samples were treated for
all age groups, which can be observed clearly in Figure 8. The previous study by Andy [30]
also shows a similar trend, where southern pine shear strength increased when treated
with CCA. The outcome from this study also shows a similar strength pattern for each age
group to the study conducted by Alik et al. [31], where the highest shear strength value is
the 10-year-old group, followed by the 13-year-old and 7-year-old group.

Figure 8. Shear parallel to grain mean values of Acacia hybrid sample comparing within the age
groups, grain direction and treatment condition at air-dry condition.

From observation, the mean values obtained from this study show that shear parallel
to grain tangential direction gives higher shear strength than the radial direction, and this
finding was supported by Ismaili et al. [3] and Gaddafi [18] in their research. Compared
to the percentage difference of strength increment, shear parallel to grain at tangential
direction increased by 1.76% or 0.31 MPa after treatment, which is slightly higher than
at radial direction with an increment of 1.43% or 0.19 MPa. The result also shows an
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improvement in shear strength in both directions, especially in the radial direction. This
means the treatment process improved the shear parallel to the grain of the Acacia hybrid
species, especially in the radial direction. As Ismaili et al. [3] mentioned in their research,
this could be due to differences in the proportion of major wood constituents, such as
cellulose, hemicelluloses, and lignin present in the woods or differences in extractive con-
tents. Riyanto and Gupta [32] also explained that, although ring orientation was strong,
inconsistent factors affected shear strength parallel to the grain. Moreover, other factors
affect shear strength, such as moisture content. According to Table 2, the 10-year-old
Acacia hybrid sample exhibited the lowest moisture content, where moisture content is
reported to significantly influence timber’s mechanical strength [28,31,33,34]. Madsen [35],
in his study, found that moisture content significantly affects shear strength. According to
Jamil [36], density is greatly influenced by the amount of moisture content in the timber.
The presence of moisture in the wood not only increases the mass, but also the volume
of timber. From this study, the 7- and 13-year-old age group sample has higher density
compared to the 10-year-old age group sample. Similarly, the percentage of moisture
content for both age groups was also higher compared to 10 years old. However, compared
to mechanical or strength properties, the 10-year-old Acacia hybrid sample recorded higher
values for all tests. Thus, it is agreed that the density of wood should not be the definite
measurement of its strength [37]. McKenzie [33] reported that heartwood tissue’s presence
provides mechanical rigidity and strength to timber. From this study, the age group of
10 years old possessed the highest strength properties value as compared to other age
groups. Therefore, from this study, 10-year-old timber has more heartwood tissue presence
than 13-year-old and 7-year-old timber. From this study, the highest mean value of shear
parallel to grain is from the 10-year-old age group. Further analysis was conducted using
statistically significant difference (p < 0.5) to observe the error bars between the 10-year-old
age group and other age groups, grain directions, and treatment conditions of Acacia
hybrid samples, as shown in Figure 8. The observation will later be computed with the
number of frequencies in percentage having the condition statistically significant difference
(p < 0.5), and the results will be tabulated in Table 3. For a shear parallel to grain at tan-
gential direction, the untreated 10-year-old sample has a statistically significant difference
(p < 0.5) with the 7-year-old (p = 0.0044). A similar pattern was observed for the 10-year-old
Acacia hybrid untreated sample at a radial direction has a statistically significant difference
(p < 0.5) with the 7-year-old (p = 0.0023) sample. The treated 10-year-old Acacia hybrid
sample in the tangential direction also has a statistically significant difference (p < 0.5) when
compared with the 7-year-old (p = 0.0112) and 13-year-old (p = 0.0432) treated samples at
the tangential direction. Meanwhile, shear parallel to grain in the radial direction, indicated
that the 10-year-old Acacia hybrid treated sample has a significant difference with the
7-year-old (p = 0.0067) and 13-year-old (p = 0.0275) samples. Statistically significant differ-
ence analysis observed no significant difference (p = 0.3157) between the treated 10-year-old
sample compared with the untreated 10-year-old Acacia hybrid of shear parallel to grain
in the tangential direction sample. Similarly, the treated 10-year-old sample compared
with the untreated 10-year-old sample has no significant difference for shear parallel to
grain in radial direction. The analysis shows that a 10-year-old Acacia hybrid sample
at shear parallel to grain yield a 60% statistically significant difference (p < 0.05) when
compared with other age groups, grain directions, and treatment conditions, which can be
clearly observed in Table 3. Therefore, concrete evidence from this analysis shows that the
10-year-old Acacia hybrid of shear parallel to grain sample has a statistically significant
difference (p < 0.05), especially in the tangential direction at the treated condition.
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Table 3. ANOVA on the effect of age groups, treatment conditions, and grain directions with 10-year-
old untreated and treated for shear parallel to grain of Acacia hybrid samples at air-dry condition.

Age Group
Treatment
Condition

Shear Parallel to
Grain Direction

Age Groups
Treatment
Condition
(UT, TD)

Significant
Difference p-Values

10

UT

T
7 UT 0.0044 *
10 TD 0.3157 ns
13 UT 0.2687 ns

R
7 UT 0.0023 *
10 TD 0.3040 ns
13 UT 0.1191 ns

TD
T

7 TD 0.0112 *
13 TD 0.0432 *

R
7 TD 0.0067 *
13 TD 0.0275 *

Number of frequencies having condition statistically significant difference (p < 0.05), % 60.0

T—Tangential direction; R—Radial direction; UT—Untreated (Control); TD—Treated; ns—not significant;
* Statistically significant difference at 95% (p < 0.05).

3.2. Cleavage

Figure 9 was observed with a 95% coefficient interval for cleavage tangential direc-
tion. It was reported that the untreated 10-year-old sample exhibited the highest cleavage
strength of 17.66 N/mm, with a 95% coefficient interval value of 7.06, followed by the
13-year-old and 7-year-old samples, with a mean value of 16.19 N/mm with a 95% coef-
ficient interval value of 0.563 and 15.82 N/mm, with a 95% coefficient interval value of
0.85, respectively. The cleavage strength increased when samples were treated. This can
be observed in the 10-year-old age group sample, which achieved a higher mean value of
18.12 N/mm with a 95% coefficient interval value of 1 with 2.60% or 0.46 N/mm increment
after the samples were treated. A similar pattern was observed in the treated 13-year-old
sample with an increment of 4.14% or 0.67 N/mm to achieve 16.86 N/mm with a 95%
coefficient interval value of 0.66. This is followed by a treated 7-year-old sample with an
increment of 5.50% or 0.87 N/mm to achieve 16.69 N/mm with a 95% coefficient interval
value of 0.72. These results are supported by the findings from Alik et al. [31], which also
stated that the 10-year-old age group sample exhibited the highest cleavage strength at
air-dry condition, followed by the 13-year-old and 7-year-old age group samples. This gave
an average increment after the sample was treated with 4.08% or 0.66 N/mm.

Figure 9. Cleavage strength values of Acacia hybrid sample compared within the age groups, grain
direction, and treatment condition at the air-dry condition.
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For cleavage in the radial direction, the same trend was observed correspondingly with
the results in the tangential direction, where the untreated 10-year-old sample recorded
a higher mean value of 15 N/mm with a 95% coefficient interval value of 0.66 followed
by the 13-year-old and 7-year-old sample, each recorded with 14.19 N/mm with a 95%
coefficient interval value of 0.68 and 13.67 N/mm with a 95% coefficient interval value of
0.81, respectively. For the treated sample, the 10-year-old was also recorded with a higher
mean value with an increment of 9.40% or 1.41 N/mm to achieve 16.41 N/mm with a 95%
coefficient interval value of 0.87, followed by the 13-year-old and 7-year-old age groups,
each recorded with an increment of 8.6% or 1.22 N/mm to achieve 15.41 N/mm with a
95% coefficient interval value of 0.53 and an increment of 6.88% or 0.94 N/mm to achieve
14.61 N/mm with a 95% coefficient interval value of 0.87, respectively. It can be observed
that the cleavage results show a high percentage of increment in radial direction after the
sample was treated with 8.33% or 1.19 N/mm compared with the tangential direction,
which is 4.08% or 0.67 N/mm. However, comparing the results obtained between the
mean value of cleavage in both radial and tangential for untreated and treated samples,
the mean value obtained in the tangential direction for all age groups was higher than
in the radial direction. From the results, it can be concluded that the 10-year-old age
group sample had the highest mean value for both untreated and treated at cleavage in the
tangential direction. This was confirmed by Moya and Muñoz [38] in their research, where
cleavage in the tangential direction gives a higher strength mean value compared with the
radial direction. According to Wallis [34], the lowest value cleavage in the radial direction
compared with the tangential direction was due to the relationship between air-dry density
and the cleavage strength of timber along the fibres.

The study indicated that the highest mean value of cleavage is from the 10-year-
old age group. When the results were analysed using statistically significant difference
(p < 0.05), a similar pattern as in the shear parallel to grain results was observed in Ta-
ble 4. The statistically significant difference (p < 0.5) analysis will be carried out with
the highest mean value obtained by the 10-year-old sample compared with other age
groups for both grain directions, untreated, and treated samples. For the untreated Acacia
hybrid of cleavage in the tangential direction sample, the 10-year-old sample has a signifi-
cant difference (p < 0.5) when compared with the 7-year-old (p = 0.0023) and 13-year-old
(p = 0.0046). Meanwhile, for the untreated Acacia hybrid of cleavage in the radial direction
sample, the 10-year-old sample has a significant difference (p < 0.5) when compared with
untreated 7-year-old (p = 0.0128) and treated 10-year-old (p = 0.0117) Acacia hybrid sample.
Furthermore, for the treated Acacia hybrid of cleavage in the tangential direction sample,
the 10-year-old sample has a statistically significant difference (p < 0.5) when compared
with the 7-year-old (p = 0.0227) and 13-year-old (p = 0.0383). Meanwhile, for the treated Aca-
cia hybrid of cleavage in the radial direction sample, the 10-year-old sample significantly
differs only from the 7-year-old (p = 0.0045) sample. Statistically significant difference
analysis observed no significant difference (p = 0.4788) between the treated 10-year-old
sample compared with the untreated 10-year-old Acacia hybrid of cleavage in the tangential
direction sample. However, there is a significant difference (p = 0.0117) between treated
10-year-old samples compared with the untreated 10-year-old Acacia hybrid of cleavage
in the radial direction sample. The analysis shows that the 10-year-old Acacia hybrid
for the cleavage sample yields a 70% statistically significant difference (p < 0.05) when
compared with other age groups, grain directions, and treatment conditions, which can be
clearly seen in Table 4. Therefore, it can be concluded that the 10-year-old Acacia hybrid
of the cleavage sample has a statistically significant difference (p < 0.05), especially in the
tangential direction at the treated condition.
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Table 4. ANOVA on the effect of age groups, treatment conditions, and grain directions with 10-year-
old untreated and treated cleavage of Acacia hybrid samples at air-dry condition.

Age Group
Treatment
Condition

Cleavage to Grain
Direction

Age Groups
Treatment
Condition
(UT, TD)

Significant
Difference p-Values

10

UT

T
7 UT 0.0023 *
10 TD 0.4788 ns
13 UT 0.0046 *

R
7 UT 0.0128 *
10 TD 0.0117 *
13 UT 0.0921 ns

TD
T

7 TD 0.0227 *
13 TD 0.0383 *

R
7 TD 0.0045 *
13 TD 0.0527 ns

Number of frequencies having condition statistically significant difference (p < 0.05), % 70.0

T—Tangential direction; R—Radial direction; UT—Untreated (Control); TD—Treated; ns—not significant;
* Statistically significant difference at 95% (p < 0.05).

3.3. Tension Parallel to Grain

As shown in Figure 10, the mean results observed with a 95% coefficient interval
reported that the 10-year-old has the highest strength mean value for the untreated sample
with 148.99 MPa with a 95% coefficient interval value of 0.8, followed by the 13-year-old
and 7-year-old samples with 144.19 MPa with a 95% coefficient interval value of 5.53 and
141.80 MPa with a 95% coefficient interval value of 7.67, respectively. When the sample
was treated, the treated 10-year-old sample also recorded with the highest mean value
increased by 18.42% or 27.45 MPa to achieve 176.44 MPa with a 95% coefficient interval
value of 8.56, followed by 13-year-old and 7-year-old age group samples, which each
recorded increments of 11.15% or 16.07 MPa to achieve 160.26 MPa with a 95% coefficient
interval value of 3.78 and increment of 11.71% or 16.6 MPa to achieve 158.40 MPa with a
95% coefficient interval value of 5.55, respectively. The treated 10-year-old sample shows
excellent increment value with an average mean difference of 10.7% or 17.11 MPa more
compared to both the 13-year-old and 7-year-old samples. As expected, untreated samples
in all age groups increased their strength value when treated. It can be observed that the
average increment in strength value from the untreated sample to the treated sample for all
age groups increased with the average increment in strength value of 13.8% or 20.04 MPa,
whereby the 10-year-old age group sample is more prominent when being treated. These
results, supported by findings from Alik et al. [31], stated that the 10-year-old age group
sample exhibited the highest strength at the air-dry condition, followed by the 13-year-old
and 7-year-old age group.
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Figure 10. Tension strength values of Acacia hybrid sample compared within the age groups, grain
direction, and treatment condition at the air-dry condition.

Similarly, this study’s 10-year-old age group sample also recorded the highest ten-
sile strength value. Thus, the statistically significant difference (p < 0.5) analysis will be
carried out with the highest mean value obtained by the 10-year-old age group sample
compared with other age groups, untreated, and treated samples. For the untreated Acacia
hybrid sample, the 10-year-old age group sample has no statistically significant difference
(p < 0.5) when compared with 7-year-old and 13-year-old age group samples. However, for
untreated 10-year-old Acacia hybrid tensile sample has a statistically significant difference
(p < 0.5) when compared with the treated 10-year-old (p = 0.0000) sample. Meanwhile,
for the treated Acacia hybrid sample, the 10-year-old age group sample has a statistically
significant difference (p < 0.5) when compared with 7-year-old (p = 0.0007) and 13-year-old
(p = 0.0009) samples. Therefore, from this analysis, the 10-year-old age group Acacia hybrid
of the tensile sample yields a 60 % statistically significant difference (p < 0.05) when com-
pared with other age groups and treatment conditions, which can be observed in Table 5.
From the study conducted, we can observe that the 10-year-old age group sample constantly
recorded with higher strength value as compared with the 7-year-old and 13-year-old age
group samples, although the density of the 10-year-old age group sample was slightly
lower with an average of 5.03%. However, the result contradicts the study conducted by
Alik and Kuroda [28], where basic density is a strong indicator correlated to mechanical
strength properties. Therefore, this revealed that timber density should not be the definitive
measurement of its strength [19].
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Table 5. ANOVA on the effect of age groups and treatment conditions with 10-year-old Acacia hybrid
untreated and treated for tensile samples at air-dry condition.

Age Group Treatment Condition Age Groups
Treatment Condition

(UT, TD)
Significant Difference

p-Values

10
UT

7 UT 0.1719 ns
10 TD 0.0000 *
13 UT 0.2879 ns

TD
7 TD 0.0007 *
13 TD 0.0009 *

Number of frequencies having condition statistically significant difference (p < 0.05), % 60.0

T—Tangential direction; R—Radial direction; UT—Untreated (Control); TD—Treated; ns—not significant;
* Statistically significant difference at 95% (p < 0.05).

4. Conclusions

Based on the mean results obtained in this study for the moisture content, density,
shear parallel to grain, cleavage, and tensile properties of Acacia hybrid at different age
groups under 10% of the copper chrome arsenic (CCA) treatment at air-dry condition, the
following conclusions are made.

1. The moisture content for the Acacia hybrid decreases when the sample is treated with
an average 0.58% or 0.09% MC, whereas the treated 10-year-old sample recorded a
higher mean value due to a decrement of 0.76% or 0.118% MC. The density of Acacia
hybrid shows that, as a result of the sample being treated, the mean density increased
with an average of 0.44% or 0.002 g/cm3, whereas the treated 13-year-old sample
recorded a higher increment value of 0.74% or 0.004 g/cm3. Similarly, mechanical
properties also increased with an average 6.18% increment of strength value when
treated. Tension value recorded a huge average increment of 13.67% when treated.

2. The tangential direction gives a high mean value in both untreated and treated sam-
ples for shear parallel to grain and cleavage. However, in terms of the percentage
difference of strength increment from untreated to treated samples, radial direction
samples show significant improvement where it recorded a higher percentage incre-
ment with an average of 3.02% or 0.5 MPa and 8.29% or 1.19 MPa for shear parallel
to grain and cleavage, respectively. The 10-year-old age group sample showed a
significant increment of strength in both the radial and tangential direction when
treated, followed by 13-year-old and 7-year-old age group.

3. Findings revealed that the mechanical and physical properties of Acacia hybrid
obviously perform better in the 10-year-old age group, followed by the 13-year-old
and 7-year-old age groups. It is demonstrated that the mechanical properties of Acacia
hybrid serve better after being treated using CCA treatment.

4. It is recommended that the air-dried 10-year-old Acacia hybrid is the most suitable
with consistent physical property values and mechanical strength values in the shear
parallel to grain at the tangential direction, cleavage in the tangential direction, and
tension when treated with copper chrome arsenic (CCA) treatment. However, the
radial direction selection can also be considered due to its greater percentage difference
in strength increment when being treated.

To predict the treated sample’s physical and mechanical properties under 10% chrome
arsenic (CCA) treatment at air-dry condition, it can be calculated using the mean value of
the untreated sample using the equation in Table 6 below.
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Table 6. Calculation of mean value of engineering properties of treated Acacia hybrid sample under
10% chrome arsenic (CCA) treatment at air-dry condition using the mean value of the untreated sample.

Engineering
Properties

Mean Value for Untreated Sample Unit
Age of Sample Factor, Yi Mean Value for Treated

Sample with 10% CCAY7 Y10 Y13

Physical properties
(Air-dry)

MCC Moisture content % 0.995 0.992 0.996 MCC × Yi
DC Density g/cm3 0.999 1.006 1.007 DC × Yi

Strength Properties
(Air-dry)

S//TC
Shear Parallel to

Grain (Tangential) MPa 1.027 1.023 1.003 S//TC × Yi

S//RC
Shear Parallel to
Grain (Radial) MPa 1.049 1.026 1.016 S//RC × Yi

TC Tension MPa 1.117 1.184 1.111 TC × Yi

CLTC
Cleavage

(Tangential) N/mm 1.055 1.026 1.041 CLTC × Yi

CLRC Cleavage (Radial) N/mm 1.069 1.094 1.086 CLRC × Yi
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Abstract: As a type of natural fiber with excellent elongation, coir fiber has been applied in a wide
range of fields. To ensure superb performance, coir fiber is usually treated with alkali before being
applied. Previous studies paid little attention to the multiple alkali treatment of coir fiber; however,
this study focuses on its influence on the mechanical properties of coir fiber and conducts multi-
objective optimization and analysis of the tensile strength, elastic modulus and elongation of coir
fiber. Our objective is the comprehensive enhancement of the mechanical properties of coir fiber. In
this study, the experimental design is based on the Box-Behnken design method, and three treatment
parameters were selected for the study, namely NaOH concentration, treatment time and treatment
temperature. Analysis of variance (ANOVA) was adopted to analyze the experimental data, and
response surface methodology (RSM) was used to investigate how the treatment factors interact with
each other and affect the responses values. To improve the tensile strength, elastic modulus and
elongation of coir fiber simultaneously, the experimental parameters were optimized. The results
showed that the optimal values of NaOH concentration, treatment time and treatment temperature
were 4.12%, 15.08 h and 34.21 ◦C, respectively. Under these conditions, the tensile strength of coir
fiber was 97.14 MPa, the elastic modulus was 2.98 GPa and the elongation was 29.35%, which
were 38.28%, 39.91% and 25.59% higher than that of untreated coir fiber, respectively. Furthermore,
scanning electron microscopy (SEM), thermogravimetric analysis (TGA-DTG), Fourier-transform
infrared spectroscopy (FTIR) and X-ray diffraction (XRD) were used to analyze the changes in surface,
weight loss, composition and crystallinity of coir fiber treated with alkali under optimum conditions
compared with untreated coir fiber to obtain a deeper insight into the influential mechanisms of
alkali treatment.

Keywords: coir fiber; alkali treatment; parameter optimization; mechanical properties

1. Introduction

As people’s awareness of environmental protection increases, synthetic fibers with a
negative impact on the ecological environment are phased out. In development models
prioritizing a green environment, people are looking for alternatives to synthetic fibers and
are looking to natural fibers as options [1]. Natural fibers are attracting attention because of
their environmental friendliness and renewable nature, as well as their low cost and good
mechanical properties, accounting for their wide application [2]. Earlier studies on natural
fibers were mostly in the textile field [1,3–5]; recently, there have been more studies on nat-
ural fiber composites [6,7]. Saikrishnan et al. studied the mechanical properties, including
tensile strength and flexural strength, of ramie/kenaf fiber composites [8]. Sumesh et al.
studied the friction and wear properties of sisal/pineapple fiber composites [9]. Natural
fiber composites are advocated in the automotive and construction industries because of
their environmental friendliness and superb mechanical properties. It is expected that the
demand for natural fibers will increase in the future, involving more fields [10,11].

