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1. Introduction

In recent years, plasma technology has presented an alternative in the processing and
development of new materials. Of the plasma processing methods developed thus far,
atmospheric pressure plasma is the most economically accessible, due to the low costs of
this technology. Among the first applications of plasmas in atmospheric pressure was the
treatment of various polymeric materials. Plasma treatment efficiently improves the surface
wettability and adhesion properties of different types of materials. This is possible because
plasma parameters such as particle density, collision frequency, mean kinetic energy of
the particles, and the presence of chemical active species will cause a large variety of
elementary processes both within the plasma volume and on the plasma–material interface.
Consequently, the quality and magnitude of the polymer surface treatment, including
etching, functionalization, and crosslinking, might also be controlled [1]. Generally, the
plasma used in material processing can be generated in different gases, pressure ranges, or
discharge geometries.

Another technique developed later was that of a plasma polymerization technique.
Plasma polymerization is a versatile method for the deposition of films with functional
properties, which are suitable for a range of applications. These plasma polymers have
different properties than those fabricated via conventional polymerization: the plasma-
polymerized films are usually branched, highly cross-linked, insoluble, and adhere well to
most substrates [2].

In the last decade, new applications of plasmas at atmospheric pressure have been
developed, such as: plasma medicine, plasma agriculture, plasma used in food industry, in
3D printing technology, textile industry, and so on. This Special Issue attempts cover all
these applications, publishing both target applications of the atmospheric pressure plasma
and also the fundamental aspects that appear in the case of these types of discharge.

2. Review of Special Issue Contents

Contributions to this Special Issue focus on different aspects of Atmospheric-Pressure
Plasma Technology, giving valuable examples of applied research in the field. This Special
Issue of Applied Sciences, “Recent Advances in Atmospheric-Pressure Plasma Technology”,
includes one review [3] and eight original papers [4–11], providing new insights into the
application of atmospheric pressure plasma technology.

Domonkos et al [3] discussed the application of cold atmospheric pressure plasma
(CAPP) technology in different configurations. Their manuscript outlines the application
of CAPP in medicine for the inactivation of various pathogens (e.g., bacteria, fungi, viruses,
sterilization of medical equipment, and implants) in the food industry (e.g., food and
packing material decontamination), agriculture (e.g., disinfection of seeds, fertilizer, water,
soil). In medicine, plasma also holds great promise with regard to direct therapeutic
treatments in dentistry (tooth bleaching), dermatology (atopic eczema, wound healing),
and oncology (melanoma, glioblastoma).

Asghar et al. [4] discussed the changes induced in the atmospheric pressure plasma jets
(APPJs) characteristics of the gas mixture; more precisely, argon/oxygen (Ar/O2) mixture.

Appl. Sci. 2022, 12, 10847. https://doi.org/10.3390/app122110847 https://www.mdpi.com/journal/applsci1
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The voltage–current waveform signals of APPJ discharge, gas flow rate, photo-imaging of
the plasma jet length and width, discharge plasma power, axial temperature distribution,
optical emission spectra, and irradiance were investigated.

Chodkowski et al. [5] focused on fabrication and physicochemical properties investi-
gations of silica-multiwalled carbon nanotubes/poly(dimethylsiloxane) composite coatings
deposited on the glass supports activated by cold plasma in air or argon. They found that
the type of plasma influences the surface properties of the deposited coating.

AlShunaifi et al. [6] realized a two-dimensional numerical model to simulate opera-
tion conditions in the non-transferred plasma torch, used to synthesis nanosilica powder.
The numerical results showed good correlation and good trends with the experimental
measurement. This study allowed us to obtain more efficient control of the process condi-
tions and better optimization of this process in terms of the production rate and primary
particle size.

Suenaga et al. [7] realized an evaluation of the effect of plasma gas species and
temperature concerning the reactive species produced and the bactericidal effect of plasma.
Nitrogen, carbon dioxide, oxygen, and argon were used as the gas species, and the gas
temperature of each plasma varied from 30 to 90 ◦C. The results demonstrate that the
plasma gas type and temperature have a significant influence on the reactive species
produced, and the bactericidal effect of plasma and the disinfection process could be
improved by properly selecting the plasma gas species and temperature.

Suenaga et al. [8] design and build a multi-gas temperature-controllable plasma jet
that can adjust the gas temperature of plasmas with various gas species and evaluated
its temperature control performance. By varying the plasma jet body temperature from
−30 ◦C to 90 ◦C, the gas temperature was successfully controlled linearly in the range of
29–85 ◦C for all plasma gas species.

Papadimas et al. [9] realized a single dielectric barrier discharge (SDBD)-based actuator.
The consumed electric power was measured, and the optical emission spectrum was
recorded in the ultraviolet–near infrared (UV–NIR) range. The average temperature of
the neutral species over the actuator was found to be around 410 K at the maximum
power level.

Khan et al. [10] reported a dielectric barrier discharge (DBD) plasma rotational reactor
for the direct treatment of wheat flour. The primary research goal was to determine the
effects of short-period cold plasma treatment of DBD type on flour and dough properties.
The obtained results showed a 6–7% increase in flour hydration due to cold plasma treat-
ment, which also contributes to hydrogen bonding due to changes in the bonded and free
water phase.

Rueda et al. [11] report a study which is focused on gas treatments (NOx abatement)
by dielectric barrier discharge (DBD) at atmospheric pressure. Two diagnostic methods are
considered to evaluate the discharging ratio on the reactor surface: an image processing
method and a DBD equivalent circuit analysis, both presented in this paper. The experi-
mental results show good agreement between the two methods. These two strategies work
very well and provide remarkably coherent results under different intensity conditions.

This Special Issue has attracted 38 citations and received more than 8700 views,
demonstrating the growing interest in this topic.

The Editor would like to express his appreciation to the contributors for their dedica-
tion and excitement during the process of compiling their individual essays for this Special
Issue. The Multidisciplinary Digital Publishing Institute (MDPI) editorial team members
also deserve praise for their professionalism and commitment to publishing this Special
Issue. We hope that the readers will enjoy this collection of papers and will be motivated to
envision fresh concepts for future developments in plasma research technology.

Funding: This research received no external funding.

Conflicts of Interest: The author declares no conflict of interest.
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Abstract: The framework of this paper is the study of gas treatments (NOx abatement) by dielectric
barrier discharge (DBD) at atmospheric pressure. To investigate the impact of various solutions
for electrical energy injection on the treatment process, two diagnostic methods are considered
to evaluate the discharging ratio on the reactor surface: an image processing method and a DBD
equivalent circuit analysis, both presented in this paper. For the image analysis, the discharge area
is first translated into gray levels, then segmented using the Otsu’s method in order to perform the
discharging ratio diagnostic. The equivalent circuit approach, derived from the classical Manley’s
diagram analysis, includes the behavior of the part of the reactor in which no discharge is happening.
The identification of its parameters is used to estimate the discharging ratio, which evaluates the
percentage of the reactor surface covered by the discharge. Experimental results with specifically
developed power supplies are presented: they show a good agreement between the two methods. To
allow a quantitative comparison of the discharge uniformity according to the operating conditions,
the statistical analysis of gray level distribution is performed: non-uniform discharges with intense
energy channels are shown to be clearly distinguished from more diffuse ones.

Keywords: dielectric barrier discharge; partial surface discharging; discharging ratio; image process-
ing; equivalent circuit; Manley diagram; NOx abatement; DBD diagnostic; atmospheric pressure;
discharge uniformity

1. Introduction

Non-Thermal Plasma (NTP) are broadly used for applications such as ozone genera-
tion, treatment of surfaces, medical treatments, disinfection, and UV production [1–6]. In
recent years, NTP has also become a rising technology for environmental protection. Many
studies have reported effective removal of pollutants such as nitrogen oxides (NOx), sulfur
dioxide (SO2), carbon dioxide (CO2), particulate matter, and volatile organic compounds
(VOC) [1,7], with treatments usually processed at atmospheric pressure.

Dielectric Barrier Discharges (DBDs) are NTP produced in reactors, including at least
one insulating layer between two metallic electrodes. In comparison with other NTP
reactors, such as corona discharges and electron beams, DBDs are characterized by the
absence of sparks, thanks to the dielectric barriers which limit the local current rise and by
the possibility of obtaining uniform discharges, where the NTP covers the entire surface of
the reactors, guaranteeing a quality treatment.

DBDs operate in filamentary or homogeneous mode [8,9]. In the homogeneous mode,
the plasma is uniform and diffuse [1,8] and it presents a glowing aspect. For some applica-
tions, it has been proven to improve the process: for instance, thin films deposit requires
homogeneous discharges in order to obtain a uniform treatment and prevent local damage
on the treated surface [2]. The filamentary mode is characterized by streamers, intense
energy channels distributed over the electrodes surface, randomly, or sometimes following

Appl. Sci. 2022, 12, 8009. https://doi.org/10.3390/app12168009 https://www.mdpi.com/journal/applsci5
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geometrical patterns [10]. Ozone generation, UV emission for instance, benefits from this
mode. At atmospheric pressure, DBD generally operates in filamentary mode, and offer
capabilities to initiate very valuable chemical transformations. According to their highly
desirable characteristics, DBDs and packed-bed DBDs are widely used for pollutant re-
moval applications. This is the case for the prospective application of our studies (NOx
abatement) [7].

Experimental conditions such as the reactor geometry, materials, gas mixture, pressure,
and electrical supply waveforms not only influence the discharge mode, but also the
characteristics of the power injection into the plasma and the full or partial coverage of
the reactor’s surface by the NTP. Obtaining operating conditions where the surface of the
reactor is fully covered by the plasma is indeed highly desirable for gas treatments: it
means that each volume of the gas injected into the reactor will receive the effect of NTP
treatment, contrary to the situation where only part of the reactor’s surface is covered by
the NTP, and thus part of the flowing gas may not receive the expected treatment. Such
opposite situations are shown in Figure 1 (side view of a cylindrical reactor, detailed in
Section 2, showing the streamers distribution seen through the transparent walls made
with quartz).

 

  

Figure 1. Typical discharge appearance with partial discharging and different β percentages (white
frame showing the limits of the reactor).

The partial discharging is quantified by the β (no units) percentage, which takes the 1
value when the surface is fully covered and 0 value when the discharge is OFF [8,11,12].
Among the diagnostic criteria used for the diagnostic of NTP delivered by DBD, this β

discharging ratio is very important to improve the understanding of the efficiency of the
gas treatments (NOx abatement in our case).

Different diagnostic methods of the discharge mode, based on its appearance, have
been proposed. Ref. [9] introduced a simple method that detects the homogeneous glow
discharge using the Manley figure and the voltage and current waveforms. This method is
based on a definition of the homogeneous APGD (Atmospheric Pressure Glow Discharge),
where only one current pulse per voltage half-cycle is generated. Other diagnostic methods
include Intensified Charge-Coupled Device (ICCD), high-speed imaging, optical emission
spectrum, numerical simulations, and image processing [13].

Given that the image processing method is effective, simple, and does not require
expensive equipment, it is a good solution to analyze the discharges under different ex-
perimental conditions. However, if the aim is to detect the conventional glow discharge
(APGD), it can only be used with short exposure time (~10 ns, which requires an expensive
camera). When higher exposure times are used, the filaments cannot be always distin-
guished. Nevertheless, the image processing can be still used to analyze the uniformity
of the discharge: in this paper an image processing algorithm is set up to study the uni-
formity of the discharges rather than the discharge mode (homogeneous or filamentary).
This analysis of the discharge uniformity is based on the image gray level histogram [13]
and produces, as a result, an estimation of the β partial discharging ratio. Additional
statistical analysis of the images also allows a quantified comparison of the uniformity of
the discharges.

Other diagnostics of DBD systems can be also achieved on the basis of measured
electrical waveforms. Using these measurements, it is possible to identify the parameters
of the well-known Manley diagram [14] and its associated DBD’s equivalent circuit [15].
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Originally based on the assumption that the discharge is uniform (with parameters of the
equivalent circuit corresponding to a full use of the surface of the electrodes, i.e., β = 1),
this approach can be simply extended [8,16] to consider partial discharging situation.

In order to implement complementary approaches for diagnostic of the discharges
obtained in a DBD reactor for NOx abatement studies, the two aforementioned approaches
(image processing and equivalent circuit) are considered in this paper. The article is orga-
nized as follows: Section 2 presents first the reactor, the power supply and the experimental
test-bench, for which measurements are used in this paper. Then, the image processing
algorithm for diagnostic with estimation of the β percentage of the surface covered by
the discharge is detailed. Finally, the equivalent circuit, considering partial discharging
phenomenon and the identification of its parameters (chiefly the β ratio) using the electrical
measured waveforms, is presented.

In Section 3, the application of the two methods at different operating conditions
obtained with the test-bench is proposed and the correspondence between the obtained β

percentage values is discussed.

2. Materials and Methods

2.1. Experimental Setup

The schematic diagram of the experimental setup is presented in Figure 2. The system
consists of a DBD reactor, a gas blending system, a power supply, measurement instruments,
and the control interface:

• The reactor has a coaxial cylindrical geometry made up of quartz. The inner electrode is
a stainless-steel foil, and the outer electrode is a metallic mesh (knitted thin wires made
of tinned copper steel, usually used for EMI/RFI shielding of cables [17]) wrapped
around the quartz tube. The diameter of the outer dielectric is 28 mm, and the diameter
of the inner dielectric is 22 mm. The length of the mesh is 60 mm. Detailed dimensions
are given in Figure 2.

• The feed-gas stream is composed of NO and N2 and flows through the DBD reactor.
The gas composition and total flow rate are adjustable. Two mass flow controllers
(Bronkhorst EL-FLOW Prestige) are used to measure and regulate them. Presented
results are for 3 lpm flow, with a NO concentration of 800 ppm.

• The DBD voltage is measured with a 200 MHz digital oscilloscope (LeCroy HDO4024)
connected through a 1000:1 voltage probe (Testec TT-SI 9010), and the current is
measured using a current probe (LeCroy AP015). The NO and NO2 concentrations are
obtained by the gas analyzer (Testo 350).

Figure 2. Experimental setup (a) and reactor dimensions (b).

Two different electrical supplies are used for the experimentations: a sinusoidal voltage
source and a square current source. The sinusoidal voltage waveforms (Figure 3b) are
generated by a function generator connected to an audio amplifier. Since the output voltage
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of the amplifier is too low to ignite a discharge, the amplifier output is connected to a
high-voltage transformer. Frequency and peak voltage are the degrees of freedom made
available by this supply: a maximum frequency of 20 kHz and a maximum voltage of 12 kV
can be generated.

Figure 3. Typical electrical waveforms (vDBD, blue and iDBD, green): (a) Square Current Source: here,
fsw = 80 kHz, J = 1 A, d = 10%. (b) Sinusoidal Voltage Source: here, vDBD_peak = 11.2 kV, f = 10 kHz.

A specific power supply has been also developed to create the plasma and to control
the energy injected into the NTP. This one delivers square current waveforms (Figure 3a),
which is generated by the power converter presented in [18,19]. This converter consists
of a DC current source connected in cascade with a full-bridge current inverter and a
step-up transformer. The converter delivers current pulses, whose shape is controlled by
three degrees of freedom: frequency fsw, current amplitude J, and pulses duration Δtp.
(Δtp = d/(fsw*2), d being the duty cycle, in the range 5–95%). The maximum output current
J is 1.2 A, and the maximum voltage is 11 kV. The frequency fsw can be varied from 80 kHz
to 200 kHz. In order to control the rise of the reactor temperature, this supply is operated
in “Burst mode” [1]: pulses trains are separated by power injection pauses; the durations
of both bursts and pauses are fully controlled.

Side view images of the discharge are acquired by a digital camera (Logitech C920),
with an interval of 20 s and an exposure time of 1/128 s. This camera is installed 40 cm
from the axis of reactor and provides images such as the ones displayed in Figure 1. The
area of interest is 28 mm high (outer diameter of the reactor) and 60 mm long (length of the
metallic mesh). The camera acquires images with 2304 × 1536 pixels; once cropped for the
area of interest, these values reduce to 437 × 248 (the difference in proportions results from
a very slight misalignment of the camera with respect to the reactor axis). Despite such a
device having an exposure time much longer than the lifetime of the streamers, as will be
shown below, very interesting information concerning the distribution of the plasma can
be drawn from the analysis of these images.

2.2. Image Processing Algorithm

The aim of the image processing is to calculate the β discharging ratio, which defines
the surface covered by the plasma. The algorithm is achieved in two main steps:

• a geometrical transformation, which achieves a cylindrical projection.
• a segmentation process, used to calculate the surface of the area covered by the

discharge.

The initial image captured by the camera (Figure 4) first receives basic manipulations,
which makes the file lighter and speeds up further treatments.

First of all, the image is cropped (Figure 5a), so as to keep only the reactor (useful
region) with the same dimensions as its side view: L width and 2.R height. Then, in order
to reduce the size of the file containing the picture and speed up its manipulation, the
true-color RGB image is converted into a grayscale image. Each element of the resulting
matrix contains only the gray level, ranging from 0 to 255, calculated as a weighted sum
of the corresponding red, green and blue pixels. The gray level (GL) is calculated with
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the Python coded function (1), which implements recommendation Rec.709 [20]; these
weights are considered to better represent human perception of red, green, and blue than
equal weights.

GL = 0.2125 × R + 0.7154 × G + 0.0721 × B (1)

The obtained image is presented on Figure 5b; in all the pictures presented in this
paper, for better readability, the grayscale images are shown with a color scale from violet
(background), the lowest intensity, to yellow, the highest.

Figure 4. Initial image, acquired by the camera.

Figure 5. Initial cropped image (a), and grayscale transformed (b).

2.2.1. Geometrical Transformation

The geometrical transformation is introduced in order to compensate the deformation
of the discharge representation, which is caused by the cylindrical shape of the reactor,
captured on the flat sensor of the camera. For that purpose, the Abel transformation [21–23]
initially considered has been finally withdrawn, because the plasma distribution around
the gas gap does not present the cylindrical invariance which is mandatory. A new method
for calculation is proposed below.

On the taken image, the reactor cylindrical shape is flattened by the camera, as shown
on Figure 6. The reactor has length L and is placed along the Z axis; the camera’s optical axis
is on the X axis. The plane (X, Y) is an orthogonal cross-section of the reactor (Figure 6b).
The points m(yp) cover the external surface of the reactor, at outer radius r, for θ ranging
from −90◦ to 90◦. The point M(y), with y ranging from −R to +R, is the orthogonal
projection, captured by the camera, of the points m(yp). Only the outer electrode is shown.
Several geometrical assumptions are made:

(a) The streamer distribution is symmetrical to the plane X = 0 (the hidden face of the
reactor is assumed to present the same aspect as the captured one). Therefore, only
the front face is analyzed.

(b) The camera plane (Y, Z) is far enough from the reactor that the light rays reach it in
parallel. This ensures that the points M(y) and m(yp) are aligned parallel to the optical
axis of the camera (X axis). Therefore, the height of the image captured by the camera
(Figure 6c) is equal to 2.R.

(c) Only the external surface of the reactor is considered—no depth of the plasma volume
is considered (it means that possible streamers are seen as spots on the outer surface).
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Figure 6. Principle of the geometrical transformation (projection): (a) 3D view of the reactor and the
camera. (b) Orthogonal cross-section of the reactor. (c) Acquired picture. (d) Transformed picture.

Starting from the captured image, the goal of the geometrical transformation is to
build the projected output image (Figure 6d): it is the rollout of the DBD reactor external
surface. The height ratio between the captured image (Figure 6c) and the projected one
(Figure 6d) is therefore equal to π/2. The width is the same for both images and equal to
the length L of the reactor.

In order to build Figure 6d, each M(y) point of the acquired image is used to define
the m

(
yp

)
point at vertical position yp; if a streamer appears on the original picture as a

spot with ΔzΔy size, on the transformed image it is spanned into ΔzΔyp with:

yp = R × θ = R × sin−1
( y

R

)
(2)

Δyp =
Δy × R√
R2 − y2

=
Δy

cos(θ)
(3)

Equation (2) is obtained by a basic trigonometric manipulation: the length yp, which
is also a circle segment, is equal to the radius R multiplied by the θ angle. The ratio
Δyp/Δy from Equation (3) is a first-order approximation obtained with first y-derivative
of Equation (2). Using these equations, the image is projected to cylindrical coordinates
and rolled out. This process is repeated along the Z axis in all planes (X, Y) of the reactor to
obtain the full picture. Figure 7b shows the obtained image in cylindrical coordinates.

Figure 7. Projected unrolled image of the outer surface of the reactor: (a) Acquired grayscale image—
Cylindrical coordinates output image (b). Red rectangle highlights the inner tube of the reactor.
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2.2.2. Image Segmentation

Step 1—area of interest: as can be seen in the unrolled picture Figure 7b, the lower
and upper parts of the discharge look brighter than the central part of it. The coaxial
geometry of the reactor and the transparent quartz walls cause this effect. In the central part
of the discharge, the inner electrode creates a solid background for the pictures, whereas
in the upper and lower parts, the gas gap between the two electrodes and quartz barriers
produces an optical effect that intensifies the discharge. To avoid biased results due to this
optical effect and according to the assumption (c) that the plasma volume has no depth, the
image is cropped again, erasing the parts which do not present a solid background. They
correspond to the gas gap and only the central part of the picture, which has the height of
the diameter of the inner tube (red frame figure below), is kept (Figure 8b)—one should
notice that this figure is different from the original one, Figure 7a.

Figure 8. Cylindrical coordinates output image (a), and its cropped central region with solid back-
ground (b).

Step 2—image segmentation: the discharge area is segmented using a thresholding
technique, as shown in Figure 9. It means that a gray-level value called “threshold value” is
used as the delimiter between the background and the discharge area. All pixels with values
less than the threshold value are considered as background, and pixels with values greater
than the threshold are considered as the discharge area. In order to find the threshold value,
Otsu’s method is used [24]: this method chooses a threshold value that minimizes the
variance of the thresholded background and discharge pixels. The ability of this method to
segment the image even with low intensity discharges (operating points at low power) of
uniform appearance is remarkable (as will be shown in Section 3).

Figure 9. Segmented Discharge area (violet is background, yellow is discharge area).

Step 3—image analysis: the calculation of the β percentage is achieved with the ratio
between the number of pixels of the discharge, obtained with the segmentation, and the
total number of pixels. Other statistical results quantifying the discharge’s uniformity are
also presented in Section 3.3.
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2.3. Partial Surface Discharging Analysis via the Electric Model

The DBD is commonly modelled in the literature by the electric circuit shown in
Figure 10. Cd represents the capacitive behavior of the dielectric barrier(s), in this case the
series equivalent capacitance of the two quartz cylinders. The gas is modeled as a dielectric
(Cg) as long as it is not conductive (|vgas|< Vth, thus igas = 0), and after breakdown it
is represented with a constant voltage (vgas = ±Vth), the sign of which depends on the
direction of the gas current [15,18,19].

Figure 10. Simplified electric circuit model of the DBD, with current paths in ON–green and OFF–
black plasma states (a) and its Manley’s diagram (b).

The parameters of this model (Cd, Cg and Vth) are found with experimental waveforms
for voltage and current on the DBD, then tracing the electrical charge vs. voltage diagram
(known as Manley’s diagram) as shown in Figure 10.

The slopes of the parallelogram are used to define the dielectric and series equivalent
capacitances (respectively, Cd for the ON state and Ceq for the OFF state—Ceq being the
value of the series connection of Cd and Cg). From the latter, the gas capacitance (Cg) is
calculated. The zero-cross with the voltage axis determines the threshold voltage (Vth).
The area enclosed by the parallelogram is equal to the energy injected during one period to
the DBD, so it can be used to determine the average power.

It is well known that Vth, Cg, and Cd are physical parameters determined by the
gas composition, pressure, dielectric material, and geometry; these three values define
the behavior of the equivalent circuit, which remains predictive as long as the surface
covered by the plasma on the electrodes, remains stable. Indeed, variations in the identified
parameters as a function of the electric conditions given by the power supply are common,
even if the reactor geometry does not change [11,12]. As shown in Figure 11, this can
be observed in the case of the DBD reactor used in this work: here, the electrical energy
injected into the plasma, controlled by the power supply, is changed. Accordingly, the
discharge covers the whole surface of the reactor ((a), β = 1) or only part of it ((b), β < 1).
Note that, concerning the identified parameters of the equivalent circuit (Figure 10), Ceq is
similar for both cases, however, identified Cd and Vth change significantly: being physical
parameters of the reactor, such changes are not acceptable.

As observed in the pictures beside the Manley’s diagrams, this phenomenon in the
model identification takes place when the discharge occurs in a partial area of the available
electrode surface (Figure 11b). Depending on the operating conditions of the power supply,
the discharge area extends until it fully covers the electrodes, and the values measured
using Manley’s diagram coincide with the theoretical ones. In that scenario, the classic
DBD electric model, shown in Figure 10, completely represents the load. Nonetheless, for
the partial surface discharging case, a modified model is proposed in the literature [8,11,25].
In consequence, a different equivalent electric model has to be used, where Cd, and Cg are
both split into the non-discharging and discharging area (α and β percentages respectively,
which fulfil: α + β = 1), as displayed in Figure 12.
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Figure 11. Change of the DBD identified model parameters (Ceq, Cd and Vth) for the same reactor,
with different supply conditions, leading to different discharging ratio: β = 1 (a) and β < 1 (b).

Figure 12. DBD electrical model for partial discharging area (a), proposed in [11], along with its
modified Manley’s diagram (b).

In this case, the α and β parameters are calculated having previously identified Cd,
Ceq, Cg, and Vth, using the Manley’s diagram for a discharge covering all the surface. For
the partial discharging area condition, Ceq does not change, as the series capacitor of the
two equivalent circuits is the same when there is no discharge (Figures 10 and 12): this is
proven experimentally in the example of Figure 11, with an error below 2.4% between the
two measurements.

The percentage of the discharge area (β) can be found with the slope when the dis-
charge has been established (C′), as follows:

β =
C′ − Ceq

Cd − Ceq
(4)

The breakdown voltage, Vth, can be verified according to Equation (5), using the
charge variation in the OFF state, ΔQdbdOFF (black segments on Figure 12)

Vth =
ΔQdbdOFF

2 × Cg
, OFF state (5)

3. Results

The application of the two diagnostic methods for β discharging ratio, described in
the previous section, is now presented and discussed.
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3.1. Agreement of the Circuit Analysis Method and Image Processing for β Ratio Diagnostic

Two operating points obtained at 5 kHz with the sine voltage generator, corresponding
to two different power levels (10 W and 25 W), are selected. Figure 13 presents the obtained
results in each column (top-down): the electrical waveforms (voltage—blue, and current—
green), the Manley diagram build with these data, the acquired reactor’s pictures, the
segmented and cropped (area of interest) grayscale image together with the β discharging
ratio obtained from the equivalent circuit approach and with the image processing. The
last data is associated with the margin error (the difference between the maximum and
minimum values) estimated through repeated calculations using three different images
acquired in steady state conditions (see below) during three different experiments.

Figure 13. Application of both diagnostic methods: (a) low power level (10 W). (b) high power (25 W).
Measures are acquired in steady state.

It should be mentioned that the coverage of the discharge area varies from the time
the system is started, with a typical transient shown in Figure 14. Here, the record starts
when the power supply is turned ON, with a gas flow already stabilized (see Figure 2).
For the presented operating conditions (f = 10 kHz, P = 30 W), one can observe during the
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transient the rise of the discharging surface (and accordingly the β ratio), which definitively
stabilizes only after approximatively 120 s. For steady-state process analyses, data should
only be acquired after this system time constant.

Figure 14. Partial discharging ratio β variation during the startup transient.

The two methods described in the previous section are now applied on a set of
measures acquired with operating points covering a large domain (sine voltage power
supply). This diversity of considered conditions is aimed at comparing the results of the
two methods, whose results are presented on Figure 15: for each operating condition, three
measurements are acquired in steady state during different experiments. The displayed
value is the average of these three results, and the error bar indicates the maximum and
minimum values. One can notice the very good agreement with a difference which remains
generally below 10%. In most cases, the β discharging ratio obtained with the electrical
circuit approach remains in the error range of the image processing method. The latter is
obtained, using several images repeatedly acquired for each operating point; this systematic
uncertainty remains below 12%.

Figure 15. Partial discharging ratio β obtained with image processing and equivalent circuit analyzes.
Results are grouped by values of supply frequency; adjustments of injected power are achieved with
the peak value of imposed vDBD voltage. Displayed values are obtained in steady state.

3.2. Application to Rectangular Current Power Supply Operated in Burst Mode

As shown in Figure 16, results obtained with the rectangular current power supply
are difficult to analyze through the equivalent circuit approach: indeed, each burst of
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current pulses injected into the DBD creates an electrical transient (see voltage and current
waveforms on Figure 16a), which has no time to vanish before the end of the burst. As a
result, the Q-V Manley diagram exhibits a poorly trapezoidal shape, as can be appreciated
in Figure 16b: this makes it very difficult to select the slopes to be used for the calculation
of the circuit’s parameters.

Figure 16. Rectangular current supplied system: electrical measurements of a whole burst (a), with
DBD voltage (blue) and current (green), and associated Q-V Manley diagram (b).

Taking advantage of the very good convergence of both methods for β ratio diagnostic
highlighted on Figure 15, it is proposed to admit:

• the parameter set (Cd, Cg, Vth), acquired thanks to previously achieved experiment,
where the discharge fully covers the surface of the reactor (β = 100%), sketched by the
equivalent circuit of Figure 10;

• the β ratio obtained by the image processing.

Using Equations (4) and (5), which translate the behavior of the equivalent circuit
of Figure 12, it becomes possible to build and to draw the parallelepipedal figure, which
should be considered.

Note that the image acquisition shows an averaged behavior of the system. As for
the β value provided by the analysis of this image, therefore, this approach provides an
equivalent average behavior over the burst. The image processing of the acquired picture
shown in Figure 17a gives: β = 56%. Together with already known circuit parameters
(Cd = 90 pF, Cg = 135 pF, Vth = 2585 V, independent from operating conditions), Figure 17b
shows the Manley figure (red).

Figure 17. Rectangular current supplied system: processed image corresponding to Figure 16 (a),
giving a value: β = 56% experimental Manley diagram (b), blue and the theoretical one (red), obtained
with the known parameter set for the equivalent circuit: Cd = 90 pF, Cg = 135 pF, Vth = 2585 V.
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3.3. Effect of the Supply Waveform on the Discharge Uniformity: Additional Diagnostic Provided
by the Image Processing

In addition to the segmentation process, other statistical diagnostics of the images
can provide very useful information about the discharge. We now consider the operating
conditions obtained with the electrical waveforms shown in Figure 3, with two different
generators; the waveforms are completely different but, in fact, they have the same power
level (approx. 40 W).

The appearance of the discharges [26] shown in Figure 18 are very different: the
discharge obtained with the sinusoidal voltage source (column (b)) appears much more
diffuse than the one pumped with the rectangular current source (column (a)): in the
original picture (column (a)), the spots which can be related to the streamers are clearly
visible.
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Figure 18. Image diagnostic of operating conditions obtained with square current source (column (a))
and sine voltage power supply (column (b))—electrical waveforms presented in Figure 3—from top
to bottom: original image, grayscale, result of geometrical transformation, segmented image (central
area), gray levels frequency.
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The gray-levels histograms of the last row in Figure 18 present the result of a statis-
tical analysis, which presents good matching with the discharge appearance and offers
a quantification solution to translate the visual effect into a number. This analysis was
proposed by [13] and is achieved as previously on the only central part of the image (red
frame); it is carried out after the translation of the image into gray levels and its geometrical
transformation (before the segmentation): the horizontal axis of the histogram presents the
gray level (from 0 to 255), and the vertical axis presents the frequency of pixels for each
level. Based on the histogram results, statistical measures as the mean gray level and the
standard deviation are used to characterize the discharge. Below, the parameters of this
analysis are commented:

• Mean Gray Level (μgray): It is the mean of the gray-level value (in the central discharge
area). This indicates the mean brightness of the discharge. In order to be able to
compare the discharges obtained under different operating conditions, care must be
taken to deactivate all automatic settings of the camera.

• Gray Level Intensity: It is the sum of the gray-level values of the pixels in the area of
interest.

• Discharge Intensity/mm2: It is the Gray Level Intensity divided by the area covered
by the discharge.

• Standard Deviation (SD): the SD measures the dispersion of the data from its mean
value, and it is a crucial parameter to determine the discharge uniformity quanti-
tatively [27]. In an ideal uniform discharge, all the reactor pixels should have the
same gray-level value; thus, the SD is zero in this case. The SD value will rise if the
gray level takes increasingly different values on the surface. In general, the lower the
standard deviation, the data points tend to be closer to their mean, meaning a more
uniform discharge. The value of SD is calculated considering each pixel of the image,
as defined in [27].

Table 1 presents the resulting parameters of the image processing for both cases shown
in Figure 18.

Table 1. Grayscale images statistical properties (electrical waveforms presented on Figure 3 and
images in Figure 18).

Pict. β [%]
Discharge

Area [mm2]
Mean Gray

Level—μgray
Gray Level
Intensity

Gray Level
Intensity/mm2

Standard
Deviation—SD

Rectangular
current—column (a) 80 1659 52.73 1,787,099 1077 10.12

Sinusoidal
voltage—column (b) 85 1762 15.83 576,172 327 3.88

As can be seen, the SD of the case obtained with the rectangular current source is
significantly higher than cases with the sine voltage. Despite the fact that cases worked
with similar electrical power, the intensity of the first case is higher than for the second.
Accordingly, the discharges obtained by the sinusoidal voltage source are more uniform,
diffuse, and weak than the discharges obtained by the square current source. This obser-
vation has been verified with a set of different operating points in a wide range of the β

parameter.
The Manley figures of both supply conditions showed that DBD works in a filamentary

mode, even if diffuse and uniform discharges appeared with the sinusoidal voltage source.
One can notice that the image (a) is much more luminous than the (b) one—this is

confirmed by the difference of the values of the Gray level Intensity/mm2. Nevertheless,
the Otsu’s algorithm has been clearly able to differentiate the background and the area
covered by the discharge. In this way, the discharge segmentation process is validated
under different image conditions.
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4. Conclusions

Two methods to evaluate the β discharging ratio of a dielectric barrier discharge are
proposed in this paper. The equivalent circuit-based method uses recorded waveforms
of voltage and current of the DBD reactor to build the Manley’s diagram and to identify
the equivalent circuit parameters and the β ratio. The image processing method uses
pictures of the discharge captured through the transparent walls of the reactor. A two-step
algorithm is presented and validated. First, a geometrical transformation compensates the
distortion due to the shape of the reactor. Second, the segmentation of the images based on
the Otsu’s method is used to identify the discharge area and then to analyze it, based on
the gray-level histograms.

These two methods were proved to work very well and to provide remarkably coherent
results, under different intensity conditions of the discharge, when pumped with different
electrical waveforms obtained with two very different power supplies. Additionally, a
comparison between the discharges produced by a square current source and a sinusoidal
voltage source with similar power levels has shown that more uniform discharges are
obtained with the sinusoidal voltage source, and more intense discharges are obtained
with the square current source. These observations have been correlated with statistical
properties of the gray level acquired images, which provide a quantified appreciation of
the discharge uniformity, very useful for achieving the comparison of the performances.
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Abstract: Demand to improve food quality attributes without the use of chemicals has risen expo-
nentially in the past few years. Non-thermal plasma (NTP) (also called ‘cold plasma’) is becoming
increasingly popular for this purpose due to its unique low-temperature and non-chemical nature.
In the present research, the concept of in situ dielectric barrier discharge (DBD) plasma treatment
inside a rotational reactor for the direct treatment of wheat flour was experimentally analyzed. The
primary research goal was to determine the effects of short-period NTP treatment of DBD type on
flour and dough properties. For this purpose, the influence of different operating parameters was
tested, i.e., treatment time, the amount of flour placed in the reactor and the environmental (air)
temperature. Changes in the structural attributes of the most commonly used flours (type 550 and
1050) and their respective doughs were studied using a set of analytical techniques. Rheological
analysis demonstrated the ability of NTP to significantly intensify the visco-elastic properties of
dough produced from wheat flour type 550 that was treated for less than 180 s. This indicated that
plasma treatment enhanced intermolecular disulphide bonds in gluten proteins, which resulted in
stronger protein–starch network formations. However, longer treatment times did not result in a
significant increase in the visco-elastic properties of wheat dough. The obtained results showed a
6–7% increase in flour hydration due to NTP treatment, which also makes a contribution to hydrogen
bonding due to changes in the bonded and free water phase. Experimental findings further confirmed
the dependence of NTP treatment efficiency on environmental air temperature.

