WOOD RESEARCH doi.org/10.37763/wr.1336-4561/70.2.299309
e-ISSN 2729-8906
70(2): 2025 299-309 pp.

SURFACE PROPERTIES OF HYDRO-THERMALLY MODIFIED BEECH WOOD
AFTER RADIO-FREQUENCY DISCHARGE PLASMA TREATMENT

JAN SEDLIACIK, PAVLO BEKHTA
TECHNICAL UNIVERSITY IN ZVOLEN
SLOVAKIA

IGOR NOVAK, ANGELA KLEINOVA, MATEJ MICUSIK
SLOVAK ACADEMY OF SCIENCES, BRATISLAVA
SLOVAKIA

JAN MATYASOVSKY, PETER JURKOVIC
VIPO, A.S., PARTIZANSKE
SLOVAKIA

(RECEIVED APRIL 2025)

ABSTRACT

Heat treatment is widely used to improve the properties of wood, in particular its color.
However, this treatment causes changes in the surface properties of wood, the surface becomes
hydrophobic, which can cause serious problems when gluing or coating. In this study,
the radio-frequency discharge (RFD) plasma was used to increase the hydrophilicity of
the steam-modified beech (Fagus sylvatica L.) wood due to the formation of various polar
groups (e.g., hydroxyl, carbonyl, carboxyl, etc.). The increased surface polarity improves
the wettability and hydrophilicity due to oxidation reactions. Tensile shear strength properties
of lap joints were processed according to EN 205. Plasma-treated samples showed higher
strength when compared to plasma-non treated samples after the D4 test according to EN 204.

KEYWORDS: Beech wood, contact angle, FTIR, hydro-thermal treatment, plasma
modification.
INTRODUCTION

The treatment of wood with water steam represents a hydro-thermal method of
modification (Huges et al. 2015). This method can improve the dimensional stability of wood as
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well as the durability of wood-based materials. The water-steam modification of wood (Altgen
M. et al. 2016a,b; Gerardin 2016) results in chemical changes increasing wood hydrophobicity
(Pétrissans et al. 2003). The steam degradation (modification) of wood alters its chemical and
physical properties (Novak et al. 2022). Wood is a cellular biomaterial with a complex
multicomponent structure (Sandberg et al. 2017). The cell wall is composed of cellulose,
hemicelluloses, and lignin, and cellulose fibrils are joined with a soft matrix consisting of
hemicelluloses and lignin. The treatment of wood using various modification methods, e.g.,
corona discharge or low-temperature plasma, can change its chemical and physical properties
(Bekhta et al. 2015,2016). The effect and mechanisms of the water-steam degradation process
regarding changes in the chemical structure have not been fully understood (Dzurenda and
Dudiak 2020).

The use of low-temperature plasma at atmospheric pressure for the modification of
the wood surface represents the appropriate method for the hydrophilization of the wood
surface (Bente et al. 2004, Novak et al. 2019). There are two reasons why discharge plasma
could be applied for wood surface modification. Firstly, discharge plasma in air itself
significantly increases the hydrophilicity of wood because various polar groups are formed
(e.g., hydroxyl, carbonyl, carboxyl, etc.), and the wood macromolecules are also cross-linked,
which leads to an increase in scratch resistance and an improvement in the barrier properties of
the wood material (Hiinnekens et al. 2018). The second reason for the plasma use is an increase
in adhesion in the adhesive joint between the adhesive and wood substrate, which is important
for industrial applications (Acda et al. 2012, Novak et al. 2016). The discharge plasma in air
alone significantly increases the hydrophilicity of wood due to the formation of various polar
groups, and the macromolecules in wood serve as cross-links (measuring up to a few microns
long), which leads to an increase in scratch resistance and an improvement in the barrier
properties of the wood material (Abbasipour et al. 2012). The application of discharge plasma
enhances the bonding of joints between polymeric adhesives and wood substrates due to
the increase in the wettability of wood, which is important for industrial applications.
A low-temperature plasma is a mixture of various excited particles, such as ions, atoms,
electrons, and radicals, with low degrees of ionization and low penetrating energy; however,
the particles in such plasma have sufficient energy to break chemical bonds in wood substrates
(Odraskova et al. 2008). The effects of the discharge plasma treatment of wood are limited
to a few nanometers beneath the substrate surface and thus do not affect the bulk properties
of wood (Novak et al. 2012). The increase in surface polarity due to oxidation reactions induced
during the modification of wood by RFD plasma improves the wettability and hydrophilicity of
wood (Muller et al. 2009).

