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The efficiency of ethylene impurities decomposition in barrierless plasma-chemical system during artificial injection into the air of a
sea container has been studied. The experimental study was performed at the air temperature 5°C in container volume 65 m®. The
initial level of ozone in the air was 100 ppb. This concentration is below concentration which audible to humans. It has been
established that the use of a carbon filter after a plasma chemical system allows to maintain the ozone content in the air at an
acceptable level (in terms of human health and food storage). During 24 hours the ethylene concentration increases until an
equilibrium concentration is reached. After the plasma chemical rector was switched on, the ethylene concentration in the container
began to decrease due to decomposition in the low-temperature plasma and interaction with ozone until new equilibrium
concentration was reached. The ozone concentration after plasma chemical reactor was switched to begin increased. After 1 hour, the
new minimum equilibrium ethylene and ozone concentration was established. The decrease in concentration occurred exponentially
and reached a new equilibrium concentration above zero, which is consistent with the theory. The increase in ozone concentration
occurs by about 20-25%. It has been shown that using plasma chemical system based on barrierless plasma chemical reactors can
reduce the ethylene concentration by up to 10 times, even for low concentrations of ethylene in the air.
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During storage and transportation of many types of fruits and vegetables there is an increase in the concentration
of ethylene due to biochemical reactions [1]. The concentration of ethylene that can be generated in this way during
storage of vegetables and fruits varies in a wide range from 1.3-1.5 ppm for tomatoes [2] to 30-40 ppm for eggplants [3]
or plums [4]. Increasing the ethylene concentration in the air significantly accelerates the processes of maturation and
spoilage [5]. And the task of controlling the level of ethylene is difficult due to low concentrations (1-40 ppm) and large
volumes of air to be treated [6]. As shown in [7], low-temperature plasma of barrierless gas discharge can be used to
control the content of ethylene in the air of a sea container used for the transportation of fruits and vegetables. In gas
discharge atmospheric pressure in air is also generated ozone. For effective use of this method in transportation and
storage of vegetables and fruits requires a more detailed study of the efficiency and stability of oxidation of ultra-low
concentrations of ethylene by plasma chemical reactors and ozone influence. It should be noted that a significant
number of fruits are sensitive to ozone and it can have both positive (mold suppression [8,9]) and negative (spoilage of
products and loss of attractive appearance) effect. The air can be purified from ozone with a filter based on carbon or
oxide catalysts. However, reducing the filter load and the cost-effectiveness of using a plasma chemical system to
oxidize ethylene impurities in air to levels below harmful levels requires a study of the effect of concomitant low ozone
concentrations on the efficiency of ethylene oxidation.

EXPERIMENTAL SETUP AND METHODS
The experimental study was performed in a 40-foot sea container with a volume of 65 m3, which was cooled to
5 °C. Figure 1 shows a diagrammatic representation of a container with a plasma chemical system.
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Figure 1. The diagrammatic representation of a container with a plasma chemical system.
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The plasma chemical system consisted of two units, each of which included 12 plasma chemical reactors (PCRs)
with 10 star-shaped [9] electrodes and a high-voltage power supply unit with a capacity of 285 W each.
The photo (Fig. 2) shows a general view of the plasma chemical system.

Figure 2. The photos of plasma chemical system with closed and open outer cover.

The plasma chemical oxidation system of ethylene operated in three modes: standby mode (plasma chemical
system off, fans off), ventilation mode (3 fans on), operating mode (plasma chemical system on, 1 or 3 fans on
depending on the ozone system setting). The carbon filter consisted of 8 containers. The total weight of activated carbon
was 70 kg.

Figure 3 shows the photo of the container with the distribution of sensors for measuring the concentration of ozone
and ethylene to determine the uniformity of air treatment in the middle and a photo of the location of the plasma
chemical system in the container.
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Figure 3. Distribution of sensors inside the container and location of the plasma chemical system.