There are many natural fibers that are frequently used at present, such as the flax fiber,
banana fiber and coir fiber, which is a kind of fiber obtained from waste coconut shells.
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About 650,000 tons of waste coconut shells are produced globally every year. Extracting
coir fiber for applications also makes use of waste coconut shells. Coir fiber is mainly
composed of cellulose, hemicellulose, lignin and pectin, among other substances [12].
Among them, cellulose and lignin account for a large proportion. Cellulose is the most
crucial component of coir fiber and positively affects its elongation, while excessively high
content of lignin will damage the toughness of the fiber. In addition, cellulose is hydrophilic,
and its hydroxyl groups facilitate the bonding of fibers with the matrix when composites
are produced. Pectin and other impurities attached to the fiber surface will hinder the
bonding of the fiber with the matrix, making it easy to fall off. Therefore, the purpose of
coir fiber treatment is to remove pectin and other impurities and to partially remove lignin,
hemicellulose and other non-cellulose substances to improve the properties of the fiber
and the interfacial bonding of the fiber and the matrix [13,14]. Conventional methods to
treat natural fibers include alkali treatment, radiation treatment, acid anhydride treatment,
coupling agent treatment, and others. Many natural fiber treatments have been studied
by researchers. Hestiawan et al. compared the effects of alkali treatment, silane treatment
and alkali-silane treatment on the tensile properties and interfacial shear strength of fan
palm fibers. The results showed that the tensile strength of alkali–treated and alkali-silane–
treated fibers increased compared with untreated fibers, while that of silane–treated fibers
decreased in comparison. In addition, the interfacial shear strength of the fibers treated
in the above three ways rose compared with untreated ones [15]. Loong et al. treated flax
fiber with acetic anhydride to investigate the effect on the properties of flax fiber epoxy
composites. They found significant differences between the tensile strength and modulus
of the composites and the untreated samples and reported that treatment of flax fiber
can enhance interfacial adhesion of the flax fiber composites [16]. Using sodium chlorite
solution, Ma et al. removed lignin from corn stalk fibers to enhance the friction wear
properties and interfacial bonding of resin-based friction materials [17]. Alkali treatment
is the most frequently used treatment for natural fibers, with the advantages of low cost
and easy operation. In addition, alkali treatment can effectively improve the surface
roughness of natural fibers, allowing closer combination with the matrix materials. This is
an important reason for its selection. There are different requirements for conditions to treat
different fibers, such as alkali concentration, treatment time and treatment temperature.
Different treatment conditions will exert different effects on the same fiber. Valášek et al.
explored the changes in the mechanical properties and surface microstructure of coir and
abaca fibers after immersion in NaOH solution for different periods of time [18]. Frącz et al.
used 2%, 5% and 10% NaOH solutions for surface modification of flax and hemp fibers,
respectively, exploring their effects on the properties of the composites. It was shown that
most of the properties of the hemp fiber composites were improved as concentration of the
alkali solution increased. On the other hand, treatment of the flax fiber composites with
a higher concentration of NaOH solution deteriorated most of their properties [19]. As
mentioned earlier, alkali treatment conditions are closely related to the properties of the
treated fiber, and unreasonable treatment conditions will degrade their properties. The
purpose of fiber treatment is to ensure the optimal performance of the fiber, which requires
accurately selecting factors influencing the alkali treatment.

Coir fiber possesses good mechanical properties, making it an object of great interest
to researchers [20]. Although the strength of coir fiber is not dominant compared with other
hemp fibers, it has the highest elongation compared with any known natural fiber [21,22].
As elongation is an advantageous property of coir fiber, the study of elongation is essential.
Previous studies on the alkali treatment of natural fibers showed that the required alkali
treatment conditions for optimum tensile strength, optimum elastic modulus, and optimum
elongation are not identical [18]. Previous research on alkali treatment of natural fibers
failed to focus on this aspect, and the mechanical properties of fibers obtained by the alkali
treatment of fibers under non-optimized treatment conditions may not be improved in
a holistic way. If a certain mechanical property of the fiber is not significantly improved
after alkali treatment, there will be shortcomings in this aspect of the fiber. As a result, it
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is of great importance to improve the comprehensive mechanical properties of the fiber.
The present study differs from other studies on coir fiber alkali treatment in that the ten-
sile strength, elastic modulus and elongation are optimized and analyzed to obtain the
treatment conditions under which these properties are optimally improved simultaneously.
The tensile strength, elastic modulus and elongation of coir fiber can be improved more
effectively by alkali treatment under the optimized NaOH concentration, treatment time
and treatment temperature, so that the mechanical properties of coir fiber can be com-
prehensively improved in comparison with those before the treatment. The optimization
of alkali treatment conditions is necessary. The experiment involves a multi-objective
simultaneous optimization technology whose design is based on Box-Behnken. The data
are derived from the tensile strength, elastic modulus and elongation of coir fibers treated
under different NaOH concentrations, times and temperatures. Design-Expert software
11 was used to analyze and obtain the regression equation and obtain the optimization
results. Finally, the properties of coir fiber under the optimal conditions were compared
with untreated samples. The mechanism of its influence on coir fiber was analyzed with
a scanning electron microscopy, thermogravimetric analysis, Fourier-transform infrared
spectroscopy and X-ray diffraction.

2. Materials and Methods

2.1. Materials

The waste coconut shells used in the experiments were collected from mature coconuts
grown in Hainan Province, China. The coir fiber was extracted from the waste in the
coconut forest. Figure 1 shows the coconut forest, waste coconut shell and coir fiber. The
chemical used to treat the coir fibers was sodium hydroxide (NaOH) solution, which was
purchased from Phygene Biotechnology, Fuzhou.

Figure 1. Coconut forest, waste coconut shell and coir fibers.

2.2. Preparation of Coir Fibers

The coir fibers for experimental use were selected by hand to ensure that they were
similar in shape and diameter. Prior to alkali treatment, coir fibers were cleaned with
distilled water to remove impurities attached to the surface; they were then were cut
into 50 mm after drying. The coir fibers were divided into 17 groups, each undergoing
the treatment illustrated in Figure 2 under different treatment conditions. The coir fibers
were immersed in a beaker containing the specified concentration of NaOH solution, and
the beaker was placed in a multi-purpose incubator at a required temperature and for
a required period for alkali treatment of the fibers. After the treatment, the fibers were
immersed in distilled water for 2 h, followed by repeated washing with distilled water
until all NaOH was removed from their surface. Finally, the coir fibers were dried at 60 ◦C
for 3 h and stored in sealed bags for subsequent analyses.
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Figure 2. Preparation process of coir fiber samples.

2.3. Experimental Design

Response surface methodology (RSM) is a mathematical and statistical technique used
to analyze experimental data for response optimization. RSM is one of the most frequently
used optimization tools in experimental design. According to the impact of treatment
conditions on alkali treatment, NaOH concentration, treatment time and treatment temper-
ature were selected as variables in the study [11,14,18], and the experimental scheme was
selected using a three-factor Box-Behnken design using three levels. The factors and levels
are shown in Table 1. The diameter and post-break length of each fiber were measured
with the stereomicroscope to obtain accurate experimental data, such as tensile strength
and elongation. Each fiber was measured once in both mutually perpendicular directions
to take the average value as the diameter. Then, Design-Expert software 11 was employed
to analyze the experimental data and optimize the alkali treatment conditions, including
NaOH concentration, time and temperature. This method can analyze the influential
trend of alkali treatment on the tensile strength, elastic modulus and elongation of coir
fiber through the response surface to obtain the best conditions for alkali treatment in
combination with regression equations.

Table 1. Factors and levels of experiments.

Levels

Factors

NaOH Concentration (%) Time (h) Temperature (◦C)

A B C

−1 2 2 20
0 6 12 40
1 10 22 60

2.4. Testing of Coir Fiber
2.4.1. Tensile Test

Tensile tests were conducted on coir fiber using an Electronic Universal Testing Ma-
chine (3343, INSTRON, Boston, MA, USA) with a crosshead speed of 3 mm/min to compare
and analyze the changes in mechanical properties of coir fibers in 17 groups treated under
different conditions. The mechanical properties tested in this experiment included tensile
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strength, elastic modulus and elongation. Specifically, the coir fiber sample needed to be
fixed on the upper and lower collets of the instrument through a special fixture. The fiber
sample was kept at the centerline of the collet and clamped to avoid fiber slip. The test
was repeated five times for each group of fiber samples to obtain the average value as the
test result.

2.4.2. Scanning Electron Microscopy

The morphologies of the untreated and treated coir fibers were investigated with a
scanning electron microscopy (SEM) (Verios G4 UC, Thermoscientific, Waltham, MA, USA).
To make it conductive, the sample of coir fiber was sprayed with gold to make its surface
a thin gold palladium layer. Surface and cross-sections of the fibers were observed and
analyzed at a voltage of 5 kV to understand microscopic changes.

2.4.3. Thermogravimetric Analysis

The weight changes of untreated and treated coir fiber specimens were studied with
the thermogravimetric analyzer (Q600, TA, New Castle, DE, USA). The coir fibers were
cut into 1 mm segments before the test, and their specimens were put into the crucible.
The test studied the changes in weight loss and derivative weight of coir fibers in testing
temperature ranging from 30 ◦C to 500 ◦C. The whole test was conducted in nitrogen, and
the heating rate was maintained at 10 ◦C/min.

2.4.4. Fourier-Transform Infrared Spectroscopy

The untreated and treated samples of coir fiber were studied and analyzed with the
Fourier-Transform Infrared Spectrometer (FTIR) (T27, Bruker, Billerica, Germany). An
appropriate amount of coir fiber powder was mixed and ground with potassium bromide
(KBr). The test samples were prepared by the tablet pressing method. The data were
recorded in the wave numbers ranging from 400 to 4000 cm−1 at a resolution of 4 cm−1.
The infrared spectra of each sample could be obtained after scanning.

2.4.5. X-ray Diffraction

The crystallinity index of untreated and treated samples of coir fiber was measured by
an X-ray Diffractometer (XRD) (Smart Lab, Rigaku, Tokyo, Japan). Before the determination,
the coir fiber was broken with a pulverizer to prepare powder samples, all of which were
scanned in the range 2θ of 5◦–60◦ at the scanning speed of 5◦/min. The relative crystallinity
index of each fiber sample was calculated according to the obtained spectral data and the
Segal empirical method [23].

CrI =
I002 − Iam

I002
× 100% (1)

where CrI is crystallinity index, I002 is the maximum intensity of 002 lattice diffraction plane
at a 2θ close to 22◦ and Iam is the intensity diffraction of amorphous materials at a 2θ close
to 18◦.

3. Results and Discussion

3.1. Tensile Test Results and Analysis
3.1.1. Model Fitting and Analysis of Variance

According to the Box-Behnken design principle, 17 groups of tests were carried out.
The testing scheme and result of each group are shown in Table 2, including tensile strength,
elastic modulus and elongation in the model. The test data were imported into the software
Design-Expert 11 for analysis. The regression models of tensile strength Y1, elastic modulus
Y2 and elongation Y3 on the independent variables NaOH concentration A, time B and
temperature C were established. The alkali treatment results were further investigated
using analysis of variance (ANOVA) to determine which factors significantly affect the
mechanical properties of coir fiber [24–26]. Tables 3–5 show the ANOVA results.
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Table 2. Alkaline treatment conditions and test results of coir fibers.

Std Run
NaOH Concentration

A (%)
Time

B (Hours)
Temperature

C (◦C)
Tensile Strength

Y1 (MPa)
Elastic Modulus

Y2 (GPa)
Elongation

Y3 (%)

12 1 6 22 60 75.56 2.60 23.36
13 2 6 12 40 96.12 2.94 28.87
7 3 2 12 60 84.57 2.44 24.69
9 4 6 2 20 74.16 2.68 23.03
2 5 10 2 40 62.88 2.32 22.40

14 6 6 12 40 93.89 2.94 28.72
5 7 2 12 20 93.71 2.62 28.34

16 8 6 12 40 90.91 3.03 29.13
6 9 10 12 20 78.30 2.45 20.43

10 10 6 22 20 91.01 2.79 25.46
8 11 10 12 60 67.97 2.20 22.04

17 12 6 12 40 95.10 3.02 28.32
1 13 2 2 40 81.71 2.68 25.12
3 14 2 22 40 94.21 2.74 28.82
4 15 10 22 40 71.06 2.59 20.62

11 16 6 2 60 73.51 2.36 24.72
15 17 6 12 40 91.38 2.97 28.50

Table 3. ANOVA for coir fiber tensile strength.

Source Sum of Squares df Mean Square F-Value p-Value

Model 1855.98 7 265.14 59.60 <0.0001 ** highly
significant

A-NaOH
concentration 684.32 1 684.32 153.83 <0.0001 **

B-Time 195.82 1 195.82 44.02 <0.0001 **
C-Temperature 158.15 1 158.15 35.55 0.0002 **

BC 54.76 1 54.76 12.31 0.0066 **
A2 190.07 1 190.07 42.73 0.0001 **
B2 363.87 1 363.87 81.80 <0.0001 **
C2 133.16 1 133.16 29.93 0.0004 **

Residual 40.04 9 4.45

Lack of Fit 19.26 5 3.85 0.7416 0.6313 not
significant

Pure Error 20.78 4 5.19
Cor Total 1896.01 16

R2 = 0.9789 Adjusted R2 = 0.9625
Predicted R2 = 0.9365 Adequate Precision = 21.8151

Note: p-value < 0.01 (highly significant, **).

Table 4. ANOVA for coir fiber elastic modulus.

Source Sum of Squares df Mean Square F-Value p-Value

Model 1.05 7 0.1496 90.05 <0.0001 ** highly
significant

A-NaOH
concentration 0.1058 1 0.1058 63.69 <0.0001 **

B-Time 0.0578 1 0.0578 34.80 0.0002 **
C-Temperature 0.1105 1 0.1105 66.49 <0.0001 **

AB 0.0110 1 0.0110 6.64 0.0299 *
A2 0.3511 1 0.3511 211.34 <0.0001 **
B2 0.0498 1 0.0498 29.98 0.0004 **
C2 0.2929 1 0.2929 176.33 <0.0001 **

Residual 0.0150 9 0.0017

Lack of Fit 0.0076 5 0.0015 0.8162 0.5945 not
significant

Pure Error 0.0074 4 0.0018
Cor Total 1.06 16

R2 = 0.9859 Adjusted R2 = 0.9750
Predicted R2 = 0.9533 Adequate Precision = 28.0769

Note: p-value < 0.01 (highly significant, **); p-value < 0.05 (significant, *).
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Table 5. ANOVA for coir fiber elongation.

Source Sum of Squares df Mean Square F-Value p-Value

Model 153.25 9 17.03 142.42 <0.0001 ** highly
significant

A-NaOH
concentration 57.67 1 57.67 482.39 <0.0001 **

B-Time 1.12 1 1.12 9.35 0.0184 *
C-Temperature 0.7503 1 0.7503 6.28 0.0407 *

AB 7.51 1 7.51 62.79 <0.0001 **
AC 6.92 1 6.92 57.85 0.0001 **
BC 3.59 1 3.59 30.04 0.0009 **
A2 23.61 1 23.61 197.44 <0.0001 **
B2 18.57 1 18.57 155.35 <0.0001 **
C2 25.59 1 25.59 214.03 <0.0001 **

Residual 0.8369 7 0.1196

Lack of Fit 0.4386 3 0.1462 1.47 0.3497 not
significant

Pure Error 0.3983 4 0.0996
Cor Total 154.08 16

R2 = 0.9946 Adjusted R2 = 0.9876
Predicted R2 = 0.9504 Adequate Precision = 32.1528

Note: p-value < 0.01 (highly significant, **); p-value < 0.05 (significant, *).

The significance of variables in the regression model is related to p-value, and it is
considered to be significant when the p-value is less than 0.05. Table 3 shows the ANOVA
results of tensile strength. It can be seen that variables A, B, C, BC, A2, B2 and C2 exert
a significant impact on tensile strength Y1. To optimize model Y1, insignificant model
terms were eliminated. The regression model is shown in Equation (2). The model of
tensile strength Y1 is highly significant (p < 0.01), and the lack-of-fit value is not significant
(p > 0.05), suggesting a good fitting relationship between the regression model and the
actual situation. The regression coefficient R2 is 0.9789, indicating that the data can properly
express the model. The table also shows that the predicted R2 is 0.9365 and the adjusted
R2 is 0.9625; the difference is less than 0.2. Furthermore, the adequate precision measures
the signal to noise ratio. When the ratio is greater than 4, it is desirable. This ratio in the
model is 21.8151, indicating that the signal is sufficient and that the model can be used in
the navigation design space [24,27].

Y1 = 93.48 − 9.25A + 4.95B − 4.45C − 3.70BC − 6.72A2 − 9.30B2 − 5.62C2 (2)

Table 4 shows the ANOVA results of elastic modulus. The p-values corresponding
to each variable are compared, and it is shown that the variables A, B, C, AB, A2, B2 and
C2 have a significant impact on elastic modulus Y2. After the insignificant model terms
in the model were eliminated, the regression model is obtained, as shown in Equation (3).
The model of elastic modulus Y2 was highly significant, while the lack-of-fit value was not,
which shows that the fitting degree between the regression model and the actual situation
was good within the testing range. In addition, the regression coefficient R2 is 0.9859 in
the regression model of elastic modulus Y2, and the predicted R2 of 0.9533 is in reasonable
agreement with the adjusted R2 of 0.9750. It can be found that they show a significant
relationship. Adequate precision measures the signal to noise ratio, which in this model
is 28.0769, satisfying the requirements of the navigation design space with an adequate
signal [24,27].

Y2 = 2.98 − 0.1150A + 0.0850B − 0.1175C + 0.0525AB − 0.2887A2 − 0.1087B2 − 0.2638C2 (3)

Table 5 shows the ANOVA results for elongation. The p-value of the elongation
regression equation model is less than 0.0001, indicating that the model is highly significant,
while the lack-of-fit value is insignificant. Therefore, it can be concluded that the model is
suitable. The regression model is shown in Equation (4). Among them, variables A, B, C,
AB, AC, BC, A2, B2 and C2 have a significant impact on elongation Y3. The same table also
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shows that the regression coefficient R2, the predicted R2 and the adjusted R2 are 0.9946,
0.9504 and 0.9876, respectively. The predicted value is highly correlated with the actual
value, suggesting that the empirical model is significantly reliable. The adequate precision
ratio of the model is 32.1528, indicating that the model can be used to navigate the design
space [24,27].

Y3 = 28.71 − 2.68A + 0.3738B − 0.3063C − 1.37AB + 1.31AC − 0.9475BC − 2.37A2 − 2.10B2 − 2.47C2 (4)

To gain deeper insight into the testing results, the perturbation plots in Figure 3 show
the effect of the treatment conditions on tensile strength, elastic modulus and elongation.
Conclusions can also be drawn by analyzing the F-value of each treatment condition in
Tables 3–5. The influential order for tensile strength is NaOH concentration, time and
temperature from the largest to the smallest; that for elastic modulus is temperature,
NaOH concentration and time; and that for elongation is NaOH concentration, time and
temperature. In addition, NaOH concentration has the greatest effect on the tensile strength,
while the time and temperature have relatively little effect on the tensile strength. Compared
with the time, NaOH concentration and temperature exert slightly greater impact on elastic
modulus. The effect of NaOH concentration on elongation is greater than that of time and
temperature. Similar results indicating that the NaOH concentration of alkali treatment
has a greater impact on the mechanical properties of natural fibers have been reported
elsewhere [26].

Figure 3. Perturbation plots: (a) Effect of factors on tensile strength, (b) effect of factors on elastic
modulus, (c) effect of factors on elongation.

3.1.2. Effect of Interactive Factors on Tensile Strength

The tensile strength of coir fiber should be enhanced to optimize its own properties, as
it is significant for coir fiber–reinforced composites. The three-dimensional surface plot and
the contour plot shown in Figure 4 illustrate the interactive effect of time and temperature
on tensile strength. From the overall three-dimensional surface plot, it can be determined
that the tensile strength of coir fiber has changed significantly under the interactive effect of
time and temperature. When the NaOH concentration of alkali treatment is fixed at the level
of 0 (A = 6%), the temperature rise affects the tensile strength of coir fiber positively when
the treatment time remains constant. This effect is clearly seen in the contour plot, where
the tensile strength reached the maximum at close to 30 ◦C and then showed a declining
trend as the treatment temperature rose. This is due to the fact that excessively high
treatment temperatures can damage the coir fibers, leading to a deterioration of the tensile
strength. On the other hand, the tensile strength of coir fiber increases as the treatment
time is prolonged and the treatment temperature remains constant. However, excessive
soaking time can have a negative effect. Initially, materials attached to the fiber surface will
be gradually removed as the alkali treatment proceeds. However, a substantial amount of
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lignin, whose functions are support and bonding, is dissolved after a long period of time,
resulting in the decrease of tensile strength. Jiang et al. also reported that unreasonable
alkali treatment conditions would adversely affect the tensile strength of fibers in their
research on the effects of alkali treatment on palm fibers [28].

