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In the article ‘Comparison of three dielectric barrier  
discharges regarding their physical characteristics and 
influence on the adhesion properties of maple, high den-
sity fiberboard and wood plastic composite’ (Peters et  al 
2017 J. Phys. D: Appl. Phys. 50 475206) in equation (8), 
the issue of using the EEPF (electron energy probability 
function) resulting from the electron Boltzmann equation-
solver BOLSIG  +  is not taken into account. The EEPF, 
in BOLSIG  +  called EEDF (electron energy distribution 
function) or isotropic part of the electron distribution func-
tion [1], is defined as the EEDF divided through the root of 
the energy [2]:

fEEPF(ε) =
fEEDF(ε)√

ε
.� (1)

So, the equation for the rate coefficient taken from [3, 4]

k(E/N) ∼
∫ ∞

0

√
ε · σ(ε) · fEEDF(ε, E/N) dε� (2)

has to be converted into the one shown in [1, 2, 5]

k(E/N) ∼
∫ ∞

0
ε · σ(ε) · fEEPF(ε, E/N) dε.� (3)

The influence on the rate coefficient results in a change of 
the theoretical ratios of the intensities which leads to a lower 
resulting reduced electrical field strength and lower mean 
electron energies and temperatures.

Furthermore, it should be noticed that the values of 
the reduced electrical field strength, electron energy and 
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temperature are relative values and depend on the used data 
for cross sections and the weighting factors. So, if the emission 
cross section are used instead of the exciation and ionization 
cross sections as in [6, 7], equation (20) should be changed into

Ri/j =
Ii

Ij
=

(
λi

λj

)−1 gi

gj

ki
em

k j
em

� (4)

and the resulting values are higher, about a factor of  ≈60% 
for the temperatures. The emission cross sections can be taken 
from [8].

Although the absolute values are changed due to the 
change in the rate coefficient equation, the relative results 
stay unchanged. There might be a slight dependence on the 
power but the variations for the DDBD show that does not 
seem to be the only parameter. So, the change in the rate 
coefficient does not affect the comparison of the three dis-
charges. Furthermore, the comparision of tables 1 and 2 and 
the influence of the cross sections show that only comparison 
of values determined in exactly the same manner is permitted.
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Table 1.  Recalculated values for the reduced electric field 
strengths, mean electron energies and temperatures.

Discharge Material

Reduced  
electrical field 
strength

Mean  
electron 
energy

Mean  
electron  
temperature

Type (10−21 V m2) a (eV) (103 K)

CSBD Maple 362 ± 21 8.0 ± 3 62.0 ± 2.4
HDF 341 ± 21 7.7 ± 3 59.6 ± 2.4
HDF 341 ± 21 7.7 ± 3 59.6 ± 2.4
WPC 348 ± 23 7.8 ± 3 60.3 ± 2.6

DDBD Maple 305 ± 24 7.2 ± 4 55.4 ± 2.9
HDF 255 ± 18 6.4 ± 3 49.2 ± 2.3
WPC 387 ± 33 8.4 ± 5 64.8 ± 3.6

RP Maple 321 ± 27 7.4 ± 4 57.2 ± 3.2
HDF 316 ± 27 7.3 ± 4 56.7 ± 3.2
WPC 316 ± 27 7.3 ± 4 56.6 ± 3.2

a 1 · 10−21V m2  =  1 Td

Table 2.  Determined values for the reduced electric field strengths, 
mean electron energies and temperatures by using emission cross 
section and equation (4).

Discharge Material

Reduced  
electrical  
field strength

Mean  
electron  
energy

Mean electron 
temperature

Type (10−21V m2)a (eV) (103 K)

CSBD Maple 702 12.6 97.4
HDF 663 12.1 93.4
WPC 681 12.3 95.2

DDBD Maple 605 11.3 87.6
HDF 492 9.8 76.0
WPC 797 13.8 106.7

RP Maple 634 11.7 90.5
HDF 626 11.6 89.7
WPC 625 11.6 89.6

a 1 · 10−21V m2  =  1 Td
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1.  Introduction

For several application fields and materials, plasma treatment 
is used for surface activation in order to enhance adhesion 
properties. Particularly for the treatment of polymers, exten-
sive research has been done in the past [1–4]. In recent years, 

natural materials such as wood and wood-based materials, 
have become increasingly relevant in this field. Wood is the 
most common building material and combines several advan-
tages, such as comparatively low cost, renewable and sustain-
able production, carbon capture and storage potential, as well 
as a balanced relation of weight and mechanical strength [5].

