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Abstract

In the paper, an original design of an ozone-catalytic device, in which the process 
of ozone formation occurs directly inside the catalyst monolith of the honeycomb 
structure, is proposed for solving the problem of exhaust gases purification at 
the "cold start" of an automobile engine. For the considered device, various 
regimes of operation were examined, and the equations allowing us to calculate 
the concentrations of ozone depending on time were obtained. The developed 
mathematical model shows a significant decrease in ozone concentration after 
the "cold start" is over and the temperature of the exhaust gases increases, 
because of changes in the balance of various chemical reactions. Thus, the 
ozone concentration is maximum during a cold start, precisely when the lower 
temperatures do not allow other reactions than those of oxidation of toxic gases 
with ozone, and decreases by the time the catalytic unit warms up, when effective 
neutralization of toxic impurities becomes possible without the participation of 
ozone. The results of the mathematical modeling were confirmed by testing this 
device for purifying exhaust gases of a YaMZ-238M2 engine. The test results show 
that the use of ozone-catalytic reactions significantly increases the efficiency of 
neutralizing toxic impurities under cold start conditions, compared to the case when 
only catalytic reactions with oxygen without the participation of ozone are used.
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1. Introduction

Currently, environmental pollution by exhaust 
gases from internal combustion engines in large cit-
ies (particularly in Moscow) accounts for up to 80% 
of total emissions, which leads to a constant tough-
ening of standards for the maximum content of toxic 
impurities in vehicle exhaust gases. One of the ways 
to solve the problem is to equip domestic engines 
with imported catalytic converters. However, using 
a standard “three-way” converter [1–2] does not 
eliminate the problem of “cold start”, when the 
catalytic treatment system is not yet heated to the 
necessary temperature and a significant amount of 
toxic substances are released into the atmosphere. 
A similar problem is relevant for the “cold start” of 
diesel engines [3]. 

This problem is of a global international nature, 
and, despite significant efforts made by leading for-
eign laboratories and companies (Lawrence Liver-
more National Laboratory, Engelhard, etc.), has not 
been solved satisfactorily to date. 

Various thermal management methods for the 
solution to this problem were investigated and an-
alyzed in the literature [4]. A simple solution is to 
locate the catalyst closer to the engine; however, 
after warming the high exhaust temperature may 
cause thermal sintering, which shortens catalyst 
lifetime and compromises its performance. Extra 
combustion devices, heat storage devices and elec-
trically heated catalysts (EHCs) have been tested to 
improve light-off performance during warm up. All 
these approaches require additional expenses of 
fuel and energy and make the exhaust gas system 
more complex. 
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Also, one of the alternative solutions to the prob-
lem of cold start is the use of so-called zeolite “traps” 
[5], installed in front of the main catalytic converter, 
which adsorb toxic impurities at the engine warm-up 
stage and subsequently, when the temperature ris-
es, release these substances for neutralization in the 
main converter. However, such materials are char-
acterized by extremely low hydrothermal stability 
and methods based on their use have not become 
widespread.

A promising method for solving the “cold start” 
problem is the use of ozone-catalytic technologies, 
when active molecules of the allotropic modification 
of oxygen – ozone are used as an oxidizing agent. 

The studies performed at the Boreskov Institute 
of Catalysis showed that introducing ozone into gas 
streams increases the efficiency of oxidation, allow-
ing an effective catalytic purification at low tempera-
tures, and reducing energy costs and equipment size 
[6, 7]. Ozone provides effective oxidation of organic 
compounds, such as toluene, xylene, acetone over 
copper oxide catalyst at temperatures of 40–60 ᵒC, 
which is about 200–250 ᵒC lower than the tempera-
tures required for total oxidation of the compounds 
in traditional catalytic oxidation by air. 

This method was found very effective for the re-
moval of difficult-to-oxidize compounds, in particu-
lar, chlorine-containing substances and polyaromat-
ic hydrocarbons. For example, in [8] recent advances 
in the catalytic ozonation of Cl-VOCs at low tempera-
tures were systematically reviewed, including single 
Cl-VOCs and gas mixtures with Cl-VOCs. The systems 
examined included chlorobenzene, dichlorometh-
ane, dichloroethane, trichloroethane, etc., with a 
series of catalysts based on oxides of Fe, Mn, Ce, V 
and Ti. It was shown that the presence of ozone in 
the gas stream lowered the temperature of the Cl-
VOC total oxidation from 300–400 to 80–120 ᵒC. 

