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PREFACE

The 7th International Scientific Conference on Hardwood Processing (ISCHP) is hosted by
Delft University of Technology in the Netherlands. After Canada (2007 and 2015), France (2009),
USA (2011), Italy (2013) and Finland (2017). The scientific collaborators in the ISCHP family
take in turn the responsibility of the conference organization, increasing the visibility of the
conference by extending the family with new members every time.

The 12-year old history of ISCHP shows that interest in hardwoods and related natural
resources is growing rapidly around the world. Topics covered by ISCHP conferences deal
with species properties and quality, primary and secondary processing of hardwoods as well
as hardwood applications. ISCHP 2019 will host representatives from countries from Europe,
Africa, North- and South-America and Asia.

The Biobased Structures and Materials group of the TU Delft took the opportunity to invite
the ISCHP family to Delft for the 2019 Conference. Building with wood has a long tradition in
the Netherlands, whether traditional windmills, houses, boat building, bridges or hydraulic works.
The centuries old Dutch international trade history of wood, has made the country a particular
case for a variety of wood applications. Moreover, just as we are inspired by the many cultures
and countries involved in wood trade and use, we hope that this conference will stimulate and
inspire the participants from around the world to explore the potentials for hardwoods even
more. The conference deals also with bamboo, a material that resembles wood behavior in many
aspects.

More than 40 scientific contributions, including four keynote and two company R&D
presentations are presented at the conference. The company presentations will give an industrial
point of view on research and development as well as academic cooperation that lead up to the
successful introduction of products on the "'wood” market.

Papers written on the presentations have undergone a scientific peer-review process. They are
available for readers in an electronic format in the Conference Proceedings. A selected number of
papers will be published in a special issue of the European Journal of Wood and Wood Products,
a SpingerNature publication.

We would like to express our sincere thanks to all ISCHP 2019 participants, as a conference
thrives by their willingness to present their scientific work and actively participate in this
conference, giving merit to previous ISCHP conferences while paving the way for the future.

The members of the scientific committee are gratefully acknowledged for their support,
feedback and review activities. We truly appreciate all the time and effort of the TU Delft staff
members who contributed to ISCHP 2019, both with respect to the organization, the proceedings
and the excursion. Without them, ISCHP 2019 would not have been possible.

Jan-Willem van de Kuilen & Wolfgang Gard

Conference chairs
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Vietnamese Acacia and Rubberwood

Effect of Thermo-Mechanical Modification on Mechanical
Properties and Water Resistance of Plantation-Grown Vietnamese
Acacia and Rubberwood

Rulong Cao!, Juhani Marttila!, Veikko Méttonen®", Henrik HerijirviZ, Pekka Ritvanen?, and Erkki
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(UEF), 80100 Joensuu, Finland 80100 Joensuu, Finland

*Corresponding author: E-mail veikko.mottonen@luke.fi, phone +358295325053
ABSTRACT

Low density and poor mechanical performance often limit utilization of sawn wood from fast-growing plantation
forests. Thermo-mechanical modification of timber (TMTM®) is one innovation for improving the utilization rate
of light-weight wood species. The objective of this study was to determine the effects of thermo-mechanical
modification and subsequent thermal modification on dry density, modulus of elasticity (MOE), compression
strength, Brinell hardness and swelling behavior in immersion test on two fast-grown Vietnamese species, acacia
(Acacia mangium) and rubberwood (Hevea brasiliensis). Test boards were modified in an industrial kiln where
tangential thickness compression of 14% and 12% were aimed to acacia and rubberwood, either with or without
subsequent thermal modification at 190 °C. Dry density, MOE, Brinell hardness, compression strength, and
dimensional changes in water immersion of specimens were measured from the modified and reference materials,
the latter ones being kiln dried at 50 °C. The results showed that changes in the mechanical properties were more
evident for rubberwood than for acacia. In rubberwood, the MOE and compression strength of wood
thermo-mechanically modified with or without thermal modification were higher than those of kiln-dried reference
specimens throughout the thickness profile. In acacia similar differences between the modified and reference
specimens were observed only in the surface layer. Density and Brinell hardness of thermo-mechanically modified
rubberwood were higher than those of reference specimens, but after thermal modification they did not differ from
(acacia) or were lower (rubberwood) than those of thermo-mechanically modified materials. Subsequent thermal
modification increased the water resistance of thermo-mechanically modified specimens.

Keywords: acacia, drying, rubberwood, thermo-mechanical modification, thermal modification

BRIEF ORIGINAL

Vietnamese acacia (Acacia mangium) and rubberwood (Hevea brasiliensis) boards were modified using tangential
thickness compression either with or without subsequent thermal modification at 190 °C. Changes in density, modulus
of elasticity, compression strength, Brinell hardness and swelling behavior between untreated and modified wood
were studied. The results showed that changes in the physical and mechanical properties were more evident for
rubberwood than for acacia. The unfavourable effects of any single modification method can be partly compensated
by applying combinations of modifications and by the use of appropriate process parameters.

1. INTRODUCTION

In general, mechanical properties of wood are highly dependent on wood density (Pelit et al. 2018). Fast-growing
acacia (Acacia mangium) and rubberwood (Hevea brasiliensis) plantations have been successfully commercialized in
Southeast Asia thanks to their adaptability to various conditions and short rotation period (e.g., Nguyen 2013; Hai et
al. 2015). However, their applications in wood product industries are limited by their relatively low density and poor
dimensional stability (Mohammed Raphy et al. 2011; Teoh et al. 2011; Nambiar et al. 2014; Shukla and Sharma
2018).

Densification or compression in transverse direction is considered as an effective and environmentally friendly
method to increase the density of wood. Densification reduces the void volume of lumens and reshapes the
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morphology of cells without loss of lignin, resulting in improvement of mechanical properties such as modulus of
elasticity, compression strength, tensile strength, hardness, and abrasion resistance of low-density wood species
(Anshari et al. 2011; Sandberg et al. 2013). However, once the atmospheric humidity and heat in compression process
terminate, elastic energy stored in microfibrils of compressed wood will be released, resulting in the thickness along
compression springing back towards its original shape, which is defined as “shape memory” or “set recovery” (Navi
and Sandberg 2012). This phenomenon is concerned as the biggest problem regardless of the mechanical property
elevation of compressed wood (e.g., Mottonen et al. 2015).