The plasma treatment of wood and wooden materials is 
still in its beginning stages although the first patents have 
existed for more than 15 years [6]. Often, surfaces are treated 
or coated by low pressure plasma discharges. Atmospheric 
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Abstract
In this study, three different dielectric barrier discharges, based on the same setup and run 
with the same power supply, are characterized by emission spectroscopy with regards to the 
reduced electrical field strength, and the rotational, vibrational and electron temperature. To 
compare discharges common for the treatment on wood, a coplanar surface barrier discharge, 
a direct dielectric barrier discharge and a jet system/remote plasma are chosen. To minimize 
influences due to the setups or power, the discharges are realized with the same electrodes and 
power supply and normalized to the same power. To evaluate the efficiency of the different 
discharges and the influence on treated materials, the surface free energy is determined on a 
maple wood, high density fiberboard and wood plastic composite. The influence is measured 
depending on the treatment time, with the highest impact in the time of 5 s.

Keywords: dielectric barrier discharge, low temperature plasma, emission spectroscopy, 
surface free energy, wood
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pressure plasma treatment on wood is preferable to low pres
sure treatment, due to the much simpler handling. Wood as a 
natural material has some properties which might cause prob-
lems in several applicactions. Its hygroscopicity enables the 
wood to absorb moisture, which leads to swelling, whereas the 
drying of wood causes shrinkage of the material. Therefore, 
the dimensions are not stable and strongly dependent on the 
relative humidity of the ambient air. Moreover, many wood 
species have low natural durability; weathering and biolog-
ical attacks by fungi and insects affect the appearance and 
mechanical properties negatively and result in material deg-
radation [7–9]. Both the treatments necessary for increasing 
the durability as well as the production of wooden materials 
can be improved significantly by a plasma treatment [10–13]. 
Plasma is applied to wood and wooden surfaces to enhance 
the wetting properties for further improvement of the surface 
and composite properties in various applications. It is known 
to improve adhesion, leading to better bonding performance 
of the materials [14–17].

Still, the plasma treatment of wood and wooden materials 
needs further investigation. For these materials, dielectric bar-
rier discharges are the most commonly used plasma sources, 
due to their low thermal impact. This study compares three 
kinds of plasma discharges, using normal air as the process 
gas, with regards to their temperatures. Cold, non-equilibrium 
plasmas are defined by their electron temperature Te, their 
vibrational temperature Tvib, as well as by their rotational 
temperature Trot and their translational temperature Ttrans, 
which is equivalent to the gas temperature Tgas. The rotational 
temperature corresponds to the gas temperature, while the elec-
trons and vibrationally exited species are chemically reactive 
[18]. All of these temperatures are mean temperatures, since 
the temperatures in plasma are defined by distributions. The 
efficiency of the plasma treatment and the used plasma sources 
is presently evaluated by surface energy measurements.

A setup was built which can be used for the three discharge 
types: a coplanar surface barrier discharge (CSBD), a direct 
dielectric barrier discharge (DDBD) and a remote plasma 
configuration (RP) [19]. For better comparability, all three 
configurations are connected to the same power supply and 
normed to the same power, but are still dependent on the used 
material.

The treatment is applied to three different materials, taken 
as examples for wood and wooden materials: maple (Acer 
spec.), high density fiberboard (HDF) and wood plastic com-
posite (WPC). Fiberboards are often covered by veneers or 
décor papers, so improving the gluing process is of interest to 
a large commercial market. The market for WPC is growing, 
especially for outdoor applications. Due to the UV of sunlight, 
the WPC changes its color. Coatings usually have a low adhe-
sive strength on a WPC. Thus, an improvement of the adhe-
sion behavior finds its application here as well.

2.  Setup

All three plasma setups were based on the principle of 
the dielectric barrier discharge (DBD) and realized by the 

same two 250 mm-long electrodes. The bronze electrodes 
were covered with a dielectric material, Al2O3 ceramic, of 
2.5 mm thickness and cooled inside with an air flow. As the 
process gas, normal air (120 l min−1) was streamed into the 
discharges between the electrodes. The different setups were 
created by different wirings and placements. Diagrams of 
the three kinds of setup are shown in figures 1–3. For visuali-
sation, pictures of the discharges were taken by a Nikon D90 
camera (Nikon Corporation, Tokyo, Japan) and are shown in 
figures 4–6. The coplanar surface barrier discharge (CSBD, 
figure 1) had one electrode on high voltage, the other one 
grounded and both separated by an additional glass barrier 
of 3 mm thickness. The distance to the samples was approx. 
0.5 mm. The second configuration, the direct dielectric bar-
rier discharge (DDBD, figure  2), had two electrodes con-
nected to the high voltage and an additional with a 4 mm 
glass covered, grounded electrode below the sample. The 
distances between both the high voltage electrodes and to the 
sample were 2 mm. The third configuration was the remote 
plasma (RP, figure 3) setup with one grounded electrode and 
one which was connected to the high voltage. The distances, 
the inter-electrode distance as well as the electrode-sample 
distance, were the same as for the DDBD. For all configura-
tions, the applied power supply was pulsed with a frequency 
of 15 kHz with alternating pulses of 27 μs duration. The high 
voltage ranges from 19 kV to 29 kV (table 4). To lower the 
thermal impact, 1 s of plasma treatment was followed by an 
interval of 1 s.