FTIR microscopy has been used in recent years for the analysis of variations in
the chemical structure of wood treated with steam. The effect of heat treatment on the behavior
of softwood extractives was detected (Nuoponnen et al. 2005, Adl-Zarrabi et al. 2004). FT-NIR
spectroscopy was used for the analysis of variations in the chemical structure of wood treated
with heat (Vidholdova et al. 2019).

This paper summarizes the results of surface, adhesive, and chemical change investigations
in native beech wood as well as beech wood treated with water-saturated vapor and
radio-frequency discharge plasma.
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MATERIAL AND METHODS

Beech wood (Fagus sylvatica L.) with an initial moisture content of 55 + 5% was
hydro-thermally modified with saturated water steam at a temperature of 135 + 2°C during
a period of 9 h. Steamed and native beech blanks were dried by a low-temperature drying mode
to a moisture content of 10 £ 2% in a convection hot air dryer (Dudiak et al. 2022). Bonded
assemblies were prepared from a 5 mm thick, straight-grained board with the angle between
the growth rings and the surface of 30° and 90°, with the use of commercial PVAC D4
one-component dispersion adhesive. Twenty test pieces of length 150 mm, width 20 mm and
overlap length of 10 mm were chosen for each conditioning sequence.

Radio-frequency discharge (RFD) plasma treatment

The RFD plasma treatment of native and hydro-thermally modified wood was performed
in a laboratory plasma setup (Fig. 1), that was developed in the workshops of the Institute
of Electrical Engineering of the Slovak Academy of Sciences, Slovakia. The modification of
wood by capacitive-coupled RFD plasma source was carried out at a reduced pressure
of 100 Pa, consisting of two 240 mm brass parallel circular electrodes with a symmetrical
arrangement, and 10 mm thick.
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Fig. 1: RFD plasma setup.

The two electrodes of the RFD plasma reactor are contained in a closed stainless steel
vacuum cylinder. One is powered, and the other is grounded together with the steel cylinder.
The RFD plasma reactor has a voltage of 2 kV, a frequency of 13.56 MHz, and a maximum
current intensity of 0.6 mA. The maximum power of the RFD plasma source is 1200 W.
The wood samples were modified by RFD plasma at a power of 400 W for time of 120 s.

Wettability

The wettability of native and steam-modified beech wood before and after plasma
treatment was evaluated by the determination of contact angle (6, CA) with a water-free 99.5%
glycerol as the testing liquid. The 5 pl drops of testing liquid were placed on the wood surface
with a micropipette. Glycerol CA measurements were taken using a professional Surface
Energy Evaluation (SEE) System device (Advex Instruments, Czech Republic) coupled to
a web camera and the required PC software. SEE System is a portable computer-operated
device designed for measuring contact angles and surface energies of solids. The supplied
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software provides all necessary operations, whereby the contact angle measurement determines
the tangent at the droplet interface (liquid-air) at the point of contact with a solid surface.

FTIR-ATR

The Fourier transform infrared spectroscopy — Attenuated total reflection (FTIR-ATR)
spectrum of wood is basically a mixed spectrum of cellulose and lignin with characteristic
peaks of both OH bonds and in the fingerprint wave numbers, which are particularly low
for C—O—-C, CH; and COOQ bonds, typical for polysaccharides. Spectra of beech wood samples
were recorded in the mid-infrared region (4000650 cm™) using a germanium crystal
on a NICOLET 8700™ instrument.

X-ray photoelectron spectroscopy (XPS)

Thermo Scientific K-Alpha XPS system (Thermo Fisher Scientific, UK) equipped with
a micro-focused, monochromatic Al Ka X-ray source (1486.6 eV) was used to record XPS
data. An X-ray beam with a spot size of 400 um was used at 6 mA x 12 kV. In XPS, core level
spectrum represents electrons from a particular orbital of that atom. The core level spectra of
Ols, Cls, Nls and Ca2p were detected. The spectrum can reveal information about
the chemical environment of individual atoms.

