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Ozonation as a means of increasing the ecological safety
of agrosystems: Purification of soils and irrigation water
from toluene and its derivatives

Abstract. The aim of the study was to evaluate the effectiveness of liquid-phase ozonation
of methylbenzenes as a method for neutralising aromatic xenobiotics in surface waters and
soils of agroecosystems. Spectrophotometric, iodometric, chromatographic, and elemental
analysis methods were used to study the dynamics of aromatic ring destruction, the formation
of intermediate and final products, and to determine the reactivity of arene derivatives. It was
established that the main pathway for the conversion of methylbenzenes is the ozonolytic cleavage
of the benzene ring, with the formation of aliphatic ozonides. The yield of benzoic acid did not
exceed 5.8%, which indicates insignificant stabilisation of the aromatic fragment. For p-xylene, the
degree of mineralisation reached over 70% after 30 minutes of ozonation. The presence of donor
substituents in the benzene ring (-CHs, ~-OH, -NH,) contributed to deep core destruction, while
acceptor substituents (-NO,, ~-COOH) reduced its reactivity, changing the direction of the reaction
to the side alkyl chain. Derivatives with functional groups capable of nucleophilic attack (-OH,
-NH,, -SH) were characterised by a significantly higher reaction rate (up to 25 times) compared
to toluene. The acylation of such groups with acetic anhydride lowered the reaction rate and
increased the selectivity for the formation of stable products. Particular attention was paid to the
composition and structure of the reaction products. Peroxides formed as a result of the destruction
of the aromatic ring have different structures, ranging from monomeric to oligomeric forms.
They were highly soluble in acetic acid but were easily precipitated or removed from the solution,
which was a key advantage of the process in water and soil purification applications. The data
obtained demonstrated the potential of liquid-phase ozonation as an effective tool for the selective
and controlled neutralisation of aromatic compounds in soils and waters for agricultural use.
The results obtained can be used by ecologists, agrochemists, and water purification specialists
to increase the ecological safety of agricultural areas and irrigation systems contaminated with
aromatic compounds
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INTRODUCTION

Modern agriculture faces the urgent problem of
pollution of agroecosystems with organic pol-
lutants, in particular toluene derivatives, which
enter the soil and water resources through the
use of pesticides, herbicides, fuels and lubri-
cants, and industrial emissions. These com-
pounds have high resistance to biodegradation,
which leads to their accumulation in the soil
environment, a decrease in the biological ac-
tivity of soils and a deterioration in crop quality.
Given the importance of preserving soil fertili-
ty and water resource safety, the development
of effective, environmentally safe methods for
cleaning up such pollutants is a pressing task
for agricultural science.

The authors S. Lim et al. (2022) emphasise
in their work the promise of liquid-phase ozo-
nation as a method for the deep destruction of
aromatic pollutants in water systems. They note
that ozone in the liquid phase forms highly ac-
tive hydroxyl radicals that are capable of effec-
tively breaking down sTable organic structures,
including toluene and its derivatives. B. Liao et
al. (2022) investigated the mechanisms of ozone
oxidation of methylbenzenes and found that
the electronic properties of substituents in the
benzene ring significantly affect the selectivity
and reaction rate. The work of H. Luo et al. (2021)
shows that the nature of substituents deter-
mines the decomposition pathways of aromatic
compounds and influences the formation of ox-
idation products, which is of particular impor-
tance for Ukrainian agroecosystems.

Research by A. Salnikova & S. Salni-
kov (2021) confirmed the effectiveness of the
combined use of ozonation and solar sterilisa-
tion to reduce the concentration of pesticides
in irrigation water, while minimising the nega-
tive impact on soil microbiota. O. Chayuk (2019)
points out the importance of analysing the for-
mation of peroxide compounds in the process
of aromatic substance destruction, as they can
have both a positive effect on oxidative poten-
tial and be potentially toxic to some members
of the microflora. M. Tahamolkonan et al. (2022)
draw attention to the need to optimise ozone
dosing, as excessive concentrations can inhibit
soil microbial activity and disrupt natural bio-
geochemical cycles.
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The work of S. Lim et al. (2022) emphasis-
es the importance of the spatial arrangement
of substituents in aromatic molecules, as this
directly affects the kinetics of ozonation re-
actions and the formation of minor products.
A recent study by X. Li et al. (2021) demonstrat-
ed that enhanced ozonation with the addition of
mechanical stirring provides over 90% degrada-
tion of benzo[alpyrene in soil in just 90 minutes,
while improving the bioavailability of residual
products for further microbial degradation. An
analysis of bioremediation methods that com-
plement ozonation is presented in a review by
C. Rusénescu et al. (2024), which justifies the
combination of physicochemical and biological
technologies to complement effective strategies
for the restoration of contaminated soils.