It is important to improve the dimensional stability of densified wood in the direction of compression, because
changed thickness indicates changes in properties, thereby implying the success of densification. Although the shape
memory cannot be totally eliminated, it can be restricted by adjusting the heat, compressive force, and pressing time
during the densification process (e.g., Navi and Girardet 2000; Kudela et al. 2018). Depending on the combination of
relative humidity and temperature used during the process, densification can be categorized into two types,
thermo-hydro-mechanical modification (THM) and thermo-mechanical modification (TM). In THM process,
atmospheric temperature and humidity are well-controlled and the compressive forces are subjected against the radial
or tangential direction of wood (Dogu et al. 2010; Sandberg and Kutnar 2016). In TM, the compression process takes
place in an open system without detailed control of relative humidity, being also widely applied in the industries
(Kudela et al. 2018). If the conditions are well-controlled in THM, higher values in density and stronger surface layers
would thereby be achieved resulting in surfaces well applicable in flooring, furniture, and decorative uses (Gao et al.
2016).

Post-compression thermal treatment is known as another effective way to improve the dimensional stability of
compressed wood, thereby offsetting the shape memory of THM (e.g., Gong et al. 2010; Mottonen et al. 2013; Yan
and Morrell 2014; Méttonen et al. 2015; Sandberg and Kutnar 2016; Marttila et al. 2017; Sandberg et al. 2017). During
the thermal modification process, wood is exposed to high temperature (=160°C) conditions (e.g., Millet and Gerhards
1972; Hillis 1975; Kocaefe et al. 2015). In this process, the structure of wood chemical components will be altered to
different extent, thereby affecting other properties of wood (e.g., hygroscopicity, equilibrium moisture content,
dimensional stability, fungal and insect resistance, mechanical properties, colour, and odour) (e.g., Sandberg et al.
2017). Optimized parameters during the modification processes need to be designed for specific species, considering
their different characteristics (Sandberg et al. 2013).

Fast-growing plantations of acacia (Acacia mangium) and rubberwood (Hevea brasiliensis) have been successfully
commercialized in Southeast Asia thanks to their adaptability to various conditions and short rotation period (Nguyen
2013; Hai et al. 2015). However, their applications in wood product industries are limited because of their low density
and poor dimensional stability of wood (Mohammed Raphy et al. 2011; Teoh et al. 2011; Nambiar et al. 2014; Shukla
and Sharma 2018). The timber is mostly used by kraft pulping industries.

The objective of this article is to investigate the effect of THM and combined THM and subsequent thermal
modification on selected mechanical properties, i.e., modulus of elasticity, compression strength, and Brinell
hardness, as well as extreme-condition swelling behavior of acacia and rubberwood.

2. MATERIALS AND METHODS

Logs of two different tree species from Vietnam, acacia (Acacia mangium) and rubberwood (Hevea brasiliensis)
were transported by sea fright in green condition to Juankoski, Finland and then sawn to boards and
thermo-mechanically modified. The pilot modification kiln patented by KWS Timber Tech Ltd allows wood drying,
mechanical compression, and subsequent thermal modification in one single kiln unit. Different combinations of
processes can be achieved by adjusting parameters such as temperature, hydraulic pressure, relative humidity, and
treatment time. The boards were divided into six groups: four groups of sawn timber treated through different ways
and two reference groups dried at 50°C in the oven but without any modification (Table 1).

Before modification, the boards were placed between perforated aluminum plates where the moisture content of
boards could be indirectly controlled by the air circulation rate between these plates in the kiln (Fig. 1). Drying and
hydraulic compression proceeded simultaneously. The drying temperature was steadily increased up to 130°C for
acacia and 120°C for rubberwood, and the nominal degrees of mechanical compression (thickness change / original
thickness) for acacia and rubberwood were set to 14 and 12 per cent, respectively. After drying and mechanical
compression, a three-hour thermal modification at 210°C was instantly applied to the two groups of boards. During
this process, certain amount of steam was applied in the kiln to protect the boards from darkening. After the thermal
modification process, the system was cooled down, and pressure was released.
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The moisture content (MC, %) and dry density (pb, kg/m3) of the specimens from all boards were determined by
the gravimetric method. The size of specimens which were taken from the other end of boards was 50 x 80 x 50 mm
and 60 x 80 x 50 mm (thickness x width % length) for modified and unmodified boards, respectively. Modulus of
elasticity (MOE) was determined by static three-point bending test according to the standard ISO13061-4, where the
applied forces caused the deflection in the mid-span of each board. Matertest model FMT-MEC 100kN material
testing device was used to carry out MOE test and record the MOE value of each board. Prior to MOE test, the boards
of groups of A and K were dried in an oven with a temperature of 50°C for roughly 2 weeks, while those of AC, ACT,
KC, KCT were conditioned indoors for two weeks in order to achieve the adequate moisture level (12+5%) required
by the tests.

Compression strength parallel to the grain of each test specimen was determined according to ISO 13061-12:2017.
All samples were stored in the conditioning chamber at 20 °C, 65% relative humidity until their mass was stable. The
ultimate stress (o, MPa) was determined using gradually increasing load in parallel to the grain direction:

0 = Fa/(a*b) (1)

where Fmax is the maximum load force (N), a and b are the cross-sectional dimensions of the test specimen (mm).

The moisture contents of the mechanical test specimens from groups A and K were computationally adjusted to
12% by using the following formulae, which are valid for moisture contents of 12+5%:

Ep; = EJ(1-a*(W-12)) (2)
o12=o*(1+ a*(W-12)) (3)

where E12 is the calibrated MOE value at the moisture content of 12%, 12 is the calibrated compression strength
at the moisture content of 12%, a is the correction factor (0.02) for the moisture content, W is the moisture content of
wood during the test, determined according to ISO 13061-1.

Before immersion test, all test specimens were stabilized in the normal climate chamber at 20 °C, 65% relative
humidity until their equilibrium moisture content (EMC) was reached, i.e., the mass did not change anymore. After
that, the initial length, width and thickness of specimens were measured by caliper. Next, the specimens were soaked
in buckets filled with water and stored in room temperature for 14 days. The dimensions were measured from the same
positions once again after the 14 days of soaking. The dimensional changes were determined according to the formula:

o= ((L1-Lo)/Lo) *100% 4)

Where a is the swelling rate in length, width, and thickness (%), LO is the initial dimension (length, width, and
thickness) (mm), L1 is the dimension (length, width, and thickness) after the 14-day immersion (mm).

