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Abstract: The non-thermal plasma pyrolysis of fuel oil, under the action of low-voltage electric
discharges in the liquid phase, has made it possible to develop a new process to obtain valuable
petrochemical products. In this study, the main parameters, including pulse energy and the time
of impact on the non-thermal plasma pyrolysis process, are studied. The main components of the
obtained gaseous products are hydrogen (27.6-49.6 mol%), acetylene (33.6-49.1 mol%), ethylene
(6.9-12.1 mol%), methane (3.9-9.1 mol%), and hydrocarbons C3-C5 (3.8-9.3 mol%). Increasing the
capacity of electric discharges leads to an increase in the content of acetylene in the gas phase to
49.1 mol% and a decrease in energy costs for the production of gaseous products.

Keywords: plasma pyrolysis; pulse electric discharge; non-equilibrium low-temperature plasma;
fuel oil; hydrogen power; acetylene; ethylene

1. Introduction

Across the world, heavy oil reserves are estimated [1] to be 5.5 trillion barrels and
significantly higher than conventional oil reserves. Heavy oils are characterized by a
high viscosity and density; a low ratio of hydrogen to carbon; and a high content of
heterocompounds, asphaltenes, and metals. The development of new technologies for
the processing of heavy oil into transport fuel and petrochemical raw materials [2,3] is an
important task to fill the impending energy deficit of light hydrocarbon raw materials in
the industry [4-6]. Traditional commercially available technologies for carbon removal and
hydrogen addition are partially applicable to heavy oil refining, but they have significant
limitations for extra-heavy oils due to low profitability [7-9]. Thus, there is a need to
explore and develop new alternatives to heavy oil refining that can be used efficiently in an
industrially and environmentally sound manner.

Plasma technologies for the processing of heavy oils reduce the use of hydrogen, as
well as exclude the use of expensive catalysts necessary for traditional hydrotreatment.
Plasma can be divided into thermal and non-thermal plasma (NTP) [10]. The power
consumption required to create a thermal plasma is relatively high (tens of kilowatts).
The temperature of thermal plasma is usually higher than 10,000 °C. Consequently, it
is commonly used for the production of hydrogen and gaseous hydrocarbons, such as
ethylene, acetylene, and syngas [11,12]. Part of the input power for the generation of
thermal plasma is lost to the increase in the temperature of the reaction system. Although
high temperatures are required for thermal plasma reactions, a high power consumption
to heat the system above the activation temperatures of the reactions is not economically
feasible. In contrast, the input power required to generate non-thermal plasma is relatively
small and does not cause a clear rise in the temperature of the reaction system.
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NTP generates high-energy electromagnetic fields, energetic electrons, free radicals,
excited states, and other active particles [13-15]. NTP-based hydrocarbon processing tech-
nologies can operate at or slightly above ambient temperatures [16-19]. These properties
of non-thermal plasma provide great potential for technologies to degrade long-chain
molecules and recombine radicals to produce light hydrocarbons. Compared to traditional
hydroprocessing methods, NTP-based technologies provide advantages in terms of energy
consumption, the volume of hydrogen, catalysts, and high efficiency in refining heavy
crude oil into marketable products.

The use of plasma chemical pyrolysis for the conversion of liquid hydrocarbons
potentially provides the possibility of creating small-sized reactors with high productivity
and selectivity of the target processes in contrast to plasma formed in a gaseous medium.

Plasma process technologies have been developed by many researchers as promising
methods to convert various types of hydrocarbons in order to produce hydrogen, fuel
fractions, ethylene, acetylene, syngas, and other products [20-24]. Direct liquid-phase
discharges provide molecule activation [25,26] since plasma is generated directly in the
liquid. Such an effect leads to the formation of short-lived radicals, which stimulate
secondary processes of recombination, destruction, and condensation [27-32].

In [33-36], the influences of power supply parameters on the transition of discharge
modes, characteristics, and main factors affecting the formation of streamers were stud-
ied. The electrical discharge characteristics affect NTP parameters and, therefore, the
composition of processed products.

