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Abstract: The physical and chemical characteristics of the microwave discharge in petroleum solvent
during hydrogen production processes involving Ar, He, and CO2 barbotage were studied. Gas
chromatography, emission spectroscopy, high-speed photography, and shadow photography were
used for diagnosis. The results demonstrated the dependence of hydrogen yield on the flow rates of
Ar, He, and CO2. The maximum yield values of hydrogen were 791 mL/min and 811 mL/min, while
the maximum energy efficiency reached 135.6 NL/kWh and 162.2 NL/kWh in Nefras with Ar and
He barbotage, respectively. The dynamics of discharge structure and the rotational and vibrational
temperatures of C2 molecules were studied.

Keywords: microwave discharge; discharge in liquids; hydrogen production; gas chromatography;
optical emission spectroscopy; shadow photographs

1. Introduction

Recently, there have been many publications devoted to the production of hydrogen.
Hydrogen should become a source of energy for sustainable development, which would
allow for a number of environmental problems to be solved. Whether hydrogen can
meet the world’s energy needs is an issue that is still being debated. Detailed analysis
of this problem was provided in [1]. It is concluded that, at present, the most realistic
method of hydrogen energy development is low-tonnage hydrogen production in the place
of consumption.

Extensive research is underway to utilize hydrogen in place of traditional energy
sources. In addition to environmental safety, hydrogen has the highest calorific value
compared to other fuels (hydrogen combustion provides 142 kJ g−1 of energy, while for
gasoline, ethanol, wood, coal, and natural gas these energy values are 47 kJ g−1, 29.7 kJ g−1,
15 kJ g−1, 27 kJ g−1, and 54 kJ g−1, respectively [2]). Steam reforming, carbon dioxide
reforming, partial oxidation, and pyrolysis are the conventional methods for producing
hydrogen from hydrocarbons [3–5]. Low-temperature plasma provides new methods of
hydrogen production [6–23]. Almost all types of gas discharge are used to produce plasma,
including barrier, radio frequency, microwave, and arc discharges in gas media containing
hydrocarbons or alcohol vapors.

Microwave discharge (MD) in liquids is a new type of discharge that can be used in
many applications, in particular for producing hydrogen through MD in liquid hydro-
carbons and alcohol solutions [24–40]. The discharge occurs at the tip of a microwave
antenna in a gas bubble created in a volume of liquid. The discharge initiates plasma
chemical reactions in the bubble. The maximum size of a gas bubble is determined by the
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equality to zero of the resultant action of gravitational, Archimedes, and surface tension
forces. After that, the bubble is detached from the antenna, and the plasma decays due
to the decreased strength of the microwave field as it moves away from the antenna. As
mentioned previously, microwave discharge is ignited in a gas bubble inside the liquid.
This means that the surface of the bubble is in contact with the high-temperature plasma
zone; therefore, the inflow rate of liquid molecules into the bubble filled with plasma is
very high. Thus, the densities of active plasma particles (atoms, radicals, and charged
particles) are also high. All of this leads to highly efficient physicochemical processes and,
accordingly, high formation rates for the reaction products.

The main task of this article was to study the possibilities of controlling the chemical
activity of MD in liquid hydrocarbons for hydrogen production using various bubbling
gases (Ar, He, and CO2). The criterion for the change in chemical activity was a change in
the yield of various components of the gas mixture. The use of gas additives will provide
additional information and enable a better understanding of the physics of processes in
this little-studied type of discharge.

2. Experimental Setup

A detailed description of the experimental setup was provided in [41,42], and the
setup is schematically shown in Figure 1. It consists of a magnetron generator (2.45 GHz)
and a system for controlling and measuring the microwave power entering the reactor
(200–350 W). A waveguide-to-coaxial junction was used to introduce energy into the reactor.
The center stainless steel conductor with an external diameter of 2.0 mm serves as the
microwave antenna. The quartz reactor with a diameter of 55 mm was filled with 40 mL
of liquid hydrocarbon. A metal mesh was used to prevent microwave radiation from the
reactor. The antenna was immersed in the liquid during the experiments at atmospheric
pressure above the liquid surface.
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Figure 1. Schematic of the experimental setup.