Figure 1.  Coplanar surface barrier discharge (CSBD), modified 
after [19]. [19] John Wiley & Sons. © 2016 Wiley Periodicals, Inc.

Figure 2.  Direct dielectric barrier discharge (DDBD), modified 
after [19]. [19] John Wiley & Sons. © 2016 Wiley Periodicals, Inc.

J. Phys. D: Appl. Phys. 50 (2017) 475206
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3.  Materials and methods

3.1.  Materials

The impact of plasma treatment and the physical parameters 
resulting from the interaction between the plasma discharge 
and the substrate were analyzed based on three different types 
of wood and wood-based materials: solid wood of maple 
(Acer spec.), wood-polymer composites (WPC) and high 
density fiberboard (HDF). The densities are shown in table 1. 
On maple, the tests were performed on the radial surface. 
The HDF used in this study was a commercial product. The 
WPC was manufactured by an extrusion process in a par-
allel twin-screw extruder (ZSE 27 IMAXX-40D, Leistritz 
AG, Nürnberg, Germany). The content of the composite was 
60.9 wt% softwood (Arbocel®C 100, Rettenmaier & Söhne 
GmbH und Co. KG, Rosenberg, Germany) and 39.1% PP 
(SABIC 575 P, Saudi Basic Industries Corparation, Riyadh, 
Saudi Arabia) with a melt flow rate (MFR) at 503 K and a 
2.16 kg load of 1.1 g min−1. A coupling agent (Licocene PP 
MA 6452 granulate TP, Clariant International Ltd., Muttenz, 
Switzerland) was added (3 wt% based on the weight of wood 
and PP). To determine the surface free energy, all of the sam-
ples were cut to size with dimensions of 100 × 50 × 4 mm3. 
For the other measurements, a sample size of 250 × 50 × 4 
mm3 was used. Prior to testing, the samples were stored in a 
climate chamber at 20 °C/65% RH for two weeks.

3.2.  Power measurement

To measure the electrical power, a high voltage probe (PVM-1, 
North Star High Voltage, Bainbridge Island, USA) with 13 pF 
and 400 MΩ was connected to the power supply. Two capaci-
tors (2 · Cm = 200 nF) and a resistance of Rm = 1 kΩ were 
added to the circuit before grounding. At three locations, 
the voltage was measured with an oscilloscope (DL1740EL, 

Yokogawa Electric Corp., Musashino, Japan): at the high 
voltage probe (Utotal), behind the grounded electrode (Um1), 
and behind the added capacitors and the resistance (Um2) to 
negate the influence of induced voltages inside the wiring due 
to the applied high frequency alternating voltage. The equiva-
lent circuit diagram for the power measurement can be seen in 
figure 7. The instantaneous energy E can be estimated by the 
following equation:

E = Utotal · Cm · (Um1 − Um2).� (1)

Figure 3.  Remote plasma/jet configuration (RP), modified after 
[19]. [19] John Wiley & Sons. © 2016 Wiley Periodicals, Inc.

Table 1.  Volumetric mass density.

Mass density (kg m−3)

Maple 633.6 ± 3.7
HDF 836.1 ± 10.9
WPC 1154.1 ± 9.5

Figure 4.  Coplanar surface barrier discharge (CSBD), exposure 
time: 1/3 s.

Figure 5.  Direct dielectric barrier discharge (DDBD), exposure 
time: 1 s.

Figure 6.  Remote plasma/jet configuration (RP), exposure time: 
1/10 s.

Figure 7.  Equivalent circuit diagram for the power measurement.

J. Phys. D: Appl. Phys. 50 (2017) 475206
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The mean power P  can be determined by the integration of the 
Lissajous figure multiplied by the pulse repetition frequency f:

P = f · Cm ·
∮
(Um1 − Um2) dUtotal.� (2)

3.3.  Surface temperature measurements by infrared imaging

The maximum surface temperature was measured after 30 s 
of plasma treatment. Therefore, the samples were removed 
after the plasma treatment from the discharge and a video 
with 1 frame per second was taken with an infrared camera 
(VarioCam hr research, InfraTec GmbH, Dresden, Germany). 
With these measurements, the treated area and the maximum 
surface temperature were evaluated. The treated area is used 
to approximate the power surface density.