Based on current research, it has been es-
tablished that ozonation is a promising and en-
vironmentally safe method for the degradation
of toluene and related aromatic compounds in
agroecosystems. This approach demonstrates
high efficiency in cleaning soils and water en-
vironments from persistent organic pollutants.
At the same time, for practical implementation,
it necessary to study in depth the mechanisms
of ozonolysis under different soil conditions, in
particular its impact on soil fertility, enzymatic
activity and microbiota structure. The aim of this
work was to conduct a comprehensive analysis
of the effectiveness of liquid-phase ozonation of
toluene and its derivatives, as well as to deter-
mine the optimal conditions for environmental
safety and restoration of the fertility of agricul-
tural systems.

LITERATURE REVIEW

The contamination of agricultural ecosystems
with organic toxicants, among which toluene
derivatives occupy a special place, poses a se-
rious environmental threat to the sustainable
development of agriculture. These compounds
enter soil and water resources mainly through
the excessive use of agrochemicals, such as her-
bicides and pesticides, as well as through the use
of petroleum products and technical fluids con-
taining aromatic hydrocarbons. Sources of pollu-
tion also include untreated industrial wastewa-
ter. Due to their high chemical stability and low
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susceptibility to natural decomposition, these
substances accumulate in the soil environment.
This, in turn, leads to a decrease in the enzymatic
activity of soil biota, disruption of the microbial
balance and a general deterioration in fertility,
which negatively affects the quality and safety of
agricultural products (Aidoo et al., 2023).

Against this backdrop, innovative methods
of detoxifying the agricultural environment
deserve increasing attention. One of the most
promising technologies is ozonation, a process
based on the use of a strong oxidant, ozone,
which is capable of destroying complex organ-
ic molecules. Ozone oxidation is accompanied
by the generation of secondary active agents, in
particular hydroxyl radicals, which demonstrate
high reactivity towards aromatic hydrocarbons,
including benzene and toluene structures. The
results of laboratory and field studies show that
ozone, acting directly in the soil, promotes the
decomposition of heavy organic compounds
into less toxic intermediate products that are
more accessible for further biological degrada-
tion. This significantly enhances the ability of
soil microorganisms to mineralise hydrocarbon
residues (Yu et al., 2024).

The combined use of ozonation with other
physical, chemical or biological methods is par-
ticularly effective. For example, the combination
with soil solarisation demonstrates a synergis-
tic effect on the decomposition of persistent
pesticides, while maintaining the overall mi-
crobial viability and bioactivity of the soil at an
accepTable level (Diaz-Lépez et al., 2021). How-
ever, along with the positive results, a number of
studies have found that excessive or improperly
regulated ozonation can have a suppressive ef-
fect on soil microflora, in particular through the
oxidation of beneficial metabolites or the de-
struction of cell structures (Garrido et al.,, 2023).
This highlights the need to optimise ozone ex-
posure regimes according to soil type, degree of
contamination and agroecosystem specifics.

In a study by E. Potapenko et al. (2021), the
kinetics and mechanism of ozonolysis of arenes
were investigated. It was shown that ozone can
interact with both the side methyl radical and
the aromatic ring, resulting in the formation
of a wide range of products, from benzoic acid
to unsTable peroxides. The authors proved that

)

the solvent significantly influences the direc-
tion of the reaction. The study of the ozonolysis
of 2,4-dinitrotoluene deserves special attention.
It was found that in the presence of electron-ac-
cepting substituents (-NO,), ozone attacks both
the benzene ring and the side chain. The forma-
tion of hydroperoxides indicates a radical mech-
anism, with the temperature regime influenc-
ing the predominant direction of the reaction:
at lower temperatures, ring attack prevails. The
work of A. Galstyan et al. (2018) considers the
reactions of ozone with aminotoluenes. It is
shown that electron-donating groups activate
the aromatic system to electrophilic attack by
ozone. In acetic anhydride, with the participa-
tion of mineral acid, acylation of amino groups
occurs, which changes the reactivity of the mol-
ecule. Even without catalysts, the reaction is se-
lective and produces sTable aliphatic products.
These works are an important basis for further
research in the field of pollutant processing,
organic synthesis and environmental chemis-
try. In addition to soil purification, ozonation is
also actively being introduced for post-harvest
processing of vegetables and fruits. In particu-
lar, the use of ozonated water for washing prod-
ucts significantly reduces the residual concen-
trations of agrochemicals, unlike conventional
water washing, which has limited effectiveness
in removing hydrophobic compounds (Singh et
al., 2022). This approach not only improves food
safety but also extends the shelf life of products.