Keywords: wheat flour; dough; rheology; non-thermal plasma; dielectric barrier discharge; wheat
functionality; hydration properties; microstructure

1. Introduction

Cereals and grains are abundantly used worldwide, constituting a major part of
human food consumption. Cereals and their products are energy sources for humans and
animals, and contain carbohydrates, proteins, fiber and vitamins (such as E and B), along
with magnesium and zinc [1–3]. Grains are consumed either whole or in powder form,
which forms exist in different granulations and have different chemical compositions [4].
Generally, a grain consists of three parts: (1) bran, i.e., the outer layer, mostly rich with
dietary fiber; (2) germ, i.e., the inner layer, consisting of lipids and proteins; and (3)
endosperm, i.e., the bulk of a kernel, full of starch, proteins and minerals [5]. A powder
form, i.e., flour, is a blend of these parts in different proportions, leading to different
flour classifications.

Plant-based foods are often subjected to thermal or chemical processing prior to
consumption [6]. However, nowadays, the customer requirement to preserve nutrient
ratios by reducing the treatment temperatures for preserving food quality and reducing the
use of chemical treatment agents have urged food engineers to search for other, suitable,
non-chemical food processing methods. Modern consumers demand rich organoleptic,
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additive-free food, environmentally friendly processing, freshness and high sensory and
nutritional attributes [7,8]. On the other hand, insufficient processing of food products
can lead to the proliferation of bacterial, parasitic and pathogenic infections in humans [9].
Food-borne illnesses have significantly increased in recent years due to consumption of food
that has been inadequately processed and therefore correct storage is additionally important
to prevent mould formation, pest infestation and grain germination [6]. Microorganisms
and pathogens occur in grains stored in humid environments, in which bran absorbs a
significant amount of water, thus lowering the concentration of gluten and starch in the
kernel and ultimately affecting end product quality [5,10].

Conventional thermal processing measures for food, for boosting shelf life, hygiene
and structural properties, can be very detrimental to food nutrient ratios and sensory
and organoleptic qualities [11]. Currently employed sterilization and processing tech-
niques, such as chemical preservation [12,13], addition of bio-preservatives [14], mild
heat treatments [15], microwave processing [16], ultrasound processing [17], reduction of
water activity [18], high hydrostatic pressure technology [19,20] and vacuum and hurdle
techniques [21], provide limited benefits in comparison with their adverse alterations of
food properties, such as shape, color, taste, smell, structure, nutrient degradation, formation
of toxic byproducts, etc. [9,22].

Wheat is one of the most important and the world’s leading staple crop, which is
full of nutrients [3]. The main factors affecting the quality of wheat-based products are
gluten proteins, which are responsible for the visco-elastic properties of end products [23].
Their properties affect the rheological behavior and the gas-holding capability of a dough,
as well as the texture and final volume of baked products. Wheat kernels are com-
posed of 70–75% starch, 10–14% proteins, with the remainder constituted by minerals [24].
Wheat proteins are divided into two groups, i.e., non-gluten and gluten proteins. Gluten
proteins comprise around 80–85% of the total protein contents of wheat flour and are
further divided into gliadins and glutenins. Gliadins are monomeric proteins, which are
mainly responsible for viscous and extensibility behavior during dough network forma-
tion. Glutenins are polymeric or aggregative proteins which influence the elastic and
cohesiveness properties of dough networks.

The number and distribution of sulphur–sulphur (S-S) bonds, which are formed due
to the presence of cysteine residues in gliadins and glutenins, significantly influence dough
properties. However, S-S bonds are formed differently in two protein types: in gliadins,
they lead to the formation of intramolecular S-S bonds, while in glutenins intermolecular
S-S bonds are formed [25]. The S-S bonds for dough network formation start to activate
during the kneading process, as soon as the wheat flour is hydrated due to the addition of
water. During the network formation, these S-S bonds are in the form of fibrils. Macrofibrils
of protein aggregates are formed by the formation of intermolecular S-S bonds. These fibrils
then transform to a continuous film, which finally forms a homogeneous and fine gluten
matrix [26,27]. On the other hand, several low-molecular weight thiols, containing a free SH
group, are present in wheat flour, and have strong dough-weakening effects. The tripeptide
glutathione (GSH) has the biggest impact; it is present in reduced (GSH) and oxidized,
glutathione disulfide (GSSG) forms. A free SH group reacts with glutenin and forms
glutathionylated protein (PSSG), which negatively affects the formation of intermolecular
S-S bonds.

Wheat flour is normally processed not only to improve hygiene, shelf life and texture-
related properties, but also to minimize the negative effects of GSH and GSSH [28].
A common industrial practice is to use chemical additives, e.g., ascorbic acid (i.e., vitamin C)
as a reducing agent, which is extensively used to improve wheat flour textural properties
(e.g., elastic and viscous properties). Its oxidized form dehydroascorbic acid (DHA) is
responsible for the removal of free SH groups in flour, hence preventing the glutathione
to create PSSG. The reaction mechanism is shown in Equations (1) and (2). Ascorbic acid
easily converts to DHA in the presence of an enzyme and is limited by the availability of
atmospheric oxygen during kneading. DHA reacts with GSH to form ascorbic acid and
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GSSG, thus limiting the formation of PSSG. As a result, the number of S-S intermolecular
bonds increases.

Ascorbic acid + 0.5 O2 � Dehydroascorbic Acid + H2O (1)

Dehydroascorbic Acid + GSH � Ascorbic acid + GSSG (2)

Although many other chemicals (KIO3, KbrO3, chlorine, etc.) and oxidizing bacteria
have been used to modify wheat flour functionality, the food industry is moving towards
restricting the use of chemicals, and therefore the need for non-chemical treatment methods
increases. Ozone is an example of an oxidizing agent, acceptable for use in the food
industry [29]. Mei et al. [30] and Desouky et al. [31] investigated the effects of ozone on
both wheat flour and grain functionality and suggested it as a good alternative to chemicals
for improving wheat flour characteristics. The key features that are responsible for the
superiority of ozone over commonly used chemicals are its high oxidation potential and
the fact that no residues are left after the treatment [32].

Non-thermal plasma (NTP) has emerged as a new and effective method in food pro-
cessing that retains food quality better than conventional methods [33]. Corona discharge
(CD) and dielectric barrier discharge (DBD) are two forms of atmospheric non-thermal
plasmas that can produce abundant amounts of ozone together with some other active
species [34]. In contrast to ozone generators, DBD and CD can produce ozone in situ and
create a ground for a direct reaction between reactive oxygen species and wheat proteins.
Plasma is a an overall neutral gas, mainly composed of positively and negatively charged
particles, neutrons, ions and particles that are heavy and with high energies [35]. Plasma is
the fourth state of matter and is abundantly present in the universe. It was first discovered
in the 18th century by William Crookes and named by Irving Langmuir and Levy Tonks
in 1929 [36]. Based on electron temperature and thermodynamic equilibrium, plasma can
be classified as high-temperature (thermal) or low-temperature (non-thermal) plasma [37].
Ionization degree may vary from partial ionization, in the case of NTP, to full ionization, in
the case of thermal plasma [38].

Thermal plasmas with high electron densities (>1022 m−3) and temperatures (4000 to
20,000 K) can be produced by electric discharge to reach high current flow through a fully
ionized gas [39]. Electron temperature in NTP is much higher compared to the temperature
of the bulk gas molecules, leading to a much lower temperature of the overall plasma, in
the range of 30–50 ◦C [7]. NTP is thus quite suitable for the treatment of living cells, tissues
and heat-sensitive materials [38].

Numerous researchers ([4,34,40–45] have studied the interaction of DBD plasma with
wheat flour and have found that ozone and active species (H•, O•, OH•, HO2

•) generated
during gas ionization can promote structural changes in starch and protein macromolecules
(e.g., promoting cross-linking, depolymerization between molecules and the formation of
new functional groups) similar to the changes induced by the use of chemicals. Mishra
et al. [46] studied the influence of NTP treatment on wheat flour structural properties and
determined an increase in the elastic and viscous modulus of the prepared dough. Modi-
fications to biological characteristics and surface properties were confirmed by Bahrami
et al. [34]. They reported no change in the total aerobic bacterial count and non-starch
lipids. No visible change in the total protein amount was reported; however, there was a
trend towards higher-molecular weight fractions, which resulted in thicker dough.

NTP, which is produced in a gas phase, is rich in high-energy species and the contact
between the surfaces of flour particles and plasma species is crucial for its structural
changes. The reactor design for flour treatment with NTP is of vital importance, as it
influences the uniform exposure to plasma species and thus allows for optimal effects of
plasma treatment in terms of flour functionality [47].

This study introduces a novel concept of a cylindrical, rotational reactor for wheat
flour treatment with in situ produced NTP. Ease of scaling up was considered as a key
factor during the development of the concept. The research focus was on defining the
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optimal operating conditions (e.g., the minimal treatment time) to reach the maximum
dough strength, as well as understanding the influence of reactor capacity and the influence
of environmental air temperature change (often variable from day to day) on the efficiency
of the NTP treatment process.

2. Materials and Methods

Germany’s wheat flour type 550 (equivalent to all-purpose flour) and type 1050
(equivalent to high-gluten flour) were used in this study to investigate the effects of non-
thermal plasma. The main difference between the two flour types lies in their protein
contents. Flour analysis demonstrates protein contents of 11.10 g and 12.68 g per 100 g of
flour in the types 550 and 1050, respectively. A change in the hydration properties and the
microstructure of wheat flour was determined before and after the NTP treatment. The
effects of NTP treatment in terms of change in dough strength were analyzed in detail by
means of rheological analysis.

2.1. Experimental Setup

The experimental setup for a batch treatment of flour samples using NTP, as shown in
Figure 1, consists of three parts: (1) a plasma generator (HVG 80-3000, company Diener,
Germany) [48]; (2) a cylindrical, rotational reactor, for the treatment of flour samples with
DBD plasma; and (3) a control and data acquisition system (DAQ) system.

Figure 1. Experimental setup for Non-thermal plasma (NTP) treatment of wheat flour.

DBD plasma type was produced under atmospheric conditions using a high-voltage
plasma generator (power: 120 W, frequency: 80 kHz, voltage: 7 kV). Air was used as
plasma gas. The reactor has a capacity between 50 and 500 g of flour. It is designed as a
rotational cylindrical vessel, made of stainless steel, and contains two concentric electrodes
(Figure 2): (1) an outer (ground) electrode, which is in the form of a hollow, rotating
cylinder (D = 150 mm, L = 300 mm, wall thickness = 2 mm) made of stainless steel and
mounted axially on a rotating shaft. A dielectric barrier (thickness = 2 mm), made of
Plexiglas (Polymethyl-methacrylate, PMMA), was attached to the inner side of the outer
electrode. To ensure a uniform mixing during the NTP treatment, baffles (made of plastic,
height = 30 mm and thickness = 3 mm) were placed on the inner wall of the outer cylinder.
The outer electrode is connected to a motor, in order to provide its rotation; and (2) an inner
(high-voltage) electrode (D = 50 mm, made of stainless steel), which is stationary and is
positioned coaxially to the outer electrode. In order to reduce the electric power needed to
induce DBD, a row of thin pins (made of aluminum, height = 43 mm and thickness = 5 mm)
are attached to the high-voltage electrode, with a discharge gap of 2 mm between the pin
tips and the dielectric layer (Figure 2). The reactor is closed with a cap from one side, and
the other side is left open to the atmosphere.
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Figure 2. Test reactor for dielectric barrier discharge (DBD) plasma flour interaction.

At the beginning of each experiment, flour is added to the reactor and partially fills the
annular gap between the electrodes. During the treatment, the reactor rotates at a constant
speed of 10 RPM. Although the reactor is open to the environment, a low rotational
speed was selected to avoid the formation of flour clouds that might lead to an explosive
atmosphere. Since plasma-generated reactive species, including ozone, have very short
half-lives, the described configuration enables a direct contact between these species and
the target flour. After the treatment, flour samples were analyzed using a set of analytical
techniques which will be described further in the text.

2.2. Dough Preparation

Doughs were prepared from untreated and treated flour samples in order to identify
and compare the changes induced by the plasma treatment.

A standard approach to keep flour stable at room temperature for the purpose of
packing and storing is to keep its moisture content at 14%. This standard moisture content
may vary when flour is exposed to air, depending on its humidity. A compensation
for this change in moisture content was used to modify the basic recipe. The correct
amounts of flour and water for dough sample preparation were determined according to
Equations (3) and (4), respectively.

Flour mass (corrected) = (100 − 14) × M/(100 − x) (3)

Water mass (corrected) = (WAM × M) + (M − corrected flour mass) (4)

where M (g) is the initial amount of flour (250 g), x (%) is the amount of moisture in flour
(for this flour batch, determined to be 13.4%) and WAM (%) is the water-absorption capacity,
for the default moisture content of 14%. Flour, water (25 ◦C) and salt (1 g) were mixed in
a dough preparation machine (MUM48A1, Bosch). After 10 min of kneading, the dough
was stored in a plastic bag to avoid drying and left to rest for 30 min at 25 ◦C. Afterwards,
rheological analysis was performed to determine the dough’s visco-elastic properties.

2.3. Analysis of Flour and Dough
2.3.1. Flour Hydration Properties

Water plays an important role in wheat dough strength due to the ability of protein
matrixes to absorb and retain bound, capillary and physically entrapped water against
gravity [49]. At lower hydration levels, water bonds flour proteins and starch granules
via hydrogen bonds. Free water phase starts to appear at higher hydration levels (water
fraction from 0.23 to 0.35), where chemical reactions (i.e., development of gluten matrix)
occur during the dough development process [50]. Hence, small changes in both bonded
and free water levels result in considerable variation in dough visco-elastic properties.

For this reason, the water-holding capacity (WHC) and the water-binding capacity
(WBC) of untreated (control) and treated flour samples were measured and compared. The

25



Appl. Sci. 2022, 12, 7997

WHC is the amount of water retained by flour particles without any stress conditions. For
this purpose, 1 ± 0.05 g wheat flour was mixed with 10 mL of deionized water and left
for 24 h. Afterwards, the supernatant was filtered and the wet wheat flour sample was
weighed again. The WBC is the amount of water retained by flour after centrifugation.
The samples were prepared according to the WHC procedure, and after 24 h centrifuged
at 2000 revolutions for 10 min. Both WHC and WBC were measured according to the
procedure described by Chaple et al. [41].

2.3.2. Dough Rheology

Rheological testing is a method commonly employed in the analysis of food-related
substances; it is used to study the deformation and flow behavior (i.e., visco-elastic behavior)
of test samples. Frequency and amplitude sweeps are two common practices used to study
visco-elastic behavior. The former shows the influence of angular frequency on visco-
elastic properties, while keeping the deformation amplitude constant. It is usually used
to study frequency and time-dependent behavior within a non-destructive deformation
range of materials. The latter demonstrates the influence of stress amplitude (at a constant
frequency) on dough rheological properties.

The current investigation is based on an amplitude sweep study, by means of which
G′ (storage modulus), G” (loss modulus), the linear visco-elastic region (LVE) and the yield
and flow point can be determined. A rheometer (UDS-200, Anton Paar, Germany) [51]
was used for the rheological study. A dough sample (10 g) was placed between the probe
(MP31) and the bottom plate of the rheometer. Sandpaper (No. 60) was used on the probe
and on the bottom plate, to avoid wall slip during the analysis. The frequency was set to
0.5 Hz and the amplitude gamma was set from 0.001 to 200% log to observe the visco-elastic
region. The total number of measurement points was 40 and the time interval between
each point was 20 s. Storage and loss moduli were plotted as functions of deformation on a
log–log graph to study dough behavior.

2.3.3. Scanning Electron Microscopy (SEM)

Scanning electron microscopy (SEM) is a technique that allows analysis of the mi-
crostructures of wheat dough samples. The development of a wheat dough microstructure
is a complex process which depends on time, the addition of water and the input of mixing
energy. The microstructure and the rheological properties of a dough are connected to the
properties of the individual flour components, their behavior after the addition of water,
the free water phase and the mobility of water [52].

The microstructural changes in the wheat flours and the respective doughs were
followed by SEM (Auriga, Carl-Zeiss, Jena, Germany). The analysis was performed with
an accelerating voltage of 1 kV and a working distance of 5 mm. Prior to SEM analy-
sis, both flour and dough samples were placed in an oven at 30 ◦C for 24 h and then
cooled in a desiccator in order to remove moisture from the samples without destroying
their structures.

2.4. Experimental Procedure

In the scope of this research, the influence of process parameters, i.e., treatment time,
treated flour amount and air temperature, on changes in wheat flour and dough was
determined and quantified. In the first set of experiments, the influence of treatment time
(1, 3 and 5 min) on dough functional properties was determined. For this purpose, wheat
flour samples with a mass of 50 g were treated by NTP. In the second set of experiments,
the effect of the treatment reactor design (i.e., reactor volume vs. mass of the treated flour)
on dough strength was investigated. The reactor was filled with flour (50, 150, 250, 350
and 450 g) and treated for 3 min. The third set of experiments included the effects of NTP,
produced at different air temperatures (10, 20, 30 and 40 ◦C), on dough strength (flour
amount: 50 g, treatment time: 3 min).
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3. Results and Discussion

3.1. Effects of Non-Thermal Plasma Treatment Time on Wheat Flour and Dough Properties
3.1.1. Hydration Properties of Flour

The variation in the moisture content of wheat flour samples with treatment time
(1, 3 and 5 min) is shown in Figure 3. It was determined five times per sample, based
on which the standard deviation was calculated. The obtained results showed a general
trend towards a decrease in moisture content with respect to treatment duration. A low
moisture content (i.e., 12–15%) keeps the flour stable at room temperature. A decrease in
the moisture content of wheat flour is also connected to change in physically “bounded”
water amount and has a decisive influence on rheological, physical and chemical properties.
There are certain indications in the literature that a lowering of moisture content results in
mechanical rigidity and the complex viscosity of a dough [53,54], which characteristics are
directly related to the stronger visco-elastic properties of wheat dough.

Figure 3. Change in the moisture content of wheat flour (type 550) as a function of NTP treatment
time.

The dependence of the WHC on treatment time (1, 3 and 5 min), as shown in Figure 4a,
was determined five times per sample, based on which the standard deviation was calcu-
lated. The WHC of the untreated sample was 168% ± 5% water retained per one gram of
flour, which increased slowly with treatment time to reach its maximal value of 173% ± 4%,
corresponding to 3 min of plasma treatment time. This corresponds to the finding shown in
Figure 3, i.e., that as the moisture content decreases with treatment time, the water-holding
ability of the flour increases. Still, no firm conclusion could be drawn at this point, as the
standard deviation of this measurement was high compared to the observed change in
WHC values.

The WBC dependence on treatment time, shown in Figure 4b, was also determined
using five measurements per sample. The WBC level for untreated flour was measured to
be 73% ± 3%. The maximum increase, just under 80% ± 1%, was observed for the NTP
treatment of 3 min. Longer treatment resulted in decrease in WBC. Higher hydration values
(WHC, WBC) were observed in the case of the untreated type 1050 flour (92% ± 1%) due to
its higher protein content. However, no significant differences in the tendencies relating to
hydration properties between the flour types 550 and 1050 were observed; thus, these were
not separately presented.

Both the WHC and WBC of the tested wheat samples (types 550 and 1050) increased
with plasma treatment time. The treatment time of three minutes resulted in a maximum
enhancement (7% ± 3%) of the WBC of type 550 flour. It is postulated that this increase in
WHC can be due to the hydrolytic depolymerisation of starch [41]. In addition, the surface
modifications (increase in surface energy due to the addition or exchange of functional
groups [55,56]) of flour particles due to the plasma treatment could be another important
factor that influences the hydration properties of flour. It has also been reported in the
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literature that plasma treatment results in a decrease in water contact angle, leading to
higher water permeability, which results in an increased affinity of flour particles towards
water [57].

 
(a) (b) 

Figure 4. Change in the water-holding (a) and water-binding (b) capacity of wheat flour (type 550) as
a function of NTP treatment time.

3.1.2. Visco-Elastic Properties of Dough

Changes in the functional properties of doughs produced with untreated and treated
wheat flour were tested as a function of flour treatment duration. These properties were
determined by rheological measurements, where the dependence of the storage and loss
moduli (G′ and G”) of doughs were plotted against the induced deformation. The modulus
G′ represents the elastic properties and the modulus G” represents the viscous properties
of a wheat dough. These two parameters, together with their combination, contribute to
the functional properties of wheat dough, defining it as a visco-elastic material.

The change in the G′ and G” values of doughs made from the two flour types (550 and
1050) as a function of deformation and treatment time on a logarithmic scale are presented
in Figure 5a,b.

A rheological behavior diagram for wheat dough has three parts: (1) a linear visco-
elastic region, where the elastic properties prevail. This lies between zero deformation and
the deformation at which the yield point (i.e., the end of the elastic behavior and the start
of plastic behavior) has been reached. This is the point at which the strain corresponds
to a ~5% drop in the storage modulus [58]; (2) a plastic region, where the increasing
deformation starts to permanently destroy the dough (or protein–starch) structure and
cannot be regained. This is the region between the yield point and the flow point (i.e., the
threshold of shear stress, above which solid material will start to flow); and (3) the region
above the flow point, where a solid behaves as a liquid, since the deformation potential is
so huge that all the forces responsible for holding the material structure are overruled.

Figure 5a,b shows that G′ is higher than G”, as is characteristic of visco-elastic materials.
The experimental results demonstrate that the changes caused by the NTP treatment of
flour, reflected by increases in the G′ and G” values of the formed dough, initially increased
as the treatment time was prolonged. This increase reached its maximum value for the
treatment time of 3 min for both flour types, after which the values of G′ and G” sank.

Figure 5a and Table 1 demonstrate that the NTP treatment showed its maximum
potential for the type 550 flour, with a two-fold increase in the visco-elastic properties
(G′ = 85–130% and G” = 76–111%) for the treatment duration of 3 min. This finding cor-
responds to the maximum change in hydration properties of flour with the three min-
utes treatment, as shown in Figure 4. On the other hand, the moduli of the untreated
high-protein flour (type 1050) were already significantly higher compared to those of
the flour type 550, i.e., 200–400% for G′ and 200–330% for G”. Thus, the corresponding
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maximum changes in G′ and G” in the plasma-treated samples of type 1050 were low to
mild (G′ = 0–28% and G” = 0–16%) (Figure 5b and Table 1). This finding also confirms the
limited enhancement of the hydration properties of the type 1050 flour.

(a) 

(b) 

Figure 5. Change in the storage (G′) and loss (G”) moduli of wheat dough as a function of NTP
treatment time: (a) for the flour type 550; (b) for the flour type 1050.

Table 1. Increase in G′ and G” for the doughs produced with NTP-treated flour samples (presented as
minimum-to-maximum increase) in comparison to doughs produced with untreated flour samples)
as a function of treatment time.

Increase (%) 1 min 3 min 5 min

Flour Type G′ (%) G” (%) G′ (%) G” (%) G′ (%) G” (%)

550 67–105 57–88 85–130 76–111 81–123 72–110

1050 10–17 8–19 0–28 0–16 0–8 0–5
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Analysis of variance (ANOVA) [59] was used in order to determine significant statisti-
cal differences between the samples. The obtained results for the type 550 flour (p < 0.05)
(provided in the Supplementary Materials S1) confirmed the existence of significant sta-
tistical differences between untreated and treated samples, i.e., the effect of non-thermal
plasma treatment on flour properties was statistically significant. However, in the case of
type 1050, the obtained p-value was larger than 0.05. This implies that the effect of NTP
treatment on type 1050 flour was not statistically significant, i.e., the influence of treatment
cannot be established.

A general trend towards an increase in the yield points of the doughs produced with
plasma-treated flour samples can be noticed, representing an increase in the linear visco-
elastic (LVE) region. Increased elastic properties further indicate an increase in dough
strength. The results presented in Figure 5a demonstrate that the flow point value increased
by 51% and the yield point value by 75% when the flour type 550 was treated for 3 min in
comparison to the untreated (control) sample. Chittrakorn et al. [60] explained an increase
in dough strength in terms of an increase in the number of disulphide bonds within the
protein matrix in the dough, i.e., the higher the number of disulphide bonds, the higher the
storage and loss moduli. The properties of the dough made from flour type 1050 (Figure 5b)
showed similar qualitative behaviors under the same plasma conditions; however, the
quantitative change was much lower than for that made with type 550 flour.

Some other authors ([53,61,62]) have suggested that change in visco-elastic behavior
could be connected to the hydration properties of wheat flour. The changes in moisture
content, WHC and WBC, as shown in Figures 3 and 4, reflect the change in bonded and free
water content levels, which directly affect gluten–starch and starch–starch bonding through
hydrogen bonds. These bindings, enhanced by the plasma treatment, started to dominate
the dough characteristics, making the treated samples stronger than the control samples.

Based on the presented results, it can be concluded that a plasma treatment time of
5 min will result in decreased structural strength of wheat dough, which could be connected
to the weakening of disulphide bonds in the protein matrix and to the decrease in the WHC
and WBC of wheat flour. Further, it can be concluded that NTP-induced intensification of
visco-elastic properties is inversely proportional to the amount of protein present in the
flour, i.e., with a higher protein content, the change in the visco-elastic properties of dough
due to NTP is lower.

3.1.3. Wheat Dough Microstructure

Bechtel et al. [63] studied dough development with light and transmission electron
microscopy and revealed that starch granules in dough are usually bigger particles, having
an average size of 10–20 μm, while the protein components are in the form of sheets and
fibrils which surround the starch particles. The gluten (protein) network structure is affected
by gluten quantity, quality and the number of intermolecular disulphide bonds. Similar
SEM analyses of starch and protein structures can be found in the literature [52,63,64].

The SEM images of doughs with untreated and treated (1, 3 and 5 min treatment
time) flours (type 550) are shown in Figure 6. As claimed above, proteins create a smooth
structure that surrounds the round starch particles. Further, two classes of starch granules
can be noticed which differ with respect to their average diameters. It has been reported
that type A starch granules (with a flattened shape and about 25 microns in diameter)
contribute to malting yield, while type B granules (spherical in shape and about 6 microns
in diameter) are responsible for water absorption due to their large surface-to-volume
ratios [65].
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Figure 6. SEM Images of the wheat dough samples prepared with untreated and plasma-treated
(1 min, 3 min, 5 min) flour under (a) low and (b) high magnifications (corresponding to 1000×
and 2000× magnifications in the current SEM set-up). White arrows—gluten network; yellow
arrows—changes to starch particles.

In the case of the control sample (Figure 6a), the gluten matrix was non-homogeneous,
i.e., it was a discontinuous network in which large and small fragments of gluten could
be observed (indicated by arrows). Starch granules are covered with thin gluten layers.
However, the starch granules were not fully embedded in the protein matrix, which corre-
sponds to the findings of Bajic et al. [66,67]. In comparison to that prepared with untreated
flour, the SEM images of the dough prepared with plasma-treated flour (Figure 6a,b)
showed a well-developed gluten matrix network in which starch particles were uniformly
embedded, i.e., a well-developed gluten matrix could be observed. This resulted in a
stronger dough, consistent with the rheological analysis presented in Figure 5.

The SEM images for increased treatment times showed only minor differences in
the developed gluten network characteristics. However, when the treatment time was
equal to 5 min, damage to starch granules was observed (Figure 6a,b), which led to the
weakening of gluten networks. This negatively affects the storage and loss moduli of wheat
dough [68,69], as confirmed by the results presented in Figure 5.

Comparison of the results presented in Figures 5 and 6 indicated an optimal plasma
treatment time of 3 min to enhance dough rheological properties. If this time is exceeded,
negative effects might occur as a result of the NTP treatment, leading to the weakening of
dough networks.

SEM images for type 1050 samples are visually similar with respect to gluten and pro-
tein particles. However, no significant differences between the developed gluten networks
of the NTP-treated samples were observed.
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3.2. Effects of Non-Thermal Plasma-Treatment Reactor Filling on Wheat Flour and Dough
Properties

As a next step, the role of flour mass in the plasma reactor on changes in flour
properties was investigated. The reactor was filled with different amounts (50, 150, 250, 350
and 450 g) of wheat flour (type 550 and 1050), which are equivalent to 2, 6, 10, 13 and 17%
occupancy of the reactor volume (flour density ρ = 593 kg/m3 [70]).

3.2.1. Hydration Properties of Flour

Similar to the findings for moisture content, presented in Figure 3, the moisture content
also remained close to 14% with varying flour masses and therefore the results are not
discussed further here.

Figure 7a,b shows the dependence of WHC and WBC on wheat flour mass (type 550).
Even though a stronger effect of NTP in a less full reactor would be expected, a general
trend of increase in WHC and WBC values with increase in flour mass was observed. The
WHC and WBC values generally increased for dough prepared with treated flour, with the
maximal increase for the flour mass of 150 g, i.e., 6% filling of the reactor volume.

 
(a) (b) 

Figure 7. Effects of reactor filling on the WHC (a) and WBC (b) values of untreated and NTP-treated
flour (type 550; treatment time: 3 min).

The above observation could be attributed to the fact that, during the flour treatment,
a proportion of the flour particles stick to the reactor wall and to the HV pins. According to
Chaple et al. [41], sample surface area exposed to plasma treatment is an important factor
that influences the hydration properties of flours. At a lower flour mass (50 g, equivalent
to 2% of reactor volume), a bigger share of the treated flour mass is immobilized and
thus the treatment is not uniform. At a moderate mass (150–350 g, i.e., 6–13% of reactor
volume), a smaller proportion of flour particles are ‘glued’ to the reactor surfaces and thus
a more intensive mixing takes place, contributing to more effective contact between the
plasma species and the flour particles. At higher mass (450 g, i.e., 17% of reactor volume),
the contact between the flour mass and the plasma species decreases, hence contributing
to a decrease in hydration properties. In the case of type 1050, the change in hydration
properties lay within the standard deviation range, hence no conclusion could be drawn
and the results are not shown here.

3.2.2. Visco-Elastic Properties of Dough

Equivalent to the analysis shown in Figure 5 and Table 1, Figure 8 and Table 2 describe
the influence of flour mass (i.e., reactor filling) on wheat dough visco-elastic properties.
Independent of the treated flour quantity, the results demonstrate an increase in visco-
elastic properties of doughs made with treated flour samples in comparison to doughs
prepared with untreated wheat flour.
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(a) 

(b) 

Figure 8. Change in the storage (G′) and loss (G”) moduli of wheat dough as a function of NTP
treatment at different reactor fillings (50, 150, 250, 350 and 450g, at 10 RPM): (a) type 550; (b) type
1050.

Table 2. Increase in the G′ and G” values of the doughs produced with plasma-treated flour samples
(presented as minimum-to-maximum increase in comparison to doughs produced with untreated
flour samples) as a function of reactor filling (i.e., flour mass).

Increase (%) 50 g 150 g 250 g 350 g 450 g

Flour Type G′ (%) G” (%) G′ (%) G” (%) G′ (%) G” (%) G′ (%) G” (%) G′ (%) G” (%)

550 85–130 76–111 155–203 114–158 119–172 94–141 119–184 91–150 115–183 93–159

1050 0–28 0–17 19–40 8–29 0–5 0–4 0–10 0–6 0–4 0–6

The experimental results demonstrate that when a too small (50 g) or a too large (450
g) amount of flour is placed inside the treatment reactor, the rheological properties of the
formed dough are only mildly increased. G′ and G” reach their maximum values with
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a flour mass of 150 g and then slowly decline again. Such a limitation is not observed
in the case of rheological property enhancement using chemicals, such as Vitamin C or
ascrobic acid, L-Cysteine and Azodicarbonamide (ADA) [71–73]. A few milligrams of such
chemicals (e.g., 10–20 mg of ADA) per kilogram of wheat flour is enough to improve wheat
flour properties [74]. Similar to the findings in Figure 5, the results shown in Figure 8
also confirm the previous findings about the limited influence of NTP treatment on the
properties of dough made with flour type 1050. This can be connected to the changes
in WHC and WBC values shown in Figure 7. It has also been reported that chemical
improvers, e.g., vitamin C, also generally improve the visco-elasticity of low-gluten flour
as compared with high-gluten flour [75]. Statistical analysis again confirmed p-values less
than 0.05 in the case of type 550 and greater than 0.05 in the case of type 1050.

The presented results demonstrate the significance of flour particle–plasma species
contact, which depends on the percentage of the reactor volume that is filled with flour.
This factor can significantly limit the effect of NTP on flour functional properties. In order
to achieve better effects of NTP treatment, the threshold for the reactor volume in this
set-up is in a range of 6–13%.

3.3. Effects of Environmental Temperature during NTP Treatment on Dough Properties

Further, the effect of environmental air temperature on the NTP treatment of flour was
investigated. A lower voltage demand for plasma formation and an earlier air breakdown
due to increased air temperature was reported in the literature [76–78].

A flour sample (type 550, mass 50 g) was treated in the rotational reactor. The air
temperature in the plasma reactor chamber was increased using an air heater in 10 ◦C steps
from 10 ◦C to 40 ◦C while keeping the relative humidity at 50% ± 10%. The experimental
results, shown in Figure 9, demonstrate the dependence of the visco-elastic properties of
wheat dough produced at various air temperatures on the non-thermal plasma treatment.
Statistical analysis (ANOVA) confirmed the existence of significant statistical differences
between the untreated and treated samples, with p-values obtained less than 0.05. Indepen-
dent of air temperature, the results demonstrated an increase in the visco-elastic properties
of the dough produced with NTP-treated flour.

Figure 9. Change in the storage (G′) and loss (G”) moduli of wheat dough as a function of environ-
mental (air) temperature.

The results presented in Table 3 demonstrate the change (in percentage) in visco-elastic
properties (G′ and G”) of wheat doughs produced with plasma-treated flour samples at
air temperatures between 10 ◦C and 40 ◦C in comparison to the control sample. When
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NTP was generated at an air temperature up to 20 ◦C, the visco-elastic properties of dough
increased maximally between 25 and 53%. When the air temperature increased to 30 ◦C,
the change in visco-elastic properties almost doubled. A further increase in air temperature
(i.e., 40 ◦C) did not further affect the values of visco-elastic properties significantly.

Table 3. Increase in G′ and G” values for the doughs produced with plasma-treated flour samples
(presented as minimum-to-maximum increase in comparison to doughs produced with untreated
flour samples) as a function of environmental temperature.

Increase (%) G′ G”

@ 10 ◦C vs. UT 25–53% 20–44%
@ 20 ◦C vs. UT 26–51% 17–43%
@ 30 ◦C vs. UT 80–121% 71–105%
@ 40 ◦C vs. UT 81–120% 75–110%

The breakdown voltage demand is strongly influenced by the gas temperature, as it is
inversely proportional to the temperature of the gas, as shown in Equation (5) [78]:

U = (Tr/Tg) × Uo (5)

where U (V) and Uo (V) are the breakdown voltage at the desired gas temperature and gas
breakdown voltage at room temperature, respectively; Tr is the ambient room temperature
(300 K); and Tg is the gas temperature.

If the temperature of the gas is increased, the breakdown voltage demand decreases
and vice versa. It has been reported that air warmed to a certain temperature impairs its
insulating power and makes it dielectrically weak, resulting in the formation of the arc at
longer distances [79]. This means that if the discharge gap and supply voltage is constant
(as is the case here; i.e., if a 2 mm discharge gap and a constant maximum voltage of 7 kV
is supplied to the system), then at lower temperatures (in this case, an air temperature of
10 ◦C) the gas is partially ionized, leading to the production of a limited number of active
species. This limit is overruled by the increase in the gas temperature (in this case, 30 ◦C),
as at that constant voltage and discharge gap, the gas is more easily ionized (decrease
in air dielectric strength) due to higher temperatures. Further increase in temperature
leads to a decrease in breakdown voltage demand; however, the number of active species
stays constant, as the gas is already fully ionized at lower temperatures. This was the
reason why a strong increase in visco-elastic properties in wheat flour was noticed as
the air temperature was increased from 10 ◦C to 30 ◦C. However, no further increase in
visco-elastic properties was detected when the air temperature was increased to 40 ◦C.