3.4. Temperature measurements by emission spectroscopy

The temperatures inside the plasma discharge were deter-
mined by emission spectroscopy with the echelle spectrometer 
Aryelle-Butterfly 400 (LTB Lasertechnik Berlin GmbH, Berlin, 
Germany). The spectrometer was calibrated to the wavelength 
and relative intensity. The optical fiber was placed vertical to 
the slit between the electrode, so that the light from the whole 
discharge could be collected. The integration time for all three 
discharges and samples was 3 min, with a plasma time of 90 s.

3.4.1.  Rotational temperature.  At atmospheric pressure, the gas 
temperature (translational temperature) can be approximated by 
the rotational temperature, due to the fast rotational-to-trans-
lational relaxation [20, 21]. The rotational temperatures were 
determined by comparing the measured spectra to a database 
of simulated ones with a Matlab routine (MATLAB R2015b, 
The MathWorks GmbH, Ismaning, Germany) using the least-
squares-method. The simulated spectra were generated by the 
software Specair 3.0 (SpectralFit, Antony, France), which is a 
common software to simulate plasma spectra. The spectra were 
compared in the wavelength ranges of 334 nm to 337.2 nm and 
360 nm to 382 nm, the rotational branches of the second posi-
tive system of nitrogen N2(C3Πu − B3Πg) for vibrational band 
v = 0 − 0 and the vibrational band sequence with ∆v = −2.

3.4.2.  Vibrational temperature.  The vibrational temperature 
Tvib was determined by the Boltzmann plot method. There-
fore, the energy of the upper levels E was calculated with the 
equation [22]

E(v′, J = 0) = T00 + G(v′), with� (3)

G(v′) = ωe(v′ +
1
2
)− ωeχe(v′ +

1
2
)2.� (4)

The molecular constants for this nitrogen system, T00, ωe and 
ωeχe, were taken from [23]. For nitrogen as a diatomic mol-
ecule, the statistic weight g is one [24], so for the Boltzmann 

plot method, ln
(
Iv′v′′ · λv′v′′ · A−1

v′v′′
)
 is plotted over the upper 

level energy in eV. The temperature is

Tvib = − ∆E
∆ ln

(
Iv′v′′ · λv′v′′ · A−1

v′v′′
) · k−1

B .� (5)

The Einstein coefficients Av′v′′ were obtained from [25]. The 
intensities were in the range of 300 nm to 400 nm with the 
upper vibrational numbers of v = 0 to v = 4. The error of the 
vibrational temperature was determined by the propagation of 
the slope error.

3.5.  Electrical field strength and mean electron energy

The emission spectra measurements with the Aryelle-Butterfly 
400 were used for the electrical field strength determination as 
well. This method was taken from [26–28]. Therefore, three 
nitrogen transitions of the second positive system (SPS) were 
considered:

	 (i)	N2(C3Πu, v = 0) → N2(B3Πg, v = 0) (SPS(0,0)) at 
λ = 337.1 nm,

	(ii)	N2(C3Πu, v = 0) → N2(B3Πg, v = 1) (SPS(0,1)) at 
λ = 357.6 nm and

	(iii)	N2(C3Πu, v = 0) → N2(B3Πg, v = 2) (SPS(0,2)) at 
λ = 380.4 nm.

These transitions were set in relation to the 
transition of the first negative system (FNS) 
N+

2 (B
2Σ+

g , v = 0) → N+
2 (X

2Σ+
g , v = 0) (FNS(0,0)) at 

λ = 391.4 nm. The ratios of the corresponding measured 
peak intensities were compared to the theoretically calcu-
lated values dependent on the reduced electrical field strength 
(E/N ). For a low degree of vibrational excitation, the popula-
tion of these two upper nitrogen levels, N2(C3Πu, v = 0) and 
N+

2 (B
2Σ+

g , v = 0), is related to an electron-impact excitation 
from the ground state of nitrogen:

N2(X1Σ+
g , v = 0) + e

kex, N2(C3Πu ,v=0)−−−−−−−−−→ N2(C3Πu, v = 0) + e
�

(6)

k
ex, N+

2 (B2Σ+
g ,v=0)

−−−−−−−−−−→ N+
2 (B

2Σ+
g , v = 0) + e + e.� (7)

The excitation rate coefficient was calculated by the following 
equation with the cross sections and the electron energy prob-
ability function (EEPF) f (ε)

kex(E/N) ∼
∫ ∞

0

√
εσex(ε) · f (ε, E/N) dε.� (8)

The distribution function was normalized [27, 29]
∫ ∞

0
f (ε)

√
ε dε = 1.� (9)