Figure 4. Effect of time and temperature on the tensile strength of coir fiber at a NaOH concentration
of 6%: (a) three-dimensional surface plot; (b) contour plot.

3.1.3. Effect of Interaction Factors on Elastic Modulus

Elastic modulus is one of the most important properties of coir fiber. The interaction of
NaOH concentration and time has a significant impact on the elastic modulus of coir fiber.
Its three-dimensional surface plot and the contour plot are shown in Figure 5. According
to the analysis of the three-dimensional surface plot in Figure 5a, the elastic modulus of
coir fiber tends to increase and then decrease as treatment time lengthens in the same
NaOH concentration, when the temperature of alkali treatment was fixed at the level of 0
(C = 40 ◦C), and the trend is the same as NaOH concentration increases when the treatment
time remains unchanged. In addition, as shown in the contour plot in Figure 5b, the elastic
modulus changes rapidly along the NaOH concentration direction and slowly along the
time direction. It is worth noting that excessively high NaOH concentration or excessively
long treatment time will cause damage to coir fiber [18]. When the elastic modulus reaches
the maximum, any further increase in NaOH concentration and treatment time will reduce
the elastic modulus of coir fiber.

Figure 5. Effect of NaOH concentration and time on elastic modulus of coir fiber at a temperature of
40 ◦C: (a) three-dimensional surface plot; (b) contour plot.
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3.1.4. Effect of Interaction Factors on Elongation

The elongation of coir fiber is more outstanding compared with most other natural
fibers, and it has one of the highest elongations among average natural fibers. In addition,
appropriate alkali treatment will further increase the elongation of coir fiber, which will
make the fiber more flexible. It can be seen that the bending properties of composites
made of coir fiber are also improved. At the same time, it is of great significance for
flexible materials.

The interactive effects of NaOH concentration A, time B and temperature C on the
elongation of coir fiber are shown in Figure 6. As the pictures show, one factor at the
0 level is fixed, and the influence of the other two factors on the elongation is analyzed.
Combined with the F-value of each interactive factor in Table 5, the most significant effect
on the elongation of coir fiber is the interaction between NaOH concentration A and time
B, followed by that between NaOH concentration A and temperature C, and then between
time B and temperature C. The three-dimensional surface plot and the contour plot in
Figure 6a,b show the effect of the interaction of NaOH concentration and time on elongation.
When the temperature of alkali treatment was fixed at the level of 0 (C = 40 ◦C), under
the same NaOH concentration, the elongation tends to rise with the increase of treatment
time and fall slightly after reaching the maximum. In addition, during the same treatment
time, the elongation first increases slightly and then decreases as the NaOH concentration
rises. The interactive effect of NaOH concentration and temperature on the elongation is
shown in Figure 6c,d. When the time of alkali treatment remains fixed at the level of 0
(B = 12 h), the interactive effect of NaOH concentration and temperature on elongation can
be clearly seen from the three-dimensional surface plot and contour plot. Among them,
the elongation of coir fiber reaches the maximum when the NaOH concentration is about
4% and the treatment temperature is about 35 ◦C. Then, when the NaOH concentration or
temperature exceeds this value, the elongation of coir fiber will decrease. When the NaOH
concentration of alkali treatment is fixed at the level of 0 (A = 6%), the interactive effect of
time and temperature on elongation is expressed in Figure 6e,f. It is very intuitive to see
from the three-dimensional surface plot that the trend of elongation based on temperature
during the same treatment time and the trend of elongation based on time at the same
treatment temperature both increase and then decrease. At the same time, the maximum
elongation can be obtained in the middle of the contour plot.

Jiang et al. and Valášek et al. also studied the effect of alkali treatment on the
elongation of natural fibers [18,28]. Reasons for these changes were obtained from the
principle analysis. Alkali treatment can remove impurities and some lignin from the surface
of coir fiber. Because lignin is easier to degrade than cellulose in alkali solution, the relative
content of cellulose increases after alkali treatment. This is conducive to the increase of
elongation of coir fiber, whose increase or decrease is inseparable from the main treatment
conditions. Excessively small NaOH concentration will not achieve the expected effect of
alkali treatment, and excessively short treatment time and low temperature will make the
reaction insufficient. On the contrary, excessively large NaOH concentration will damage
the fiber structure, and excessively long treatment time and high temperature will dissolve
a large amount of lignin, leading to degraded performance. Therefore, large elongation
will be obtained by alkali treatment of coir fiber under appropriate NaOH concentration,
time and temperature.
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Figure 6. Effect of NaOH concentration and time on elongation of coir fiber at a temperature of 40 ◦C:
(a) three-dimensional surface plot; (b) contour plot. Effect of NaOH concentration and temperature on
elongation of coir fiber at a time of 12 h: (c) three-dimensional surface plot; (d) contour plot. Effect of
time and temperature on elongation of coir fiber at a NaOH concentration of 6%: (e) three-dimensional
surface plot; (f) contour plot.
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3.1.5. Optimization of Treatment Conditions

Figure 7a–c show the relationship between the actual and predicted values of ten-
sile strength, elastic modulus and elongation, respectively. All points in the figures are
distributed near the diagonal line, indicating a high correlation between the actual and
predicted values. They also reflect that the model is highly accurate. It can be seen that
these selected models are adequate [24,26].

Figure 7. Linear plots: (a) predicted and actual values of tensile strength, (b) predicted and actual
values of elastic modulus and (c) predicted and actual values of elongation.

To obtain better properties of coir fibers, suitable alkali treatment conditions are
essential. Therefore, the tensile strength, elastic modulus, and elongation exhibited by coir
fibers are taken as optimization objectives. In this study, multi-objective optimization is
required to optimize the combination of parameters that satisfy several indicators; thus,
the NaOH concentration, time, and temperature of the alkali treatment are optimized.
The mathematical model is obtained by building a parametric optimization model and
analyzing the regression equation as shown in Equation (5).

⎧⎨
⎩

maxY1 (A, B, C)
maxY2(A, B, C)
maxY3(A, B, C)

(5)

The model is optimized and analyzed by Design-Expert software 11, and a sufficient
range is set for the parameters to ensure that the optimization results appear in the given
range. As can be observed from Figure 8, the optimal operating conditions for alkali treat-
ment are 4.12% NaOH concentration, 15.08 h of treatment time and a treatment temperature
of 34.21 ◦C. Under these treatment conditions, the tensile strength is 98.13 MPa, elastic
modulus is 2.99 GPa and elongation is 29.71%.

3.1.6. Verification Test

To confirm the accuracy of the model prediction, validation tests were performed
under the optimized conditions. Five samples were tested, and the average values of
tensile strength, elastic modulus and elongation were obtained as 97.14 MPa, 2.98 GPa and
29.35%, respectively. Table 6 shows the comparison between the measured value and the
predicted value, from which it can be seen that the errors of tensile strength, elastic modulus
and elongation are 1.01%, 0.33% and 1.21%, respectively, indicating that the parameter
optimization model is reliable.
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Figure 8. Optimal results.

Table 6. Validation testing results.

Contrast Items Tensile Strength (MPa) Elastic Modulus (GPa) Elongation (%)

Measured value 97.14 2.98 29.35
Predicted value 98.13 2.99 29.71

Error (%) 1.01 0.33 1.21

Figure 9 compares the changes in mechanical properties of untreated coir fibers (UCF)
and treated coir fibers under optimal conditions (OCF). The mechanical properties of
UCF also come from the average value of five samples. Combined with the pictures, it
can be seen that after being treated under optimal conditions, the tensile strength of coir
fiber changes from 70.25 MPa to 97.14 MPa, an increase of 38.28%; the elastic modulus
from 2.13 GPa to 2.98 GPa, an increase of 39.91%; and the elongation from 23.37% to
29.35%, an increase of 25.59%. The changes exhibited by the test are consistent with the
test principle. Silva et al. also reported that the mechanical properties of coir fibers were
improved after alkali treatment [21]. However, the conditions of alkali treatment were
optimized by targeting tensile strength, elastic modulus and elongation at the same time in
this experiment, resulting in a more balanced enhancement of the mechanical properties of
coir fibers.

3.2. Scanning Electron Microscopy Observation and Analysis

SEM can observe the microscopic changes in the surface morphology of coir fiber
before and after the treatment. SEM micrographs of UCF and OCF surfaces are shown in
Figure 10. From the overall view, the surface of UCF is tightly wrapped by a large amount
of pectin, wax and other impurities, and this feature is reflected in Figure 10a. Due to the
wrapping of these substances, the surface of UCF has no obvious bulges and grooves, only
impurities attached to the surface of coir fiber. Figure 10b provides SEM micrographs of
the UCF surface at higher magnification. It can be observed from the magnified picture
that the impurities are flaky and their structure is loose. When UCF is bonded to the matrix
material, the existence of these substances between the fibers and the matrix makes it easy
for their connection to debond [29,30]. On the contrary, it can be seen from Figure 10c that
the surface of OCF is relatively rough, which is due to the removal of some hemicellulose,
lignin, pectin and other materials in coir fiber after alkali treatment. As a result, there are
many clear bulges and grooves. This structure can be clearly seen in the high magnification
SEM micrograph (Figure 10d) of the OCF surface. Other studies also reported the micro
changes of the fiber surface after alkali treatment [15,31], which are conducive to improving
the interfacial adhesion between coir fiber and the polymer matrix. When the composites
are produced, the fluid-like matrix material can enter the bumpy surface structure, and

141



Forests 2022, 13, 2033

mechanical interlocking between the coir fiber and the polymer matrix can be produced
after solidification, thus effectively improving the interfacial bonding performance between
them [32,33]. This further proves the effect of alkali treatment under appropriate conditions.

Figure 9. Mechanical properties of untreated and treated coir fibers under optimal conditions.

Figure 10. SEM micrographs of coir fiber surfaces: (a) untreated fiber (200×), (b) untreated fiber
(800×), (c) treated fiber under optimal conditions (200×) and (d) treated fiber under optimal condi-
tions (800×).
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Figure 11a,b shows SEM micrographs of UCF cross-sections at different magnifications.
Figure 11c,d show SEM micrographs of OCF cross-sections at different magnifications.
When the micrographs of UCF and OCF are compared, some differences can be found. It
is more obvious that the cross-section of UCF is relatively flat, while that of OCF shows a
fine burr-like appearance, due to the erosion by alkali treatment. After the treatment, the
non-cellulosic substances in the pores are removed, the coir fiber becomes soft, and a large
number of fiber cells contained in them are partially deformed. Additionally, more gaps are
observed inside the OCF cross-section compared with UCF, attributable to the network-like
association between the deformed fiber cells. These changes improve the elongation of coir
fiber [18]. Thus, it can be seen that alkali treatment under appropriate conditions can make
the advantageous properties of coir fibers more prominent.

Figure 11. SEM micrographs of coir fiber cross-sections: (a) untreated fiber (200×), (b) untreated
fiber (800×), (c) treated fiber under optimal conditions (200×) and (d) treated fiber under optimal
conditions (800×).

3.3. Thermogravimetric Analysis Results

The thermogravimetric analysis (TGA) curves and the derivative of thermogravimetric
(DTG) curves for UCF and OCF are presented in Figure 12. The thermal decomposition
of natural fibers is shown in three phases. The first phase is the evaporation of water,
the second is the decomposition of hemicellulose, pectin and part of cellulose, and the
third is the decomposition of cellulose. It is more difficult for lignin to decompose, and its
decomposition is usually considered as part of the whole process. The final residue of the
test is ash, and the ash residue of coir fiber after alkali treatment increases from 25.54% to
37.41% at 500 ◦C. The DTG curve of UCF has three distinct peaks at 47.84 ◦C, 297.45 ◦C
and 366.68 ◦C, corresponding to three weight losses in the TGA curve of UCF, which are
6.74%, 24.11% and 34.94%, respectively. The DTG curve of OCF has two distinct peaks
at 53.63 ◦C and 322.58 ◦C, corresponding to two weight losses in the TGA curve of OCF,
which are 4.70% and 45.47%, respectively. The comparison reveals that OCF is missing the
second phase of fiber thermal decomposition due to the removal of hemicellulose, lignin
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and pectin from coir fiber after alkali treatment [28], which is consistent with the results
of SEM.

Figure 12. (a) The TGA curves of untreated (black) and treated (red) coir fibers under optimal
conditions. (b) The DTG curves of untreated (black) and treated (red) coir fibers under optimal
conditions.

3.4. Fourier-Transform Infrared Spectroscopy Analysis

Both UCF and OCF samples were analyzed using FTIR. Figure 13a shows the FTIR
spectra of coir fiber samples from 400 cm−1 to 4000 cm−1. It can be seen that the alkali
treatment performed under optimal conditions has a significant effect on the FTIR spectra
of coir fiber. After these results are analyzed, it is clear that some peaks have changed.
These regions are magnified for easy observation and analysis, as shown in Figure 13b. The
positions of these absorption peaks and the functional groups to which they belong are listed
in Table 7. The intensity of the absorption peak located at 897 cm−1 is enhanced, and this is
related to the C-H rocking vibration in the cellulose. This indicates that the percentage of
cellulose in the samples increases after the removal of some non-cellulosic substances from
the OCF [12]. The intensity of the absorption peak at 1248 cm−1 decreases obviously, and its
shape changes. The absorption peak is related to the C-O-C stretching in lignin, indicating
that most of the lignin is removed from the OCF obtained after treatment compared with
the UCF [31,34]. The intensity of the absorption peak at 1376 cm−1 decreases slightly,
and its change is caused by C-H bending vibration, which can be ascribed to the removal
of lignin from OCF [35]. The intensity of the absorption peak at 1608 cm−1 is slightly
weakened, related to the C=C stretching vibration in aromatic lignin. This further explains
the decrease of the lignin component content in OCF [7]. In addition, the absorption peak
at 1734 cm−1 disappears, which is related to the C=O stretching vibration in hemicellulose.
This indicates that most of the hemicellulose in coir fibers is degraded after alkali treatment
under optimal conditions [36]. From the above changes in FTIR spectra characteristics, it
can be concluded that coir fiber alkali treatment has a positive effect on the removal of
hemicellulose and lignin.
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Figure 13. (a) FTIR spectra of untreated (black) and treated (red) coir fibers under optimal conditions.
(b) Enlarged view of labeled regions in FTIR spectra.

Table 7. Peak value of change in FTIR spectrum.

Wavenumbers (cm−1)
Functional Groups

UCF OCF

1737 / C=O
1608 1608 C=C
1376 1376 C-H
1248 1248 C-O-C
897 897 C-H
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3.5. X-ray Diffraction Analysis

To investigate changes in coir fiber after treatment, XRD analysis was performed on
both samples. Their X-ray diffractograms are shown in Figure 14. It can be seen from
the figure that the shapes of the XRD spectra of the two samples are almost the same,
with obvious peaks near 16◦, 22◦ and 35◦. The peak located around 16◦ is related to the
overlap of the 101 plane and 101 plane of cellulose, the one located around 22◦ is mainly
related to the 002 plane, and the one located around 35◦ is related to the 040 plane. This
indicates that the cellulose I crystalline structure of coir fiber did not change after alkali
treatment. These phenomena were also mentioned by Ma et al. and Wu et al. in the study
on alkali treatment of natural fibers [12,17]. In addition, some information can be obtained
by comparing the two curves in the diffractograms. The peak of the XRD spectrum of
OCF is more obvious, which shows that the crystallinity index of OCF is higher than that
of UCF [28]. To verify this conclusion, the crystallinity indexes of the two samples were
calculated based on the Segal empirical method. The crystallinity indexes of UCF and
OCF are shown in Table 8, which are 35.85% and 40.40%, respectively. This change may
be attributed to the large presence of lignin and hemicellulose in UCF and the removal of
some amorphous components in OCF, such as hemicellulose and lignin. This increases
the relative content of crystalline cellulose, resulting in cellulose crystal to accumulate and
cellulose molecules to rearrange [28,37,38]. Therefore, OCF exhibits a higher crystallinity
index than UCF, which also suggests that OCF has better mechanical properties than UCF.

Figure 14. XRD spectra of untreated (black) and treated (red) coir fibers under optimal conditions.

Table 8. Crystallinity index values of coir fibers.

Crystallinity Index (%)

UCF OCF

35.85 40.40
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4. Conclusions

In this study, the effects of NaOH concentration, time and temperature of alkali treat-
ment on the tensile strength, elastic modulus and elongation of coir fibers were explored
based on a research protocol developed by the Box-Behnken design method, and the multi-
objective optimization and analysis of the tensile strength, elastic modulus and elongation
of coir fiber were completed. As a result, the mechanical properties of coir fiber were
comprehensively improved. The necessity of optimization of alkali treatment conditions
was proved, which provided a reference for the selection of alkali treatment conditions of
coir fiber. The following conclusions are drawn from the study.

Three factors, NaOH concentration, treatment time and treatment temperature, have a
significant effect on the mechanical properties of coir fibers. No matter whether the factors
are too large or too small, they will be detrimental to the performance of coir fibers.

The optimal alkali treatment conditions are obtained by software analysis at a 4.12%
NaOH concentration, 15.08 h of treatment time, and a treatment temperature at 34.21 ◦C.
Under these optimal conditions, the tensile test results of coir fiber show that the tensile
strength is 97.14 MPa, the elastic modulus is 2.98 GPa and the elongation is 29.35%, which
are consistent with the predicted values.

Compared with the untreated fiber, the coir fiber treated under the best conditions
has better tensile strength, elastic modulus and elongation. This is consistent with the
analysis results of TGA-DTG, the removal of non-cellulosic substances shown by FTIR and
the improvement of crystallinity shown by XRD.

The changes in fiber surface before and after treatment as shown by SEM indicate that
appropriate alkali treatment can enhance the bonding between materials.

The optimized combination of this study can be applied to fiber products that require
both strength and toughness. In future research, the fibers treated under the optimal condi-
tions are added to the composites instead of other fibers to further improve both strength
and toughness of the composites, which is vital to study fiber-reinforced composites.
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18. Valášek, P.; Müller, M.; Šleger, V.; Kolář, V.; Hromasová, M.; D’Amato, R.; Ruggiero, A. Influence of alkali treatment on the
microstructure and mechanical properties of coir and abaca fibers. Materials 2021, 14, 2636. [CrossRef]
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Abstract: Black locust is a fast-growing deciduous tree species with multiple industrial purposes
due to its valuable traits. However, the heterogeneity of colour distribution between sapwood and
heartwood limits its application. Thermal modification is an environment-friendly technology for
improving various wood properties, especially dimensional stability, decay resistance, and colour
homogeneity. In this work, black locust (Robinia pseudoacacia L.) wood samples were thermally
modified at temperatures of 160, 180, and 210 ◦C. Extractives and main wood components were
analysed by wet chemical methods, colour was measured by spectrometry, and structural changes by
Fourier transform infrared spectroscopy. The obtained results show that the darkening of black locust
wood, unlike other wood species of the temperate zone, is mainly caused by changes in extractives.
Their content decreases during thermal treatment, but new chromophores are formed, especially in
quinones. Degradation of hemicelluloses and the partial degradation of cellulose also contribute to
colour changes. At higher temperatures, condensation reactions can occur in lignin, leading to the
formation of some chromophores. Statistical analysis confirmed that temperature can be considered a
very significant factor affecting the colour of the wood surface.

Keywords: black locust wood; ThermoWood process; colour; extractives; chemical changes;
FTIR spectroscopy

1. Introduction

Nowadays, wood modification is defined as a process implemented to improve the
physical, mechanical, or aesthetic properties of sawn timber, veneer or wood particles used
in the fabrication of wood composites, and other wood-based materials. This process pro-
duces a material that can be disposed of at the end of the life cycle of a product cycle without
presenting any environmental hazards greater than those associated with the disposal or
combustion of unmodified wood [1,2]. Thermal modification is an environment-friendly
technology for improving various wood properties, especially dimensional stability, decay
resistance, and colour homogeneity. Colour is one of the most important properties for
consumers, and the probability of changing the natural colour of wood without chemicals
is important for some markets. An attractive darker colour is an important advantage
of heat-treated wood. The variation in colour of the heat-treated wood is influenced
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by the heterogeneous structure of wood and the different technologies that can be ap-
plied [3,4]. Moreover, colour can serve as a quality indicator for industrially manufactured
ThermoWood [5].

Thermally modified wood becomes a darker brown colour; however, due to UV light,
it turns silvery grey. In some cases, colour is a key factor in choosing a particular wood,
as the aesthetic aspect often prevails in some end uses. Darkening can be an essential
advantage of its heating, which gives the wood a more beneficial aspect in some territories
where exotic wood is not found. The darker shade imparted to wood by heat treatment
is due to the production of coloured degradation products from hemicelluloses [6] and
extractives [7]. Patzelt et al. [8] suggested that colour change could also be used as a
categorization method for thermally treated wood, as it has a considerable relationship
with treatment intensity [9,10], both modulus of elasticity and bending strength [11], as
well as the thermal process used. In addition, chemical, mechanical, and colour traits of
thermally modified spruce wood showed close relationships, and therefore they can be
used for their mutual predictions [12].