4. Conclusions

The key findings of the presented research are:

• Due to the non-thermal nature of the generated plasma, the moisture content of treated
wheat flour (type 550 and 1050) does not change significantly and stays close to 14%.

• Three minutes was identified as an optimal NTP treatment time for all test cases, with
which the changes in visco-elastic properties reached their maximum values.

• Increase in the hydration properties (WHC and WBC) of wheat flour with an increase
in NTP treatment time was determined. A maximum increase in WBC value of
approximately 6% was observed for the NTP treatment time of 3 min. Longer treatment
times resulted in decreases in WBC values.

• Rheological analysis demonstrated the effectiveness of NTP in enhancing the visco-
elastic properties of wheat dough. In the case of doughs formed using NTP-treated
flour type 550, the visco-elastic properties, i.e., the storage (G′) and loss (G”) moduli,
increased, on average, by more than 100%. A maximum increase of 130% was detected
for the dough made with flour treated with NTP for three minutes.
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• For doughs produced with flour type 550 treated by NTP for three minutes, the yield
and the flow point increased by 75 and 51%, respectively.

• Based on the rheological measurements, NTP treatment was found to be effective in
enhancing the visco-elastic properties G′ and G” of the flour type 550 samples (the G′
and G” values more than doubled), while for the type 1050 samples its influence was
less noticeable.

• The amount of treated flour, i.e., the extent of reactor volume filling, was identified as
an important factor that significantly influences the effects of the NTP treatment of
flour. Based on the hydration and rheological properties of the obtained doughs, it
was concluded that for the presented reactor the optimal fill is in the range of 6 to 13%
of the reactor volume.

• A wheat flour mass of 150 g (equivalent to 6% of the reactor volume) was identified
as an optimal mass for the present geometry for which the maximum enhancement
in rheological properties (type 550: G′ ≥150%, G” ≥200%; type 1050: G′ = 40% and
G” = 30%) was observed.

• Environmental (air) temperature has a significant effect on the visco-elastic properties
of doughs produced with NTP-treated flour, indicating the importance of air temper-
ature on plasma formation. The biggest difference (>100%) was noticed when the
air temperature changed from 20 ◦C to 30 ◦C. Further increase did not contribute
significantly to dough rheological properties.

• Analysis of variance (ANOVA) was performed in order to detect statistical differences
among the samples due to NTP treatment. In the case of type 550 flour, the p-value
was less than 0.05, confirming the existence of significant statistical difference and thus
an influence of the non-thermal plasma treatment on flour properties. On the other
hand, in the case of flour type 1050, the p-value was greater than 0.05, leading to the
conclusion that no significant statistical difference existed between the untreated and
treated samples.

NTP treatment has the potential to replace the use of chemicals in order to enhance
the functional properties of wheat dough. However, as an outlook of this work, it is
vital to investigate the effects of NTP on flour and dough structural network attributes,
e.g., proteins, starch, microorganisms, color, etc., before further implementation of the
treatment. Future scaling, involving such considerations as the processing efficiency,
cost and control of the NTP process, could also be challenging. In the next phase of
this research, the aim is to further study the effects of NTP on wheat network structural
attributes in more detail.
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Abstract: In the present work, a single dielectric barrier discharge (SDBD)-based actuator is de-
veloped and experimentally tested by means of various diagnostic techniques. Flexible dielectric
barriers and conductive paint electrodes are used, making the design concept applicable to surfaces
of different aerodynamic profiles. A technical drawing of the actuator is given in detail. The plasma
is sustained by audio frequency sinusoidal high voltage, while it is probed electrically and opti-
cally. The consumed electric power is measured, and the optical emission spectrum is recorded
in the ultraviolet–near infrared (UV–NIR) range. High-resolution spectroscopy provides molecu-
lar rotational distributions, which are treated appropriately to evaluate the gas temperature. The
plasma-induced flow field is spatiotemporally surveyed with pitot-like tube and schlieren imaging.
Briefly, the actuator consumes a mean power less than 10 W and shows a fair stability over one day,
the average temperature of the gas above its surface is close to 400 K, and the fluid speed rises to
4.5 m s−1. A long, thin layer (less than 1.5 mm) of laminar flow is unveiled on the actuator surface.
This thin layer is interfaced with an outspread turbulent flow field, which occupies a centimeter-scale
area. Molecular nitrogen-positive ions appear to be part of the charged heavy species in the generated
filamentary discharge, which can transfer energy and momentum to the surrounding air molecules.

Keywords: atmospheric pressure plasma; DBD; actuator; pitot tube; schlieren imaging; UV–NIR OES

1. Introduction

When there is relative movement between a fluid and a solid surface, a boundary layer
is formed. This is the layer of fluid in the immediate vicinity of the bounding surface where
the effects of viscosity are significant, and it can be either laminar or turbulent. Simplified,
the laminar boundary corresponds to a smooth flow, whereas the turbulent boundary layer
contains eddies. At the same time, the solid surface experiences a force of resistance in
the fluid due to frictional and pressure forces: the “drag force”. Practically, this is the
component of the surface force parallel to the flow direction (the other component of the
surface force that is perpendicular to the oncoming flow direction is the “lift force”). A
laminar boundary is associated with less skin friction than a turbulent one, but it tends
to break down more suddenly. In the case of a full-size body (e.g., a wing surface), as
the flow develops along its surface, the initial laminar boundary layer becomes thicker
(and thus less stable) as the flow continues back from the leading edge, and at a certain
distance, the laminar boundary layer breaks down and transitions into a turbulent one.
It becomes apparent that any spatial delay of this transition is advantageous since the
surface experiences lower drag. Furthermore, turbulent flow is a source of aerodynamic
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noise generated from the unsteady nature of this kind of flow. Finally, apart from the
laminar-to-turbulent flow transition and the aerodynamic noise, a third important effect
due to excessive momentum loss near the solid surface in a boundary layer trying to move
downstream against increasing pressure (adverse pressure gradient) is the boundary layer
detachment/separation from the surface (into a wake).

The tremendous technological and financial impact of the possibility of controlling
the abovementioned flow field effects, e.g., in the aerospace industry and the aircraft
market, has been recognized since decades and many methods for flow manipulation
(e.g., lift enhancement and drag reduction) have been developed. Most of them refer to
efficient mechanical devices, which however may be complicated, heavy, massive sources
of noise and vibrations, or maintenance critical, thus partially offsetting the active airflow
control value. As a counterweight, units based on atmospheric-pressure, low-temperature
plasmas of electrical discharges have been devised for active airflow control. These are
the plasma actuators. Two plausible principal physical mechanisms have been proposed
on the operation of the plasma actuators. Either an electrohydrodynamic body force
provokes collisions between ionic and neutral species, leading thus to the production of
so-called electric or ionic wind [1,2], or electric energy is instantly transformed into heat
energy, leading to the formation of moving blast waves responsible for large-scale flow
field structures [3,4].

Excellent reviews on plasma actuators exist [5,6], gathering the fundamental concepts
and the state-of-the-art in the field. We typically deal with surface electrical discharges exploit-
ing unique features from the dielectric barrier discharge (DBD) [7]. This includes arc transition
prevention due to the dielectric barrier, which in turn results in a low gas temperature, high
engineerability, responsivity within the sub-microsecond time scale, absence of moving com-
ponents, implicit conversion of electric power into a moving fluid, long background of studies
and applications in various interdisciplinary scientific fields [7–9], etc. The great number of re-
ports published over the last decade on the topic of plasma actuators and the ongoing research
has a twofold meaning. First, it proves the importance and the potentiality of these devices,
whereas second, it states that many issues have not yet been met and further challenges still
exist (e.g., energy conversion efficiency factor enhancement). Numerous studies focus on
the geometry-configuration optimization [10–12], the dielectric barrier specifications [12,13],
the material endurance [13,14], the role of the driving voltage characteristics [12,15–17], the
boundary layer separation control [18,19], the laminar-to-turbulent transition delay [20], etc.,
just to name a few.

As a contribution to the field, the present study is devoted to the implementation
of a particular single dielectric barrier discharge (SDBD) [21] plasma actuator and its
test under sinusoidal high voltage. Kapton® polyimide films are used as the dielectric
barrier due to their ability to be mounted onto curved aerodynamic surfaces. On the other
hand, silver (Ag) conductive paint is selected for the formation of the electrodes due to
its provided feasibility to design electrodes of every shape with negligible thickness on a
variety of surfaces. Both choices make the actuator fully flexible, and this is the main claim
of the present communication. The actuator is probed by means of electrical and optical
techniques. Electrical measurements are conducted to investigate the time evolution of
the power consumption and the endurance of the actuator, over the time window of a day.
High-resolution optical emission spectroscopy (OES) provides an insight into the emitting
species of the plasma as well as an estimation of the temperature of the air above the
actuator. Then, pitot-like tube and schlieren imaging give access to the induced fluid speed
and the pattern of the relevant flow field, respectively. Eventually, the overall experimental
results allow for a brief discussion on the physical mechanisms governing the aerodynamic
specifications of this flexible plasma actuator.

2. Experimental Setup

Figure 1 shows the experimental setup, including the plasma actuator itself and the
diagnostics employed in the present work. The actuator design is illustrated in detail in
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Figure 2. It is an SDBD-based one, with the dielectric barrier to be a stack of Kapton®

polyimide films. The patterns of the electrodes are formed on the polyimide films by means
of silver ink (resistivity 100 μΩ cm) and stencils. The grounded electrode is encapsulated
within a two-component epoxy resin.

Figure 1. Conceptual diagram of the experimental setup. 1: signal generator; 2: audio power
amplifier; 3: oscilloscope; 4: current monitor; 5: ferrite core, step up transformer; 6: high-voltage
probe; 7: SDBD actuator; 7a: painted electrodes; 7b: flexible dielectric barrier; 7c: epoxy resin; 8:
pitot-like tube on x–y–z, linear, micro-translation stage; 9: pitot-like tube hardware and interface; 10:
optical fiber; 11: optical matcher; 12: monochromator; 13,14: photo-electron multiplier tube; 15: data
acquisition unit; 16: personal computer.

 

Figure 2. Design of the plasma actuator. (a) Top view depicting the high-voltage-driven electrode
details. The inset defines the coordinate system that is used hereafter. The system origin coincides
with the actuator surface (z = 0), the edge of the discharge gap toward the grounded electrode side
(x = 0), and the middle of the grounded electrode length (y = 0). (b) Bottom view depicting the
grounded electrode details. The stack of Kapton® polyimide films has a total thickness of 0.425 mm,
whereas the epoxy resin (No_7c in Figure 1) is not shown for simplicity purposes.
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The high voltage is generated by amplifying a reference sinusoidal signal (10 kHz) and
supplying the primary winding of a specially designed, ferrite core, step-up transformer.
The output high voltage, v(t), is permanently monitored with a passive probe (Tektronix;
P6015; DC-75 MHz). The DBD current, i(t), is recorded with a wideband current transformer
(Pearson Electronics; 6585; 400 Hz–200 MHz). The wavelength- and space-integrated light,
emitted from the plasma, is collected with a high-grade fused silica optical fiber (Newport;
77576; 260–2200 nm), and then, it becomes time-resolved with a photo-electron multiplier
tube (PMT; Hamamatsu R928; 185–900 nm). All waveforms are recorded by a four-channel,
wideband, digital oscilloscope (LeCroy; WaveRunner 44Xi-A; 400 MHz; 5 GSamples s−1).

The mean electric power consumed by the actuator is calculated by integrating the
product [v(t:t + 5T) × i(t:t + 5T)] over five sequential voltage periods, i.e., 5T, and by divid-
ing the result by this factor. The process is repeated for five independent
[v(t:t + 5T) × i(t:t + 5T)] products. Two such measurement sets are realized on different
dates. Hence, in total, 10 instantaneous power waveforms (5T duration each) are consid-
ered for extracting mean values and standard deviations (error bars in the graphs) of the
electric power.

The time- and space-integrated light is guided by the abovementioned optical fiber
to a monochromator (Jobin Yvon; THR 1000; 170–750 nm; 2400 grooves mm−1) and the
optical emission spectrum is thus identified. The wavelength calibration of this unit is
carried out with an Hg (Ar) pencil-style lamp (Newport; 6035). Special attention is paid to
calibrating the relative spectral efficiency of the entire optical system. This is accomplished
with a quartz-tungsten-halogen lamp (Newport; 6334NS; 250 W) operated at 3400 K. The
rotational temperature of principal excited molecular species is estimated by fitting their
experimental rotational distributions to the corresponding theoretical ones, using a lab-
built software [22]. In addition, a 0.25 m imaging spectrograph (Newport; MS260i) is used
for exploring wider wavelength ranges. It is equipped with two motorized gratings: one
holographic (2400 grooves mm−1; blaze wavelength 250 nm; 180–700 nm) and one ruled
(600 grooves mm−1; blaze wavelength 400 nm; 250–1300 nm). The photodetector of this
spectrograph is a linear CCD array (200–1100 nm). Optical matchers are used in both cases
(monochromator and spectrograph) for optimal alignment of the fiber image.

The speed of the plasma-induced fluid is recorded in real time with a pitot-like tube
(glass capillary tube; Øout = 1.3 mm; Øin = 0.8 mm) and appropriate hardware (Trotec;
TA400). Precise, point-specific measurements are allowed due to the tube mounting on a
x–y–z linear micro-translation stage.

Finally, flow field patterns are visualized by means of schlieren imaging. The main
parts of the system are provided by Edmund Optics®. It contains a high-power green
light emitting diode, two aluminized first surface spherical mirrors (152.4 mm in diameter,
1524 mm focal length and 1/8 wave surface accuracy) overcoated with silicon monoxide,
and two Foucault knife edge testers mounted on separate micro-translator stages (one
horizontal and one vertical). The components are arranged in a Z–type configuration. A
camera (Nikon; D3300) is added to the system enabling photographic records. The camera
is equipped with a zoom lens (Canon; FD 70–210 mm). The settings for the schlieren photos
are ISO 400, exposure time 1/4000 s, and f-number 4. The settings for the conventional
photos of the plasma are ISO 6400, f-number 5.6, and 1/30 s at 14 kVpp and 1/40 s at
16 kVpp (“kVpp” stands for kV peak-to-peak).

3. Results and Discussion

Figure 3a–c provide representative oscillograms of the actuator driving voltage, DBD
current, and plasma emission integrated over ultraviolet-near infrared (UV–NIR) wave-
lengths, respectively. Clearly, the main ionization and excitation processes are related to
the rising part of the driving voltage, whereas much weaker current and emission are
observed during the falling part. This fact has been mentioned and studied extensively in
other DBD-based setups, showing that the propagation of cathode- and anode-directed
streamers is involved [23].
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Figure 3. Representative waveforms of (a) the high voltage, (b) DBD current, and (c) wavelength-
integrated optical emission over two periods. The projection of the optical fiber acceptance cone on the
actuator surface corresponds to a circle of 12.5 mm in radius, centered on the point (x = 0, y = 0, z = 0).

During the rising part of the voltage, primary electrons propagate towards the anode,
promoting ionization and excitation processes. The qualitative similarity between the
current and emission impulses (Figure 3b,c) is underlined. At the same time, the resultant
heavy positive ions are accelerated towards the dielectric-covered cathode, transferring
momentum and energy to the surrounding air molecules, leading eventually to the flow
field patterns that are illustrated below. On the other hand, during the falling part of the
voltage, we probably deal with anode-directed streamers. According to this assumption,
since the exposed electrode is now negatively driven, electrons are repealed towards the
dielectric-covered electrode. They are following the field lines and diverging from each
other giving a diffused and weaker excitation.

The impulsive form of the current (Figure 3b) and the optical emission (Figure 3c) are
in accordance with the conventional photographs of the DBD pattern shown in Figure 4.
The induced plasma is associated with filamentary DBDs. The number and the electron
density of the filaments along the flat electrodes increase for higher voltage amplitude, but
a homogeneous glow discharge is never reached with the voltage amplitudes used here. It
is considered that the electric field is quite elevated due to the electrode design (thickness
of a few micrometers only). Thus, important fluid perturbations are anticipated because
of electrohydrodynamic forces [2,24–26]. Schlieren images are in line with this statement
(discussed later).

Based on the above observations, it becomes apparent that the power is principally
delivered to the actuator during the positive cycle of the driving voltage. Figure 5 shows
that, under the present experimental conditions, the actuator consumes a mean power
of less than 10 W. An increase at the voltage amplitude of just 2 kVpp leads to power
doubling (Figure 5a versus Figure 5b). However, the consumption remains practically
unchanged over at least 24 h of operation (accumulative). The latter is an implication of a
quite reliable actuator.
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Figure 4. Representative conventional photographs of the DBD developed between the Ag-ink
electrodes of the actuator. The filamentary nature of the discharge is manifested: (a) 14 kVpp.
(b) 16 kVpp. The scale is the same in both photos (the plasma visible pattern has a length of about
50 mm).
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Figure 5. Electrical mean power consumed by a newly constructed actuator during the first 24 h of
its operation (accumulative): (a) 14 kVpp and (b) 16 kVpp. Solid symbols: mean values following
10 sets of measurements (see Section 2 for details). Error bars: standard deviations derived from the
10 sets. Lines: linear fitting of the mean values.

However, despite the consistency of the actuator in terms of power consumption,
both dielectric and electrode degradation are observed as the operation time accumulates.
Figure 6 demonstrates this aging effect, as it is exhibited on the top surface of the actuator.
The photo in Figure 6b refers to 24 h of accumulative operation and the worst-case stress
scenario (i.e., 16 kVpp). The actuator of Figure 6b remains functional, but the quantification
of its material degradation and its possible efficiency deterioration might be the task of
another study.

A better insight into the species contributing to the plasma-induced flow field may be
gained by the OES spectrum of Figure 7a. Although a much wider wavelength range has
been examined (see Section 2 for grating specifications), only N2(SPS) and N+

2 (FNS), shown
in Figure 7a, are detectable. The identification is organized in Table 1. Interestingly, with
regard to ionic species, the nitrogen molecular ion is solely observable, and despite its weak
relative spectral emission, its role in the flow field formation is emphasized. Otherwise,
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the spectrum is mainly populated by excited nitrogen molecules, whereas species such as
NOγ, OH, and N2(FPS) are not detected.

 

Figure 6. External top view of a newly constructed actuator (a) before and (b) after operation during
24 h (accumulative time) at 16 kVpp.

Furthermore, high-resolution spectra can give the patterns of the rotational distribu-
tions of excited molecules, which thus serve as probe molecules for the gas temperature
evaluation. In Figure 7b, the rotational distribution of the N2 (SPS) species (337.13 nm
in Table 1) is presented, being determined both experimentally and numerically. The
numerical fitting of the latter to the former implies a gas temperature up to around 410 K
at the maximum applied voltage (16 kVpp). Further experiments have given values around
318 K at 12 kVpp and 336 K at 14 kVpp. Apart from the positive ions, the role of this rather
elevated temperature in the flow field pattern should also be considered. This remark
becomes more critical if one considers the local temperature, which is expected to be higher
than the average one measured here. The term “local” means the temperature within spe-
cific elementary volumes of the plasma, contrary to the integrated emissive volume probed
here (see the caption of Figure 7). In the frame of this work, the relative contribution of each
factor, i.e., ions versus temperature, to the flow field modifications cannot be conclusive,
but this topic remains challenging (see the further discussion below based on the schlieren
imaging results).
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Figure 7. (a) Optical emission spectroscopy wide scan of the SDBD plasma (resolution 50 pm). For
temporal evolution of the emission, see Figure 3c. (b) N2(SPS; v′ = 0 − v′′ = 0) rotational distribution
(resolution 1 pm). Solid symbols: experimental points. Line: theoretical rotational distribution, at
410 K, fitted to the experimental data. In both frames, the projection of the optical fiber acceptance
cone on the actuator surface corresponds to a circle of 12.5 mm in radius, centered on the point
(x = 0, y = 0, z = 0).
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Table 1. Identification of the numbered bands of the spectrum given in Figure 7a.

Number/Label Species Vibrational Transition v′ − v′′ (Δv) Theoretical λ (nm)

(1) N2 (SPS): C3Πu–B3Πg 3−1 (+2) 296.2
N2 (SPS): C3Πu–B3Πg 2−0 (+2) 297.68

(2)
N2 (SPS): C3Πu–B3Πg 3−2 (+1) 311.67
N2 (SPS): C3Πu–B3Πg 2−1 (+1) 313.6
N2 (SPS): C3Πu–B3Πg 1−0 (+1) 315.93

(3) N2 (SPS): C3Πu–B3Πg 1−1 (0) 333.89
N2 (SPS): C3Πu–B3Πg 0−0 (0) 337.13

(4)
N2 (SPS): C3Πu–B3Πg 2−3 (−1) 350.05
N2 (SPS): C3Πu–B3Πg 1−2 (−1) 353.67
N2 (SPS): C3Πu–B3Πg 0−1 (−1) 357.69

(5)
N2 (SPS): C3Πu–B3Πg 2−4 (−2) 371.05
N2 (SPS): C3Πu–B3Πg 1−3 (−2) 375.54
N2 (SPS): C3Πu–B3Πg 0−2 (−2) 380.49

(6) N+
2 (FNS) : B2Σ+

u −X2Σ+
g 0−0 (0) 391.44

(7) N2 (SPS): C3Πu–B3Πg 2−5 (−3) 394.3
N2 (SPS): C3Πu–B3Πg 1−4 (−3) 399.84
N2 (SPS): C3Πu–B3Πg 0−3 (−3) 405.94

Figure 8 presents the point-specific speed of the fluid over the actuator surface
(z = 0.75 mm; y = 0 mm) at various positions far away from the discharge gap (x = 8,
18, and 24 mm) versus the time. These graphs unveil the variation in the speed that may
take place as a function of the space coordinates and the time elapsed. Speed fluctuations
are highly pronounced at longer distances from the discharge gap and they almost fade as
the gap is approached (sequence Figure 8c → Figure 8b → Figure 8a). It is thus suggested
that a transition from laminar to turbulent flow takes place along the x direction, even if
we remain close to the surface of the actuator.

Based on time-resolved speed graphs such as those of Figure 8, the mean speed is
calculated from each 300 s graph, and the 2D distribution (xz-plane) of the gas mean
speed is mapped as in Figure 9 (y = 0). As regards the fluid speed close to the actuator
surface (z = 0.75 mm; solid symbols in graphs), an increased speed is measured close to the
discharge gap (x = 0 mm), whereas it decays monotonously along longer distances (up to
x = 24 mm). This trend persists independently of the applied voltage amplitude. However,
at 16 kVpp (Figure 9b), a slightly higher speed is achieved compared with that at 14 kVpp
(Figure 9a). On the other hand, an abrupt decrease in the speed is observed at an almost
double distance from the actuator surface (z = 1.4 mm; open symbols in graphs), and this
is more noticeable when the actuator is driven by a lower voltage (Figure 9a). Another
remarkable fact is the increased values of the standard deviations (error bars) calculated
in the case of z = 1.4 mm compared with those found for the measurements closer to the
surface (z = 0.75 mm). This fact should not be attributed to experimental uncertainties but,
as it is mentioned above, it is rather related to the transition from a laminar flow layer to a
turbulent phase. The subtleties of this assumption are considered below along with the
schlieren imaging results.
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Figure 8. Real-time recordings of the point-specific, “instantaneous” speed (integration time 1 s) over
300 s time intervals. Two independent sets are obtained at x = 8 mm, y = 0 mm, z = 0.75 mm (a1,a2);
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Figure 9. Mean speed along the x-axis at two different positions over the actuator surface. Solid
symbols: y = 0 mm and z = 0.75 mm. Open symbols: y = 0 mm and z = 1.4 mm. Driving voltage:
(a) 14 kVpp and (b) 16 kVpp. Mean values and standard deviations are derived from two sets of
measurements. Four newly constructed actuators are used (first and second: 14 kVpp/z = 0.75 mm/z
= 1.4 mm; third and fourth: 16 kVpp/z = 0.75 mm/z = 1.4 mm).
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The vertical (i.e., along the z-axis) variation in the mean speed for two representative
positions behind the discharge gap is plotted in Figure 10. In both cases, i.e., x = 4 mm
and x = 12 mm, as the actuator surface is approached, the fluid speed increases constantly,
whereas it becomes negligible at a vertical distance z = 1.5–2 mm. Comparing Figure 10a,b,
the turbulent nature of the flow as we move behind the discharge gap is mirrored in the
increasing standard deviation values, similarly to what is implied by the data in Figure 8.
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Figure 10. Mean speed along the z-axis at two different positions behind the discharge gap.
(a) x = 4 mm and y = 0 mm; (b) x = 12 mm and y = 0 mm. Mean values and standard devia-
tions are derived from two sets of measurements. Two newly constructed actuators are used (first:
16 kVpp/x = 4 mm/x = 12 mm; second: 16 kVpp/x = 4 mm/x = 12 mm).

A direct comparison of the above measured parameters with the corresponding values
appearing in the bibliography does not make sense since an identical plasma actuator
operating at the same conditions has not been evaluated earlier. Nevertheless, we can
appose indicative information from experiments on SDBD plasma actuators in terms
of fluid speed, electrical features, electrode dimensions, etc. For an actuator with both
electrodes exposed (Al tapes of 200 mm length, 5 mm width, and 0.1 mm thickness), a
2 mm PMMA barrier, an electrode gap equal to 5 mm, and a sinusoidal (700 Hz) driving
voltage at 40 kVpp, a maximum speed of about 4.5 m s−1 has been noted [27]. In the same
work, an electrode width of 20 mm, an electrode gap of 0 mm, a frequency of 1.5 kHz, and
a voltage of 40 kVpp led to a maximum speed of about 6.5 m s−1. In another case [4], where
a 300 mm long actuator consisting of 0.1 mm thickness Kapton® barrier, 12.7 mm wide
covered grounded electrode, and 6.35 mm wide exposed high-voltage electrode were used,
the time-averaged consumed power was reported to be less than 0.3 W mm−1 when the
actuator was driven by short nanosecond pulses at frequencies less than 3 kHz and typical
peak voltage at 16 kV. The velocity field generated in still air gave ensemble-averaged
speed values up to 0.5 m s−1, 20 mm downstream of the discharge for repetition frequency
2 kHz. In a last instance [28], a 0.15 mm thick Kapton® barrier, a 0.025 mm thick copper foil,
and a 12.7 mm wide exposed electrode were employed. For a 24 mm wide insulated lower
electrode and 16 kVpp triangular (5 kHz) high voltage, a maximum fluid speed between
2.5 and 3 m s−1 was recorded.

Regarding the present actuator, the above speed plots provide a reasonable picture
of the flow field pattern within the 2D space. This picture is validated by the schlieren
images of Figure 11. It is noticed that schlieren images, unavoidably, correspond to side-
on snapshots (xz-plane). This may point to an integration of optical events along the Y
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direction and their projection onto the xz-plane. However, following this angle, three
different regions and regimes of flow field are readily distinguished. The first region (1)
refers to the area above the high-voltage-driven electrode. This area is associated with
an eddy-like flow field, which appears concentrated on the electrode edge adjacent to
the discharge gap. The second region (2) is the interelectrode one, i.e., the gap itself,
where a laminar flow well bounded onto the actuator surface is established. The thickness
of this layer is approximately 1 mm. The third region (3) is the extended area above
the grounded electrode, where the boundary laminar layer continues to propagate onto
the surface. Nonetheless, it becomes progressively thicker along the x-axis, and a clear
transition to intense perturbated (turbulent) flow field is observed along the z-axis. In
addition, it tends to bend upwards as it approaches the end of the grounded electrode,
resembling the separation effect. The perturbated field occupies more and more space as
the distance along the x- or/and z-axis increases. This result is reflected in the speed and
standard deviation values discussed above. The distinction of the three areas holds true
for both voltage amplitudes in Figure 11. Nevertheless, the 16 kVpp case promotes more
intense perturbations.

 

Figure 11. Representative flow field patterns recorded by means of schlieren imaging for two different
voltage amplitudes: (a) 14 kVpp and (b) 16 kVpp. A newly constructed reactor is used. The three
white bullets (insets) refer to indicative coordinates (x, y, z) in millimeters, common to (a,b). They
mark off the image scale and facilitate the discussion in the text. The coordinates are given with
respect to the Cartesian system defined in Figure 2.

Lastly, the flow field perturbations induced by the actuator propagate to long distances,
even behind the grounded electrode. The snapshots of Figure 11 unveil perturbations far
away from (i) the grounded electrode left edge (up to about 60 mm on the x-axis) and
(ii) the electrode plane (up to about 20 mm on the z-axis). Such an intense directed motion
of neutrals should be attributed to collisions with ions drifting into high local electric
fields. The extremely thin electrodes were painted on the dielectric point to electric field
enhancement as a dominant factor determining the effectiveness of momentum coupling
into the surrounding air [28]. The role of temperature remains ambiguous even after
the present results. However, similar electrohydrodynamic and thermal effects have
been extensively studied by our group numerically [24–26,29], and the adaptation of the
available numerical models to the present actuator case is in progress.
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4. Conclusions

An SDBD-based plasma actuator having flexible a dielectric barrier and electrodes
made of conductive ink was implemented and tested. Being driven by sinusoidal high
voltage at 10 kHz, the actuator consumed up to 10 W of electric power and yielded a
fluid mean speed of up to 4.5 m s−1. Molecular nitrogen ions were produced during the
rising part of the driving voltage, originating from air ionization due to the propagation of
cathode-directed streamers. These ionic species were considered potential agents for the
flow field establishment. This consisted of (i) a thin laminar flow layer, better developed
closer to the actuator surface and the discharge gap, and (ii) an extended turbulent struc-
ture, which prevailed as being moved away from the surface and the gap. The average
temperature of the neutral species over the actuator was found to be around 410 K at the
maximum power level. Consequently, although the fluid directed speeds were presumably
accredited to an ionic wind effect, the role of the temperature in the flow field formation
remained debatable.
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Abstract: The aim of the study was to design and build a multi-gas temperature-controllable plasma
jet that can control the gas temperature of plasmas with various gas species, and evaluated its
temperature control performance. In this device, a fluid at an arbitrary controlled temperature is
circulated through the plasma jet body. The gas exchanges heat with the plasma jet body to control
the plasma temperature. Based on this concept, a complex-shaped plasma jet with two channels in
the plasma jet body, a temperature control fluid (TCF) channel, and a gas channel was designed. The
temperature control performance of nitrogen gas was evaluated using computational fluid dynamics
analysis, which found that the gas temperature changed proportionally to the TCF temperature. The
designed plasma jet body was fabricated using metal 3D-printer technology. Using the fabricated
plasma jet body, stable plasmas of argon, oxygen, carbon dioxide, and nitrogen were generated. By
varying the plasma jet body temperature from −30 ◦C to 90 ◦C, the gas temperature was successfully
controlled linearly in the range of 29–85 ◦C for all plasma gas species. This is expected to further
expand the range of applications of atmospheric low temperature plasma and to improve the plasma
treatment effect.

Keywords: atmospheric plasma; metal 3D printing; temperature-controllable plasma gas

1. Introduction

Plasma has been actively applied in industrial fields, such as semiconductor manu-
facturing and fluorescent lighting. For example, in the field of surface treatment, plasma
is used to harden the surface of materials [1] and surface modification [2]. These surface
treatments are techniques that change the properties of solid surfaces using the action of
the ions and electrons generated by plasma, for which low-pressure plasma has been used.
Low-pressure plasmas are generated at low pressures of 1/1000 atm or less, which enables
uniform surface treatment; however, this has limitations in terms of the types of treatment
objects and throughput.

In recent years, it has become possible to stably generate low-temperature plasmas
under atmospheric pressure; therefore, these plasmas have been applied in various fields
such as medicine, industry, and chemical analysis. For example, in the medical field, they
are used for disinfection [3–5], hemostasis [6], and wound healing [7], and they are used
for surface modification in the industrial field [8]. In the field of chemical analysis, they
have been utilized for surface adhesion analysis [9] and on-site analysis [10]. To increase
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the processing effectiveness of atmospheric low-temperature plasma, the energy applied
to a unit volume can be increased by means such as discharge [11]. For materials that are
resistant to thermal damage, an increase in temperature promotes the reaction with the
reactive species, improving the treatment effect. Ohkubo et al. reported the adhesion of
PTFE using atmospheric pressure plasma controlled at 260 ◦C [12]. A high adhesion effect
and radical density were observed in the high temperature plasma by increasing the input
power. However, this temperature increase is a problem for heat-sensitive materials, such
as biological samples. To solve this problem, cryo-microplasma, in which He gas is cooled
by liquid nitrogen before the plasma is generated, was developed [13,14]. Oshita et al.
developed a temperature-controllable atmospheric plasma source as an advanced plasma
jet [15]. They succeeded in controlling the gas temperature of He plasma in the range of
−54–160 ◦C by cooling with liquid nitrogen and heating with a heater. Another way to
increase the treatment effect of atmospheric low-temperature plasma is to change the gas
species of the plasma. Takamatsu et al. evaluated the effect of plasma gas species on the
surface treatment effect of polyimide films and found that carbon dioxide plasma was
the most effective treatment [16]. Thus, to obtain a high treatment effect without thermal
damage to the target in atmospheric low-temperature plasma application, it is necessary to
control the gas temperature of the plasma and generate plasmas of various gas species.

We developed a multi-gas temperature-controllable plasma jet that can easily control
the gas temperature of plasmas of various gas species over a wide range of temperatures.
In this study, because the temperature of gases other than He can be controlled, the
excessive cooling using liquid nitrogen in the previous study must be avoided. In this
study, to control the gas temperature in the plasma, the gas was stagnated in the plasma
jet body before plasma generation, and heat exchange was performed. To achieve a
wide temperature control range, a plasma jet body was designed and analyzed using
computational fluid dynamics (CFD) to improve the temperature control performance.
To fabricate a plasma jet body with a complex shape, a metal 3D printer was used. 3D-
printing technology has attracted increasing attention in manufacturing, including its use
in plasma systems, due to its low cost and high flexibility [17–19]. Recently, a plasma jet for
an endoscope with a diameter of approximately 3 mm produced by a metal 3D printer has
been reported [20]. Nitrogen, carbon dioxide, oxygen, and argon plasmas were generated
using a multi-gas temperature-controllable plasma jet fabricated using a metal 3D printer.
The gas temperature control performance of each plasma sample was evaluated.

2. Materials and Methods

2.1. Concept of Multi-Gas Temperature-Controllable Plasma Jet

The concept of a multi-gas temperature-controllable plasma jet is shown in Figure 1.
The gas temperature before the plasma generation was controlled in the multi-gas
temperature-controllable plasma jet. To achieve this, the plasma jet body was designed
with a mechanism to change the gas temperature before plasma generation through heat
exchange with the body. In the plasma jet body, there are two channels: a temperature
control fluid (TCF) flow channel and a gas channel used to generate the plasma. The TCF
flow channel spiraled around the gas channel. The plasma jet body was maintained at a
constant temperature by flowing TCF through the TCF channel. The gas introduced into
the plasma jet body reaches the hot and ground electrodes while conducting heat exchange
with the plasma jet body. Plasma is generated by an inter-electrode discharge, and the
afterglow of the plasma flows out of the plasma jet body.
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(a) (b) 

Figure 1. Concept of multi-gas temperature-controllable plasma jet: (a) concept of flow channel; (b) cross-sectional view.