The excitation and ionisation cross sections for the rate coef-
ficient were taken from [30]. The EEPF was simulated for 
the E/N -range from 100 Td to 1000 Td with the electron 
Boltzmann equation-solver Bolsig+  (03/2016) [29] and the 
cross section data for nitrogen and oxygen of LXcat with the 
database IST-Lisbon [31]. The ionisation degree was esti-
mated as 10−6 and the electron density as 2.5 × 1019 m−3.
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Taking the following relaxation mechanism of 
N2(C3Πu, v = 0) and N+

2 (B
2Σ+

u , v = 0) into account,

	 (i)	radiative transitions

N2(C3Πu, v = 0)

τ−1
0,SPS−−−→ N2(B3Πg, v = 0) + hν337

� (10)

τ−1
0,SPS−−−→ N2(B3Πg, v = 1) + hν357� (11)

τ−1
0,SPS−−−→ N2(B3Πg, v = 2) + hν380� (12)

N+
2 (B

2Σ+
u , v = 0)

τ−1
0,FNS−−−→ N+

2 (X
2Σ+

g , v = 0) + hν391,
� (13)

	(ii)	quenching by collisions with heavy particles as N2 or O2

N2(C3Πu) + M
kq,SPS−→ products� (14)

N+
2 (B

2Σ+
u ) + M

kq,FNS−→ products,� (15)

	(iii)	as well as the associative attachment, due to the fila-
mented character of the discharge

N+
2 (B

2Σ+
u ) + N2 + M kconv−→N+

4 + M,� (16)

corresponding weighting factors g, fractions of radiating mol-
ecules, can be determined by

gSPS = C−1 and� (17)

gFNS =
(
C + τ0,FNSkconvnN2 N2)−1

� (18)

with

C = 1 + τ0 (nN2 kq,N2 + nO2 kq,O2)N.� (19)

The data for the weighting factors are listed in table 2. With 
the wavelength of the transitions λ, the corresponding trans
ition probability Avib,v′v′′, the excitation rate coefficients kex, 
and the weighting factor g, a theoretical ratio R dependent on 
the electrical field strength could be determined:

Ri/j =
Ii

Ij
=

(
λi

λj

)−1 Ai
vib,v′v′′

A j
vib,v′v′′

gi

gj

ki
ex

k j
ex

.� (20)

The transition probability is defined by the Franck–Condon 
factors q and the wavenumber ν in cm−1 [32]:

Avib,v′v′′ =
qv′v′′ν

3
v′v′′∑

v qv′v′′ν
3
v′v′′

.� (21)

The Franck–Condon factors q were taken from [25]. The 
theoretically determined ratio as function of E/N  is inter-
polated. By this function, the measured ratio is transferred 
into a reduced electrical field strength E/N . With Bolsig+, 
the reduced electric field strength can be converted into a 
mean electron energy and therefore a mean electron temper
ature. The resulting data from the ratios R391/337, R391/357 and 
R391/380 were averaged.

3.6.  Optical fiber thermometer measurements

The gas temperature inside the plasma was determined with a 
fiber optic temperature sensor, FOT-L-SD (FISO Technologies 
Inc., Québec, Canada) and a UMI4 (Universal Multichannel 
Instrument, FISO Technologies Inc., Québec, Canada). Due to 
the maximum treatment time, as well as the integration time 
of the emission spectroscopy, the temperatures were measured 
after 30 s and 90 s.

3.7.  Contact angles and surface free energy

The contact angles required for determining the surface 
free energy were measured using the system KRÜSS GS 10 
(KRÜSS GmbH, Hamburg, Germany) with the corresponding 
software KRÜSS DSA 1.80. The sessile drop method with 
the advancing contact angles was chosen. Therefore, for each 
measurement point, a 10 s-video with 25 frames per second 
was taken. The contact angle videos taken with the GS 10 were 
converted into data with the software DSA1 and the circle fit-
ting method. With a Matlab routine, the following data anal-
ysis was done. Due to the advancing and scattering behavior 
of the contact angles especially on wood, the decreasing 
values were smoothed by applying an exponential fit with 
the function Θ(t) = a · exp(−b · t) + c · t2 + d · t + e. In this 
study, the contact angle was defined as the value of this func-
tion at the time t = 0.4 s as the point after the settling behavior  
of the drops and before an increasing soaking into the mat
erial. The resulting contact angle data for the five liquids 
(liquid surface tension data shown in table  3) were used as 
input for the Fowkes model of surface free energy determina-
tion. The Fowkes theory is mathematically equivalent to that 

Table 2.  Constants for the weighting factors of N2(C3Πu, v = 0) 
and N+

2 (B
2Σ+

u , v = 0) [27, 33, 34].

N2(C3Πu, v = 0) N+
2 (B

2Σ+
u , v = 0)

τ0 (10−9 s) 42 62

kq,N2 (10−10  cm3 s−1) 0.13 2.1

kq,O2 (10−10  cm3 s−1) 3.0 5.1
kconv (10−29 cm6 s−1) — 5.0

Table 3.  Surface tension data for the five liquids used [35].