The ethylene concentration values were averaged for all sensors located in the container. The ethylene was fed into
the container from a 40-liter cylinder through a reducer and a control flow meter “Alicat scientific”. The air in the
container was forcibly circulated by an external air pump at a rate of 1 I/min. The ethylene and ozone concentrations, as
well as air temperature and moisture content were measured by sensors located in the container. The ethylene
concentration was measured with an ICA56 meter and monitored by sampling from a circulating line, which was
analyzed by a Thermo Scientific “Trace 1310 gas chromatograph with a flame ionization detector. Samples were taken
in different control points of the circulation line (in the middle of the container, near the door and at the end, at different
heights) with a 1 ml syringe. The chromatograph was pre-calibrated with calibration gas mixtures with ethylene content
of 10 and 100 ppm.
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RESULTS AND DISCUSSIONS
At the first stage of research the change of ozone concentration in the container depending on time at the
maximum power which applied to plasma chemical reactor with system of recirculation of air through the carbon filter
is measured (Fig. 4).
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Figure 4. Dependences of ozone concentration inside the container on time. Power 820 W.

The initial level of ozone in the air was higher than 0, but below the concentrations audible to humans. Reaching
the maximum value of 0zone concentration occurs within 1 hour. The ozone concentration level after switch on plasma
chemical reactor increase in occurs by about 20-25%. It is seen that the carbon filter is quite effective in reducing the
concentration of ozone, keeping it at a low level.

The concentration of ozone and ethylene in an empty container by artificially filling ethylene at a flow rate of
1 and 4 cm®/min was measured. On Fig. 5 is shown graphs of the dependence of the concentration of ozone and
ethylene on time at different flows of C,H,4 and at the applied power to the plasma chemical reactor 820 W.
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Figure 5. The dependence of ozone and ethylene concentration on the time (a - ethylene flow rate 1 sccm, b - 4 sccm).

The graphs show that the concentration of ethylene initially increases, until an equilibrium concentration is
reached in the container (approximately 24 hours). After reaching the equilibrium concentration of ethylene, the plasma
chemical rector was switched on, the ozone concentration in the container began to increase until equilibrium was
reached, and the ethylene concentration decreased due to decomposition in the plasma chemical reactor and interaction
with ozone. After approximately 1 hour, the minimum equilibrium concentration of ethylene was established, which
was determined by the rate of ethylene supply to the container.

To determine the law of decreasing ethylene concentration, the part of the dependence where the significant
decrease occurs was considered. The graph (Fig. 6) shows the dependence of the rate of decrease of the reduced
concentration of ethylene ([C,H4]/[C,H4]o) on time at different consumption of ethylene.

It can be seen that the graphs of decline are exponential in nature and agree well with the theoretical calculation.

The dependence of the decrease in the reduced concentration of ethylene on time is analyzed.

[CoH4]/[CoHalo = exp{-t/to}, D

where [C;Ha]o - equilibrium concentration C,H4 without plasma reactors, to - half-life CoHa.
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Figure 6. The rate of decrease of ethylene concentration at different injection rates (1-4 sccm).

In Table 2 is shown the data on the maximum (excluding the plasma chemical system) and minimum ethylene
content in the sea container at different injection of ethylene.

Table 2. The degree of decomposition of ethylene in the plasma chemical system.

1 scem C2H4 2scem C2Hs | 4 scem C:Ha
Applied power, W 800 820 820
Os, ppb 105 115 140
Max C,Ha4, ppm 7,2 11,2 31,1
Min C;Ha4, ppm 0.5 1,1 3.8

The table shows that the presence of a plasma chemical system reduces the ethylene content in the container by
about 10 times at different injection of ethylene.

The graph (Fig. 7) shows the dependence of the ethylene concentration decrease rate in the container on time at
different concentrations of residual ozone (5, 1 and 0 ppm).
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Figure 7. The rate of ethylene concentration decrease after the inclusion of the plasma chemical system
at different concentrations of residual ozone.

From the above graphs it is seen that with increasing residual ozone concentration, the rate of decline of ethylene
concentration increases, but over time it reaches the same stationary concentration, according to the theory [11].
Table 3 shows the half-life of ethylene at different concentrations of residual ozone.