This work is devoted to the study of the NTP pyrolysis of fuel oil under the action
of low-voltage electric discharges in the liquid phase. Electric discharges are generated
when using a 60 V DC source and various capacitances of the capacitor (1-41 mF). The
main purpose of this study is to identify the optimal process conditions while varying
the influence of the input power and the time of impact on the composition and yield of
NTP pyrolysis products. Defining the main characteristics of the process will deepen the
understanding of the NTP pyrolysis of heavy petroleum products.

2. Materials and Methods

As the object of the study, fuel oil with the following characteristics was used: density
at20°C—0.955g/ cm3, kinematic viscosity at 100 °C—31.169 mm? /s, sulfur content—2.675%,
boiling point—298.5 °C, boiling point—671.3 °C, and non-volatile residue—30.6%.

Figure 1 shows the setup of the working reactor (made of Teflon, 40 cm? capacity) used
in this study, where graphite electrodes (6 mm diameter) were mounted inside it. A DC
voltage source (EA-PSI 9750-06 2U) with a constant voltage of 60 V and a variable capacity
condenser of 1-41 mF was used to generate low-voltage discharges by varying the distance
between the electrodes. A detailed description of the discharge control unit and impact
energy calculations can be found elsewhere [18,37]. The temperature in the reactor was
80-120 °C. The resulting gas was cooled and trapped in a gas trap. The reactor was set up
such that the pressure was almost constant.

The voltage and current values from VS and CS were also measured using a Rigol
DS1054Z oscilloscope. The measured values of the current and voltage were processed in
the MatLab program to obtain graphic images of transients over time and to determine
the parameters of current pulses. The program calculates the number of pulses at each
measurement interval, the duration of each pulse, and the total time of the impact of
discharges on the substance, and it writes the amplitude of each pulse (the maximum value
of the pulse current) to the array. Then, the average values were calculated:

- the average pulse duration
taver = tz/nr @
where ty is the total duration of the pulses; n is the number of pulses;

- the average pulse frequency
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faver = N/ trec, 2)
where ty- is the recording time of the oscillogram;
- the average amplitude of the pulses
Aaver = Az/n/ 3)
where Ay is the sum of the amplitudes of each pulse;
- the pulse energy
E=Uq - Ig - Timp, 4)

where Uy is the root mean square voltage at the time interval of the discharge; 15 is the root
mean square of the current at the time interval of the discharge; and Tjpp, is the pulse time.
The average pulse energy is defined as the sum of the pulse energies divided by the number
of pulses. The parameters and standard errors of electrical discharges are given in Table 1.

GT

e | Cin
VS _1_

Figure 1. Scheme of the experimental setup: R—reactor; RC—reflux condenser; E—electrodes;
M—manometer; V—valve; GT—gas trap; C—clutch; SM—stepper motor; D—stepper motor driver;
PS—stepper motor power supply; CS—current sensor; MCS—microprocessor control system; VS—
voltage source with an internal 1 mF capacitor Cj;,; Cex—external variable capacitor.

Table 1. Dependence of the characteristics of electrical discharges on the capacitance of the capacitor.

Capacitance of Capacitor, mF 1 11 21 31 41
Average pulse duration, ms 1.02 + 0.07 8.38 £0.22 13.81 £0.33 21.24 +£0.38 25.94 + 0.46
Average pulse frequency, Hz 0.92 £0.12 0.85 £0.18 0.80 £0.22 0.76 £0.22 0.71 £0.19
Average pulse amplitude, A 713 £0.8 120.6 £ 0.6 1253 + 0.7 1286 £1.4 1369 £ 1.6
Average pulse energy, J 0.018 £ 0.003 0.65 £ 0.06 1.38 £ 0.08 2.59 £0.10 3.62 £0.12

The sample current and voltage for the conversion of fuel oil are shown in Figure 2.
At the moment of discharge, plasma forms filamentous channels in the liquid form, which
lead to inhomogeneous reactions in the liquid. After that, the electric discharge stops, and
the gas bubble in the gap between the electrodes collapses.

The composition of the gas-phase products was determined by utilizing gas chro-
matography with flame ionization detection using a Kristall 5000.2 gas chromatograph.
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Figure 2. Oscillogram of pulses at a voltage of 60 V and capacitance of capacitor of 41 mF.

