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Abstract
The hygroscopic and electrical properties of the wood surface of Norway spruce (Picea abies (L.) Karst.) and common beech 
(Fagus sylvatica L.) were altered by the application of differently concentrated NaCl aqueous solutions. The presence of  Na+ 
and  Cl– ions increased the equilibrium moisture content in both woods in environments with a relative humidity of 75% to a 
nearly saturated state. The electrical resistance of the wood decreased, while the electrical capacitance of the wood increased 
with increasing amounts of NaCl introduced. Inverse trends were observed for both properties in wood modified with the 
two most concentrated solutions (18 and 36% molality). Microscopic analysis of the outer layers of the wood samples using 
scanning electron microscopy and energy-dispersive X-ray spectroscopy showed that the amount of NaCl decreased linearly 
up to about 1 mm from the modified surface. The presence of  Na+ and  Cl– ions in wood increased the intensity and improved 
the homogeneity of the plasma discharge generated during treatment of samples in air at atmospheric pressure. Both modifi-
cation of wood with NaCl and subsequent treatment with plasma increased the surface roughness of the substrates. Finally, 
it was shown that the wettability of wood with a waterborne coating was improved after plasma treatment, regardless of the 
presence of NaCl on the surface. These findings have a good potential not only for the study of surface treatment processes 
of wood with plasma discharges, but also for other technical applications of lignocellulosic materials.

1 Introduction

Knowledge of the dielectric properties of wood is essential 
for its efficient use in many engineering applications (Sahin 
and Ay 2004; Sahin Kol 2009), like for instance, the pro-
cesses including application of electrical energy to heating, 
drying, and gluing of wood. Dielectric properties of wood 
are also important for diagnostic purposes, like for example 
when measuring the moisture content (MC) and thickness 
of timber, in the detection of defects, decay, discolorations, 
sapwood area, pasteurization of wood to eradicate exotic 
pest infestations in lumber, checking strength characteristics, 
or nondestructive estimation of surface roughness (Sikder 

et al. 2009; Zhou et al. 2013; Goncz et al. 2018). Wood 
and its derivatives have also attracted much research inter-
est as electrode materials for electrochemical energy storage 
devices, including sodium-ion batteries (Huang et al. 2019). 
Dielectric properties of wood are affected by macroscopic 
(e.g. fiber direction) and microscopic properties (e.g. poros-
ity), as well as chemical constituents (e.g. chemical addi-
tives) (Norimoto 1976; Simpson and TenWolde 1999; Daian 
et al. 2006; Razafindratsima et al. 2017). Applied voltage, 
orientation and frequency of the electric field with respect 
to the structure, temperature, air humidity, and frequency 
at determination also play an important role (Torgovnikov 
1992; Olmi et al. 2010; Daian et al. 2005; Bogosanovic 
et al. 2010; Brischke and Lampen 2014). The conductivity 
and dielectric properties of wood increase with increasing 
amount of water in wood (Kabir et al. 1998; Sahin and Ay 
2004; Şahin Kol 2009; Konopka et al. 2018), which varies 
greatly especially below fiber saturation point (Romanov 
2006; Otten et al. 2017).

