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The ozone decay in air-ethylene mixture was studied in a free space as well as in a chemical reactor with a de-
veloped inner surface on which ozone dissociates or absorbs. It is shown that both in the case of ozone decay in free
space and in the case of ozone decay in a container with a developed inner surface, there is a range of parameters
(initial concentrations of ozone and ethylene, reactor inner surface area) for which the ozone concentration behaves
in time as exp(-ot), i.e. the (pseudo) first-order kinetics of ozone decay take place.

PACS: 52.75.-d, 52.77.Fv, 52.80.Hc, 52.90.+z, 81.20.-n

INTRODUCTION

As an environmentally friendly oxidant, ozone can
be used in a wide range of technologies in various fields
of human activity, such as agriculture [1], food produc-
tion and storage [2], waste recycling [3 - 5] and other.
The three major problems should be solved for each
ozone based technology: the energy efficient ozone pro-
duction, the ozone delivery (with minimal loss) to the
interaction point, and the chemical interaction of ozone
with the substance to be treated. The first problem can
be solved with the help of barrierless ozonizers [6]
based on the streamer discharge [7 - 10]. The paper is
devoted to the solution of the second and third problem
in food storage.

Fresh fruits and vegetables emit ethylene — one of
plant hormones, which promotes the aging of these fresh
agricultural products. Therefore, ethylene is an undesira-
ble compound when storing agricultural produce. The
traditional method for fresh-keeping of fruits and vegeta-
bles is refrigeration. However, even in refrigeration envi-
ronment, ethylene is released by agricultural products
themselves or other sources. The residual ethylene can
accelerate maturation and corruption of agricultural prod-
ucts and thus it should be wiped away. So, the ethylene
concentration reducing in the containers for storage and
transportation of perishable products is important task for
keeping freshness of fruits and vegetables.

Conventional techniques for ethylene removal in-
clude adsorption, K;MnO, oxidation, catalytic oxida-
tion, photo-catalysis and some biological methods.
These methods have unavoidable drawbacks: adsorbent
may be damaged because of aerosols, K,MnO, oxida-
tion and catalytic oxidation are complicated, photo-
catalysis and biological method have low removal rates.
An alternative approach to keep fruits and vegetables
fresh is usage of nonthermal plasma [11 - 14]. The die-
lectric barrier discharge, corona discharge, glow dis-
charge or, in our case, barrierless streamer discharge can
be applied to decompose ethylene and other volatile
organic compounds. This approach has many ad-
vantages: moderate operation conditions (normal tem-
perature and atmospheric pressure), low cost and plasma
reactors compactness. As all these discharges work with
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air-ethylene mixture, the ozone is generated. Ozone can
be feeded into the container for the transportation of
perishable products and can serve as an additional reac-
tant for ethylene decomposition. Ozone decay and eth-
ylene decomposition in the free space and in the con-
tainer for the transportation of fruits and vegetables
were investigated in this paper. The loaded container
can be considered as a chemical reactor with a devel-
oped inner surface on which the ozone dissociates or
absorbs. It was found that both in the case of ozone de-
cay in free space and in the case of ozone decay in a
container with a developed inner surface, there is a
range of parameters (initial concentrations of ozone and
ethylene, gas temperature, reactor inner surface area) for
which the ozone concentration behaves in time as exp(-
dt), i.e. the (pseudo) first-order kinetics of ozone decay
take place.

OZONE DECAY IN AIR-ETHYLENE
MIXTURE

The ethylene ozonolysis is proceed via a primary
ozonide (Fig. 1), which then decomposes to give a car-
bonyl product together with a Griegee intermediate [15].
The Criegee intermediate may decay by one of follow-
ing ways [16]: it may be stabilised by a collision with a
third body to give a carbonyl oxide (CH,0,), it may

decompose to give OH radicals, and it may react with
the carbonyl product to give a secondary ozonide, which
is unlikely. The secondary ozonide and carbonyl oxide
will react further to yield stable products.
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Fig. 1. The ozonolysis of ethylene
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The ozonolysis of ethylene can be summarized as:

k!

C,H,+0,=Proz, 1)
kl;‘roz
PrOz = H,CO +GrIm, )
k?r\m
Grim+H,CO = FSP, 3

where  PrOz=C,H,0, is the primary ozonide,

Grim=H,CO, is the Griegee intermediate, and FSP
are the final stable products.
The conventional scheme of ozone decay in air [2 -

4, 17] can be modified to include the ozonolysis of eth-
ylene according to (1) - (3):

ki

0, +£0,+0+& (4)
2

0,+0=20,, ()
k;Al

0, + Al= FSP . (6)

In the equation (4) & = {N,, O,, H,0, O3, Al=C,H,,
CO,, He, Ar, N,O}. The abbreviation «Al» means al-
kenes — CyHay, in our case Al = CoHy. ki (T) is the rate

constant of the forward reaction. It depends on the tem-
perature T like the rest of the reaction rate constants.

ks (T) is the reverse reaction rate constant. In the equa-
tions (5), (6) k®(T) and k;*(T) are the forward reac-

f
tion rate constant.