For fuel oil and liquid pyrolysis products, the following characteristics were deter-
mined: kinematic viscosity at 100 °C according to the American Society for Testing and
Materials (ASTM) D7042; density at 20 °C according to ASTM D4052 using a viscometer-
density meter SVM 3000, Anton Paar GmbH; sulfur content according to ASTM 4294 using
an X-ray fluorescence analyzer Lab-X 3500; and fractional composition according to ASTM
D7169 using a gas chromatograph Chromatek-Crystal 5000.2 with a flame ionization de-
tector. For the infrared (IR) study of liquid products (IR Fourier spectrometer FSM 1202),
liquid products were deposited on KBr windows, and the spectra of the obtained films
were recorded.

The 'H nuclear magnetic resonance (NMR) spectra were determined using a Bruker
Avance III spectrometer operating at a resonance frequency of 400 MHz, accumulating
32 scans. A flip angle of 30° was set, and the delay time was set at 10 s. The signal of
residual CHCl3 (851 = 7.26 ppm) in the predominantly chloroform-d solvent was used as an
internal reference in these solvents. Fuel oil samples were dissolved in CDCl3 solutions,
in accordance with the ASTM D5292 method. The concentration of solutions was 5%
v/v. Solid particles were removed by filtration. The aromaticity factors of hydrogen were
obtained with the following equation [38]: Fya = Har/(Har + Hyy), where H, is the total
integral of aromatic hydrogen, and H, is the total integral of aliphatic hydrogen. The
integrals of the aromatic hydrogen band were corrected by subtracting the signal of residual
chloroform.

3. Results and Discussion

Areas of non-thermal plasma are formed when generating electrical discharges be-
tween electrodes. In this reaction system, active particles (secondary electrons, ions, pho-
tons, free radicals, etc.) are produced by electron-molecule collisions, and they can recom-
bine and form lighter hydrocarbons and hydrogen [39].

Table 2 shows the experimental results regarding the effect of electric discharge
with various capacitances of the capacitor (1-41 mF) and various process times (1-12 h)
on the NTP pyrolysis process of fuel oil. The gaseous products mainly contain hydro-
gen (27.6-49.6 mol%), acetylene (33.6-49.1 mol%), ethylene (6.9-12.1 mol%), methane
(3.9-9.1 mol%), and C3-C5 hydrocarbons (3.8-9.3 mol%). There is an increase in the rate
of the formation of gaseous products from 0.29 to 2.2 wt% with an increase in the ca-
pacitance of the capacitor. At the same time, the content of hydrogen decreases sharply
from 49.6 to 27.6 mol%, and the content of acetylene increases almost proportionally from
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33.6 t0 49.1 mol% in the gas phase. Other hydrocarbons, such as methane, ethylene,
propane, butane, and pentane, also increase slightly.

Table 2. Characteristics of NTP pyrolysis of fuel oil and composition of gaseous products.

Condenser Capacity, mF 1 11 21 31 41
Experiment time, h 1 1 6 12
Energy consumption, kWh 0.04 0.05 0.07 0.08 0.09 0.55 1.08
Energy consumption, kWh/kg of gas 668 556 437 308 152 348 493
Gas flow, ml/h 84 108 138 156 234 112 74
Gas yield, wt%
Gas 0.29 0.375 0.6 0.95 2.2 5.94 8.36
composition, mol%
H, 49.6 44.5 40.1 321 27.6 30.2 314
CH4 3.9 5.8 6.4 7.9 7.5 7.9 9.1
CyH, 6.9 8.1 8.4 10.2 9.9 11.6 12.1
C,H;, 0.3 0.5 0.6 0.7 0.8 0.8 1.0
CyH; 33.6 36.6 41.1 43.5 49.1 41.2 37.2
Cs3Hg 0.7 1.3 14 2.2 2.1 3.3 3.7
C3H, 3.1 2.3 1.2 1.8 1.4 1.4 1.3
1,3-C4He 0.1 0.1 0.1 0.3 0.2 0.7 0.8
n-C4Hyg 0.1 0.1 0.1 0.2 0.3 0.6 0.6
neo-CsHy; 0.2 0.2 0.4 0.7 0.8 1.8 1.9

The fuel oil residue in the reactor becomes heavier (Table 3 and Figure 3) with an
increase in the degree of fuel oil conversion and in the NTP pyrolysis time. The distillation
curves of the initial fuel oil and the NTP pyrolysis product show that the pyrolysis process
results in an increase in the boiling point of the products and a decrease in the proportion
of volatile components from 69.4 to 47.6%.