A version of catalytic ozonation method per-
formed in the liquid phase was described in [9]. A 
wet scrubbing – catalytic ozonation (WCO) process 
with the catalyst MnOx on activated coal was de-
veloped for the efficient removal of volatile organic 
compounds from gas streams. Mineralization effi-
ciency, degradation pathway and mechanism, and 
effects of the process operating parameters were 
investigated using toluene as the target pollutant. 
The results showed that the average removal effi-
ciency of toluene reached 71.82% within 90 min un-
der optimal conditions (CToluene = 100 mg/m3; COzone = 
1 mg/L; catalyst loading = 5 g/L; pH = 7; gas flow = 
500 mL/min), which outperformed that of a gaseous 
system. 

In [10] a reverse-flow non-thermal plasma (NTP) 
reactor coupled with catalyst was used for the 
abatement of toluene. In this study, the toluene 
degradation performance of different reactors was 
compared under the same conditions. The mecha-
nism of toluene abatement by NTP coupled with cat-
alyst was explored, combined with the generation 
of ozone, NO2, and organic by-products during the 
reaction process. It was found that a long reverse cy-
cle time of the reactor and a short residence time of 
toluene decreased the internal reactor temperature, 
which was not beneficial for the degradation of tolu-
ene. Compared with the dielectric barrier discharge 
(DBD) reactor, toluene degradation efficiency in the 
double dielectric barrier discharge (DDBD) reactor 
was improved at the same discharge energy level, 
but the concentrations of NO2 and O3 in the effluent 
were relatively high; this was improved after the in-
troduction of a catalyst. In the reverse-flow NTP re-
actor coupled with catalyst, the CO2 selectivity was 
the highest, while the selectivity and amount of NO2 
was the lowest and aromatics, acids, and ketones 
were the main gaseous organic by-products in the 
effluent. 

There are a few works related to the use of 
non-thermal plasma and ozone in the treatment of 
automotive exhaust gases. In [11], a significant aug-
mentation of the oxidation rate of carbon monoxide 
and unburned hydrocarbons has been demonstrat-
ed when the two processes of atmospheric pressure 
dielectric barrier discharge and diesel oxidation ca-
talysis were used simultaneously. With carbon mon-
oxide oxidation, the rate increase was attributed to 
a heterogeneous reaction of supplied ozone with 
carbon monoxide. Ozone injection was investigated 
along with the direct application of the plasma to 
the gas upstream of a Diesel oxidation catalyst on a 
Diesel engine test bench. When used on the Diesel 
engine exhaust in steady-state conditions, depend-
ing on the engine regime, the two processes had 
different effects on the gas composition. Both pro-
cesses induced heating of the catalyst, but while the 
plasma treatment of the entire gas flux heated the 
gas itself (and therefore heating the catalyst), the in-
jection of ozone heated the catalyst solely through 
the heat of reaction of ozone with adsorbed species. 
Mechanisms for these effects were proposed and 
the performance of each approach was discussed in 
terms of energy cost and technical feasibility. While 
both techniques gave improvements in emissions, 
the ozone injection option might be more practical 
because of lower investment costs. In relation to 
ozone injection, this study only considered that the 
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ozone generator was fed with pure oxygen, because 
the efficiency of ozone production using dry air as 
feed gas would generally be about half the value 
found in this work.

Non-thermal plasma combined with wood fiber 
has been investigated for the diesel exhaust puri-
fication [12]. The combination of dielectric barrier 
discharge (DBD) and wood fiber (WF) enhanced the 
removal efficiency of nitrogen by oxides (NOx) due 
to the positive activity of oxygen-containing func-
tional groups (such as O–H groups or C–O groups) 
on the wood surface, which promoted the remov-
al of NOx by 10–13%. In particular, it was observed 
that, when carbon black was loaded on the wood 
fiber, there was a simultaneous removal of carbon 
soot and NOx.