The essence of the colour change is complicated, as all the main wood components,
including extractives, can contribute to the change. The colour of wood can be changed by
modifying the wood structure’s main components (cellulose, hemicellulose, and lignin),
mainly due to heat, humidity, light, or UV radiation [13]. Matsuo et al. [14] reported that the
darker colour of heat-treated wood was attributed to the formation of degradation products
from hemicelluloses, changes in extractives, and the formation of oxidation products such
as quinones. The colour of thermally modified wood also depends on its origin, and heating
conditions including temperature, moisture content, and presence or absence of oxygen.

Black locust (Robinia pseudoacacia L.), a fast-growing deciduous tree species, is a kind
of quality wood of multiple industrial purposes due to its valuable traits of stiffness, wear
resisting, and high basic density. However, the heterogeneity of colour distribution between
sapwood and heartwood limits its application [15,16].

Black locust is an economically important species as a fast-growing tree producing
valuable timber. Today, its wood is used to make furniture, gardens, children’s equipment,
energy fuel, and as a source for biorefineries based on the production of soluble sugars
and lignin [17,18]. This wood species is aboriginal to eastern North America. Its eastern
range is centred on the Appalachian Mountains and extends from central Pennsylvania
and southern Ohio to northeastern Alabama, northern Georgia, and northwest South
Carolina. The western section of its native range includes parts of Missouri, Arkansas,
and Oklahoma, and populations also exist in Indiana and Kentucky. Black locust was
first introduced to Europe in the early 17th century, and since then, it has been widely
introduced to temperate Asia, Australia, and New Zealand, northern and southern Africa,
and temperate South America [19]. Black locust is widespread across Europe, occurring
from Sicily in Italy to South Norway and longitudinally from the Portugal littoral regions
up to the Caucasus. Currently, it occurs in 42 European countries, for example, 400,000 ha
in Hungary, 200,000 ha in France, 250,000 ha in Romania, and 230,000 ha in Italy [20].

As the use of thermally treated wood continues to increase, many research works are
focused on its physical, mechanical, and chemical changes, including colour ones. Unlike
other trees of the temperate zone (spruce, pine, birch, aspen, ash, etc.), the changes in
thermal treatment of black locust wood are not sufficiently investigated.

This study therefore aimed to investigate the effect of temperature on black locust
chemical and colour changes during heat treatment for making products with desirable sur-
face colour. Since this tree species is very easily available in the territory of Central Europe,
thanks to this treatment, it is possible to replace exotic ones with it. Due to the fact that the
heat treatment of wood leads to a deterioration of its strength, it is not recommended to
use it for load-bearing and heavily mechanically stressed structural elements.
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2. Materials and Methods

2.1. Samples Preparation

Black locust (Robinia pseudoacacia L.) wood specimens (200 mm × 100 mm × 20 mm;
longitudinal × tangential × radial) were air conditioned (RH 65 ± 3% and temperature
20 ± 2 ◦C) to an equilibrium moisture content (EMC) of 12%. Forty samples were divided
into four groups. Three groups were thermally modified according to the ThermoWood
process using three peak temperatures for 3 h (160, 180, and 210 ◦C); the fourth group
without modification was left as a reference and denoted as “20 ◦C” [21,22]. All samples
were then mechanically disintegrated and milled using a POLYMIX PX-MFC 90D laboratory
mill (Kinematica, Luzern, Switzerland) and dried (4 h at 103 ± 2 ◦C).

2.2. Chemical Analyses

The fraction with a particle size of 0.5–1.0 mm was extracted in the Soxhlet apparatus
(Sigma-Aldrich, Munich, Germany) according to ASTM D1107-21 [23]. The lignin content
was determined according to the National Renewable Energy Laboratory (NREL) proce-
dure [24], cellulose according to the Seifert’s method [25], and the holocellulose according
to Wise et al. [26]. The hemicelluloses were determined by subtracting cellulose content
from holocellulose.

2.3. Colour Measurement

The colour was measured using a benchtop-type Spectrophotometer CM-5 (Konica
Minolta, Japan) with a wavelength resolution of 10 nm. The measurement spot diameter
of 3 mm was selected on the top of the spectrophotometer according to dimensions of
specimen’s surfaces prior to colour measurement. The spectrophotometer was calibrated
prior each measurement according to the procedure recommended by the producer. The
white standard was built in the spectrophotometer. The whole calibration was guided
by a computer using the Colour Data Software CM-S100W SpectraMagicTNNX (Konica
Minolta, Osaka, Japan). The reflectance spectrum was measured under illuminant D65
with specular component included. The 2◦-degree standard observer was set on prior to
computation of colour coordinates. The spectrophotometer provided the three parameters
of CIE L*a*b* colour space and two parameters of chromaticity diagram among others. The
provided lightness L*, parameter a* and b*, also served for computing polar coordinates of
CIE L*a*b* colour space: saturation Cab and hue hab. The change of colour was computed
according to total colour difference formula:

ΔE =

√(
L∗

2 − L∗
1
)2

+
(
a∗2 − a∗1

)2
+

(
b∗2 − b∗1

)2.

where index of 1 denotes target reference (unmodified sample) and of 2 denotes sample
(modified sample).

The reflectance spectra were converted into K/S spectra using the Kubelka–Munk
equation according to [27]. The eight samples free of visual defects (cracks) were included
in the measurement of each set. The colour measurement consisted of the 64 recordings for
each modified and unmodified sample on both sides of the tangential surfaces. The sets
were distinguished with selected modifying temperatures. Overall, the 256 measurements
were performed.

2.4. FTIR Analysis

FTIR spectroscopy measurements of wood samples were performed on a Nicolet iS10
FT-IR spectrometer (Thermo Fisher Scientific, Waltham, MA, USA). The ATR crystal plate
was from Diamond, and solid materials could be placed into intimate physical contact
with the sampling area. The spectra were acquired by accumulating 32 scans at a spectral
resolution of 4 cm−1 in a range from 4000 to 650 cm−1. Results were evaluated by applying
OMNIC 9.0 software (Thermo Fisher Scientific, Waltham, MA, USA). Each specimen was
measured on the tangential face, and four measurements were performed for each sample.

153



Forests 2023, 14, 73

2.5. Statistical Analysis

For evaluating the results, ANOVA analysis was used. Based on the P-level value
and Fisher F tests, it was determined whether a factor affected the values of the monitored
characteristics. Diagrams were constructed for the 95% confidence interval, reflecting the
significance level of 0.05 (p < 0.05), and the results were verified with Duncan’s tests.

3. Results and Discussion

3.1. Chemical Changes

The chemical composition of untreated black locust wood (Table 1) is like the results
reported previously for different Robinia species, e.g., extractives 2.5%–8.3%, cellulose
40.6%–43.1%, hemicelluloses 16.18%–33.16%, lignin 19.73%–22.7% [28–31].

Table 1. Chemical composition of sound and thermally modified black locust wood, oven-dry weight
percentages (mean ± SD).

Trait
Temperature

20 ◦C 160 ◦C 180 ◦C 210 ◦C

Extractives 9.29 ± 0.08 8.71 ± 0.29 8.38 ± 0.17 7.64 ± 0.15

Lignin 24.11 ± 0.06 23.94 ± 0.51 25.23 ± 0.14 28.82 ± 0.07

Holocellulose 68.46 ± 0.41 67.35 ± 0.20 63.97 ± 0.16 59.30 ± 0.17

Cellulose 42.50 ± 0.21 44.88 ± 0.08 47.63 ± 0.20 54.45 ± 0.28

Hemicelluloses 25.96 ± 0.20 22.47 ± 0.25 16.33 ± 0.34 4.85 ± 0.22

Some extractives decompose at a higher temperature, but new ones are created due to
the decomposition of main wood components. During the heating of eucalypt wood, nearly
all the original extractives decomposed, and new ones were created, such as anhydrosugars,
mannosan, galactosan, and levoglucosan [32]. Only a few works investigated the effect
of extractives on the colour changes of black locust wood, but even those did not report
changes in the content of extractives during heat treatment. [15,27,33]. Generally, extractives’
content changes depend on the wood species and heating conditions, and various trends
have been published. A decrease in extractives was observed in our experiments (Table 1)
and their influence on colour changes will be discussed below.

Thermal modification causes the decrease of polysaccharide content, primarily by the
degradation of hemicelluloses. The amount of other wood biopolymers (lignin, cellulose)
in modified wood increases (Table 1). Lignin yield generally increases at wood treatment
at a low pH and high temperature. The content of acid-insoluble lignin is higher in
the modified material than in the untreated ones. This trend is due to the formation of
pseudo-lignin following the condensation reactions of degradation products of lignin and
polysaccharides [34–36].

Cellulose begins to degrade at higher temperatures compared with hemicelluloses and
lignin. However, its relative amount in heat-treated wood depends on the method used
for the determination. In this work, the increase in cellulose content was observed during
thermal modification, as determined by Seifert’s method (Table 1). A similar trend in
cellulose content was observed at the ThermoWood process of poplar wood by differential
scanning calorimetry [37].

In this work, the most vulnerable main wood component during thermal treatment
was hemicelluloses. Their amount decreases by 81.32% in modified wood at 210 ◦C,
accompanied by a relative increase in cellulose (28.12%) and lignin (19.54%), respectively
(Table 1).

3.2. Colour Changes with Statistical Evaluation

The colour of wood is a property with probabilistic character. Heat treatment of
black locust wood caused colour changes. The lightness of the surface (L*) decreased with
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increasing the treatment temperature, while the highest decrease was recorded on samples
treated at 160 ◦C. The chromaticity values (a* and b*) recorded changes, which, together
with the change in light, resulted in an increase in the total colour difference ΔE* up to a
value of approximately 42. These colour changes can be evaluated as very significant, since
the colour changed from originally pale yellowish brown to dark brown.

The largest colour changes were recorded on samples treated at 160 ◦C (Figure 1,
Table 2). The most significant change was shown by the lightness value L*, where a
decrease, compared with the reference sample (20 ◦C), of approximately 45% (from 69.5
to 38.0) was evident. Such a decrease in lightness represents a significant darkening of
the surface of treated black locust wood. Chromaticity values a* and b* also changed
significantly (Table 1). The a* value increased by 100%, while the b* value decreased by
more than 58%. Thermal modification at 180 and 210 ◦C affected the colour of the surface
less significantly. The decrease in the value of L* compared with the samples treated at
160 ◦C was already much milder. The a* and b* values had a similar trend. On the samples
treated at 180 ◦C, the further decrease in L* was only 10%; the value of a* decreased by
17% and b* by 20%. Compared with the values measured on the samples treated at 180 ◦C,
the samples treated at 210 ◦C showed a decrease in L* by another 5%, the value of a*
decreased by 8%, and the value of b* decreased by 10.5%. The listed changes in L*, a*, and
b* values represent a colour change of the wood surface from the original cream to dark
brown (Figure 1). Our findings are analogous to those obtained for other heat-treated wood
species [38–40].

 
Figure 1. Samples of the original and thermally modified black locust wood.

Table 2. The averages of black locust colour properties in CIE L*a*b* colour space (mean ± SD).

Temperature L* a* b* ΔE

20 ◦C 69.5 ± 1.96 3.7 ± 0.63 28.0 ±0.98 0.0 ± 0.00
160 ◦C 38.0 ± 1.87 7.4 ± 0.51 11.6 ± 1.41 35.7 ± 3.27
180 ◦C 34.0 ± 1.16 6.1 ± 0.58 9.2 ± 1.43 40.3 ± 2.09
210 ◦C 32.2 ± 0.95 5.6 ± 0.46 8.2 ± 1.25 42.3 ± 4.57

The measured colour data were visualized with the proposed method of Hrčka [41]
(Figure 2). The brown crosses represent the measured data in CIE L*a*b* colour space. The
black and RGB ellipses are projections of data clouds to CIE L*a*b* planes. The black ellipses
represent the colour of unmodified samples (20 ◦C). The red ellipses represent the colour of
modified samples at 160 ◦C. The green ellipses represent the colour of modified samples
at 180 ◦C. The blue ellipses represent the colour of modified samples at 210 ◦C. The alpha
level of 0.1% was selected, because of the large variability of wood colour data. Despite the
alpha-level low value, the observed lightness of modified wood decreased dramatically.
The average L* value of 70 at 20 ◦C decreased to 38 on longitudinal surfaces modified
with a temperature of 160 ◦C. The significant drop of the b* coordinate average was also
evident on longitudinal surfaces of unmodified and modified samples. The average b*
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value of 28 at 20 ◦C decreased to 12 on longitudinal surfaces modified with a temperature of
160 ◦C. The a* value increased with increasing temperature between 20 ◦C and 160 ◦C. The
additional increasing of temperature resulted in significant decreasing of the a* coordinate.
The modifying of the a* coordinate with temperature followed the characteristic behaviour
observed also in the research of Tolvaj et al. [42] and Banadics et al. [43]. The hue was a
less variable property than saturation. Both properties decreased with the increase in the
modifying temperature (Table 2). The significant difference of wood colours indicates the
possibility to prepare the interesting changes of black locust colour from almost-saturated
yellow green to less-saturated dark brown.

 
Figure 2. The measured colour data of black locust and their projections to coordinate planes of CIE
L*a*b*.

The statistical analysis of the variance evaluating the impact of different temperature
values on the parameters L*, a*, b*, and ΔE (Tables 3–6) show that in all observed cases
temperature can be considered a very significant factor affecting colour parameters.
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Table 3. Statistical evaluation of the factors affecting the change in the L* value.

Effect
Sum of
Squares

Degree of
Freedom

Variance
Fisher’s
F-Test

Significance
Level p

Intercept 482,613.3 1 482,613.3 200,991.5 ***
Thermal modification 59,316.7 3 19,772.2 8234.4 ***

Error 605.1 252 2.4

NS—not significant, ***—significant, p < 0.005.

Table 4. Statistical evaluation of the factors affecting the change in the a* value.

Effect
Sum of
Squares

Degree of
Freedom

Variance
Fisher’s
F-Test

Significance
Level p

Intercept 8251.33786 1 8251.33786 27,279.9329 ***
Thermal modification 435.647217 3 145.215739 480.101007 ***

Error 76.2222234 252 0.302469141

NS—not significant, ***—significant, p < 0.005.

Table 5. Statistical evaluation of the factors affecting the change in the b* value.

Effect
Sum of
Squares

Degree of
Freedom

Variance
Fisher’s
F-Test

Significance
Level p

Intercept 51,978.5851 1 51,978.5851 31,701.9997 ***
Thermal modification 16,479.5435 3 5493.18116 3350.31873 ***

Error 413.179092 252 1.63959957

NS—not significant, ***—significant, p < 0.005.

Table 6. Statistical evaluation of the factors affecting the change in the ΔE value.

Effect
Sum of
Squares

Degree of
Freedom

Variance
Fisher’s
F-Test

Significance
Level p

Intercept 224,333.835 1 224,333.835 47,625.563 ***
Thermal modification 76,244.1131 3 25,414.7044 5395.48395 ***

Error 1187.01224 252 4.71036604

NS—not significant, ***—significant, p < 0.005.

A graphic presentation of the results describing the interaction of different temperature
values on the colour parameter is shown in Figure 1, Table 2. A significant decrease in
L* values caused by the effect of a temperature of 160 ◦C compared with the untreated
samples can be observed. A further increase in temperature (180 and 210 ◦C) caused only a
slight decrease in the lightness value.

In the case of parameter a*, we observed the opposite trend (Table 2). Because of the
temperature of 160 ◦C, a statistically significant increase in the values of the parameter
a* can be observed in comparison with the untreated test specimens (20 ◦C). Due to the
influence of higher temperatures (180 ◦C and 210 ◦C), a statistically significant decrease in
parameter values can be observed compared with the values measured in bodies treated
with a temperature of 160 ◦C.

The parameter b*, as well as the whole curve, have an identical course with the
curve describing the values of parameter L* (Table 2). Even in this case, we can observe a
significant drop in values caused by the effect of the temperature of 160 ◦C compared with
untreated ones. As a result of the influence of external temperatures (180 ◦C and 210 ◦C),
this decrease increased statistically significantly, but the difference between the values was
already significantly lower.

When looking at the ΔE parameters, its significant increase caused by the effect of
increasing temperature values is evident in all observed cases (Table 2).

Chemical reactions during heat treatment often cause the formation of coloured oxi-
dation and degradation products. These changes are complex and require detailed study.
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Chen et al. [27,33] reported that the effect of degradation of hemicellulose on colour changes
at thermal treatment of black locust wood should be relatively small compared with lignin.
Furthermore, other authors discovered a good correlation between lightness decrease
changes and chemical changes in glucose, hemicelluloses, and lignin [32]. In this work, no
good correlation between colour changes and contents of main wood components were
observed. Black locust wood contains a large content of extractives, and we assume that
their changes during thermal treatment can significantly affect colour changes, as observed
by several authors [15,27,33] during the thermal treatment of extracted and non-extracted
black locust wood. This is supported by the decrease in the yellow index b* (Table 2); a
similar trend was discovered at the heat treatment of black locust wood [15]. On the other
hand, the b* parameter indicated increased values compared with untreated timber at the
thermal treatment of ailanthus, spruce, and pine wood [6,39].

The colour of any material depends on its chemical composition, namely, a combi-
nation of chromophores that absorb certain wavelengths of the visible light, in such a
way, altering the spectral composition of the reflected radiation, which, when entering the
human eye, creates a sense of definite colour. Therefore, the reflection curve in the visible
light region is an accurate representation of the colour of a material [44,45].

It is obvious that there was an absorption change in visible region (Figure 3) and the
difference in absorption spectra (Figure 4) can represent changes due to heat treatment.
These changes indicated the generation of some types of chromophores in the degradation,
condensation, and oxidation processes. They can be assigned to the formation of coloured
quinoid compounds, arising from the degradation and oxidation of the aromatic hydroxyls
of lignin and aromatic extractives upon heat treatment. Regions between 420 and 160 nm
can be caused mainly by p-quinone, and the region between 500 and 580 nm can be caused
mainly by o-quinone [27,46–48].

Figure 3. VIS reflectance spectra of untreated and heat-treated black locust wood.
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Figure 4. Absorption difference spectra Δ(k/s) of heat-treated black locust wood.

3.3. Changes in FTIR Spectra

FTIR spectra (Figure 5) were measured on the surface of untreated wood (20 ◦C,
considered as a reference) and subsequently after heat treatment (at 160, 180, and 210 ◦C).

Figure 5. FTIR spectra of untreated and thermally treated black locust wood.

The height of each bar in differential FTIR spectra (Figure 6) represents the difference
between the absorbance of a given band of the thermally treated sample and that of the
reference sample for a given wavenumber. Positive values mean an increase, and negative
values mean a decrease in absorbance.
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Figure 6. Differential FTIR spectra of untreated and thermally treated black locust wood.

It follows from the obtained spectral dependences that the band changes between 3000
and 3600 cm−1 show the decrease, which is in line with the observations of Chen et al. [27].
This widest band is due to O−H vibrations in lignin and hemicelluloses [49]. The band with
a maximum absorbance at 2900 cm−1 is due to symmetric and asymmetric C−H stretching
vibrations in aliphatic compounds. Inari et al. [50] show a similar behaviour. More evident
changes were observed in bands in the region from 1800 to 800 cm−1 (bands are assigned
to tensile and deformational vibrations of all wood components). This area is characteristic
for wooden materials. At the band 1735 cm−1 (C=O stretching in unconjugated carbonyl
groups) [51], a decrease in absorbance was initially recorded (samples treated at 160 and
180 ◦C). The increase was observed only at the highest temperature (210 ◦C). Analogous
statements have been reported by Lagaňa et al. [52] about the thermal modification of
beech wood. The drop at the early stage of the heat treatment may be due to the breaking
of acetyl or acetoxy groups in xylan due to the lowest thermal stability of hemicelluloses
compared with cellulose and lignin.