There is an increase in density from 0.955 to 0.971 g/cm® and kinematic viscosity from
31.169 to 95.699 mm? /s when the NTP pyrolysis time increases to 12 h. This is in good
agreement with the data on the composition of the obtained gaseous products (Table 2).
The hydrogen content increases from 27.6 to 31.4 mol% and the acetylene content decreases
from 49.1 to 37.2 mol% with the increase in fuel oil conversion.

In the '"H NMR spectra, the signals in the regions of 7.24-6.5, 8.3-7.3, and 9.0-8.3 ppm
(Table 4) belong to the monoaromatic CH bond, diaromatic CH, and tri (and more) aromatic
CH, respectively [40,41]. Aromatic hydrocarbons with one ring (6y 7.24-6.5 ppm) first
begin to be exposed with an increase in the electric discharge energy. Their share in the total
number of aromatic protons decreases from 53 to 43%. This increases the proportion of pro-
tons belonging to diaromatic and triaromatic CH. The proportion of aromatic hydrocarbons
with three or more rings notably increases. Their share increases from 3.8 to 6.1%.

Table 3. Characteristics of fuel oil and NTP products—fuel oil pyrolysis at a voltage of 60 V and
capacitance of capacitor of 41 mF.

Fuel Oil NTP Pyrolysis Products
Experiment time, h 1 6 12

Density at 20 °C, g/ cm?® 0.955 0.957 0.963 0.971
Kinematic viscosity at 100 °C, mm?/s 31.169 33.705 40.927 95.699
Sulfur content, % 2.675 2.680 2.710 2.765

Non-volatile residue, % 30.6 45.5 48.1 52.4

Initial boiling point, °C 298.5 274.5 291.4 289.3

Final boiling point, °C 671.3 671.7 711.3 721.6

Volume of stripping, % 69.4 54.5 51.9 47.6




Energies 2022, 15, 3400 60f9

Boiling Point, ‘C

[68]
a1
<

300

250
0 10 20 30 40 50 60 70

Evaporate, %

Figure 3. Fractional composition of fuel oil (1) and NTP products—fuel oil pyrolysis at experimental
times of 1 h (2), 6 h (3), 12 h (4).

Table 4. 'H NMR analysis of fuel oil and NTP pyrolysis products.

NMR 'H Range, ppm 9.0-8.3 8.3-7.3 7.24-6.5 4.4-2.4 24-2.1 2.1-1.05 1.05-0.3 Fia
Capacity, mF  Experiment Time, h Hay, % H,, %

Fuel oil 0.19 2.26 2.55 7.85 2.78 62.83 21.55 0.0499
1 1 0.22 2.38 2.51 7.89 3.10 62.35 21.55 0.0511
11 1 0.28 2.72 2.00 8.75 2.85 61.99 21.40 0.0500
21 1 0.30 2.62 2.18 8.56 2.88 62.29 21.15 0.0511
31 1 0.30 2.77 2.00 8.45 291 62.23 21.34 0.0507
41 1 0.31 2.60 2.17 8.32 2.72 62.39 21.49 0.0508
41 6 0.34 2.90 2.04 8.22 292 61.88 21.70 0.0528
41 12 0.20 2.73 2.50 7.45 2.79 62.25 20.07 0.0543

The results of the FTIR analysis (Figure 4) are in good agreement with those of the
'H NMR analysis. An increase in the content of aromatic (1380 cm~!) and polyaromatic
hydrocarbons (737 cm™!) is observed in the IR spectra. It is likely that this is due to the
development of the dealkylation process of aromatic compounds [42,43]. In the range of
2850-3970 cm !, there are practically no changes in the ratio of -CHj3 and -CHj,- groups
in aliphatic hydrocarbons (Figure 4b). An interesting feature of the process is the increase
observed in the IR spectrum (Figure 4a) in the proportion of CH3 groups at the initial stage
with a low exposure energy (1 mF, 1 h). According to the 'H NMR data, these CH; groups
appear to be attached to aromatic fragments, as the relative signal intensity increases in the
region of 2.4-2.1 ppm.

