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ABSTRACT

The utilization of tree of heaven wood is hindered by its low durability and dimensional stability.
Although it has promising physical and mechanical properties similar to ash wood, it is considered as
an invasive wood species, and it is rarely the base of wood property improvement research. In this study,
heat treatment was carried out on this species at 180°C and 200°C to evaluate the sorption characteristics
using dynamic vapor sorption tests. This way, the wood-water relationships, the rate of sorption, the
reduction in moisture content could be analyzed and assumptions could be made on the change of
moisture-related properties.

INTRODUCTION

Water vapor sorption is one of the most important characteristics of wood, as it affects many of its
properties like dimensional stability, mechanical properties, durability, heat capacity, thermal
conductivity, and corrosion (Zelinka et al. 2021).

When drawing a (water vapor) sorption isotherm, the equilibrium moisture content (EMC) of wood can
be observed as a function of relative humidity (RH) at a given temperature (T). There is an absorption
isotherm, where the EMC increases from oven-dry state to fiber saturation point (FSP) by increasing the
humidity. There is also a desorption isotherm, where the wood is dried to 0% EMC. The sorption
isotherm and the EMC depend also on the previous RH history. Scanning curves are those isotherms,
which have been collected along different RH path history. Here, the desorption curves start from a fully
water-saturated state with 100% RH. Those isotherms, which start from 95% RH, are scanning
desorption isotherms (Fredriksson and Thybring 2018).

In dynamic vapor sorption (DVS) analyzers, small wood samples are exposed to dry and saturated
streams of air, the RH of which is controlled by mass flow controllers. As the temperature and RH are
tightly controlled, the mass data of the wood sample gives the sorption isotherms precisely and faster
and with less labor than measuring the mass manually after equilibrating the samples at each RH level
(Zelinka et al. 2021).

The base of this research was tree of heaven wood (Ailanthus altissima MILL. SWINGLE). It is usually
used as firewood, as it is prone to fungal decay, insect damage, blue stain, cracks and warps. Although
its low durability and dimensional stability hinders its usage, it has promising physical, mechanical and
product-related properties (bonding, coating, manufacturing). Its colour and properties are comparable
to ash wood (Fraxinus excelsior). Extensive literature review has been carried out on the utilization
potential of this wood species recently (Terzopoulou et al. 2023).

It is considered to be an invasive species, it has a short felling time, and logs of high-quality are rare. It
is fast-growing, it spreads easily and has high reproducibility. The utilization of the existing wood
amount is a task to be resolved (Bartha 2020).
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Using wood modification techniques, its resistance to moisture and microorganisms could be improved.
In the scientific literature on the modification of this wood species, heat treatment (Barboutis and
Kamperidou 2019), heat treatment in oil (Bak and Németh 2015), impregnation modification (Miao et
al. 2014) were carried out with promising results like higher mechanical strength and lower
hygroscopicity.

In this research, dynamic vapor sorption tests were carried out on different parts of heat-treated tree of
heaven wood (Ailanthus altissima) to see how does thermal modification at 180° and 200° affect the
wood-water relations in this underutilized wood species with low dimensional stability and
durability. Based on relevant literature, heat-treatment will probably decrease the equilibrium moisture
content, the hysteresis, and the rate of moisture sorption compared to untreated wood (Humar et al.
2020; Jiang et al. 2024). As the chemical components are different in annual rings closer to the pith
compared to the outer part of the wood, the results may also vary in moisture-related properties (Akgul
and Tozluoglu 2009).

MATERIALS AND METHODS

Material

One tree of heaven log was acquired from the Botanical Garden of Sopron (Hungary). The middle boards
were taken from them, and they were cut to three pieces. These pieces were sawn to 30 by 30 mm sticks.
The sticks from the middle part were marked as control, and the sticks from the sides were heat-treated
(Gyuricsek 2015).

Heat-treatment

The samples were heat-treated at the University of Sopron (Hungary) in an insulated chamber, having
an internal volume of 0.4 m2. In this equipment, internal air heating is applied with two pairs of ribbed,
U-shaped electric heating wires with a power of 750 W each. These are separated from the heat-
treatment area by a steel plate which is located approximately 10-15 cm from the back wall. The air
circulation is provided by two pieces of aluminum fans with diameter of 23cm, placed above the heater.
The temperature was set by a PT100 thermometer and a Siemens control unit. The removal of
decomposition products and gases was ensured by the pressure difference (Gyuricsek 2015).

The experimental thermal treatments were carried out under atmospheric conditions, in an open system,
without added steam or injected water. These “dry heat treatments” were performed with schedules at
180°C and 200 °C temperatures and 10 hours duration. These temperatures indicate the temperature of
the atmosphere in the chamber, not the wood itself. During the treatment, the drying chamber was heated
to 100°C in the first 5 hours, then it was heated to 130°C for 7 hours. In the next phase, the temperature
was set to 180 or 200°C in one hour, and it was held for 10 hours. Then, it was cooled back to 20°C in
28 hours (Gyuricsek 2015).

After heat treatment, the equilibrium moisture content (EMC) and density were determined at 20°C
temperature and 65% relative humidity. The average EMC decreased from 13.6% to 7.2% for the 180°C
treatment, and to 4.8% for the 200°C treatment. The average density decreased from 641kg/m? to 604
kg/m? for the 180°C treatment, and to 591 kg/m? for the 200°C treatment (Gyuricsek et al. 2014).
Samples of 7 x 20 x 30 mm (thickness x width x length) were produced from the one control and two
heat-treated pieces from each annual ring corresponding to the anatomical directions (Gyuricsek 2015).