The principal functions of wood coatings forming pro-
tective barrier films are to protect the wood surface against 
photochemical deterioration and to maintain its desired 
appearance. Due to inconsistent surface of wood structure, 
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the coating adhesion on the wood surface can be challeng-
ing (Peng and Zhang 2019). Therefore, proper preparation 
of the wood surface prior to the coating process is essential 
(Oukach et al. 2020). Protection of wood against deteriora-
tion can be improved by modification with various inorganic 
treatments prior to coating application (Suleman and Rashid 
1997; Graziola et al. 2012). Modification of wood by sodium 
chloride (NaCl) improves its resistance to insects and fungi, 
and provides a surface protection as well (Williams and 
Feist 1985). In this manner, common availability, low cost, 
simple preparation and application process of NaCl aque-
ous solution exhibit a good potential for further research. 
Depending on the concentration and properties of salt solu-
tion, it significantly influences the MC of wood in the upper 
hygroscopic region (relative humidity = above 75%), where 
it starts to absorb airborne water (Hertel 1997; Pařil and 
Dejmal 2014; Konopka et al. 2018; Pouzet et al. 2019). Dur-
ing modification of wood with NaCl, its solution penetrates 
in wood very well and NaCl can crystallize in wood after 
drying, while the adsorbed and free water present in wood 
works as a solvent for NaCl (Lesar et al. 2009). Wood con-
taining water-soluble salts or other electrolytic substances is 
electrically more conductible than normal wood (Simpson 
and TenWolde 1999). In highly diluted solutions, cations and 
anions can be regarded as separate and non-interacting enti-
ties. However, in concentrated solutions, the extent and the 
impact of ion-pairing in aqueous ion chemistry are challeng-
ing to understand (Hou et al. 2013; Tandy et al. 2016). An 
increase in concentration of NaCl in aqueous solutions leads 
to the decrease in pH value and therefore higher availability 
of  H+ ions (Lima et al. 2017). The density of the samples 
increases with an increasing concentration of NaCl, while 
such a modification has a positive effect on the dimensional 
stability of wood (Pařil and Dejmal 2014). The introduc-
tion of NaCl ions into wood increases its conductivity and 
dielectric constant (Sikder et al. 2009).

Wood hydrophilicity is a necessary condition for suffi-
cient adhesion of applied water-based coatings. As a method 
for surface activation of lignocellulosic materials to enhance 
their wettability with electrical discharge, plasma treatment 
(PT) is one of the most sophisticated techniques (Král et al. 
2015; Novák et al. 2018a; Žigon et al. 2018). Cold atmos-
pheric plasma sources are most suitable for treatment of 
wood, due to their high productivity, minimal environmental 
impact, and cost-efficiency (Novák et al. 2018b; Jnido et al. 
2019). Plasmas can be defined as completely or partially ion-
ized gases that have a collective behavior. The exposure of a 
substrate to PT causes physical–chemical transformations on 
the surface of treated material. This includes the bombard-
ment by energetic species (electrons, ions, free radicals and 
photons) present in plasma discharge, which carry energies 
high enough to alter chemical bonds on substrates (Yuan 
et al. 2004). Dielectric barrier discharge (DBD) plasma is a 

special type of plasma reactor, which can be used for treat-
ment of wood surfaces (Žigon et al. 2018). Here, the sub-
strate is placed in-between two high voltage electrodes, of 
which at least one is covered with dielectric barrier. The 
appearance (i.e. distribution of charges on the electrodes, 
streamers distribution or discharge self-organization) and 
other properties of the plasma are highly dependent on the 
properties and conditions in the plasma reactor (Conrads 
and Schmidt 2000; Rehn and Viöl 2003), as well as on the 
wooden substrate’s dielectric properties (Levasseur et al. 
2014; De Cademartori et al. 2015).

In previous studies (Žigon and Dahle 2019; Žigon et al. 
2019a, b), it was noticed that during PT process of wood 
in air at atmospheric pressure, plasma streamers are more 
frequently present in the regions of latewood. Similar obser-
vations were reported by Levasseur et al. (2014), where PT 
of wood was performed in hydrogen atmosphere.

The objective of this research was to improve the effect of 
PT on wood surface pre-modified with NaCl. It was hypoth-
esized that the combined effect of both treatments could 
additionally improve the wettability of wood with coating. 
As schematically presented in Fig. 1, the idea was to improve 
the electrical conductivity of wood with incorporation of 
additional ions in the wood structure, and consequently 
influence the PT process of wood. The wood of Norway 
spruce (Picea abies (L.) Karst.) and common beech (Fagus 
sylvatica L.) was modified by application of NaCl aqueous 
solutions of various concentrations. Firstly, the effect of the 
NaCl presence in wood on its sorption properties was evalu-
ated from its dry to saturated state. The electrical properties 
of modified wood were determined via measurements of its 
resistance and capacitance. The presence of introduced NaCl 
along the depth of woods was studied by scanning electron 
microscopy and energy-dispersive X-ray spectroscopy analy-
sis. Electrical properties of wood were also evaluated indi-
rectly via the discharge appearance during PT process. This 
included the study of discharge intensity and homogeneity, 
as well as the properties of emitted light with optical emis-
sion spectroscopy. The presence of NaCl and treatment with 
plasma on the wood surface morphology were studied by 
confocal laser scanning microscopy. Finally, the possible 
enhancement of wettability of wood with a surface protec-
tive water-based coating was evaluated with contact angle 
measurements.