Different optical methods in the visible wavelength range were used to study the
discharge: a BS520 photodiode for visible light was used to study the total intensity
of discharge radiation (the signal was measured using an AKIP-4126/3A-X 4-channel
oscilloscope), and an AvaSpec-3628 gated spectrograph (wavelength range of 172–744 nm,
spectral resolution of 1 nm, and shutter speed of ≥1 ms) was used to study the time-
resolved discharge emission [41,42]. The “Specair-3.0” program was used to analyze the
measured spectra [43].

Time-resolved visualization of the discharge was provided with a K-011 video camera.
This camera gives nine successive photos with nanosecond resolution. A white light
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emission diode was used as a source of illumination of the discharge to obtain the shadow
photographs [41]. Using shadow photography, the image of the object was distorted in the
radial direction when radiation passed through a vertically arranged discharge tube with
liquid, which was a cylindrical lens (the image was stretched in the radial direction). To
compensate for the distortion, a cylindrical tube with liquid with a diameter equal to the
diameter of the discharge tube was placed in front of the illuminator. Its axis was directed
along the normal to the axis of the discharge.

An optical sensor was used for synchronization of all measuring devices with the
moment of discharge ignition [41,42].

Petroleum solvent Nefras S2 80/120 was used as a liquid medium [41]. This solvent is
a mixture of light hydrocarbons with boiling temperatures ranging between 80 and 120 ◦C
(the composition of Nefras is presented in Table 1). This solvent can be considered as
representative of non-polar liquid alkanes (CnH2n+2, n < 8). Alkanes were chosen because
they have a small loss tangent in the microwave range of wavelengths so that all the energy
is absorbed by plasma, and heating of the liquid is negligibly small.

Table 1. Composition of Nefras S2 80/120.

Substance CAS (Chemical Abstracts) Content

Cyclohexane 110-82-7 8.00%
Heptane and isomers ISOMERS MIXTURE 71.00%

Hexane (mixture of isomers) EXCL N-HEXANE 2.00%
Methylcyclohexane 108-87-2 14.00%

n-hexane 110-54-3 2.00%
Octanes and isomers ALL ISOMERS 3.00%

Why did we use Nefras rather than pure individual alkanes ? The determining factor
here was that Nefras is much cheaper than alkanes. It should be noted that a comparative
study of the emission spectra and main gas products in Nefras showed than they were the
same as in other non-polar hydrocarbons [44,45]. These products are H2, CH4, C2H2, C2H4,
and C2H6.

Additional bubbling gases, Ar (with a flow rate of 400–800 mL/min), CO2 (with a flow
rate of 0–74 mL/min), and He (the flow rates were 600 and 800 mL/min), were introduced
to the plasma zone through the channel in the antenna. A water cooler was used to prevent
the vaporized hydrocarbon from entering the sample. The total flow of gas components at
the reactor outlet was measured by a flow meter.

A portable back flush gas chromatograph (NPF MEMS, Samara, Russia) with argon
as a carrier gas was used to measure the main gas composition in the discharge products.
The chromatograph contains thermal conductivity detectors and two columns filled with
Hayesep N and 13F molecular sieves.

The main determining parameters for process characterization in this study were the
flow rates of products. These flows were determined from the measured total gas flow and
the content of a particular component, determined by gas chromatography.

3. Results and Discussion

The main gas products of MD in most liquid hydrocarbons, as noted above, are H2,
CH4, C2H2, C2H4, and C2H6, and the maximum volume concentration is achieved for
H2 (up to 60 vol. %). Therefore, the criterion of the effectiveness of gas additives on the
discharge will be the hydrogen yield. The effect of noble and molecular gas additives on
the yield of the main product is considered sequentially below.

3.1. Bubbling with Ar

Argon is often used as an additional gas to dilute liquid vapor in a gas bubble. This
leads both to easier conditions of discharge ignition and to a decrease in the rate of soot
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formation in the discharge. The latter, as applied to the MD in n-heptane, is considered in
Ref. [44].