Brinell hardness (HB) (kg/mm?2) of the test specimens was determined according to the standard EN 1534 (2010):
HB = 2F/(g*n*D*(D-(D2-d2)1/2) %)

where F is the maximum load applied (1,000 N), g is the acceleration of gravity (9.81 m/s2),  is the “pi” factor
(3.14), D is the diameters of the indenter (10 mm), d is the average value of the diameter of the two residual
indentations [(d1+d2)/2 mm] on specimen surface, d1 and d2 being the diameters of the residual indentation along the
grain and across the grain, measured by caliper.

3. RESULTS AND DISCUSSION

3.1. DRY DENSITY

Mean values and standard deviations (STD) of moisture content (MC), dry density, modulus of elasticity (MOE),
Brinell hardness (HB), compression strength from core part (CS-C), compression strength from surface part (CS-S) of
acacia (A), thermo-mechanically modified acacia (AC), thermo-mechanically modified acacia with subsequent
thermal modification (ACT), rubberwood (K), thermo-mechanically modified rubberwood (KC), and
thermo-mechanically modified rubberwood with subsequent thermal modification (KCT) are shown in Table 2. Mean
values, STDs, and significance levels (* the mean difference is significant at 0.05 level) of dimensional stability in
different directions (T=thickness, L=length, W=width; thickness is along the direction of compression, length is along
the longitudinal direction) of experimental groups of A, AC, ACT, K, KC, and KCT are given in Table 3. ANOVA

3
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results of dry density, MOE, HB, CS-C, CS-S, and swelling T (thickness direction) of experimental gropus of A, AC,
ACT, K, KC, and KCT are listed in Table 4.

Statistically significant difference was detected between K&KC, KC&KCT, suggesting that thermo-mechanical
modification had a positive effect on dry density of rubberwood (increase by 7.3%) while subsequent thermal
modification decreased the dry density from KC to KCT by 7.5%. This might indicate that the thermo-mechanical
modification changed the structure of rubberwood tissue to contain less void space and more fibres per unit volume,
thereby increasing the dry density (Kutnar et al. 2008; Fang et al. 2012). After the subsequent thermal modification,
degradation of holocellulose, evaporation of certain extractives or volatile organic compounds (VOCs) could lead to
the mass loss of cell walls (Sandberg and Kutnar 2016; Severo et al. 2016; Shukla and Sharma 2014).

On the other hand, no difference was found between the experimental groups of acacia. High initial moisture
content or inappropriate compression temperature, pressure, or time might lead to the failure of compression where the
whole thickness profile of acacia samples was not totally penetrated by the compressive pressure (Kudela et al. 2018).
Another reason could be that the strong spring-back effect in AC specimens counterbalanced the positive effect of
compression on the density of acacia (Pelit et al. 2018). The long lasting sea fright of logs at green state may also have
had adverse effects on physical and mechanical properties of wood.

3.2. MODULUS OF ELASTICITY (MOE)

Regarding MOE values, thermo-mechanical modification and thermo-mechanical modification with subsequent
thermal modification lead to an improvement of 39.5% and 35.9% in rubberwood, whereas there was no increase
observed in acacia.

Several studies show that densification is an effective way to improve the mechanical properties of wood (e.g.,
Kutnar et al. 2008; Anshari et al. 2011; Fang et al. 2012; Moéttonen et al. 2015; Gao et al. 2016). Generally, the bending
stiffness of wood improves proportionally to density increase as a result of compression (Kutnar 2012). Increasing
temperature up to 150 °C during compression also has a positive effect on MOE value of wood as it reduces the
spring-back effect of compressed wood, although the increase of MOE caused by high temperature is not as obvious as
that caused by high compression ratio (Tabarsa and Chui 1997; Lamason and Gong 2007).

The effect of thermal modification is dependent on the wood species, temperature, initial moisture content,
surrounding atmosphere, and reaction time (Mitchell 1988). Therefore, the effects of thermal modification on MOE
can be either positive (Fang et al. 2012; Shi et al. 2007) or negative (Gong et al. 2010; Johansson and Morén 2006),
depending on the parameters applied during the process. High temperature and long processing time may decrease the
MOE due to the deterioration of wood components, hemicellulose in the first hand (Yan and Morrell 2014; Korkut and
Aytin 2015). In addition, since the proportion of amorphous cellulose decreases with increasing temperature (e.g.,
Sivonen et al. 2002; Yildiz and Glimiiskaya 2007), an increase in crystallinity of cellulose may cause an increase of the
MOE. However, elevation in the MOE is associated with the reduced moisture content in the modified wood (Xie et al.
2013). Usually moisture content is negatively correlated with MOE below the FSP (Kretschmann 2010).

3.3. COMPRESSION STRENGTH

Both thermo-mechanical modification and thermo-mechanical modification with subsequent thermal modification
increased the compression strength of surface specimens of acacia by 23%, while the change in compression strength
of core specimens was not significant. In case of rubberwood, the increments in compression strength of surface and
core specimens were 19.9% and 25.0%, respectively.

There are several explanations for increment of compression strength achieved by thermal treatment. Firstly,
crystallization and degradation of cellulose in amorphous region increases the proportion of crystalline cellulose,
which increases the stiffness of wood in its longitudinal direction (Anderson et al. 2005; Yildiz et al. 2006); secondly,
increased cross-linking of lignin polymer network can better connect and stiffen cellulose fibrils and prevent them
from bending or crashing when they are subjected to compressive forces, thereby increasing the longitudinal
compression strength of wood (Boonstra et al. 2007). It could also be explained by the fact that the lower moisture
content detected in all modified specimens, i.e., decreased amount of bound water, resulted in increased compression
strength of wood.

3.4. SWELLING BEHAVIOR IN IMMERSION TEST

The results show that compared to untreated specimens, both modification treatments and both species swell more
in the direction of compression, i.e., 385%, 218%, 172%, and 114% higher dimensional changes in AC, ACT, KC, and
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KCT, respectively, compared to their references. It seems that the irreversible set recovery phenomenon explained the
swelling in the modified samples, in addition to the reversible hygroscopicity of wood itself (Fang et al. 2012).