The effect of NTP on the oxidation and removal 
of different components in particulate matter (PM) 
in diesel exhausts was studied in [13]. NTP technol-
ogy can oxidize and decompose diesel by PM under 
much lower temperatures (≤200 ᵒC) without a cat-
alyst, showing promise for potential applications. A 
self-made NTP generator was used to produce NTP 
gas that reacted with PM at a certain reaction tem-
perature and reaction time, and the concentration 
of O3 in the NTP was modified by adjusting the work-
ing parameters. Fourier transform infrared spectros-
copy (FT-IR), thermogravimetric analysis (TGA), and 
gas chromatography-mass spectrometry (GC-MS) 
were used to analyze changes in the surface func-
tional groups, component oxidation activity, remov-
al effect, and the soluble organic fraction (SOF) of 
PM samples before and after processing. As the O3 

concentration increased, the effect of NTP on PM re-
moval strengthened. PM surface functional groups 
can be converted from C–OH into C–O under the 
action of NTP at high O3 concentrations. The oxi-
dation activity of the volatile fraction (VF) and soot 
in PM can be substantially improved under high O3 

concentrations. Higher O3 concentrations resulted 
in increases in the number of oxygen-containing 
groups in the molecular formula of SOF and the ra-
tio of components. The performed study provided a 
certain value for the strategy of removing PM pollut-
ants from diesel. 

A study of an NTP device for the treatment of ex-
haust gases in an internal combustion engine is de-
scribed in [14]. Several tests using a plasma device 
to treat exhaust gases were conducted on a Honda 
GX200-196 cm3 engine at different rotational speeds. 
A plasma reactor could be efficient in degrading ni-
trogen oxides and particulate matter. Monoxide and 
carbon dioxide abatement were found minimal.

In [15], Chinese scientists showed that catalytic 
diesel particulate filtration (CDPF) assisted by ozone 
was a promising strategy for soot elimination at ex-
haust temperatures. It is important yet challenging 
to utilize the strongly oxidizing ozone while prevent 
its escape. In this study, rod-like Mn2O3 catalysts 
with high ozone decomposition ability were proved 
as an ideal tool for such a task. With thorough char-
acterizations and temperature-programmed oxida-
tion tests in selected atmospheres, triple low-tem-
perature incubation effects were ascribed to the 
(catalytic) decomposition of ozone, including oxidiz-
ing NO to NO2, breeding surface oxygen complex-
es on soot and surface manganese species on the 
catalyst. Superior soot elimination efficiency was 
achieved by the tandem work of NO2 (at 200–500 
ᵒC), NO2-induced nitrates/nitrites (at 200–300 ᵒC), 
surface manganese oxides (at 300–400 ᵒC) and O2 
(at 400–500 ᵒC), indicating the coupling of ozone 
and transition metal oxides may lead to reliable and 
cost-effective CDPF systems. 

The behavior of the selective catalytic reduction 
of nitrogen oxides assisted by a dielectric barrier 
discharge was investigated in [16]. The principal 
function of the dielectric barrier discharge in the 
system is to generate ozone, which is continuous-
ly fed to a chamber where the ozone and NO-rich 
exhaust gas are mixed (NO accounts for the large 
majority of NOx). In the ozonization chamber, a part 
of NO contained in the exhaust gas is oxidized to 
NO2, and then the mixture of NO and NO2 enters the 
catalytic reactor. The ozonization method proposed 
in this study was found to be more energy-efficient 
for the oxidation of NO to NO2 than the typical 
non-thermal plasma process. The degree of NO ox-
idation was approximately equal to the amount of 
ozone added to the exhaust gas, implying that the 
decomposition of ozone into molecular oxygen was 
relatively slow, compared to its reaction with NO. 
When the exhaust gas was first treated by ozone 
to produce a mixture of NO and NO2, a remarkable 
enhancement in the catalytic reduction of nitrogen 
oxides was observed. 

Thus, the use of ozone increases the efficiency 
of catalytic processes, allows for effective catalytic 
cleaning at low temperatures, and reduces energy 
costs and equipment size. Ozone provides effective 
oxidation of difficult-to-oxidize compounds, in par-
ticular, chlorine-containing substances and polyaro-
matic hydrocarbons. 