2  Materials and methods

2.1  Wood materials

Depending on the part of experimental work, wood free 
of macroscopic defects such as knots and splits of Norway 
spruce or common beech was used. All further analyses in 
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this study were performed on the planed samples’ surfaces 
with radial orientation of wood fibers. Prior to the start of 
the experiments, material was conditioned in the chamber at 
a temperature of 20 °C and relative humidity (RH) of 65%. 
The samples reached a certain equilibrium MC (12.1% for 
spruce wood and 10.8% for beech wood) and nominal den-
sity (561 kg  m–3 for spruce wood and 713 kg  m–3 for beech 
wood), both determined by gravimetry.

2.2  Preparation and application of NaCl aqueous 
solutions on surfaces of the samples

Solutions of NaCl (purity ≥ 99.5%, Honeywell, Charlotte, 
North Carolina, USA) in deionized water of five different 
mixing ratios (Table 1) were prepared and properly mixed 
until complete dilution of the solute. The mass fraction w 
was calculated as follows:

(1)w =

msolute

msolution

× 100 =

mNaCl

mNaCl+H2O

× 100
[

%
]

while mixing ratio of NaCl in deionized water was cal-
culated as follows:

In all analyses of this study, the aqueous solutions of 
NaCl were applied to the samples by dipping each sample 
in the solution for 3 s, which assured the complete coverage 
of the samples with the solution.

2.3  Determination of wood moisture content (MC) 
and sorption properties

Due to hygroscopic properties of NaCl, it is expected that 
its addition to wood increases wood’s MC at particular 
RH. Five samples of each type of material of dimensions 
(10 × 10 × 3)   mm3 were stored in climate chambers at a 
temperature of 20 °C and different RHs, provided by satu-
rated salts: LiCl—11.3%,  MgCl2—33.0%,  MgNO3—54.1%, 
 Na NO 2—65 .0%,  NaCl—75 .3%,  KCl—85 .0%, 

(2)Mixing ratio =

msolute

msolvent

× 100 =

mNaCl

mH2O

× 100
[

%
]

Fig. 1  Schematic presenta-
tion of the study objective: 
modification of wood surface 
with  Na+ and  Cl– ions, obtained 
from NaCl aqueous solutions, 
and improvement of treatment 
process of wood with floating 
electrode dielectric barrier dis-
charge (FE-DBD) atmospheric 
plasma

Table 1  Description of the 
NaCl aqueous solutions used in 
this study

a »S« as spruce, »B« as beech
b Determined with voltmeter. When dipped in the solutions with volume of 50  mL, probes were 30  mm 
apart

Designationa m NaCl [g] m  H2O [g] Mass frac-
tion w [%]

Molality [mol 
NaCl kg H2O

–a]
pH value Electrical 

 resistanceb 
[Ω]

Unmodified 0.0 100 0.00 0.00 5.68 115.5
S/B—1.8 1.8 100 1.77 0.30 6.17 100.7
S/B—3.6 3.6 100 3.47 0.61 6.11 70.1
S/B—7.2 7.2 100 6.72 1.23 5.60 52.5
S/B—18 18.0 100 15.25 3.08 5.53 41.4
S/B—36 36.0 100 26.47 6.16 4.30 33.7
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 ZnSO4—90.0%,  K2SO4—97.3% (supplier Merck KGaA, 
Darmstadt, Germany). The relative equilibrium MC of wood 
was determined gravimetrically by taking into account the 
weight of moist sample and the weight of oven dry sample 
(SIST EN 13183-1 2003). Samples were shifted from lower 
to higher RH for adsorption, or reversely for desorption 
properties, after the change between two successive weights 
measurements did not exceed 0.1%.