2.2. Evaluation of Temperature Control Performance Using CFD Analysis

CFD analysis is used in the design of plasma devices to understand fluid dynamics
and heat transfer [21]. In this study, CFD analysis using Autodesk CFD (Autodesk Inc.,
San Rafael, CA, USA) was performed to design the flow channels of the plasma jet. To
analyze the heat transfer and gas flow, the continuity, Navier-Stokes, and energy equations
are discretized and calculated by the finite element method. The respective equations for
incompressible fluids are shown below. The continuity equation is

ρ(∇·U) = 0 (1)

where ρ is the density and U is the velocity vector. The Navier-Stokes equation is

ρ
∂U
∂t

+ ρ(∇·U)U = ρg −∇P + μ∇2U (2)

where g are the gravitational acceleration vector, P is pressure, and μ is viscosity. The
energy equation is

∂ρCpT
∂t

+∇·(ρCpTU
)
= ∇2kT (3)

where Cp is the constant pressure specific heat, T is the temperature, and k is the thermal
conductivity. For turbulence analysis, these equations were time-averaged. The Reynolds
stress terms generated by this averaging were approximated using the turbulence model
k-ε. A modified Petrov–Galerkin method was used for calculation of the convection term
in the Navier-Stokes equations. In the simplified model shown in Figure 2, the joints and
screws of the parts that did not have a significant effect on the CFD were omitted. The
mesh size of the model was set to “Automatic”, and the parameters are resolution factor:
1.000, edge growth rate: 1.100, minimum points on edge: 2, points on longest edge: 10,
surface limiting aspect: 20. The total number of nodes is 236,971 (fluid nodes: 169,458,
solid nodes: 67,513), and the total number of elements is 1,008,496 (fluid elements: 532,224,
solid elements: 476,272). In the analysis of the low-temperature side (−30–0 ◦C), 80 wt%
ethanol was used as the TCF and supplied to the TCF channel at a rate of 0.5 L/min.
For the analysis of the high-temperature side (0–90 ◦C), water was used as the TCF and
supplied to the TCF flow channel at a rate of 0.5 L/min. The TCF was supplied to the
plasma jet body using an insulated silicon rubber tube. The pressure at the outlet surface
of the TCF flow channel was set to 0 Pa, and there was no pressure loss in the temperature-
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controlled fluid flow. Dry nitrogen gas at 3 L/min and 24 ◦C was used as the gas for plasma
generation. The plasma jet body was made of aluminum and surrounded by a 5 mm-thick
porous ethylene propylene diene rubber insulation material. The thermal conductivity
of the insulation material was set to 0.032 W/m·k. However, no insulation was placed
on the surface where the plasma outlet was placed and on the upper surface because
these surfaces are impediments to plasma processing in practical use. To analyze the heat
transfer to the external gas, the plasma jet was placed in a nitrogen external fluid. Nitrogen
at a temperature of 24 ◦C and humidity of 60% was used as the external fluid to match
the operating environment. The surface of the external fluid was analyzed assuming no
pressure loss. To clarify the effect of the temperature of the TCF on the gas before plasma
generation, the temperature of the plasma jet body and gas temperature were calculated by
varying the TCF from −30 to 90 ◦C. The temperature at the 2 mm point of the plasma outlet
was calculated. A component analysis was performed on the plasma jet body, and the
average temperature was calculated. It should be noted that the plasma was not considered
in the CFD in this study.

  

(a) (b) 

Figure 2. Geometry of multi-gas temperature-controllable plasma jet for computational fluid
dynamics (CFD) analysis: (a) front view; (b) side view.

2.3. Temperature Control Performance of Multi-Gas Temperature-Controllable Plasma Jet

The temperature control performance of the multi-gas temperature-controllable plasma
jet was evaluated. The designed plasma jet produced 3 L/min (standard) plasmas of carbon
dioxide, argon, nitrogen, and oxygen. The plasma jet body temperature was varied from
−30 to 90 ◦C, and the change in the plasma gas temperature was measured. For the TCF, an
80 wt% ethanol solution and water were used for the plasma jet body temperature range of
−30–0 and 10–90 ◦C, respectively. The temperature of the TCF was controlled using a low-
temperature thermostatic bath (NCB-2410B, TOKYO RIKAKIKAI CO, LTD., Tokyo, Japan)
and a thermostatic bath (NCB-1210B, TOKYO RIKAKIKAI CO, LTD., Tokyo, Japan) at
−30–0 ◦C and 10–90 ◦C, respectively.

The temperature of the plasma jet body was measured using a K-type thermocou-
ple attached to the side of the body and a logger (RX-450K, AS ONE CORPORATION,
Osaka, Japan). The TCF temperature was measured using a K-type thermocouple in the
TCF channel immediately before the plasma jet body. The plasma gas temperature was
measured using a K-type thermocouple at a distance of 2 mm from the plasma outlet
120 s after the plasma was generated. The temperature at each gas irradiation without the
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plasma generation was also measured under the same conditions. The ambient temperature
and humidity were 22 ◦C and 60%, respectively. The plasma jet body was covered with
insulation material to reduce the influence of the surrounding environment.

3. Results and Discussion

3.1. Evaluation of Temperature Control Performance Using CFD Analysis

CFD analysis was performed to design the flow path of the multi-gas temperature-
controllable plasma jet. Figure 3a,b show the temperature distribution in the cross-section
of the plasma jet when a TCF of −30 ◦C and 90 ◦C flows in the TCF channel, respectively.
When a TCF of −30 ◦C was supplied, the average temperature of the plasma jet body
decreased to −29.1 ◦C. The gas temperature 2 mm from the plasma outlet was −23.0 ◦C.
When a TCF of 90 ◦C was supplied, the temperature of the plasma body was 89.5 ◦C. The
gas temperature at 2 mm from the plasma outlet was 82.1 ◦C. In each case, it was shown
that the gas temperature approached the room temperature of 24 ◦C as the distance from
the plasma outlet increased.

  
(a) (b) 

 
(c) 

Figure 3. Evaluation of plasma jet body using CFD analysis: (a) temperature distribution at tempera-
ture control fluid (TCF) of −30 ◦C; (b) temperature distribution at TCF of 90 ◦C; (c) gas temperature
at a distance of 2 mm from the plasma outlet calculated by CFD.

Figure 3c shows the relationship between the TCF temperature and gas temperature
at a distance of 2 mm from the plasma outlet. As the TCF temperature increased, the gas
temperature increased proportionally. The CFD analysis shows that the gas temperature
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before the plasma generation can be easily changed using a plasma jet body containing a
TCF channel. It has been reported that the gas temperature of the plasma can be changed
by varying the gas temperature before the plasma generation [15]. The gas temperature of
the plasma can also be controlled by varying the TCF temperature used in the designed
plasma jet.

3.2. Fabrication of Multi-Gas Temperature-Controllable Plasma Jet

The CFD analysis showed that the gas temperature could be controlled by the TCF
temperature. Therefore, a multi-gas temperature-controllable plasma jet containing a TCF
channel and a gas channel was fabricated. This device is difficult to fabricate by general
machining due to the complex flow channels inside the plasma jet body. The plasma jet
body was fabricated using a direct metal-printing 3D printer (Prox300 from 3DSystems
Inc., San Diego, CA, USA) that sintered the metal powder with a laser. The plasma jet
body was fabricated by SOLIZE Corporation, Tokyo, Japan. The metal powder used was
aluminum–silicon alloy (AlSi12), which has excellent thermal conductivity. In the particle
size distribution of metal powder, D10, D50, D90 were 9 μm, 20 μm, and 36 μm, respectively.
When the metal powder is reused, it is sieved to remove foreign matter. The parameters
of the 3D printer are 40 μm thickness per layer. The standard tolerance of the built object
is ±0.3 mm. The parts that required high precision, such as screws and parts that needed
to be airtight, were fabricated using machine tools. The fabricated plasma jet is shown in
Figure 4a. The plasma was generated by applying a sinusoidal wave of 9 kV and 16 kHz to
the hot electrode of the fabricated plasma jet. Figure 4b shows the generated plasmas of
carbon dioxide, argon, nitrogen, and oxygen. Stable plasma generation was observed in
the plasma jet body with multiple channels formed by a metal 3D printer.

  
(a) (b) 

Figure 4. Metal 3D-printed multi-gas temperature-controllable plasma jet: (a) outside view; (b) plasma generation for
various gas species.

3.3. Temperature Control Performance of Multi-Gas Temperature-Controllable Plasma Jet

Figure 5 shows the relationship between the TCF temperature, the plasma jet body
temperature, and the gas temperature before and after the plasma generation. The results
of the CFD analysis are also plotted in the N2 result. The gas and plasma gas temperatures
of carbon dioxide, argon, nitrogen, and oxygen were varied in the ranges of −17–77 and
29–108, −18–74.5 and 3–85, −20–78 and 28–108, and −21–78 and 17–106 ◦C, respectively, by
varying the plasma jet body temperature from −30 ◦C to 90 ◦C. Assuming that the plasma
jet body temperature affects the plasma gas temperature, a single regression analysis was
performed. The coefficients of determination for each approximation line are listed in
Table 1. In the case of gas irradiation, the coefficients of determination for the R2 values
were greater than 0.99 for all gas species. The gas temperatures of the plasmas had a
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coefficient of determination for the R2 values greater than 0.98 for all gas species. These
results show that the approximation line fits effectively and that the plasma jet body
temperature, gas temperature, and plasma gas temperature vary proportionally. The gas
temperature of the plasma was indirectly controlled by controlling the temperature of the
plasma jet body. The instability of the plasma gas temperature was observed when the
plasma jet body temperature was between −10 ◦C and 20 ◦C because of the water droplets
that condensed on the plasma jet body near the plasma outlet. These water droplets were
caught in the gas flow of the plasma, causing instability in the plasma temperature. When
the measured nitrogen gas temperature was compared with the CFD temperature control
performance, a decrease in the temperature control performance of approximately 3 ◦C
and 5 ◦C was observed at a plasma jet body temperature of −30 and 90 ◦C, respectively.
The CFD results and actual measurements were not in perfect agreement. This may be
due to the fact that the CFD does not reproduce external disturbances such as the air flow
around the plasma jet.

 
Figure 5. Relationship between plasma gas temperature and plasma jet body temperature.

Table 1. Coefficient of determination between plasma jet body temperature and gas temperature for
each gas species.

CO2 Ar N2 O2

Gas 0.9975 0.9967 0.9981 0.9996

Plasma 0.9828 0.9898 0.9861 0.9893

For all gas species, a temperature increase was observed when the plasma was gen-
erated. The ranges of the temperature increase for carbon dioxide, argon, nitrogen, and
oxygen at the plasma jet body temperature of −30 ◦C were 46, 22, 49, and 37 ◦C, respec-
tively. The range of temperature increase for carbon dioxide, argon, nitrogen, and oxygen
at the plasma jet body temperature of 20 ◦C, which was close to the room temperature,
was 31, 15, 41, and 34 ◦C, respectively. The temperature increase for carbon dioxide, argon,
nitrogen, and oxygen at the plasma jet body temperature of 90 ◦C was 31, 10, 31, and
28 ◦C, respectively. For all gas species of plasma, the range of temperature increase due
to plasma generation decreased as the gas temperature increased. One of the reasons for
this phenomenon may be the influence of the room temperature through mixing with the
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ambient air. To achieve lower or higher plasma gas temperatures, it is necessary to vary
the temperature of the TCF significantly.

By lowering the temperature of the plasma jet body to −30 ◦C, a plasma gas tempera-
ture of less than 30 ◦C can be achieved, and irradiation of heat-sensitive processing materials
such as plants is possible. Gas temperatures up to 108 ◦C can be achieved in carbon diox-
ide and nitrogen plasmas, which is useful for studying the conditions for improving the
treatment effect. In the future, the developed multi-gas temperature-controllable plasma
jet will be applied in medical and agriculture applications. Additionally, it is necessary to
clarify the gas species and gas temperature of the plasma to maximize the treatment effect.

4. Conclusions

In this study, we developed a multi-gas temperature-controllable plasma jet that can
generate plasma of various gas species at an arbitrary controlled temperature. A multi-gas
temperature-controllable plasma jet was designed using CFD analysis with a TCF channel
spiraled around the gas channel. The designed plasma jet was fabricated using metal
3D-printer technology. In the multi-gas temperature-controllable plasma jet, the stable
generation of the plasma of nitrogen, oxygen, carbon dioxide, and argon was successfully
achieved. The temperature of the plasma gas can be easily changed by controlling the
temperature of the supplied TCF. Additionally, the gas temperature after plasma generation
changed linearly by changing the TCF temperature. The gas temperature of the plasma
was controlled between a minimum of 3 ◦C and a maximum of 108 ◦C by varying the
plasma jet body temperature from −30 to 90 ◦C. The gas temperature was increased by
the plasma generation. The range of the temperature increase obtained for carbon dioxide,
argon, nitrogen, and oxygen was 31, 15, 41, and 34 ◦C, respectively, when the plasma
jet body temperature was 20 ◦C. These results indicate that the gas temperature control
characteristics of plasma vary significantly depending on the gas species.

It was shown that it is possible to design and fabricate plasma jets with a higher level of
flexibility. A multi-gas temperature-controllable plasma jet of any shape can be fabricated
for plasma applications in medicine, agriculture, and material processing. The use of
multi-gas temperature-controllable plasma jets is expected to control the gas temperature
of the plasma of various gas species and achieve stable treatment effects without damaging
the treated object. In the future, we will study the gas species and temperature of the
plasma for various applications such as hemostasis, disinfection, surface treatment, and
plant genome editing.
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Abstract: In this study, plasma gas species and temperature were varied to evaluate the reactive
species produced and the bactericidal effect of plasma. Nitrogen, carbon dioxide, oxygen, and
argon were used as the gas species, and the gas temperature of each plasma was varied from 30 to
90 ◦C. Singlet oxygen, OH radicals, hydrogen peroxide, and ozone generated by the plasma were
trapped in a liquid, and then measured. Nitrogen plasma produced up to 172 μM of the OH radical,
which was higher than that of the other plasmas. In carbon dioxide plasma, the concentration of
singlet oxygen increased from 77 to 812 μM, as the plasma gas temperature increased from 30 to
90 ◦C. The bactericidal effect of carbon dioxide and nitrogen plasma was evaluated using bactericidal
ability, which indicated the log reduction per minute. In carbon dioxide plasma, the bactericidal
ability increased from 5.6 to 38.8, as the temperature of the plasma gas increased from 30 to 90 ◦C.
Conversely, nitrogen plasma did not exhibit a high bactericidal effect. These results demonstrate that
the plasma gas type and temperature have a significant influence on the reactive species produced
and the bactericidal effect of plasma.

Keywords: atmospheric low-temperature plasma; reactive species; plasma disinfection

1. Introduction

In the conventional plasma applications, high-temperature (several thousand degrees
Celsius or higher) atmospheric plasma and low-pressure (1/10,000 atm) nonthermal plasma
have been used for analysis [1] and semiconductor manufacturing [2]. Recently, the stable
generation of low-temperature plasma at approximately 50–100 ◦C under atmospheric pres-
sure has become possible. This has significantly expanded the range of plasma applications.
Applications of plasma, such as in disinfection [3] and hemostasis [4], wound healing [5],
analysis of surface-adhesive compounds [6], and mobile on-site analytical devices [7],
are examples that take advantage of the characteristics of atmospheric pressure and low-
temperature generation of plasma. A simple technique to improve the effectiveness of
plasma treatment, such as surface treatment, involves increasing the energy input during
plasma generation [8]. In atmospheric low-temperature plasmas, the gas temperature of the
plasma is inevitably higher than room temperature (15–25 ◦C), because energy is supplied
to the gas at room temperature through discharge to generate the plasma [9]. Therefore,
for the treatment of plants and other particularly heat-sensitive processing targets, it is
necessary to design a system that allows processing to be performed at a temperature that
is close to room temperature. Ishihara et al. generated helium plasmas cooled with liquid
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nitrogen, and showed that it is possible to generate plasmas from cryogenic temperature to
room temperature [10]. In addition, Oshita et al. reported a method to generate plasma at
an arbitrary temperature by heating helium gas that is cooled by liquid nitrogen using a
heater [11]. Although there are advantages to controlling plasma at low or room tempera-
ture to expand the range of applications, low- or room-temperature plasmas are not ideal
for achieving certain processing effects. Kawano et al. investigated the influence of the
gas temperature of helium plasma with oxygen on the bactericidal effect of plasma, and
reported that it was enhanced by increasing the gas temperature of the plasma [12].

It has also been reported that the selection of the gas species in plasma is important
for improving the treatment effect. Different plasma gas species produce different surface
treatments and bactericidal effects, which affects the type and number of reactive species
produced [13–15]. Yanagawa et al. reported the introduction of proteins into tobacco leaves
via plasma treatment with various gas species, such as argon, nitrogen, oxygen, and carbon
dioxide. In this process, liquid nitrogen is used to cool the gas temperature of the plasma,
to avoid thermal damage to the plant [16]. Thus, the gas species and temperature of the
plasma have a significant influence on the plasma treatment effect. Therefore, if the gas
species and temperature of the plasma can be arbitrarily controlled, it is expected that the
range of applications will expand, and the conditions of plasma treatment can be optimized
to maximize the effect.

We have developed a multi-gas temperature-controllable plasma jet that can generate
stable plasma with various gas species and control the gas temperature of the plasma. In
this system, the plasmas can be generated with argon, helium, nitrogen, oxygen, carbon
dioxide, or a mixture of these gases, and the gas temperature can be controlled in the range
of 30–90 ◦C. In this study, the liquid was treated with plasma, and the reactive species
generated by each plasma gas species were evaluated. In addition, the effects of plasma gas
species and temperature on the bactericidal effects of carbon dioxide and nitrogen plasmas
were evaluated.

2. Materials and Methods

2.1. Multi-Gas Temperature-Controllable Plasma Jet

The developed multi-gas, temperature-controllable plasma jet can generate plasma
with various gas species, such as carbon dioxide, argon, nitrogen, oxygen, and their
mixtures, and the gas temperature of each plasma can be changed in the range of 30–90 ◦C.
The plasma jet has two channels in its metal body: one for the temperature-control fluid,
and the other for the plasma gas. The temperature of the metal body can be changed by
flowing liquid at any temperature through the temperature-control fluid channel. The
plasma gas temperature can be changed through heat exchange with the metal body. In
this study, ethylene glycol, or 80 wt.% ethanol, was used as the temperature-control fluid
for −30 to 20 ◦C, and tap water was used as the temperature-control fluid for 20–90 ◦C. The
temperature of the fluid was controlled using a thermostatic bath (NCB-1210B, TOKYO
RIKAKIKAI CO, LTD., Tokyo Japan). In the plasma generation section, a voltage of 9 kV
and 16 kHz was applied between the two electrodes to generate the plasma. The generated
plasma flowed through a hole with a diameter of 1 mm.

2.2. Measurement of the Generated Reactive Species

The concentration of the reactive species in the solution after plasma treatment was
measured to determine the influence of the plasma gas species on reactive species’ gen-
eration. In this experiment, OH radicals, singlet oxygen, ozone, and hydrogen peroxide
were measured. The concentrations of OH radicals and singlet oxygen were measured
using electron spin resonance (ESR; JES-FA100, JEOL Ltd., Tokyo, Japan). The concentra-
tions of ozone and hydrogen peroxide were measured via a colorimetric method using
a pocket ozonometer (DR300, Hach Company, Loveland, CO, USA) and double-beam
spectrophotometer (U-2900, Hitachi High-Tech Science Corporation, Tokyo, Japan). An
overview of the plasma treatment is shown in Figure 1. Nitrogen, carbon dioxide, oxygen,
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and argon plasma at 3 L/min (standard) were used. The gas temperature of each plasma
was controlled at 30, 45, 60, 75, and 90 ◦C at a distance of 2 mm from the plasma outlet.
Thereafter, 200 μL of the solution was dispensed in a 10.3 mm diameter well, and treated
from a height of 16.5 mm above the liquid surface for 15 s.

Figure 1. Overview of the plasma treatment.

The spin-trapping reagents for the OH radical and singlet oxygen were 5,5-dimethyl-1-
pyrroline-N-oxide (DMPO) [17] and 2,2,5,5-tetramethyl-3-pyrroline-3-carboxamide (TPC) [18].
These reagents were dissolved in Dulbecco’s phosphate-buffered saline (DPBS) solution,
and the concentrations of DMPO and TPC were fixed at 200 and 75 mM, respectively. Each
150 μL of plasma-treated spin-trapping reagent was measured using ESR within 30 s. The
ESR measurement was set to a microwave frequency of 9.425 GHz, modulation frequency
of 100 kHz, sweep time of 2 min, magnetic field of 335.5 ± 5 mT, and modulation width of
0.1 mT.

The colorimetric method with ozone reagent (AccuVac® Mid-Range 0–0.75 mg/L,
Hach Company, Loveland, CO, USA) was used to measure the ozone. Plasma-treated
120 μL of DPBS was immediately mixed with the ozone reagent, and the ozone concen-
tration was determined using a pocket ozonometer. The hydrogen peroxide was also
measured using the colorimetric method based on the reaction of Fe3+ with xylenol or-
ange [19]. Fe3+ is a product formed by the reaction between Fe2+ and hydrogen peroxide.
Plasma-treated 120 μL of DPBS and 120 μL of colorimetric reagent (200 μM xylenol orange,
500 μM ammonium ferrous sulfate, 50 mM sulfuric acid, and 200 mM sorbitol) were mixed.
After 40 min of mixing, the hydrogen peroxide was quantified by measuring the absorbance
at 586 nm.

2.3. Influence of Plasma Gas Temperature on Bactericidal Effect

Disinfection using plasma, such as direct treatment and with plasma-activated liquids,
has been reported [20,21]. In this study, we treated bacterial suspensions with temperature-
controlled plasma, and evaluated their bactericidal effects. Staphylococcus aureus ATCC6538,
the target of disinfection, was transferred to Luria-Broth agar medium on the day before the
experiment, and incubated overnight at 36 ◦C. The bacterial suspensions were prepared by
suspending Staphylococcus aureus in the DPBS solution to 108 CFU/mL. Carbon dioxide and
nitrogen at 3 L/min (standard) were used as the plasma gases. The plasma gas temperature
was controlled at 30, 45, 60, 75, and 90 ◦C, at 2 mm from the plasma outlet. The bacterial
suspension (500 μL) was dispensed into a 24-well plate (MS-8024R, Sumitomo Bakelite Co.,
Ltd., Tokyo, Japan), and the plasma was treated from 16.5 mm above the liquid surface.
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Subsequently, 100 μL of the bacterial suspension was collected and diluted, and the number
of surviving bacteria was evaluated using the colony counting method. For comparison,
the bacterial suspension was treated with carbon dioxide and nitrogen gas at 90 ◦C, and
the number of surviving bacteria was evaluated. In this case, temperature control using
a chiller could not achieve 90 ◦C gas without generating plasma. Therefore, the plasma
jet body was directly heated using a ribbon heater, and the gas at 90 ◦C was generated by
adjusting the voltage applied to the heater.

To quantitatively evaluate the bactericidal effect, we used the bactericidal activity (BA)
value, which can be calculated using Equation (1) [12]:

BA =
log10(N1/N2)

T2 − T1
(1)

The BA value indicates the number of bacteria inactivated per minute. It has been
shown that plasma disinfection takes time after treatment, until the disinfection effect is
achieved [22]. In this study, we evaluated the disinfection effect by calculating the BA value
from the time when the number of surviving bacteria decreased by more than one log
reduction from the initial number to the time just before the number of bacteria decreased
below the detection limit. Here, T1 is the time at the measurement point just before the
number of surviving bacteria decreased by more than one digit from the initial number,
and T2 is the time at the measuring point just before the number of surviving bacteria fell
below the detection limit. The numbers of surviving bacteria at T1 and T2 are denoted as
N1 and N2, respectively.

3. Results

3.1. Measurement of Generated Reactive Species

The relationship between the gas temperature of the plasma and the number of
reactive species produced for each gas species is shown in Figure 2. The concentration of
OH radicals was highest at approximately 130 μM or more in the nitrogen plasma and at
20–40 μM in the carbon dioxide and argon plasmas. The lowest concentration was detected
in oxygen plasma at 10 μM or less. In the nitrogen plasma, the concentration of OH radicals
increased from 146 to 172 μM with a change in the plasma gas temperature from 30 to 45 ◦C,
showed an insignificant change from 45 to 75 ◦C, and decreased to 131 μM with a change
in temperature from 75 to 90 ◦C. In the carbon dioxide plasma, the concentration increased
from 26 to 39 μM with a change in the plasma gas temperature from 30 to 90 ◦C. In the
argon plasma, the concentration increased from 28 to 34 μM with a change in the plasma
gas temperature from 30 to 45 ◦C. There was almost no change in concentration when the
plasma gas temperature increased from 45 to 75 ◦C, and the concentration decreased to
27 μM with a change in the plasma gas temperature from 75 to 90 ◦C. In the oxygen plasma,
the concentration increased from 5.7 to 10 μM with a change in the plasma gas temperature
from 30 to 90 ◦C.

The concentration of the singlet oxygen was higher in each plasma variant in the
order of oxygen, carbon dioxide, nitrogen, and argon when the plasma gas temperature
was 30 ◦C. A significant increase in concentration was observed in the carbon dioxide
plasma above 45 ◦C. The concentration of the singlet oxygen in the carbon dioxide plasma
increased from 77 to 459 μM, as the plasma gas temperature changed from 30 to 45 ◦C.
From 45 to 60 ◦C, there was almost no change in the concentration, and from 60 to 90 ◦C,
there was an increase in the concentration from 435 to 812 μM. In the oxygen plasma, the
concentration increased from 96 to 208 μM with a change in the plasma gas temperature
from 30 to 90 ◦C. In the nitrogen plasma, the amount produced increased from 56 to 115 μM
with a change in the plasma gas temperature from 30 to 90 ◦C. In the case of argon plasma,
the amount produced increased from 16 to 24 μM with a temperature change from 30 to
75 ◦C, and decreased to 13 μM at 90 ◦C.
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Figure 2. Influence of gas species and gas temperature of plasma on the generation of reactive species.

In the oxygen plasma, the concentration of ozone was 3.4 μM at 30 ◦C, reached a
minimum of 2.0 μM at 60 ◦C, and increased to 3.1 μM as the temperature increased to 90 ◦C.
In the argon plasma, the concentration decreased slowly between 30 and 75 ◦C from 3.0 to
2.3 μM, and then increased to 2.6 μM at 90 ◦C. In the nitrogen plasma, the concentration was
not significantly affected by the plasma gas temperature, and was 2.0 ± 0.2 μM between 30
and 90 ◦C. In the carbon dioxide plasma, the concentration decreased slowly from 2.0 to
1.2 μM with a change in temperature from 30 to 90 ◦C.

The concentration of hydrogen peroxide was higher in the carbon dioxide plasma,
similar to the argon and nitrogen plasmas, and lower in the oxygen plasma. In the carbon
dioxide plasma, the concentration decreased from 32 to 26 μM between 30 and 60 ◦C, and
increased significantly to 56 μM as the gas temperature increased to 90 ◦C. In the nitrogen
plasma, the concentration was almost constant between 30 and 90 ◦C, but decreased to
17 μM only at 45 ◦C. In the argon plasma, the change in the plasma gas temperature had an
insignificant effect on the concentration, which remained constant at 21 μM. In the oxygen
plasma, the concentration increased slowly from 6 to 19 μM between 30 and 90 ◦C.

3.2. Influence of Plasma Gas Temperature on Bactericidal Effect

Figure 3 shows the relationship between the gas temperature and bactericidal effects
of the carbon dioxide and nitrogen plasmas. At a gas temperature of 30 ◦C, the carbon
dioxide plasma showed a bactericidal effect of more than a 4-log reduction in the number
of surviving bacteria in 60 s. At a gas temperature of 45 ◦C, the carbon dioxide plasma
demonstrated a bactericidal effect of more than a 6-log reduction in the number of surviving
bacteria in 60 s. At gas temperatures of 60 and 75 ◦C, the carbon dioxide plasma showed
a bactericidal effect of more than a 6-log reduction in the number of surviving bacteria
in 15 s. At a gas temperature of 90 ◦C, the carbon dioxide plasma showed a bactericidal
effect of more than a 6-log reduction in the number of surviving bacteria in 10 s. The
increase in the gas temperature of the plasma significantly increased its bactericidal effect.
In the case of the carbon dioxide gas treatment at 90 ◦C, the number of surviving bacteria
did not decrease by 1-log even after 60 s of treatment. The maximum bactericidal effect
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of the nitrogen plasma was only approximately a 1-log reduction after 60 s of treatment,
showing a significant difference from the bactericidal effect of the carbon dioxide plasma.
No difference in its bactericidal effect was observed when the plasma gas temperature was
varied from 30 to 75 ◦C. In the case of the nitrogen gas treatment at 90 ◦C, the number of
surviving bacteria did not decrease by 1-log even after 60 s of treatment.

 
Figure 3. Relationship between the gas temperature and bactericidal effect of carbon dioxide and nitrogen plasma. In the
left graph of the carbon dioxide treatment result, the solid black line shows the result used to calculate the BA value. The
slope represents the BA value.

The BA values that were calculated for the carbon dioxide plasma showed a significant
bactericidal effect. The results are shown in Table 1. The BA value in the carbon dioxide
plasma treatment increased with an increase in the plasma gas temperature. In the case
of the plasma treatment at 90 ◦C, the BA value increased by approximately seven times,
compared to that at 30 ◦C.

Table 1. Relationship between the plasma gas temperature and BA value.

Plasma Temp. (◦C) 30 45 60 75 90

BA value (min−1) 5.6 11.9 28.6 29.9 38.8

3.3. Relationship between Bactericidal Effect and Reactive Species in Carbon Dioxide Plasma

The correlation coefficients between the bactericidal effect and number of reactive
species produced in the carbon dioxide plasma were calculated. Figure 4 shows the
relationship between the bactericidal effect and the number of reactive species produced.
Table 2 shows the correlation coefficients for the bactericidal effects and reactive species.
The amount of OH radicals produced was strongly and positively correlated with the
bactericidal effect, with a correlation coefficient (R) of 0.914. The singlet oxygen production
showed a strong positive correlation with the bactericidal effect, with an R value of 0.885.
The amount of ozone produced had a strong negative correlation with the bactericidal effect,
with an R value of −0.997. The amount of hydrogen peroxide produced was positively
correlated with the bactericidal effect, with an R value of 0.623.

Table 2. Correlation coefficient value (R) of BA values and reactive species.

Correlation Coefficient Value, R
OH Radical Singlet Oxygen Ozone Hydrogen Peroxide

BA value 0.914 0.885 −0.997 0.623
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Figure 4. Correlation between bactericidal effect and reactive species in carbon dioxide plasma.

4. Discussion

As shown in Figure 2, the reactive species produced by the plasma were affected
by varying the gas species and temperature. The OH radicals are produced largely from
the nitrogen plasma. In the nitrogen plasma generated in the atmosphere, spectroscopic
measurements have indicated the existence of nitrogen atoms [13]. The metastable atomic
states of nitrogen 22D5/2, argon 43P2, and oxygen 21D2 have lifetimes of 6.1 × 104 s [23],
56 s [24], and 1.0 × 102 s [23], respectively. It is thought that metastable nitrogen, which
has a longer lifetime than other metastable atoms, remained active and contacted water
or water droplets in the air, producing OH radicals at the gas−liquid interface [25]. In a
previous study, we reported that more OH radicals were produced from nitrogen plasmas
than from any other gas species [15]. Singlet oxygen was produced more in the higher-
temperature carbon dioxide plasma than in the oxygen plasma. This may be because, in the
oxygen plasma, the atomic oxygen that produces singlet oxygen reacts with the ambient
triplet oxygen, which is abundant, and quickly turns into ozone [26]. In fact, the amount
of ozone produced by the oxygen plasma was higher than that produced by the carbon
dioxide plasma.

In the oxygen and carbon dioxide plasmas, the production of OH radicals, singlet
oxygen, and hydrogen peroxide tended to increase as the gas temperature increased. This is
similar to the report by Kawano et al. on the increase in the production of the same reactive
species when the gas temperature of the helium−oxygen mixture is increased [12]. In other
words, the above-mentioned reactive species are considered to increase with increasing
temperature in gas species that contain oxygen elements.

There was a significant difference in the bactericidal effect of the nitrogen and carbon
dioxide plasmas, as shown in Figure 3, depending on the gas species. The nitrogen
plasma showed only a weak bactericidal effect of less than 1-log reduction after 60 s of
treatment. These results were different from our previous results, which confirmed the high
bactericidal effect of nitrogen gas [14]. In the formation of reactive species in the nitrogen
plasma, mixing with air is important because the gas does not contain oxygen. Therefore, it
is considered that the difference in treatment conditions, such as gas flow rate and treatment
distance, had a considerable influence. In contrast, the carbon dioxide plasma at 90 ◦C
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showed a high bactericidal effect of 6-log reduction after 10 s of treatment. In the treatment
with the carbon dioxide gas at 90 ◦C, the number of surviving bacteria did not decrease by
1-log even after 60 s of treatment. Therefore, these results indicate that the improvement
in the bactericidal effect is not due to the gas temperature, but due to the introduction of
reactive species generated by the plasma. In the carbon dioxide plasma, the production
of reactive species, such as singlet oxygen and OH radicals, changed significantly as the
plasma gas temperature increased, suggesting that these reactive species contribute to the
bactericidal effect.

As shown in Table 2, the bactericidal effect of the carbon dioxide plasma exhibited a
strong negative correlation with the ozone and a strong positive correlation with the OH
radicals and singlet oxygen. Ozone is also used for disinfection, and Lezcano et al. reported
90% disinfection of Escherichia coli by 0.94 mg/L (19.6 μM) of ozone in 0.41 min [27]. In our
study, the highest ozone concentration in the carbon dioxide plasma was 2.0 μM, which
is an insufficient concentration for disinfection. If the OH radical is assumed to be the
reactive species contributing to its bactericidal effect, the observation is inconsistent with
the fact that no bactericidal effect was observed in the nitrogen plasma. In our previous
study, we investigated the bactericidal factor in the plasma treatment of carbon dioxide
using a radical scavenger [14]. This study also suggested the contribution of singlet oxygen
to the bactericidal effect, which is consistent with the results of the present study. These
results suggest that the bactericidal effect of the carbon dioxide plasma is mainly due to
the singlet oxygen. The bactericidal effect was improved by increasing the temperature,
because the amount of singlet oxygen produced by the plasma increased with an increase in
temperature, and the amount of singlet oxygen that contributed to the bactericidal effect in
the liquid increased. However, in the disinfection of atmospheric low-temperature plasma,
it has been reported that there are complex effects of reactive species, UV, and charged
particles on microorganisms [28]; thus, singlet oxygen is not the only factor contributing to
the bactericidal effect. In the future, other bactericidal factors should be investigated, such
as reactive nitrogen species and UV, to clarify their contribution to the bactericidal effect.

5. Conclusions

In this study, plasma gas species and temperature were varied to evaluate the reactive
species produced and the bactericidal effect of plasma. The reactive species produced by
the plasma vary greatly depending on the gas species. It was found that a considerable
amount of OH radicals were produced in the nitrogen plasma. Varying the plasma gas
temperature resulted in a change in the concentration of the generated reactive species.
In carbon dioxide plasma, the amount of singlet oxygen produced increased significantly
with increasing temperature, and the amount of singlet oxygen produced was more than
eight times greater at 90 than at 30 ◦C. The bactericidal effects of nitrogen and carbon
dioxide plasmas on Staphylococcus aureus in liquids were compared. The bactericidal effect
of nitrogen plasma was not significantly affected by the temperature of the plasma gas.
In the case of carbon dioxide plasma, the bactericidal effect was significantly improved
by increasing the plasma gas temperature. The contribution of the singlet oxygen to the
bactericidal effect of carbon dioxide was expected, based on the results of the bactericidal
effect and reactive species produced.