However, if ozone is supplied instead from an ex-
ternal device, during its transportation to the puri-
fication zone and directly on the first millimeters of 
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the frontal layer of the catalyst, the “active” ozone 
molecules recombine into oxygen, which is inert at 
“cold start” temperatures, which reduces the effi-
ciency of the process. Therefore, the most effective 
ozone-catalytic processes should be based on the 
generation of ozone near the catalytic layer or di-
rectly in the catalyst layer.

2. Ozone-catalytic exhaust gas purification device

To solve the “cold start” problem the Boreskov 
Institute of Catalysis SB RAS (Novosibirsk) together 
with the Department of Electromechanics of the Ufa 
University of Science and Technology (Ufa) proposed 
an approach based on the use of devices in which 
ozone is effectively generated in the entire catalyst 
bed with minimal energy consumption.

In contrast to the currently used “classical” con-
verters based on catalysts containing noble metals, 
this device has the following advantages:

• generation of ozone and subsequent neutral-
ization reactions with its participation occur over the 
entire surface of the catalyst;

• increased efficiency in neutralizing toxic impuri-
ties contained in purified exhaust gases;

• it maintains efficiency even at low exhaust gas 
temperatures, which is especially important during 
the “cold start” of a car engine;

• smaller weight and dimensions and low energy 
consumption of the ozone-catalytic device;

• the ozone-catalytic unit can be easily integrated 
into the existing system for neutralizing exhaust gas-
es of internal combustion engines.

An ozone-catalytic exhaust gas purification de-
vice is shown in Fig. 1. A schematic longitudinal sec-
tion of the device is shown in Fig. 1a. A photograph 
of the end surface of a block catalyst with a honey-
comb structure with embedded electrodes is shown 
in Fig. 1c.

 

  

Fig. 1. Ozone-catalytic device for exhaust gas purification: (a) – schematic diagram of the device, longitudinal 
section; (b) – photograph of a monolithic catalyst, through which channels electrodes are inserted, along with a 
battery and a demonstration model of a power source; (c) – photograph of a monolithic catalyst, end face view.

(a)

(b) (c)
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The device for cleaning exhaust gases consists of 
a dielectric housing 1, insulating racks 2, in which 
a monolithic catalyst of a honeycomb structure 3 
is located with its cells containing grounded elec-
trodes, 4, and high voltage electrodes 5, connect-
ed to a high-voltage alternating current source 6. 
At the ends of the dielectric-catalyst monolith of the 
honeycomb structure there are flanges 7 with an 
opening 8 for the inlet of the gas mixture with toxic 
impurities and an opening 9 for the outlet of a gas 
mixture purified as a result of the ozone-catalytic re-
actions.

The principle of operation of the device for pu-
rifying exhaust gases is as follows. High voltage is 
supplied to the electrodes 5 from a high-frequency 
alternating current source 6. As a result of that, a 
barrier discharge occurs in the channels of the di-
electric-catalyst monolith of the honeycomb struc-
ture 3. Under the influence of this discharge, the gas 
mixture passing through these channels is enriched 
with ozone, which interacts with toxic impurities 
contained in this gas mixture, and the oxidation re-
actions of these impurities occur. Thanks to flang-
es 7, the entire gas flow blown through the housing 
passes through the channels of the dielectric-cat-
alyst monolith of the honeycomb structure and is 
purified from toxic impurities, which are oxidized to 
harmless components. A monolithic catalyst with a 
honeycomb structure is a dielectric structure con-
sisting of γ-alumina, and iron and chromium oxides 
as active components.

Due to the porous structure of the channel walls, 
the dielectric catalytic monolith of the honeycomb 
structure has a large specific surface area, which 
increases the efficiency of catalytic reactions. Since 
the groups of electrodes are located in the channels 
of the dielectric catalytic monolith in a checkerboard 
pattern, the number of dielectric barriers increases 
significantly and, consequently, the generation of 
ozone and the rate of oxidation of toxic impurities in 
the passing gas increases.

Experimental studies were conducted to deter-
mine the efficiency of ozone formation. As experi-
mental data showed, when pure oxygen was passed 
through a dielectric catalyst monolith of a honey-
comb structure at room temperature, the specific 
productivity was 72 g of ozone per kWh, which is a 
high figure [17].