Another interesting area of research is the
effect of ozonation on physiological and bio-
chemical processesin plants. For example, ozone
treatment of seeds causes changes in the profile
of volatile organic compounds, which can serve
as biomarkers of germination or stress response
(Khanashyam et al., 2021; Dong et al., 2022). Such
effects open up new possibilities in pre-sow-
ing seed treatment as a method of stimulating
growth processes.

Separately, it should be mentioned that
there are studies investigating the interaction
of ozone with the processes of microbial deg-
radation of organic pollutants. For example,
hybrid systems combining ozonation with bi-
ological treatment have shown high efficiency
in destroying polycyclic aromatic hydrocar-
bonsin soil, even under conditions of increased
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pollution (Olak-Kucharczyk et al., 2023, Malek
§ Choudhary, 2023). Such results confirm the
potential of combined methods as tools for re-
storing the functional state of degraded agri-
cultural landscapes.

Given the accumulated results, there was a
clear need for further study of the possibilities of
ozonation as a means of remediating agricultur-
al systems. In particular, research into the kinet-
ics and mechanism of ozonolysis of methylben-
zenes, the effectiveness of their neutralisation
with ozone, and the impact of this process on
long-term soil fertility, their microbiological
balance and the ecological stability of the agro-
sphere as a whole remain relevant.

MATERIALS AND METHODS

Laboratory studies were conducted at the Re-
search Laboratory of Ozonolytic Transfor-
mations of the National University of Life and
Environmental Sciences of Ukraine (Kyiv) be-
tween January and April 2025. High-purity
chemical reagents were used for the experi-
ments: sulphuric and glacial acetic acids from
Sigma-Aldrich (“chemically pure” grade), tol-
uene and its substitutes from Acros Organics
(“chemically pure” grade). The water for the
solutions was demineralised.

Acylation of hydroxy- and aminotoluenes
was carried out according to a method in which
0.4 mol-l-1 of aminotoluene and 30 ml of 80%
acetic acid were loaded into a 50 ml round-bot-
tom flask. When the solution was gradually
heated to 130-140 °C, the water was distilled
off, after which the resulting product was sepa-
rated into 30 ml of water cooled to 5 °C, filtered
and dried. Ozone oxidation was carried out in a
cylindrical glass reactor with a volume of 30 ml
(height - 8 cm, diameter - 2.2 cm) with a perfo-
rated diaphragm for better contact between the
gas and liquid phases. 20 ml of solvent and the
calculated amount of arenes were loaded into
thereactor. The ozone generator was model OZ-
100 (manufacturer: OzoneTech Ltd., Ukraine).
Ozone was produced by corona discharge at a
voltage of 7 kV, a current of 20 mA, water cool-
ing, with constant regulation of the generator
temperature at 25 + 1 °C. The ozone concentra-
tion in the gas mixture was controlled using a
built-in spectrophotometric analyser with an
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accuracy of + 0.02% by volume and was auto-
matically stabilised by a feedback system.

The kinetics of the reactions were studied
as follows. The ozone-air mixture was fed into
the reactor at arate of 20 1/h, with an ozone con-
centration of 0.8-1.2% by volume. Ozonation
lasted from 15 to 120 minutes, depending on the
experimental conditions. During the reaction,
magnetic stirring at a speed of 300 rpm was
used to ensure uniform distribution of ozone
in the liquid. The process was controlled by gas
chromatography on an Agilent 7890B chroma-
tograph with a flame ionisation detector (FID),
HP-5 column (length 30 m, diameter 0.32 mm,
film thickness 0.25 um) (Potapenko et al., 2021).
The evaporator temperature was 250 °C, and the
column temperature was programmed from 120
to 175 °C with a rise rate of 8 °C/min. The carrier
gas is nitrogen, flow rate: 2.0 1/min, hydrogen -
1.8 1/min, air - 18 1/min.