Table3. The half-life of ethylene in the container.

(0] 0 ppm 1 ppm Sppm

to, Min 91 86 57

The table shows that the presence of residual ozone in the container reduces the half-life of ethylene by 40%.
Thus, the presence of a small concentration of residual ozone can accelerate the process ethylene impurities
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decomposition with the inclusion of the plasma chemical system. For some vegetables and fruits, the harmful effects of
ethylene become noticeable from concentrations much higher than those that can be obtained using the plasma chemical
method of ethylene decomposition, so they may have more energy-efficient regimes that reduce either the power
applied in the discharge or the plasma chemical system is switched on with some periodicity, which requires additional
methodological instructions for the use of the described method in the storage of a specific type of fruit and vegetable
products.

CONCLUSIONS
It has been shown that using a plasma chemical system based on barrierless plasma chemical reactors can reduce the
ethylene concentration by 10 times or more, even for low concentrations of ethylene in the air. It has been established
that the use of a carbon filter after a plasma chemical system allows to maintain the ozone content in the air at an
acceptable level (in terms of human health and food storage).
For each type of fruit and vegetable products it is necessary to form methodological guidelines for the use of
plasma-chemical method of ethylene oxidation to increase its energy efficiency and economic feasibility.

ORCID IDs
Leonid M. Zavada, https://orcid.org/0000-0002-7248-1400; ““Dmytre V. Kudin, https://orcid.org/0000-0002-6704-1582

REFERENCES

[1]  A.A.Kolesnik Factors of long-term storage of fruits and vegetables, (Gostorgizdat, Moscow, 1959), pp. 356. [in Russian]

[2]  A. Nakatsuka, S. Murachi, H. Okunishi, S. Shiomi, R. Nakano, Y. Kubo, and A. Inaba, Plant Physiol, 118, 1295-1305 (1998),
https://doi.org/10.1104/pp.118.4.1295.

[3] A. Concellén, Maria C. Afion, and A.R. Chaves, Food Chemistry, 92, 63—69 (2005), https://doi.org/10.1016/j.foodchem.2004.04.048.

[4] Li Dong, Susan Lurie, Hong-Wei Zhou, Postharvest Biology and Technology, 24, 135-145 (2002),
https://doi.org/10.1016/S0925-5214(01)00130-2.

[51 W. Crocker, A.E. Hitchcock, and P.W. Zimmerman, Similarities in the effects of ethylene and the plant auxins, in: Contrib.
Boyce Thompson Inst. 7(3), 1935, pp. 231-248.

[6] K. Golden, Asian Journal of Biological Sciences, 7(4), 135-143 (2014), https://doi.org/10.3923/ajbs.2014.135.143.

[7]  V.L Golota, D.V. Kudin, O.V. Manuilenko, G.V. Taran, L.M. Zavada, M.O. Yegorov, and V.F. Khmelevskaya, Problems of
Atomic Sci. and Technol. Ser. Plasma Electronics and New Methods of Acceleration, 4(116), 160-163 (2018),
https://vant.kipt.kharkov.ua/ARTICLE/VANT 2018 4/article 2018 4 160.pdf.

[8] G.V. Taran, V.A. Breslavets, A.A. Zamuriev, M.O. Yaroshenko, P.O. Opalev, and O.V. Maiboroda, PAST, 4(122), 198-202
(2019), https://vant.kipt.kharkov.ua/ARTICLE/VANT 2019 4/article 2019 4 198.pdf.

[91 V.I Golota, G.V. Taran, A.A. Zamuriev, P.O. Opalev, S.G. Pugach, S.N. Mankovskyi, V.P. Petrenkova, and I.N. Nyska, PAST,
116(4), 185-188 (2018), https://vant.kipt.kharkov.ua/ARTICLE/VANT 2018 4/article 2018 4 185.pdf

[10] V. Golota, O. Yegorov, V. Mykhaylov, V. Mukhin, G. Taran, and S. Shilo, US Patent No. 6,544,486 B2 (18 April, 2003).

