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Hydrogen sulphide is contained in many types of groundwater and mine waters. These waters can
serve as an additional resource for drinking water, but their thorough purification from hydrogen
sulphide is necessary, since the regulatory documents in force in Ukraine do not allow the presence
of HS in drinking water. The most effective methods of water purification from H»S are oxidative-
catalytic, in particular, using manganese oxides (MnxOy) deposited on a carrier as a catalyst. The
authors developed a new method for modifying sorbents with MnxOy particles by impregnating
natural clinoptilolite with Mn(NO3)2 solutions with its subsequent decomposition under the
influence of microwave electromagnetic radiation. The resulting sorbent, modified with Mn,Oy
particles, was used in studies of hydrogen sulphide oxidation in model solutions with a
concentration of 10 mg/L. The studies were conducted under anaerobic conditions and in the
presence of oxygen, which provided air bubbling at a flow rate of 50 to 300 cm®min through a
layer of modified clinoptilolite, which was located in a glass column. The pH value of the model
solution (6.0, 7.0 and 8.5) and temperature (15, 20, 25 and 30 °C) were also variable parameters. It
was found that the value of the rate constant increased not only with increasing temperature and
air flow rate, but also with increasing pH of the medium. An increase in pH of the medium causes a
decrease in the redox potential of the oxidant, but at the same time contributes to a shift in the
equilibrium in the H.S—HS™ system towards the ionic form of hydrogen sulphide. This provides a
higher rate of its oxidation. The calculated values of the Van't Hoff temperature coefficient
(2.0...3.7) and the activation energy of H2S oxidation (53...67 kJ/mol) indicate that the process
proceeds in the kinetic region. It was established that at pH from 7.0 and above and at an air flow
rate of about 200 cm®min (under experimental conditions), the degree of hydrogen sulphide
oxidation within 60 min approaches 100%. Thus, the conducted studies confirmed the high
efficiency of the obtained sorbent modified with Mn,Oy particles.

Keywords: clinoptilolite, hydrogen sulphide, manganese oxides, modification, sorbent, water
purification

Received: 23 November 2025 Revised: 29 November 2025 Accepted: 30 November 2025

1. Introduction _ . :
use is becoming increasingly relevant. For

An acute problem in Ukraine today is
the reduction of natural water supplies

example, these include  groundwater
containing hydrogen sulphide. Typically, the

suitable for human consumption. The problem
is exacerbated by the pollution of drinking
water sources caused by russian aggression.
Therefore, the search for alternative sources
of water supply and the involvement of waters
whose quality does not meet the requirements
of regulatory documents in the field of water

hydrogen sulphide content in groundwater is
within 0.5...1.0 mg/L. However, the smell of
hydrogen sulphide is clearly felt at its content
of 0.3 mg/L (odor threshold ~0.0005 mg/L),
which affects the organoleptic characteristics
of water. Mine waters are also considered as a
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potential drinking water resource (Shvets at
al., 2025, Clay at al., 2022), which, together
with hydrogen sulphide (0.5...20 mg/L),
contain many organic compounds and
compounds of many metals (Bosak at al.,
2020). In addition, sulphide sulphur
compounds (hydrogen sulphide, hydrogen
sulphide ions, sulphide ions) are contained in
wastewater from oil refining and coke
chemical (5...100 mg/L), pulp and paper (up
to 20 mg/L), food (up to 10 mg/L) industries,
etc. (Bosak at al, 2020, Ministry of
Environmental, 2023). In addition, given the
difficult situation with the state of water
supply sources in combat zones and territories
damaged by military actions, groundwater can
be another resource of drinking water, at least
temporarily. Due to the prevalence of
reducing conditions in soils, sulphide sulphur
compounds, hydrogen sulphide in particular,
are often also found in groundwater.

Hydrogen sulphide is a cellular poison
because it blocks enzymes (in particular,
cytochrome-c-oxidase), practically  stops
tissue respiration and causes hypoxia. The
presence of hydrogen sulphide in its
undissociated (molecular) form causes its
toxicity, since it easily penetrates the tissues
of the body.

Given the low odor threshold and
potential toxicity, according to DSanPiN
2.2.4-171-10, the presence of hydrogen
sulphide in drinking water is not allowed.