The increased intensity of these bands with longer thermal treatment may be due to
an increase in carbonyl or carboxyl groups in lignin or in carbohydrates by oxidation [53].
In our case, the decrease in the band can be mainly caused by the deacetylation of hemi-
celluloses during the thermal treatment of the wood surface components [54]. Thermally
caused processes are related with the degradation of carbonyl groups in lignin as well
as in hemicelluloses, where the cleavage of C=O bonds affects the change in the content
of chromophores. These structures are particularly responsible for the colouring of the
wood surface. The band in the vicinity of 1600 cm−1 (C=C stretching vibration conjugated
with aromatic ring in lignin) decreased continuously, while the lowest decrease occurred at
210 ◦C. Slight changes were noted by the band at approximately 1500 cm−1 (C=C stretch-
ing vibration and aromatic skeleton vibration). A decrease, practically independent of
temperature, was characteristic of the band at 1460 cm−1 (asymmetric CH3 bending in
methoxyl groups in lignin). At 1370 cm−1 (symmetric and asymmetric CH3 bending) [55],
the absorbance also decreased (except for a temperature of 210 ◦C, where the opposite trend
was observed). The band at 1236 cm−1 is assigned to lignin and hemicelluloses [56,57]. Its
decrease was the lowest at the highest temperature (210 ◦C). The decrease in the absorbance
of the analysed wavenumber areas supports the assumption of degradation processes in
lignin, caused by the splitting of bonds and the subsequent disintegration of its structure.
At higher temperatures, condensation reactions can occur in lignin [58]. The permanent
decrease in the band at 1030 cm−1 (C−O deformation vibrations in cellulose) points to the
degradation changes of cellulose [59].
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4. Conclusions

This work presents the results of a study focused on the colour and chemical changes
of black locust wood caused by thermal degradation. Wood samples were heat treated,
during the ThermoWood process, at temperatures of 160, 180, and 210 ◦C. The temperature
of 160 ◦C caused a significant darkening of the wood surface (a decrease in lightness L*),
while a further increase in temperature had a less significant effect on lightness. Changes in
chromatic values (a*, b*) indicate a gradual shift from the original pale-yellow colour to dark
brown. Thermal degradation of wood leads to the formation of chromophore structures,
which is reflected in a change in its colour. Because black locust contains a large content of
extractives, it can be assumed that thermal oxidation processes in these substances have a
significant role in changing wood colour. Statistical analysis confirmed that temperature
can be considered a statistically very significant factor affecting the wood surface colour.
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40. Piernik, M.; Woźniak, M.; Pinkowski, G.; Szentner, K.; Ratajczak, I.; Krauss, A. Color as an Indicator of Properties in Thermally
Modified Scots Pine Sapwood. Materials 2022, 15, 5776. [CrossRef]
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Abstract: Ukrainian companies mainly use birch in the manufacture of plywood, but species, such as
black alder, are not yet widely used in the manufacture of plywood due to their poorer properties. It
is well known that thermal compression is often used to improve the properties of solid wood. Good
lay-up schemes of veneer can maximize the advantages and minimize the disadvantages of these
wood species, and generally improve the utility value of the plywood. This research aimed to develop
plywood panels with two wood species and two types of veneer treatments in order to evaluate the
influences of different lay-up schemes on the properties of the plywood. Five-layer plywood panels
were formed with 16 different lay-up schemes using birch (Betula verrucosa Ehrh.) (B) and black
alder (Alnus glutinosa L.) (A) veneers, which were non-densified (N) and thermally densified (D). The
different lay-up schemes were used to identify opportunities to improve the mechanical and physical
properties of the plywood by replacing the birch veneer in the plywood structure with an alternative
alder veneer. The veneer sheets were thermally densified in a laboratory hot press at a temperature
of 180 ◦C and pressure of 2 MPa for 3 min. The conducted study showed that the bending strength,
modulus of elasticity and shear strength of mixed-species plywood (BD–AN–AN–AN–BD) increased
by up to 31.5%, 34.4% and 16.8%, respectively, in comparison to those properties of alder plywood
from non-densified veneer (AN–AN–AN–AN–AN), by positioning alder non-densified veneers in
the core layers and birch densified veneers in the outer layers. Moreover, the surface roughness of
plywood panels with outer layers of birch veneer was lower than that of panels with outer layers
of alder veneer. It was shown that non-treated alder veneer, despite exhibiting somewhat lower
strength properties than birch veneer, could be successfully used with proper lay-up schemes in the
veneer-based products industry.

Keywords: birch; black alder; thermal densification; plywood properties; wood veneers

1. Introduction

Nowadays, veneer-based products, including plywood and laminated veneer lumber
(LVL), are highly effective engineering wood products for construction. The plywood
manufacturing process creates products with several dimensions to suit architectural and
structural purposes, and mechanical properties equivalent or superior to those of the
initially solid wood [1]. However, various process variables should be considered to obtain
panels with satisfactory properties, such as the wood species used, type of adhesive, density,
moisture content, lay-up scheme of the veneers, etc. [2]. The choice of wood species is very
important for the properties and price of the panel [3]. Ukrainian companies mainly use
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birch (Betula verrucosa Ehrh.) in the manufacture of plywood, but species such as black
alder (Alnus glutinosa L.) are not yet widely used in the manufacture of plywood due to
their poorer mechanical properties. However, mixing veneers from different species can be
a good strategy for obtaining panels with a good cost–benefit relationship [4].

Various modification methods can be used to improve the properties of low-grade
wood species, one of which is the thermal densification of wood at elevated temperatures
and pressure [5]. The combination of heat and compression is an environmentally friendly
modification method that does not require any chemicals. Previous studies have shown that
thermal densification not only improves the aesthetic properties and reduces surface rough-
ness, but also improves the mechanical properties and bonding quality [6–11]. Moreover,
the thermal densification of the veneer used for the manufacture of plywood or lamination
of wood-based panels reduces the consumption of adhesive and pressing pressure by 40%,
the consumption of lacquer materials and the bonding strength improves [12,13].

Various studies on veneer-based products indicated that the lay-up scheme is a key
factor in improving the mechanical properties of products and beneficial use of available
low-grade and lower cost wood species [14–24]. LVL panels, made by combining veneers
from durable and non-durable wood species, showed improved durability when two
faces and one core veneer were from decay-resistant species [14]. In other studies, it
was shown that the most suitable lay-up schemes for poplar and beech veneers [15] or
poplar and birch veneers [17] were eight- and ten-ply LVL, respectively, with high bending
properties. Several authors [18,20] studied the effect of the thermal modification process
on the properties of plywood panels manufactured by combining thermally treated and
untreated poplar veneers. It was found that the addition of thermally treated veneers
caused a decrease in the mechanical properties and improved the dimensional stability of
plywood panels. On the contrary, other results revealed that the mechanical properties
of plywood composed of fully and partially heat-treated veneers were not significantly
different from those of untreated plywood [24].

One of the lay-up schemes (construction strategy) of veneers is to place the high-
density wood veneers in the outer layers and low-density veneers in the inner layers of
veneer-based panels [19,25]. H’ng et al. [25] manufactured 11-ply and 15-ply LVL panels
by combining high-density keruing veneers (as outside veneers) with low-density wood
veneers such as pulai, sesendok and kekabu hutan. They found that combining the keruing
(as surface layers) and low-density wood veneers gave a greater bending strength and
more stable material.

Another lay-up strategy is to combine softwood and hardwood veneers to manufac-
ture mixed-species veneer-based products [21,22,26]. Combining even a small amount of
spotted gum veneer with plantation hoop pine veneer resulted in an improved mechanical
performance, especially in flatwise bending [22]. These authors showed that the substi-
tution of only two spotted gum veneers on the faces of the hoop pine 12-ply LVL panels
yielded an increase of up to 34.5% (MOE) and 38.5% (MOR) compared with the all hoop
pine 12-ply LVL panels. Another study [19] on manufacturing 7-ply LVL panels using five
different lay-up strategies that combined ash and Turkish red pine veneers showed that the
best results in terms of the density, MOR and MOE were achieved in the panels with outer
layers comprising ash veneers. Ozarska [4], when comparing softwoods with hardwoods,
noted that the softwoods were more susceptible to bonding, but the hardwoods provides
increased strength and structural rigidity to the finished product.

In our previous work [27], we presented the possibility of creating plywood panels
with different strength properties when combining beech veneers of different thicknesses, as
well as thermally densified and non-densified veneers. It was found that the use of densified
veneers increased the mechanical properties of plywood but worsened the thickness of
swelling and water absorption of panels.

However, there is no information in the literature about the manufacture of plywood
panels by combining thermally densified and non-densified veneers of different high-
grade and low-grade hardwood species in one plywood panel. It is hypothesized that
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mixing veneers from high- and low-grade wood species may improve the properties of the
resulting mixed-species plywood panels by maximizing the advantages and overcoming
the disadvantages of the two resources. Therefore, the aim of this work was to evaluate
the effect of combining different high-grade (birch, which has relatively better structural
properties) and low-grade (black alder, with poorer properties but a lower cost) wood
species and different lay-up schemes on the mixed-species plywood properties made from
alternate layers of densified and non-densified veneers.

2. Materials and Methods

2.1. Materials

Commercially produced rotary-cut veneers of birch (Betula verrucosa Ehrh.) and black
alder (Alnus glutinosa L.) were used in the study. Birch wood is commonly used to manu-
facture veneer and plywood in Ukraine. Alder wood was chosen based on its economic
advantages because it is a cheap species and is commonly used for the manufacture of
plywood in Ukraine, as a substitution for traditionally used birch wood. Birch and alder
veneers had an equal thickness of 1.6 mm, moisture content of 5.7% and 7.0%, respectively,
and a density of 677 kg/m3 and 487 kg/m3, respectively. A total of 240 veneer samples
with a dimension of 300 × 300 mm were prepared for the production of plywood.

Commercial urea-formaldehyde (UF) resin (density = 1.28 g/m3, solids content = 65 ± 2%,
pH = 7.5 ± 0.5, viscosity 1000–2500 mPa·s at 20 ◦C), kaolin (as a filler), ammonium nitrate
NH4NO3 (as a hardener) and distilled water were used to prepare the adhesive. For the
preparation of UF adhesive, 5% hardener and 2% filler were used.

2.2. Thermal Compression of Veneer

Veneer samples without visible defects were selected for thermal compression. The
veneer sheets were densified between smooth metal sheets, which were placed on the
hot press. Each veneer sheet was densified at a temperature of 180 ◦C, pressure of 2 MPa
and for a duration of 3 min (during the last minute of compression, the pressure was
gradually released).

The changes of the densified veneer properties were evaluated using veneer thickness
and density measurements. To achieve this, the weight and dimensions of the veneer
specimens were measured before and after thermal compression. Based on these data, the
compression ratio (CR) and densification ratio (DR) of the veneer sheets after the thermal
compression process were calculated as follows:

CR = (Tn − Td)/Tn × 100 (1)

where Tn is the thickness of the veneer before compression (mm) and Td is the thickness of
the veneer after compression (mm).

DR = (Dd − Dn)/Dn × 100 (2)

where Dn is the density of the veneer before compression (kg/m3) and Dd is the density of
the veneer after compression (kg/m3).

2.3. Manufacturing and Testing of Plywood Samples

Five-layer plywood panels with dimensions of 300 × 300 mm were manufactured.
The veneer assembly for the production of plywood samples was formed from either birch
or black alder veneers only, or from birch veneer combined with black alder veneer, with
non-densified and densified veneers in one package. There was a total of 16 different
veneer panel set options (Table 1). The adhesive spread was 110 g/m2 and adhesive was
applied by hand to one side of each veneer using a roller. Conditions for pressing plywood
samples were as follows: temperature 130 ◦C, pressure 1.8 MPa, time 5.5 min (during the
last minute, the pressure was smoothly released).
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Table 1. Configuration of five-layer plywood panels.

Code of Panels Type of Panels
Veneer Assembly Pattern by

Wood Species
Veneer Assembly Pattern by

Type of Veneer Treatment

I BN–BN–BN–BN–BN B–B–B–B–B N–N–N–N–N
II BN–AN–BN–AN–BN B–A–B–A–B N–N–N–N–N
III BN–AN–AN–AN–BN B–A–A–A–B N–N–N–N–N
IV AN–BN–BN–BN–AN A–B–B–B–A N–N–N–N–N
V AN–BN–AN–BN–AN A–B–A–B–A N–N–N–N–N
VI AN–AN–AN–AN–AN A–A–A–A–A N–N–N–N–N
VII BD–AN–AN–AN–BD B–A–A–A–B D–N–N–N–D
VIII AD–BN–BN–BN–AD A–B–B–B–A D–N–N–N–D
IX BD–AN–BD–AN–BD B–A–B–A–B D–N–D–N–D
X AD–BN–AD–BN–AD A–B–A–B–A D–N–D–N–D
XI BD–BD–BD–BD–BD B–B–B–B–B D–D–D–D–D
XII BD–AD–BD–AD–BD B–A–B–A–B D–D–D–D–D
XIII BD–AD–AD–AD–BD B–A–A–A–B D–D–D–D–D
XIV AD–BD–BD–BD–AD A–B–B–B–A D–D–D–D–D
XV AD–BD–AD–BD–AD A–B–A–B–A D–D–D–D–D
XVI AD–AD–AD–AD–AD A–A–A–A–A D–D–D–D–D

B—birch veneer; A—alder veneer; N—non-densified veneer; D—densified veneer.

After pressing, the plywood panels were conditioned for one week in an environmental
chamber maintained at 65 ± 5% relative humidity and 20 ± 2 ◦C before their properties
were evaluated. For each variant in the experimental plan (Table 1), three panels were
made, that is, there was a total of 48 panels. After conditioning, samples were cut from
the manufactured panels into required test sizes according to relevant standards. In
accordance with European standards, the following number of samples was evaluated
for each panel variant: three samples for moisture content (EN 322) [28], ten samples
for density (EN 323) [29], three samples for bending strength (MOR) (EN 310) [30] and
modulus of elasticity (MOE) (EN 310) [30], ten samples for shear strength (EN 314) [31,32]
and ten samples for thickness swelling (TS) (EN 317) [33] and water absorption (WA).
The samples for shear strength testing were immersed in water at 20 ± 3 ◦C for 24 h for
plywood bonding class 1 (dry conditions).

The samples for TS and WA testing were immersed in distilled water for 24 h. After
this time, the test pieces were removed from the water, weighed, and the thickness was
measured. The percent change from the original thickness represents the TS, and the
percent weight change from the original weight represents the WA. The WA and TS of
plywood panels samples were calculated according to the following formulae:

WA = (W2 − W1)/W1 × 100 (3)

TS = (T2 − T1)/T1 × 100 (4)

where W1 and T1 are the initial weight (g) and thickness (mm) before soaking, and W2 and
T2 are the final weight (g) and thickness (mm) after soaking.

Surface roughness of plywood panels was measured using a digital microscope VHX-
5000 (Keyence, Itasca, IL, USA) with a VH-Z100R wide depth of field objective. 3D images
of the surface were taken, from which the overall profile and height parameters of the
surface were measured. Three surface roughness characteristics were determined, i.e., the
arithmetic average height (Ra), average peak to valley roughness (Rz) and root-mean-square
deviation of the profile (Rq). The measurement was performed for two samples from the
measured group (two random repetitions on each sample) in the transverse direction. The
resulting values were reported as mean values per group.

Samples (5 × 5 mm) were cut from the panel to analyze microscopic structure of bond
line and effect of veneer densification on adhesive penetration of plywood panels using
an electron microscope (MIRA3 LMU, Tescan, a. s., Brno, Czech Republic). The bond
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line was softened with water and then immediately cleaned up with a razor blade. An
accelerating voltage of 7 keV and a beam current of approximately 30 pA were used for
result visualizations.

2.4. Statistical Analysis

The effects of combining veneers of different wood species and different types of
veneer treatment on the properties of the laboratory-fabricated plywood panels were ana-
lyzed using analysis of variance (ANOVA), with a 0.05 level of significance using statistical
software program STATISTICA 12.0 package (StatSoft Inc., Tulsa, OK, USA). Duncan’s
range tests were conducted to determine significant differences between mean values.

3. Results and Discussion

3.1. Compression and Densification Ratio of Veneers

The average values of the physical characteristics of thermally densified veneers are
given in Table 2. During thermal compression, some changes in the physical properties
of the thermally densified veneers could be observed. Thermal compression reduced
the thickness of the veneer, and, therefore, the volume, which increased the density. In
particular, the density of alder and birch veneers increased after the thermal compression
to 528 and 708 kg/m3, respectively. This result was in agreement with those reported by
other researchers [34], who found that veneer density increased by 14% under thermal
compression at a pressure of 2.7 MPa and temperature of 180 ◦C for 2 min. Considering the
lower density of the alder veneer compared to the birch veneer, it is natural that the CR and
DR of the alder veneer were higher (11.5% and 8.3%, respectively) than similar indicators
for the birch veneer (8.2% and 4.6%, respectively). The values of CR were higher than
the values of DR. This difference was explained by the fact that the CR takes into account
changes in the thickness of the veneer only, and the DR takes into account both changes in
the thickness and mass of the veneer. The mass of the veneer also decreased in the process
of thermal compression. The decrease in mass could be explained by the loss (evaporation)
of moisture under the influence of pressure and temperature [12]. In previous studies [35],
no chemical changes were observed in thermally densified wood veneers in the case of a
similar modification. Similar results were also reported by Rautkari et al. [36], who, using
FTIR spectroscopic analysis, showed that no significant chemical changes occurred during
frictional compression. The difference between the absolute values of CR and DR was 3.2%
and 3.6%, respectively, for the alder and birch veneers. This was explained by the slightly
higher moisture content of the alder veneer (7.0%) than the birch veneer (5.7%). It should
also be noted that during thermal compression of the veneer the surface roughness of the
veneer decreased and its aesthetic properties improved [8–10].

Table 2. The mean values of physical properties of thermally densified veneers.

Wood Species
Density of Veneer (kg/m3)

Compression Ratio (%) Densification Ratio (%)
Non-Densified Densified

Alder 487 (21) 528 (20) 11.5 (2.3) 8.3 (1.9)
Birch 677 (41) 708 (51) 8.2 (1.4) 4.6 (0.8)

Values in parentheses are standard deviations.

3.2. Thickness and Density of Plywood Samples

The physical properties of plywood samples, which were made by combining veneers
of different wood species and different types of treatment in one panel, are summarized
in Table 3. The thinnest and thickest plywood samples were 6.7 mm and 7.4 mm and
were made of only densified alder veneer (AD–AD–AD–AD–AD) and only non-densified
birch veneer (BN–BN–BN–BN–BN), respectively. Between all other samples, the thickness
of the panels differed insignificantly and was in the range of 6.9–7.2 mm. The thickness
of the plywood panels in this study did not exceed the tolerances for unsanded panels
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according to European standard EN 315 [37]. The lowest density of 583 kg/m3 was found in
plywood (AN–AN–AN–AN–AN) from non-densified alder veneer, as expected. The greatest
densities of 779 and 832 kg/m3 were found in plywood made of non-densified birch veneer
(BN–BN–BN–BN–BN) and densified birch veneer (BD–BD–BD–BD–BD), respectively. The
lowest WA values of 29.3% and 30.4% were found in plywood samples made of densified
(BD–BD–BD–BD–BD) and non-densified birch veneer (BN–BN–BN–BN–BN), respectively. The
highest WA values of 41.9% and 43.0% were found in plywood samples made of densified
(AD–AD–AD–AD–AD) and non-densified (AN–AN–AN–AN–AN) alder veneer, respectively.
The smallest and greatest values of TS of 7.2% and 12.1% were observed in plywood
made from non-densified (AN–AN–AN–AN–AN) and densified (AD–AD–AD–AD–AD) alder
veneer, respectively.

Table 3. Values of physical properties of plywood samples.

Code of Panel Type of Panel Thickness (mm) Density (kg/m3) WA (%) TS (%)

I BN–BN–BN–BN–BN 7.4 g (0.1) 779 h (31) 30.4 a (2.4) 7.9 abc (0.9)
II BN–AN–BN–AN–BN 7.2 def (0.2) 685 cde (24) 36.3 c (2.0) 9.4 cdef (1.7)
III BN–AN–AN–AN–BN 7.2 ef (0.2) 684 cde (20) 36.3 c (2.2) 8.0 abc (1.3)
IV AN–BN–BN–BN–AN 7.0 bcdef (0.3) 709 ef (27) 33.2 b (2.7) 8.5 abcd (1.4)
V AN–BN–AN–BN–AN 7.0 bcdef (0.3) 661 bc (27) 35.6 bc (1.3) 7.6 ab (2.2)
VI AN–AN–AN–AN–AN 7.2 cdef (0.1) 583 a (18) 43.0 e (3.9) 7.2 a (1.3)
VII BD–AN–AN–AN–BD 7.1 cdef (0.1) 673 cd (15) 39.0 d (2.5) 9.0 bcde (1.1)
VIII AD–BN–BN–BN–AD 7.1 bcdef (0.1) 726 fg (52) 36.2 c (2.8) 10.3 ef (1.4)
IX BD–AN–BD–AN–BD 7.1 bcdef (0.3) 712 ef (18) 35.0 bc (1.4) 10.0 def (1.9)
X AD–BN–AD–BN–AD 7.0 bc (0.1) 703 ef (29) 35.3 bc (2.2) 9.3 cdef (1.0)
XI BD–BD–BD–BD–BD 7.2 fg (0.2) 832 i (44) 29.3 a (1.4) 10.9 fg (2.3)
XII BD–AD–BD–AD–BD 7.0 bcd (0.3) 744 g (47) 35.5 bc (1.9) 10.9 fg (1.5)
XIII BD–AD–AD–AD–BD 7.0 bcde (0.1) 675 cd (6) 37.3 cd (3.3) 10.3 ef (1.0)
XIV AD–BD–BD–BD–AD 6.9 b (0.1) 708 ef (14) 34.6 bc (2.2) 10.1 ef (1.5)
XV AD–BD–AD–BD–AD 7.0 bcd (0.1) 695 de (18) 37.3 cd (2.5) 10.9 fg (2.1)
XVI AD–AD–AD–AD–AD 6.7 a (0.2) 638 b (24) 41.9 e (4.6) 12.1 g (1.9)

Values in parentheses are standard deviations; means followed by the same letter were not significantly different
at p ≤ 0.05.