Figure 2 shows the variation in H2 yield as a function of the volumetric rate of Ar
supply to the discharge. The yield decreases with the increasing Ar feed rate. This may be
due to several reasons.
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The first of these reasons is obvious and is related to the dilution of hydrocarbon vapor
with argon in the plasma. This should lead to a decrease in the share of energy for gas and,
consequently, a decrease in its temperature. Measuring the emission of the Swan bands
at different Ar flow rates and modeling them with the SpecAir code [43] allowed us to
obtain the rotational and, equal to it, gas temperature (~4000 K) under the experimental
conditions [46]. It does not depend on the Ar flow rate. The reasons for this are analyzed
in detail in [44]. Briefly, they summarize that the reduction in the share energy loss for
heating due to dilution with argon can be compensated for by a decrease in the thermal
conductivity of the medium and a decrease in the thermal effect of chemical reactions.
Since at such temperatures the kinetics of chemical processes is controlled by thermal
processes [47] and the temperature does not change, we can argue that the product yield
will decrease due to the dilution of hydrocarbon vapor with argon. Figures 3 and 4 show
the change in the total gas flow rate and product concentration at the reactor outlet when
the argon feed rate is changed.

The second reason can be related to the peculiarities of the processes in the discharge
in a gas bubble in a liquid. Indeed, when the Ar feed rate increases, the lifetime of the
bubble with plasma at the tip of the antenna before its detachment decreases. The residence
time of hydrocarbons in the plasma decreases and, as a consequence, the rate of hydrogen
generation decreases. However, the increase in the argon flow rate increases the frequency
of bubble generation with plasma, which should lead to an increase in product yield.
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From the experimental results obtained, it can be concluded that, when adding argon,
the dilution of hydrocarbon vapor with argon is the determining factor affecting the product
yield, and an increase in the frequency of gas bubbles cannot compensate for this effect.
Note that when the argon content decreases, the hydrogen yield increases, but the soot
yield also increases, which is a disadvantage. Therefore, when developing technology, it
is necessary to find a compromise between these processes. Product yields increase with
increasing incident power (Figures 5–7).
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As has already been mentioned in previous works, the MD in liquids is a set of random
discharge pulses [41]. An example of a signal from a photodiode illustrating this is shown
in Figure 8. The dynamics of solitary discharge development are presented in Figure 9.
Figure 9 shows the time variation of the discharge emission intensity obtained with the
K-011 camera. The change in the size of a gas bubble with plasma is difficult to determine
from conventional discharge photographs. Reliable information about it is provided by
shadow photographs. An example of such photographs for a solitary discharge pulse
(Figure 10) under argon barbotage is shown in Figure 11.
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with argon barbotage (flow rate 20 mL/min) with a 10 µs frame duration and a 100 µs pause. A
cylindrical antenna with a diameter of 2 mm can be seen in the lower part of the pictures.

The dark regions in Figure 11 correspond to the gas bubbles that appeared in the
discharge chamber before the discharge occurred during barbotage. They look static
because the time of their motion to the liquid surface is much longer than the total time of
the shadow photos’ exposition and the growth of the gas bubble in the presence of plasma.
The end of a cylindrical antenna with a diameter of 2 mm can be seen at the bottom, which
can serve as a scale for measuring the size of the gas bubble. The bright luminous region
is the active region of the discharge. It is surrounded by a dark contour, the outer size of
which is equal to the size of the gas bubble, which increases as the discharge burns. The last
frame shows the extinguishing of the discharge, which corresponds to the oscillogram of its
glow in Figure 10. The average growth rate of the bubble with plasma, calculated from the
time from the first to the eighth frame, is of the order of 1 × 104 mm/s. It should be noted
that the duration of the solitary discharge and its intensity are of random character [41].
Therefore, the above value is only of an evaluative nature.
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It is of interest to show another frame of the shadow photographs (Figure 12), which
can be jokingly called “Gaze of Plasma Spirit”, which has a simple physical interpreta-
tion, however.
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Figure 12. “Gaze of Plasma Spirit”. Figure 12. “Gaze of Plasma Spirit”.

To explain the figure, we recall that the antenna is a tube, and the maximum microwave
field is created at its beginning. It is there that the discharge is excited, which is depicted in
the figure. As the discharge develops, the central area closes, the “eye” effect disappears,
and the impression is created that the discharge burns through the whole diameter of
the tube.