2.4  Electrical resistance measurements

For determination of electrical resistivity characteristics, ten 
replicates per series of both wood species with dimensions 
of (60 × 30 × 15)  mm3 were prepared. Two steel nails, pre-
senting measuring electrodes, were impressed into a surface 
with radial orientation of wood texture of each specimen. 
To avoid crack formation and to perform measurements 
on the same annual ring, the distance between both nails 
was 30 mm parallel and 6 mm orthogonal to the grain, as 
suggested by Brischke et al. (2008). The resistance-based 
measuring system consisted of a data logger (Materialfox, 
Scanntronik Mugrauer GmbH, Zorneding, Germany), with 
an effective range from (2 ×  104 to 5 ×  108) Ω. The meas-
uring principle was based on the discharge-time-measure-
ment method. First, a capacitor was charged through a small 
ohmic resistance and then discharged through the material 
to be measured. Based on the time needed for discharging, 
the resistance of the material was calculated.

2.5  Electrical capacitance measurements

Electrical capacitance measurements were taken at 23 °C 
and RH of 50%, with parallel steel plate electrodes con-
nected to LCR instrument (LCR-9063, Voltcraft, Conrad 
Electronic SE, Wernberg-Köblitz, Germany). After inser-
tion of the sample (50 × 50 × 5)  mm3 between the electrodes, 
the impedance was measured internally and converted to 
display the corresponding capacitance or inductance value 
in a range up to 2 nF (nanofarads). The electrical capacitance 
measurements were performed on five samples of each type 
of material.

2.6  Scanning electron microscopy (SEM) 
and energy‑dispersive X‑ray (EDX) spectroscopy 
analysis

To determine the penetration depth and the presence of 
NaCl, the cross-sections of wood were studied with scan-
ning electron microscope FEI Quanta 250 (FEI, Hillsboro, 
Oregon, USA) with integrated EDX system (AMETEK Inc., 
Berwyn, Pennsylvania, USA). Due to the most appropriate 
relation between solubility and concentration, only the sam-
ples modified with 15.25% NaCl aqueous solutions (“18”) 

were analyzed. The surfaces to be observed, were cut on 
the microtome Leica SM2010R (Leica, Wetzlar, Germany). 
The micrographs were taken at 100× and 1000× magnifica-
tions in a low vacuum (50 Pa), at accelerating voltage of 
10.0 kV, a spot size of 3.0 nm, and a beam transition time 
of 45 μs. Signals were detected and collected with a Large 
Field Detector (LFD), and with Circular Backscatter Detec-
tor (CBS) for elemental analysis with EDX. Elements on 
the selected spots were identified via TEAM™ EDS Analy-
sis System (EDAX, AMETEK Inc., Berwyn, Pennsylvania, 
USA), including  Na+ (by X-ray energy Kα at 1.04 keV) and 
 Cl– (Kα at 2.62) (Barhoumi et al. 2007; Pivovarova and 
Andrews 2013). The EDX analysis was performed on four 
spots of two different samples of a particular type of wood.

2.7  Plasma treatment (PT) process of the wood 
surfaces

The samples were treated with a device with an FE-DBD 
non-thermal plasma that generates plasma in air at atmos-
pheric pressure (Žigon et al. 2019a). The parameters of an 
alternating high voltage (frequency 5 kHz, 15 kV peak volt-
age) were regulated via a high voltage generator. Plasma 
was ignited between the surface of the treated workpiece 
(moving speed 3 mm  s–1) and two brass electrodes (diam-
eter of 15 mm) insulated by ceramic hoses  (Al2O3, thick-
ness 2.5 mm). In the experiments, the distance between the 
dielectrics was set to 5 mm, and the distance between the 
dielectrics and the surface of the workpiece was about 1 mm. 
The samples passed the plasma discharge only once. Process 
of PT was performed in room at a temperature of 23 °C and 
RH of 30%.