3. Mathematical modeling of ozone formation 
in exhaust gases

In the case of a barrier discharge occurring in 

pure oxygen, the formation of ozone mainly occurs 
as a result of the reaction:

O + O2 + M → O3 + M.                                (R1)

At the same time, its decomposition reaction oc-
curs:

O + O3 → 2O2.                                                  (R2)

Atomic oxygen for (R1) is formed in a barrier 
discharge as a result of the dissociation reaction of 
oxygen molecules under the influence of electron 
impact:

e– + O2 → O+ + O– + e–                                         (R3)

occurring along with the reaction of electron multi-
plication and ionization of oxygen molecules:

 .2
22

��� ��� eOOe (R4)

Taking into account the reactions (R1) to (R4) and 
the fact that the concentration of atomic oxygen 
is proportional to the specific power of the barrier 
discharge, it can be shown that the ozone concen-
tration changes over time t in accordance with the 
differential equation:
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P is the active power of the barrier discharge, W; 
V is the total volume of the channels of the cata-
lytic monolith, m3; R is the universal gas constant, 
J/(mol×K); T is the temperature, K; A1, A2 are the 
frequency factors of the reactions (R1) and (R2), re-
spectively; E1a = 2.77 kJ/mol and E2a = 9.66 kJ/mol 
are the activation energies of reactions (R1) and 
(R2), respectively; [O], [O3], [O2] are, respectively, 
the concentrations of atomic oxygen, ozone and di-
atomic molecular oxygen; [O2]0 is the initial oxygen 
concentration.

Taking into account the boundary condition [O3], 
the solution to Eq. (1) for the time during which the 
gas mixture passes through the ozonizer has the 
form:
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where T(t) and P(t) are functions of the temperature 
and power of the barrier discharge versus time. Since 
most of the barrier discharge power is dissipated as 
heat, in the absence of cooling, the ozonizer begins 
to heat up over time. A change in temperature, in 
turn, leads to a change in the power of the barrier 
discharge.
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[O3] (t1) and [O3] (t2) are experimentally measured values of ozone concentration at times t1 and t2, respectively.
In the case of ozone formation in a multi-component gaseous environment, such as exhaust gases, the pic-

ture becomes significantly more complicated. Equation (1) in this case should be rewritten as:
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where [Xi] is the concentration of the i-th component of the gas mixture (except for ozone and oxygen); Eia is 
the activation energy of the reaction of ozone interaction with the given i-th component of the gas mixture.

At gas volume flow Q, m3/s, the solution to Eq. (8) for t ≤ V/Q has the form:
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where n is the number of components in a gas mixture.
Dependences of temperature versus time for exhaust gases have been experimentally measured for sever-

al brands of automobiles. This dependence for the “Škoda” brand is shown in Fig. 2.

(11)

Frequency factors A1, A2 can be determined as a 
result of experimental studies of ozone formation 
in a barrier discharge occurring in pure oxygen. For 
example, when measuring ozone concentration at 
time t1 and at t2 = 2t1 at T = const, the frequency 
factors can be determined in accordance with the 
expressions:
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Fig. 2. Dependence of the exhaust gas temperature 
Teg, K, on the time t, s, elapsed from the moment of 
the engine start for one of the models of the brand 
"Škoda".

The temperature dependence of the barrier 
discharge power P(T(t)) included in (9)–(11) for an 
ozonizer with a honeycomb structure is determined 
by the expression:
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where Cg is the capacity of the gas gap of the cell, 
F; Cb is the capacity of the dielectric barrier, F; f is 
the supply voltage frequency, Hz; N is the number of 
cells of a monolithic catalyst into which electrodes 
are inserted in a checkerboard pattern; Umax is the 
voltage between the electrode and the dielectric 
barrier of the cell, V; ubr is the breakdown voltage, V, 
depending on temperature:
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where γ is the coefficient of secondary electron 
emission; p is the gas pressure in the cell; k is the 
Boltzmann constant; δ is the width of the discharge 
gap; Ravg, Ei,avg are averaged values of molecular radii 
and ionization potential for a multi-component gas 
mixture
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where Ei,i, Ri, pi are, respectively, the ionization po-
tential, the radius of molecules and the mole frac-
tion for the i-th component of the gas mixture.

For further modeling of ozone formation in ex-
haust gases, the composition of the gas mixture in-
dicated in Table 1 was used.