Liquid CAS# Surface tension 
(mN m−1)

Dispers Polar

Water 7732-18-5 21.8 51.0
Ethylene Glycol 107–21–1 31.4 16.4
Glycerol 56–81–5 34.4 29.5
Bromonaphthalene 90–11–9 44.4 —
Diiodomethane 75–11–6 50.8 —
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of Owens–Wendt–Rabel [36]. All of the surface free energy 
theories are based on the Young equation [37]:

σS = σSL + σL cosΘ� (22)

with σS as the overall surface energy of the solid, σL as the 
overall surface tension of the wetting liquid, σSL as the inter-
facial tension between the solid and the liquid and Θ as the 
contact angle between the liquid and the solid. The different 
surface free energy theories describe the interaction between 
the solid and the liquid, σSL. The Fowkes theory separates the 
interaction into a dispersive component and a non-dispersive 
(polar) component:

WSL = 2
(√

σD
L · σD

S +
√
σP

L · σP
S

)
.� (23)

Here, WSL is the work of adhesion per area between the liquid 
and the solid, σD

L  the dispersive component of the liquid sur-
face tension, σP

L the polar component of the liquid surface 
tension, and σD

S  and σP
S consequently the dispersive and polar 

components of the solid surface energy. As a combination of 
these two equations with the Dupre definition of the adhesion 
work (WSL = σS + σL − σSL), the fundamental equation  of 
Fowkes theory results in:

1
2
σL(cosΘ + 1) =

√
σD

L · σD
S +

√
σP

L · σP
S.� (24)

As a first step, this equation was solved for only the dispersive 
liquids with σP

L = 0 and therefore σD
L = σL. This simplified 

the equation to

cosΘ = 2
√
σD

S ·
(√

σD
L

)−1

− 1.� (25)

σD
S  is determined by plotting cosΘ against 

(√
σD

L

)
−1 for 

bromonaphthalene and diiodomethane and processing a linear 
regression with the interception of 10−1. The slope was con-
verted into the dispersive component of the solid surface energy. 
With the resulting σD

S , the contact angle data of the other liq-

uids were calculated into WP
SL = σL(cosΘ + 1)− 2

√
σD

L · σD
S  

and plotted against 2
√
σP

L . The linear regression had to have 
an interception of 0. This second slope was transferred into 
the polar component of the solid surface energy σP

S. The errors 

of the calculated surface energies derived by error propaga-
tion from the errors of the slopes with a confidence interval of 
70%. These plots, fits and calculations were done in the Matlab 
R2015b as well.

4.  Results and discussion

4.1.  Electrical power

The measured electrical properties are listed in table 4. Due to 
the power supply, which can only be regulated by the voltage 
amplitude, the resulting powers depend on using material 
beside the RP. The highest sensitivity to material changes was 
seen with the CSBD. Here, the different electrical conductivi-
ties of the materials have a high influence. With the assump-
tion MMaple > MHDF > MWPC for the moisture content M, the 
power dependence of CSBD can be explained. For the DDBD, 
different powers were measured as well. The samples work 
here as an additional dielectric material and influence the 
discharge. For both the CSBD and the DDBD, no significant 
relation between the measured powers and the material den-
sity was shown. The RP with the smallest variation is inde-
pendent on the sample material, due to the jet configuration.

Table 4.  Mean electrical power, surface power density and maximum voltage of the discharges, depending on the used material for 
different discharge types.

Discharge type Material Mean electrical power Power/area Maximum voltage

(W) (W cm−2) (kV)

CSBD Maple 192 ± 10 3.03 ± 0.16 28.49 ± 0.19
HDF 185 ± 10 4.09 ± 0.22 28.38 ± 0.06
WPC 175 ± 9 3.10 ± 0.16 28.38 ± 0.10

DDBD Maple 147 ± 7 1.57 ± 0.07 24.16 ± 0.00
HDF 127 ± 4 1.42 ± 0.04 24.50 ± 0.05
WPC 144 ± 5 1.52 ± 0.05 24.11 ± 0.10

RP Maple 149 ± 5 1.65 ± 0.06 19.34 ± 0.18
HDF 149 ± 4 1.70 ± 0.05 19.30 ± 0.12
WPC 155 ± 5 1.67 ± 0.05 19.58 ± 0.00

Figure 8.  Measured and simulated spectra of 
N2(C3Πu − B3Πg, v = 0 − 0) for CSBD with maple.
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4.2.  Surface temperatures

For the surface temperature Tsurface, the maximum value 
resulting from a 30 s plasma treatment was below 318 K. 
The temperatures were dependent on the discharge types but 
not significantly on the surface material. Thus, the highest 
temperature was measured for the CSBD (315.4 K  ±  2.6 K) 
and the lowest for the RP (300.7 K  ±  0.4 K). The CSBD 
temperatures can be explained by the application of the 
electrical power on a smaller area, while the distance 
between the RP and the sample surface leads to a cooling 
of the plasma species. The DDBD lay in between, with a 
temperature of 310.4 K  ±  1.8 K. Thus, a 30 s plasma treat-
ment leads to only a small increase of the surface temper
ature, still comparable to the room temperature. A thermal 
degeneration of the materials by a plasma treatment as pre-
sented is highly unlikely.