2.8  Appearance study and optical diagnosis 
of the discharges

Discharge appearance during PT of samples was observed 
with the aim to study the influence of added  Na+ and  Cl– ions 
in wood on the intensity of the discharge and distribution of 
plasma streamers. Photographs of the discharges during the 
treatment of samples (ten per type of material) were taken 
with a Nikon D5600 (Nikon, Tokyo, Japan) photo camera 
(exposure time 1/20 s, f5.6, ISO 5600). The amount and 
intensity of light along the discharges were studied as a func-
tion of grey scale with Fiji software (ImageJ 1.46d, Madison, 
Wisconsin, USA), as presented in Fig. 2.

Optical emission spectroscopy (OES) is a very popular 
tool for the diagnosis of reactive plasmas, since it can be 
performed without physical contact with the plasma. Unique 
emissions of interest from plasma originate from the emit-
ted photons and electronically excited states of the active 
plasma species (molecules, atoms and ions). The intensity 
of the optical emission is determined by both the density of 
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the plasma species involved and the electron energy distribu-
tion function (Coburn and Chen 1980; Hou and Jones 2000). 
The optical spectra, emitted during treatment of unmodi-
fied and modified beech wood samples (5 per type of mate-
rial), were measured with Avantes AvaSpec-3648 (Avantes 
BV, Apeldoorn, the Netherlands) optical spectrometer with 
a 3648–pixel CCD detector array and 75 cm focal length. 
The gap distance between the treated sample surfaces and 
dielectric of the plasma device was set to 1 mm, while the 
optical lens was placed 10 mm from the generated discharge. 
Spectra were recorded with an integration time of 2 s and 
a resolution of 0.5 nm in the spectral range from 200 to 
1100 nm.

Reduced electric fields were evaluated from the nitrogen 
emission lines  N2

+(B2Σu
+ →  X2Σg

+, (0, 0)) at 391.4 nm and 
 N2  (C3Πu →  B3Πg, (2, 5)) at 394.3 nm according to Paris 
and colleagues (Paris et al. 2005, 2006; Pancheshnyi 2006; 
Kuchenbecker et al. 2009). Electron energies were calculated 
based on the reduced electric fields using the Bolsig + soft-
ware version 03/2016 (Hagelaar and Pitchford 2005) with 
cross sections from the LXcat database (Pitchford 2013).

2.9  Analysis of morphology of the surfaces

Microstructure of the freshly prepared samples’ surfaces, 
before and after application of aqueous NaCl solutions, 
and after additional PT was studied. Prior to the morpho-
logical analyses, the surfaces were evened with the sliding 
microtome Leica SM2010R. For precision monitoring of the 
changes, each time the same area of the individual sample 
was observed with the confocal laser scanning microscope 
LEXT OLS5000 (Olympus, Tokyo, Japan) with laser light 
source wavelength 405 nm, at a maximum lateral resolution 
of 0.12 µm. The mapping images of the areas on the sam-
ples’ surfaces were taken at 5-fold magnification (scanned 
area of about (2560 × 2560) µm). To study the influence of 
NaCl crystals in aqueous solutions on the surface topog-
raphy, the latter were applied on a glass plate presenting 
ideally flat surface, dried in an oven at 102.6 °C for 24 h, 

and later analyzed. The software OLS50-S-AA (Olympus, 
Tokyo, Japan) was used to produce topographical images 
and calculate the roughness parameter Sa (arithmetic mean 
of the deviations from the mean samples surface).

2.10  Coating contact angle (CA) measurements

The droplets of the water-based commercial coating with 
surface tension of 30.1 mN  m−1 (Belinka Interier, Belinka 
Belles, d.o.o., Ljubljana, Slovenia), were applied and moni-
tored on the sample surfaces by the Theta optical goni-
ometer (Biolin Scientific Oy, Espoo, Finland). The initial 
(2  s after application) apparent CAs were measured by 
Young–Laplace analysis (Young 1805) using the software 
(OneAttension version 2.4 [r4931], Biolin Scientific Oy, 
Espoo, Finland). Five coating droplets with a volume of 
5 μL were applied on different places of the radial surface 
on the samples (three replicates per type of material). In the 
case of plasma-treated samples, the CA measurements were 
performed immediately after the treatment process to avoid 
the effects of ageing.