As much as 21% less thickness swelling was detected in KCT specimens compared with KC specimens, which
indicates that the set-recovery of rubberwood was partially eliminated. This might be explained by the following
mechanisms: Firstly, thermal modification above 200°C can increases the cross-linking network in lignin, which
increases the hydrophobicity of wood and reduces its swelling (Santos 2000). Secondly, the stored elastic stresses are
released because of the degradation of hemicellulose in high temperature (Navi and Sandberg 2012). Elimination of
some hygroscopic hydroxyl groups due to the depolymerization of carbohydrates explains the improved
hydrophobicity in thermally modified wood (Xie et al. 2013). In addition, in cellulose components, amorphous regions
in cellulose is degraded due to acid catalysis in high temperature, which increases the crystallinity and thereby
decrease the accessibility of water molecules in hydroxyl groups (e.g., Cai et al. 2018; Kudela et al. 2018).

3.5. BRINELL HARDNESS

Elevation of Brinell hardness of 58% was detected in KC samples, whereas no difference was found between A
and AC. Flattening of fibre lumens and vessels in thermo-mechanical modification may increase the Brinell hardness
of wood (Fang et al. 2012). However, slight loss of Brinell hardness takes place due to increased temperature during
the thermo-mechanical modification (Fang et al. 2012). Typically, higher degree of compression leads to higher
Brinell hardness value, although Rautkari et al. (2013) argued that Brinell hardness is mainly influenced by the density
and hardness of the surface layer. In addition to varying densities among wood species, other factors such as
modification temperature, final density, moisture content, techniques of measurement, and measuring conditions (e.g.,
load level, loading time) also have influence on the results (Holmberg 2000; GasSparik et al. 2016).

On the other hand, compared to AC and KC, subsequent thermal modification caused the reduction of Brinell
hardness in ACT and KCT by 33% and 41%, respectively, which was probably due to the deterioration of cell wall
structures (Pelit et al. 2015). High temperature and long processing time typically result in greater reduction in Brinell
hardness because of the degradation of hemicellulose and lignin in high temperatures (Fang et al. 2012; Salca and
Hiziroglu 2014). In addition to that, reduction of hardness due to the heat treatment was found to be highest for wood
species with high density (Kesik et al. 2014; Salca and Hiziroglu 2014).

3.6. ECONOMIC ASSESSMENT OF THE PROCESS

A comprehensive assessment of the economy of thermo-hydro-mechanical modification would require an analysis
of the entire value chain, from raw materials to end products (c.f., Sandberg et al. 2017). Compared to conventional
processes the advantages gained by the THM modification include shorter production lead time, lower raw material
and energy costs per cubic meter and improved properties and quality of end products. High temperature drying and
modification of THM modification reduces the process time to minimum of 2 days compared to 10-20 days with
conventional methods. As a result of reduced process time, labour, energy and product related capital costs are also
lower. Low-priced domestic small diameter timber can be utilised in THM process enabling the replacement of more
expensive and imported large diameter timber. The lower quality of small diameter timber can be compensated by
densification which, to some extent, increases the hardness and strength of wood. The smaller production capacity of
the THM modification kiln compared to conventional kiln of comparable size or price range is the main disadvantage
from the economic point of view.

4. CONCLUSIONS

Thermo-mechanical modification is a potential technique to improve some properties of rubberwood (e.g., density,
MOE, compression strength, Brinell hardness) and acacia (surface compression strength), but modified wood swells
more than non-modified under extreme conditions. Post-compression thermal modification improves the dimensional
stability under such conditions, but reduces the hardness of the surface.

The unfavourable effects of any single modification method can be partly compensated by applying combinations
of modifications and by the use of appropriate process parameters. Therefore, further experiments are needed to
investigate the influence of treatment time, compressive force, and modification temperature on acacia and
rubberwood properties.
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Table 1. Treatments and number of boards in the six treatment groups.

Time and
Number Compression  temperature
Code Group Treatment of P K P
degree in thermal
boards
treatment
A Unmodified acacia Reference,.SO ¢ 14 - -
oven-drying
. " . Compression, kiln
AC Thermo-mechanically modified acacia . 10 14% -
drying
ACT Thermo-mechanically modifiec-i .aca.cia with Compression & 9 14% 210°C, 3h
subsequent thermal modification thermal treatment
Ref °
K Unmodified rubberwood € erence,.SO ¢ 12 - -
oven-drying
. . Compression, kiln
KC Thermo-mechanically modified rubberwood . 11 12% -
drying
Thermo-mechanically modified rubberwood Compression &
KCT . caly mogHiec r herw pressl 10 12% 210°C, 3h
with subsequent thermal modification thermal treatment
Table 2. Mean value (X) and standard deviation (s) of physical and mechanical properties
Treatment MC Dry density MOE HB CS-C CS-S
(%) (kg/m?3) (MPa) (kg/mm?) (MPa) (MPa)
x s x s x s x s x s x s
Untreated (A) 65.8 27.3 571 65 10.6 2.3 2.6 0.9 49.6 2.0 49.6 2.0
Compression (AC) 7.1 2.2 590 79 9.8 1.2 2.8 1.1 565 2.8 612 19
Compression & thermal (ACT) 3.1 0.4 553 70 10.6 1.0 1.9 0.6 58.8 1.9 610 3.1
Untreated (K) 47.9 7.2 620 40 8.1 0.8 2.5 0.5 49.7 1.4 49.7 1.4
Compression (KC) 6.0 0.3 665 40 113 1.4 3.9 0.9 59.4 1.9 59.8 2.4
Compression & thermal (KCT) 4.2 0.2 615 38 111 0.8 2.3 0.4 60.8 1.7 635 1.2

Table 3. Mean value (x), standard deviation (s), and significance level (p) of dimensional stability in tangential (T), longitudinal (L)

and radial (W) directions

Treatment Swelling T Swelling L Swelling W
X 1.1% 0.2% 0.7%
A s 0.7% 0.1% 0.5%
p 0.001* 0.666 0.202
8
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X 5.4% 0.1% 0.9%