It was also found that the effectiveness of the disinfection process could be improved
by properly selecting the plasma gas species and temperature. This result can be attributed
to the changes in the type and number of reactive species. Therefore, it is expected that
the treatment effect can be improved by changing the plasma gas species and temperature
in treatments other than disinfection, such as hemostasis, treatment of plants, and surface
treatment. In the case of plasma treatment in air, mixing with ambient air is considered
to have a significant effect on the generation of reactive species. To realize a more stable
treatment, it is necessary to control the air mixing or to construct a treatment method that
does not depend on air. To effectively control plasma gas species and temperature, it is
necessary to understand the reactive species that contribute to the effect, and to study
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the conditions according to the purpose of each treatment. In the future, we will study
other plasma applications, such as hemostasis and surface treatments, to improve the
treatment effect and clarify the effect mechanism using changes in the plasma gas species
and temperature.
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Abstract: In this study, a two-dimensional numerical model was developed to simulate operation
conditions in the non-transferred plasma torch, used to synthesis nanosilica powder. The turbulent
magnetohydrodynamic model was presented to predict the nitrogen plasma flow and heat transfer
characteristics inside and outside the plasma torch. The continuity, momentum, energy, current
continuity equations, and the turbulence model were expressed in cylindrical coordinates and
numerically solved by COMSOL Multiphysics software with a finite element method. The operation
conditions of the mass flow rate of ionized gas ranging from 78 sccm to 240 sccm and the current
varying between 50 A to 200 A were systematically analyzed. The variation in the electrothermal
efficiency with the gas flow rate, the plasma current, and the enthalpy was also reported. The results
revealed that the increase in working current lead to a raise in the effective electric power and then
an increase in the distribution of plasma velocity and temperature. The efficiency of the torch was
found to be between 36% and 75%. The plasma jet exited the nozzle torch with a larger fast and hot
core diameter with increasing current. The numerical results showed good correlation and good
trends with the experimental measurement. This study allowed us to obtain more efficient control of
the process conditions and a better optimization of this process in terms of the production rate and
primary particle size. X-ray diffraction (XRD) and transmission electron microscopy (TEM) were used
to characterize the primary nanosilica powder that was experimentally collected. The arc plasma
method enabled us to produce a spherical silicon ultra-fine powder of about 20 nm in diameter.

Keywords: plasma torch; nano silica; numerical simulation; experimental measurement

1. Introduction

Plasma technology has in the last years evolved to be a promising technique for the
efficient manufacture of nano-sized materials, which are in increasing demand by recent
technological advancement for diverse applications such as industrial, biomedical, and
environmental purification processes [1–7]. For example, Ananth and Mok [8] revealed
that the nanomaterials prepared by atmospheric plasma exhibit high crystallinity and good
thermal resistivity. Additionally, Post et al. [9] describe that the plasma-manufactured
nanoparticles are the best technique to obtain homogenized coating on metal nanoparticles
and to control their outer surface properties. Another important aspect of plasma-based
nanomaterials is the possibility to adjust the thermal efficiency of the solar cells and the
use of atmospheric pressure plasma in order to generate silver and gold nanoparticles on
tin oxide solar cells [10]. By virtue of these characteristics, plasma nanofabrication has

Appl. Sci. 2021, 11, 9842. https://doi.org/10.3390/app11219842 https://www.mdpi.com/journal/applsci75



Appl. Sci. 2021, 11, 9842

grown into an interesting new field, which exhibits many advantages for the synthesis
of nanoparticles and the deposition of nanostructured films and coatings, in a more cost-
effective and ecologically friendly manner.

The present invention has attracted intense and increasing industrial interest as a novel
mass-production method, using a variety of thermal plasma sources, such as alternating
current at radiofrequency (RF plasma) and direct current (DC plasma), which can be
operated in transferred and non-transferred arc-modes. Nano-metal powders have been
broadly generated by transferred DC plasma torches [11,12]. However, in this kind of
plasma torch the manufacturing process often becomes non-continuous because target
metals, used as electrodes, should be replaced after each batch of metal nano-powder by
reason of their non-resistance to the elevated temperature generated in the plasma torch.
Alternative technologies, non-transferred DC, or RF plasma torches have been used to offer
a continuous production system of nano-sized powders.

In non-transferred DC plasma torches, the electrodes are exclusively utilized for
maintaining the arc plasma formation, and the targeted materials are introduced into the
flame of thermal plasma as a precursor powder [13,14]. In comparison with RF plasma
jets [15,16], there are multiple advantages of using non-transferred DC plasma torches in
nanomanufacturing. The DC plasma torch has a narrow diameter that confines the plasma
jet, resulting in an increase in the temperature and the velocity of the plasma flow at the
torch axis. In addition, DC plasma jets are commonly turbulent, which reinforces mixing of
the precursors injected. Generally, a DC plasma torch can attain 90% thermal efficiency,
while RF plasma only attains 75% [17,18].

To synthesize nanosilica particles, a non-transferred arc system is run on nitrogen
plasma gas, followed by a short mixing section of silicon tetrachloride (SiCl4) and carrier
mixing gas (nitrogen and hydrogen) heated to about 1373.15 K and injected in the plasma
tail flame.

The process starts with vaporization of precursor materials owing to the high enthalpy
of the plasma, and then the temperature of the material vapor transported by the nitrogen
tail flame decreases drastically; the vapor is highly supersaturated due to this quenching,
which results in a rapid production of numerous nanoparticles via homogeneous nucleation,
heterogeneous condensation, and coagulation between nanoparticles themselves.

Nowadays, the manufacturing processes of nanoparticles by a thermal plasma process
is experimentally achieved. However, the understanding of the growth mechanism of
the nanoparticles and the control of the size and the composition of the particle remains
insufficient. In most cases, it is impossible to measure different aspects of the process,
and only the characteristics of the final products are evaluated because there is a complex
interaction between the thermo-fluid field, the induced electromagnetic field, and the
particle concentration field [19].

Numerical modelling can be a powerful approach, allowing a better understanding of
the growth mechanism of nanoparticles and improving torch designs and plasma processes
at relatively low prices. Several research efforts have been dedicated to modelling the
plasma flow and heat transfer coupled with the electromagnetic field inside and outside
the plasma torch. Simulation of the arc inside a DC torch was first developed by Li
and Chen [20] and Trelles [21]. In these models, the arc breakdown and reattachment
operations in the plasma torch are accurately evaluated. A transient simulation of a DC
plasma torch has been performed later by Selvan [22] to evaluate the substrate temperature
with heating time and to estimate different precursor effects on the thermal flux to the
substrate. Subsequently, Guo [23] and Modirkhazeni [24] employed new models with
the large eddy simulation technique to simulate the turbulent plasma flow inside a DC
non-transferred arc plasma torch and the effect of particle injection. For nanopowder
production, the nanoparticles are generated not in the high-temperature plasma core but
in the interfacial regions between the plasma and the cold gas at low to intermediate
temperature. Lower-temperature regions tend to be more turbulent with multiscale eddies.
These eddies strongly affect the transport processes of nanoparticles.

76



Appl. Sci. 2021, 11, 9842

Moreover, a combined plasma torch including a plasma jet of the DC arc plasma torch
fed to the inlet of the RF-ICP plasma torch and used for nano-powder production has been
presented by Frolov [25] in order to reduce the power of the RF discharge in the plasma
torch. Recently, a numerical model applied to a triple DC plasma torch used to synthesize
nanoparticles was performed by Kim [26]. The results of the simulation presented an
analysis of the thermal environment inside the reactor to control the condensation process
of the nanoparticles.

In the present study, a two-dimensional axisymmetric turbulent model of a DC non-
transferred plasma torch used for the synthesis of nano-silica was developed. Moreover,
the effect of different plasma parameters such as the current and the gas flow rate were
investigated, and discussion about the efficiency of the torch for different cases was realized.
Furthermore, in this work, a DC non-transferred plasma torch was used to synthesis
silica nanoparticles. In this study, the principal objective was the optimization of the
circumstances of this process in terms of the production rate and the primary particle size.
Numerical results were compared with the experimental measurements.

2. Numerical Model

2.1. Basic Assumptions

To simulate the heat transfer and the gas flow of the plasma, the following assumptions
were used:

• The plasma is optically thin (when the optical depth approaches to zero, radiation has
a small effect on the overall heat transfer process within the plasma, and the opacity
can be neglected).

• Turbulence thermal plasma flow is considered (turbulence offers a strong mixing of
plasma flow, and its eddies affects the transport processes of nanoparticles).

• The flow is treated as being weakly compressible when the Mach number (the ratio
of the speed of the flow to the speed of sound) is smaller than 0.3 (Ma < 0.3), and the
density change due to velocity is about 5% in that case.

• High collision frequencies among constituents in thermal plasma leads to a state close
to local thermodynamic equilibrium (LTE), in which all plasma components (electrons,
ions, and neutrons) have the same temperature.

• The gravity effects are negligible due to a high Froude number (≈ 3 × 106).
• The arc is assumed to be steady and rotationally symmetric.
• Thermodynamic and transport properties of gas plasma expressed as a function of the

local temperature and pressure are obtained from the literature provided by Boulos
et al. study [27].

2.2. Control Equations

Based on the model assumptions cited above, the conservation equations of mass,
momentum, and energy, as well as the electric potential and magnetic vector potential, are
given by the following equations, respectively:

∇·
(

ρ
→
u
)
= 0 (1)

∇·
(

ρ
→
u
→
u
)
= −∇P +∇·

(
=
τ
)
+

→
J ×→

B (2)

∇·
(

ρh
→
u
)
= ∇

(
λ

cp
∇h

)
+

→
J ·→E − 4πεr (3)

∇·→J = ∇·(σ(−∇·∅)) = 0 (4)

∇2·
→
A = −μ0·

→
J (5)
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where
→
u ,∇P,

=
τ,

→
J ,

→
B ,

→
E , h,∅ and

→
A are the gas velocity, pressure work, stress tensor,

current density, magnetic field, electric field, plasma enthalpy, electric potential, and
magnetic vector potential, respectively. The terms ρ, λ, cp, σ, μ0 and εr are the gas density,
thermal conductivity, specific heat, electric conductivity, permeability of free space, and the

effective net emission coefficient, respectively, whereas
(→

J ×→
B
)

,
(→

J ·→E
)

, and 4πεr are

the electromagnetic force (Lorentz force), the Joule heating, and the volumetric radiation
loss, respectively.

The stress tensor can be written as:

=
τ = μ

[(
∇→

u +∇→
u

T
)
− 2

3
∇·→u δ

]
(6)

where μ is the dynamic viscosity, the superscript “T” indicates the transpose of matrix
→
u ,

and δ is the unit tensor.
To obtain the electromagnetic field within the plasma torch, it is necessary to combine

Equations (4) and (5) with the following equations:

→
E = −∇∅ (7)

→
J = σ

→
E (8)

→
B =

→
∇×

→
A (9)

The use of turbulence models in thermal plasma flows simulation is significantly
requested due to their inherent characteristics (reactivity, large variation, and the electro-
magnetic effect). Hence, the standard (K − ε) turbulence model developed by Launder and
Splalding [28] was implemented in our model, where K stands for the turbulent kinetic
energy, and ε is the turbulent kinetic energy dissipation rate.

∇·
(

ρK
→
u
)
= ∇·

[(
μ +

μt

σK

)
·∇K

]
+ GK − ρε + YM (10)

∇·
(

ρε
→
u
)
= ∇·

[(
μ +

μt

σε

)
·∇ε

]
+

ε

K
(C1εGK − C2ερε) (11)

YM represents the contribution of fluctuating dilatation. The turbulent viscosity μt,
and the turbulent generation term GK are defined as:

μt = ρCμ

(
K2

ε

)
(12)

GK = μt

(
∂ui
∂xj

+
∂uj

∂xi

)
(13)

where ∂ui
∂xj

is the production of turbulence kinetic energy. The turbulent model constants
C1ε, C2ε, Cμ, σK, and σε were identified as 1.44, 1.92, 0.09, 1.0, and 1.3, respectively.

2.3. Calculation Domain and Boundary Conditions

The geometry of the DC plasma torch consists typically of a tungsten tip rod-type
cathode and a copper anode. The nitrogen gas was input through a nozzle with a diameter
of 8.2 mm on either side of the cathode. The length of the anode nozzle channel and the
exit diameter were 225 mm and 17.2 mm, respectively (Figure 1). The nozzle at the end of
the torch was used to spread out the heated gas in the form of a plasma jet.
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Figure 1. (a) The geometry of the plasma torch. (b) Revolution of the 3D geometry of the torch. All
dimensions are in mm.

The axisymmetric boundary conditions performed in this study are mentioned in
Table 1. Inflow boundary conditions are typically specified by imposing values of known
properties of the gas injection, typically velocity and temperature. At the torch inlet, the
gas was injected at 300 K, with a uniform axial (uzin) and zero radial velocity component
(urin). A swirl flow was required to enhance gas mixing, and an inflow tangential velocity
component (uθin) was introduced. In addition, the turbulent inlet parameter of the kinetic
turbulent energy,

(
K = 0.005 × u2

in
)
, and its rate of dissipation

(
ε = 0.1 × K2) were con-

sidered. The inflow mass flow rate of the plasma gas can be obtained by integrating the
axial velocity at the surface of the torch inlet, namely:

Qin =
∫

Sinlet

uzin ds = uzinSinlet
⇀
z (14)

where Sinlet is the inlet surface and
⇀
z is the unit vector along the torch axis.

Table 1. Boundary conditions of the numerical model.

Boundary P →
u T ∅ →

A

Inlet P = Pin uin Tin = 300 K ∂n∅ = 0 ∂n
→
A = 0

Cathode ∂nP = 0 →
u = 0 T = Tcath(r) −ρ∂n∅ = Jcath(r) ∂n

→
A = 0

Anode ∂nP = 0 →
u = 0 −k∂nT = hw(T − Tw) ∅ = 0 ∂n

→
A = 0

Torch wall ∂nP = 0 →
u = 0 ∂nT = 0 ∂n∅ = 0 ∂n

→
A = 0

Outlet P = Pout ∂n
→
u = 0 ∂nT = 0 ∂n∅ = 0

→
A = 0
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The temperature and the current density implemented on the cathode surface of the
torch can be estimated by Gaussian profiles:

Tcath(r) = 500 + 3000 exp
[
−
(

r
2Rcath

)ncath
]

(15)

Jcath(r) = Jmax exp
[
−
(

r
Rcath

)ncath
]

(16)

where r is the radial distance from the torch axis, and ncath, Jmax, and Rcath are parameters
that satisfy the distribution of the working current and temperature profiles over the
cathode surface. The values of shape parameters for three cases are given in Table 2.

Table 2. Parameters of current density profiles.

Current (A) Jmax (A/m2) ncath Rcath (m)

100 0.17 × 107 4 8.2 × 10−3

150 0.26 × 107 4 8.6 × 10−3

200 0.35 × 107 4 8.9 × 10−3

In non-transferred arc torches, an overall convective heat transfer is used for the
modelling of heat transfer of the regions of the anode far from arc attachment, namely:

− k∂nT = hw(T − Tw) (17)

The term (∂n ≡ n·∇), denotes the derivative in the direction of the outer normal to the sur-
face, where n represents the outer normal to the surface boundary. hw = 1 × 104 W/(m2 K)
is the convective heat transfer coefficient at the anode surface, and Tw = 500 K is the tem-
perature of cooling water. At the torch exit, Pout was set equal to the atmospheric pressure.

To solve the Maxwell equations in terms of the potentials ∅ and A as indicated in
Table 1, we defined a normal current density Jcathode in the range of 106 A/m2.

There was electric insulation, i.e., n·J = 0, on the remaining surface of the cathode
and a grounded anode (∅ = 0) on the anode’s outer surface and magnetic insulation in all
boundaries, with the magnetic potential n × A = 0 and a gauge fixing Ψ0 = 1 A/m.

According to the LTE hypothesis, the current is not able to pass through the plasma
electrode interface. For this reason, an artificially high electrical conductivity (8 × 103 S/m)
was set in a thin layer close to the electrodes, allowing the formation of a new arc attach-
ment, even when the arc fringe gets near to the anode surface.

Then, we specified the physical values for the electrodes of the plasma torch in the
equilibrium discharge interface. Both the cathode tip and the copper anode wall were
modeled as boundary plasma heat sources mapping the electromagnetic surface losses
as heat sources on the boundary. In this case, a surface work function of 4.15 V was the
default value for copper electrodes in COMSOL Multiphysics®.

The numerical model of the DC non-transferred plasma torch was implemented in
COMSOL Multiphysics® 5.4 software [29–32] using the physics of CFD (turbulent flow),
heat transfer (heat transfer in fluid/solid), AC/DC (electric currents, magnetic fields),
and plasma (equilibrium discharge interface). The steady state equations of conservation
of fluid mechanics, heat transfer, and electromagnetics were developed by using the
Multiphysics couplings options available in the software.

The thermodynamic and transport properties of gas plasma (ρ, λ, cp, σ, μ0, and εr)
obtained from literature and expressed as a function of the local temperature and pressure
were implemented in the COMSOL Multiphysics using a piecewise cubic interpolation
method and a linear extrapolation method to preserve the shape of the data and to re-
spect monitoring.

The partial differential equations used in this stationary model were numerically
solved by the finite element method, where a SIMPLE-Type algorithm was adopted to
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decouple velocity components and pressure. Triangular instructed grids were generated
with refinement close to the torch wall, gas inlet, cathode, and the symmetric axis in order
to resolve the strong variation in flow properties within these regions. The computational
domain included the inside and the outside of the plasma torch region, which was dis-
cretized using 105,600 mesh points. Averaged values of the physical quantities at the grid
points in the mesh were calculated. Temperature and velocity distributions results were
generated directly with COMSOL Multiphysics.

3. Equipment and Operating Conditions

Figure 2 shows the plasma system used to synthesis nano-silica. A non-transferred
DC torch was used to create extremely reactive gas species at a high temperature for
the reaction of gas precursors and for the synthesis of nanoparticles. The torch was
operated with nitrogen gas followed by a short mixing section where a SiCl4 and carrier
gas mixture (nitrogen and hydrogen) were introduced and heated in the plasma tail flame
to about 1100 ◦C. This torch used a (10–30 kW) power supply at a pressure slightly above
one atmosphere (4 atm). The electric arc was initially generated by applying a voltage
varied between 80 and 200 V, and gases were flown around the arc column for heating
via conductive, convective, and radiative heat exchanges. A typical non-transferred DC
torch with a rod-type cathode produced a plasma jet with temperature in the interval
of (2400–4800 ◦C) and few hundreds of m/s velocity at the torch exit. The temperature
or velocity jet conditions were largely determined by the nozzle design and thus can be
adjusted for an efficient manufacturing of nanomaterials. Table 3 summarizes the optimum
operation conditions used to synthesis the silica nanoparticles.

 
Figure 2. Plasma pilot for the synthesis of nano-silica.
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Table 3. Operation conditions used to synthesis nano-silica.

Item Description

Working gas Nitrogen
Reactor pressure 400 kPa

Nitrogen flow rate (78–240) sccm
Power range 10–30 kW

Current plasma 100–200 A
Plasma voltage 80–200 V

Cathode material Thoriated tungsten
Anode material High-purity copper

Interelectrode gap 1.8–2 mm
Overall length 250 mm

Outlet electrode diameter 17.2 mm
Temperature of exit gas 2400–4800 ◦C

Different technics were used to characterize the silica nanopowder prepared by the
thermal plasma. These techniques were X-ray diffraction (XRD) and transmission electron
microscopy (TEM). The XRD patterns of silica nanopowder were determined with a Bruker
D5005 diffractometer and using CuKα radiation (λ = 1.78901 Å). In the TEM characteriza-
tion, the synthesized products were placed in EtOH, then the samples were immersed for
15 min in an ultrasonic bath, and in the last step a few drops of the resulting suspension
containing the synthesized materials were placed onto a TEM grid.

4. Results and Discussion

In this section, the simulation results of the DC non-transferred arc plasma torch
used for the synthesis of nano-silica are presented. Furthermore, the influence of the
working current on the plasma distribution fields is analyzed, and the efficiency of the
torch is discussed for different cases based on comparisons with experimental results. At
the nozzle exit, the distributions of temperature and velocity plasma jet are represented.
Moreover, the nanosilica particles elaborated in the experimental device were characterized
by X-ray diffraction and transmission electron microscopy. For all representative results,
the operating gas introduced in the torch was nitrogen gas with flow rates varying in the
range (78–240) sccm and current varying in the range (100–200 A).

4.1. Flow of Plasma in the Torch

In Figure 3, the distribution of plasma temperature is presented in the torch under the
fixed gas flow rate Qin = 78 sccm and for different current values. When the cold plasma
forming gas passes through the anode column, it will be strongly heated and accelerated,
so there is a fast increase in the temperature and velocity. Indeed, when the current rose
from 100 A to 200 A the maximum temperature was increased from 5200 K to 5500 K.

To show with greater clarity the effect of increasing current on plasma temperature
changes, the temperature distributions, in front of the cathode tip, are represented in
Figure 4. It can be clearly seen that the region area of the plasma temperature higher than
5000 K expands when the current increases. This can be explicated by the effect of the Joule
heat produced, namely:

Qjoule =
→
J ·→E =

∣∣∣∣→J
∣∣∣∣
2

σ
(18)

Indeed, the rising of the current leads to an increase in the current density responsible
for Joule heating. Although the electric conductivity of nitrogen gas presents a slow raise
as the temperature increases, its influence remains insignificant compared to the current
density. Then, the plasma temperature increases with increasing current.

A small temperature variation was observed at the torch exit (from 5200 K to 5500 K),
when the current rose from 100 A to 200 A. This was because the energy benefit of joule
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heating that contributed to the current growth was practically offset by the energy loss
due to the length reduction in the electric arc. This effect consequently leads to a trivial
dependance of the arc current on the average temperature at the torch exit [33].

Figure 3. Distribution of plasma temperature for different current values ((a) 100 A, (b) 150 A,
(c) 200 A) in the torch.

Figure 4. Distribution of the temperature of plasma at the nozzle exit for different current value ((a) 100 A, (b) 150 A, (c) 200 A).

A temperature above 3000 K was observed at the electrode tip, indicating that a melt
could occur at the electrode tip. This high temperature was generally compensated by
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the cooling water of the cathode that causes thermal power loss through it, which can be
calculated by:

Cathodeloss =
Qcathode
I·Varc

(19)

where Cathodeloss represents the thermal power loss through cathode cooling water. How-
ever, sometimes after several hours we could observe erosion in the cathode tip [34]. This
indicates that cooling of the cathode was not sufficient in this case.

In Figure 5, the distribution of the velocity magnitude field is presented in the torch
under the fixed gas flow rate Qin = 78 sccm and for different current values. The results
show that the highest plasma velocities within the torch were approximately 90, 110, and
150 m/s for current values of 150, 200, and 200 A, respectively. The augmentation of
working current led to the increase in velocity magnitude.

Figure 5. Distribution of plasma velocity for different current values ((a) 100 A, (b) 150 A, (c) 200 A)
in the torch.

This axial acceleration of plasma flow was simultaneously influenced by the Lorentz
force and by the rise in temperature driven by the joule heating effect [35], which reduces
the gas density and reinforces the expansion of the plasma.

Figure 6 shows the variation in plasma voltage versus current at different nitrogen
mass flow rates (Q). An increase in the current led to an increase in the voltage of the plasma
arc, which reinforced the electric power of the plasma. This linear variation in plasma
voltage with plasma current shows that the plasma closely obeys Ohm’s law. Moreover, it
can be clearly seen that the voltage increased with the increasing nitrogen flow rate, and
the plasma was stable when the current and the nitrogen flow rate varied.
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Figure 6. Plasma voltage as a function of current.

To study the efficiency of the plasma torch, we must consider that a portion of the
input electric power was transferred to the plasma arc, and the rest of energy was extracted
by the cooling water. The energy balance for the plasma torch is written as:

Eexp = Uexp I − Qlost (20)

where Eexp is the effective power transferred to the plasma arc, Uexp I is the electric power
supplied by the DC generator, and Qlost represents the energy lost by the cooling water.

Qlost = 4.18 × Cpw × .
mw(Tout − Tin) (21)

where Cpw is the specific heat capacity of water (1 cal/cm3), 4.18 is the conversion factor
for converting cal/s into watts,

.
mw is the amount of cooling water flow rate (sccm), and

Tout and Tin are the outlet and inlet temperatures, respectively.
However, for numerical simulation, the energy of the plasma leaving the torch can be

calculated by integrating the plasma enthalpy at the surface of the torch output:

Ecal =
� .

mghds (22)

The electrothermal efficiency can be obtained by dividing the energy transferred to
the plasma gas by the electric power, mainly:

η =
Eexp

Uexp I
=

Ecal
Ucal I

(23)

Figure 7 illustrates the numerical results and experimental measurements of elec-
trothermal efficiency of the plasma torch for different working currents and at different
mass flow rates. At lower mass flow rates, the increase in current led to an increase in
the degree of ionization, which increased the plasma pressure inside the torch; then, the
plasma velocity increased, and more plasma came out from the nozzle exit of the torch.
Thus, the efficiency increased with current. However, at a higher gas flow rate, the amount
of plasma coming out from the torch did not increase significantly because the increase
in the plasma pressure inside the torch due to the increase in the current caused a higher
collision of the plasma particles with the anode wall (limitation of the velocity) and led to
more heat loss from the plasma to the walls, decreasing the total efficiency of the torch [36].
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Figure 7. Numerical and experimental variation of thermal efficiency with working current (100 A,
150 A, 200 A) for different gas flow rates (Q = 233.3 sccm and Q = 100 sccm).

Furthermore, in Figure 8, experimental measurements and numerical predictions of
electrothermal efficiency display that the plasma efficiency decreased linearly when the
enthalpy increased.

Figure 8. Numerical and experimental variation in thermal efficiency as a function of enthalpy with
a gas flow rate Q = 233.3 sccm.

The comparison between the value of numerical results and the measured one showed
the same variation tendency of the efficiency, but the values of the numerical model were
less than those of experimental measurements. Indeed, the measured value of total energy
included both the energy transferred to the plasma arc and the heat dissipated by cooled
water. Experimentally, the energy extracted by the cooling water was under-evaluated
because a part of heat dissipated into the environment. In this case, the effective thermal
efficiency was overestimated.

In addition, Figure 9 shows that the specific enthalpy of nitrogen gas increased rapidly
as temperature increased, which led to greater electrical energy needed.
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Figure 9. Enthalpy of plasma gas (N2) as a function of temperature.

Another effect of current on the plasma characteristics, at the torch exit, can be intu-
itively shown in Figure 10. As the current increased from 100 to 200 A, the plasma tempera-
ture and velocity distributions were plotted in the ranges of 0–4000 K and 0–150 m/s scales,
respectively. Figure 10a exhibits that the area of the high temperature (>2800 K) was pro-
gressively increased. Simultaneously, as shown in Figure 10b, the plasma velocity had the
same variation tendency. This occurrence suggests that the increment in working current
forced the plasma jet to exit the nozzle torch with a faster and larger hot core diameter.

Figure 10. Distributions of plasma temperature (a) and velocity (b) at the torch exit at different
current 100 A, 150 A, and 200 A.

Figure 11 represents the radial profiles of the temperature and velocity plasma jet
at the torch exit for different values of working current. The increase in current had a
greater effect on the plasma velocity (Figure 11a) compared to the temperature. Indeed, the
maximum temperature had only risen by about 600 K when the current varied from 100 A
to 200 A (Figure 11b). This was due to the dissipation of electrical energy by the cooling
water. This effect can be confirmed by the decrease in the thermal efficiency versus current,
presented in Figure 7.
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(a) (b) 

Figure 11. The radial profiles of the temperature (a) and velocity (b) plasma jet at the torch exit for different values of
working current.

4.2. Plasma Jet Outside the Torch

Figure 12a shows the velocity distribution inside and outside the torch. When leaving
the torch exit, the velocity displayed a high downward tendency, which was mainly due to
the expansion process of the plasma jet outside the torch. This expansion process was due
to the absence of a constrained effect and to the entrainment of cold ambient air. Indeed,
the considerable increase in driven cold air resulting from the fluctuated plasma jet led to a
significant decrease in plasma temperature and velocity.

 

Figure 12. Velocity field distribution (a) and the corresponding velocity vector (b) in the grey rectangle.

The local enlarged picture of velocity vector in the grey rectangle (Figure 12a) is shown
in Figure 12b. These arrows pointing in the opposite side to the flow of the plasma jet signal
that a vortex roll-up formed, which displayed obvious evidence of the cold air driven into
the plasma jet. Indeed, the velocity vector distribution presents alternating forward and
backward stripes of the velocity vector direction, where forward velocity vectors show
the blowing of the plasma jet outside the nozzle exit of the torch, and backward velocity
vectors show the effect of the cold air outside the jet.

Both radial profiles of plasma temperature (Figure 13a) and velocity (Figure 13b) at
80 mm from the nozzle torch exit are shown in Figure 13. If we compare these radial
profiles with the radial temperature and velocity profiles at the torch exit, presented in
(Figure 11), we can notice that both temperature and velocity regions derived from the
centerline at the torch exit decrease along the axial direction due to turbulent mixing of
plasma with cold air.
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(a) (b) 

Figure 13. The radial profiles of the temperature (a) and velocity (b) plasma jet at 80 mm from the nozzle torch exit.

The diameter of the plasma jet core increased, and the radial dimension of the core
extended gradually. Particles injected into the plasma jet may gain different temperatures
and velocities from the plasma. Therefore, an increase in the plasma jet core region implies
that additional in-flight particles will be more heated and accelerated, which ultimately
increases the efficiency of the deposition and the quality of the coating. Those phenomena
were coherent with the actual manufacturing process [13].

4.3. Structure of Nanosilica Particles

X-ray diffraction is an interesting technique to identify the purity, size, and crystalline
nature of the materials. Figure 14 depicts the X-ray diffraction patterns of the silica
sample. This figure contains, around the angle 2 theta 22–23, a strong broad, which
is the characteristic of silica. This result confirms that the state of the synthesized nanosilica
was amorphous. The Scherrer formula and the full width at half maximum (FWHM)
were used to determine the average particle size of the silica samples. The average size of
nanoparticles was calculated using the following formula:

G =
Kλ

BcosΘB
(24)

where K is a dimensionless shape factor with a typical value of about 0.9, λ is the X-ray
wavelength (λ = 1.78901 Å for Co Ka), θB is the maximum of Bragg diffraction peak (in
rad), and B is the line width at half maximum. Using this formula, the calculated average
grain size of nanoparticles was 24 nm.

Figure 14. XRD of nanosilica.
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The Debye–Scherrer formula was obtained from a model in which the size distribution
of the crystallites was ignored; hence, the average grain size obtained from this formula was
not precise compared to the size of the nanoparticles measured by TEM. Different images
at variable magnifications (50,000–60,000) were recorded for the sample to investigate
its average grain size. The recorded TEM images of nanosilica are shown in Figure 15.
These images show that the morphology of the nanoparticles had a nearly spherical shape
with a diameter ranging from 10 to 20 nm. These results confirm that the average particle
dimension of the obtained silica was in nanoscale size and that they are in accordance with
the XRD results.

 

Figure 15. TEM images of nanosilica.

5. Conclusions

In this work, a pilot plasma system, which contained a non-transferred arc system
with a power of 30 KW, was used to synthesis nano-sized silica. The plasma operated on
nitrogen, and the nitrogen tail flame could be heated to the range of 4273.15 K to 6773.15 K.
A 2D numerical model was established to predict the plasma flow and heat transfer inside
and outside of the torch. Simulation results showed that the plasma temperature and
velocity became higher with increasing current, while the electrothermal efficiency was
reduced. Additionally, the thermal efficiency decreased with increasing enthalpy because
more energy was removed by cooling water. With increasing current, the plasma jet core
with high velocity and temperature was expanded in axial and radial directions. Nu-
merical simulation results were in good accordance with the experimental measurements.
In addition, the initial nanosilica particles elaborated in the experimental device were
characterized by X-ray diffraction (XRD) and transmission electron microscopy (TEM) to
identify the purity, size, and crystalline nature of the materials and to study their mean
size. The arc plasma method enabled one to produce spherical silicon ultra-fine powder of
about 20 nm in diameter.
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Abstract: In this paper, we focus on fabrication and physicochemical properties investigations of
silica–multiwalled carbon nanotubes/poly(dimethylsiloxane) composite coatings deposited on the
glass supports activated by cold plasma. Air or argon was used as the carrier gas in the plasma process.
Multiwalled carbon nanotubes were modified with poly(dimethylsiloxane) in order to impart their
hydrophobicity. The silica–multiwalled carbon nanotubes/poly(dimethylsiloxane) nanocomposite
was synthesized using the sol–gel technique with acid-assisted tetraethyl orthosilicate hydrolysis.
The stability and the zeta potential of the obtained suspension were evaluated. Then, the product was
dried and used as a filler in another sol–gel process, which led to the coating application via the dip-
coating method. The substrates were exposed to the hexamethyldisilazane vapors in order to improve
their hydrophobicity. The obtained surfaces were characterized by the wettability measurements
and surface free energy determination as well as optical profilometry, scanning electron microscopy,
and transmittance measurements. In addition, the thermal analyses of the carbon nanotubes as well
as coatings were made. It was found that rough and hydrophobic coatings were obtained with a
high transmittance in the visible range. They are characterized by the water contact angle larger
than 90 degrees and the transmission at the level of 95%. The X-ray diffraction studies as well as
scanning electron microscopy images confirmed the chemical and structural compositions of the
coatings. They are thermally stable at the temperature up to 250 ◦C. Moreover, the thermal analysis
showed that the obtained composite material has greater thermal resistance than the pure nanotubes.

Keywords: multiwalled carbon nanotubes; poly(dimethylsiloxane); silica; coating; hexamethyldisi-
lazane; contact angle; wettability; hydrophobicity; surface free energy; areal roughness; low pressure
cold plasma

1. Introduction

Silica materials are a large group of functional materials with a wide range of appli-
cations [1]. They can be obtained in a polycondensation reaction from silicon alkoxides
or other similar precursors using the sol–gel process. The final properties of the product
depend on the process parameters such as type of precursor and solvent, catalyst, or tem-
perature. This makes it an effective, simple, and cheap technology characterized by many
advantages [2]. Silica-based coatings are one of such materials; they are largely developing
and future-oriented because they can impart a wide variety of predetermined properties
to a surface [3]. Silica coatings can be doped with various fillers or modifiers in order to
improve or change their properties. This makes them a composite material. The composite
is produced from two or more constituent materials with different physical and chemical
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properties [4]. Their combination results in a material with properties dissimilar to those of
individual elements. When the two constituents are at the nanometer or molecular level,
this is a hybrid material [5]. This combination, consisting of organic and inorganic con-
stituents, makes an interesting material with specific physical, thermal, optical, electrical,
and mechanical properties that are promising for various applications [6,7].

Recently, the use of carbon nanotubes (CNTs) [8] has become more common, and they
are now one of the most widely used organic additives due to their unique properties
such as small density, excellent mechanical properties, and good thermal and electrical
conductivity, which make them an ideal component for the organic phase in composites or
hybrids [9–12]. CNTs are cylindrical structures consisting of rolled-up sheets of single-layer
carbon network with the structure (sp2) of graphene [13]. In the case of the single-walled
carbon nanotubes (SWCNTs), this is a single sheet close to 1 nanometer in diameter [14],
whereas for the multiwalled carbon nanotubes (MWCNTs), there are several concentrically
interlinked single tubes, and the end diameter of the structure can reach up to 100nm [15].
The length of nanotube ranges from nanometers, through millimeters, up to several cen-
timeters [16]. The popularity of carbon nanotubes applications can be demonstrated by
their usage not only for nanocomposites [17,18] but also in many fields—for example, drug
delivery systems [19], functional fabrics production [20], medicine [21], electronics [22],
solar energy systems [23], road constructions [24], and even spacecrafts [25]. There is a
quick and simple method to synthesize doped silica composites—mix an organic additive
with one of the precursors (for example tetraethyl orthosilicate) followed by the sol–gel
reaction assisted with acid or base catalysis [26]. The hydrogen bonds formed between the
two constituents prevent phase separation and result in obtaining a transparent and stable
composition or a film [27]. However, so far, there are no reports in the literature on the
use of carbon nanotubes as a silica coating modifier, but they have been successfully used,
for example, to produce composite polymer materials [28] or different types of hybrid
materials [29].