When ozone is formed in the gas mixture present-
ed in Table 1, a large number of chemical reactions 
occur with varying intensities. It was assumed, tak-
ing into account the known rate constants of chem-
ical reactions [18], that only reactions (R1) – (R4), as 
well as reactions (R5) and (R6) have a substantial ef-
fect on the ozone concentration:

O3 + CO → O2 + CO2                                    (R5)

O3 + NO2 → O2 + NO3                                                  (R6)

Table 1. The composition of the gas mixture

Gas mixture component N2 O2 H2O CO CO2 NO2

Molar fraction, % 74 8 5 0.1 12.5 0.4
Ionization potential Ei, eV 14.53 13.61 12.62 14.01 13.73 10
Molecule diameter, d, nm 0.364 0.346 0.265 0.359 0.33 0.382

The parameters of reactions (R5) and (R6) are given in Table 2. 

Table 2. The parameters of chemical reactions (R5) and (R6) [18]

Chemical reaction Activation energy Ea, J/mol Frequency factor A, m3/s
O3 + CO → O2 + CO2 13550 10-20

O3 + NO2 → O2 + NO3 20360 1.2×10-19
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In this case, taking into account reactions (R1) – (R6), the change in ozone concentration is determined by 
the expression:
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where [NO2], [CO] are concentration of nitrogen oxide and carbon monoxide, respectively; K3, K4 are respec-
tively, the rate constants of chemical reactions (R5) and (R6):
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The solution to Eq. (16) has the form:
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Taking into account the above-mentioned experi-
mentally measured dependence of the temperature 
of the exhaust gases on time (Fig. 2), as well as con-
sidering the dependences of the power of the barri-
er discharge and of the rates of chemical reactions 
on temperature (Eqs. (1), (2), (12) to (15) and (17) to 
(19)) and taking into account the reaction frequen-
cy factors of (R1) and (R2), calculated on the basis 
of experimental data [17], according to (5) – (7), we 
can obtain the time dependence shown in Figure 
3 for ozone concentration in the specified exhaust 
gases when they exit the ozonizer with honeycomb 
structure (at Q = 2 m3/h).

During the passage of the gas mixture through 
the channels of the catalytic unit, the ozone con-
centration drops significantly due to simulated reac-
tions with NO2 and CO, which leads to the conver-
sion of these oxides. As can be seen from Fig. 3, as 
the temperature of the exhaust gases increases, the 
ozone concentration decreases significantly, but by 
this time, the catalytic purification reactions become 
effective without the participation of ozone due to 
the heating of the catalyst.

The dependence of ozone concentration on ex-
haust gas temperature is shown in Fig. 4.

The drop in ozone concentration as the tempera-
ture of the exhaust gases increases occurs, among 
other things, due to a certain decrease in the power 
of the barrier discharge (see Fig. 5).

 

Fig. 3. Dependence of the ozone O3 concentration, 
molecules per m3, on the time t, s, elapsed from the 
moment of the “Škoda” engine start.

 

Fig. 4. Dependence of the ozone (O3) concentration, 
molecules per m3, on the exhaust gas temperature Teg, K.
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4. Experimental studies of ozone-catalytic 
exhaust gas purification

Testing of the ozone-catalytic device was carried 
out in Dmitrov at the Scientific and Research Center 
for Automotive Vehicle Testing and Refinement FSUE 
“NAMI” (NICIAMT FSUE “NAMI”) using a test bench 
with instruments and devices corresponding to GOST 
R41.49-2003 (UNECE regulations # 49) and GOST 
R41.24-2003 (UNECE regulations #24). The schematic 
diagram of the test bench is shown in Fig. 6. 

The test bench included: 1 – YaMZ-238M2 en-
gine No. 8845115; 2 – inductor brake B-300, ZOLL-
NER; 3 – fuel flow meter 730, AVL; 4 – air flow me-

ter 50MRZ-6, MERIAM; 5 – complex gas analyzer 
ERA125; 6 – smoke meter CEB200, AVL; 7 – differ-
ential pressure sensor; 8 – device for determining 
the temperature of exhaust gases; 9 – neutralizer 
containing an ozone-catalytic device.