The ANOVA analysis (Table 4) showed that combinations of wood species and having
different types of veneer treatment in one panel significantly affected the thickness, density
and WA of plywood samples. In addition, the combination of a densified and non-densified
veneer in one panel affected the thickness and density of plywood samples to almost the
same extent, taking into account approximately the same influencing factors (F = 10.355
and F = 13.334). Meanwhile, the combination of veneers of different wood species in
one panel had a stronger effect on the density (F = 101.404) and a weaker effect on the
thickness (F = 9.464) of plywood samples. TS did not depend on the mixing of wood
species (F = 1.527) in one panel, but significantly depended on the mixing of densified and
non-densified veneers (F = 31.045) (Table 4).

Table 4. The influence of the variable factors on the physical properties of plywood.

Source of
Variation

Thickness Density WA TS

F Sig. F Sig. F Sig. F Sig.

W 9.464 0.000 101.404 0.000 51.493 0.000 1.527 0.185
T 10.355 0.000 13.334 0.000 4.148 0.007 31.045 0.000

W × T 1.837 0.084 4.625 0.000 0.966 0.458 2.526 0.018
W—combination of veneers of different wood species; T—combination of veneers with different treatment.

A graphic illustration of the effect of combining veneers of different wood species and
different treatments in one panel on the thickness, density, WA and TS of plywood panels
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is presented in Figure 1. The smallest average thickness (6.7 mm) was in plywood samples
made from a densified alder veneer, and the largest (7.4 mm) was in samples made from a
non-densified birch veneer (Table 3, Figure 1). Decreasing the share of alder veneer in the
panel increased the thickness of the plywood samples, although this increase was insignifi-
cant. For the lower proportion (40%) of alder veneer in one panel, the thickness of samples
with outer layers of non-densified (AN–BN–BN–BN–AN) or densified (AD–BD–BD–BD–AD)
alder veneer was lower (7.0 mm and 6.9 mm, respectively) than the thickness of samples
with outer layers of non-densified (BN–AN–BN–AN–BN) or densified (BD–AD–BD–AD–BD)
birch veneer (7.2 mm and 7.0 mm, respectively); however, the difference between them was
insignificant (p > 0.05). For the higher proportion (60%) of alder veneer in one panel, the
thickness of samples (AN–BN–AN–BN–AN) with outer layers of non-densified alder veneer
was lower (7.0 mm) than the thickness of samples (BN–AN–AN–AN–BN) with outer layers
of non-densified birch veneer (7.2 mm). For the same conditions, the thickness of samples
(AD–BD–AD–BD–AD) and (BD–AD–AD–AD–BD) with outer layers of densified veneers was
equal (7.0 mm). This effect of veneer wood species on the thickness of plywood samples
was mainly explained by the difference in the density of alder and birch wood. Birch veneer,
having a higher density, is compressed less (8.2%) than alder veneer (11.5%), and, accord-
ingly, formed thicker plywood samples. Moreover, the effect of the birch veneer on the
formation of panel thickness was more pronounced when a denser birch veneer was placed
in the outer layers of the panel. The smallest thicknesses (6.7–7.2 mm) of plywood samples
were in samples made from densified veneer, and the greatest thicknesses (7.0–7.4 mm)
were in the samples made from non-densified veneer (Table 3, Figure 1); however, the
difference between them was significant. Plywood, in which the share of densified veneer
(D) was greater, had a smaller thickness than plywood with a greater share of non-densified
veneer (N), although the difference between them was insignificant.

The combination of wood species in one panel had a much stronger effect (F = 101.404) on
the density of plywood samples than the combination of the type of treated veneer (F = 13.334)
(Table 4). Plywood samples (AN–AN–AN–AN–AN) made from non-densified alder veneer
had the lowest density (583 kg/m3), while samples (BD–BD–BD–BD–BD) made from densified
birch veneer had the highest density (832 kg/m3). The predominance of non-densified alder
veneer in one panel (60%) provided a lower density of 684 kg/m3 and 661 kg/m3 for plywood
samples (BN–AN–AN–AN–BN) and (AN–BN–AN–BN–AN), respectively, in comparison to
the density of 779 kg/m3 for a birch-only plywood (BN–BN–BN–BN–BN). However, these
densities were greater than the density of 583 kg/m3 obtained for the alder-only plywood
(AN–AN–AN–AN–AN). A similar trend was observed for the densified veneer. It is obvious
that the density of the birch veneer was greater than the density of the alder veneer. The
effect of the type of veneer treatment (N and D) and its combination on the density of
plywood samples was not as strong as the effect of the wood species of the veneer (Table 4).
With the same schemes of veneer assembly of different species in one panel, plywood
samples with a densified veneer in the outer layers provided a greater density of plywood
samples compared to samples comprising non-densified veneers. With the same assembly
scheme of veneer and different wood species in one panel, increasing the proportion of
densified veneer in the panel, in particular in the outer layers, reduced the density of sample
(BD–AN–AN–AN–BD) to 673 kg/m3, compared to the density of 684 kg/m3 obtained for
sample (BN–AN–AN–AN–BN), which was made from non-densified veneer only. However,
the difference between the densities was insignificant. Meanwhile, the addition of densified
veneer in the outer layers of sample (AD–BN–BN–BN–AD) led to an increase in density to
726 kg/m3 compared to the density of 709 kg/m3 obtained for sample (AN–BN–BN–BN–AN),
which was made from non-densified veneer only. The higher CR and DR of alder veneer
than birch veneer explained this (Table 2).
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Figure 1. Effect of wood veneer species and type of veneer treatment on the physical properties of
plywood panels. N—non-densified veneers in one panel; D—densified veneer in one panel; M1—mix
of veneers (D–N–N–N–D) in one panel; M2—mix of veneers (D–N–D–N–D) in one panel; Statistical
features are median, 25% minimum and 75% maximum.

The combination of different wood species and different types of veneer treatment
in one plywood panel significantly affected the WA of plywood samples. In addition, the
combination of veneers from different wood species in one panel had a much stronger
effect (F = 51.493) on WA than the type of veneer treatment used (a combination of densi-
fied and non-densified veneer in one panel) (F = 4.148) (Table 4). The lowest and highest
WA values of 29.3% and 43.0% were in plywood samples made from densified birch
veneers (BD–BD–BD–BD–BD) and non-densified alder veneers (AN–AN–AN–AN–AN), re-
spectively. With an increase in the proportion of alder veneer in the inner layers of birch
plywood made from non-densified veneer (BN–AN–BN–AN–BN and BN–AN–AN–AN–BN),
the WA increased and its value was significantly higher (36.3% for BN–AN–BN–AN–BN and
BN–AN–AN–AN–BN) than the value 30.4% for the WA of a birch-only plywood made from
non-densified veneer (BN–BN–BN–BN–BN). However, the addition of birch veneers to the
inner layers of an alder plywood resulted in a reduction in the WA of plywood made from
alder only. A similar trend was observed for plywood panels made from densified veneer
(Table 3, Figure 1). An increase in the proportion of densified veneer in one panel led to a
decrease in the WA of plywood samples. This was explained by the density of plywood
samples. It is well known that there is a relationship between WA and panel density [38].
The dependence of WA on the density of plywood panels is shown in Figure 2a. As the
density of plywood samples increases, their WA decreases, as the number and size of
available cavities through which water can enter the sample decreases. Several authors [27]
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also showed that WA is related to panel density, with a higher density resulting in a lower
number of pores and, consequently, a lower WA.

 
(a) (b) 

Figure 2. Influence of density on water absorption (a) and thickness swelling (b) of plywood samples.

The combination of veneers of different wood species in one panel had no effect on
the TS, while the type of veneer treatment had a significant effect on the TS (Table 4). The
lowest (7.2%) and highest (12.1%) values of TS were found in alder plywood samples made
from non-densified (AN–AN–AN–AN–AN) and densified (AD–AD–AD–AD–AD) veneers,
respectively. The mixed-species plywood samples using only densified veneers had a
higher TS than samples using only non-densified veneers (Table 3, Figure 1). Increasing
the share of densified veneer in one panel led to an increase in the TS of the mixed-species
plywood samples. In this case, this was explained by the increase in the density of plywood
samples. This is well known from sources in the literature [12,27,38]. However, in this
study, no clear dependence of TS on sample density was found (Figure 2b).

The surface roughness of plywood panels with outer layers of non-densified and
densified birch and alder veneer was also compared (Figure 3). In addition to the fact that
plywood with outer layers of alder veneer had lower values of MOR and MOE (Table 5),
the surface of such plywood also had a greater surface roughness compared to the birch
plywood (Figure 3). It was found that for plywood made of non-densified alder veneer
(AN–AN–AN–AN–AN), the roughness parameters Ra and Rq were 19.4% and 5.4% greater,
respectively, than the similar parameters for plywood made of non-densified birch veneer
(BN–BN–BN–BN–BN). On the contrary, the roughness parameter Rz for plywood made
of non-densified alder veneer was 18.3% lower than for plywood made of non-densified
birch veneer. For plywood made of densified alder veneer, the roughness parameters
Ra, Rz and Rq were 41.6%, 0.4% and 14.2% higher than similar parameters for plywood
made of densified birch veneer, respectively. This was logical, as birch wood has less
porosity than alder wood. However, the differences in Ra, Rz and Rq found between non-
densified/densified birch and alder veneers were statistically insignificant. Nevertheless,
the thermal compression led to a decrease in the surface roughness values for both the
birch and alder veneers. In our previous work [10], we also found that the surface of wood
veneers became smoother and roughness values decreased significantly due to the thermal
densification process.
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Figure 3. Surface roughness of plywood panels. N—non-densified veneers in surface layers;
D—densified veneer in surface layers.

Table 5. Values of mechanical properties for plywood samples.

Code of Panels Type of Panels MOR (MPa) MOE (MPa) Shear Strength (MPa)

I BN–BN–BN–BN–BN 110 d (10) 12405 f (405) 2.8 bc (0.6)
II BN–AN–BN–AN–BN 97c (17) 9765 cd (1644) 3.2 cde (0.5)
III BN–AN–AN–AN–BN 101 cd (10) 11,033 e (996) 2.9 cd (0.6)
IV AN–BN–BN–BN–AN 75 a (8) 7934 a (1363) 3.7 fg (0.5)
V AN–BN–AN–BN–AN 88 b (14) 9392 bc (1583) 3.0 cde (0.8)
VI AN–AN–AN–AN–AN 75 a (5) 8103 a (648) 2.9 cd (0.6)
VII BD–AN–AN–AN–BD 99 c (8) 10,893 e (798) 3.4 ef (0.6)
VIII AD–BN–BN–BN–AD 73 a (6) 8644 ab (1221) 3.7 fg (0.6)
IX BD–AN–BD–AN–BD 105 cd (8) 10,970 e (785) 3.3 def (0.8)
X AD–BN–AD–BN–AD 79 a (7) 8796 abc (1170) 3.8 g (0.7)
XI BD–BD–BD–BD–BD 119 e (14) 12,290 f (1409) 3.2 cde (0.6)
XII BD–AD–BD–AD–BD 102 cd (11) 10,758 de (557) 2.2 a (0.2)
XIII BD–AD–AD–AD–BD 101 cd (5) 10,670 de (995) 3.2 cde (0.3)
XIV AD–BD–BD–BD–AD 79 a (5) 8913 abc (717) 3.2 cde (0.6)
XV AD–BD–AD–BD–AD 80 ab (7) 9361 bc (691) 3.7 fg (0.5)
XVI AD–AD–AD–AD–AD 78 a (9) 8345 ab (1111) 2.5 ab (0.5)

Values in parentheses are standard deviations; means followed by the same letter are not significantly different at
p ≤ 0.05.

3.3. Mechanical Properties of Plywood Samples

The mechanical properties of plywood samples, which were made by combining
veneers of different wood species and different types of treatment in one panel, are summa-
rized in Table 5. The highest (119 MPa) and lowest (73 MPa) values of MOR were observed
in plywood samples (BD–BD–BD–BD–BD), a panel made of densified birch veneer, and
(AD–BN–BN–BN–AD), a panel with outer layers of densified alder veneer and inner layers
of non-densified birch veneer, respectively. The highest (12,405 MPa) and lowest (7934 MPa)
values of MOE were found in plywood samples (BN–BN–BN–BN–BN), a panel made of
non-densified birch veneer, and (AN–BN–BN–BN–AN), a panel with external layers of non-
densified alder veneer and internal layers of non-densified birch veneer, respectively. The
highest (3.8 MPa) and lowest (2.2 MPa) shear strength values were observed in plywood
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samples (AD–BN–AD–BN–AD) and (BD–AD–BD–AD–BD), respectively. Thus, the highest
shear strength was observed between densified alder veneer and non-densified birch ve-
neer (AD–BN–AD–BN–AD). The lowest shear strength was found between a densified birch
and densified alder veneer (BD–AD–BD–AD–BD).

The ANOVA analysis showed (Table 6) that combining veneers of different wood
species in one panel had a significant effect on the MOR and MOE, while combining dif-
ferent types of veneer treatment had an insignificant effect on the MOR and MOE. The
mixed-species plywood panels manufactured from densified veneers had a higher MOR
and MOE than panels made from non-densified veneers (Table 5, Figure 4). The mixed-
species plywood panels made with outer layers comprising birch veneers (non-densified
or densified) had higher MOR and MOE than panels made with outer layers compris-
ing alder veneers (non-densified or densified). At the same content of birch and alder
veneers in one panel (samples that included non-densified veneers BN–AN–BN–AN–BN

and AN–BN–BN–BN–AN, or samples that included densified veneers BD–AD–BD–AD–BD

and AD–BD–BD–BD–AD), plywood with outer layers of birch veneer had about 22% and
18% higher MOR and MOE, respectively, when compared to plywood with outer layers
of alder veneer. The birch plywood panels made from non-densified or densified ve-
neers had higher MOR and MOE than alder panels made from non-densified or densified
veneers. Birch plywood samples made from non-densified (BN–BN–BN–BN–BN) or densi-
fied (BD–BD–BD–BD–BD) veneer had 31.5% and 34.8% higher MOR, and 34.7% and 32.1%
higher MOE than alder plywood samples made from non-densified (AN–AN–AN–AN–AN)
or densified (AD–AD–AD–AD–AD) veneers, respectively. This was explained by the higher
strength and density of birch wood compared to alder wood. However, the difference
between the MOR values for mixed-species plywood samples (BN–AN–AN–AN–BN, BN–
AN–BN–AN–BN, BD–AD–AD–AD–BD and BD–AD–BD–AD–BD) made from non-densified
or densified veneers was insignificant, so in practice, during the manufacture of birch
plywood, alder veneers can be used to form the inner layers without deteriorating the
MOR of the plywood. Similar results were obtained in the research conducted by Bal [19],
in which seven-ply LVL panels were manufactured from fast-growing poplar veneers and
used as the inner layers, while eucalyptus veneers were used as the outer layers. The author
demonstrated that using two eucalyptus veneers on the faces significantly increased the
MOE (30%) and MOR (12%) in comparison to poplar-only LVL panels. In another work [26]
where seven-ply LVL panels were manufactured by combining higher-density Austrian
pine veneers and lower-density Lombardy poplar veneers, it was found that as the share of
pine veneers increased in the mixed-species panels, the MOR and MOE increased by up to
40% and 69% on average, compared to panels manufactured only with poplar. Xue and
Hu [17] also found that the strength of the LVL made of birch veneers on the outer surface
was much greater than the LVL made of poplar veneers.

Table 6. The influence of the variable factors on the mechanical properties of plywood.

Source of Variation
MOR MOE Shear Strength

F Sig. F Sig. F Sig.

W 62.765 0.000 48.591 0.000 12.048 0.000
T 0.998 0.396 0.782 0.506 9.562 0.000

W × T 1.881 0.077 1.825 0.086 7.326 0.000
W—combination of veneers of different wood species; T—combination of veneers with different treatments used.
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Figure 4. Effect of wood veneer species and type of veneer treatment on the MOR, MOE and shear
strength of plywood panels. N—non-densified veneers in one panel; D—densified veneer in one
panel; M1—mix of veneers (D–N–N–N–D) in one panel; M2—mix of veneers (D–N–D–N–D) in one
panel. Statistical features are median, 25% minimum and 75% maximum.

Figure 5 shows the linear dependence of the MOR and MOE of plywood samples
on their density. These dependences were not strong, which indicates that, in addition
to density, other factors, such as the veneer thickness, species and type and amount of
adhesive used, affected the MOR and MOE. In another work [39], it was also observed that
the MOR and MOE of plywood panels made from densified and non-densified veneers
increased when the density increased.

With an increase in the proportion of alder veneer in the inner layers of birch ply-
wood made from non-densified veneers (BN–AN–BN–AN–BN and BN–AN–AN–AN–BN),
the MOR and MOE increased, although its values were lower (97 MPa and 9765 MPa
for BN–AN–BN–AN–BN, respectively; 101 MPa and 11033 MPa for BN–AN–AN–AN–BN,
respectively) than the MOR and MOE values of 110 MPa and 12405 MPa, respectively,
obtained for plywood made from birch alone (BN–BN–BN–BN–BN). The addition of birch
veneer to the inner layers of an alder plywood also led to an increased MOR and MOE. A
similar trend was observed for plywood panels made from densified veneers. An increase
in the proportion of densified veneer in one panel contributed to an increase in the MOR
and MOE. Densified veneer had a higher density than non-densified veneer. It is known
that MOR and MOE increases with increasing density [39]. This was in good agreement
with the linear relationship between density and both MOR and MOE obtained in this
study (Figure 5).
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(a) (b) 

Figure 5. Dependence of bending strength (a) and modulus of elasticity (b) of plywood samples on
their density.

Combinations of different wood species and types of veneer treatment in one panel
significantly affected the shear strength of plywood samples (Table 6). In addition, the effect
of wood species was stronger (F = 12.048) than the effect of the type of veneer treatment used
(F = 9.562). It was found that there was no significant difference (p > 0.05) in shear strength
values (2.8 MPa and 2.9 MPa, respectively) between birch (BN–BN–BN–BN–BN) and alder
(AN–AN–AN–AN–AN) plywood panels made from non-densified veneers. However, a
significant difference (p ≤ 0.05) in shear strength values (3.2 MPa and 2.5 MPa, respectively)
was observed between birch (BD–BD–BD–BD–BD) and alder (AD–AD–AD–AD–AD) plywood
panels made from densified veneers. When the cut was along the birch (the second sheet-
layer of veneer in one panel), the strength was higher, while the strength was lower when
the cut was along the alder (the second sheet-layer of veneer in one panel). However, in
this study, all plywood composed of densified and non-densified veneers still met the
requirements (>1.0 MPa) of EN 314-2 [32]. This showed that all the combinations with
high-density birch veneer and low-density alder veneer bonded well.

From the obtained experimental results, it can be observed that the addition of alder
veneer to the inner layers of birch plywood had a positive effect on the shear strength,
increasing it compared to the strength of a birch-only plywood made from non-densified
veneer. Similarly, the addition of birch veneer to the inner layers of an alder plywood made
from both non-densified or densified veneers led to an increased shear strength.

Higher values of shear strength were observed in mixed-species plywood panels
with alternating sheets of densified and non-densified veneers in adjacent layers (panels
BD–AN–AN–AN–BD, AD–BN–BN–BN–AD, BD–AN–BD–AN–BD and AD–BN–AD–BN–AD).
In our previous work [27], it was also observed that using densified veneers increased the
mechanical performance of plywood panels, but worsened the TS and WA of panels.

Some authors [1,40] have affirmed that the density of wood is an important factor that
affects the formation of an adhesive bond between veneers. In their opinion, low-density
woods will absorb a larger quantity of adhesive, due to its higher porosity. Based on
this, it can be assumed that when non-densified veneer is in contact with another non-
densified veneer (N–N), more adhesive is absorbed by the two surfaces to be bonded and
less adhesive remains on the surfaces to be bonded. Starvation bonding may occur in
this case. When densified veneer is in contact with non-densified veneer (D–N), it can
be expected that less adhesive will be absorbed by the densified surface (due to its lower
porosity) and more adhesive will remain between the bonded surfaces. This will ensure a
good bonding strength and prevent “hungry” bonding. In addition, it should be taken into
account that birch and alder veneers have a different density and porosity.

Microscopic images of a bond line in birch and alder plywood are presented in
Figures 6 and 7.
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Figure 6. SEM observation of bond line in birch plywood. (A–C)—non-densified veneers (panel I);
(D–F)—densified veneers (panel XI); V—vessel, F—fiber, red line—bond line, white arrow—crack,
green arrow—glue. Scale bar: (A,D) = 500 μm, (B,E) = 100 μm, (C,F) = 20 μm.
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Figure 7. SEM observation of bond line in alder plywood. (A–C)—non-densified veneers (panel VI);
(D–F)—densified veneers (panel XVI); V—vessel, F—fiber, red line—bond line, white arrow—crack,
green arrow—glue. Scale bar: (A,D) = 500 μm, (B,E) = 100 μm, (C,F) = 20 μm.