The ozone concentration in the gas phase
was measured spectrophotometrically using a
SF-46 LOMO spectrophotometer with a Teflon
flow cell (optical path length 10-100 mm). The
optical density of the gas flow was recorded au-
tomatically by a potentiometer with a error of
< 5%. The ozone concentration was calculated
using the Lambert-Beer equation with molar
extinction coefficients.

Quantitative analysis of peroxides was per-
formed by iodometric titration: 1 ml of the reac-
tion mass was added to 10 ml of a 5% potassium
iodide solution, acidified with 2.5 ml of 0.1 M sul-
phuric acid, kept for 1 and 24 hours at 20+ 2 °C,
and then titrated with 0.05 M sodium thiosul-
phate solution. The concentration of peroxides
was calculated using the formula (1):

_ My

[oz] = <F mol - 171, (1)

where V. is the volume of sodium thiosulphate
for titrating the iodine solution, ml; V,is the vol-
ume of the reaction mass, ml; M, is the molar
concentration of thiosulphate, mol - 1% n is the
number of transferred electrons.

The relative measurement error was +8%.

The rate constant for the new substance,
knowing the constant for toluene and the ratio
of products in the reaction mixture, was deter-
mined by the formula (2):

(=
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:Ksub/kst = [Psub] / [Pst]! (2)

where kg, - the desired value of the constant;
k,, - the known constant for the standard sub-
stance; [P,,], [P,] - the concentrations of the
corresponding reaction products.

Statistical data processing was performed
using the program OriginPro 2023. For each ex-
periment, at least three parallel determinations
were performed. The results are presented as
the mean arithmetic value #* the standard devi-
ation. Statistical significance was determined
using the Student’s t-criterion at a significance
level of p<0.05.

RESULTS AND DISCUSSION

To determine the possibility of cleaning surface
water and soil from aromatic compounds, the
kinetics of the liquid-phase ozonation reac-
tion of methylbenzenes was investigated. As it
turned out, the main products of toluene oxida-
tion by ozone are ozonides - aliphatic products
of aromatic ring destruction, which is also de-
scribed in the work of R. Samsami et al. (2023).
In trace amounts, benzyl alcohol and benzal-
dehyde, CO, accumulate as intermediate prod-
ucts, while benzoic acid is the final product of
the aromatic reaction, the yield of which does
not exceed 6% (Table 1).

Table 1. Oxidation of methylbenzenes with ozone in acetic acid at 293 K.
[Os]o=4.7-10% [ArCHs]o = 04 mol - 1%; Vp = 0011

Selectivity, %
Compounds
oxidation via the side chain oxidation via the aromatic ring
Toluene 5.9 93.6
1,4-Dimethylbenzene 5.1 92.3
1,3-Dimethylbenzene 4.6 92.5
1,2-Dimethylbenzene 0.0 99.5
1,3,5-Trimethylbenzene 0.0 100.0
2-Nitrotoluene 6.2 89.0
3-Nitrotoluene 124 82.0
4-Nitrotoluene 14.2 81.5
3-Chlorotoluene 13.1 84.2
4-Toluenesulfonyl chloride 26.3 72.1

Source: developed by the author

The composition of the products of the ozo-
nation of methylbenzenes in the liquid phase
indicates the following: the reaction proceeds
in two directions: mainly via the benzene ring
with the formation of its degradation products,
and via the side chain of the substrate with the
formation of aromatic products; with an in-
crease in donor substituents in the aromatic
ring, the selectivity of oxidation along the side
chain decreases; the stability of the benzene
ring in the reaction with ozone increases with
the introduction of acceptor substituents. Dur-
ing ozonation of 1,3- and 1,4-dimethylbenzenes,
96% of the substrate is subject to destructive
ozonation, while 1,2-dimethylbenzene and
1,3,5-trimethylbenzene are completely con-
verted to ozonides. The stability of the aromatic
ring increases with the introduction of acceptor

)

substituents. When ozonising 4-nitrotoluene,
the yield of 4-nitrobenzoic acid reaches 14.2%.
Similar results were obtained during the oxida-
tion of 3-nitrotoluene. In the case of the 2-iso-
mer, the selectivity for the methyl group is sig-
nificantly reduced, which is due to the steric
effect of the substituent (Table 1).