The forward reaction in (4) shows unimolecular
ozone decay. This reaction is not elementary. It consists
of a multi-stage process which includes activation and
decay of the excited molecule through the activated
complex. The reverse reaction is also not elementary. It
flows in two biomolecular stages: formation of excited
ozone with subsequent relaxation. The reaction in (5) is
exothermic. The excess energy is distributed over the
vibrational degrees of freedom of the oxygen molecule.
As a rule, vibrationally excited oxygen relaxes to the
ground state.

The system of kinetic equations for (4) — (6), if & =

{N,, O,, H,0, O3, AlI=C,H,}, generally is the following:
dcC . . .
dtoﬁ =—Co, > kiC.+C, Co Y kiC, kPC, Co—ki"Co Cy’
¢ ¢
(7

dC
d'[02 - Coazkfcé _Cozcozkfcé +2k?c03C0’ ®
z z
d;:to L O ©)
dC .
7th| :_kaICoacAl’ (10)

where C_(t) is a concentration of &. For & = {N,, H,0},
the density of particles c_(t) may depend on time only
through the initial conditions. Therefore, C,, = const,
CH20 = const. The following equation can be obtained
using the method of steady-state concentrations for O:
Co, (t)gkfcg ®)
Co, Lk, C. (0 +kTCo, ()
It is convenient to introduce the following notations:
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Co(t)= (11)

F(tLT) =2k (T)C.(1), G(t.T) =Xk (T)C.(1). (12)

The equations (7), (8) may be presented in a simple
form:

dcC . kOF
s :_kaICo CAI -2 : [¢) CCZJ ' (13)
dt : GCo, +k{Cq, ™
o
dc,, . kPF | (14)

dt  GC,, +k°C,

The numerical estimations of F and G, using the rate
constants of the corresponding reactions from [17], for
the atmospheric pressure and the temperature T ~300 K,
for the mass ozone concentration MG, <20 g/m® and

water concentration M C, ,< 25 g/m®, show that the main

input to F will be achieved due to ozone decay at the col-
lision with nitrogen. Ozone collision with oxygen and
water gives the input to F by several times lower. Ozone
collisions with ozone and ethylene give the input by two
orders lower than the ozone decay on nitrogen. This al-
lows highly accurate calculation of F in accordance with
the initial densities of nitrogen, water and oxygen —
F~ki?(T)-C,, +ki*(T)-C_, +k*(T)-C,,. A similar
analysis can be carried out for G. As a result, G with high
accuracy, as well as F, does not depend on time and is
defined by the initial bulk densities of nitrogen, water and
oxygen -G k2 (T)-C,+k*(T) - C, o+ k*(T)-Co,
The equations (13), (14) and (10) show that in gen-
eral case the ozone decay is described by the variable
order kinetics, from the 1-st to the 2-nd order depending
on the parameters of the problem. If k{C, >>GC,,

(low pressure), ozone decay is described by the first
order Kinetics: dcos/dtz_acoacAl_ﬁcos, where
a=-kM=const, g=2k?F/k? ~const. In the oppo-
site case, if kf’C03 <<GC,, (atmospheric pressure),
ozone decay is described by the second order kinetics:
dC,, /dt=—aC,C, —8C5, Where §=2k{F/GC,
~ const . The latter case is the most interesting; this is

the ozone decay and the ethylene ozonolysis at atmos-
pheric pressure:

dco3 2 dC
at —aC, Cy — o, » 7th| =-aCoCy- (15)

To analyze equations (15) from a bird's eye view,
these equations were solved numerically for the initial
conditions Co, (0) << Cy(0) (Fig. 2) and Co, (0)>>C,(0)
(Fig. 3) and different ratios of the coefficients « and
0. a~0,a<<d,and a>> 0. As can be seen from
Fig. 2, for Co,(0) << C,(0), ozone decays as exp(-ot).

However, ozone is not sufficient to substantially reduce
the ethylene concentration. It was this case that was
studied experimentally in [18]. In the opposite case (see
Fig. 3), when C,, (0) >>C,(0), the ethylene concentra-

tion can be substantially reduced due to the ethylene
ozonolysis.