[11] O.V. Manuilenko, D.V. Kudin, A.Y. Dulphan, V..  Golota, PAST, 116(4), 139-143  (2018),
https://vant.kipt.kharkov.ua/ARTICLE/VANT 2018 4/article 2018 4 139.pdf

TIJIASMOXIMIYHAN METO/I 3SMEHIIEHHS TOMIIIKA ETAJIEHY Y TIOBITPI
3asana JI.M., Kynin /I.B
Incmumym naasmoeoi enekmpoHiku ma HO8UX Memooié NPUCKOPEHHSL
Hayionanvnuuii Hayxoeuii Llenmp "Xapkiscoxuii @izuxo-Texuiynuti Incmumympy, Xapxie, Yxpaina

HocnimkeHo epeKTUBHICTE OKUCHEHHSI TOMIIIKH €THJICHY 0e30ap’epHOI0 MIa3MOXIMIiYHOI0 CHCTEMOIO IPH IITYYHOMY iHKEKTYyBaHH1
y MOBITPs1 MOPCHKOTO KOHTEHHEPY. EKCIepuMeHTANbHE JOCHIIKEHHS IPOBOAUIOCH IPU TemmepaTypi nositps 5 °C B 06’emi 65 M.
INowaTkoBHi piBeHb 030HY B NOBiTpi cranoBuB 100 ppb. L{g KoHIEHTpaIist HIKYA 32 KOHIEHTPAILi0, KA 4yTHA JUIs Joneil. Takum
YMHOM BCTAHOBJICHO, 1[0 BUKOPUCTAHHS BYT'UIBHOTO (PLIBTPY MicHIs IIa3MOXIMIYHOI CHCTEMH JIO3BOJISIE MIATPUMYBATH BMICT 030HY Y
HOBITPI Ha MPUILyCTUMOMY (3 TOYKH 30py 3MOpOB’sl JroJed Ta 30epiraHHs mpoAykTiB) piBHI. IIpoTsrom 24 roamH KOHLEHTpALis
STUJICHY 3POCTAE 0 JOCATHEHHS pIBHOBaXKHOI KOHIEHTpaii. [1icyist BKIFOUeHHS I1a3MOXIMIYHOTO PEKTOPa KOHIIEHTPALisl eTHIICHY B
KOHTeWHepi Mmoyana 3MEHIIYBaTUCS 4Yepe3 PO3KIaaHHsS B HU3bKOTEMIIEPATypHil IIa3Mi Ta B3a€EMOII0 3 030HOM [0 IOCSTHEHHS
HOBOI piBHOBa)KHOI KOHILeHTpauii. KoHleHTparis 030Hy micis BKIIOYEHHS IUIA3MOXIMIYHOrO peakTopa moyaia 3poctatu. Yepes 1
rofuHy OyJi0 BCTaHOBJICHO HOBY MiHIMaJIbHY PiBHOBa)XHY KOHILEHTpALIIO €THICHY Ta 030HY. CriagaHHs KOHLEHTpaLii BiIOyBasocs
3a eKCHOHCHI[IAIbHUM 3aKOHOM Ta JOCATaj0 HOBOi PIBHOBaKHOI KOHIEHTpALil BHINE HYJS, IIO BiAMOBigae Teopii. 30UIbIICHHS
KOHIIEHTpalii 030Hy BinOyBaeThest mpubam3HO Ha 20-25%. IIpogeMoHCTpOBaHO, IO MPU BUKOPHCTAHHI INIA3MOXIMIYHOI CHCTEMH Ha
0a3i Oe30ap’epHUX IUIA3MOXIMIYHUX PEAKTOPIB MOJIMBO 3HIDKCHHS KOHIEHTpamii eTwieHy 10 10 pasiB HaBiTh ISt HU3BKHX
KOHILIECHTpALill €THIEHY y MOBITPI.

KJIIOYOBI CJIOBA: etunen, mia3moximiunuii 6e36ap'epHuii peaktop