AC s 1.5% 0.3% 0.6%
p 0.000* 0.978 0.616

X 3.5% 0.1% 1.3%

ACT s 2.9% 0.1% 0.7%
p 0.045* 0.996 0.022*

X 2.7% 0.1% 2.3%

K s 0.8% 0.3% 1.1%

p 0.000* 0.958 0.001*

X 7.4% -0.1% 1.3%

KC s 1.1% 0.1% 0.4%
p 0.000* 0.987 0.231

X 5.8% -0.0% 1.8%

KCT s 0.9% 0.1% 0.4%
p 0.000* 1.000 0.001*

Table 4. Significance level of the difference in dry density, MOE, Brinell hardness (HB), compression strength in the core (CS-C)
and surface layer (CS-S), and swelling (T) between different treatments (significant at p< 0.05, marked with*)

Factor Dry density MOE HB CS-C CS-S Swelling T
A-AC 0.786 0.478 0.538 0.176 0.004* 0.000*
A-ACT 0.826 0.998 0.008* 0.124 0.021%* 0.012*
AC-ACT 0.493 0.584 0.001* 0.974 1.000 0.085
K-KC 0.027* 0.000* 0.000* 0.007* 0.005%* 0.000*
K-KCT 0.959 0.000* 0.578 0.002* 0.000* 0.000*
KC-KCT 0.019* 0.806 0.000* 0.981 0.597 0.002*
9
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Fig. 1. A set of acacia boards (60%80%1200 mm) after the compression and thermal modification process.
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phenolic compounds in black locust stem

Viljem Vek!, Ida Poljansek' and Primoz Oven!

! Department of Wood Science and Technology
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ABSTRACT

The main goal of this study was to investigate the amounts of hydrophilic extractives in bark and wood samples of
black locust stem (Robinia pseudoacacia L.). The concentrations of extractives were highest in the outermost
samples of heartwood. Knotwood of black locust contained less DHR than heartwood. Significantly less
hydrophilic compounds were extracted from bark and sapwood samples. This study shows that heartwood of black
locust can be considered a source of value-adding compounds. The investigation showed significant variability in
the content of extractives in a radial direction and less pronounced axial variability within the black locust stems.

1. INTRODUCTION

Black locust (Robinia pseudoacacia L.) heartwood is characterized by high resistance against fungi and insects and
high natural durability, even when in water (Sachsse 1984; Scheffer and Morrell 1998). Black locust wood is therefore
used in various external applications, such as shipbuilding, masts, mining timber and vineyards (Bostyn et al. 2018;
Torelli 2003; Vitkova et al. 2017). Despite the spread of this wood species in Europe (Vitkova et al. 2017) and
relatively broad applicability of its wood (Sachsse 1984; Torelli 2003), understanding of the content and distribution of
extractives within a black locust tree remains surprisingly fragmentary.

A literature review revealed that either only axial or only radial variability in the content of extractives within a
black locust tree has received attention. There has been no integral study showing not only the content of groups of
extractives but data on the content of individual compounds within the tree. The distribution of characteristic phenolic
compounds in the radial direction of the stem at different times in a season was provided by Magel et al. (1994; 1991)
when studying heartwood formation in black locust. It was demonstrated that that the extractive fraction soluble in a
methanol/water solvent was higher in mature heartwood than in juvenile heartwood, but data on the content of
individual compounds are not given (Diinisch et al. 2010; Latorraca et al. 2011). Axial variation of extractives within
trees has been demonstrated with data on the fraction extracted with dichloromethane and the fraction obtained after
extracting wood with hot water, but variation in the content of individual compounds was not shown. The content of
hot-water extractives increased in heartwood but decreased in sapwood from the bottom to the top of the stems, while
the reverse occurred for the dichloromethane extractive content of sapwood (Adamopoulos et al. 2005).

The aim of the investigation was qualitative and quantitative analysis of hydrophilic extractives in bark and wood
samples of black locust (Robinia pseudoacacia L.). The radial and axial variability of hydrophilic extractives and
individual compounds was also investigated within the trees. In addition to intact stem samples that included sapwood,
heartwood and knots, a sample of wounded stem was included in the research in order to evaluate the contribution of
traumatic structure to the variability of extractives and to examine the content of extractives in compartmentalization
tissues that are formed after wounding.

* Corresponding author; e-mail: viljem.vek@bf.uni-lj.si
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2. MATERIALS AND METHODS

2.1. SAMPLING OF BLACK LOCUST TREES

Bark and wood samples of six adult black locust (Robinia pseudoacacia L.) trees felled at the end of January 2016
in a suburban forest (445°56'46.8"N 13°40'05.1"E) were included in the present investigation. The sample trees were
on average 22 m high, with a diameter of 26 cm at breast height (Vek et al. 2019). Four stem disks were sawn from each
felled tree at 0.20 m, 3.30 m, 6.40 m, and 9.50 m. Discs containing knotwood (KW) were sampled in the crowns of the
harvested trees.

After the sample discs had been air dried for a month, a radial profile of stem wood was obtained by taking an
oriented series of samples in a direction from the periphery towards the pith (Fig. 1). One sample of bark (B), one
sample of sapwood (SW) and several samples of heartwood (HW) were taken from each of the sampled stem discs.
Heartwood was sampled according to the age of samples (number of annual rings). The youngest outermost heartwood
sample was marked HW1 and the oldest sample near the pith HWS5 (Fig. 1). Because some of the stems had been
injured, wound-associated wood was also sampled. The reaction zone (RZ), wound-wood (WW) and discoloured
and/or decayed wood (DW) were sampled as already described (Vek et al. 2014).

Figure 1: Stem disc of black locust (Robinia pseudoacacia L.).

All sample discs were visually inspected and the position of sampling was defined (Fig. 1). The age of samples was
estimated by counting the annual growth rings. More than 170 samples of black locust were prepared for the purposes
of the study. Following overnight oven drying at 50 °C, wood blocks were disintegrated with a Retsch SM 2000 cutting
mill using a 1 mm bottom sieve. The wood meal was placed in sealed bottles and stored in a dark and cold place until
further analysis.

2.2. EXTRACTION OF BARK AND WOOD SAMPLES

Before extraction, the bark and wood samples of black locust were freeze-dried in a Telstar LyoQuest lyophylizator
at 0.040 mbar and - 82 °C, to a constant mass. Extraction of the dried material was done in a Soxhlet apparatus with
90% acetone (aq, v/v) for 6 hours at 110 °C, according to the protocol described in Vek et al. (2019). All the extracts
were transferred into amber-coloured bottles and stored in a freezer at -25 °C.