The control unit of the ozone-catalytic device was 
powered by a 14 V voltage source (ST 190 battery) 
and included a rectangular pulse generator with an 
adjustable frequency of 50–250 Hz; an electronic 
switch; and a high-voltage transformer type 27.3705 
(17–25 kV on the high voltage side). 

During the tests, the ozone-catalytic device was 
combined with reactors with a bulk granular cata-
lyst, and the two arrangements of the ozone-cata-
lytic unit were investigated: before and after the lo-
cation of the reactors with the bulk granular catalyst 
along the flow of the purified gas (Fig. 7).

The tests were carried out using L-0.2-62 fuel (ac-
cording to GOST 305-82). The test results for both 
schemes, performed at a power supply frequency of 
the ozone-catalytic device of 250 Hz, are presented 
in Figs. 8 and 9. Temperature dependences of the 
efficiency of cleaning the exhaust gases of the YaMZ-
238M2 engine from nitrogen oxides, carbon monox-
ide and hydrocarbons under “cold” start conditions 
for scheme I is shown, in Fig. 8a – 8c, and for scheme 
II respectively, in Fig. 8d – 8f.

The dependences of the efficiency of exhaust gas 
cleaning under cold start conditions on the engine 
load for scheme II with the ozonizer on and off is 
shown in Fig. 9.

 

Fig. 6. The schematic diagram of the test bench.

 
Fig. 5. Dependence of the barrier discharge power P, 
W, on the time t, s, elapsed from the moment of the 
“Škoda” engine start.
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Fig. 7. Schemes of the arrangement of ozone-catalytic unit with the bulk granular catalyst reactors.

  

  

  

Fig. 8. Results of tests on the efficiency of cleaning exhaust gases from various toxic components versus temperature: 
8a – 8c for the arrangement of the ozone-catalytic unit according to scheme I (see Fig. 7); 8d – 8f for the ozone-cata-
lytic unit assembled as in scheme II.

(a) (b)

(c) (d)

(e) (f)



151S.R. Khairulin et al.

Eurasian Chemico-Technological Journal 26 (2024) 141‒153

Summarized test results are shown in Table 3. 
As can be seen from the results presented, the use 
of an ozone-catalytic device according to scheme I, 
when it is located at the end (along the gas flow) of 
the neutralizer, provides more effective purification 
of exhaust gases from toxic components.

This result may be explained by the presence of 
conductive soot particles in the exhaust gases, the 
deposition of which (especially at low temperatures) 
on the front surface of the catalytic monolith leads 
to a shorting in electrical circuits, thereby, reducing 
the efficiency of barrier discharge and ozone gener-
ation. When using an ozone-catalytic device accord-
ing to scheme I, soot is partially captured in the reac-
tors with the bulk granular catalyst, and the negative 
impact of soot particles is less pronounced.

During testing in accordance with UNECE Regu-
lation No. 49-02 (with increasing engine load) both 
layouts of the ozone-catalytic device show com-
parable results in the conversion of the main toxic 
components, which suggests that by increasing the 
load and temperature in the converter, the soot is 
burned and its negative impact is reduced and lev-
eled out when using either scheme.

  

  
Fig. 9. Results of testing the efficiency of exhaust gas purification versus the engine load: (a) – conversion of nitrogen 
oxides; (b) – conversion of carbon monoxide; (c) – degree of the removal of hydrocarbons; (d) – soot removal 
efficiency.

(a) (b)

(c) (d)

Table 3. The amounts of the removed components 
from exhaust gases in the “cold start” mode when 
using various layouts of the ozone-catalytic unit in 
the converter

Scheme The amount of the removed 
component (mg/m3)

NOx CO CH

Scheme I 260.8 522 456.8

Scheme II 184.2 225.5 366

Table 4 provides comparative data demonstrat-
ing the increased efficiency of exhaust gas neutral-
ization when using an ozone catalytic device. The 
results are given as the average of the conversions 
with a loading range between 60% and 100%. These 
loads are typical when operating vehicles with diesel 
engines.