Additional information about the properties of the discharge is given by emission
spectroscopy of the discharges. These results are presented in Figures 13 and 14.
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Figure 13. Optical emission spectra of MD in Nefras with barbotage of argon at different times from
discharge ignition at an incident power of 250 W.
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Figure 14. Time dependencies of the rotational and vibrational temperatures of C2 molecules in the
microwave discharge in Nefras with barbotage of argon at an incident power of 250 W.

The spectra were measured at different time instants from the moment of discharge
ignition and show the dynamics in the spectra change in time. One spectrum was recorded
for a time of 250 µs. The spectrum contains strong Swan bands, CH emissions, and
hydrogen and argon atomic lines. These bands are superimposed on the continuum
emission due to the presence of soot particles, with the intensity of continuum radiation
increasing as the discharge burns.

The processing of the emission spectra of C2 radicals using the SpecAir package [43]
allows us to determine their rotational and vibrational temperatures. In [46], it was shown
that under the experimental conditions with atmospheric pressure above the liquid surface,
the rotational temperature may be considered as the gas temperature. The changes in
rotational and vibrational temperatures during discharge burning are shown in Figure 14.

Figure 14 shows that the rotational and vibrational temperatures are significantly
different at the initial moment, and with time, they come to an equilibrium value of
around 4000 K.

3.2. Bubbling with He

The analysis of hydrocarbon decomposition processes in MD in liquids showed that
the main mechanism of decomposition is thermal decomposition, and the electron impact
contributes to the decomposition process only at the starting stage of discharge develop-
ment, when the gas temperature is still low (<1200 K) [47]. When noble gases are added,
collisions of hydrocarbon molecules with noble gas atoms in metastable states can promote
decomposition. To determine the role of these collisions in the case of MD in Nefras, exper-
iments were carried out with the barbotage of helium through the discharge zone, and the
results were compared with those presented in the previous section of the paper for argon
bubbling. The excitation potentials of the metastable states of these atoms significantly
differed, and, if the role of such atoms is essential, the results for the formation efficiency of
all gas products using both gases should be different. The experiments were performed at
the same flow rates of the barbotaged gases and in the same ranges of incident power.

The results are shown in Figures 15–17.
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Figure 16. Concentration of hydrogen in the sample against the incident power with He bubbling.

Comparison of the results shown in Figures 15–17 with those obtained in argon
barbotage shows that, in argon and helium barbotage, the composition of the main products
is the same; however, in helium barbotage, the concentration and yield of hydrogen are
higher than in argon barbotage.
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Figure 17. Concentrations of hydrocarbon products against the incident power with He bubbling.

Additional information on the discharge properties is provided by discharge emission
spectroscopy. These results for the case of helium are shown in Figures 18 and 19. As
in argon, the measurements were carried out at different moments from the moment of
discharge ignition.
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Figure 18. Optical emission spectra of MD in Nefras with barbotage of helium at different times from
discharge ignition at an incident power of 250 W.
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Figure 19. Time dependencies of the rotational and vibrational temperatures of C2 molecules in the
microwave discharge in Nefras with barbotage of helium at an incident power of 250 W.

Comparison with the results obtained for argon barbotage shows significant differences.
Firstly, in the spectrum shown in Figure 17, the broadband continuum plays a much

larger role in the discharge emission than in Figure 13. This is indirectly confirmed by the
results of the chromatographic analysis, which showed a higher rate of hydrogen formation
and a higher rate of hydrocarbon decomposition in helium barbotage. This leads to an
increase in the rate of formation of carbon-containing solids.

Second, the gas temperature in helium barbotage is lower than in argon barbotage at
the same incident power and noble gas flow rates. The decrease in the gas temperature
may be due to the fact that the thermal conductivity of helium is much higher than that
of argon. Note that, despite the lower temperature, the hydrogen yield in helium is
greater than in argon. Hence, an important conclusion follows that diluent gas plays
an important role in the process of hydrogen production under MD conditions in liquid
hydrocarbons. The main reason for this is the participation of metastable noble gas atoms
in the hydrocarbon decomposition process. For helium and argon, the energies of the
metastable atoms are significantly different (20 and 11 eV, respectively), which leads to a
difference in the hydrogen yield.