Another possibility to modify the properties of the coatings is to modify the support
with plasma. Plasma is commonly defined as a fourth state of matter, distinct from a solid,
liquid, or gas, that is composed of high-energy ions, electrons, neutral or excited molecules,
and UV light [30]. It was first described by the American chemist Irving Langmuir in the
1920s [31,32]. It is crucial to distinguish between thermal and nonthermal (cold) plasmas,
and the classification is based on the relative temperatures of their constituents. In the case
of the cold plasma, there will not be a local thermodynamic equilibrium between the highly
energetic electrons generating plasma and other particles (Telectrons >> Tplasma) because
the density of the electrons in the plasma is small compared to that of other constituents.
Thus, the term “cold” refers to the plasma with the temperature between 40 ◦C and
70 ◦C [33]. This plays a key role if plasma is used to modify heat-sensitive materials
because plasma modification of a solid surface is one of its common applications. It can be
used for food decontamination [34] and in medicine [35], nanotechnology [36], and surface
engineering [37]. The high-energy constituents of the plasma interact with a surface and
can change a wide range of its properties such as surface free energy, wettability, roughness,
surface charge, and biocompatibility. The ability of plasma modification to induce any
changes in the bulk of a solid is still an open question.

The aim of this study was to obtain a new silica–multiwalled carbon nanotubes/poly
(dimethylsiloxane) (silica–MWCNTs/PDMS) composite coating. The hydrophobic prop-
erties of the product were to be ensured by the modification of carbon nanotubes with
poly(dimetylsiloxane) (PDMS) as well as hydrophobization of the surfaces with hexam-
ethyldisilazane. The influence of cold plasma modification of the support on the surface
properties of the coating was investigated. The physicochemical properties of the obtained
coatings were comprehensively studied using scanning electron microscopy, X-ray diffrac-
tion, optical profilometry, thermal analysis, contact angle measurements, and surface free
energy evaluation.
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2. Materials and Methods

2.1. Materials and Reagents

During the investigation, the following reagents and materials were used:

• demineralized water (SPRING 20 from Hydrolab, Straszyn, Poland)
• ultrapure water (Milli-Q™ system from Merck, Darmstadt, Germany; 18.2 MΩ·cm−1

at 298 K)
• multiwalled carbon nanotubes, MWCNTs
• tetraethyl orthosilicate, TEOS (98%, Aldrich, St. Louis, USA)
• hydrochloric acid, HCl (35–38%, POCH S.A., Lublin, Poland)
• ethanol, EtOH (96%, POCH S.A., Lublin, Poland)
• hexamethyldisilazane, HMDS (98%, Aldrich, St. Louis, USA)
• potassium chloride, KCl (reagent grade, POCH S.A., Lublin, Poland)
• glass microscope slides with the dimensions of 76 × 26 × 1 mm (ChemLand,

Stargard, Poland)

2.2. Samples Preparation
2.2.1. Synthesis of the Filler

The multiwalled carbon nanotubes were obtained in another experiment using the
catalytic chemical vapor deposition (CCVD) method as described by Kartel et al. [38],
using pyrolysis of propylene on the complex metal oxide catalysts [39]. The product was
hydrophobized by physical adsorption of poly(dimethylsiloxane) as follows. Before the
process, the samples were dried at 110 ◦C for 2 h; then, the hexane solution of PDMS
(1 wt% PDMS) was prepared and 5 wt% of the solution was added to the determined
amount of dried MWCNTs. After that, the suspension was mechanically stirred and finally
dried at room temperature for 48 h and then at 80 ◦C for 3 h, obtaining the powder form
(similar to that of unmodified MWCNTs). The detailed description of the synthesis and
study on physicochemical properties of these MWCNTs is available in another paper [40].

The silica–MWCNTs/PDMS hybrid filler was synthesized via the acid-assisted tetraeth-
oxysilane hydrolysis at the molar ratio 1.0:4.6 × 10−2:3.45 (TEOS:HCl:H2O). The composi-
tion was stirred using a magnetic stirrer at 300 rpm at 50 ◦C for 2 h. Then, the MWCNTs
suspension in ethanol (3‰ m/v) was instilled, which corresponds to the volume dilution
of 1:3, and the composition was stirred for 30 min. After that, a portion of the sample was
submitted to stability testing while the rest was dried at room temperature for 24 h (gelation
and solvent evaporation). Sequentially, the powder was suspended in 5 mL of ultrapure
water and centrifuged at 5000 rpm for 10 min at room temperature; the procedure was
repeated three times. Then, the product was dried at room temperature for 48 h, ground
gently in the agate mortar for 2 min into a powder form and heated at 150 ◦C for 24 h.

2.2.2. Plasma Activation of the Supports

The glass microscope slides, which are factory cleaned, degreased, and ready to use,
were taken as the supports for the coatings. They were activated by air or argon cold plasma
by means of PICO Low Pressure Plasma System (Diener Electronic GmbH, Germany) using
the parameters in Table 1.
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Table 1. Plasma process parameters for the activation of the glass supports.

Parameter Value

plasma type low pressure cold plasma (LPCP)
process duration 5 min

carrier gas air or argon
gas flow 50 sccm
pressure 0.2 mbar (controlled via gases)

generator model LFG40
generator frequency 40 kHz (RF)
generator power 1 100%/1000 W

flushing/venting gas air
1 Efficiency > 90% at the nominal power and accuracy better than ±5% of final value.

2.2.3. Synthesis and Coating Application

The coating was synthesized by the sol–gel method as it was described in our previous
paper [41] with the difference that the synthesis proceeded at 50 ◦C. TEOS was used as the
precursor and HCl as a catalyst of the hydrolysis at the molar ratio of 1.0:4.6 × 10−2:3.45
for TEOS:HCl:H2O, respectively. The filler (silica–MWCNTs/PDMS composite) suspension
in EtOH was prepared at the concentration 3% (m/v). After the synthesis completion, a
sample of the product was taken for stability testing (parallel with the coating process).

The KSV NIMA KN4001 Dip Coater (Biolin Scientific, Sweden) was used for the glass
supports covering. The withdrawal speeds of the samples as well as the methods of the
support activation are presented in Table 2. Between the successive coatings of the samples
the sol was still being stirred at 300 rpm and its temperature was maintained at 50 ◦C. The
sample #7 was coated by manual immersion while #8 by spreading of 5 mL of the sol on
the support.

Table 2. Parameters of individual samples.

Sample Number Support Activation Withdrawal Speed [mm/min]

#1 nonmodified 50
#2 air plasma 50
#3 argon plasma 50
#4 nonmodified 20
#5 air plasma 20
#6 argon plasma 20
#7 nonmodified n/a (manually)
#8 nonmodified n/a (spread)

2.2.4. Hydrophobization of the Coatings

To impart the surface hydrophobicity, the substrates were modified with hexamethyl-
disilazane. They were kept in a desiccator under the HMDS saturated vapor at ambient
temperature and pressure for 24 h. Then, the residual modifier (unbound hexamethyldisi-
lazane) and the byproduct (ammonia) were dismissed by heating the substrates at 100 ◦C
for 1 h.

2.3. Samples Study
2.3.1. Stability

The stability measurements were made by the TurbiscanLAB (Formulaction, Toulouse,
France) apparatus equipped with the cooler unit, which is a cooling/heating module.
The silica–MWCNTs/PDMS hybrid material suspension as well as the sol used for the
surface coating with the dip-coating technique were tested. The products were put into the
Turbiscan vessel immediately when the synthesis was over, and the measurements were
made at 50 ◦C (the synthesis temperature). The transmission profiles were collected for 3 h
every minute and then for 9 h every 30 min. Based on these data, the Turbiscan Stability
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Index (TSI) was calculated by the TurbiSoft 2.3 software as it was described in our previous
paper [42].

The zeta potential was determined using the Zetasizer Nano ZS90 (Malvern Instru-
ments Ltd., Malvern, United Kingdom) with the automatic measurement procedure that
uses the modified PALS (phase analysis light scattering) signal processing technique called
M3-PALS based on the electrophoretic mobility. The sample in its native pH was prepared
as follows: about 0.02 g of the silica–MWCNTs/PDMS composite was dissolved in 6 mL
of the 32.5% aqueous ethanol solution and 10 mL of 1 mM KCl was added in order to
improve conductivity in the continuous phase. Finally, the alcohol concentration in the
water solution (masses of CNTs and KCl are negligible) was about 12%. The measurements
were made at 20 ◦C using the universal dip cell (Pd electrodes with 2 mm spacing, 40 μL
disposable microcuvette) and the Smoluchowski approximation [43,44] was applied in
order to transform the measured electrophoretic mobilities into the zeta potential. The
appropriate parameters for the dispersant were established in the software: the viscosity
equal to 2.16 cP [45], the refractive index equal to 1.3410 at a wavelength (589.29 nm) close
to the laser wavelength (632.8 nm) [46], and the dielectric constant equal to 75.67 [47].

2.3.2. Thermal Analysis

The thermogravimetric (TG) study of the carbon nanotubes was carried out using
a Derivatograph MOM Q–1500 D (Paulik–Paulik–Erdey, Budapest, Hungary) with reg-
istration of the differential TG (DTG) and differential thermal analysis (DTA) data. The
measurements were made under atmospheric pressure, at 30–1000 ◦C, in the static air
atmosphere, at a heating rate of 10 ◦C/min.

The TG/MS/FTIR studies of coating were carried out using STA 449 F1 Jupiter
(Netzsch, Selb, Germany) in the range of 30–1000 ◦C with the heating rate of 10 ◦C/min, in
the synthetic air atmosphere with the gas flow 50 cm3/min and the mass of the sample
was about 4 mg. The apparatus was coupled simultaneously with Tensor 27 (Bruker,
Karlsruhe, Germany) FTIR spectrometer as well as QMS 403 D Aëolos Quadro (Netzsch,
Selb, Germany) quadrupole mass spectrometer in order to detect volatile products evolved
during the analysis.

2.3.3. Wettability and Surface Free Energy

The contact angle measurements were made using the DigiDrop Contact Angle Meter
(GBX, Romans-sur-Isère, France) equipped with a closed and thermostated chamber. The
Milli-Q ultrapure water (γl

∼= 72.8 mN/m at 20 ◦C) was used as the probe liquid. The
sessile droplet technique was used as follows: a 6 μL droplet was settled on the examined
surface and the advancing contact angle was measured, then 3 μL of liquid was sucked
and the receding contact angle was measured. The contact angle values were calculated by
the WinDrop++ software using the polynomial algorithm based on the droplet shape using
the contour mode. Ten water droplets were measured and averaged along each surface in
order to increase the measurement accuracy.

The surface free energy (SFE) of each sample was estimated using the contact angle
hysteresis (CAH) approach proposed by Chibowski [48]:

γs = γl
(1 + cos θa)

2

(1 + cos θr)
2 − (1 + cos θa)

2 (1)

where: γs—the surface free energy, γl—the surface tension of the probe liquid, θa—the
advancing contact angle, θr—the receding contact angle. This allows us to determine the
SFE as the function of three directly measurable parameters: liquid surface tension and
both advancing and receding contact angles.
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2.3.4. Surface Topography and Thickness of the Coatings

The surfaces height maps were made using the ContourGT-K1 3D Optical Profiler
(Bruker, Germany) in order to evaluate the surface roughness and to obtain information
about its topography. The measurements were made with 5× objective at 1× magnification
using the white light and VXI technique. The sampling area was 1261 μm × 946 μm. The
roughness parameters were calculated using the Vision64 (ver. 5.41) software. The same
equipment and procedure were used to estimate the thicknesses of the obtained coatings.

2.3.5. Scanning Electron Microscopy

The morphology of the carbon nanotubes as well as the obtained surfaces were studied
using scanning electron microscopy. The images were taken using the Quanta 3D FEG
(FEI, Hillsboro, USA) apparatus equipped with the secondary electron detector (SED)—an
Everhart-Thornley detector (ETD). The beam operated at 20 kV in the case of CNTs samples
or 30 kV in the case of coated surfaces (accelerating voltage for the electrons). The other
specific parameters are shown in the SEM images. In the case of the carbon nanotubes
samples, the quantitative SEM/EDS (energy dispersive X-ray spectroscopy) analysis was
also performed.

2.3.6. X-Ray Diffraction Analysis (XRD)

The surface obtained by the dip-coating with the largest contact angle was examined by
the Empyrean multipurpose diffractometer (Malvern Panalytical, Almelo, The Netherlands)
with CuKα radiation. The small angle X-ray diffraction patterns were scanned at room
temperature in the angular range 2θ from 6◦ to 95◦ with a step size of 0.02◦.

2.3.7. Optical Properties

The Helios Gamma UV-Vis Spectrophotometer (Thermo Electron Corporation, Beverly,
USA) was used in order to make the transmission measurements of the samples. The
apparatus was equipped with the quartz-coated single-beam optical system with the 2 nm
spectral bandwidth. The tungsten lamp and the deuterium lamp were used as light sources.
The measurements were made at room temperature in the wavelength range from 190 nm
to 800 nm with the 0.5 nm step, which corresponds to the ultraviolet C (UV-C) and visible
(VIS) light. The obtained data were recorded by the VISION software and the baseline
subtraction was made automatically.

3. Results and Discussion

The Turbiscan transmission profiles of the silica–MWCNTs/PDMS hybrid filler sus-
pension are shown in Figure 1. Just after the synthesis, the transmission along the entire
length of the flask was equal to zero because of the formation of an opaque, black product
(the color comes from the carbon nanotubes). The increase in transmission at the top of
the vessel over the time is due to the start of the gelling process and the phase separation—
formation of a transparent solvent (alcohol) layer. To estimate the stability of the sample,
the Turbiscan Stability Index (TSI) was calculated. This is a dimensionless indicator that
allows one to compare the samples with each other and can vary in the range of 0–100.
The value of the TSI is inversely proportional to the system stability [49]. The Turbiscan
brochure states that up to the Turbiscan Stability Index equal to 1, the system is stable
(referred to as Visually Excellent for TSI < 0.5 or Visually Good for TSI < 1.0). In this case,
the TSI exceeded the value of 0.5 after 8 h 20 min. This means detecting the beginning of
destabilization, but in a very early stage, this can be particles migration or size variation.
The global TSI after 12 h is equal to 0.9, which allows to confirm the stability of the system
during this time. It exceeded the value of 1.0 after 13 h 15 min, but the destabilization
remains still invisible for the eye. The red curve shows the transmission profile for the
system with complete gelling. The lowering of the upper meniscus of the sample is note-
worthy. This confirms the formation of particle agglomerates and the reduction of their
mobility, and thus the contraction of the system volume.
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Figure 1. Transmission profiles of the silica–MWCNTs/PDMS hybrid filler suspension just after
the synthesis.

As it can be observed in Figure 2, in the case of a composition for the dip-coating, the
destabilization occurs faster. The TSI exceeded the value of 0.5 just after 6 min 28 s and
1.0 after 12 min 54 s. The value of 3.0 was reached after 38 min 32 s, which means that
important stability destabilization occurs due to large sedimentation. In this stage, the
destabilization may not be visible yet, but based on the transmission profiles in Figure 2,
it can be concluded that the filler particles fall (sedimentation) to the bottom of the flask.
If the composition is used for the spray coating, its stabilization should be considered.

Figure 2. Transmission profiles of the coating composition just after the synthesis.
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The zeta potential (ZP) of the obtained filler (dried gel) suspension in the 32.5% ethanol
solution was equal to −11.1 mV. The negative value indicates the presence of negative
charges on the nanoparticles surface. Therefore, it can be concluded that the surface silanol
groups (Si-OH) take the form of the ionized Si-O- species. They can initiate a cross-linking
reaction of the silanol groups, which will result in the formation of the oxygen bridging
between the nanoparticles and could induce its agglomeration [50]. The ability to create
bonds with nanoparticles of the filler is desirable in the synthesis of a coating composition.
The information about the surface charge and its structure also allows for the stabilization
of the filler nanoparticles suspension.

The results of the thermal analysis of nonmodified multiwalled carbon nanotubes,
PDMS, and the MWCNTs/PDMS composite are shown in Figure 3.

Figure 3. Thermal analysis of the MWCNTs, PDMS, and silica–MWCNTs/PDMS composite.

The first step of weight loss of the PDMS starts from about 290 ◦C and corresponds to
the depolymerization reaction resulting in the volatile cyclic oligomers.

A significant weight loss in the second step from approximately 500 ◦C is caused by
oxidation, which leads to the polymer residue decrease to even about 10% of its previous
mass [51,52]. The pristine MWCNTs are thermally stable up to about 400 ◦C, but above
500 ◦C, the decomposition process proceeds relatively fast. It corresponds to the sample
combustion and can be confirmed by the DTG curve due to the appearance of a high
peak [53]. Figure 3 shows that the MWCNTs/PDMS composite decomposes at a much
higher temperature than pure PDMS but not much lower than that of the unmodified
carbon nanotubes. However, there is a slight initial weight loss at lower temperatures up
to 500 ◦C, which can correspond to the depolymerization of PDMS.

The thermal analysis results of the coating material can be observed in Figure 4. In the
first step, from about 60 ◦C to 200 ◦C, the adsorbed water is removed. This is confirmed
by the DTG peak at 99.1 ◦C and the DSC peak corresponding to the heat necessary to
evaporate the water (endothermic process). Moreover, in the mass spectrum in Figure 5,
a strong signal at m/z equal to 17 and 18 can be observed as well as wide peaks in the
range of 3000–3400 cm−1 in the FT-IR spectrum. The process in the range of 200–500 ◦C can
be associated with decomposition of the surface methyl group due to hydrophobization by
HMDS, which is confirmed by the peak in the FT-IR spectrum (Figure 5) in the range of
2800–3000 cm−1. The combustion process of the material begins at a temperature above
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600 ◦C, which confirms the release of carbon dioxide in both spectra in Figure 5. This can be
confirmed by the DSC curve, which shows the exothermic peak in the range of 600–700 ◦C.
In the case of the coating, the effects of earlier PDMS depolymerization cannot be clearly
observed because the filler is predominantly built in the bulk phase of the material. This
will be confirmed also by the SEM images of the surface as well as the XRD analysis further
in this paper.

Figure 4. TG, DTG, and DSC curves of the coating.

Figure 5. Mass and FT-IR spectra of volatile products of the thermal analysis of the coating.

The total weight loss is equal to 12.35%, of which 2.68% is adsorbed water. This is a
significant difference compared to the decomposition of the main filler component, carbon
nanotubes with adsorbed PDMS. Thus, it can be concluded that the obtained composite
coating is characterized by better stability and thermal resistance.

The water contact angles (WCAs) on each sample are presented in Figure 6. On each
real surface, the advancing contact angle is the highest one and the receding contact angle
is the smallest contact angle possible to measure. Young’s contact angle is somewhere
between them, and its experimental measurements are practically impossible [54,55]. For
this reason, in order to describe the wettability of the surfaces better, the equilibrium
contact angles were calculated using Tadmor’s approach [56].
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Figure 6. Water wettability of the obtained coatings.

The highest WCA, equal to 106.3 ± 7.5 degrees, can be observed in the case of
sample #8. As shown in Figure 7, this surface is also characterized by the largest contact
angle hysteresis (8.5 ± 4.1 degrees) and the smallest surface free energy (21.2 ± 3.8 mJ/m2).
This results from the method of applying the coating; the layer with the largest thickness
and heterogeneity was obtained, which confirms its roughness parameters and the surface
height map. The high standard deviations of the contact angles, contact angles hysteresis,
and surface free energies indicate a wide physical and chemical heterogeneity of surfaces
#7 and #8.

Figure 7. Surface free energies of the obtained surfaces.
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Sample #4 has the largest contact angle (95.3 ± 1 degrees) among the samples obtained
with the dip coating. However, the difference in the withdrawal speed in the critical range
does not affect the surface properties of the produced coatings significantly; the equilibrium
contact angles of the corresponding samples only differ by about one degree.

In the case of the air plasma modification of the support, a slight decrease in the
water contact angle on the coating can be observed (sample #1 compared to #2 and
sample #4 compared to #5), while argon plasma modification causes a slight increase
of the contact angle (sample #1 compared to #3) or does not affect surface wettability
(sample #4 compared to #6). Moreover, plasma activation will improve the coatings adhe-
sion [57,58]. However, it is necessary to carry specialized durability tests out in order to
investigate this phenomenon.

The linear (R) as well as the areal (S) roughness parameters of the obtained surfaces
are presented in Table 3. The arithmetic mean deviation of the roughness profile (Ra)
and the root mean square deviation of the roughness profile (Rq) are commonly used to
describe surface roughness [59,60]. However, they are linear roughness parameters and
do not take the entire sampling area into account, only the roughness profile along one of
the arbitrary selected axes. As can be seen in Table 3, the linear parameters (Ra and Rq)
differ significantly from the corresponding areal parameters (arithmetical mean height—Sa,
and root mean square height—Sq). It is postulated that the areal parameters provide more
information about the complexity of surfaces and allow for better understanding of surface
morphology than the profile (linear) parameters [61]. Thus, the areal parameters were
calculated, and they will be analyzed for better surface description.

Table 3. Linear and areal roughness parameters of the obtained surfaces.

#1 #2 #3 #4 #5 #6 #7 #8

Ra [nm] 3.61 8.51 6.48 2.68 5.40 7.36 703.45 2.670 × 103

Rq [nm] 4.81 11.41 14.23 4.78 9.88 12.09 795.61 4.280 × 103

Sa [nm] 1.69 4.289 5.48 2.06 4.11 5.13 703.00 2.674 × 103

Sq [nm] 3.05 6.473 13.83 4.36 9.11 10.37 796.00 4.277 × 103

Ssk 6.77 1.426 −8.57 6.72 7.91 7.07 0.24 2.89
Sku 104.25 25.253 730.91 81.48 142.70 118.27 5.23 18.70

Sdq [deg] 0.04 0.06 0.27 0.06 0.14 0.16 9.82 48.19
Sdr [%] 0 0 0.001 0 0 0 1.14 46.04

Sds [1/mm2] 339.01 546.797 162.36 467.72 350.79 418.09 1417.47 1195.38
Str 0.68 0.819 0.74 0.73 0.74 0.77 0.78 0.73

Sa and Sq are significantly higher in the case of samples #7 and #8—they differ by
several orders of magnitude. This explains the different methods of applying the coatings,
and thus obtaining a layer with a greater thickness and heterogeneity, compared to the other
samples. This is reflected in the surface height maps in Figure 8, where there are more peaks
and high flat areas compared to samples #1–#6. This is also the reason for the larger contact
angles and contact angles hysteresis values on surfaces #7 and #8 as it was mentioned
above. It should be kept in mind that the Sa and the Sq parameters can be specious for
the surfaces with different spatial and height symmetries. They can have the same Sa or
Sq while the texture will be completely different. Thus, other height, spatial or hybrid
parameters for the obtained surfaces were calculated. The skewness (Ssk) for all surfaces,
except #3, is a positive value. This indicates the predominance of peaks structures, while
the negative value for sample #3 points out to predominance of the surface comprising
valleys. The kurtosis (Sku) evaluates sharpness in the height distribution; its value above
3.0 for all the samples means that there are excessively high peaks and/or deep valleys on
these surfaces. The root mean square gradient (Sdq) represents the mean magnitude of the
local slopes forming the surface—the greater the value of Sdq, the more steeply the surface
is inclined. This is useful for differentiating surfaces with similar Sa values. Samples #2 and
#5 are such an example. They are both deposited on the support activated by air plasma
and characterized by similar Sa values (4.289 nm and 4.11 nm, respectively). However,
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coating #5 is described by a larger Sdq value (0.14◦) than #2 (0.06◦), which corresponds to
the height maps in Figure 8; visually, there are more peaks on surface #5.

Figure 8. 3-D height maps of the obtained surfaces (sample number above the image).

Sdq can be also associated to the wetting degree of surface by various fluids. The
developed interfacial area ratio (Sdr) describes in percentage the increasing surface area
after applying coating compared to the flat surface of the support. It can be concluded that
in the case of the samples produced by dip-coating, there are only microroughness due to
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small Sdr values, while on surfaces #7 and #8, there is macroroughness resulting from an
increase in the surface area of up to about 10% and 50%, respectively. This confirms the
summit density (Sds) parameter, which corresponds to the number of summits per unit
area making up the surface. Samples #1–#6 are described by smaller values of the Sds due
to single and sharp peaks, while samples #7 and #8 have wider summits. The texture aspect
ratio (Str) evaluates directionality of the surface texture. For all samples, the Str values are
greater than 0.5 with an average of 0.75, which indicates that the surfaces textures do not
have periodicity in the specific direction. Regardless of the type of plasma, the modification
of the substrate causes an increase in the surface roughness (characterized by the Rq or Sq
parameter), and the effect is the most noticeable in the case of argon plasma.

Coatings #1–#3 and #4–#6 were applied with the dip-coating technique with the
withdrawal speed equal to 50 mm/min and 20 mm/min, respectively. The differences in
the withdrawal speed result in various thicknesses of the obtained layers [62]. In the case
of the silica coatings prepared by the acid-assisted TEOS hydrolysis, the withdrawal speed
in the range of 20–80 mm/min is referred to as the critical withdrawal speed. The value of
50 mm/min allows to get homogeneous, transparent, and crack-free silica coatings of a
minimum film thickness [63]. The approximate thickness of the coatings in the case of its
deposition by the dip-coating technique is about 0.46 μm, while for the manual immersion
or spreading, it is about 0.79 μm.

The scanning electron microscopy images of the multiwalled carbon nanotubes are
shown in Figure 9. In Figure 9a, the pristine nanotubes with a diameter of about 20 nm
are presented. In Figure 9b, the MWCNTs/PDMS composite is presented. An increase in
the diameter of the nanotubes and characteristic shading can be observed as a result of the
PDMS adsorption.

Figure 9. SEM images of MWCNTs: nonmodified (a) and modified with PDMS (b).

The SEM-EDS elementary analysis results of the carbon nanotubes are shown in
Table 4. The effectiveness of PDMS adsorption is evidenced by the decrease in the carbon
content from 92.96% to 88.37% with the simultaneous increase in the contents of oxygen
and silicon, which are the polymer constituents. The remaining elements such as Mo or Fe
are probably impurities left over from the nanotube synthesis process or introduced during
the analysis.

The SEM images of samples #4 and #7 are shown in Figure 10. Both images show
amorphous silica nanoparticles formed on the surface. More regular arrangement and
larger sizes were obtained on surface #4 produced by the dip-coating method (Figure 10a).
In the case of surface #7, which was coated manually, the nanoparticles are smaller, and
the coverage of the support is heterogeneous. In both cases, the carbon nanotubes (filler
particles) cannot be seen on the surface; this means that they are built into the bulk structure
of the coating, which will be also confirmed by the XRD analysis (Figure 11).

105



Appl. Sci. 2021, 11, 9256

Table 4. SEM-EDS elementary analysis of carbon nanotubes (MWCNTs): nonmodified and modified
with PDMS.

Element 1 MWCNTs MWCNTs + PDMS

C 92.96 88.37
O 5.14 7.01
Si 0.46 3.13

Mo 0.39 0.45
Fe 1.06 0.89

1 Element content in the carbon nanotubes in weight percent (wt%).

Figure 10. SEM images of the sample #4 (a) and #7 (b).

Figure 11. XRD pattern of the sample #4.

The XRD pattern of sample #4 is presented in Figure 11. There can be observed as a
much broadened peak over the 2θ range of 20–30◦, which corresponds to the amorphous
silica structures on the surface [64]. However, the peaks at 32◦ (100 plane) and 66◦ also
indicate the presence of trigonal silica [65]. This means that during the coating fabrication
by the TEOS hydrolysis under the applied conditions, two forms of silica are created.
As it was mentioned above, the XRD analysis showed no nanotubes in the top layer of the
coating. The XRD patterns for the MWCNTs should appear at around 26◦ (indexed as 002
reflection of the hexagonal graphite structure) and 43◦ (100 graphitic planes) [66,67], but
there is a lack of them.
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As it is presented in Figure 12, the optical properties of the samples investigations
show the formation of largely transparent composite films in the case of the samples
produced by the dip-coating technique. The transmittance values of samples #1–#6 remain
at about 95%. This value is a few percent smaller than for silica (pure polysiloxane coatings)
without any filler [42]. However, it should be emphasized that the coatings include carbon
nanotubes, the suspension of which during the stability tests revealed no transmission.
Moreover, the differences are not significant, and furthermore, the transmission values
are greater than for the uncoated glass substrate [42]. For manually applied coatings, the
transmission is equal to 70% and only 30% for samples #7 and #8, respectively. This is due
to the greater thickness and structure of the coatings, which was confirmed by the above
optical profilometry, and therefore more nanotubes concentration in the optical path. The
effects observed in the wavelength range of 190–350 nm and at 580 nm [68] were described
in detail in our previous paper [42].

Figure 12. Optical properties—transmittance of the samples.

4. Conclusions

The silica–MWCNTs/PDMS composite coatings on the glass supports modified with
cold plasma were fabricated using the quick and simple sol–gel method. The surfaces with
water contact angles larger than 90 degrees were obtained; therefore, they can be described
as hydrophobic ones. The influence of the type of plasma on the surface properties of the
deposited coating was found. The thin films are largely transparent and rough, and the
composite is thermally stable up to 250 ◦C. The SEM images, thermal analysis, and XRD
analysis showed that the silica–MWCNTs/PDMS filler is in the bulk phase of the material,
not on the surface. Additional investigations are required in order to study the effect of
withdrawal speed on the coating thickness and composition. The results will be reported
in a due course.
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Abstract: Dry argon (Ar) discharge and wet oxygen/argon (O2/Ar) admixture discharge for alter-
nating current atmospheric pressure plasma jets (APPJs) were studied for Ar discharges with flow
rates ranging from 0.2 to 4 slm and for O2/Ar discharges with different O2 ratios and flow rates
ranging from 2.5 to 15 mslm. The voltage–current waveform signals of APPJ discharge, gas flow
rate, photo-imaging of the plasma jet length and width, discharge plasma power, axial temperature
distribution, optical emission spectra, and irradiance were investigated. Different behavior for
varying oxygen content in the admixture discharge was observed. The temperature recognizably
decreased, axially, far away from the nozzle of the jet as the flow rate of dry argon decreased. Similar
behavior was observed for wet argon but with a lower temperature than for dry argon. The optical
emission spectra and the dose rate of irradiance of a plasma jet discharge were investigated as a
function of plasma jet length, for dry and wet Ar discharges, to determine the data compatible with
the International Commission on Non-Ionizing Radiation Protection (ICNIRP) data for irradiance
exposure limits of the skin, which are suitable for the disinfection of microbes on the skin without
harmful effects, equivalent to 30 μJ/mm2.

Keywords: atmospheric pressure plasma jet; oxygen/argon admixture; electrical and optical proper-
ties; emission intensity; dose of irradiance

1. Introduction

Plasma, in physical science, is the fourth state of matter. In technological applications,
plasma can exist in different forms and can be created as thermal and non-thermal plasma.
Plasma technology is improving in many applications such as medical, industrial, and
environmental applications [1].

The deposition of thin films, the treatment of organic and inorganic surfaces, the
surface modification of polymer films, and the processing of materials are commonly
conducted using plasma. Using plasma in such applications is considered to provide the
most uniform and controlled treatment [2].

Plasma technology is very rich in its applications, especially in the killing of microor-
ganisms on rigid or smooth surfaces [3]. Many researchers have studied glow discharge
plasma at atmospheric pressure because of its technological simplicity; no vacuum system is
needed, a greater choice of supply gases is available, and the technology is inexpensive [4].

Cold plasma applications are acceptable from an ecological and economical point of
view. The physical application of cold plasma as a modern disinfection method is of great
importance because of increasingly strict environmental demands [5].

Low-temperature gas plasma applications dealing with the protocols of killing mi-
croorganisms have opened new fields in biotechnology applications. Recently, glow dis-
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charge plasma at atmospheric pressure has attracted significant attention, leading to many
evaluations of the disinfection of bacteria by air plasmas at atmospheric pressure such as
medical, environmental, and industrial evaluations [6].

The configurations, characteristics, and applications of a cold plasma jet emerging by
APPJ have attracted much attention: (i) configurations [7,8], such as electrode design, gas
type, emerging plasma frequency, and flow rate; (ii) characteristics of the jet [9,10], such
as length, width, temperature, emission spectra, irradiance, direct and indirect exposure,
consumed energy, and consumed power; (iii) applications [11,12], such as the inactivation
of microbes (water purification, sterilization, and wound healing), coating and etching
(polymeric surface modification and synthesis of nanostructures), and medical applications
(teeth bleaching, skin treatments, and cancer treatment).

Moreover, there are important factors that affect the APPJ performance, such as tube
dimensions and powering characteristics: (i) tube dimensions include material, shape,
length, and the outer and inner diameter of the tube [13]; (ii) powering characteristics
include power source, applied voltage, and frequency [14].

Many publications have discussed the various applications of APPJs, such as the effect
of the antimicrobial agent ratio on Escherichia coli and its application in fresh-cut cucumbers
by studying the survival curve shapes of different microbes, using the effects of different
impact parameters on the characteristics of the plume emerging from the APPJ [15–17].

The present work represents the characteristics of the cold plasma plume emerging
from the APPJ under an alternating current (AC); these characteristics were studied by
measuring the optical and electrical properties of the APPJ. These properties included the
discharge voltage and current, output plasma power, axial distribution of temperature, flow
rate, jet length, jet width, emission intensity of the plume, emission spectra, and the amount
of energy emitted at each wavelength per unit area from the plasma jet using different
gases, such as pure argon and an admixture of oxygen and argon at different ratios.

2. Experimental Set-Up and Procedures

Figure 1a shows a systematic diagram of a non-thermal APPJ using Ar and O2/Ar
admixture discharges. The ceramic tube is the main part in the APPJ, with 2 mm and
1.5 mm for the outer and inner diameters, respectively. The APPJ dimensions and powering
characteristics are given in Table 1. The APPJ consists of three electrodes: two isolated
hollow cylindrical copper electrodes around the ceramic tube, with 20 mm separation from
each other, one electrode powered by an AC high-voltage power source with a voltage
ranging from 2.5 to 25 kV and a variable frequency of up to 60 kHz, and another electrode
grounded at 40 mm away from the nozzle and 20 mm from the high voltage electrode.
Moreover, the aluminum inner capillary with a 1.5 mm diameter represents the third
electrode of the discharge, with the whole ceramic tube length ended with the nozzle and
described in Figure 1a with the dotted line inside the tube, also described briefly in our
previous work [18]. Gas flows into the ceramic tube from two gas inlets, one for argon gas
and the other for oxygen to admix inside the aluminum capillary tube, which is maintained
in a floating potential.

The flow rates were measured using a volumetric flow meter connected to a needle
valve to control the flow rates. The APPJ system creates discharges using: (i) flow rates
ranging from 0.2 to 4 slm for Ar discharges (dry argon); (ii) O2/Ar admixture discharges
(wet argon) with different O2 ratio admixtures, as shown in Table 2.
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(a) 

(b) 

 

Figure 1. Cont.
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(c) 

Figure 1. (a) Schematic diagram of APPJ experimental set-up; (b) Typical example of a ground electrode; (c) Plasma jet
width and length as calibration scale.

Table 1. Tube dimensions and powering characteristics.

Tube dimensions

Ceramic Material

Cylindrical Shape

70 mm Length

2 mm Outer diameter

1.5 mm Inner diameter (Nozzle)

Powering characteristics

AC high voltage Power source

2.5 to 25 kV Applied voltage

60 kHz Frequency

Table 2. Equivalent O2 flow rate ratio.

O2 Flow Rate Equivalent O2 Ratio

2.5 mslm 0.25%
5 mslm 0.50%
10 mslm 1%
15 mslm 1.5%

The thermal, electrical, spectroscopical, and photographical characteristics of plasmas
generated by the APPJ were measured: (i) measurements used a digital Canon camera
(Ota City, Tokyo, Japan) with an exposure time of 40 ms for fast-imaging the emerging jet
afterglow discharge in a darkened laboratory. The length and width of the jet measurements
can be accurately measured relative to the ground electrode as a reference (the ground
electrode with length and width 10 and 3 mm, respectively), as shown in Figure 1b.
(ii) Jet dimensions can be calculated from APPJ images according to the dimensions of the
ground electrode, as a calibration scale, using Microsoft Paint, as shown in Figure 1c. The
calibrations and measurements are discussed briefly in our previous work, ref. [18]. (iii) An
avaspec-2048 spectrometer (Louisville, CO, USA) with a charge coupled device (CCD)
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detector was used to measure the axial distribution emission spectra of the APPJ, from
the nozzle to far away. The spectral range of the spectrometer was 200 to 1100 nm with a
spectral resolution of 1.4 nm. A Fiber Optics Cable (FOC) was connected to the spectrometer
and collected emitted light from the APPJ via a lens at the end of the FOC. (iv) A Fluoroptic
thermometer (Model No.604, Luxtron Corporation, Santa Clara, CA, USA) was used to
measure the average plasma temperature for Ar and O2/Ar discharges. (v) A Tektronix
P6015A probe (Beaverton, OR, USA) equipped with a high voltage probe and a current
probe was used to measure the applied voltage U (kV) and discharge current I (mA) of the
jet. (v) The dose rate of the APPJ plume irradiance per unit area was measured using an 818-
RAD irradiance and dosage sensor (MKS/Newport, Model No.: 818-RAD, Newport Beach,
CA, USA), compatible with a 1919-R optical power meter with the following characteristics:
8 mm aperture, 200–850 nm spectral wavelength range, 100–250 mW/cm2 irradiance range,
and 30 W/cm2 maximum power density.