3  Results and discussion

3.1  Wood sorption hysteresis

Sorption hysteresis of normal wood and wood treated with 
NaCl, determined in the range of RH from 0% to approxi-
mately 100%, is presented in Fig. 3. In general, both unmodi-
fied wood species turned out to be similarly hygroscopic, 
which is in agreement with the literature (Rémond et al. 
2017). Addition of NaCl aqueous solutions of different 
concentrations did not affect the wood MC up to RH 75%. 
However, at a higher RH, the effect of higher NaCl con-
centration was more noticeable. Here, spruce wood turned 
out to be more hygroscopic than beech wood. For instance, 
the application of the most concentrated solution (26.47% 
or “36”) considerably increased the wood fiber saturation 

Fig. 2  Principle of visual 
appearance study of the 
discharge, including plasma 
streamers distribution, between 
the sample surface and insulated 
electrode
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point from 22 to 55% for spruce wood, and from 25 to 42% 
for beech wood. Similar observation of critical 75% RH on 
sorption curve of wood impregnated with NaCl was reported 
by Lesar et al. (2009). The authors of the study assigned this 
observation to the lowered saturation pressure of the chemi-
cal present in wood.

3.2  Electrical resistance

Electrical resistance of spruce and beech wood surfaces 
decreased with the amount of introduced NaCl (Fig. 4), 
indicated also by the increase in the samples’ masses. Solu-
tions of concentration of up to 6.72% (“7.2”) caused a linear 
decrease in electrical resistance. Application of solutions 

with concentrations of 15.25% (“18”) and 26.47% (“36”) did 
not further increase the electrical conductivity of the wood 
surface, although the amount of conductive NaCl in wood 
increased for 4.5 or 6.0%, respectively.

3.3  Electrical capacitance

It is known that hardwoods have higher relative permittiv-
ity than softwoods (Pentoś et al. 2017). The introduction 
of NaCl into wood surfaces had reciprocal influence on the 
samples’ electrical capacitance compared to their electrical 
resistance, as the capacitance increased with the amount of 
introduced NaCl (Fig. 5). Solutions of concentration of up 

Fig. 3  Sorption hysteresis of 
untreated and NaCl treated 
spruce and beech wood in the 
range of RH from 0% to approx-
imately 100%. In the right col-
umn, MC values reached at fiber 
saturation point of a particular 
sample series are listed

Fig. 4  Electrical resistance of wood, depending on the concentration 
of NaCl aqueous solution and corresponding wood mass gain

Fig. 5  Electrical capacitance of wood, depending on the concentra-
tion of applied NaCl aqueous solution and correspondent wood mass 
gain
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to 6.72% (“7.2”) caused an increase in the electrical capaci-
tance, but the solution with a concentration of 26.47% (“36”) 
no longer contributed to higher capacitance, although the 
amount of NaCl in wood was even higher. It is assumed that 
the reasons for this are the larger NaCl crystals remaining 
on the surface (pictures shown in Sect. “3.6”), causing air 
gaps with low capacitance between the steel plates of LCR 
meter and wood sample.

3.4  SEM and EDX investigation of wood

SEM micrographs of tangential surfaces of spruce and beech 
wood, with applied 15.25% NaCl aqueous solution (“18”) on 
radial surfaces at 100× and 1000× magnifications are shown 
in Fig. 6. Larger NaCl crystals present in wood are indicated.

The obtained spectra of EDX analysis with concentrations 
of  Na+ and  Cl– elements along the depth of the samples are 
shown in Figs. 7 and 8. In case of both wood species, the 
intensity of  Na+ and  Cl– was the highest in the first 20 µm in 
depth from the modified surface. Here, the detected inten-
sity of both elements was higher in spruce wood. Further, 
the detected amount of NaCl linearly decreased with depth. 
Such trend in tangential direction was found for both wood 
species up to approximately 1000 µm from the modified 
surface.