The particles decay on the surface can be included in
the equations (7) - (10). To do this, the continuity equa-
tions should be integrated over the volume in the same
way as was done in [2], [4].
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First of all, let us take into account the decay on the
wall for atomic oxygen:

dgto =FC,, —GC,,Co

where g = av,y,S/V is the rate constant of the atomic

~KPC,Co — BoCor (16)

oxygen absorption on the surface, o is the coefficient
considering the problem geometry, V, is the particle

(thermal) velocity, ¥, is the probability of the particle

loss on the surface, V is the vessel volume, and S is an
inner surface.
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Fig. 2. Ozone decay and ethylene ozonolysis at atmos-
pheric pressure. C, (t) — ozone concentration vs time,
C, (t) —ethylene concentration vs time. Initial condi-
tions: C,, (0) << C, (0). Solid black line — & ~ &, dot-
dashed black line — « << &, dashed blue line o2 >> ¢
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Fig. 3. Ozone decay and ethylene ozonolysis at atmos-
pheric pressure. C,, (t) — ozone concentration vs time,
C, (t) — ethylene concentration vs time. Initial condi-
tions: C,, (0) > C,, (0) . Solid black line — ¢ ~ &, dot-
dashed black line — o << o', dashed blue line a >> 6

The following equation can be obtained using the

method of stationary concentrations for O:
FC
Col= e L ion 17 (17)

0, + kf Co3 + ﬂo

The following equations for concentrations of O, O,
and C,H, can be obtained from equations (7), (8), (10),
taking into account (17):

dc,,
dt = _ﬁ03c03

Zk?C03 + 55

_ , (18)
MGG, +kPCo + By

—k¥c, C
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dc 3koC, +
o _ :Bo Co o ﬁo Co ,(19)
dt * GGy, + kC, .+ 5o ¢
dC, K
dt ﬂAl Al T AICogcm ! (20)
where Bo, =76, SIN . By, =g, 70,SIV and

Lu =aV,yaS IV are the rate constants of the parti-

cles losses on the surface for ozone, oxygen and eth-
ylene, respectively. Let us consider the limiting cases.

If By >>2k{C, , and g, >>GC, +k7C, , the
equation (18) gives:
dC,
dt3 = _ﬂ03C03 -
If B, <<2k{C, . and g, <<GC, +k{C,, , the
equation (18) gives:
dc 2k FCS,

(21)

ki'Co,Cy —FCo, -

O, *Al
»=—f, C, —kNC,C, — (22)
dt Po,Co, —Ki"Co,Cy GC,, +k?C03
If GC,, >>k{C,, , equation (22) gives:
dC K 2k°FC?
d03 =—f,Co, - A'(;OBCAI _oh 0 (23)
0,
If GC,, <<k{C,, , equation (22) gives:
dcC .
dth = _,Bogcog - kaICO3CAI _ZFCO3' (24)

If B, >>2kPC, . and g, <<GC, +k{C, . the
equation (18) gives:

dc, . PoFC

s - _ B C. —kMNc.c. -9 70 (25)

dt ﬁ03 O, f 0; ™Al (-;(:o2 + k?(:og

If GC,, >>k{C,, , equation (25) gives:

dC » B, FC

gt = PoCo —K"CoCu~ é COZOS . (26)
If GC,, <<k{C,, , equation (25) gives:

dC .

=—,,Co, —ki"Co,Cp — AoF (27)

dt kO
If g, <<2k?C,. and g, >>GC, +k{C, . the
equation (18) gives:
dC,, . 2k9FC
=—f,Co —k"C, Co — _T 70
dt 20 Bo
Thus, the ozone decomposition in an air-ethylene
mixture is described by three types of equations:

(28)

dc

dt°3 =—-aC,,Cy — fCq, — 4 (29)
dc

dt°3 =—-aCo Cy — BCq, — Ko, (30)
dc
Toa =—-aCoCy —fCo, — 3 31)

The equation for ethylene ozonolysis taking into ac-
count its absorption on the wall has the form:

L —iCy

Cu - o, @)
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The most interesting cases are (29), (30) and (32).
These are the ozone decay and the ethylene ozonolysis
at atmospheric pressure. To analyze equations (29), (32)
from a bird's eye view, these equations were solved nu-

merically for the initial conditions C,, (0) <<C,,(0) (see
Fig. 2) and Co, (0)>>C,(0) (see Fig.3) and different
ratios of the coefficients a, £, o, and u:
a~f~0~u, a~p~>u, a~pf~o<<u,
a~ f>>0~ u, etc. As can be seen from Fig. 4, for
C,, (0) << C, (0), there is a range of parameters where

ozone and ethylene decay as exp(-wt). Same in the op-
posite case (Fig.5), when C, (0)>>C,(0). In both

cases, the ethylene concentration decreases with time
due to decay on the inner surface and ozonolysis.