Adhesion

A test for determining the tensile strength of lap joints was carried out for native and
steam-modified beech wood before and after plasma treatment. Adhesive strength was
determined according to EN 204, durability class D4 under conditioning sequences: dry (7 days
in standard atmosphere); boiled (7 days in standard atmosphere, 6 h in boiling and 2 h in cold
water), and soaked (7 days in standard atmosphere, 4 days in cold water). Specimens were
tested in wet state immediately after removing from water.

RESULTS AND DISCUSSION
Wettability
The measurement of wettability via CA determination was repeated eight times, and

the arithmetic mean and standard deviation of the measurements were analyzed (Tab. 1).

Tab. 1: Glycerol contact angles (CA) of native and water steam-modified beech wood treated
subsequently by radio-frequency discharge plasma.

Sample CA [°] CA 9] CA [°]
0s after 60 s after 120 s
Beech wood — native 61.5(2.8) 51.5(2.2) 26.2 (1.8)
Beech wood — native + plasma 46.6 (2.2) 36.1 (2.2) 18.8 (1.6)
Beech wood — steam-modified 65.5 (2.6) 54.8 (2.2) 32.2(2.0)
Beech wood — steam-modified + plasma 48.2 (2.0) 38.8 (2.0) 26.2 (2.5)

Note: Standard deviations are in parentheses.
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The CA of glycerol on steam-modified beech wood is higher in comparison with native
wood. With the time duration after plasma treatment, the CA values decreased in all cases.
After plasma treatment, the CA values were lower than those of non-treated wood. The CA on
native beech wood reached a value of 61.5°. The CA on beech wood treated with plasma
reached a lower value of 46.6° compared to unmodified wood. With the time that passed since
the plasma modification, the CA value decreased in both cases. After modifying the beech
wood with water steam, CA 65.5° was measured, which decreased within 120 s from
the application of a testing liquid drop, and after 300 s, CA was unmeasurable due to
the absorption of the drop. After plasma treatment, the CA values of steamed wood were lower
than those of non-steamed wood, they decreased after 60 s and 120 s from the application
of the drop and were unmeasurable after 300 s. These results fully correspond to Talviste et al.
(2020), plasma treatment in air led to the improvement of surface wettability of polar liquids
due to increased polar part of surface free energy of thermally modified beech wood.

FTIR-ATR

From each sample, spectra were measured from five different points; the resolution was set
to 4 cm™ and the number of scans ranged from 64 to 200. The biggest differences in FTIR
spectra were observed in the case of steamed wood before and after plasma treatment, as well as
in the case of the spectra of native beech wood and steamed wood both treated with plasma.
A visual comparison of the FTIR spectra of beech wood samples (native wood, plasma-treated
native wood, steamed wood, and plasma-treated steamed wood) found that there are few
differences between the individual spectra in the whole infrared range (Figs. 1 and 2). FTIR
spectra were subsequently adjusted by reference to a uniform baseline (baseline correction),
a uniform "smooth" factor while preserving all attributes, and also (so that they could be better
compared with each other), they were multiplied by a normalization factor so that
the absorbance value at wavenumber 1061 cm™ (C—O-C bond) was equal to one.

By visual comparison of the spectra of four samples of beech wood (native wood, native
wood treated by plasma, steamed wood, and steamed wood treated with plasma), it was found
that there are basically not too many differences between the individual spectra in the entire
measured range. The biggest differences were observed in the spectra of steamed wood before
and after plasma treatment, while the spectra of steamed wood after plasma treatment were
noisier in the range of wavenumbers 1800-1300 cm™ than untreated ones. This phenomenon is
probably related to a greater susceptibility to roughening of the surface of the steamed wood
after plasma application to the steamed wood. Also, similar differences in the spectra were
observed when comparing the spectra of native beech wood treated by plasma and the spectra
of plasma-treated steamed wood treated with plasma (Figs. 2 and 3).

Results confirmed most of what determined previously by other research groups using
different techniques and different wood species (Nuopponen et al. 2007, Vidholdova et al.
2019, Abbasipour et al. 2012, Hiinnekens et al. 2018, Koselova et al. 2021).
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Fig. 2: Spectra of beech-native vs beech-native-plasma in the whole IR range.
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Fig. 3: Spectra of beech-steamed vs beech-steamed-plasma in the whole IR range.