3.5  Appearance and optical properties 
of the discharges

In general, the appearance of streamers is in good relation 
with early- and latewood distribution on the cross section of 
the treated sample. As seen in Fig. 9, this is especially visible 
during PT of unmodified samples. Regions of latewood have 

a higher density (Koubaa et al. 2008) and exhibit a higher 
electrical conductivity than earlywood regions (Stamm 
1929, 1931; Zelinka et al. 2015). The detected intensities 
of the discharge, which is correlated to the power transfer 
within the corresponding microdischarges, are more pro-
nounced in latewood regions, which exhibit higher average 
grey values. Addition of  Na+ and  Cl– ions in wood influ-
enced the discharge appearance (plasma streamers distribu-
tion, discharge density and homogeneity) during PT, which 
was more pronounced on spruce than on beech samples. 
The measured grey values increased by increment of NaCl 
solution concentrations of up to 6.72% (“7.2”) or 15.25% 
(“18”), respectively. For wood modified with 26.47% (“36”) 
solution, the presence of larger crystals on the surfaces, with 
higher conductivity than the surrounding modified surface, 
again negatively affected the homogeneity of the discharges.

Fig. 6  SEM micrographs of tangential surfaces of spruce (a) and 
beech (b) wood at  ×100 (left) and ×1000 (right)  magnifications. In 
the left images the arrows indicate the penetration direction of the 
applied solution from the radial surfaces, corresponding to the direc-
tion of EDX analysis for indication of the NaCl penetration depth. 
NaCl crystals present in the wood structure are indicated by white 
arrows in the right images

Fig. 7  Intensity of the detected  Na+ and  Cl– over the tangential dis-
tance under the modified surface in spruce wood. Inlay in the right 
top corner shows EDX spectra with indicated  Na+ and  Cl– peaks

Fig. 8  Intensity of the detected  Na+ and  Cl– over the tangential dis-
tance under the modified surface in beech wood. Inlay in the right top 
corner shows EDX spectra with indicated  Na+ and  Cl– peaks
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To verify what species were present in the discharge zone, 
the OES technique was used. In Fig. 10, the light spectra 
obtained by the treatment of unmodified and modified beech 
samples are presented. In this region of the spectra (290 nm 
through 410 nm), the most intense second positive system 
of  N2 emission lines from the atmospheric gas can be iden-
tified at 316, 354, 358, 375 and 385 nm. The highest peak 
at 337.1 nm is assigned to  N2

+ (Laux et al. 2003; Belmonte 
et al. 2015). The height of all the indicated peaks increased 
with increasing concentration of NaCl on the wood surface. 
Light emissions of sodium (at 590 nm) and chloride (at 
768 nm) were not identified (Goueguel et al. 2014; Barauna 
de Oliveira et al. 2017).

In Fig. 11, the average electron energies with the intensity 
of the strongest nitrogen emission line (at 337.1 nm) and 
the overall sum of the emitted light intensity are compared. 
Both, the sum emission intensity and the calculated mean 
electron energy show a strong peak at 7.2 g  dl–1 NaCl, and 
this is also well represented in all ratios of the emission 
lines at other significant emission intensities. In contrast to 
that, the intensity of the line at 337.1 nm rises continuously 
with increasing NaCl concentration. The likely reason for 
this is the strong localization of filaments at NaCl crystals 
on the wood surfaces for the two highest NaCl concentra-
tions. These led to particularly bright filaments on the one 
hand, whereas on the other hand, the power transfer on other 
parts of the surface was much reduced. Hence, the average 
electron energies are reduced, as well. Thus, the point at 
approx. 7 g  dl–1 NaCl seems to represent the optimal point 
of increased conductivity and dielectric permittivity of the 
wood substrate, as indicated by the resistance and capaci-
tance measurements. The same concentration seems to be 
the optimal for NaCl crystal appearance and localization 
of plasma streamers at the crystals’ sharp edges during PT 
process.