Thus, this comparison shows the role of metastable noble gas atoms in the process of
hydrogen production with their additives.

3.3. Bubbling with Ar+CO2

The addition of CO2 to the MD in liquid Nefras was investigated earlier in the frame-
work of the problem of carbon dioxide decomposition [48]. It was shown that this method
can be useful, because, in addition to the decomposition of carbon dioxide, it is possible to
obtain the synthesis gas required in various chemical syntheses. Here, we investigate in
detail the influence of the addition of carbon dioxide on the process of hydrogen production
in MD in liquid hydrocarbons and the reasons for this influence.

Figure 20 shows the change in H2 yield when the volumetric rate of CO2 supply
to the discharge is changed. The argon feed volume rate was kept constant and equal
to 600 mL/min.
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Figure 20. Dependence of the H2 flow rate on the CO2 flow rate.

Figure 21 shows the dependence of the yields of various gas products on the flow rate
of carbon dioxide at an incident power of 200 W. The addition of CO2 increases the yields
of all gas products of the discharge. The reasons for such an influence are not obvious and
may be due to either the separate or combined effects of several factors. One of the reasons
can be change in the kinetics of plasma processes when CO2 is added. Another reason can
be the influence of CO2 addition on discharge parameters and structure.
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Figure 21. Dependence of the flow rates of gas components on the CO2 flow rate.

To elucidate the reasons for the influence of CO2 addition on the discharge structure,
the shadow photos of the discharge with and without additions were investigated. The
results are shown in Figures 22 and 23. The experiments were conducted at an argon flow
rate of 600 mL/min and an incident power of 300 W. A large argon flow rate was chosen
because under these conditions, the changes in the discharge structure when adding CO2
are more obvious.
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Figure 22. Sequential series of shadow photos of the discharge without adding CO2 with a frame
duration of 10 µs and a pause of 200 µs. A cylindrical antenna with a diameter of 2 mm can be seen
in the lower part of the pictures.
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Figure 23. Sequential series of shadow photos of the discharge with adding CO2 (60 mL/min) with a
frame duration of 10 µs and a pause of 200 µs.

Figure 22 shows a plasma column with dark walls at the center of the image, sur-
rounded by a gas bubble at the base near the antenna. The channel is formed at high flow
rates of argon. The actual size of the gas channel can be determined by the outer diameter
of the dark walls. A cylindrical antenna with a diameter of 2 mm can be seen at the bottom
of the photos. From the photographs, it is evident that the diameter of the channel is close
to the diameter of the antenna under the experimental conditions. Comparison of the
pictures in Figure 22 shows that, with time, the luminous area of the discharge expands due
to gas heating. If at the moment of ignition of the discharge (the first photo) the diameter of
the luminous region is approximately equal to the diameter of the channel in the tubular
antenna, then, in the last photo, its diameter is already approximately equal to the diameter
of the antenna.
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The shadow photos in Figure 23 show the structure of the discharge when CO2 is
added. The other parameters are the same as in Figure 22. It can be seen that, in contrast
with Figure 22, the luminous channel is absent, and the discharge is concentrated at the tip
of the antenna, although the gas channel is preserved in the first frames (the dark cylindrical
area in the upper part of the photographs).

The addition of molecular gas to argon increases electron energy losses and electromag-
netic field absorption [44]. In addition, molecular gas effectively quenches the metastable
states of argon, through which ionization and excitation of radiative states occur. This
means that, under unchanged external conditions, the discharge column shortens and
concentrates near the antenna tip where the electromagnetic field reaches its maximum.
Figure 23 describes the situation where the discharge can exist only at the end of the
antenna. As the discharge develops, the glowing and gas bubble regions increase. The
glowing area disappears when the single discharge goes out, which can be seen in the last
frame of Figure 23. Through analysis of the discharge structure at different CO2 feed rates,
the minimum rate of CO2 at which the columnar structure of the discharge is preserved (the
argon flow rate was kept constant and equal to 600 mL/min) was determined. It turned
out that at the CO2 flow rate of 30 mL/min, the discharge shrunk to the end of the antenna,
and at the flow rate of 15 mL/min, the discharge initially existed in the form of a plasma
column (Figure 24).
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Figure 24. Set of three consecutive shadow photos of discharge at an incident power of 300 W with
different CO2 flow rates with a 10.0 µs frame duration and a 200 µs pause. The argon flow rate
was 600 mL/min. A cylindrical antenna with a diameter of 2 mm can be seen in the lower part of
the pictures.