XPS

XPS spectra of beech wood modified by RFD plasma are presented in Fig. 4. Both figures
compare the carbon Cls peaks of untreated beech wood (Fig. 4a) and a plasma-treated (120 s)
sample (Fig. 4b). The spectrum of the untreated beech wood shows two basic peaks, one
attributed to C—C bonds at ~ 284.9 eV and the other associated with C—O bonds at ~ 286.5 eV;
additionally, some minor peaks assigned to C=0 at ~ 288.1 eV and COOH at ~ 289.1 eV bonds
can be observed. An increase in the intensity of peaks corresponding to carbon-oxygen groups,
especially those assigned to C=0 and COOH groups, after plasma treatment was recorded.
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Fig. 4: XPS spectra of beech wood: a) carbon C1s peak of native beech wood, b) carbon C1s
peak of plasma-treated (120 s) beech wood.

Another reason is the greater stability of the C—O bond compared with that of the C-N
bond, and thus the greater stability of the C=0 bond versus the C=N bond. XPS element atomic
percentage (at.%) of native and modified beech wood treated by RFD plasma is shown in
Tab. 2. The concentration of oxygen on the beech wood surface after 120 s of plasma treatment
increased from 26.1 to 38.2 at.%, and the amount of nitrogen increased from 0.9 to only
2.5 at.%. The amount of carbon during the plasma treatment of the beech wood conversely
decreased from 72.8 to 58.1 at.%. Several previous studies also attributed the increased
hydrophilicity of plasma-treated wood surfaces to the increased O/C ratio on the surface
(Odraskova et al. 2008, Altgen, D. et al. 2016).

Tab. 2: Apparent surface chemical composition of beech wood modified by RFD plasma for
120 s as determined by XPS.

Beech wood Ols Cls N1s Ca2p
native 26.1+0.6 72.8+0.5 09+0.2 0.3+0.1
C-C C-0 Cc=0 COOH T
529+3.5 37.6 +24 62+04 29+1.0 03+0.1
plasma treated 382+2.4 58.1+2.9 25+03 1.2+0.3
C-C C-0 Cc=0 COOH n—om*
37.0+4.38 344+1.7 141+1.1 134422 1.1+0.5

Adhesion

The results of the tensile strength of lap joints measurements were carried out for native
and steam-modified beech wood before and after plasma treatment. The values shown in Tab. 3
are calculated as arithmetic mean values of 20 test pieces. It was found that the tensile strength
of lap adhesive joints prepared from native and steam-modified beech wood is equal.
Plasma-treated samples have a higher tensile strength when compared to samples without
plasma treatment, approximately up to 10%. These results are corresponding with the study
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(Acda et al. 2012), which confirmed, that the use of dielectric barrier discharge for surface
modification improves adhesion properties of different species of hardwoods.

Tab. 3: Tensile shear strength properties of lap joints according to EN 204 after D4
conditioning sequences.

Sample dry [MPa] boiled [MPa] soaked [MPa]
Beech wood — native 15.5(2.21) 3.1(0.63) 3.6 (0.53)
Beech wood — native + plasma 15.8 (2.64) 3.6 (0.86) 3.8 (0.85)
Beech wood — steam-modified 15.7 (2.76) 2.9 (0.64) 3.7 (0.59)
Beech wood — steam-modified + plasma 15.7 (2.24) 3.4 (0.66) 4.0 (0.65)

Note: Standard deviations are in parentheses.

CONCLUSIONS

Field of materials surface modification by cold low-pressure plasma treatment has still
the expansion in the surface modification of polymeric materials, for improved bonding or
enhancement paint adhesion. The RFD plasma treatment proved its efficiency, plasma-treated
samples reached significantly lower contact angle values in comparison with plasma
non-treated samples. The biggest differences were observed in the spectra of steamed wood
before and after plasma treatment, while the spectra of steamed wood after plasma treatment
were noisier in the range of wavenumbers 1800-1300 cm™ than untreated ones. After RED
plasma treatment, an increase was observed in the intensity of peaks corresponding to
carbon-oxygen groups, especially those assigned to C=0O and COOH groups. Better
hydrophilicity was confirmed by the higher tensile shear strength properties of lap adhesive
joints of test pieces made from native and modified beech wood after plasma treatment.
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