Physical and chemical methods are used
to remove hydrogen sulphide from water.
Physical methods consist in the desorption of
hydrogen sulphide by blowing water with air.
At the same time, part of the hydrogen
sulphide is oxidized to dispersed sulphur, less
to sulphates. The speed of such processes is
low and significantly depends on the
composition of the water.
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A significantly higher rate of hydrogen
sulphide oxidation is achieved when catalytic-
oxidative systems are used. These systems are
much less sensitive to the salt composition of
water and the form of hydrogen sulphide in
water (molecular (H2S) or ionic (HSY).
Manganese oxides (MnOz, Mn;0s, Mn30a)
are used as heterogeneous catalysts (Marofio
at al., 2021; Avetisyan at al., 2021), iron
compounds (Fe2Os, iron(lll) hydroxide or
oxyhydroxide) (Sun at al. 2014), copper
oxides (CuO, Cu20), cobalt (Co304), nickel
(NiO), cerium (CeO2) (Palma at al., 2013).
Liquid-phase catalytic systems include Fenton
and Fenton-like systems, biocatalytic systems
based on thiobacteria (e.g., Thiobacillus,
Acidithiobacillus). Very high oxidative
capacity is inherent in photocatalytic systems
based on TiO2, Fe;03, ZnO, CdS, CsNa.
Under the influence of ultraviolet or visible
light, electrons are generated in the catalysts,
which oxidize hydrogen sulphide to sulphur
or sulphate ion (Yan at al., 2023; Yang at al.,
2023; Zhou at al., 2023). However, the
efficiency of the process significantly depends
on the optical transparency of the water.
Dispersed particles in water significantly limit
the penetration of light into the water column.

In recent vyears, research on the
electrochemical oxidation of hydrogen
sulphide in aqueous environments has been
developing (Sergienko at al., 2023,
Velazquez-Rizo at al., 2023).

At the same time, together with
dissolved pollutant compounds, hydrogen
sulphide in particular, the above waters
contain dispersed particles of various nature.
They also significantly deteriorate water
quality. Therefore, they also need to be
removed from the waters. It is obvious that
the processes of purifying waters containing
hydrogen sulphide and heterophase particles
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of varying degrees of dispersion are usually
multi-stage. One of the main factors when
choosing water purification methods to obtain
drinking-quality water is economic feasibility
(Dvoracek et al., 2022). Therefore, it is
advisable to use such purification methods
that combine several technological stages, in
particular, filtration, sorption and oxidation of
compounds with reducing properties, in
particular, hydrogen sulphide.

For this purpose, filter media are used,
on which catalytically active compounds are
applied, for example, metal oxides mentioned
above. High efficiency is characteristic of
catalytic systems formed on activated carbon,
clays, synthetic or natural zeolites.

One of the most common catalysts
immobilized on various carriers s
manganese(lV) oxide. It is characterized by a
high redox potential (+1.23 V). Usually MnO>
is applied to quartz sand, ceramics (Shrestha
et al., 2024), zeolites (Jin, 2023). As a rule,
manganese(lVV) oxide is synthesized by the
interaction of manganese chloride and
potassium permanganate (Jin et al., 2023).
However, synthetic carriers are expensive,
and potassium permanganate is a precursor
whose use is limited.

The aim of the work was to study the
process of catalytic oxidation of hydrogen
sulphide in model solutions  using
clinoptilolite modified with manganese oxides
according to the method developed by the
authors.

2. Materials and Methods

The studies used natural clinoptilolite
from the Sokyrnytsa (Ukraine) deposit with a
dispersion of 1.0...1.5 mm, which was pre-
enriched according to the method (Pyrih,
2024). The enriched clinoptilolite was
modified with a manganese nitrate solution
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under mechanical stirring (Pyrih & Znak,
2025). After modification, the clinoptilolite
was placed in a “Samsung” microwave oven
(power 500 W, radiation frequency 2.45
GHz), where under the action of
electromagnetic radiation, manganese nitrate
decomposes  with  the  formation  of
manganese(l\V) oxide according to the
reaction

Mn(NQOz)2 — MnO2 + 2NO3.

In partly decomposition occurred with
the formation of Mn,Os according to the
equation

AMN(NO3)2 — 2Mn203 + 8NO + 50..

The obtained modified sorbent was used
as a filter loading for the oxidation of
hydrogen sulphide in model solutions. Model
solutions were obtained by saturating distilled
water with hydrogen sulphide, which was
generated during the interaction of NaxS and
H>SO4 solutions (25%) until a concentration
of 10+0.1 mg/L was reached. To create a
model solution with a given pH value ((6.0;
7.0; 8.5)+0.1), solutions (0.01 mol/L) of
hydrochloric acid or sodium hydrogen
carbonate with. The integral concentration of
hydrogen sulphide (H2S and HS") in aqueous
model solutions was determined
potentiometrically using a sulphide-selective
electrode ESS-01 according to the developed
method.