2.3. CHEMICAL ANALYSIS OF BLACK LOCUST EXTRACTIVES
The content of hydrophilic extractives was measured gravimetrically by drying 10 ml of wood extract to a constant

mass (mg/g dw).
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Total phenols were measured according to a protocol similar to those already described (Scalbert et al. 1989;
Singleton and Rossi 1965; Vek et al. 2013; Vek et al. 2014). However, diluted 2N Folin-Ciocalteu’s phenol reagent
(aq) and an aqueous solution of sodium carbonate (75 g/l) were added to each wood extract. The reaction was
performed in a 4.5 ml disposable macro cell closed with a 10 x 10 mm polyethylene lid. After incubation of the reaction
mixtures, the absorbance was measured at 765 nm by Perkin-Elmer Lambda UV-Vis. Gallic acid was used as a
reference for semi-quantitative and relative evaluation of total phenols. The results were determined by the standard
curve of gallic acid (concentration range between 0 mg/l and 500 mg/l) and expressed in milligrams of gallic acid
equivalents per gram of dried wood sample (mg GAE/g).

Detailed information on chemical identities and quantities of compounds was obtained by high performance liquid
chromatography (HPLC). Chromatographic analysis was performed on the Thermo Scientific Accela HPLC system.
The HPLC had a quarter 600 pump and a photodiode array detector (PDA). Separation of samples was done on a
Thermo Accucore C18 column (4.6 ID x 150 mm, 2.6 um). Water (A) and methanol (B), both containing 0.1% of
formic acid, served as a mobile phase. The flow rate of the mobile phase was set at 1000 pl/min. The gradient used was
5-95% of solvent (B). Both the auto-sampler containing sample trays and the column oven were thermostated, at 5 °C
and 30 °C, respectively. Three microliters of wood extract were injected into the column for each HPLC run.
Absorbance was measured at 280 nm and UV spectra were recorded from 200 nm to 400 nm. Robinetin (Rob) was also
qualitatively checked at 363 nm, which gave a maximum absorption for Rob. Peak identities were investigated by
comparison of retention times and UV spectra of separated compounds with those of analytical standards.
Dihydrorobinetin (DHR), Rob and piceatannol (PT) were identified and quantified. The samples were measured in
triplicate. The contents were expressed in milligrams of dihydrorobinetin (DHR) and robinetin (Rob) per gram of dry
wood (mg/g dw). The chromatographic method was linear in the selected concentration range (R? > 0.99).

2.4. STATISTICS

Basic statistical analysis was performed with Statgraphics software. The data were first checked for normal
distribution, and analysis of variance (ANOVA) and Fisher’s least significant difference (LSD) procedure at a 95.0%
confidence level were performed. Structural formulas of compounds were prepared with Perkin Elmer’s ChemDraw
software.

3. RESULTS AND DISCUSSION

3.1. QUALI- AND QUANTITATIVE COMPOSITION OF BARK AND WOOD EXTRACTS OF BLACK LOCUST

Extraction of bark and wood samples gave comparable amounts of hydrophilic extractives (HE) (ANOVA, p =
0.076). Extraction of more than one hundred samples showed HW of black locust to contain an average of 6.05 % (w/w
dw) of hydrophilic extractives (HE). In contrast to Sablik et al. (2016), the HW of trees investigated in our study
contained larger amounts of HE than bark (B) samples. Knotwood (KW) and heartwood (HW) samples contained
higher contents of HE than did bark (B) and sapwood (SW) (Fig. 2) (LSD test). The relatively large amount of HE in
SW samples can be explained by the presence of non-structural storage carbohydrates in sapwood (Ho1l 1972; Magel et
al. 1994).
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Figure 2: Content of hydrophilic extractives (HE), total phenols (TP), dihydrorobinetin (DHR) and robinetin (Rob) in bark and
wood samples of black locust (Robinia pseudoacacia L.). B =bark; SW = sapwood; HW = heartwood; WW = wound-wood; RZ =
reaction zone; DW = decayed wood; KW = knotwood. 2~ 9, different letters on the error bars of the same series of columns indicate

statistically significant differences at a 95% confidence level (LSD test).

Spectrophotometric analysis revealed significant differences in total phenols (TP) among the studied samples of
black locust (ANOVA, p TP < 0.001, p DHR < 0.001) (Fig. 2), while HPLC analysis confirmed DHR to be the
dominant and characteristic compound of wood extracts of black locust (Fig. 2), accompanied by the presence of low
amounts of Rob and PT. Chromatographic analysis revealed significant differences in the content of DHR among the
studied samples of black locust (ANOVA, p TP < 0.001, p DHR < 0.001) (Fig. 2). The largest contents of Rob were
measured in HW (3.9 +2.30 mg/g) and KW (3.4 mg + 1.88) extracts. However, the content of Rob was excluded from
statistical analysis since the measured values were not normally distributed. The data were positively skewed, meaning
that low Rob contents occurred more often than would be expected with a normal distribution. A skewed distribution of
the concentrations of phenolic extractives in heartwood samples of Scots pine (Pinus sylvestris L.) was also reported by
Harju and Venéldinen (2006).

Among the samples of intact stems (B, SW, HW, KW), the highest amounts of phenolic extractives (TP) and DHR
were characteristic of HW and KW samples (LSD test) (Fig. 2 ). Significantly lower amounts were measured in B and
SW (Fig. 2). Analysis of SW revealed the presence of DHR only. Only B extracts contained piceatannol (PT) in
addition to DHR and small amounts of Rob. On average, 60.5 + 20.6 mg/g of HE, 27.5 = 7.62 mg/g of TP, 15.7 £ 5.87
mg/g of DHR, and 3.9 + 2.30 mg/g of Rob were measured in the HW samples. Compared to SW samples, the amounts
of DHR and Rob in HW extracts were 10.5- and 2.7-times larger. These results confirm the findings of other research
groups that have reported the chemical composition of extractives in wood of black locust (Bostyn et al. 2018; Magel
et al. 1994; Reinprecht et al. 2010; Sablik et al. 2016). Slightly higher amounts of DHR and Rob were mentioned in the
reports of Sanz et al. (2011; 2012b).