These results show that, under the action of low-voltage discharges, both aliphatic and
aromatic hydrocarbons are involved as indicated in the NMR analysis. In the initial reaction
period, an increase in the capacitance of the capacitor (hence an increase in discharge energy)
slightly increases the ratio of the aromatic protons compared to the aliphatic protons (Fya)
from 0.0499 to 0.0508 (Table 4). With an increase in fuel oil conversion (exposure time
from 1 to 12 h), there is a significant increase in the proportion of protons in H,, aromatics
compared to aliphatic H,; Fy4 increases from 0.0508 to 0.0543. This fact indicates that, in the
later stages, the process of alkyl hydrocarbon decomposition is intensified together with the
ring condensation process. At the same time, there is a significant decrease in the proportion
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of volatile components and an increase in the boiling point (Figure 3), which is also due to
the formation of condensed aromatic rings (asphaltenes) during the NTP pyrolysis of fuel
oil. It is likely that the heavier fuel oil is associated with the carbonization process. The
consecutive scheme [44] consists of a series of consecutive consolidation monomers and
consolidation intermediates formed in condensation, polymerization, dehydrocyclization,
the binding of aromatic rings, and hydrogen depletion processes until the formation
of the graphite structure. In the later stages of the process, the proportion of aromatic
hydrocarbons with three or more rings in the total number of aromatic protons begins to
decrease from 6.1 to 3.7%.

a
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Figure 4. IR spectra of fuel oil and NTP pyrolysis product: (a) effect of capacitance of capacitor,
(b) time of NTP pyrolysis process.

The energy consumption for the formation of gaseous products decreases signif-
icantly from 668 to 152 kWh/kg (Table 2), and productivity gas flow increases from
84 to 234 mL/min when there is an increase in the energy of the electric discharge. This
is caused by specific energy density increases and the number of radical and active par-
ticles when exposed to an electric discharge [45,46]. A similar effect is manifested when
microwave plasma is exposed to fuel oil [47]. The content of condensed aromatic hydrocar-
bons increases when there is an increase in the pyrolysis time of fuel oil. The excitation of
condensed aromatic hydrocarbons and their splitting require more energy and lead to the
higher yield of hydrogen atoms [35,48-50]; therefore, the energy costs to obtain gas in the
later stages of the NTP pyrolysis process increase (Table 2).

4. Conclusions

The NTP pyrolysis of fuel oil in the liquid phase leads to the formation of gaseous prod-
ucts with a high content of hydrogen (27.6-49.6 mol%), acetylene (33.6—49.1 mol%), ethylene
(6.9-12.1 mol%), methane (3.9-9.1 mol%), and other valuable hydrocarbons (C3-C5).

The performance, energy efficiency of the process, and the composition of the gaseous
products of the NTP pyrolysis of fuel oil are significantly influenced by the energy of
electric discharges and processing time. Increasing the capacitance of the capacitor of
electric discharges from 1 to 41 mF provides an increase in productivity gas flow from
84 to 234 mL/min and a decrease in energy consumption for gaseous products from
668 to 152 kWh/kg of gas, as well as an increase in the concentration of acetylene from
33.6 to 49.1 mol% in the gas phase. With an increase in the time of the NTP pyrolysis process
from 1 to 12 h, the energy consumption for gas formation increases from 152 to 493 kWh/kg
of gas, and the hydrogen content in gas products increases from 27.6 to 31.4 mol% due to
the rise in the content of condensed aromatic hydrocarbons.

Thus, the results presented in this paper show that the NTP pyrolysis of fuel oil in the
liquid phase has a high potential to increase the processing depth of heavy oil fractions in
order to obtain marketable and high-demand products.
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