Figure 6 shows that the birch wood had a smaller percentage of vessels compared to
the alder (Figures 6A and 7A). Wagenführ [41] stated that the number of vessels in birch
wood ranges from 40 to 60 per 1 mm2, while in the case of alder wood the number of vessels
is 75–145 per 1 mm2; there was also a difference in the porosity of the woods, with 59% in
birch compared to 71% in alder. The arrangement of the anatomical elements and their
morphometric parameters influenced the resulting penetration of the glue from the bond
line into the deeper layers of the veneer. The bond line in non-densified birch veneers was
thin and the glue did not penetrate into the deeper layers of the glued veneers (Figure 6B,C).
The penetration of glue into the deeper layers of the densified veneer was additionally
prevented by a layer of compressed fibers and vessels (Figure 6F). The densification process
of the veneer surface layers resulted in deformed anatomical elements and eliminated
lumens. The densification of the surface layers of birch veneers was also manifested by a
reduction in the surface roughness (Figure 3).

Figure 7 shows a bond line in alder plywood made from non-densified and densified
veneers. The alder wood had a higher number of vessels than the birch, and the wood fibers
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were thin-walled (Figure 7A,B). The higher porosity of the alder wood, thus, enabled an
easier penetration of the glue into the deeper layers of the veneer (Figure 7B,C). In the case
of densified alder veneers, there was also a distinct layer of deformed fibers and vessels.
The densification of the surface layers, as in the case of birch, prevented the penetration
of the glue into the deeper layers of the veneer, and the bond line was, therefore, thinner.
In both types of wood panels, it was possible to observe distinct microscopic cracks that
occurred when the veneer was peeled off (Figure 6A,B and Figure 7D).

4. Conclusions

The results showed that the type of construction, wood species and applied thermal
densification of the veneer affected the examined physical and mechanical properties. Ac-
cording to the ANOVA analysis, the WA, MOR, MOE and shear strength of plywood were
more sensitive to the mixing of wood species in one panel than the mixing of densified
and non-densified veneers. Moreover, the results indicated the great potential of black
alder wood in plywood manufacturing. Alder veneers can be used to form the inner
layers of plywood panels without reducing the shear strength. The BD–AN–BD–AN–BD

and BD–AN–AN–AN–BD panels were determined to be the most reasonable lay-up schemes
when the shear strength, MOR and MOE values of mixed-species plywood panels manu-
factured were examined.

The plywood thicknesses for all types of panel were in the range 6.7–7.4 mm and they
did not go beyond tolerances for unsanded panels in accordance with standard EN 315.

Increasing the proportion of thermally densified veneer in one panel led to a lower
thickness and WA, but higher density, MOR, MOE, shear strength and TS of plywood
panels. It is important to note that positive effects can be achieved not only by increasing
the proportion of densified veneers in one panel, but also with a change of construction by
mixing the wood species used.

Plywood with outer layers of alder veneer had a lower bending strength than plywood
with outer layers of birch veneer. Alder plywood with inner layers of birch veneer or
adjacent birch and alder veneers in the core had a lower MOR and MOE, but higher shear
strength than birch plywood with inner layers of alder veneer or adjacent alder and birch
veneers in the core. It was found that plywood panels manufactured from a mixture of
species offered higher bending properties when compared to panels manufactured from
alder veneers only.

For single-species plywood panels, the birch plywood performed best in terms of
MOR, MOE, shear strength and WA, while the alder plywood performed the worst. The
negative influence of the alder veneer was attenuated by combining the densified and
non-densified veneer, and having alder and birch veneers in one panel. The mixed-species
plywood panels allowed an increased use of the lower cost, low-grade, and low-density
alder wood veneers as core veneers in panels to reduce production costs and increase the
mechanical properties of predominately low-density alder wood plywood.
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Abstract: In this study, the effects of stem canker disease caused by Chrysoporthe deuterocubensis on the
chemical properties and durability of a Eucalyptus hybrid (E. urophylla x E. grandis) were investigated.
Eleven-year-old healthy and infected trees were collected. The samples were grouped into four
different classes based on the infection severity: healthy (class 1), moderately infected (class 2),
severely infected (class 3), and very severely infected (class 4). The changes in chemical properties
were evaluated via chemical analysis and Fourier transform infrared spectroscopy (FTIR) analysis.
A resistance test against fungal decay (Pcynoporus sanguineus and Caniophora puteana) and termite
(Coptotermes curvignathus) was also performed. The results showed that reductions in cellulose and
hemicellulose content from 53.2% to 45.4% and 14.1% to 13.9%, respectively, were observed in the
infected samples. Meanwhile, the percentages of lignin and extractives increased from 18.1% to 20.5%
and 14.6% to 20.2%, respectively. The resistance against fungi and termites varied between severity
classes. Generally, infected wood behaved better than healthy wood in terms of durability against
fungi and termites. The durability classes for both tests were significantly improved, from resistant to
highly resistant and poor to moderately resistant, respectively. These results suggest that E. urograndis
that is infected by C. deuterocubensis might have a better potential use in lumber production with
regard to its durability and processing cost compared to pulp and paper products.

Keywords: Eucalyptus urograndis; Chrysoporthe deuterocubensis; infection classes; chemical analysis;
FTIR analysis; fungal decay; termite attack

1. Introduction

Eucalyptus spp. is commonly used in indigenous reforestation programs in Australia,
Brazil, South Africa, and China to meet the demands of various forest-based industries,
with the majority used for veneer in plywood, pulp and paper, or charcoal [1]. It is popular
due to its rapid growth, with trees being harvested between the ages of 6 and 7 years.
Numerous cloning programs have begun in these countries to improve the quality of this
material, primarily through the development of hybrid species [2–5]. In particular, hybrid
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trees of Eucalyptus urophylla × E. grandis, also known as E. urograndis, represent the most
commonly used hybrid for producing pulp, paper, and cellulose for industrial use [6,7]. The
crossing of these two Eucalyptus species permits fast growth, a characteristic of E. grandis,
as well as improved physical properties of the wood, i.e., increased wood density from 460
to 650 kg/m3), which is a characteristic of E. urophylla. It is also thought that this hybrid is
well adapted to various ecological conditions [8]. According to Luo et al. [1], the majority of
Eucalyptus plantations in China produce logs that are excellent for solid wood applications,
such as veneer production, due to characteristics such as low taper, good straightness,
desirable wood density, rigidity, and wood surface texture [9,10]. Therefore, hybrid clones
of E. urophylla × E. grandis possess ideal characteristics in terms of both growth and density,
with numerous industries continuing to invest in research on the genetic development
of this hybrid [11–13]. Recently, fluctuations in the price of pulp and paper have caused
many of the major forestry companies to begin considering alternative uses for Eucalyptus
wood [14]. Factors such as scarcity and high cost of native woods, as well as ecological
pressure from overharvesting, have contributed to the rise in the utilization of Eucalyptus
wood materials, particularly in the flooring and lumber industry [15]. Although the major
properties of wood from E. urograndis have been reported in terms of pulp and paper,
studies specifically concerning the potential use of these materials in lumber products are
lacking. Meanwhile, the utilization of Eucalyptus species, particularly Eucalyptus hybrids,
in Malaysia is still new [16–18] and requires much attention and care, especially concerning
the susceptibility of this hybrid to biological deterioration. According to research from other
countries [18], Eucalyptus spp. is susceptible and vulnerable to disease and infection [19,20];
for example, disease had a negative impact on Eucalyptus plantations in many African
countries [21].

Nonetheless, despite their promising future, Eucalyptus trees are vulnerable to fungal
disease infection, particularly stem canker (Chrysoporthe deuterocubensis). Stem canker is
one of the most important pathogens that infected and killed Eucalyptus trees in several
Malaysian plantation locations [22]. The cankers cause broken limbs and trunks, stunted
and distorted growth, and, frequently, mortality. This disease is known to kill a large
number of trees, particularly in young plantations, and as a result, it is a major impediment
to the successful establishment of Eucalyptus plantations [23]. The infected trees are
normally left to rot on site without any intervention. This, however, raises two concerns.
The first is that if it is left untreated, it may infect other healthy trees nearby. The second
concern is whether the infected tree can be used in another way to avoid total loss. In
this regard, we conducted a number of studies to investigate the effects of stem canker
disease (Chrysoporthe deuterocubensis) infection on the physical, mechanical, and machining
properties of E. urograndis in the Sabah plantation [24,25]. The results revealed that the
strength properties of the infected trees were reduced. However, the reduction was minor,
as the most severely damaged trees lost 21.3% of their modulus of rupture when compared
to healthy trees, while lightly damaged trees lost only 11.6%. These infected trees are said
to be suitable for non-structural applications such as furniture, interior finishing, window
frames, and doors [24]. Infected trees, on the other hand, were found to have acceptable
machining characteristics, justifying their use in furniture production [25].

Another important criterion for the efficient utilization of wood is its natural durability,
particularly when applied externally. Despite the fact that the infected trees are still able
to be used as furniture or door frames, their durability against fungi and termites still
remains unknown. In addition to related research, the chemical properties and durability of
infected E. urograndis against wood-degrading organisms such as fungi and termites were
investigated. The primary goal of this study was to assess the impact of C. deuterocubensis
infection on the chemical properties and durability of E. urograndis against wood rotting
fungi and termite infestation. The relationship between severity classes and the extent of
fungi and termite damage was also investigated.
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2. Materials and Methods

Trees of 11-year-old Eucalyptus urophylla x E. grandis hybrid clones originating from
China were collected in this study. The plantation was planted and managed by the
company Sabah Softwoods Berhad, Tawau, Malaysia, with geographical coordinates
4◦33′16.3′′ N, 117◦42′58.7′′ E. The trees were planted in an entirely randomized block
design with three types of planting spaces (1.5 m × 3 m, 1.8 m × 3 m, and 3 m × 3 m).
The region where the experiment was deployed is about 11.7 ha and has a moist tropical
climate with two well-defined seasons (dry and wet) [26]. The dry season lasts from May
to September and the rainy season lasts from October to April. The infected trees were
identified, and a forest pathologist confirmed by visual examination that the pathogen that
attacked the trees was C. deuterocubensis [20]. Pictures were taken, the characteristics of the
infection were recorded, and the extent of the infection was determined based on the sever-
ity of the symptoms that occurred. Based on careful examinations of the pictures, as well as
the physical symptoms/characteristics of the disease and its percentage of occurrence, the
infected trees were grouped into four classes according to the severity of the infection, as
depicted in Table 1. Meanwhile, Table 2 displays the physical properties of healthy and
infected E. urograndis wood that have been observed from our previous study [24] such as
equilibrium moisture content (EMC), density, and volumetric shrinkage (Volsh).

Table 1. Classes of severity for Eucalyptus urograndis infected with Chrysoporthe deuterocubensis a.

Class Category Symptom

1 Healthy Stem appears normal without any symptom of
being infected

2 Moderate

Swollen bark (callus)
Cracking

Fruiting structure
Fresh kino pocket

Canker

3 Severe

Swollen bark (callus)
Cracking

Fruiting structure
Fresh kino pocket and fresh kino/gummosis

Canker
Sunken
Rotten

4 Very severe

Swollen bark (callus)
Cracking

Fruiting structure
Dried kino pocket & dried kino/gummosis

Canker
Sunken
Rotten
Shoot

a Adapted with permission from Rasdianah et al. [24].

Table 2. Physical properties of Eucalyptus urograndis a.

Infection Classes EMC (%) Density (Kg/m3) Volsh (%)

1 10.5 670.8 15.1
2 10.1 618.9 14
3 10.2 706.8 14.5
4 9.7 542.3 12.9

a Adapted with permission from Rasdianah et al. [24].
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2.1. Evaluation of Chemical Properties
2.1.1. Wet Chemical Analysis

Small splints (1 to 2 cm long) were taken from each infection class after conditioning
for evaluation of their chemical properties. To produce sawdust, the splints were ground
using a Wiley cutting mill (Wiley, Model 4, Swedesboro, NJ, USA); to obtain homogeneous
sizes, sawdust was screened using a 40 to 60 mesh (0.4 to 0.6 mm) sieve according to the
Technical Association of the Pulp and Paper Industry (TAPPI) standard method, T 257
cm-02 [27]. The chemical composition analysis of E. urograndis particles was conducted at
the Malaysian Agricultural Research and Development Institute (MARDI) lab, Serdang, by
using neutral detergent fiber (NDF) and acid detergent fiber (ADF). This is a common way
to evaluate the main fiber constituents, cellulose, hemicelluloses, and lignin. All chemical
constituent percentages for each class of severity samples were determined as mean values
of triplicate experiments.

2.1.2. Fourier Transform Infrared (FTIR) Analysis

The FTIR analysis was performed at the Biocomposite Laboratory of the Institute
of Tropical Forestry and Forest Product (INTROP), UPM, using FTIR-attenuated total
reflection (ATR) spectrometer instrument (iS10 FTIR, Thermo Nicolet, Durham, NH, USA)
with spectrometer resolution of 0.4 cm−1. The FTIR analysis was performed to qualitatively
determine organic components, including chemical bond, functional group, and organic
content (e.g., protein, carbohydrate, and lipid), and to correlate the result of chemical
composition change from wet chemical analysis between different infection severity classes
of the samples. The study included healthy samples as well as moderately, severely, and
very severely (class 1, 2, 3, and 4) infected samples. As a control for comparison, a healthy
sample was prepared. FTIR-ATR with a spectral range cutoff of 525 cm−1 was used to
analyze the components of all samples. The particles were measured in the absorption
mode using a mid-IR spectrum with wavenumbers ranging from 400 to 4000 cm−1, and all
spectra were plotted on the transmittance axis using the same scale [28].

2.2. Evaluation of Biological Properties
2.2.1. Decay Resistance

The decay resistance test was determined by exposing the samples (20 mm × 20 mm
× 10 mm) to white rot and brown rot fungi (namely Pycnoporus sanguineus (WML 006) and
Coniophora puteana (WML 004)) in a soil block test for 12 weeks according to procedures
outlined in ASTM D2017 standard [29]. These fungi (Figure 1a,b) were collected from the
Mycology and Pathology Laboratory, Forest Research Institute Malaysia (FRIM) cultured
collection. These fungi were chosen because they are widely distributed in tropical regions.
Even in allegedly durable timber, they cause significant damage [30]. Twenty replicates of
each class of severity (class 1, 2, 3, and 4) were tested against each fungus. The test blocks
were labeled and oven-dried at 103 ± 2 ◦C until they reached a constant weight. The blocks
initial weight was then recorded as W1. Each culture bottle contained 150 g of sieved soil
and 70 mL of distilled water. Feeder strips of pine wood (35 mm long × 28 mm wide
× 3 mm thick) were placed on top of the soil in each culture bottle for fungal inoculation.
The bottles with the feeder strips were loosely capped and steam-sterilized at 121 ◦C for
20 min before being cooled in laminar flow under ultraviolet light at room temperature.

The fungus was placed at the corner of the feeder strip after cooling. Then, the bottles
were incubated at a temperature of 27 ± 2 ◦C and 70% relative humidity for approximately
3 weeks until the mycelium fully covered the feeder strips. Then, the test blocks were
placed on top of the feeder strips and incubated for 12 weeks of fungal exposure. The test
blocks were taken out from the bottles at the end of the incubation period, and all mycelium
on the test block surfaces was removed. The degree of fungal attack was estimated by
determining the weight loss of the test block. The test blocks were then oven-dried until
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they reached a constant weight, W2. After weighing each block, the percentage of weight
loss (WLdecay) for the test block was calculated using Equation (1):

WLdecay (%) = 100 (W1 − W2)/W1 (1)

where W1 is the initial weight of the test block before exposure to fungus (g) and W2 is the
final weight of the test block after exposure to fungus (g).

Figure 1. White rot (a) (Pycnoporus sanguineus) and brown rot (b) (Coniophora puteana) fungi isolates
grown on malt extract agar (MEA) media.

Table 3 lists the assignment of resistance classes based on the mean weight loss of the
samples caused by fungal decay.

Table 3. Classification of decay resistance according to weight loss values c.

Sample Condition Mean Weight Loss (%) Resistance Class

Highly resistant 0–10 I
Resistant 11–24 II

Moderately resistant 25–44 III
Slightly resistance or non-resistant ≥45 IV

c Adapted from ASTM standard D2017 [29].

2.2.2. Termite Resistance

A no-choice termite resistance test with Coptotermes curvignathus Holmgren (subter-
ranean termites) was performed according to the American Wood Protection Association
(AWPA) standard E1-09 procedure [31]. The termites were collected from an infested pine
plantation at Institute of Biosciences, Universiti Putra Malaysia. The termite species was
confirmed both morphologically and genetically with references from previous study [32].
C. curvignathus, as shown in Figure 2, is one of the most common species of termite [33],
and causes severe damage to forest trees, wooden structures, and buildings [30,34,35]. They
are also the only species of termite capable of establishing secondary nests that allow them
to attack high-level buildings [36]. Living trees can also be attacked by this species in their
inner and outermost parts. A total of 20 replicates (20 mm × 20 mm × 7mm) for each
sample of severity class were tested. A sample was placed in a glass container containing
200 g of sterilized sand and 30 mL of distilled water with 1 ± 0.05 g of C. curvignathus.
C. curvignathus, consisting of 90% workers and 10% soldiers, were weighed and placed in
each bottle.

In this study, only vigor and active termites were used. A sample from each severity
class was randomly selected and conditioned at 20 ◦C until it reached a constant weight.
The initial weight of the blocks, Wi, was measured before they were placed in sterilized
test bottles filled with sand. The cultured bottles were incubated and maintained at a
temperature of 27 ± 2 ◦C and 70% relative humidity for approximately 4 weeks. After
4 weeks, the test block samples were taken out of the cultured bottles and brushed off to
eliminate sand particles. All samples were oven-dried until a constant weight, Wf, was
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achieved. The efficacy of severity class infection was evaluated based on the percentage
weight loss of the materials due to termite attack. Using Equation (2), each test block
was examined based on the percentage of weight loss (WLtermites). Classification of the
durability classes was carried out according to the Indonesian National Standard SNI
01.7207 [37], based on the weight loss criteria developed (Table 4). Each sample was also
rated based on the visual evaluation system provided by the AWPA standard E1-09 [31] in
Table 5.

Figure 2. Subterranean termites (Coptotermes curvignathus) collected from infested pine plantation at
Institute of Bio-science, UPM.

WLtermites (%) = 100 (Wi − Wf)/Wi (2)

where Wi is the initial weight of the test block before exposure to termites (g) and Wf is the
weight of the test block after exposure to termites (g).

Table 4. Classification of termite resistance according to weight loss values d.

Sample Condition Mean Weight Loss (%) Resistance Class

Very resistant <3.52 I
Resistant 3.52–7.50 II
Moderate >7.50–10.96 III

Poor >10.96–18.94 IV
Very poor >18.94 V

d Adapted from standard SNI 01.7207 [37] and Terzi et al. [38].

Table 5. Rating system for visual evaluations of termite resistance e.

Visual Rating Classification Rating

Sound 10
Trace, surface nibbles permitted 9.5
Slight attack, up to 3% of cross-sectional area affected 9
Moderate attack, 3%–10% of cross-sectional area affected 8
Moderate/severe attack, penetration, 10%–30% of cross-sectional
area affected 7

Severe attack, 30%–50% of cross-sectional area affected 6
Very severe attack, 50%–75% of cross-sectional area affected 4
Failure 0

e Adapted from AWPA standard E1-09 [31].
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2.3. Statistical Analysis

To determine how the different infection classes affected the chemical changes and
durability of the E. urograndis wood, a one-way analysis of variance (ANOVA) was used to
analyze and interpret the data. The discrepancies between the mean values of each severity
class were investigated further using Duncan’s multiple range (DMR) test at p ≤ 0.05.
Pearson’s correlation coefficients were used to assess the relationships between infection
classes and weight loss due to fungal decay (WLdecay) and termite attack (WLtermites). All
statistical analyses were performed using SPSS version 22.0. (IBM, Armonk, NY, USA).

3. Results and Discussion

3.1. Chemical Properties of Healthy and Infected Wood

Table 6 shows the chemical composition of 11-year-old healthy and infected E. urogran-
dis wood. E. urograndis has a cellulose content of more than 45% on average. A maximum
cellulose content of 53.2% was determined in the healthy (class 1) E. urograndis compared
to the infected (class 2, 3 and 4) trees, which had cellulose contents of 50.9%, 49.8%, and
45.4%, respectively. A downward trend was observed as the cellulose content decreased, as
the extent of the trees’ infections were becoming severer. Similar to cellulose, hemicellulose
content was also reduced as the severity of the infection increased. Meanwhile, lignin and
extractive content increased. However, the changes were interdependent, as a decrease in
hemicellulose content was accompanied by an increase in lignin, and vice versa.

Table 6. Mean values of chemical composition of Eucalyptus urograndis wood.