HW samples contained significantly larger amounts of DHR than did KW samples (LSD test) (Fig. 2). On the other
hand, KW contained significantly larger amounts of phenolic compounds than B, SW and HW (LSD test) (Fig. 2).
Compared to the stemwood samples of black locust, the relative contents of extractives in KW were not as high as has
been reported for coniferous knotwood, in which knots contained more than hundreds of times more phenolic
extractives than heartwood of the same tree (Willfor et al. 2003a; Willfor et al. 2003b; Willfor et al. 2004).

The presence of DHR in bark samples of black locust has already been reported by other research groups (Magel et
al. 1994), whereas the presence of PT in bark extract is reported here for the first time. It was reported that larger
amounts of B extractives than obtained in our study can be gained by extracting bark of black locust with a mixture of
methanol and water (Sablik et al. 2016). PT and resveratrol were identified at a significant concentration in mature
heartwood of black locus by Sergent et al. (2014), but this was not confirmed by our chromatographic analysis. In
addition to flavonoids, bark of trees can contain polyphenols of higher molecular mass, i.e., condensed tannins
(Holmbom 2011; Smith et al. 1989). Oligomers of condensed tannins containing robinetinidol, i.e., prorobinetinidins,
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have also already been reported for seasoned HW of black locust (Sanz et al. 2012a; Sanz et al. 2011). These
compounds were not recovered from the samples with the extraction procedure applied in our study.

3.2. VARIABILITY OF EXTRACTIVES WITHIN TREES

Table 1 shows the distribution of extractives along the black locust stems in HW only. Our investigation showed an
absence of significant vertical variation in the average amounts of HE, TP and DHR along the stems of the investigated
trees (ANOVA; p HE > 0.050, p TP > 0.050, p DHR > 0.050) (Table 1). In spite of the ANOVA results, a clear
decrease of the DHR content with increasing height of the HW sampling can be read from Table 1. Our investigation
showed that the HW disc samples taken at 0.2 m had significantly larger DHR contents than samples taken at 9.5 m
(Table 1) (LSD test). Similar findings for HE were reported for B by Adamopoulos et al. (2005), but the authors
extracted larger amounts of HE from the HW samples from a tree top (Adamopoulos et al. 2005).

Table 1: Contents of hydrophilic extractives, total phenols and dihydrorobinetin in heartwood (HW) samples of black locust
(Robinia pseudoacacia L.). Discs containing heartwood samples were taken at 0.2 m, 3.3 m, 6.4 m and 9.5 m above the ground.

Sampling Hydrophilic extractives Total phenols Dihydrorobinetin
height (mg/g dw) (mg GAE/g dw) (mg/g dw)
avg SD avg SD avg SD
0.2 62.12 25.14 28.92 8.14 18.4° 7.41
33 57.0° 19.89 26.4 b 8.23 15.6%b 5.50
6.4 64.92 19.91 28.13b 8.25 15.7b 5.13
9.5 57.62 16.25 27.5 »b 5.26 14.12 5.03

a-b Different letters within the same column indicate statistically significant differences at a 95.0% confidence level
(Fisher’s least significant difference (LSD) procedure).

The content of hydrophilic extractives was highest in the younger part of the heartwood. The extracts of older parts
of heartwood (HW4 and HW5) had comparable HE concentrations as B and SW samples (LSD test). In comparison to
the oldest HW5 samples, significantly more HE was extracted from B and SW. Significant differences in the content of
HE, total phenols and DHR were found for the HW samples of the radial series (ANOVA, p HE <0.001, p TP < 0.001,
p DHR < 0.001). The LSD test showed that the youngest heartwood (HW 1) contained significantly higher amounts of
hydrophilic extractives, total phenols and DHR than older parts (HW2, HW3, HW4, and HW5). This is in contrast to
Magel et al. (1994), who found that DHR augmented within the heartwood up to a more or less constant level
irrespective of the sampling season. On the other hand, maximum values of Rob have been shown to be characteristic of
older parts of HW (Magel et al. 1994). The relatively regular distribution of phenolic compounds in HW observed in
our study could hardly be explained solely by variation in the content of non-structural carbohydrates at the
sapwood-heartwood boundary, which are considered to be a major source of heartwood compounds in black locust
(Magel et al. 1994; 1991). We assume that the smaller content of phenolic extractives from the HW samples in the inner
parts of a black locust stem can be explained by the phenolics being chemically bonded to the cell wall and being
therefore not extractable with the extraction conditions used in this study. This is in accordance with UV
microspectrophotometry results showing a higher content of flavonoids deposited in the walls of cells in mature (inner)
HW than in juvenile (outer) HW (Diinisch et al. 2010).

3.3. EXTRACTIVES IN TRAUMATIC WOOD STRUCTURES

The phytochemical profile of wound associated wood tissues differed from that of intact stemwood. The highest
amounts of HE were found in wound-wood (WW), which is formed because of stem injury (LSD test). Chemical
analysis revealed that WW contained 81.8 + 1.72 mg of HE, 35.3 &+ 0.55 mg/g of total phenols, 22.8 + 6.75 mg/g of
DHR and 4.5 + 2.36 mg/g of Rob (Fig. 2). It is assumed that the higher content of HE and TP in WW than in intact SW
and HW can be explained by the two-stage process, which involves WW formation and therefore transformation of
WW to HW. This observation indicates that DHR may be classified as phytoalexin (Hart and Shrimpton 1979; Pearce
1990; Sergent et al. 2014), although furthers studies are needed to confirm this speculation.

The lowest concentrations of HE were measured in decayed wood (DW) (LSD test) (Fig. 2). Lower amounts of
extractives and the absence of DHR and Rob in DW can be explained by fungal degradation of flavonoids. The reaction
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zone (RZ) was a narrow and darkly coloured morphological barrier that separated heartwood from decayed parts in a
stem, contained significantly larger amounts of quantified hydrophilic extractives than DW and higher amount of DHR
than unaffected HW. These results support the finding (Vek et al. 2014) that traumatic tissues formed in wood
contribute to the variability of extractive content within a tree.