Different gas admixtures were used: a mixture of oxygen with argon at different
ratios, where the mass flow rate of each gas was controlled and the gases flowed into
a ceramic tube. Waveform signals of APPJ discharge were recorded using a 350 MHz
digital oscilloscope, for which the applied voltage was measured using a Tektronix P6015A
high-voltage probe; the discharge current was observed by measuring the voltage over a
resistance equivalent to 33 kΩ. The average discharge power can be calculated using the
voltage–current waveforms of the discharges and integrating the product of the discharge
voltage U (kV) and discharge current I (mA) over one cycle as in Equation (1):

P = f
∫ t0+T

t0

U(t) I(t) dt. (1)

P is the average power of the discharge, and f = 1
T ; f and T are the frequency and

period of the discharge, respectively. In the case of a sinusoidal waveform, Equation (1)
can be written [19]:

P = Irms Urms cos(ϕ), (2)

where Irms = I0√
2

and Urms = U0√
2

are the root mean square (rms) current and rms voltage,
respectively. I0 and U0 are the peak values of current and voltage, respectively, and ϕ is the
phase angle between the discharge voltage and current.

The recent study in this article represents the control parameters of the plume gener-
ated by the APPJ using cold plasma. The measured jet parameters included length and
width, power, applied voltage, pure argon concentration, and different admixtures of
oxygen and argon plasma discharge.

The 3rd electrode with the narrow diameter, the powering characteristics, and gas
flow rate contribute to:

a. Control in the jet dimensions such as width, length, and covered area;
b. Control in the lifetime of the discharge process mode, whether laminar flow mode or

turbulent flow mode;
c. Control in the heat impact emerging from the nozzle;
d. Control in the antibacterial effect factors of culture media down the nozzle such as

exposure time, optical emission spectra, and irradiance.

3. Results and Discussion

3.1. Voltage–Current Waveform Signals of APPJ Discharge

The electrical properties of APPJ discharge for dry argon (pure Ar) and different
oxygen/argon admixtures (wet argon) were investigated. Figure 2a–d show the current–
voltage waveform of the APPJ discharge where: (i) Figure 2a shows the voltage waveform,
plus the current waveforms of the APPJ discharge as follows: (ii) Figure 2b shows an Ar
flow rate of 1 slm and discharge plasma power of 2.5 W; (iii) Figure 2c shows an admixture
of 1 slm Ar flow rate with 0.25% (O2) and a discharge plasma power of 1.77 W; and (iv)
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Figure 2d shows an admixture of 1 slm Ar flow rate with 1.5% (O2) and a discharge plasma
power of 1.65 W.

 

 

 

Figure 2. (a) Voltage waveform and current waveforms for (b) 1 slm argon gas, (c) admixture of argon 1 slm/0.25% oxygen,
and (d) admixture of argon 1 slm/1.5% oxygen.

Figure 2a shows that the applied voltage is sinusoidal with 11.2 kV as the peak-to-peak
voltage. The discharge current (I mA) consists of a displacement current (Figure 2b–d) [20,21],
three short peaks for pure argon (Figure 2b), and one or two peaks for the O2/Ar admixture
(Figure 2c,d), appearing at every half cycle. Generally, these peaks appear because of the
glow-like discharge when the plasma is formed [22,23]. The number of the current peaks
decreased when the admixture of oxygen increased, as shown from Figure 2b to Figure 2d,
due to the reduction in the sheath creation around the jet. The decreasing average discharge
plasma power for increasing oxygen/argon ratios is attributed to increasing numbers of
collisions among particles with an increasing flow rate; moreover, additional particles will
contribute to energy exchange [24,25].

3.2. Gas Flow Rate

The discharge plasma power does not depend only on the applied peak-to-peak voltage,
but also on the gas flow rate. The applied peak-to-peak voltage is limited to 11.2 kV for our
experiment. Figure 3a shows the influence of the flow rate on the discharge plasma power
for the emerging jet of pure argon discharge: the flow rate increases from 0.2 to 3 slm, and
the argon discharge plasma power increases from 1.95 to 2.4 W. By increasing the argon
flow rate further to 4 slm, the discharge plasma power begins to decrease, from 2.31 to

116



Appl. Sci. 2021, 11, 6870

1.7 W [26]. Figure 3b shows that for oxygen/argon admixtures (see Table 2), the discharge
plasma power of the emerging jet decreases from 1.75 to 1.65 W, for oxygen admixture
ratios increasing from 0.25% to 1.5% [27]. As the oxygen percentages increases, ions, atoms,
and free radicals are produced due to inelastic collisions, leading to losses in the discharge
process and lower power than in the case of argon discharges. This is useful in sterilization
and inactivation because of the longer interaction between the jet and the sample.

Figure 3. Influence of different flow rates on discharge plasma power (a) for pure argon, (b) for
different oxygen ratios.

3.3. Length and Width of the Jet

Measurement of the length and width of the jet of argon and oxygen/argon admixture
discharges, for different flow rates and different discharge plasma powers of the emerging
jet, can be performed by photo-imaging the plasma jet. Figure 4a represents eight photo
images of an argon discharge as a function of flow rate (from 0.2 to 4 slm). Figure 4b
represents four photo images of an oxygen/argon discharge as a function of oxygen ratio
(from 0.25% to 1.5%). The images were taken in a darkened laboratory. All the photo
images, depending on the calibrated length and width of the ground electrode (10 and
3 mm, respectively), as shown in Figure 1c, were taken as a reference for measuring the
length and the width of the emerging jet. As shown in Figure 4, the jet is tilted and not
vertical, which may be due to the sheath around the jet besides the edge effect of the jet.
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Figure 4. (a) Photo-imaging of the plasma jet lengths for argon discharge as a function of flow rate
from 0.2 slm to 4 slm, and (b) Photo-imaging of the plasma jet lengths for oxygen ratio from 0.25%
to 1.5%.

Figure 5a shows the plasma jet length for an argon discharge as a function of flow rate
from 0.2 to 4 slm. The plasma jet length decreases from 20.6 to 10.7 mm with increasing
flow rate from 0.2 to 2 slm and begins to stabilize at an average jet length of 9.8 mm when
the flow rate increases from 2.2 to 4 slm. Figure 5b shows the plasma jet length of an
oxygen/argon discharge as a function of the oxygen ratio admixture with 1 slm of Ar; with
increasing oxygen concentration using oxygen ratios from 0.25% to 1.5%, the plasma length
decreases from 17.9 to 15.6 mm. This may be because of an electronegative property of
oxygen, to attract electrons, meaning that the effects on the discharge intensity diminish, as
does the plasma jet length [28].

The width of the jet is an active and interesting parameter that depends on plasma jet
length and the applied flow rates of argon and oxygen. The width is a guideline for the
maximum area of irradiance emerging from the jet and reaching the exposed sample.
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Figure 5. Influence of different flow rates on the length of the emerging plasma jet (a) for pure argon,
(b) for oxygen ratios with argon flow rate 1 slm.

For the argon discharge, Figure 6a shows that in group IAr, as the flow rate increases
from 1.2 to 2 slm, the jet width increases axially to a maximum of 1.39 to 2.07 mm, for
a plasma jet length of 13.2 mm; the jet length then begins to decrease recognizably to
between 0.56 and 1.5 mm, for a plasma jet length of 15.4 mm. Figure 6b shows that in
group IIAr, as the flow rate increases from 2.8 slm to 4 slm, the jet width increases axially to
a maximum of 1.88 to 1.1 mm, for a plasma jet length of 8.8 mm; the jet width begins to
decrease recognizably to between 1.4 and 0.6 mm, for a plasma jet length of 11 mm.

Figure 6a,b show that the best flow rates of dry argon, which obtain maximal irradiance
that emerges from the jet and reaches the exposed samples, are moderate flow rates
(2–2.8 slm). These moderate flow rates represent the maximum transition region from the
laminar flow mode to the turbulent flow mode to obtain the largest widths, help to cover
the largest exposure area of sample and accelerate the antibacterial process by dry argon,
as discussed and applied in our previous work [29].

Figure 7a,b show the influence of the flow rate ratio of oxygen on the width and the
length of the jet, from 0.25%, 0.5%, and 1% to 1.5% admixture with 1 slm of Ar, where two
phases will be observed as follows:

(a) Figure 7a shows the jet width for wet argon as a function of plasma jet length less
than 10 mm, at different applied flow rate ratios of oxygen, ranging from 0.25% to
1.5%. As the flow rate ratio of oxygen increases, the jet width recognizably decreases
axially to a minimum of 0.609 to 0.366 mm, for a plasma jet length of 8.8 mm.

(b) Figure 7a shows the jet width for wet argon as a function of plasma jet length, ranging
from 11 to 18 mm, at different applied flow rate ratios of oxygen, ranging from
0.25% to 1.5%. As the flow rate ratio of oxygen increases, the jet width begins to
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increase, reaching a wider scale from 0.561 to 1.196 mm, for a plasma jet length
of 17.6 mm. This means that, as in Figure 7b, as the admixture values of oxygen
flow rates increase, elongating the axial length dimension of the jet, and increase the
width dimensions of the plasma jet. Tables 3 and 4 give the largest width dimension
values at the equivalent length dimensions of jet for an argon and oxygen/argon
admixture discharge, respectively. The optical emission spectra and irradiances of the
atmospheric pressure plasma jets can be obtained using these dimensions, as briefly
presented below in Sections 3.5 and 3.6.

Figure 6. Relation between the plasma jet length and the width of the jet of dry argon for a flow rate (a) from 1.2 to 2 slm,
(b) from 2.8 to 4 slm.

120



Appl. Sci. 2021, 11, 6870

(a) 

(b) 

Figure 7. (a) Jet width for wet argon as a function of plasma jet length less than 10 mm and at different applied flow rate
ratios of oxygen. (b) Jet width for wet argon as a function of plasma jet length ranging from 11 to 18 mm and at different
applied flow rate ratios of oxygen.

Table 3. Largest width of the jet for dry argon discharge and the equivalent length.

Flow Rate slm Width mm Length mm

1.8 1.9 13.2
2 2.07 13.2

2.8 1.8 8.8
3 1.73 8.8
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Table 4. Largest width of the jet for oxygen/argon admixture discharge and the equivalent length.

Axial Length
of the Jet (mm)

Width (mm)

Oxygen
Ratio 0.25%

Oxygen
Ratio 0.50%

Oxygen
Ratio 1%

Oxygen
Ratio 1.5%

13.2 0.455 0.51 0.455 0.4

15.4 0.561 0.561 0.707 0.854

17.6 0.561 0.756 0.853 1.196

3.4. Axial Temperature Distribution

Since this paper deals with non-thermal plasma (cold plasma), the temperature of the
emerging jet from the APPJ is a critical factor in inactivation processes [30,31]. Figure 8
shows the axial distribution of temperature from the nozzle of the APPJ to a far away
axial distance, at different powers of argon discharge using 1 slm of argon flow rate. The
temperature depends on the input power, which ranges from 1 to 2.5 W. The temperature
recognizably decreases far away—321 and 332 K at the nozzle (0 mm) to values from 310
to 319 K at 22 mm from the nozzle. The variation in the axial temperature distribution
for argon discharge at different applied flow rates is shown in Figure 9. As the flow rate
increases from 0.2 to 4 slm, the axial temperature decreases from 487 to 364 K at the nozzle,
and from 396 to 364 K at 14 mm from the nozzle.

Figure 8. Axial distribution of temperatures from the nozzle of the plasma source at different powers for argon discharge.

Figure 9. Axial temperature distributions for argon at different applied flow rates.
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Figure 10 shows the relation between the oxygen ratio (with 1 slm of argon flow rate)
and the axial temperature of the emerging jet at different axial locations. When the flow
rate of oxygen increases, the temperature increases to reach a stable value. At the nozzle,
the temperature ranges from 395 K to a stable value of 409 K, and at 12 mm from the nozzle
the temperature ranges from 376 to 380 K.

 

Figure 10. Oxygen ratio (with 1 slm of argon flow rate) vs. temperature of the emerging jet for different axial distributions.

As shown in Figures 9 and 10, the gas temperatures of the plume in O2/Ar admixtures
(with 1 slm of argon flow rate) are slightly lower than those in pure argon discharges.
However, as the oxygen ratio increases, the temperature begins to increase and then
becomes stable. The reason for this difference between the temperatures of Ar/O2 and Ar
plasmas might be because, as the oxygen ratio increases, the numbers of collisions among
particles increase with the flow rate, and more particles participate in energy exchange and
dissipating power processes [32]. Therefore, the rotational temperature and vibrational
temperature decrease as a result of processes that occur due to adding oxygen to the argon
during discharge. Furthermore, adding oxygen accelerates the disinfection process, since a
large quantity of thermal energy is transferred from the jet to the alive culture compared
with the case for pure argon—the thermal conductivity of oxygen (0.0238 W m−1 K−1) is
higher than that of argon (0.0162 W·m−1 K−1) [33].

3.5. Optical Emission Spectra of APPJ

Optical emission spectroscopy (OES) of the APPJ was performed at the core of the
jet’s vertical axis using fiber optics with the following parameters: (i) the intensity of the
emission spectra (IES) of the emitted jet versus the wavelength; (ii) the peak-to-peak voltage
was 11.2 kV, with a 25 kHz frequency; (iii) the wavelength ranged from 250 to 850 nm;
(iv) detection was carried out at two different axial locations—the nozzle and 10 mm apart
from the nozzle; (v) the investigated flow rates for dry argon discharges were 1.8 and
3.2 slm and for wet argon discharges were 1 slm of argon with different ratios of oxygen
admixture: 0.25% and 1.5%.

Figure 11 shows the OES of dry argon discharge with an applied flow rate of 1.8 slm
taken from the two axial locations: nozzle and 10 mm apart from the nozzle. The dry
argon APPJ emission spectrum at the nozzle is presented in Figure 11a. A high emission
intensity with a strong line is found for the hydroxide band (OH) at 309.6 nm ((A2∑+-X2∏)
transition), for argon lines as follows: ArI: {696.7, 727.3, 738.46, 751.47, 763.76, 772.53, 795.53,
801.47, 811.53, 826.45, and 842.46 nm} (3s23p5(2P◦

3/2)4p transition), and for the nitrogen
band (N2): {337.26, 357.77, 380.36 nm} ((C3Πu-B3Πg) transition).

Figure 11b shows the emission spectrum detected at 10 mm from the jet nozzle for
dry argon, a moderate emission intensity lower than that of the nozzle measurements.
The OH band appears lower with 80% than IES at the nozzle, and the nitrogen band (N2)
with higher IES than at the nozzle by 90%, and with lines, as follows: {337.26, 357.77,
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380.36, 405.22, and 433.62 nm} ((C3Πu-B3Πg) transition); besides argon lines appeared at
the jet nozzle.

Figure 11. Optical emission spectra of APPJ using argon discharge at an applied flow rate of 1.8 slm for (a) nozzle and
(b) 10 mm.

The intensity of APPJ emission spectra decreased when the argon flow rate increased
to 3.2 slm for all spectra measured at the two different axial locations ( nozzle and 10 mm),
as shown in Figure 12a,b. A reduction in the APPJ emission spectra was measured when
the dry argon flow rate increased to more than 2.4 slm for all spectra measured due to a
transition from the laminar flow mode to the turbulent flow mode.
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Figure 12. Optical emission spectra of APPJ using argon discharge at an applied flow rate of 3.2 slm for (a) nozzle and
(b) 10 mm.

Figure 13a displays the optical emission spectra of wet argon discharges with ratios
of 0.25% of oxygen admixture with 1 slm of argon at the two different axial locations
(nozzle and 10 mm). A high IES with a strong OH band at 309.6 nm was measured at the
nozzle location; a low IES for weak N2 bands was measured: {337.26, 357.77, 380.36, 380.36,
405.22, 415.85, 420.19, 427.3, and 433.62 nm} ((C3Πu-B3Πg) transition); Ar lines appeared as
presented in Figure 11a for the case of a dry argon discharge; and oxygen (O) radical lines
were observed: {777.84 and 843.8 nm} (3s23p5(2P◦

3/2)4s transition).
For a wettability with 0.25% of oxygen and at 10 mm from the nozzle, as shown

in Figure 13b, the same lines and bands appeared in the emission spectra recorded at
the nozzle, but IES decreased by 60% for the OH band and increased by 80% for the N2
bands: {337.26, 357.77, 380.36, 380.36, 405.22, and 433.62 nm} ((C3Πu-B3Πg) transition),
where the wavelengths of the Ar lines were as follows: ArI: {696.7, 727.3, 738.46, 751.47,
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763.76, 795.53, 801.47, 811.53, and 826.45 nm} (3s23p5(2P◦
3/2)4p transition), with a 27%

lower emission spectrum intensity; oxygen lines at 777.84 and 843.8 nm (3s23p5(2P◦
3/2) 4s

transition) were recorded.

Figure 13. Optical emission spectra of APPJ using oxygen/argon admixture discharge at an applied flow rate of 0.25% of
O2 for (a) nozzle and (b) 10 mm.

For wet argon discharges when the O2 percentage increased to 1.5%, as depicted in
Figure 14a,b, at the two observed locations (nozzle and 10 mm), IES was measured for a
wettability of 1.5% for O2 at 10 mm from the nozzle (Figure 14b), giving the same lines
and bands as those observed at the nozzle, but IES increased by 37% for (OH) band and
decreased by 33% for (N2) bands.
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Figure 14. Optical emission spectra of APPJ using oxygen/argon admixture discharge at an applied flow rate of 1.5% of O2

for (a) nozzle and (b) 10 mm.

Generally:

a- IES decreases along the jet length and decreases apart from the nozzle due to the
presence of the strong electric field near the nozzle and because of the high rate of
charge carrier generation by electron impacts near the nozzle.

b- As the admixture of oxygen increases, IES decreases due to the decrease in elec-
tron density and temperature resulting from significant dissociation of the oxygen
molecules in the discharge processes [34].

c- As the admixture of oxygen increases, IES for the concentration of O, OH, and NO
radicals increases far away from the nozzle, compared with the dry argon case.

d- There are many reactions for dry argon discharge, as follows [35]:

i- Argon reacts with an energetic electron (e*) to produce metastable argon (Arm):

Ar + e*→ Arm + ē (3)
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ii- Arm reacts with e* to produce excited argon (Ar*):

e * + Arm → Ar* + ē (4)

iii- Ar* reacts with water to generate OH•:

H2O + Ar* → H• + OH• + Ar (5)

iv- For the oxygen admixture in wet argon, there are many dissociation reactions in
addition to the reactions for dry argon [36,37]:

O2 + e− → 2O + e− (6)

N2 + e− → 2 N + e− (7)

N + O2 → NO + O (8)

N2* + O → NO + N* (9)

O 2+ O → O3 (10)

From the dissociation reactions (6) to (10), it is concluded that: (i) The dissociation
reactions, the degree of gas ionization, and the production of ozone, O3, play an important
role in the inactivation process. (ii) Due to the oxygen admixture in wet argon, there
are dissociation reactions that produce radicals and charged particles under high-energy
electron bombardment [38]. (iii) The bonding energy B.EN≡ N (9.79 eV) > B.E O= O (5.15 eV)
and the dissociation and concentration of active species of O 2 > N2 lead to an inactivation
process by O2 higher than for N2 [39]. (iv) OH• and O• radical emission results due to
impurities in the gas or due to the entry of air into the discharge zone [40]. (v) The presence
of OH, O, and N2 bands and lines is attributed to the interaction of ambient air with excited
argon species, as well as high-energy electrons in the plasma.

Reactive species, such as O, OH, and NO, are the most effective agents in biomedical
applications; the plume interacts with ambient gases and molecules. The spectral lines
of other elements will be investigated in our future experimental study on APPJ impact
parameters that affect the microbial inactivation process of bacteria [41].

3.6. Irradiance

The amount of energy (radiant power) emitted per unit area from the plasma jet is the
irradiance (W/m2). The optical emission spectra, the measured dimensions (length and
width) of the emerging APPJ (for argon and oxygen/argon admixture discharges) at differ-
ent flow rates, and the constant applied voltage are important parameters in determining
the exposed irradiance, suitable for disinfection processes in medical applications.

The dose rate of irradiance of the APPJ plume per unit area [42] can be calculated by
the plume power (W) measured with a power meter detector divided by the cross-sectional
area of the effective window of the detector (70 × 10−6 m2).

Figure 15a,b show that the dose rate of irradiance per unit area (μJ/mm2) decreases as
the jet length increases:

a- Figure 15a shows the influence of the flow rate on the discharge plasma power of
the emerging jet for pure argon discharge; by increasing the flow rate from 1.8 to
3 slm, the irradiance per unit area of the plasma jet discharge decreases from 55 to
13 μJ/mm2 for a plasma jet distance with 8 mm. With increasing plasma jet length to
18.4 mm, the irradiance decreases to between 15 and 6.09 μJ/mm2.

b- Figure 15b shows the influence of different oxygen ratios; whereas the oxygen ratios
increase from 0.25% to 1.5%, the irradiance per unit area of plasma jet discharge
decreases from 28.57 to 5.68 μJ/mm2 for a plasma jet length of 8 mm. By increasing the
plasma jet length to 18.4 mm, the irradiance decreases to between 6.9 and 4.02 μJ/mm2.
The dose rate of irradiance per unit area is lower for the oxygen/argon admixture
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discharges than for the argon discharges. The oxygen percentages increase; inelastic
collisions lead to losses in the discharge process and lower irradiance compared with
the case for argon discharges.

c- According to the measured data and the Guidelines of the International Commission
on Non-Ionizing Radiation Protection (ICNIRP), the limits of irradiance exposure of
the skin must not exceed 30 μJ/mm2 [43,44]. From the results, it is concluded that the
measured irradiances under the drawn dashed line in Figure 15a for argon discharges
and the irradiances for all oxygen/argon admixture discharges in Figure 15b are
compatible with ICNIRP irradiance limits.

μ
μ

Figure 15. Dose rate of irradiance per unit area (μJ/mm2) of plasma jet discharge as a function
of plasma jet length (a) for argon discharge with different flow rates and (b) for oxygen/argon
admixture discharge for different oxygen ratios.

4. Conclusions

The impact of a non-thermal atmospheric pressure plasma jet (APPJ) using different
working gases, powered by an AC high-voltage source with a variable frequency reaching
60 kHz, and with a voltage ranging from 2.5 to 25 kV, has been determined. The optical
and electrical characteristics of APPJ discharges for Ar and Ar/O2 working gases have
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been determined, such as: voltage–current waveform signals, gas flow rates, discharge
plasma powers, lengths, widths, the axial temperature distribution, optical emission spectra,
and irradiance.

The discharge plasma power values of oxygen admixture discharges decrease, from
1.75 to 1.65 W, for oxygen admixture ratios increasing from 0.25% to 1.5%, and are lower
than those of argon discharges, and the plasma power values increase from 1.95 to 2.4 W
when the argon flow rate increases from 0.2 to 3 slm. This is useful in sterilization and
inactivation processes, since it prolongs the interaction processes between the plasma jet
and the sample.

The width of the jet is an interesting parameter that depends on the plasma jet length
and the applied flow rate of argon and oxygen. The width is a guideline for the maximum
irradiance area emerging from the jet and reaching the sample. As the oxygen flow rates
increase, the width of the plasma jet increases and elongates the axial length of the jet. In
general, the temperature of the jet reaching the sample must not exceed the threshold of
room temperature. As the oxygen ratio increases, the numbers of collisions among particles
increase, and the jet temperatures decrease as a result of processes during discharge.

For discharges with oxygen admixture ratios between 0.25% and 1.5% with argon, the
emission spectra of APPJ give a behavior similar to that of pure argon discharges, but with
low values of intensity due to the decrease in electron density and temperature and higher
dissociation and ionization of the oxygen molecules in the discharges processes in the case
of oxygen admixture.

The optical emission spectra and the dose rate of irradiance of plasma jet discharge
were investigated as a function of plasma jet length for dry argon discharge and for wet
argon discharge. This investigation delivered data compatible with the International
Commission on Non-Ionizing Radiation Protection (ICNIRP) for irradiance exposure limits
of the skin, 30 μJ/mm2. This limit is suitable for the disinfection of microbes on the skin
without harmful effects.

Our future work will involve an experimental study on the impact parameters af-
fecting the microbial disinfection process of bacteria on skin in a wound area. The study
will use different distances between the jet of the APPJ and the treated samples and the
required knowledge to avoid toxic gas formation, damage, and heat radiation production
in the sample. Moreover, the Reynolds numbers of argon and oxygen/argon admixture
discharges for various gas flow rates will be considered.
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Abstract: In recent years, cold atmospheric pressure plasma (CAPP) technology has received sub-
stantial attention due to its valuable properties including operational simplicity, low running cost,
and environmental friendliness. Several different gases (air, nitrogen, helium, argon) and techniques
(corona discharge, dielectric barrier discharge, plasma jet) can be used to generate plasma at atmo-
spheric pressure and low temperature. Plasma treatment is routinely used in materials science to
modify the surface properties (e.g., wettability, chemical composition, adhesion) of a wide range of
materials (e.g., polymers, textiles, metals, glasses). Moreover, CAPP seems to be a powerful tool
for the inactivation of various pathogens (e.g., bacteria, fungi, viruses) in the food industry (e.g.,
food and packing material decontamination, shelf life extension), agriculture (e.g., disinfection of
seeds, fertilizer, water, soil) and medicine (e.g., sterilization of medical equipment, implants). Plasma
medicine also holds great promise for direct therapeutic treatments in dentistry (tooth bleaching),
dermatology (atopic eczema, wound healing) and oncology (melanoma, glioblastoma). Overall,
CAPP technology is an innovative, powerful and effective tool offering a broad application potential.
However, its limitations and negative impacts need to be determined in order to receive regulatory
approval and consumer acceptance.

Keywords: atmospheric pressure plasma; low temperature plasma; disinfection; pathogen inactiva-
tion; plasma medicine; plasma agriculture

1. Introduction

Applications of plasma technology have a long history in electronics, semiconductor
industry and materials science (e.g., etching, chemical vapor deposition, plasma polymer-
ization, surface structuring) [1–5]. In recent decades, cold atmospheric pressure plasma
(CAPP) technology has been actively used in several industrial sectors, because it is suit-
able for surface treatment of many different materials (such as metal, wood, paper, glass,
polymer, ceramic, nonwoven textile, etc.), while striving to retain favorable bulk properties
of the material [6–9]. CAPP has recently been extended to animal and human medicine,
agriculture and food industry [10,11]. In this paper, several emerging applications of CAPP
are briefly reviewed, and current trends are highlighted.

2. Plasma

Plasma is considered the fourth state of matter after solid, liquid and gas. It can be
defined as a partially or fully ionized quasi-neutral substance, composed of electrons, ions,
neutral particles, molecules in the ground or excited state, radical species and quanta of
electromagnetic radiation (UV photons and visible light). These particles exhibit collective
behavior [9]. Plasma exists in many forms in nature and constitutes more than 99% of
the matter in the visible universe (stars, interstellar and interplanetary media, solar wind,
tail of a comet, Aurora Borealis and Australis, quark-gluon plasma, etc.). Man-made
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plasma systems use heat, apply high voltage or inject electromagnetic waves to a gas for
plasma generation. Plasmas are classified as equilibrium and nonequilibrium according
to the relative temperature of electrons, ions and neutrals [9,12]. Equilibrium forms (e.g.,
torch, plasma spraying, arc jet) are known as thermal (hot) plasmas, since the tempera-
tures of neutrals, ions and electrons are approximately of the same order maintaining a
thermal equilibrium [12,13]. Nonequilibrium plasmas are known as nonthermal plasmas
(cold), with the temperature of the particles varying from each other [1,14]. The electron
(light particles) temperature (≈10,000 K) is much higher compared to the temperature
(≈300–1000 K) of heavy species (ions and neutrals) [15,16]. Cold plasmas are weakly
ionized gases, which can be generated at low as well as atmospheric pressures. They
are usually excited and sustained electrically by applying radio frequency (RF) power,
microwave (MW) power, alternating current (AC) and direct current (DC) [12,17,18].

2.1. Benefits of Cold Atmospheric Pressure Plasma

Nowadays, cold atmospheric pressure plasma is considered more advantageous
over low-pressure (<100 Pa) plasma for industrial applications, due to its technological
and economic advantages [19]. First of all, CAPP is able to generate stable plasma at
atmospheric pressure, i.e., there is no vacuum and the reactor is frequently open [6]. The
application thus requires lower investment and operational cost compared to low-pressure
plasma systems due to the absence of costly time-, space- and energy-consuming vacuum
systems [20]. Moreover, the simplest CAPP reactors use only ambient air as working
gas, which is converted into plasma (i.e., gas supply is not required) [6]. Thus, CAPP
systems are easy to handle with excellent scalability and industrial applicability (integrable
in existing process lines, capable of continuous surface modification, etc.) [11]. Another
advantage of cold plasma is the ability to treat thermally labile samples (soft and organic
materials, polymers) without any surface damage because the substrate temperature
remains close to room temperature (in general < 50 ◦C) [15,21]. The treatment time is
relatively short (from seconds to minutes) [9,15]. The efficiency of CAPP treatment depends
on the reactor configuration (electrode arrangement, distance from the substrate surface)
and the operating parameters of the device (gas composition, flow rate, power, temperature,
process duration, etc.) [22–24].

2.2. Plasma Sources

There are several methods for generating CAPP from various gases such as (i) dielectric
barrier discharge, (ii) plasma jet, (iii) corona discharge, (iv) gliding arc discharge, etc.
(Figure 1) [10,25]. Commonly used working gas includes air, oxygen, nitrogen, helium,
argon and their mixtures [14,18,21,26].

Figure 1. Schematic drawing of diverse cold atmospheric pressure plasma devices.

Dielectric barrier discharge (DBD) is generated by applying a high voltage (~kV)
electric DC or AC current at high frequency (~kHz) across an adjustable gap (ranging from
tens of microns to several cm) between two electrodes separated by an insulating dielectric
barrier. The geometry of DBDs usually consists of two parallel plates in planar or cylindrical
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arrangements. DBDs use a dielectric material (e.g., quartz, glass, ceramics, enamel, silicon
rubber, teflon, mica, plastic) to cover at least one of the electrodes [27]. The nonconducting
coating eliminates the transition of the discharge to an electrical arc [10,28–30].

The atmospheric pressure plasma jet (APPJ) is a type of cold plasma discharge that
produces a high velocity stream of highly reactive chemical species with weak emitted
light [31,32]. APPJs typically consist of two concentric cylindrical electrodes, where the
inner electrode is connected to a RF or MW power source at high frequency, causing
ionization of the working gas (mainly noble gases such as helium or argon). The gas exits
through a nozzle, which gives a “jet-like” appearance [20]. Based on the configuration and
used materials, APPJs can be divided into single electrode jets, dielectric-free electrode
jets, DBD jets, etc. Miniature plasma jets are known as plasma pens, plasma torches or
plasma needles [28,30,33]. The main component of plasma needles is an electrode with a
sharpened tip inside of a tube. The feed gas (most frequently helium) is flowing through a
tube and is mixed with air at the needle tip where a micro discharge is created [34]. The
diameter of the generated plasma glow is a few millimeters [35].

Corona discharge is generated by the application of high voltage between two or more
sharp electrodes. The coronizing electrode is usually realized as a needle or a thin wire.
The ionization process creates a crown around this active electrode. Coronas are very weak
discharges, having very low electron and ion densities [36,37].

Gliding arc discharge plasma reactors are known as hot plasma sources, however,
under specific conditions they may also produce cold plasma. The gliding arc plasma can
combine the advantages of both thermal and nonthermal plasmas (nonthermal plasma
conditions at higher power). The discharge is formed by a high voltage at the spot where
the distance between diverging electrodes is the shortest (~ in the range of millimeters).
Electrodes are placed in a fast gas flow and the discharge increases its volume and length
in the flow direction [38–40].

The plasma sources can be applied directly (the target is in direct contact with the
active plasma region) or indirectly (plasma afterglow or storable plasma-activated medium
is used which contains various reactive species) to the object [41].

3. Applications of Cold Atmospheric Pressure Plasma

3.1. Medicine

In the past 20 years, cold plasma treatment has been extended to medicine, mainly
as a tool for the inactivation of pathogens (bacteria, fungi, viruses, biofilms) on medical
or laboratory equipment (e.g., surgical instruments, pharmaceutical devices, implants,
dialysis tubes, glassware, plastic tubes, pipette tips, beds, floors, etc.) [42–44]. Conven-
tional methods for disinfection (inactivation of pathogenic organisms) and sterilization
(elimination of all viable microorganisms), such as steam and heat treatment, autoclaves,
irradiation, wet chemical treatment (ethylene oxide, ozone, chlorine, hydrogen peroxide,
sodium hypochlorite, alcohol or any carbohydrate solutions, superoxidized water, various
kind of acids, etc.) and UV light exhibit several drawbacks [45]. They are often slow-acting,
flammable or unstable at ambient conditions [46]. Moreover, they can cause irreversible
damage to the modified material and irritate the skin and eyes of humans [47]. On the
contrary, CAPP can be utilized for heat labile or chemically reactive materials (e.g., heat
sensitive biomaterials, polymers, living tissues) to prevent secondary infections.

Two basic types of CAPP systems are dominating in plasma medicine: indirect
(e.g., plasma jet, pen, needle) and direct (e.g., dielectric barrier discharge device) plasma
sources [26,36,48,49]. In the direct exposure mode, the plasma is in contact with the bio-
logical target. Floating electrode DBD (FE-DBD) system allows safe usage of plasma in
therapeutic applications. It consists of two electrodes, the first is a dielectric-protected pow-
ered electrode and the second electrode is a human or animal body (skin or organ) [41,50].
Direct application of CAPP requires high standards of safety (e.g., homogeneous discharge
with permitted values has to be created in order to provide nondestructive treatment).
Indirect plasma sources do not use the human tissue as a counter electrode, the afterglow of
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plasma or plasma-activated liquid (it can be stored and shipped) is used [49,51]. Typically,
these devices are portable, and allow efficient treatment of large areas even with uneven
surfaces. However, their homogeneity and stability need further improvement [47].

Plasma sources produce reactive species (with a lifetime ranging from nanoseconds
to hours), which are known from redox biology and play a pivotal role in biological
applications [52–57]. Reactive oxygen-based species (ROS) include, e.g., superoxide
(O•−

2 ), hydrogen peroxide (H2O2), hydroxyl radical (•OH), singlet oxygen (1O2), ozone
(O3), alkoxyl (RO•) and peroxyl (RO2

•). Nitrogen-based species include (RNS), e.g., ni-
tric oxide (•NO), nitrogen dioxide (•NO2) and peroxynitrite (ONOO−). These reactive
species (ROS/RNS=RONS) also play a crucial role in the pathogen inactivation mechanism
(Figure 2), because they can modulate the environment of cells and affect their behav-
ior [30,48,49,58,59]. RONS can cause cell wall erosion, cell membrane disruption (protein
denaturation, virus leakage), functionality changes (oxidation of amino acids), damage
to DNA and RNA and apoptosis [43,57,60]. However, it should be pointed out that the
precise mechanism of microbial inactivation using CAPP treatment and the contribution
of various components (UV, electrons, ion bombardment and reactive species) has not yet
been fully understood [61].