3.6  Morphology of modified and treated surfaces

Increment of arithmetic mean roughness of glass surface 
with increase in concentration of applied NaCl aqueous solu-
tions, was also reflected in the surface roughness of modified 
wood (Fig. 12). Additional treatment with plasma slightly 
increased Sa of the surfaces; however, here the accuracy 
of the roughness measurement on the same spots before 
and after PT, as well as the accuracy of the microscopic 
technique used may also play a role. Selected topographical 
maps of unmodified and treated wood surfaces, and wood 
surfaces modified with 26.47% (“36”) NaCl solutions and 

Fig. 9  Grey value of the discharges and appearance (photographs on 
the right) of plasma discharges generated between the insulated elec-
trodes and unmodified or modified wood surfaces

Fig. 10  Optical emission spectra of plasma discharges detected dur-
ing the treatment of unmodified and modified beech samples

Fig. 11  Comparison of electron energies evaluated from optical emis-
sion spectra with light intensity of 337.1 nm line and sum light emis-
sion during the treatment of unmodified and modified beech samples
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treated with plasma, are depicted at the bottom of Fig. 12. 
Here, larger crystals of NaCl are noticeable. Different colors 
correspond to different surface heights.

3.7  Coating contact angles

CA of coating droplets, detected 2 s after application on 
untreated and plasma-treated wood samples are presented in 

Fig. 13. In general, wettability with coating was improved 
after PT of wood. Detected initial coating CA were com-
parable on unmodified wood surfaces and wood surfaces 
modified with NaCl in lower concentrations (1.77–6.72%). 
Higher (15.25 and 26.47%) concentrations of NaCl on wood 
surfaces increased coating CA. The reason for that is most 
probably increased surface roughness (presence of crystals), 
which disabled the coating droplet to spread over the surface 
of the substrates. Considering the span of the error bars by 
particular column, no larger differences were shown between 
spruce and beech wood.

4  Conclusion

The study revealed that the introduction of NaCl into wood 
changes its hygroscopic and electrical properties. The pres-
ence of high amounts of NaCl on the surface of Norway 
spruce wood and common beech wood increases equilibrium 
moisture content of wood, when exposed to environment 
with higher relative humidity (from 75% to almost 100%). 
The electrical resistance of samples linearly decreased with 
the amount of introduced NaCl during modification. How-
ever, on wood modified with 15.25 and 26.47% solutions, 
the decrease in electrical resistance was no longer detected. 
A similar trend was observed for the electrical capacitance 

Fig. 12  Absolute changes of 
roughness parameter Sa, meas-
ured at fivefold magnification: 
wood roughness after modifica-
tion with NaCl solutions and 
additional PT (columns), and 
roughness of glass surface with 
applied NaCl solutions (dots). 
Bottom row: 3-dimensional 
topographical images at fivefold 
magnification, as follows: a 
spruce unmodified + treated, 
b spruce modified (“S-
36”) + treated, c beech unmodi-
fied + treated, d beech modified 
(“B-36”) + treated

Fig. 13  Initial (2 s after application) contact angles of coating drop-
lets applied on unmodified and modified untreated (UT) and plasma-
treated (PT) samples
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of modified wood, which increased with the amount of NaCl 
present inside the material. Again, no further increase was 
detected for wood modified with the two most concentrated 
solutions. Microscopic analysis of wood samples’ outer lay-
ers showed that the amount of NaCl linearly decreased with 
distance from modified surface. The penetration depth of 
NaCl was determined to be about 1 mm. The presence of 
 Na+ and  Cl– ions in wood influenced the treatment process 
with FE-DBD plasma, generated in air at atmospheric pres-
sure. With the higher amount of NaCl in the wood substrate, 
the discharge in the gap between wood and insulated elec-
trode became more intense and homogenous. Wood arith-
metic mean surface roughness increased after application of 
NaCl. The subsequent treatment of wood with plasma most 
probably additionally promoted the span of the samples’ sur-
face morphologies. Wettability of wood with water-borne 
coating was enhanced after PT, regardless of the presence 
of NaCl on the surface. However, the highest concentration 
of NaCl on wood made its surface less acceptable for wet-
ting with coating.

It was shown that electrical conductivity of wood can be 
improved with addition of NaCl in its structure. The modi-
fication of wood with NaCl might have a good potential not 
only by treatment processes of wood with plasma discharges, 
but also in other engineering applications of wood or any 
other lignocellulosic materials.
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