The results of the study demonstrate that
ozonation of methylbenzenes in the liquid
phase can effectively neutralise toxic aromatic
pollutants through complete or partial destruc-
tion of the benzene ring. Of particular impor-
tance is the ability of the formed ozonides and
peroxides to be easily removed from the solu-
tion - these compounds precipitate or break
down into volatile components, which great-
ly simplifies the purification of water and soil
from reaction residues.

Plant and Soil Science (16)3
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The values of the ozone absorption rate
constants in reactions with methylbenzenes
given in Table 2 indicate a satisfactory cor-
relation between the reactivity of substitut-
ed toluenes (with the exception of hydroxy-,

amino- and mercapto-toluene) and the sub-
stituent constants (o). The calculated p for this
series is -2.25, which indicates an electrophilic
mechanism for the reaction of ozone with
methylbenzenes.

Table 1. Rate constants for the reaction of ozone with methylbenzenes at 293 K

Compound [0:o-10%, | [ArH]o-107, Keff, I- mol™-s™
mol-| mol-| AcOH Ac,0
Toluene 0.28 +0.57 7.7+28.3 0.80+0.08 0.88+0.08
1,2-Dimethylbenzene 0.18+0.33 54+73 0.88+0.08 3.08+0.30
1,3-Dimethylbenzene 0.18+0.33 54+73 4.15+0.40 4.56+0.50
1,4-Dimethylbenzene 0.18+0.33 5.4+7.3 5.00+0.50 5.61+0.50
1,3,4-Trimethylbenzene 0.18+0.33 2.4+53 29.60+3.00 32.54+3.00
1,3,5-Trimethylbenzene 0.18+0.33 2.4+53 45.10+£0.45 50.56+5.00
4-Hydroxytoluene 0.24+0.51 0.2+0.6 2.22-103 2.43-103
4-Aminotoluene 0.14 +0.41 0.2+0.6 2.42-103 2.66-103
4-Acetamidotoluene 0.18 +0.45 10.1+25.9 0.81+0.07 0.85+0.05
4-Acetoxytoluene 0.28 +0.57 15.1+35.9 0.59+0.05 0.66+0.06
4-Nitrotoluene 0.38 + 0.55 25.5+48.0 0.035+0.004 0.083+0.006
3,4-Dinitrotoluene 0.38 +0.55 25.5+48.0 0.020+0.002 0.022+0.002
2,4-Dinitrotoluene 0.38 +0.55 25.5+48.0 0.016+0.002 0.018+0.002

Source: developed by the author

A different kinetic picture is observed upon
ozonation of methylbenzenes that have substit-
uents with lone electron pairs (-OH, -NH,, -SH).
Firstly, under these conditions, oxidation via
the methyl group does not occur, the main re-
action products in the case of hydroxytoluenes
are ozonides, and for aminotoluenes — ozonides,
nitrotoluenes, and polymeric products. Second-
ly, their reactivity is three orders of magnitude
higher (k,;=2.2210% 1- mol™s™) than the reac-
tivity of methylbenzenes (k.;=0.8 1- mol™-s™).
All of this is explained by the fact that ozone
attacks not the methyl group or the aromatic
ring, but primarily the lone pair of electrons of
the heteroatom (Galstyan et al., 2009). A change
in the direction of ozone attack and its partial

redirection to the methyl group is achieved un-
der the conditions of prior acylation of the hy-
droxy- and amino groups with acetic anhydride.
The effective rate constant decreases by three
orders of magnitude and approaches the value
for methylbenzene (Table 2). The direction of the
reaction becomes typical for the ozonation of
methylbenzenes - via the double bonds of the
aromatic ring and, to a lesser extent, via the me-
thyl group with the formation of acetamido- and
acetoxybenzoic acids (Table 3). Corresponding
aromatic alcohols and aldehydes were iden-
tified as intermediate oxidation products. It is
not possible to stop the process at the stage of
their predominant formation, as is the case with
methylbenzenes, under these conditions.