4.3.  Rotational and gas temperature

Figure 8 shows the spectrum of N2(C3Πu − B3Πg, v = 0 − 0) 
with the corresponding rotational bands measured for the 
CSBD on maple with the best fitting simulated spectrum. 
The other temperatures are listed in table 5, together with the 
gas temperatures determined by the optical fiber temperature 
measurements. With regards to the maximum plasma treat-
ment time and the integration time of the emission spectr
oscopy measurements, the gas temperatures after 30 s and 
90 s were measured. In this way, the temperatures after 90 s 
can be compared with the rotational temperatures. Since 
the rotational temperature determination with Specair in the 
wavelength range of 360 nm to 382 nm (N2(C3Πu − B3Πg), 
vibrational band squence with ∆v = −2) has an error of up to 
±50 K [38], the accuracy of the determination is assumed to 
be  ±100 K as the maximum difference between both methods 
to determine Trot.

For the CSBD and RP, the values of Trot of the v = 0 − 0 
peak especially match very well with the Tgas. The difference 
for the DDBD might be explained by the small measurement 
area of the optical fiber thermometer so that the measure-
ment was not performed at the hottest area. For the emission 
spectroscopy measurements of the Trot, areas with a higher 

temperature can dominate the emitted light and heighten the 
measured temperatures. Nevertheless, the method works very 
well for determining of Tgas without disturbing the discharge. 
Of all three discharge types, WPC shows the lowest Trot. This 
cannot be seen so clearly for Tgas. The RP is characterized by 
the lowest temperatures for Trot of the v = 0 − 0 peak inside 
the plasma, as well as for Tgas between plasma and surface. 
The RP also shows the smallest variation of the temperatures 
between the materials; proof together with the power data for 
the independence from the materials.

Table 5.  Rotational temperatures, determined by comparison with simulated spectra (Specair), gas temperatures after 30 s and 90 s of 
plasma treatment time, and the surface temperatures.

Discharge type Material Trot (K) Tgas (K) Tsurface (K)

v = 0 − 0 ∆v = −2 tP = 30 s tP = 90 s

CSBD Maple 355 420 349 367 315.4 ± 2.6
HDF 340 440 335 337
WPC 315 340 333 343

DDBD Maple 390 460 330 340 310.4 ± 1.8
HDF 370 340 322 326
WPC 310 365 322 330

RP Maple 310 400 311 312 300.7 ± 0.4
HDF 310 400 306 308
WPC 310 400 308 309

Table 6.  Vibrational temperatures determined by Boltzmann plot 
together with the coefficient of determination R2.

Discharge type Material Tvib (K) R2

CSBD Maple 2447 ± 245 0.96
HDF 2387 ± 252 0.95
WPC 2375 ± 223 0.96

DDBD Maple 2655 ± 307 0.94
HDF 2576 ± 291 0.94
WPC 2533 ± 291 0.94

RP Maple 2474 ± 300 0.94
HDF 2500 ± 264 0.95
WPC 2444 ± 258 0.95

Figure 9.  Vibrational Boltzmann plot for CSBD with maple.
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4.4.  Vibrational temperature

The resulting vibrational temperatures are presented in table 6 
and the Boltzmann plot for maple and the CSBD, as an 
example, is shown in figure 9. The quality of the Boltzmann 
plot is indicated by the R2 next to the determined temperatures 
in table 6. R2 values next to 1 imply a linear behavior. Due 
to the R2 of 0.94 or greater, a thermalized distribution can be 
suggested [39]. The vibrational temperatures show no signifi-
cant dependence on the discharge type or the sample material 
according to the uncertainty of the fit, only slightly higher 
values for the CSBD and DDBD neglecting the accuracy of 
the method.

4.5.  Electrical field strength and mean electron energy

The averaged values for the reduced electrical field strength, 
mean electron energy and mean electron temperature deter-
mined from comparing the simulated data with the measured 
ratios R391/337, R391/357 and R391/380 are shown in table  7 
with the corresponding standard derivations. They indicate no 
dependence on the material properties of density or moisture 
but a slight dependence on the power. As a result, there are 
higher variations for the CSBD and DDBD than for the RP. 
However, the power does not seem to be the only parameter 
as the high variations in the case of the DDBD show. Based 

on an assumed error of factor two in the method [40], all the 
data are equal.