10 Caylt)

0 1 2 3 4 0 1 2 3 a4

Fig. 4. Ozone decay and ethylene ozonolysis at atmos-

pheric pressure. C (t) — 0zone concentration vs time,
3

C, (t) — ethylene concentration vs time.
Initial conditions: Co,(0) << C,(0)

0 1 2 3 4 0 1 2 3 4
Fig. 5. Ozone decay and ethylene ozonolysis at atmos-

pheric pressure. C, (t) — 0zone concentration vs time,
3

C, (t) — ethylene concentration vs time.
Initial conditions: C,, (0) > C, (0)

Analysis (30), (31) gives similar results: there is a
range of parameters for which ozone decays as exp(-ot).

CONCLUSIONS

The ozone decay in air-ethylene mixture was studied
in a free space as well as in a chemical reactor with a
developed inner surface on which ozone dissociates or
absorbs. The kinetic equations of ozone decay in the
ozone-ethylene mixture at atmospheric pressure were
obtained and analyzed. It is shown that, in the general
case, the ozone decay kinetics is of the order not higher
than the second. However, under certain conditions (the
developed inner reactor surface, high initial ethylene
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concentrations), the second-order Kinetics degenerates
into first-order kinetics. So, it is shown that both in the
case of ozone decay in free space and in the case of
ozone decay in a container with a developed inner sur-
face, there is a range of parameters (initial concentra-
tions of ozone and ethylene, reactor inner surface area)
for which the ozone concentration behaves in time as
exp(-wt), i.e. the (pseudo) first-order kinetics of ozone
decay take place.
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PACHAJI O30HA B XUMHUYECKOM PEAKTOPE C PA3BUTOM BHYTPEHHEM IIOBEPXHOCTHIO:
BO3AYIIHO-9TUJIEHOBASA CMECH

O.B. Manyinenxo, /1.B. Kyoun, A.A. /[ynvgpan, B.H. I'onoma

HccrenoBaHa KMHETHKA pacmaza 030Ha B BO3AYITHO-3THIIEHOBOH CMECH B HEOTPAHWYCHHOM IIPOCTPAHCTBE U B
XUMHUYECKOM PEAKTOPE C Pa3BUTON BHYTPEHHEH MOBEPXHOCTHIO, HA KOTOPOIl 030H MOKeT pacnagarbes. [lokaszaHo,
YTO Kak B CBOOOZHOM HEOTPAHWYCHHOM IIPOCTPAHCTBE, TAK M B CIIydae paclaja 030Ha B KOHTEHHepe C pa3BHTOU
BHYTPEHHEH MOBEPXHOCTHIO, CYIIECTBYET OOJIACTh MapaMeTpoB (HadalbHBIC KOHIIEHTPAIMH 030HA M ATIJICHA, TIIO-
a6 BHYTPEHHEN MOBEPXHOCTH PEAKTOpa), ISl KOTOPBIX KOHIICHTPAIMS 030HA BeleT ce0st BO BPEMEHH Kak exp(-
t), 9TO COOTBETCTBYET KMHETHKE (IICEBIO0) MIEPBOTO MOPSIIKA.

PO3IIAL O30HY B XIMIYHOMY PEAKTOPI 3 PO3BUHEHOIO BHYTPIIIHbOIO ITIOBEPXHELO:
MOBITPSIHO-ETUJIEHOBA CYMII
O.B. Manyinenxo, /1.B. Kyoin, I 2. /lynvghan, B.1. I'onoma

JocnipkeHo KIHETUKY pO3Majay 030HY B MOBITPSHO-ETHIICHOBIH CyMillli B HEOOMEXEHOMY IPOCTOpI Ta Yy XiMid-
HOMY PEaKTOpi 3 PO3BUHECHOIO BHYTPIIIHLOIO TIOBEPXHEIO, HA SIKill 030H MOXke posmanarucs. [lokasaHo, 110 sK y Bi-
JHHOMY HEOOMEXEHOMY TPOCTOPI, Tak 1 B pas3i po3mnaay 030HY B KOHTEHHEpI 3 PO3BUHEHOIO BHYTPILIHBOIO ITOBEPX-
HEIo, iCHye 00JacTh mapameTpiB (IIOYaTKOBI KOHIICHTPAIlil 030HY 1 €THIIEHY, IUIOIIA BHYTPIIIHEOI TIOBEPXHI PeaKTo-
pa), Ut IKUX KOHIEHTPAI[isl 030HY MOBOIUTH cebe y uaci sik exp(-wt), 1o Bianosigae kineTuili (ICEB0) MEPIIOTO
HOPSZIKY.
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