Dynamic Vapor Sorption tests

For DVS measurements, small-sized untreated and treated wood specimens from the 5", 9" and 13"
annual rings were milled in a cutting mill (RETSCH SM 2000, Retsch GmbH, Haan, Germany) to pass
through a 2 mm mesh screen. Sorption isotherms were recorded in a DVS apparatus (DVS Advantage,
Surface Measurement Systems, London, UK). Approximately 20 mg of wood particles were placed on
a sample holder of the DVS and sorption isotherms were recorded at a constant temperature of 25 °C
and a nitrogen flow of 200 sccm (sccm = standard cubic centimeter at 0 °C). The samples were first
dried at 0 % RH until the mass change of the specimen per minute (dm/dt) was < 0.002 % min over a
period of 10 min.

Afterwards, the RH was increased stepwise in the following sequence: 10, 20, 30, 40, 50, 60, 70, 80, 90,
and 95 % RH (absorption curve), which was followed by a decrease to 0 % RH in the reverse order
(scanning desorption curve). A window of 10 min was used to calculate the dm/dt and each RH was
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maintained until the dm/dt was < 0.002 % min* for > 10 min. The moisture content (MC, in %) was
calculated by relating the mass of water to the dry mass of the wood samples, using the sample mass at
the end of each RH step. The MCk ratio was calculated by relating the MCr of the modified sample to
the corresponding reference MC at each RH step.

RESULTS AND DISCUSSION

The sorption isotherms and hysteresis can be observed in Figure 1 and Figure 2. According to our results,
heat treatment did decrease the moisture sorption of tree of heaven wood.

By increasing the treatment temperature, the EMC decreased more, and the sorption isotherm became
flatter. This can be associated with heat-induced degradation, where the hemicellulose fraction decreases
and cellulose crystallinity increases, which reduces the amount of accessible hydroxyl groups, which
lead to lower moisture content.

The peak in absolute hysteresis is usually around 75% RH (Vahtikari et al. 2017), which corresponds to
our results. The highest hysteresis was found at about 70% RH, which was lower for the control samples
(3.39 - 3.52%) than for the heat-treated samples (3.60 - 3.88%).

The fiber saturation point of tree of heaven was slightly higher than related literature (Krzisnik et al.
2020). It decreased on average from 28.33% to 24.57% at 180°C, and to 21.31% at 200°C treatment
temperature.

As the wood with less annual rings has higher juvenile wood ratio, higher moisture content and different
chemical composition, the samples with less annual rings had higher EMC in every case. For example,
the fiber saturation point of samples from the 5 annual ring was 28.54%, 24.94% and 21.74% with no
treatment, treatment at 180°C, and 200°C, respectively. The FSP of samples in the 9" and 13" annual
rings was lower, less than 28.32%, 24.51% and 21.48% with no treatment, treatment at 180°C, and
200°C, respectively.

Consequently to the EMC reduction after heat-treatment, the moisture content ratios were below 1, and
decreased with elevated temperature (Figure 3). In the case of the 5" and 9" annual ring, there is a
minimum in the adsorption curve and a maximum in the desorption curve at 50-60% RH. These moisture
content ratio values are lower in the 5" annual ring. The 13™ annual ring did not show any peak, just
continuous reduction during both adsorption and desorption, with a minimum value at 90% RH. The
lowest moisture content ratio was found for treatment 200°C having the highest reduction in EMC
compared to untreated wood.

Corresponding to related research on this material, there was no significant difference between the
moisture content values of the annual rings, and the average airdry density was also not influenced by
the annual rings. On the other hand, the anti-swelling efficiency improved, it was 19-26% for 180°C
treatment and 32-44% for 200°C treatment (Gyuricsek et al. 2014; Gyuricsek 2015).

MC (%) 5 annual rings MC (%) 9 annual rings MC (%) 13 annual rings
30 30 30

- (@) <Control 4180 °C 2r200°C - (b) +<Control 180 °C 4200 °C - (c) +Control 4180 °C 4200 °C
25 /| 25 Ial 25 7

20 20 20

15 15 15

10 10 10

RH (%) RH (%) RH (%)
Figure 1: Sorption isotherms of untreated (Control) and heat-treated tree of heaven wood at 180°C and
200°C. Samples were taken from annual rings 5, 9 and 13. The change of moisture content (MC) is plotted in
the function of relative humidity (RH).
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Figure 2: Adsorption and desorption curves of untreated (Control) and heat-treated tree of heaven wood at
180°C and 200°C. Samples were taken from annual rings 5, 9 and 13. The change of moisture content (MC)
is plotted in the function of relative humidity (RH).
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Figure 3: Moisture content ratios (MCratio) Of heat-treated tree of heaven wood at 180°C (white triangles) and
200°C (grey triangles). Samples were taken from annual rings 5, 9 and 13. The arrows indicate the direction
of moisture change, the upper row shows the adsorption results and the bottom row the desorption results.
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CONCLUSIONS

The sorption isotherms of untreated and heat-treated tree of heaven wood were analyzed, taking into
account which annual rings were they taken from. Heat-treatment resulted in the reduction of EMC,
flatter sorption isotherm, and lower moisture content ratio. Samples from annual rings closer to the pith
had higher EMC. Treating at 200°C had higher impact on the sorption properties than 180°C. Highest
hysteresis was found at 70% RH. In the future, durability tests could be carried out to see how this
species can withstand the exposure to biological organisms and weathering after heat treatment.
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