4. CONCLUSION

The results of the study indicate a significant radial and less pronounced axial variability in the amounts of
extractives in intact stem tissues of black locust (Robinia pseudoacacia L.). The highest contents of hydrophilic
extractives, total phenols, dihydrorobinetin and robinetin were characteristic of heartwood. Lowest amounts of
hydrophilic extractives were extracted from sapwood and bark. Examination of extractives content along the trees
revealed that the content of DHR decreases acropetally.
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ABSTRACT

Large research work is currently being performed concerning different elaborated new wood protection methods.
However, combining industrially well-approbated processes is also considered potentially quite promising and
such approach is being actively studied. This study is part of a project that is aimed at improving wood service
properties by combining thermal modification (TM) and impregnation with Cu-organic preservatives. The objective
of the present study was to investigate peculiarities of interaction between liquids and TM birch wood (Betula spp.).
This knowledge is essential for proper TM wood post-treatments involving its impregnation as well as for
evaluation of potential wood moisture dynamics in outdoor applications.

Changes caused by TM (150-170°C) in a closed system under elevated pressure in wood wettability, permeability,
liquid absorption capacity, and drying characteristics were evaluated. The results concerning absorption capacity,
which is mainly related to wood anatomical features and is density dependent, indicated to reduced absorption
capacity of TM wood compared with unmodified birch of similar density. Permeability, which characterises the
ease with which liquid is transported through wood porous system, was evaluated by capillary absorption tests
through the specimens’ tangential and radial surfaces. TM made birch wood less permeable through both surfaces
as well as less anisotropic regarding transverse absorption rates. Moreover, TM caused also decrease in drying
rates for wood impregnated with both water as well as biocide solution. Reduction in permeability influences
impregnation process of boards and not full saturation was detected for TM boards when impregnation schedule
providing complete saturation for unmodified boards was applied. On the other hand, less water was absorbed by
TM boards exposed to rain on outdoor weathering racks.

1. INTRODUCTION

Thermal modification (TM) is a commercial wood treatment method aimed at enhancement of wood dimensional
stability and biological durability without using any chemicals. Several industrial-scale TM processes differing in the
treatment parameters such as environment, temperature, time are developed and industrially implemented (Hill 2011).
Despite process differences, all TM causes complex reactions including certain destruction of low-molecular
substances and hemicelluloses, reorganisation of lignin and cellulose and evaporation of volatile compounds resulting
in wood weight losses and alteration of its properties (Militz and Altgen 2014).

It is well recognized that regardless of the applied TM process and treatment parameters, reduction of certain
degree in wood hygroscopicity, which characterizes the interaction between wood and water vapour, takes place.
Changes in wood sorptive behaviour in various humidity ranges have been intensively studied and numerous results
concerning different aspects of wood equilibrium moisture content (EMC) alteration due to TM are available. It is
found that the reduction of EMC considerably varies depending on the used TM method, temperature, time as well as
on the treated wood species and characteristics of the individual specimen (Chirkova et al. 2007, Militz and Altgen
2014, Willems et al. 2015).

Much less focus has been on studying peculiarities of interaction between TM wood with liquids. Moreover, the
reported results are quite fragmentary and, contrary to the observed similar trend of reduced EMC due to the TM, no
common trend has been found and both increase and decrease in wood liquid water uptake are reported for TM wood
(Metsa -Kortilainen et al. 2006, Johansson et al. 2006, Pfriem 2011). In addition, majority of this research is done on
softwoods. Another wood characteristic influencing its interaction with liquids is surface wettability which is
evaluated by measuring contact angle. However, results regarding TM caused alteration of wood surface wettability
also are inconsistent. Alongside with usually observed increase in contact angle due to the TM also decrease in contact
angle for TM wood treated at lower temperatures are reported (Hakkou et al. 2005, Kocaefe et al. 2008, Metsa-
Kortelainen and Viitanen 2012). Nevertheless, when used in exterior applications wood quite often is exposed to
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occasional contact with liquid water in a form of rain or dew. Consequently water absorption of certain extent can
take place which will inevitably influence wood moisture content. Alteration of wood moisture content causes
dimensional changes that can result in surface check and crack formation. Moreover, elevated wood moisture content
negatively affects its mechanical strength. In addition, moisture content is crucial for the germination and growth of
decay fungi. Therefore, the time of wood wetness above certain critical level is of great importance. This time depends
on both water absorption and desorption velocities implying the importance of drying rate when long wood service
life expectations in outdoor use are considered. Impregnation with biocide or fire-retardant water solutions is another
area for which knowledge about wood interaction with liquid water is of greater significance (Rapp et al. 200, Van
Acker et al. 2015).

Nevertheless TM imparts improved bio-resistance to wood, adequate wood protection against biodegradation is
ensured only by wood treatment at temperatures that cause significant reduction of wood mechanical strength
(Kamdem et al. 2002, Metsd-Kortelainen and Viitanen 2010, Candelier et al. 2017). Consequently, the application
area of TM wood with high bio-durability is greatly restricted due to its declined strength properties. On the other
hand, the most efficient biocide compositions containing chromium and arsenic, that were traditionally most widely
used for wood impregnation to upgrade its bio-resistance, have been banned because of concerns about their
environmental effects. As a result impregnation with copper-based formulations has become the main preservation
method in use (Freeman and Mclntyre 2008). However, the service properties of wood materials impregnated with
these formulations are often unsatisfactory unless high biocide dose is introduced into wood. Furthermore, despite
numerous investigations, no other simple wood protection method has been found yet for fully satisfactory result
regarding wood potential performance in its end-use.

Thermally modified birch wood interaction with liquids

Therefore different complex treatment processes, including pre- or post-treatment of TM wood, aimed at
prolonging the service life of wood materials are now intensively investigated and the results reported (Ahmed et al.
2013, Wang et al. 2013, Baysal et al. 2014, Salman et al. 2016, Turkoglu et al. 2016).

The objective of the present study was to evaluate TM caused changes in birch (Betula spp.) wood interaction with
liquid water and copper-based preservative solutions. This study is a part of the research project evaluating the
possibility to improve wood bio-durability combining wood thermal treatment at mild conditions and impregnation
with a commercial biocide. In the project two the most commercially important wood species of Latvia are used: the
dominant softwood pine (Pinus sylvestris L.) and the dominant hardwood birch.

2. MATERIALS AND METHO