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Abstract
The wettability of a freshly cut wood surface will change over time, which is denoted as natural ageing. Water contact angle 
measurements indicated that the thermal modification of European beech reduces its wettability, but does not affect the rate 
at which the contact angle increases within a 4-week period. A plasma treatment of fresh wood surfaces enhanced the wet-
tability and equaled the wettability properties of unmodified and thermally modified wood surfaces. The contact angle on 
plasma-treated wood surfaces increased faster than on unmodified wood surfaces, but a reduction in contact angle by the 
plasma treatment was still evident after ageing for 4 weeks.

1 Introduction

A freshly cut wood surface is one requirement to achieve 
sound coating and gluing abilities (Nussbaum 1999). With 
aging of wood, the surface becomes less active, which 
affects the performance of coatings and adhesive systems. 
The causes of the aging effect are not yet fully understood, 
but one of the key factors might be the migration of wood 
extractives from the interior to the wood. This results in poor 
wetting properties with water, assessed by contact angle 
measurements, as the surface becomes more hydrophobic. 
An air plasma treatment enhances the wetting properties 
of various wood species with water (Altgen et al. 2016a). 
The plasma effect on wood is not permanent, as the treated 
surface will also age. Contact angle measurements indi-
cated that the rate of inactivation of plasma-treated wood 
surfaces depends on the plasma process parameters (Riedl 
et al. 2014), and XPS measurements showed that the rate can 
be higher than the natural inactivation process (Avramidis 
et al. 2016). Thermal modification of wood has the oppo-
site effect: it reduces the wettability of wood with water. In 

addition, there is evidence that the decrease in contact angle 
by ageing proceeds at a lower rate compared to unmodified 
wood (Altgen and Militz 2017). Plasma treatment strongly 
affects thermally modified wood, whereupon the difference 
in water contact angle and surface free energy between 
unmodified and thermally modified wood surfaces can fully 
diminish depending on the treatment intensity (Altgen et al. 
2016a). However, it is unknown whether the disappearance 
of the plasma effect due to ageing is different from that on 
unmodified wood.

The objective of this study was to analyze the effect of 
thermal modification and plasma treatment on the time-
dependent change in wettability caused by ageing of 
European beech wood. Wettability changes were assessed 
by measuring the contact angle of water at different time 
intervals after storing the samples under constant climatic 
conditions.

2  Materials and methods

2.1  Material

European beech (Fagus sylvatica L.) wood that originated 
from the same log was used for the experiment. A total 
of 20 slats with dimensions of 25 × 30 × 450 mm3 (thick-
ness × width × length) were prepared from kiln-dried boards. 
The growth rings were oriented 45° to the radial surface.
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3  Thermal modification

Half of the slats were thermally modified on a laboratory 
scale in a closed reactor system. The treatment, including 
the heating rates and the treatment steps, was identical to the 
proceeding described in Altgen et al. (2016b). The slats were 
treated at a maximum temperature of 170 °C for 3 h under 
nearly saturated water vapor conditions, which resulted in a 
maximum pressure of 0.78 MPa.

3.1  Plasma treatment

1 h before the plasma treatment and the first contact angle 
measurements, all slats were planed to a thickness of 5 mm 
to create a fresh surface. Each slat was cut into five sam-
ples of 5 × 30 × 80 mm3 (thickness × width × length). Half 
of these samples remained untreated, while the other half 
was plasma-treated. The plasma treatment involved a direct 
dielectric discharge setup using compressed air as process 
gas, an alternating voltage of 23 kV and a treatment time of 
1 s, according to the parameter settings described in Altgen 
et al. (2016a).

3.2  Contact angle measurements

Contact angle measurements were taken directly after 
planing and plasma treatment. These measurements were 
repeated on separate sample sets after 2, 13 and 27 days. 
The samples were stored at 20 °C and 65% RH. One sample 
per slat was used for each measurement, which refers to 5 
samples per variant. The contact angle of deionized water 
was recorded following the sessile drop technique by using a 
Krüss G10 measurement system in connection with the cor-
responding Krüss DSA 1 software (Krüss GmbH, Hamburg, 
Germany). A volume of 10 µl was applied to the sample 
surface, and the contact angle was recorded with 25 frames 
per second and a total of 250 frames. Five measurements per 
sample were taken, resulting in 25 measurements per vari-
able (modification process and time). The contact angle was 
determined as constant wetting rate angle (CWRA) using the 
differential method described by Nussbaum (1999).

3.3  Analysis of chemical composition

After contact angle measurement, the samples were milled 
in a Wiley mill to pass through a 30 mesh screen. About 2 g 
of wood particles was extracted in a Soxhlet apparatus with 
200 ml acetone for 8 h. The determination of carbohydrates 
and lignin was performed in triplicate on the extracted sam-
ples according to the analytical procedure (NREL/TP-510-
42618) issued by the U.S. National Renewable Energy 
Laboratory. The ash content was determined according to 
TAPPI 211 on-02 by exposing oven-dried samples to 525 °C 
for 5 h.