Table 3. Dependence of the selectivity of methylbenzene oxidation
with ozone on the substrate structure at 293 K

Selectivity, %
Compound " " A - e
Via the methyl group Via the aromatic ring Unidentified products
Toluene 5.9 80.3 3.7
2-Acetamidotoluene 5.1 92.9 2.0
3-Acetamidotoluene 14.2 84.7 1.1

Plant and Soil Science (16)3
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Table 3, Continued

Selectivity, %
Compound " . - . e
Via the methyl group Via the aromatic ring Unidentified products
4-Acetamidotoluene 15.5 83.5 1.0
2-Acetoxytoluene 7.5 90.5 2.0
3-Acetoxytoluene 17.3 80.5 2.2
4-Acetoxytoluene 19.8 78.6 1.6

Note: [05]o=4.7-107% [ArCHs]o=0.4 mol- 1"}, Vp=0.011
Source: developed by the author

To clarify the chemical structure of ozon-
ides - products of aromatic ring destruction -
after oxidation under a vacuum of 5 mm Hg,
the solvent was distilled off. The isolated com-
pounds were oily, viscous, light yellow liquids,
highly soluble in acetic acid and its anhydride,
but poorly soluble in dichlorethane. They react-
ed with potassium iodide, but in different ways.
Toluene, di- and trimethylbenzene peroxides
interact with potassium iodide in two stages:
the first being rapid, during which molecular
iodine is released in an amount equivalent to
one peroxide group, and the second being slow
(= 24 hours) with the release of iodine in an
amount equivalent to one or two more peroxide
groups. These facts, as well as the stoichiomet-
ric coefficient for ozone (n = 2-3), indicate that
the specified peroxides are formed through
ozonides and are oligomers of linear structure
(Galstyan et al, 2009).

Peroxides of nitro-, acetoxy- and acetami-
dotoluene react with potassium iodide within
1 hour, and molecular iodine is released in an
amount equivalent to one peroxide group, i.e.
they have a monomeric structure (scheme).
These data are consistent with the literature, ac-
cording to which it is the hydroperoxide groups
that easily react with potassium iodide, and the
reduction of dialkyl peroxide groups is com-
pleted in =20-24 hours (Potapenko et al., 2021).
Thus, depending on the nature of the substitu-
ents, peroxides can be monomers or oligomers,
but regardless of their structure, they are easily
removed from the solution, which contributes to
the rapid purification of the agricultural system.

The results confirm the effectiveness of lig-
uid-phase ozonation as a method for deep pu-
rification of natural waters and soils from alkyl
aromatic pollutants. It has been established

)

that the selection of conditions (environment,
temperature, type of substituents) allows the
selectivity of the process to be regulated, di-
recting it either towards the preservation of the
aromatic ring (for synthetic purposes) or to-
wards its destruction (for ecological neutralisa-
tion). The ability of the formed ozonides to pre-
cipitate provides a simple scheme for removing
reaction products, which is especially valuable
in water purification technologies without the
need for complex filtration.

The results obtained indicate the effective-
ness of liquid-phase ozonation as a method for
the disposal of alkyl aromatic compounds in an
aqueous environment, which is extremely im-
portant in terms of improving the environmental
safety of agricultural systems. It has been estab-
lished that the main direction of methylbenzene
oxidation is the destruction of the benzene ring
with the formation of ozonides, which is consist-
ent with the results of R. Samsami et al. (2023),
who described a similar destruction of aromatic
rings under the action of ozone. The low yield of
aromatic products, such as benzoic acid, indi-
cates the predominance of complete cycle cleav-
age reactions over partial side chain oxidation.

A comparative analysis of substituted
methylbenzenes demonstrated a significant
influence of the electronic nature of substitu-
ents on the direction and depth of oxidation. The
presence of acceptor groups, such as -NO; and -
S0.C], contributes to an increase in the stability
of the aromatic ring and, accordingly, a decrease
in side chain selectivity. This confirms the con-
clusions made earlier in the work of A. Galst-
yan et al. (2009), where attention was focused
on the change in electron density in the ring as
a key factor in the interaction with electrophilic
ozone. The determined value of p=-2.25 further

Plant and Soil Science (16)3
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confirms the electrophilic nature of the mech-
anism of interaction of ozone with methylben-
zenes, which correlates well with the Hammett
parameters of the substituents.

The observation of a change in the reaction
mechanism in the presence of substituents with
a free electron pair (-OH, -NH,, —-SH) deserves
special attention. In such cases, the main target
of attack is not the aromatic ring, but the het-
eroatom, which leads to a significant increase in
reactivity and a change in the product compo-
sition. This opens up the potential for selective
modification of the structure of aromatic pol-
lutants prior to their oxidation, in particular by
means of preliminary acylation, which “blocks”
active groups and changes the course of the re-
action. The decrease in the reaction rate after
acylation also meets expectations and demon-
strates the possibility of regulating the kinetic
parameters of the process.