Figure 2. Schematic illustration of plasma inactivation of viruses and bacteria using CAPP treatment.

Drug resistance and incurable bacterial infections are serious public health threats,
as the world is heading towards a post-antibiotic era, mainly caused by the misuse and
overuse of various medications [62]. It is an urgent need to develop new techniques to
treat infectious diseases caused by multidrug-resistant germs. Promising methods include
light-based therapies (antimicrobial blue light, antimicrobial photodynamic inactivation,
ultraviolet light, pulsed light) and CAPP [63]. CAPP in particular seems to be highly
effective against multidrug resistant organisms (e.g., Methicillin-resistant Staphylococcus
aureus, vancomycin-resistant enterococci), regardless of the kind of germ [42,47,49,64].
Clearly, the efficiency of the elimination process is highly dependent on the plasma device,
process parameters and environmental factors (e.g., wound type, extracellular matrix) [65].
CAPP did not show any bacterial adaptation after consecutive treatments [63].

Brun et al. studied two clinically significant ESKAPE (an acronym for six virulent and
antibiotic resistant pathogens) bacteria. After the plasma treatment, the decrease in bacterial
load (P. aeruginosa and methicillin-resistant S. aureus) was comparable to the inactivation
using biocide (chlorhexidine) and antibiotics (ciprofloxacin, daptomycin). The CAPP
device (RF source from two parallel brass grids operating with helium) generated RONS in
bacteria, disrupted membrane integrity and reduced the bacterial load. They treated the
samples using the plasma afterglow, which inactivated the bacteria independently of their
growth mode (planktonic or biofilm) [66].

Safety and bactericidal efficiency of CAPP against Pseudomonas aeruginosa was studied
by Dijksteel et al. Their DBD plasma treatment (4–6 min) had bactericidal properties, but
it did not induce mutations, apoptosis and DNA damage or affected the wound healing
process in in vitro and ex vivo rat wound models [65].

The in vitro study of Wang et al. evaluated the bactericidal efficacy of CAPP (plasma
jet using air) on a strain of super multidrug-resistant P. aeruginosa (aerobic Gram-negative
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bacillus causing various infections, such as pneumonia, bloodstream, skin and soft tissue
infections). Both direct and plasma activated liquid treatments resulted in a decrease in
cell growth (based on the colony-forming unit assay). The direct CAPP exposure was
more effective, inducing higher intracellular ROS levels. Furthermore, the disruption of
membrane integrity was also more effective based on immunofluorescence images [67].

Gas plasma technology has been under research for more than 50 years due to its
decontaminating properties and the majority of work has been focused on bacteria. How-
ever, contamination with infectious viruses also threatens human and animal health. The
antiviral activity of CAPP is a younger but evolving research area. For example, Bunz et al.
observed that CAPP has an antiviral effect against herpes simplex virus type 1 (HSV-1).
The effect was measurable after reducing the viral load by 100-fold [68]. Guo et al. effi-
ciently inactivated different kinds of bacteriophages (including double-stranded DNA,
single-stranded DNA and RNA bacteriophages) using CAPP treatment. Damaging of
nucleic acids and proteins was achieved using argon and artificial air. Antiviral ability
of plasma-activated water could also be a promising disinfection method to prevent the
spread of viral diseases [56]. The paper of Filipić et al. provided a comprehensive overview
about the achievements in the plasma-mediated inactivation of viruses. Their review
discusses the inactivation of enteric viruses (e.g., norovirus, adenovirus, hepatitis A virus),
respiratory viruses (influenza A and B, SARS-CoV-2), sexually transmitted viruses (e.g.,
HIV) and animal viruses (e.g., avian influenza virus, porcine reproductive and respiratory
syndrome virus) [24].

During viral pandemics, like the COVID-19 crisis, respiratory viruses are responsi-
ble for over a million deaths [69]. In 2020, there has been an enormous research effort
to use CAPP technology as an antiviral treatment [24]. Guo et al. used pseudoviruses
with the SARS-CoV-2 S protein as a model (for biosafety limitations), and showed that
plasma-activated water effectively inhibited pseudovirus infection through S protein inac-
tivation [70]. Decontamination procedures of pathogenic viruses in different media and
on various surfaces could help to limit virus spread [43]. Chen et al. studied SARS-CoV-2
inactivation using APPJ with argon and helium feed gas on various surfaces including
plastic, metal and leather (the discharge voltages for argon and helium were 16.8 kV and
16.6 kV at 12.9 kHz and 12.7 kHz frequency, flow rate 6.4 L/min and 16.5 L/min). The
roughness, material composition and absorptivity were aspects that influenced surface
inactivation of SARS-CoV-2. The argon plasma treatment inactivated all viruses in less
than 180 s. Helium plasma did not disinfect all viruses on surfaces even at 300 s because of
the much lower RONS concentrations compared to argon plasma for the same operating
conditions. The results confirmed the important role played by RONS concentration in
virus inactivation. Comprehension of how SARS-CoV-2 interacts with CAPP is essential for
future plasma utilization. [71]. The spread of SARS-CoV-2 is mostly via the transmission
of respiratory droplets in poorly ventilated closed spaces [72]. It is important to try to
improve the indoor air quality, e.g., by reducing the airborne time of SARS-CoV-2 aerosol
microdroplets. Bisag et al. used a lab-scale dielectric barrier discharge plasma source to
inactivate aerosols containing purified SARS-CoV-2 RNA suspension flowing through the
device. Results show that CAP can degrade viral RNA in a short residence time (<0.2 s) [73].
The virus contains nucleic acids encased in a capsid protein coat. Reactive oxygen and
nitrogen species have been shown to be responsible for virus inactivation through effects
on capsid proteins, which preceded the degradation of nucleic acids. RONS can disrupt
virus integrity by etching away the protein protective layer, and then act directly on nucleic
acids, damaging the genetic material used for virus genome translation and replication.
CAPP treatment can result in loss of viral infectivity [24,74].

Application of cold plasma is expected to decontaminate face masks or shields from
SARS-CoV-2 surrogates without affecting their filtration and fitting performance [24,75].
Furthermore, CAPP can be used as an alternative to alcohol-based hand disinfection [76].
Hands are one of the most common transmission routes for many infections because
people frequently touch their facial mucous membranes—the eyes, nose and mouth, which
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are the main portal of entry for germs [24,43]. Sterilization using CAPP is a fast and
efficient method, which is essential in healthcare institutions. However, some undesirable
effects have to be solved (e.g., ozone is a toxic byproduct) by optimization of the geometry
of the hand dispensary system [76]. Based on early and incomplete results, CAPP has
potential in inactivating different types of viruses in the near future, but confirmation will
be required, because studies are in their infancy at present. Scientists anticipate that CAPP
will be an effective and environmentally friendly tool to replace, complement, or upgrade
existing sterilization methods, mitigating the economic and public health burdens of the
pandemic [43].

Attri et al. analyzed in full theoretical detail the influence of oxidation on the SARS-
CoV-2CTD protein structure and the SARS-CoV2-CTD/hACE complex. Via molecular
dynamics, the basic statistical characteristics, relative binding free energy of the oxidized
complex and the effect of CAPP-induced oxidation on the stability/flexibility have been
determined. It was shown that the protein structures are sensitive to radical oxygen and
the binding free energy (without entropic term) is lowered as a consequence of the plasma
oxidation. However, the inactivation mechanism of SARS-CoV by CAPP is still an open
problem, the application of cold plasma seems to be a very prospective method in this
field [77].

Besides decontamination, cold plasma technology can also be used for direct ther-
apeutic intervention. With the help of plasma, the medical treatment process could be
markedly shortened. Other benefits of CAPP treatment are good tolerability (painless),
biocompatibility and biosecurity (it is assumed that CAPP treatment can be applied to
living cells and tissues without causing any damage) [47,78].

First of all, CAPP is a promising tool for wound healing because it has antimicro-
bial effects. Furthermore, it can enhance the proliferation of skin fibroblasts and angio-
genesis [49,79]. Wiegand et al. demonstrated that plasma treatment using an open jet
plasma device has strong bactericidal and fungicidal properties. Different bacteria strains
(Staphylococcus aureus, Pseudomonas aeruginosa) and yeasts (Candida albicans and Malassezia
pachydermatis) were treated which are associated with wound and skin infections. After the
CAPP treatment, differences were observed due to the diverse structures of the cell wall of
the microbes (e.g., Gram-positive bacteria have thicker cell walls then Gram-negative bacte-
ria). The study concentrated on the influence of various process parameters of the plasma
treatment. Nitrogen-based plasma was more effective than air. Increased input power and
treatment time had higher antimicrobial efficacy against the tested microorganisms. [42].

The CAPP application has been intensively studied in dermatology [47]. Clinical trials
have focused on onychomycosis (fungal infection of the nail), oncology (melanoma, actinic
keratosis), viral warts (caused by infection with human papillomavirus), wound healing
(different kinds of chronic infectious, microbiologically infected/contaminated wounds,
herpes zoster-related pain), hair loss (increased hair follicle diameter), biofilm disruption
(atopic dermatitis, itch), cosmetic applications (skin rejuvenation, reduction of wrinkles)
and other ailments [26,51]. The treatment requires careful dosage (fast treatment and gentle
heating) in order to prevent unwanted skin burns or damage deeper tissues. For example,
longer exposure of the skin (>43 ◦C) can cause blisters [47].

CAPP also exhibits a promising future in dentistry for bonding to dentin and ceramics,
surface activation of dental implants, tooth bleaching, removing dental plaque/biofilms
from teeth, composite restoration and disinfection of root canals [80]. Plasma can reach
inaccessible areas of the tooth surface such as fissures and grooves, furthermore the pro-
cedure is painless because plasma does not cause thermal damage to the tissue [41,81].
The promising effects of CAPP treatment useful in various areas of dentistry, for instance,
cariology (cariogenic microorganisms, e.g., Streptococcus mutans, Lactobacillus acidophilus),
periodontology (Porphyromonas gingivalis, Tannerella forsythia and Treponema denticola), en-
dodontics (Enterococcus faecalis,) and oral oncology, was reviewed by Borges et al. [82].
Lee et al. investigated the antibacterial effect of CAPP treated dental titanium implants
on Gram-positive and Gram-negative bacteria with different cell wall structures. The
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biofilm formation rate and adhesion of Gram-negative bacteria were significantly lower
than Gram-positive bacteria on samples treated with the APPJ. Gram-positive bacteria
are more resistant to plasma than Gram-negative bacteria. This is related to the thickness
of the peptidoglycan layer in the bacterial cell wall, which may reduce the antibacterial
effects [83].

Cold plasma has shown promising results in cancer therapy because it can selec-
tively induce apoptosis in cancer cells, reduce tumor volume and vasculature and halt
metastasis [49,58,84]. CAPP has shown substantial anticancer capability over a wide range
of cancer cells, for instance, melanoma [47,85], carcinoma [86,87] and osteosarcoma [88].
Cancer cells vary from normal cells, e.g., they produce higher amounts of reactive oxygen
species. Thus, cancer cells are more susceptible to plasma-generated ROS than normal
cells. ROSs contribute to oxidative stress and can cause cell death [89]. However, it is
important to tailor the plasma process parameters to produce a controllable amount of ROS
to obtain the desired biological responses. The mechanism of CAPP action in the case of
cancer includes the induction of apoptosis, DNA damage, cell cycle arrest at the S-phase
and increase of the intracellular ROS concentrations [79]. CAPP can open new horizons
in oncology because it seems to be a promising complementary therapy to conventional
cancer treatments (chemotherapy, surgery, radiation therapy, immunotherapy and others).

The anti-melanoma activity of a softjet CAPP device was studied by Yadav et al. Three
different human melanoma cells (skin cancer) were successfully treated using air and N2
gases. The results showed preferential killing of melanoma cells, apoptotic pathways by
triggering apoptotic genes in all three melanoma cell lines. However, the exact mechanism
for the inhibitory effect of CAPP has remained unknown [85].

Mateu-Sanz et al. provided evidence of plasma-activated Ringer’s saline (PAR) as
a promising therapy option for treating Osteosarcoma (a type of malignant bone cancer).
They used two types of plasma jet devices (single-electrode needle device operating in
helium and pin-type electrode with a grounded outer electrode operating with argon)
to obtain PAR. The cytotoxic effects of PAR in human and mouse osteosarcoma was
investigated [88].

Based on the above-mentioned properties, it can be said that plasma medicine holds
enormous application and development potential (Figure 3) [47]. CAPP seems to be ready
to enter the healthcare area for various medical therapies. However, a lot remains to
be done (conduction and evaluation of preclinical and clinical trials with standardized
protocols), in order to fully understand the interactions between plasma and biological
cells and tissues (both in vitro and in vivo) [26,49].

3.2. Food Industry and Agriculture

Global food demand is significantly increasing due to the rapidly growing world
population, changes in diet, limited agricultural land, climate change and increasing
water deficiency [22]. Agriculture and the food industry face intense pressure because
modern-day consumers desire nutritious, fresh, safe and minimally processed foods and
drinks. Nowadays, a plethora of methods is available for food processing, such as pas-
teurization, high-pressure processing, distillation, ozonation, irradiation (ultraviolet light
treatment, pulsed light treatment), ultrasonication and chemical treatments (e.g., chlorine,
hydrogen peroxide, peroxyacetic acid, organic acid) [25,61,90]. However, these kinds of
treatments could have a negative impact on the food quality, toxicology, sensorial and
nutritive characteristics which make them less attractive to customers [25,91]. For these
reasons, the food industry is continuously seeking alternative methods to improve food
production [11,92].
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Figure 3. Schematic illustration of selected applications of CAPP treatment in medicine, agriculture
and food industry.

Inactivation of microorganisms (disinfection of foods, packaging materials and equip-
ment) improves food safety, which is one of the major challenges of this industrial sector
(Figure 3) [22]. The major components of food matrices are protein, lipids, carbohydrates,
water, minerals and vitamins [10]. The aim of any processing is to impart edibility, palata-
bility and prolong shelf life, while maintaining food quality.

CAPP treatment seems to be an effective technology that achieves food preservation
at ambient or sublethal temperatures, which reduces the negative thermal effects on the
nutritional and quality properties of food. Cold plasma has great potential to inactivate
bacteria, viruses, mycotoxins, yeast, molds, endotoxins, etc., on plant- and animal-based
foods (e.g., fresh and dry fruits, vegetables, juices, nuts, egg shells, egg-based products,
undercooked meat and fish, dairy products, spices, cereals) [20,23,52,90,91,93–96]. Different
types of Escherichia coli, Listeria, Salmonella, Tulane virus and hepatitis A virus are the
most prevalent foodborne pathogens, which can cause serious health issues [61,94,97–99].
Several pathogens can also survive freezing (E. coli for >180 days) [10].

The specific mechanism of microbial inactivation is still under investigation. The
inactivation occurs due to various physicochemical processes (emission of UV radiation,
generation of ozone and other active species) [25]. The production of reactive species
depends on the used working gas. Reactive oxygen and/or nitrogen species have a potent
microbicidal effect, they can damage macromolecules by oxidizing nucleic acids, pro-
teins and lipids [24,25,93]. Besides that, the UV radiation can destroy the membranes of
microorganisms, structural cell functions and genetic material of pathogens [93]. How-
ever, it is worth mentioning that the contribution of UV radiation to the antimicrobial
effect is controversial [100]. The resistance to UV light seems to be dependent on the
type of microorganism (microbial growth phase, stress conditions, e.g., pH, osmotic con-
centration and growth temperature) and the plasma device [25]. The most often used
reactor configurations are DBD and APPJ. The physicochemical properties (color, texture,
pH, acidity, antioxidant activity, amount of proteins, enzymes, carbohydrates, vitamins,
lipids, allergens, toxins) could change depending on the plasma treatment process pa-
rameters [10,20,22]. Furthermore, the operating cost of plasma processing is an important
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consideration. It mainly depends on the cost of the working gas (plasma generated from
noble gases is much more expensive than air) [23].

The antimicrobial effect of the plasma treatment is also highly dependent on the
surface structure and surface to volume ratio of the product [23,25,57]. CAPP treatment
on solid/dry foods mainly affects only their surface. The low penetration depth of the
plasma components is advantageous because more important nutrients can remain inside
the food [10].

Spoilage of ready-to-eat salads (fruits and vegetables) due to microbial growth causes
significant food waste. The effect of DBD plasma treatment on the quality (microbial load,
hardness, pH value, color) and shelf life of fresh cut, leafy rocket salad was studied by
Giannoglou et al. The greatest reduction of the load (Pseudomonas spp.) was obtained after
10 min plasma treatment. The pH and color of the leaves were not affected, the shelf life
was increased compared to untreated salad [101].

Yadav et al. used DBD plasma treatment for ready-to-eat ham to inactivate Listeria
monocytogenes, which may occur during slicing and packing. They significantly reduced
the cell counts (at least by 2 log) and studied the changes in color and lipid oxidation as
a function of ham formulation, plasma treatment time, in-package gas composition and
storage conditions [102].

Decontamination of food powders (e.g., onion powder, spices, black pepper, legume
flour, milk powder) using plasma is more complex. Usually, it requires high plasma power
density, long treatment time compared to flat samples. Pina-Perez et al. published the
inactivation efficiency of Bacillus subtilis spores using an air surface microdischarge CAPP
with low plasma power density (5 mW/cm2) and relatively short treatment time (7 min).
The inhibiting effects on flat glass and corn starch samples were evaluated. Etching of
spore hulls using reactive nitrogen species has been reported as a fundamental inactivation
principle [103].

In the case of liquids, the penetration depth is less important, because every element
comes into contact with the plasma volume, however, not only the pathogens are dam-
aged [10]. Several studies confirmed that CAPP treatment has the ability to inactivate
microorganisms (e.g., Escherichia coli O157:H7, Zygosaccharomyces rouxii, Salmonella enterica)
in fruit juices (e.g., apple, orange, blueberry) with very good inactivation rate. Although
there is some uncertainty in the literature about the operating parameters and their effect on
the quality parameters of the juices. Some researchers indicated that increasing treatment
time can lead to color changes (ascorbic acid degradation), pH changes and changes in
vitamin content (due to oxidation reactions). Moreover, additional research is needed for
large scale processing and to prove that plasma does not have any toxic residuals [91].

Many different microorganisms attach to surfaces (e.g., food matrixes, processing
equipment) and develop biofilms [57]. These complex microbial ecosystems are more
resistant to various environmental stresses, antimicrobials and inactivation treatments
(longer treatment time is necessary) than planktonic cells due to their three-dimensional
extracellular matrix [25]. Biofilm inactivation process includes various processes, like
destruction of extracellular matrix, cells and cell components, etching and reduction of
biofilm thickness [57]. Kadri et al. also demonstrated that biofilms are less susceptible
to cold plasma treatment. Furthermore, treatment efficiency depends on the biofilm
age (mature biofilms are more resistant to CAPP than young biofilms) and the type of
bacteria. They presented the inactivation of various single and mixed biofilm systems
of L. innocua and E. coli, which produced an extracellular polymeric substance matrix of
different thickness and composition [92].

XU et al. extensively studied yeast cell inactivation at the subcellular level. It was
shown that cold plasma may effectively lower the yeast cell physiological activities by the
superposition of several mechanisms with different impacts (in particular, cell membrane
damage, energy metabolism or DNA fragmentation). Their results showed that •OH (it
attacked the cell membrane and increased its permeability) and 1O2 species (it disturbed
the cell energy metabolism) contribute most to the yeast inactivation [59].
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Attri et al. showed that RONS produced using CAPP is able to inactivate thermophilic
bacteria, which can tolerate a wide temperature and pH range (e.g., spores of Geobacillus spp.
in raw milk can survive pasteurization temperatures, spores of Bacillus stearothermophilus
can spoil low acid canned foods). Sufficiently high dose (long treatment duration, i.e.,
20 min) plasma treatment (using DBD device) caused protein denaturation/modification
(model protein: MTH1880 from Methanobacterium thermoautotrophicum) [104].

Beyrer et al. studied the effectiveness of a direct contact DBD device against spores
(dormant forms of microorganisms, like bacterial endospores), which are very resistant to
heat and UV treatments due to their durable coat layers. They compared the inactivation
kinetics of spores of Bacillus spp. (~3 log10 cycles of inactivation after 10 s exposure
time), Geobacillus spp. and Penicillium spp. on flat glass carriers, native starch granules
(non-porous material) and shells of diatoms (highly porous system) [105].

The safety of animal origin foods is an even bigger challenge for the food industry.
Microbial inactivation experiments mainly focus on poultry (e.g., Salmonella spp. on eggs,
chicken meat), meat (e.g., L. monocytogenes, E. coli, Salmonella spp. and C. jejuni on beef, pork)
and fish (e.g., Lactobacillus, Pseudomonas) products [25]. CAPP treatment is able to inactivate
various pathogens, however, ROS species can cause quality problems, which affects the
consumer acceptability and shelf life [93]. For example, changes in color (e.g., loss of color,
darkening) are a result of undesirable reactions due to the partial inactivation of enzymes
and microorganisms [25,52]. The review of Nasiru et al. summarizes the influence of
various DBD plasma device process parameters on microbial inactivation in meat products.
They concluded that the use of oxygen or carbon dioxide in the working gas mixture results
in enhanced effectiveness of the plasma treatment. Furthermore, increased power/voltage
and treatment duration also have a pronounced effect on microbial decontamination [106].
Seafood is considered part of a healthy diet, however these products are responsible
for many foodborne disease outbreaks. Seafood is shipped worldwide; the control of
pathogenic and spoilage microorganisms is essential to ensure food safety. CAPP has
high potential for commercial use in the seafood industry. Ekonomou et al. published a
systematic review about the microbiological safety and quality of fish and seafood (squid
shreds, mackerel, Asian sea bass). They compared various non thermal methods (high
hydrostatic pressure processing, ultrasound, pulsed electric field, electrolyzed water and
CAPP treatment) [107].

Plasma treatment is also gaining attention in agriculture since climate change has
caused reductions in crop yield (reduction in the quality and quantity of crop products)
(Figure 3) [108]. Furthermore, chemical-based methods are becoming less preferred due to
the emergence of pathogen resistance (many pests have developed resistance to pesticides,
new diseases have emerged) and environmental pollution [98]. CAP has the potential to
increase crop plant vitality and production.

Agricultural crops (fruits, vegetables) are often contaminated because they come
in contact with dust, insects, animal urine and feces, workers and equipment during
harvest and postharvest (transport, storage, cleaning, packaging and food processing)
stages [16,108]. Plasma inactivation processes are mostly focusing on bacterial (e.g., Erwinia
carotovora, Clavibacter michiganensis, Pectobacterium carotovorum) and fungal pathogens (e.g.,
Alternaria, Aspergillus, Botrytis, Colletotrichum, Fusarium, Penicillium) in agriculture [109].

The review papers of Attri et al. focused on preharvest applications of CAPP in agri-
culture. These papers summarize laboratory experiments dealing with the effects of direct
(DBD, APPJ) and indirect (plasma-activated water) treatments on the plant (e.g., wheat,
corn, chili pepper, lentils, tomato, rice, etc.) growth and development. The CAPP generated
RONS can alter the germination rate, plant morphology (shoot and root length, leaf area,
etc.), gene expression and biochemical processes (changes in hormones, amino acids, an-
tioxidants, soluble sugar level, chlorophyll content, etc.). For example, higher antioxidant
activity, growth hormones and metabolites led to early germination, improved germination
percentage, elevated growth (root, shoot, leaves) and increased plant yield [110].
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The paper of Takaki et al. described various CAPP treatments to keep the freshness and
quality of agricultural products in the postharvest stage. For example, removing ethylene
during storage and transportation (fruits and vegetables in storehouses, preservation boxes
and transportation containers) is important because ethylene works as a plant hormone
and it can induce fruit ripening and undesirable reactions (e.g., bitter flavors, yellowing of
green leafy vegetables and increase of vulnerability to disease. Decomposition of ethylene
is an oxidation process by atomic oxygen, which can be achieved using CAPP treatment
(e.g., corona and DBD discharges) [111].

Plasma and plasma-treated water can also be utilized for controlling plant diseases
(e.g., seed-borne, foliage, root and postharvest diseases) by inactivating pathogens (e.g.,
disinfection of seeds, fertilizer, water, soil) [23,109,112,113]. Review paper of Attri et al.
concluded that plasma can also enhance seed germination (e.g., radish sprouts, wheat, sun-
flower, pea, tomato seeds). They described the possible mechanisms of plasma treatment
in agriculture (increased gibberellin level and decreased abscisic acid content, enhanced
activity of catalase, superoxide dismutase and peroxidase, improved water absorption,
elevated levels of proline, chlorophyll, polyphenols sugar and protein contents) [114]. Seed
germination efficiency (speed, percentage) depends on the plasma source, plant species
and moisture content. Plasma-induced physicochemical changes in the properties of the
seed coat or surface (e.g., elevated hydrophilicity and water permeability) enhance water
imbibition, which is essential for seed germination. Adhikari et al. also discussed the
beneficial effects of plasma treatment on seed germination, plant growth, and development.
RONS can act as signaling molecules, which initiate a germination process and break
the dormancy stage [108]. Another critical phase for plant development is the vegetative
growth (it determines the overall crop productivity), which can be also regulated using
plasma. As indicated by several studies, RONS have a positive effect on plant organs
(shoots, roots, leaves and flowers) at different growth stages. Reactive species (H2O2 and
NO) may disturb redox homeostasis and trigger mild oxidative stress in plants [108].

Another application of CAPP technology is the enhancement of seedling growth,
which depends on seed metabolism and external environmental factors. Even 1 min
CAPP treatment significantly promoted the seedling growth (fresh weight and length
increment) of Arabidopsis thaliana. The results of Wang et al. suggested the plasma
treatment accelerates the seedling abscisic acid (ABA) accumulations at the early stages of
growth. ABA regulates the concentration of calcium (Ca2+) and RONS (e.g., OH, H2O2,
NO−

3 , NO−
2 ). The reactive species are easily transported through the cell membrane by

diffusion and aquaporins. RONS serve as nutrients and also act as signalling molecules
involved in the growth process [115].

Kučerová et al. studied the effect of PAW (produced form tap water using self-pulsing
transient spark discharge) irrigation on lettuce plants. They concluded that H2O2 and
NO−

3 are the most important RONS in the PAW. However, proper concentrations must be
applied in order to stimulate the growth process and positively affect the physiological
parameters (number and quality of leaves, fresh and dry weight of plants, photosynthetic
pigment content, photosynthetic rate and activity of antioxidant enzymes) of plants [116].

The study of Hashizume et al. represents the first trial of CAPP treatment in an actual
production paddy field. They treated rice plants either directly by direct irradiation, or
indirectly by immersing plants in a plasma-activated Ringer’s lactate solution (PAL). Their
results suggest that the plasma treatment of rice seedlings is effective at improving plant
growth, grain yield and grain quality. For example, direct irradiation experiments (plants
irradiated during the vegetative growth period) resulted in increased grain yield by as
much as 15% [117].

Pesticide (e.g., insecticides, fungicides, rodenticides, herbicides, garden chemicals)
residues are toxic to human health and the environment. They have been linked to various
illnesses, such as cancer, reproductive disorders and endocrine-system dysfunctions. It
is therefore very important to focus attention on this issue and it is widely agreed that
the use of pesticides should be regulated worldwide. The Environmental Working Group
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(EWG) annually releases the dirty dozen food list, which contains fruits and vegetables
with highest traces of pesticides [118]. Results of Ali et al. confirmed that plasma activated
water (PAW) and buffer solution were able to reduce (p < 0.05) chlorothalonil fungicide and
thiram on tomato. Notable negative impact on the quality of the fruit was not observable
based on pH value, ascorbic acid, titratable acidity, total soluble solid, lycopene and total
phenolic content evaluations. The PAW increased the formation of RONS, which were
beneficial to the degradation of various organic and inorganic pesticides [119].

Volkov et al. demonstrated that cold plasma (using plasma jet) can behave as a catalyst
for important redox chemical reactions, such as the oxidation of nitrogen, occurring at
the plasma/water and plasma/air interfaces, and in the volume of the liquid phase. Due
to the reduced activation energy, atmospheric nitrogen can be converted to other forms
(e.g., HNO3) useful in the agriculture industry for nitrogen fixation, production of nitrogen
compounds and fertilizers. Plasma treatment of water may provide a promising alternative
to current methods (e.g., Birkeland–Eyde, Haber–Bosch and Ostwald processes) which
have well-known environmental and ecological issues [120].

Another new approach in plant disease control is the so-called plasma vaccination
(RONS enter the plant through wounding or small openings and further penetrate the
plant cells), which activate plant immune response [109].

Plant growth in space is under research as a possible technology to be used in future.
Plants provide fresh food, oxygen and psychological benefits for astronauts on long -term
missions. CAPP as a waterless, chemical-free technology has potential as a disinfection
tool in spaceflight, however even stricter regulations are needed [25].

Another branch of agriculture is animal husbandry dealing with animals (e.g., cattle,
sheep, goats, pigs, chickens, rabbits and insects) raised for meat, milk, eggs and fiber. Good
animal husbandry practices are essential for animal welfare and productivity. CAPP can be
helpful in maintaining better health conditions of animals via i) microbial decontamination
of air (deactivation of indoor and outdoor bioaerosols), water (E.coli), food, instruments
(surface pathogens, such as methicillin-resistant staphylococcus aureus, Klebsiella pneu-
moniae); ii) wound healing in animals (e.g., wound myiasis caused by blowfly, inactivation
of Chlamydia trachomatis); iii) packaging of animal products (sterilization of packages,
disinfection the inside of sealed bags) [121].

Newcastle disease and avian influenza are the two most common devastating diseases
among poultry (chicken, turkey and duck). It has been already reported that CAPP can be
used as an effective and safe agent for inactivated vaccine preparation against viruses [121].
The study of Su et al. indicates that virulent Newcastle disease can be inactivated using
plasma-activated solutions (H2O, NaCl, H2O2). The efficiency of the inactivation was
confirmed using embryo lethality assay and hemagglutination tests. This disease affects
bird species and has a large economic impact on the domestic animal and poultry industries;
furthermore, it is transmissible to humans [122].

Plasma-based inactivation of prions (proteinaceous infectious particles), which belong
to one of the most resistant pathogens, is also under research. Most prion diseases affect the
nervous system of humans (Creutzfeldt–Jakob disease) and animals (bovine spongiform
encephalopathy in cattle, chronic wasting disease in cervids). Prion diseases have long
and silent incubation periods, once the symptoms emerge, these disorders are rapidly
progressive and usually fatal [16].

Key benefits of utilizing CAPP in the food and agriculture sectors include minimal
water and power usage, operation at ambient temperature, and short treatment duration
(from seconds to minutes). Furthermore, its use is free of hazardous solvents, it reduces
preservative use and it is applicable for both solid as well as liquid phases [10,16]. Currently
available data confirm that CAPP technology could be utilized in the agriculture and food
industry [22,99]. To achieve broad applicability, an efficient open-air device suitable for
the treatment of both large areas and high number of samples is necessary [16]. An ideal
industrial scale device allows homogenous disinfection of various products during the
sorting process on rolling electrodes [23].
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It is important to avoid quality degradation or any undesired effects of plasma treat-
ment. In addition, more intense optimization studies are needed to fully understand the
mechanisms behind the pathogen–plasma interactions. There is a need for standardization
of the plasma dose (treatment duration is not an appropriate standardized unit because of
the diversity of food products and plasma reactors) [11,25]. CAPP treatment limitations
are also necessary to account for before consumer acceptance can be achieved [10,11,109].

3.3. Plasma Inactivation Mechanism

As claimed above, CAPP produces different reactive species (RONS, positive and
negative ions, atoms, molecules, etc.) playing a crucial role in the inactivation of microbial
targets. Bourke et al. reviewed the mechanism of bacteria inactivation via CAPP. The
bacteria are eroded by cell bombardment of charged particles, breaking the appropriate
chemical bonds and opening the cell membrane to the penetration of reactive agents into
the inner volume of bacteria. The etching process (facilitated, in particular, by RONS
species) subsequently causes formation of molecular fragments leading to morphological
changes of the cell (e.g., formation of deep channels in the bacteria), RONS cause damage
by oxidation of cytoplasmic membrane, protein and DNA and thus complete bacterial
destruction [57]. To increase the use of CAPP technology in industry, it is important to
provide theoretical studies about the pathogen inactivation process. To describe the inacti-
vation mechanism at the atomic level is difficult based on only experimental research [123].
A better understanding of plasma dynamics and chemistry, and the transport of reactive
species in the plasma can be achieved using numerical simulations. Most computational
studies evaluate the plasma physics and gas phase chemistry (e.g., spatial-temporal profile
of the electric field, density of reactive species, radiation intensity). Various kinetic models
(classical reactive molecular dynamics, nonreactive molecular dynamics, density functional
theory) are used to describe the biomolecular systems at the molecular or atomic scale [124].
These models save time, money and other resources by analyzing a large amount of data
at the same time and provide valuable correlations. The study of Cui et al., based on
reactive force field molecular dynamics simulation, found that ROS (O, OH, HO2 and
H2O2) reacted with the S. cerevisiae glucan structure by hydrogen abstraction reaction to
cleave the chemical bonds (C–O and C–C), which resulted in cell wall destruction. Their
results showed that O (highest activity) and OH induced the largest number of hydrogen
abstraction reactions. The activity of HO2 and H2O2 were lower, however, the number of
main chain and branched chain fractures were bigger. Consequently, the destructive effect
of H2O and H2O2 was more efficient [123].

The bacterial cell membranes, barriers protecting proteins and nucleic acids can block
ROS from entering the interior of cells. However, ROS with high permeability are able to
enter the cell interior and cause cell death. Therefore, the permeability of ROS into the
bacterial membrane plays a crucial role in the bacterial inactivation mechanism [125] as
was shown by Hu et al. Their molecular dynamics simulation described the behavior of
various ROS at the membrane–water interface. They showed that the cell membrane acts
as a weak barrier to O2 (hydrophobic ROS), which remains within the lipid bilayer, and
plays the most important role in oxidation reactions. On the other hand, the cell membrane
serves as a strong barrier to protect internal substances from the hydrophilic ROS (OH,
HO2, H2O2). The permeability of the cell membrane to HO2 was markedly enhanced after
the CAPP treatment, which enhanced the bacteria-killing properties of the plasma. They
also concluded that the arrangement of phospholipid molecules (the main constituent of
the cell membrane having hydrophilic head and hydrophilic tail) in the cell depends on the
ROS generated by the plasma. High amount of ROS resulted in decreased cell membrane
thickness and disordered phospholipid arrangements [125].

4. Conclusions

Cold atmospheric pressure plasma (CAPP) technology, which is a fast-growing re-
search area due to interdisciplinary cooperation between specialists in various research
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areas, such as physics, chemistry, biology, medicine, agriculture, etc. Plasma technology
operating at atmospheric pressure and near room temperature attracts attention because
of its time- and cost-effectivity (no need for vacuum systems) and its ability to process
heat sensitive materials (e.g., polymers, plastics, cells, living tissue, food). Furthermore,
as a dry process, it is significantly more environmentally friendly than the traditional
wet chemistry processes. The environmental benefits of CAPP technology comprise its
nontoxic nature, reduced application of chemicals, and a significant reduction in water and
energy consumption.

Plasma treatment provides an efficient way to improve various surface properties
(wettability, adhesion, etc.) without altering the desired bulk characteristics of the mate-
rial. Furthermore, CAPP can effectively inactivate various pathogens (e.g., bacteria, fungi,
viruses, prions) on/in foods, medical devices, etc. CAPP can also be utilized in agricul-
ture for enhancing seed germination, seed decontamination, plant disease control, water
cleaning, etc. Plasma in medicine holds great promise for various therapeutic treatments
(disinfection, dermatology, oncology, dentistry). The efficiency of the plasma treatmentde-
pends on the experimental conditions (reactor design, electrode configuration, feeding gas,
operating conditions, substrate type, etc.). However, there is a need to fully understand
and evaluate the benefits and risks of cold plasma treatment, taking into consideration
economic, consumer, environmental and social aspects. It can be concluded that CAPP has
a wide range of possible applications in medicine, agriculture and food industry and is
expected to become omnipresent in almost all major industries in the foreseeable future.
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