As can be seen from the data presented, the use 
of an ozone-catalytic device leads to a significant in-
crease in the efficiency of the neutralization of ex-
haust gases.
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Table 4. Comparative data on the conversion of waste 
gas components

Experiment Conversion, %
NOx CO CH Soot

Ozonizer is off 0 65 30 30
Ozonizer is on 25 >95 70 65

Figure 10 shows a comparison of the experimen-
tally measured dependence of carbon monoxide 
conversion on exhaust gas temperature (shown in 
Fig. 8b) and the same dependence obtained as a re-
sult of calculations based on the mathematical mod-
el given in section 3 (i.e., taking into account the 
temperature dependences both for the concentra-
tion of ozone in the gas mixture under consideration 
and for the rate constant of the reaction of its inter-
action with carbon monoxide).As can be seen, there 
is a good correspondence between the theoretical 
and experimental results.

 

Fig. 10. Comparison of experimental (1) and calculated 
(2) dependences of carbon monoxide conversion on 
temperature for a gas mixture passing through an 
ozone-catalytic device.

5. Comparison of the results obtained with the 
world level of research in this area

A targeted work on the study and development 
of ozone-catalytic devices for purification of exhaust 
gases from diesel engines was carried out at the Uni-
versity of Karlsruhe (Germany) [19].

In this study, with the main goal to create an ef-
fective ozone catalytic device for neutralizing nitro-
gen oxides using the Plasma-Assisted Catalytic Re-
duction concept, the patterns of ozone generation in 
a barrier discharge were studied, testing the devel-
oped device on laboratory scale and on a pilot stand 
for the neutralization of exhaust gases of the diesel 
engine.

A brief comparative description of the ozone-cat-
alytic device considered in this article and the device 
described in [19] is given in Table 5.

There it is shown that the characteristics of our 
ozone-catalytic converter are superior in its func-
tionality to the prototype described in [19].

6. Conclusions

A device has been developed for the ozone-cat-
alytic purification of exhaust gases. This device has 
the advantage that ozone formation occurs direct-
ly inside the catalytic unit, which has a honeycomb 
structure, which ensures high efficiency in neutraliz-
ing toxic impurities even at low temperatures (about 
50 °C). This allows solving the problem of “cold 
start” of internal combustion engines and is of great 
importance from an environmental point of view. 

The advantages of this device are also small 
weight and dimensions and low energy consumption.

A mathematical model of ozone formation in 
this ozone-catalytic device during the passage of 
exhaust gases through a barrier discharge plasma 
in the channels of a honeycomb catalytic monolith, 

Table 5. Comparative characteristics of the ozone-catalytic device presented in this paper and the device described in [19]

Comparative characteristics The device described in [19] The ozone-catalytic 
device of this work

Ozone generation Ozone generation is conducted in 
an external device (Fig. 5.2 in [19]). 

Ozone losses

Ozone generation is 
conducted directly 

in the catalyst
Catalysts used Catalysts bases on noble or precious 

metals, the content of Pt, Ag is 2 wt.% Metal oxide catalysts

Gas hourly space velocity, h-1 16000 ÷ 60000 > 100000
The range of operation temperatures, оС 100 ÷ 450 20 ÷ 450

Achieved NOx conversion at "cold start" conditions Not studied 30 ÷ 60
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which contains electrodes connected to a high-volt-
age power source, has been developed. This model 
shows that most of the generated ozone will be uti-
lized directly in the channels of the catalytic mono-
lith due to reactions with toxic impurities contained 
in the exhaust gases, primarily nitrogen oxides and 
carbon monoxide.

The developed mathematical model also shows 
a significant decrease in ozone concentration as the 
temperature of the exhaust gases increases in the 
first minutes of engine operation because of chang-
es in the balance of various chemical reactions, as 
well because of a slight decrease in the power of the 
barrier discharge. Thus, the ozone concentration is 
maximum during a cold start, when catalytic reac-
tions without its participation would not be effective 
enough, and decreases by the time the catalytic unit 
warms up, and effective neutralization of toxic im-
purities becomes possible without the participation 
of ozone.

In addition, experimental studies of ozone for-
mation in this ozone-catalytic device and the use of 
this device for purifying exhaust gases of the YaMZ-
238M2 engine No. 8845115 were carried out at the 
Dmitrov test site of the Federal State Unitary Enter-
prise NICIAMT. The test results show that the use of 
ozone-catalytic reactions significantly increases the 
efficiency of neutralizing toxic impurities under cold 
start conditions compared to the case when only 
catalytic reactions with oxygen without the partici-
pation of ozone are used. 
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