A separate place is occupied by the study of
the composition of reaction products: the iden-
tification of oligomeric peroxides as destruction
products for unsubstituted and weakly substi-
tuted arenes and monomeric hydroperoxides in
the case of substituted derivatives is a significant
contribution to the understanding of the ozo-
nation mechanism. The degree of reaction with
potassium iodide, the duration of iodine release,
and the behaviour of peroxide compounds con-
firm the literature data of E. Potapenko & I. Isaen-
ko (2023), which describe the two-stage nature of
peroxide reduction depending on their structure.

Thus, the results of the study deepen the un-
derstanding of the mechanisms of liquid-phase
ozonation of aromatic compounds, allow the
classification of reaction products according to
structural features, and form the scientific basis
for the creation of effective technologies for the
purification of water and soil from alkyl aromat-
ic xenobiotics. The practical value is confirmed
by the possibility of selective destruction of tox-
ic components with the formation of products
that are easily separated from the environment.
Since theliterature, such as the work of H. Einaga
§ X. Zheng (2024), focuses mainly on gas-phase
ozonation or ultraviolet activation of ozone, the
data obtained expand the understanding of the
effectiveness of the liquid-phase approach with-
out the need for complex installations.
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CONCLUSIONS

Research has shown that liquid-phase ozo-
nation of methylbenzenes is a highly effective
method for the destruction of aromatic xeno-
biotics in the aquatic environment. The main
transformation pathway is the destruction of
the aromatic ring with the formation of unsTa-
ble ozonides, which further decompose into
aliphatic products. Side-chain oxidation was
observed only in the case of substrates with
electron-accepting substituents. It has been
established that the electronic nature of sub-
stituents in the aromatic ring significantly in-
fluences the direction and depth of ozonation.
Donor substituents promote ring destruction,
while acceptor substituents, on the contrary,
reduce the reactivity of the aromatic system, di-
recting oxidation to the side methyl radical. The
most pronounced selectivity for the formation
of benzoic acid and its derivatives was observed
for 4-nitrotoluene and 4-toluenesulphochlo-
ride. The rate constants of ozone absorption
by substrates show a clear dependence on the
Hammett parameter o, with a correlation co-
efficient p = -2.25, which confirms the electro-
philic nature of the interaction of ozone with
arenes. Ithasbeen established that the reaction
products are both monomeric and oligomeric
peroxide structures, which depend on the na-
ture of the substrate. Peroxides are precipitated
from the reaction medium or easily extracted,
which enables their effective removal from the
aquatic or soil environment. The practical sig-
nificance of the study lies in confirming the
feasibility of using ozonation as a technology
for cleaning agroecosystems. The method al-
lows to neutralise residual amounts of herbi-
cides and pesticides in irrigation water; reduce
the content of aromatic xenobiotics in soils,
increasing biological activity; reduce the toxic-
ity of agrochemical effluents; and promote the
creation of closed water systems in agriculture.

From a scientific point of view, the results
indicate the possibility of controlled selection
of ozonation products by changing the reaction
conditions (temperature, ozone concentration,
pH of the medium, type of solvent, etc.), which
makes the method universal for implementa-
tion in environmentally safe technologies for
the destruction of organic pollutants. Prospects
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AHppi FTancTaH

LoKTOp XiMiYHMX HayK, Nnpodecop

HaujioHanbHMin yHiBEpCUTET BiopecypciB i NPMPOAOKOPUCTYBAHHSA YKpaiHK
03041, Byn. Tepois ObopoHM, 15, m. Kuis, YkpaiHa
https://orcid.org/0000-0001-8475-8166

O30HYBaHH4 1K 3aci6 NiaBULLEHHSA eKOJNOoriyHOoi 6e3neKku
arpocucTeM: oOUMLLEHHS FPYHTIB i NOJIMBHOI Boau
Bif, TONyeHy Ta MOro noxigHux