Thus, with the addition of molecular gas, the absorbed power in the discharge should
grow with the unchanged incident power. This is confirmed by the results obtained with
the photodiode registering the integral radiation of the discharge. It was found that the total
intensity of the discharge emission obtained at the same time in the case of CO2 addition is
higher than without CO2 addition. This can be seen from the comparison of curves (a) and
(b) in Figure 25. Thus, the relative change in the absorbed power can be judged from the
time integral results of the photodiode measurements. The increase in the plasma absorbed
power is explained by the increase in H2 yield with the addition of CO2 (Figure 20).
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Figure 25. Oscillogram of integral discharge emission in the time scale of 5 ms/division: (a) without
the addition of CO2 and (b) with the addition of CO2 (60 mL/min).

It should be noted that a similar situation was observed without adding CO2 but
when liquid hydrocarbon vapor enters the discharge zone. The discharge is initially ignited
in argon and the discharge jet is visible. At subsequent moments, due to the addition of
vapors, the discharge is pulled down to the tip of the antenna.

Taking into account what was said above about the dependence of the discharge
structure on the rate of CO2 addition, it is possible to estimate from below the evaporation
rate of liquid hydrocarbon during discharge burning. The discharge at ignition has a
columnar structure upon CO2 addition of 15 mL/min. But already after 200 µs, it shrinks
to the end of the antenna. If we make a sufficiently strong assumption that the influence
of the molecular additive is independent of the type of gas, then the impurity flux should
be at least 30 mL/min (the columnar structure is absent at the initial moment as well).
Considering that in this flow 15 mL/min is the artificially set flow, the flow of evaporated
hydrocarbon should be at least 15 mL/min.

Another conclusion that follows from the results obtained in this section is related
to a possible change in the matching of the discharge with the microwave transmitted
line. When an molecular additive is added to argon, the ratio of the active and reactive
components of the plasma impedance changes, and this ratio depends on the incident
power. Since, as a rule, matching is achieved by moving the short-circuiting piston, then at
constant geometry of the discharge system (piston position) when the incident power and
composition of the gas medium change, both improvement and deterioration of matching
as compared to the initial state is possible. Since the efficiency of the discharge device is
determined by the power dissipated in the plasma, it is desirable to control this parameter.

It is known that the determination of absorbed power from the balance of incident and
reflected power has a number of difficulties, because not all power determined in this way
can be attributed to plasma [49]. A clear way of relative indication of the absorbed power
is the information obtained using a photodiode, which registers the integral of discharge
radiation in time and plasma volume. Since the discharge is a set of randomly distributed
in time single discharges of different structure, time averaging should be carried out for a
sufficiently long period.

Thus, the study of the impact of CO2 addition allowed us to obtain fundamental
information about the processes in the MD in liquid hydrocarbon.

3.4. Comparison of Efficiency of Different Discharges in the Process of Hydrogen Production

Since the process of hydrogen production is of practical interest, it is reasonable to
compare the results obtained in the present study with the results known from the literature.
Such data are given in Table 2. For comparison, data on electrolysis are also given there.
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Table 2. Comparison of efficiency of different discharges for hydrogen production.