Severity
Classes

Chemical Composition (%)

Cellulose Hemicellulose Lignin
Other

Component

1 (Healthy) 53.2 14.1 18.1 14.6
2 (Moderate) 50.9 11.2 19.9 18.0

3 (Severe) 49.8 11.6 19.0 19.6
4 (Very severe) 45.4 13.9 20.5 20.2

Aromatic rings with multiple potential branches characterize amorphous lignin. It acts
as a binding agent for individual cells, as well as for the fibrils that make up the cell wall.
Lignin first forms between adjacent cells in the middle lamella, tightly bonding them to
form a tissue. It then spreads through the cell wall, penetrating hemicellulose and bonding
cellulose fibrils. Lignin provides compressive strength and stiffness to the cell wall of
tree tissue and individual fibers, protecting the carbohydrate from physical and chemical
damage. The amount of lignin effects the structure, properties, morphology, and flexibility
of wood [39]. According to Ferrari et al. [40] and Savory and Pinion [41], the ascomycete
fungi are able to break down lignin, albeit inefficiently. Contrary to that, Andlar et al. [42],
Janusz et al. [43], and Kirk and Farrell [44] stated that ascomycete fungi are unable to
degrade lignin and only consume the easy to-access hemicellulose and cellulose. In this
study, it can be seen in Table 6 that the lignin content of infected E. urograndis is higher
(19.9%, 19.0%, and 20.5%) than in the healthy (18.1%) sample. This fact is in agreement
with previous studies by Mafia et al. [45] and Foelkel et al. [46]. The authors observed the
increase in the proportions of lignin and extractives when they analyzed the wood from
Eucalyptus trees with canker caused by Cryphonectria cubensis (Bruner) Hodges.

Wood extractives are natural products that exist independently of a lignocellulose cell
wall. They are present within the cell wall, but are not chemically connected to it. Aromatic
phenolic compounds, aliphatic compounds (fats and waxes), terpenes, and terpenoids, as
well as a variety of other minor organic compounds, are among these compounds [47,48].
In their study, Shebani et al. [49] discovered that Eucalyptus spp. wood contains more polar
extractives, which include tannins, gums, sugars, starches, and colored matter. The phenolic
compounds affect fungal physiology directly. As previously stated, aliphatic compounds
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can act as surfactants, limiting fungal adhesion to wood surfaces. The phenolic compounds
are classified into four groups: lignans, stilbenes, flavonoids, and tannins [50,51]. These
extractives are molecules produced by trees to protect themselves from biotic and abiotic
stressors. The proportion of other components in infected samples classes 2, 3, and 4 was
higher than in healthy samples (class 1). As the infection progressed, the extractive content
increased steadily from 18.6% to 20.2%, compared to 14.6% in the healthy samples. A
similar result was found in a study on a Eucalyptus grandis hybrid by Mafia et al. [45].
According to the author, after being infected with Ceratocystis fimbriata wilt, the proportion
of extractives and lignin increased.

Based on this result, it can be said that C. deuterocubensis causes a chemical change
to E. urograndis wood, as the infected wood contained less cellulose and hemicellulose
than the healthy wood. This fungus enters the tree via injuries to the bark. It then spreads
to the underlying vascular cambium, destroying these tissues as it advances, degrading
some or all major cell wall components, and absorbing breakdown products of cellulose
or hemicellulose. This finding was supported by the previous study conducted by Da-
hali et al. [24] on the physical properties of E. urograndis, where it was found that the
fiber saturation point, equilibrium moisture content, density, and volumetric shrinkage of
infected wood were lesser than in healthy trees. A work conducted by Gunduz et al. [52],
Fernandez et al. [53], and Mafia et al. [54] also obtained similar results. These authors
reported that the holocellulose content of infected wood decreased compared to that of
the healthy trees. It is presumed that the decrease in cellulose and hemicellulose in cell
material was caused by a fungal disease utilizing cellulose and hemicellulose as energy
and carbon sources for its colonization progresses.

In contrast, infected samples contained higher levels of extractives and lignin [53].
Other studies, including Foelkel et al. [46] and Souza et al. [55], have demonstrated the
influence of the Chrysoporthe cubensis disease on the quality of Kraft pulp. It was found
that the infected wood of E. grandis and E. saligna presented higher levels of extractives
and lignin content compared with healthy wood, causing a 1% loss in the pulp yield and a
10% loss in volume. The increase in these components could be due to the activation of
the tree’s defense mechanisms, which also results in the production of chemicals, gums,
and tyloses [56]. In response to infection, the plant may trigger reactions that prevent
fungus penetration or limit fungus colonization in host tissues, such as extractive, lignin,
and other phenolic compound accumulation [57,58]. According to Kuc [59], lignification
in plants can increase the pathogen’s inability to penetrate the cell walls. Trees’ defense
mechanisms can prevent the invasion of pathogens or wood-rotting fungi, and response
zones containing lignin act as barriers to their invasion and colonization [60]. The reaction
zones, however, are not always effective against microbial penetration. Changes in the
cell wall and occlusion of xylem elements are examples of activated defense mechanisms.
These plant responses may limit pathogen development in wood [61]. Histochemical
and biochemical studies revealed that phenolic compounds associated with phytoalexin
production accumulated in Platanus acerifolia plants inoculated with Ceratocystis platani [62].

3.2. Fourier-Transform Infrared Spectroscopy (FTIR) Analysis

The FTIR was run to qualitatively determine the alteration of chemical properties and
functional groups present in healthy and infected E. urograndis. Figure 3 illustrates the
FTIR spectra that display the common components or functional groups, such as cellulose,
hemicellulose, and lignin, at a wavenumber ranging from 4000 to 525 cm−1.
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Figure 3. FTIR spectra (4000 cm−1–525 cm−1) of healthy (class 1) and infected samples Eucalyptus
urograndis (class 2, 3 and 4).

Table 7 depicts the important bands that can be found in an infrared spectrum of wood
and includes their functional assignment. The result demonstrated that numerous peaks
were detected, and that it is difficult to interpret the differences between the spectra of
healthy and infected wood since there are several reactions occurring at the same time. The
first single bond region showed that a broadening absorption of the band (3570–3200 cm−1)
is assigned to stretching vibrations of intra-molecular hydrogen bonds in the crystalline
regions of cellulose, which shift from 3340–3330 cm−1 in the spectrum [63]. This band also
confirms the existence of hydrate (H2O), hydroxyl group (-OH), ammonium, or amino. This
broadening might be due to the reduction in O-H stretch, which represents decrement of
polysaccharides as a result of infection by C. deuterocubensis. Like humans, this fungus needs
carbohydrates (celluloses and hemicelluloses) for carbon skeletons and energy sources.
They also require amino acids to combine with carbon skeletons to synthesize proteins for
their growth and enzymes. As a result, infected classes 2, 3, and 4 lost density and moisture
content because the components of the cell walls were degraded, resulting in fewer free
OH- groups and fewer water molecules binding to the cells. This indicated that the samples
had lower hydrophilic properties [24,64]. Simultaneously, O-H from phenolic groups in
lignin increases, as it is well known that the lignin percentage of the ratio increases due to
carbohydrate degradation [65].

Table 7. Functional group in FT-IR spectra of the studied sample. Data were adopted from refer-
ences [28,64,66,67].

Wavenumber (cm−1) Functional Group/Band Assignment

3570–3200 (broad) -OH stretching hydrogen bonds in cellulose

2935–2915 Asymmetric -CH stretching of methylene (CH2) in lignin

1750–1700 C=O stretching of non-conjugated carbonyl compound in xylan

1615–1580 C=O aromatic ring stretching
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Table 7. Cont.

Wavenumber (cm−1) Functional Group/Band Assignment

1515–1500 Aromatic ring (benzene) stretching vibrations

1460 C-H deformations in xylan

1420 Aromatic ring of lignin and C-H bending in cellulose

1324–1322 CN stretching in ether and oxy compound, and stretching P=O
in simple hetero-oxy compound

1225–950 (several) Aromatic C-H in-plane bend

1190–1130 Secondary amine, CN stretch

1047–1004 C-O stretching in cellulose I and cellulose II

896 Asymmetric C-H out-of-plane bending deformation in cellulose
and hemicellulose

The band at 2920 to 2915 cm−1 corresponds to asymmetric -CH stretching vibration
in the aromatic methyl and methylene groups of side chains generally found around
2935–2915 cm−1. According to Moharram and Mahmoud [68] and Spiridon et al. [69], the
apparent shift in frequency of the -CH band is due to structural and relative composition
changes, specifically changes in the crystallinity level of the cellulose. The double bond
region (1750 and 1700 cm−1) represents the C=O stretching of non-conjugated carbonyl
compounds that occurs in xylan, such as carboxylic acid (1725–1700 cm−1), ketones (1725–
1705 cm−1), aldehydes (1740–1725 cm−1), esters (1750–1725 cm−1), and 6 membered rings
of lactone (1735 cm−1) [28]. In comparison to healthy wood, the intensities of these bands
increased as the infection class became more severe. The increase in lignin content that
derived from the carbohydrate loss could be observed as the increase in these bands, which
is due to the formation of carbonyl groups in lignin [70].

According to Nandiyanto et al. [28] and Esteves et al. [67], the absorption peak which
occurred around 1615–1580 cm−1 was due to vibrations in the aromatic ring of lignin and
C=O stretching. The band at 1593 cm−1 shifted to about 1596 cm−1 for healthy and infected
wood, respectively. This band increases due to an increase in the percentage of lignin
in the infected wood [71]. The band at the fingerprint region of 1460 cm−1 corresponds
to the asymmetric deformation of the C-H bond of xylan, while the band at 1420 cm−1

corresponds to the vibration of the lignin’s aromatic ring, but also to the C-H bending in
the cellulose [72].

Aromatic rings exhibit, most of the time, a characteristic band at approximately 1224
to 1228 cm−1. The presence of an absorption in the range of 1156–1158 cm−1 was noted in
the FTIR spectra, and this belongs to the stretching vibrations of the symmetric cellulose
C-O-C (1155–1159 cm−1), which corresponds to the content in crystallized and amorphous
cellulose.. In their study, Gelbrich et al. [73] reported that the band at 1031 cm−1 (class 1)
was assigned to bonds of holocellulose (1047–1004 cm−1) and that the intensity of the band
decreased as the infection became more severe, indicating the lessened polysaccharide
content. The attack of a fungal disease infection on polysaccharides (sugar ring tension) is
clear by the decreased band intensities at 896–893 cm−1, corresponding to the pyranose
ring opening. Similar results were obtained by Kotilainen et al. [71] and Pena et al. [74].
Meanwhile, the fungi’s enzymatic activity is primarily responsible for the decrease in
intensities of asymmetric and C-H out-of-plane stretching of cellulose and hemicellulose.

3.3. Durability
3.3.1. Fungal Decay

Figure 4 shows that mycelium covered the surfaces of the test blocks, particularly the
healthy one (class 1). It can be observed that the healthy samples were heavily colonized
by fungi when compared to the infected test blocks (class 2, 3, and 4).
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Figure 4. Visual appearance of healthy and infected E. urograndis against P. sanguineus (upper):
1a = class 1, 1b = class 2, 1c = class 3, and 1d = class 4; and C. puteana (lower): 2a = class 1, 2b = class
2, 2c = class 3, 2d = class 4.

Table 8 shows the durability E. urograndis of classes 1, 2, 3, and 4 after being exposed
to P. sanguineus and C. puteana for about 12 weeks. As presented in Table 8, the results
revealed that the WLdecay decreased progressively. P. sanguineus caused more WLdecay than
C. puteana, with values ranging from 14.4% to 9.5% and 11.2% to 6.1% for healthy and
infected samples, respectively. It was observed that the WLdecay of the infected samples
caused by both P. sanguineus and C. puteana was significantly lower than that of the healthy
samples. It was noted that the white rot fungi caused severer damage on the Eucalyptus
trees compared to brown rot fungi. The results show that a significant improvement was
recorded for the resistance of infected samples against both P. sanguineus and C. puteana, as
indicated by the lower WLdecay found in the infected samples (class 2, 3, and 4). Thus, the
durability classes of infected samples were also improved, from resistant (class 1) to highly
resistant (class 4), against P. sanguineus and C. puteana.

Table 8. Mean weight loss and durability classes of infected and healthy Eucalyptus urograndis against
white rot and brown rot fungal decay.

Infection
Classes

Value
WLdecay (%) Resistance Classes

P. sanguineus C. puteana P. sanguineus C. puteana

1
(Healthy)

Mean 14.4 a 11.2 a Resistant (II) Resistant (II)
SD 2.7 2.8

2
(Moderate)

Mean 12.3 b 8.0 b Resistant (II) Highly
resistant (I)SD 3.0 2.3

3
(Severe)

Mean 10.3 c 7.8 c Highly
resistant (I)

Highly
resistant (I)SD 2.5 3.1

4
(Very severe)

Mean 9.5 c 6.1 c Highly
resistant (I)

Highly
resistant (I)SD 1.9 2.6

p-value 0.000 *** 0.000 ***
Notes: Classification of decay resistance according to ASTM standard D2017 [29]. Means followed by the same
letter (a, b, c) in the same column were not significantly different at p < 0.05 according to Duncan’s multiple range
test. ***, high significance (p < 0.01); ***, very high significance (p < 0.001).

This observation was made due to the increase in lignin and extractive content of
E. urograndis after C. deuterocubensis tree infection, which helped to deter the wood from
decay. Samples of classes 3 and 4 showed high resistance against white rot fungi, while
classes 2, 3 and 4 showed high resistance against brown rot fungi. Owing to the lower
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availability of polysaccharides to consume by the P. sanguineus and C. puteana, the increase
in lignin instead of cellulose and hemicellulose is not favorable for the growth of C. puteana
(brown rot) fungi. Brown rot fungi mainly degrade cellulose and hemicelluloses and leave
most of the lignin undegraded [75,76]. Another plausible reason for the decrement of
WLdecay was the lower density and equilibrium moisture content (EMC) of infected than
healthy wood. In our previous study [24] we found that infected samples of classes 2, 3,
and 4 had low density (618.9, 706.8, and 542.3 kg/m3) and moisture content (10.1, 10.2,
and 9.7%) values, respectively. This phenomenon is thought to be stressful for fungal
growth. Moisture is required for all processes in wood infected by decay fungi, including
spore arrival and germination, mycelial growth, and wood metabolism. As a result of the
lower hydrophilic properties of infected wood (decrease in MC of wood), the growth and
colonization of wood-decaying fungi were minimized, making decaying fungi less able to
grow and degrade wood [77].

A study by Gunduz et al. [52] on chestnut wood infected by Cryphonectria parasitica
(Murrill) found that vessel diameters and vessel frequency in the transverse section became
smaller, and the lengths of the vessel elements were shorter. The formation of granular
layers was observed via scanning electron microscopy (SEM) in the inner walls of the
vessels. Moreover, Mafia et al. [55] found there was deposition of residual stromatic
hyphae tissue in vessel of E. urograndis, caused by intense growth of Hypoxylon spp. It is
likely that these structures resulted from the colonization activities of the Hypoxylon spp.
disease. Thus, in this study, the penetration of both types of fungal decay (P. sanguineus and
C. puteana) into wood vessels for colony growth may be limited due to vessel obstruction
from a previous infection by C. deuterocubensis. A similar finding of the study by Clerivet
and El Modafar [78] reported alteration in xylem vessels, including thickening of vessel
walls, occlusion of pores, deposition of gels, gum, and formation of tyloses after inoculation
of Platanus acerifolia with Ceratocystis fimbriata f. sp. platani. A study by Mafia et al. [45], by
using SEM, found the presence of the pathogen structures and tyloses in E. grandis hybrid
infected by Ceratocystis fimbriata. Tyloses are considered an active defense mechanism
which involves partial or complete occlusion of xylem vessels through the deposition of
gels and gummosis (kino) to limit microbial growth [79,80]. According to MTIB [81], the
vessel of Eucalyptus spp. contained a moderate amount of tyloses and gums. Eucalyptus spp.
is known as the “gum tree”, as it presents a gum canal (kino veins) and secretes a gooey
substance. Timor white gum is known to come from E. urophylla [82], while flooded gum is
known to come from E. grandis [83]. When the trunk surface of a gum tree is damaged, it
oozes visible amounts of thick, gummy (resinous liquid) sap.

3.3.2. Termite Attack

The mean weight loss (WLtermites), increment of resistance, block visual rating, and
class of resistance of healthy (class 1) and infected wood samples (class 2, 3, and 4) after
4 weeks of exposure to C. curvignathus are presented in Table 9. The results show that the
WLtermites values decreased consistently from healthy to infected (class 4) samples.

From the experimental results, all sample blocks tested were attacked by termites, as
reflected in Figure 5. The healthy sample (class 1), which had the highest WLtermites value
of 20.1%, was attacked the most, followed by the infected samples in classes 2 (16.4%),
3 (12.5%), and 4 (9.9%). Significant resistance improvement was observed for the infected
class 2 to class 4 samples, from very poor (V) to moderately resistant (III).

Based on the visual rating classification of termite attacks, the samples from classes
1, 2, 3, and 4 had rating values of 7, 7, 7, and 8, respectively. The results demonstrated a
slight improvement for infected E. urograndis. This shows that as the lignin and extractive
proportion and concentration increased, so did the resistance to the C. curvignathus at-
tack [46]. The toxicity of lignin and extractives may have increased resistance and provided
protection to infected E. urograndis against C. curvignathus termite feeding in our study.
Another possibility is that the tree’s defense mechanisms were activated while or after the
E. urograndis tree was infected with C. deuterocubensis, resulting in the formation of chemical
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substances, such as gums, tyloses, and other phenolic compounds [57], which act as slow
poisons to termites.

Table 9. Mean weight loss and durability classes of infected and healthy Eucalyptus urograndis against
termite attacks.

Infection
Classes

Value WLtermite (%) Visual Rating
Resistant
Classes

1
(Healthy)

Mean 20.12 a 7 Very poor (V)
SD 4.5

2
(Moderate)

Mean 16.44 ab 7
Poor (IV)

SD 8.8

3
(Severe)

Mean 12.49 bc 7
Poor (IV)

SD 5.5

4
(Very severe)

Mean 9.86 c 8 Moderately
resistant (III)SD 6.0

p-value 0.000 ***
Notes: Classification of termite resistant according to SNI 01.7207 [37] and rating system according to AWPA
stand ard E1-09 [31]. Means followed by the same letter (a, b, c) in the same column are not significantly different
at p < 0.05 according to Duncan’s multiple range test. ***, high significance (p < 0.01); ***, very high significance
(p < 0.001).

Figure 5. Condition of samples after exposure to termite attack; (a) = class 1, (b) = class 2, (c) = class
3, and (d) = class 4.

In addition, Bayle [84] and FAO [85] stated that more than 300 species of Eucalyptus
are interspecific hybrid containing volatile oils, which consist of mixtures of hydrocarbons
(terpenes and sesquiterpenes) and oxygenated compounds (alcohols, esters, ethers, alde-
hydes, ketones, lactones, phenols, and phenol ethers) [85–87]. These volatile oils have
favorable properties that have insecticidal and antimicrobial properties [84,85]. Further-
more, vessel obstruction caused by C. deuterocubensis fungus infection may be another
factor that deters termite attack.

3.4. Correlation between Infection Class and Weight Loss against Fungal Decay and
Termite Attacks

Pearson’s correlation between the infection class and WLdecay against P. sanguineus
and C. puteana, as well as that between the infection class, WLtermites, and C. curvignathus in
E. urograndis wood was conducted and tabulated in Table 10. The correlation was moderate,
but highly significant (p = 0.000), in all durability tests. Generally, the weight loss from
both fungal and termite tests decreased in trees of higher infection classes, as indicated
by the weak negative correlations of WLdecay, P. sanguineus (r = −0.594), and C. puteana
(r = −0.540), and of WLtermites and C. curvignathus (r = −0.528).
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Table 10. Correlation between infection classes with weight loss against fungal decay and termite
attack.

Correlations

Class Decay Termite

P. sanguineus C. puteana C. curvignathus

Class
Pearson correlation 1 −0.594 ** −0.540 ** −0.528 **

Sig. (2-tailed) 0.000 0.000 0.000
N 80 80 80 80

** Correlation is significant at the 0.01 level (2-tailed). ** Correlation is significant at the 0.05 level (2-tailed).

4. Conclusions

The chemical properties and biological durability of the E. urograndis trees infected by
canker disease (C. deuterocubensis) were investigated in this study. The findings revealed
that the cellulose and hemicellulose content decreased with increasing infection severity.
On the contrary, lignin and extractive content increased as the severity of the infection
increased. Consequently, the resistance of the infected tree against white rot and brown
rot fungi was enhanced, probably due to the lower availability of polysaccharides in the
infected wood on which the fungi could thrive. The resistant of the E. urograndis wood
against subterranean termites was also improved. The resistance against termites improved
from very poor in healthy samples (class 1) to moderately resistant in the most severely
infected samples (class 4). Overall, the results showed that the infected wood had a high
extractive content, which made it unsuitable for pulp and paper production. However, it
may have some potential in lumber production, as it has more added value and a lower
cost of production than pulp and paper products.

The current study expands on previous research into the physical, mechanical, and
machining properties of infected E. urograndis wood. When compared to healthy trees,
infected trees showed only a minor reduction in strength. Because of the minor strength
reduction, they are appropriate for non-structural applications such as furniture, interior
finishing, window frames, and doors. Furthermore, the infected wood has acceptable
machining properties, justifying its use in furniture production. When combined with the
current study’s findings that the infected wood demonstrated improved biological durabil-
ity, the case for using infected wood in non-structural applications is strengthened. This
may assist the planter in deciding whether to extract the trees for timber production when
the first signs of infection appear. Future research should concentrate on the anatomical
properties and cell structure of wood in order to clearly observe the level of infection by
C. deuterocubensis for better infection severity classification.
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