AHoTauiga. MeTo OCTimKeHHS 6ylI0 OLIHUTH epeKTHUBHICTh piAMHHOPASHOTO 030HYBaHHS
MeTWIOEH3EHIB K CII0CO6Y 3HEIKOIKEHHS apOMaTUUYHUX KCEHOOIOTHKIB y TTOBEPXHEBUX BOZAX
Ta TPYHTaX arpoeKocucTeM. YV pob0Ti BUKOPUCTAHO CIIEKTPOGOTOMETPUYHI, MOIOMETPUYHI,
xpomarorpadiuHi MeToay aHasi3y Ta eJleMeHTHUN aHali3 JJji1 BUBYEHHS AUHAMIKYU pyMHYBaHHA
apOMaTUYHOrO fAApa, YTBOPEHHS IIPOMDKHUX Ta KiHIIEBUX MIPOIYKTIB, a TaKOXX BHU3HA4YeHHS
PeaKIifHOol 3MaTHOCTI NMOXiZHMX apeHiB. BCTaHOBJIEHO, 10 OCHOBHUM LIJISXOM II€pEeTBOpPEHHS
MeTUIOEH3€eHIB € 030HOJITUYHE PO3IIerIeHHA 6€H3eHOBOTO Apa 3 YTBOPEHHAM asibaTUUHUX
030HiAiB. Buxim 6eH30MHOI KUCIOTH He IepeBHUIlyBaB 58 %, IO CBiAYUTH IIPO He3HAYHY
ctabinmizaiito apomaruuyHoro ¢parmMeHTa. [ II-KCWIONY CTYIiHb MiHepasisanii caras
moHany 70 % 3a 30 xB 030HyBaHHSA. HagBHICTh AOHOPHUX 3aMiCHUKIB y 6€H3€HOBOMY KiJblii
(-CHs, -OH, -NH,) cripusano miuboKii AeCTpyKIlii aapa, TofAi 9K akientopHi (-NO,, ~COOH)
3MEHIIYBaJIX MOTO PeaKLifHy 34aTHICTb, 3MiHIOIOUM HAIIPSAMOK peakliii Ha 60KOBUM aJIKiITBHUN
yaHLor. IMoxigHi 3 GYHKI[iOHAJPHUMU IpyllaMy, 3TaTHUMU 0 HyKiaeodinbHoi ataku (-OH,
-NH,, -SH), xapakTepr3yBaJlCh 3HAYHO BUIIOK LMIBUAKICTIO peaxiiii (1o 25 pasis), mOpiBHAHO
3 TOJIyeHOM. ALMJIIOBAHHS TaKUX TPyl OLTOBUM aHTIIpHUAOM 3HU3UJIO MIBUAKICTD peakxilil
Ta MiJBUIIMIO CEJIEKTUBHICTh YTBOPEHHS CTAabUIBHUX NHPOAYKTIB. OKpeMy yBary MpHUZIiIEHO
CKJIaZly Ta CTPYKTYpi IPOAYKTIB peaxiii. [lepoKcuY, 110 YTBOPWUINCH B Pe3ybTaTi JeCTPYKLil
apOMaTUYHOIO A7pa, BUABUIN DPi3Hy 6YI0OBY — Bifl MOHOMEpPHUX IO ojiroMepHux ¢popmM. BoHu
Io6pe pO3UMHMIIKCD B OLITOBI KUCJIOTI, OGHAK JIETKO OCaAMIJIMCh 60 BUAATUIINCE 3 PO3UUHY, IO
6yJ10 KJIFOYOBOIO TIEPEBAroko MpoIeCy B 3aCTOCYBaHHI IO OYHUINEHHS BOIY Ta I'PYHTIB. OTpUMaHi
JaHi 3acBigumMIy NoTeHLiaa piAMHHOGA3HOTO 030HYBAaHHA AK e)eKTUBHOIO iHCTPYMEHTY IJIif
CeJIEKTUBHOTO Ta KOHTPOJIBOBAHOTO 3HEIIKOKeHHS apOMaTUYHUX CIIONYK Y I'PYHTaxX Ta BOZax
CiNTBCHKOTOCIIONAPCHKOTO IpU3HAUYeHHs. OTpPUMAaHi pe3ynbTaTd MOXKYTb 6YTH BUKOPUCTAHI
€KOJIoraMM, arpoxiMiKaMy Ta CleljiajlicTaMU 3 OYMIIEHHS BOOU IJIF IIiABUILIEHHS €KOJIOTIYHOI
6esreKy arpapHUX TEPUTOPIH i 3pOITyBaIbHUX CUCTEM, 3a6pYIHEHX apOMaTUYHU MU CITONTyKaMU
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