Type of Discharge Used for
Hydrogen Production

Initial Composition of
Discharge Media

Aggregate State of
Discharge Environment

Maximum Flow Rate
of Hydrogen (mL/min)

Percent Hydrogen
Concentration (%)

Maximum Energy
Efficiency (NL/kWh)

Electrolysis [50] Water alkaline liquid 8.3 × 106 99 232.55
Gliding arc [51] CH3OH + Ar gas 22.4 38.8 76.92

DBD [52] CH3OH + Ar gas 40 80 3.7
DBD 5.8 kHz [53] C2H5OH gas 36 66 74.6

DBD 50–150 Hz [54] H2S gas 22.5 - 268.8
DBD [55] H2O + C2H5OH gas 67.2 - 137.76

Microwave “tornado”-type plasma [56] C2H5OH + Ar gas 3500 - 77
MD [16] C2H5OH + N2 gas 12,133 - 178

MD at atmospheric pressure [57] C2H5OH gas 12,517 - 257
Surface wave microwave discharge torches [13] C2H5OH + Ar gas 56.18 - 5.62

MD [58] C2H5OH + Ar gas 20 85 4.11
MD [59] Spirulina algae algae + N2 dry 174 45 10.44

Nanosecond-pulsed discharge [60] n-dodecane + Ar liquid 4.48 70 74
Nano-second DBD [61] n-hexadecane + Ar + CH4 liquid 34.05 - 121.1

MD [35] n-dodecane + Ar liquid 1560 74 74.28
MD at low pressure [62] C2H5OH(8%) + CH3OH(92%) liquid 401 64.55 137.63

MD [63] C2H5OH(80%) + CH3OH(20%) liquid 7490 - 500
MD at reduced pressure [38] C2H5OH(70%) + H2O liquid 13,530 60 541.2

MD at atmospheric pressure [40] C2H5OH(72%) + H2O liquid 3240 59 324
MD at atmospheric pressure [48] Nefras + Ar + CO2 liquid 220–475 50–60 65–81

MD at atmospheric pressure (present study) Nefras + Ar liquid 791 62 135.6
MD at atmospheric pressure (present study) Nefras + He liquid 811 64 162.2
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Comparison of the data in Table 1 shows that the results obtained in this work for
hydrogen production in liquid hydrocarbons are at the level of known results. Naturally,
it is too early to talk about technological applications and optimization of the process is
required. Moreover, it is necessary to study the properties of the solid carbon-containing
product in detail. It is possible that it has attractive consumer qualities, which may increase
interest in the technological application of MD in liquid hydrocarbons.

4. Conclusions

The results of this experimental study on the physical and chemical characteristics
of the process of hydrogen production in MD in liquid hydrocarbons with Ar, He, and
CO2 barbotage are presented. The discharge was initiated at incident powers of 200–350 W
at atmospheric pressure over the liquid surface. Petroleum solvent Nefras S2 80/120 (a
mixture of light hydrocarbons with boiling points of 80–120 ◦C, Nefras includes up to
71% of heptane and its isomers, was used as a representative of liquid hydrocarbons. The
methods of gas chromatography, emission spectroscopy, high-speed photography, and
shadow photography methods were used for diagnosis.

It was shown that:

- The hydrogen yield decreases with the increasing nobble gas feed rate into the dis-
charge, which is caused by the dilution of hydrocarbon vapor in the discharge by
noble gas.

- When a noble gas is added to the discharge, hydrogen decomposition occurs with
the participation of metastable atoms of inert gas. The hydrogen yield is higher when
helium is added at the same incident power and noble gas flow rates.

- The hydrogen yield increases when CO2 is added to the discharge zone, which is due
to the increase in the absorbed power at constant incident power.

- The maximum values of hydrogen yields were 791 mL/min and 811 mL/min, and
the maximum energy efficiencies were 135.6 NL/kWh and 162.2 NL/kWh in Nefras
with Ar and He barbotage, respectively.

Considerable attention in this paper was paid to the study of the change in the
discharge structure with time in the presence of various additional gases. The average
growth rate of a gas bubble size with plasma is about 1 × 104 mm/s. The dynamics of
changes in the discharge emission spectra were investigated. The rotational and vibrational
temperatures of the C2 molecule when helium and argon were added to the discharge were
determined from the Swan bands. It was shown that if these temperatures differ in the
initial moment of time, an equilibrium in these temperatures is reached after a few seconds.

The presented results on the physical and chemical properties of the MD in liquid
hydrocarbons can be useful in determining the prospects for using this type of discharge in
various applied problems.
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