4  Results and discussion

The thermal modification of beech wood resulted in a mass 
loss of about 17%. It should be noted that some acetone-
soluble degradation products additionally accumulated in 
the wood (emerged as extractives, Table 1). The mass loss 
was mostly caused by the degradation of the cell wall carbo-
hydrates, as was evidenced by the decrease in holocellulose 
content and the increase in lignin content of the solid residue 
(Table 1). The removal of carbohydrates, mainly hemicel-
luloses, is accompanied by a loss in hydroxyl-groups that 
may form hydrogen bonds with water molecules. Lignin, 
on the other hand, is less hygroscopic. Thus, the changes in 
chemical composition are well in line with the increase in 
the contact angle on fresh surfaces from 58° to 74° due to 
thermal modification (Gérardin et al. 2007).

In contrast to thermal modification, the plasma treatment 
led to a strong reduction in the contact angle. Interestingly, 
the contact angle of the reference and the thermally modified 
wood was nearly the same after plasma treatment, reaching 
25° and 23°, respectively (Fig. 1a). This significant decrease 
in contact angle verifies the strong effect of the plasma-treat-
ment on thermally modified surfaces that has been observed 
previously (Altgen et al. 2016a). The high lignin content 
in the thermally modified material might enhance the gen-
eration of oxygen-containing groups on the wood surface, 
because lignin is more susceptible to oxidation by a plasma 
treatment than the polysaccharides (Klarhöfer et al. 2010).

Table 1  Mass loss due to thermal modification (%) and chemical composition (%) of unmodified (Ref) and thermally modified (Thermo) beech 
wood

Standard deviations are shown in parentheses

Sample Mass loss Extractives Ash Insoluble lignin Soluble lignin Holocellulose

Ref – 2.4 0.5 (0.1) 24.1 (1.0) 3.2 (0.1) 72.8 (1.6)
Thermo 16.8 (1.0) 10.1 0.8 (0.4) 37.3 (1.6) 1.9 (0.1) 56.3 (1.9)
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Ageing during storage at constant climatic conditions 
(20 °C and 65% RH) resulted in an increase in the contact 
angles (Fig. 1a). The increase in contact angle was non-
linear, with a steep slope from day 0 to day 2 and no further 
increase from day 13 to day 27. The rate at which the contact 
angle increased over time was nearly identical for the refer-
ence and the thermally modified wood; thus, the contact 
angle continued to be ca. 30%-points larger on thermally 
modified wood even after day 27 (Fig. 1b). This is in contrast 
to the results of Altgen and Militz (2017), who found less 
increase in the contact angle due to ageing for thermally 
modified wood. The authors, however, took their measure-
ments on Norway spruce and Scots pine, which differed also 
in the contact angle measured on fresh surfaces.

The increase in contact angle due to ageing proceeded 
faster on plasma-treated samples (Fig. 1a), which is in line 
with previous XPS studies (Avramidis et al. 2016). There 
was, however, no further increase in the contact angle 
from day 13 to day 27, even though the contact angle of 
the plasma-treated surfaces was still lower than the contact 
angle of the fresh reference surface. Furthermore, the age-
ing of the reference and the thermally modified wood was 
almost identical after plasma treatment. The increase in con-
tact angle from day 0 to day 27 was only slightly higher for 
thermally modified wood (+ 20%-points) than for the refer-
ence (+ 18%) (Fig. 1b).

The equal surface wettability in contact with water of 
thermally modified and unmodified samples after plasma 
treatment over a period of at least four weeks reflects 
the benefits of the treatment for wood gluing or coating 

applications, i.e. if modified and unmodified wood is used 
in a material mix. One example for such a mixture would 
be the use of recycled thermally modified wood among 
unmodified particles for the production of wood-based 
composites, such as particleboards.

5  Conclusion

The use of contact angle measurements to compare the 
aging behavior of both thermally modified and plasma 
treated wood showed that:

– The thermal modification increased the contact angle 
but did not change the rate of aging of the surface.

– The plasma treatment reduced the contact angles of 
unmodified and thermally modified surfaces. Both sur-
faces reached the same contact angle and showed the 
same aging behavior over a period of 4 weeks.

– Plasma-treated surfaces showed a faster process of sur-
face ageing than untreated surfaces but did not reach 
the contact angle of freshly cut surfaces even after 
4 weeks of ageing.
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Fig. 1  Changes in water contact angles by surface ageing: a changes 
in the contact angle in the course of 27 days of storage. b Compari-
son of the contact angle changes caused by thermal modification and 

plasma treatment for day 0 and day 27. The average contact angle of 
the untreated reference samples at day 0 was set to 100% in b 
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