4.6.  Contact angles and surface free energy

The contact angles of the five liquids show a significant reduc-
tion after the plasma treatment. By using liquids with different 
properties (table 3), the surface free energy can be calculated 
from the contact angles. Furthermore, the Fowkes model 
allows a distinction into a polar and dispersive part of the 
surface free energy. A rise of the surface free energies results 
from the reduction of contact angles.

Both the polar and dispersive part of the energy demon-
strate an asymptotic behavior for all three materials (figures 
10–12), except for the polar part on HDF. Here, a longer treat-
ment time is necessary to indicate an asymptotic behavior.

For all parts—again, except the polar part on HDF—the 
largest increase is caused in the first seconds of the treatment 
time. A comparison of the three discharges shows nearly the 
same changes for the CSBD and DDBD and a slightly lower 
one for the RP. Thus, the efficiency of direct discharges, such 
as CSBD and DDBD, is higher than a jet system, such as RP. 
This difference is caused by a higher electron bombardment 

Table 7.  Determined reduced electric field strengths, mean electron energies and temperatures for different discharge types.

Discharge type Material Reduced electrical field strength Mean electron energy Mean electron temperature

(1 · 10−21 V m2)a (eV) (103 K)

CSBD Maple 420 ± 21 8.8 ± 0.3 68.4 ± 2.2
HDF 391 ± 29 8.4 ± 0.4 65.2 ± 3.1
WPC 395 ± 26 8.5 ± 0.4 65.6 ± 2.9

DDBD Maple 355 ± 24 7.9 ± 0.3 61.2 ± 2.7
HDF 296 ± 25 7.0 ± 0.4 54.3 ± 3.0
WPC 437 ± 40 9.1 ± 0.5 70.2 ± 4.2

RP Maple 361 ± 0.31 8.0 ± 0.5 61.8 ± 3.5
HDF 353 ± 29 7.9 ± 0.4 61.0 ± 3.3
WPC 354 ± 31 7.9 ± 0.5 61.1 ± 3.5

a 1 · 10−21 V m2 = 1 Td.

Table 8.  Error estimation, due to the error propagation of the 
Fowkes model.

Liquid Range of Θ max 
∆Θ
(°)

max. est. 
∆σD

S
(mN m−1)

max. est. 
∆σP

S
(mN m−1)

(°)

Min Max

Water 11.8 106.5 12.9 2.4 10.9
Ethylene 
Glycol

15.9 94.1 13.1 3.7 19.8

Glycerol 40.9 134.6 12.1 2.2 9.3
1-Bromon-
aphthalene

7.9 47.0 6.9 2.1 —

Diio-
domethane

17.5 57.1 5.1 1.9 —

Figure 10.  Surface free energy on maple depending on the plasma 
treatment time.
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and the production of reactive plasma species next to the 
surface.

Another discrepancy is the higher error of the polar part 
compared to the dispersive one. The reason for this is based 
on the calculation of the surface free energy and the error 
propagation. Table 8 shows a maximum error estimation. The 
higher errors of the polar part on WPC might be explained by 
a slightly lower treatment area and a sharp change of contact 
angle and therefore of the surface free energy.

The significant increase of the surface free energy indicates 
the possibility of changing the surface properties in the range 
defined by adhesives and coatings. Thus, especially on WPC, 
the adhesion of normal water-based wood coatings could 
be increased from less than 0.5 MPa to about 1 MPa for the 
CSBD and RP, and to 2 MPa for the DDBD.

5.  Conclusion

The comparison of the three discharges shows only slight 
differences between the temperatures, the changes to the sur-
face free energy and the reduced electrical field strength. The 

surface free energy—both parts on all materials—increases 
roughly asymptotic over the exposure time. The maximum 
changes are in the order of 10 mN m−1, with smaller ones for 
the RP. Treatment times in the range of 1 s to 5 s prove to be the 
most efficient ones, due to the fast rise of the surface free ener-
gies. Only the polar part on HDF shows a significantly slower 
behavior, while its dispersive part increases more than on the 
other two materials. In summary, the CSBD and DDBD dem-
onstrate the same efficiency, while the RP, due to its remote 
character, shows a slightly lower impact. Nevertheless, with 
the same setup and power, the choice of discharge is defined 
by the specific application. The CSBD without a grounded 
electrode below the material can be used for thick materials as 
wooden beams, as there is no limitation by the voltage range 
of the power supply. For materials of up to 1 cm thickness with 
slight variations in the thickness, a DDBD is the best choice. 
The RP, although a little less efficient, finds its application on 
materials with greater thickness and structures on the surface.
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