The study was carried out using the
installation (Fig. 1). Modified clinoptilolite
was loaded into a glass column equipped with
nozzles for water sampling to determine the
hydrogen sulphide content. This made it
possible to determine the concentration of
H>S depending on the residence time in the
column, that is, depending on the duration of
oxidation.
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The study was conducted at a
temperature of 15...30 °C. For this purpose,
the solution that entered the column 3 from
the vessel 1 through the rotameter 2, and the
air that was supplied by the compressor 4
through the rotameter 5, were previously
passed through a water thermostat (not shown
in Fig. 1), where they were heated to a given
temperature.

3 Solution
Sniadei 4

Sampling of
model solution

1

Air

Fig. 1. Schematic diagram of a
laboratory setup for studying hydrogen
sulphide oxidation: 1 — tank with model
solution; 2, 5 — rotameters, 3 — column with
modified clinoptilolite, 4 — air compressor

For the oxidation of hydrogen sulphide
with the participation of a catalyst, air was
supplied to the lower part of the column at a
consumption of 50...300 mL/min. In a
parallel experiment, nitrogen was supplied
instead of air to create an oxygen-free
environment (pre-prepared model solutions
were not deaerated).

3. Results and discussion

In the absence of oxygen in the system
(in the case of nitrogen being supplied to
column 3), a decrease in the concentration of
hydrogen sulphide was initially observed due
to its oxidation of manganese oxides
immobilized on the surface of clinoptilolite
particles. But under anaerobic conditions,
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regeneration of the catalyst, of course, did not
occur. Therefore, the further change in the
concentration of H,S in the solution became
smaller and smaller until its oxidation ceased
(Fig. 2, curve 1). In the case of creating
aerobic conditions in the environment, the
change in the concentration of H2S occurred
much more intensively (Fig. 2, curves 2-5),
which indicated a significant increase in the
oxidation rate.
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concentration on time in anaerobic (1) and
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air consumption (cm®/min): 2 — 50; 3 — 100;

4 —200; 5 - 300.

Fig. 2.

When the air consumption increased
from 50 to 200 cm®/min, the oxidation rate
naturally increased due to the increase in the
contact area in the three-phase system (air —
clinoptilolite — solution) and the increase in
the concentration of dissolved oxygen in the
solution. However, with a further increase in
the air flow rate to 300 cm®min, the oxidation
rate decreased. This was probably due to the
blocking of clinoptilolite particles by air
bubbles and, as a result, a decrease in the
contact area of the phases. This assumption
was confirmed by visual observations.

The corresponding values of the rate
constant of H»S oxidation are given in
Table 1. Further studies were carried out at air
consumption of 50...200 cm®/min and in a
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nitrogen environment.

Reducing the process temperature (at
pH 7.0) to 15 °C naturally caused a slowdown
in H2S oxidation Fig. 3.
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Fig. 3.

Accordingly, increasing the temperature
to 25 and 30 °C (pH 7.0) caused a faster
change in the hydrogen  sulphide
concentration (Fig. 4 and 5).
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Fig. 4. Dependence of H2S
concentration on time in anaerobic (1) and
aerobic conditions (pH 7.0; 25°C);
air consumption (cm®/min): 2 — 50; 3 — 100;

4 —200.

In all cases (at pH 7.0) increasing the air
consumption from 50 to 200 cm®min leads to
more and more complete oxidation of
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hydrogen sulphide. In contrast to aerobic
conditions, in anaerobic conditions the nature
of the change in hydrogen sulphide
concentration at different temperatures is
somewhat different. This is probably due to
the  heterogeneity of the  modified
clinoptilolite particles and the different initial
oxygen content in the model solutions, which
was absorbed from the air during the
preparation of the model solutions. The
oxidation of hydrogen sulphide in anaerobic
conditions occurs only due to the oxidizing
ability of manganese oxide
MnO; + 2H2S = Mn?* + 2S + 2H,0.
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Fig. 5. Dependence of H>S

concentration on time in anaerobic (1) and

aerobic conditions (pH 7.0; 30°C);

air consumption (cm®/min): 2 — 50; 3 — 100;

4 —200.

The values of the rate constant of H>S
oxidation (total) in model solutions under
different conditions are given in Table 1.

As can be seen from Table 1, an
increase in temperature naturally causes an
increase in the rate constant. However, a clear
pattern of the values of the rate constant on
temperature (other conditions being the same)
was not found. There is also no clear
dependence of the values of the Van't Hoff
temperature coefficient (y) on the conditions
of the experiments (primarily, temperature).
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For example, for different air flows (in the
lower temperature range), the value of y for
pH 6.0 varies from 2.2 to 3.7; for pH 7.0 —
from 2.4 to 2.9, for pH 8.5 — from 2.5 to 2.9.
In the higher temperature range, the value of y
decreases somewhat. The obtained data
indicate that the oxidation of hydrogen
sulphide as a typical heterogeneous process
occurs in the kinetic region. It is obvious that
the content of dissolved oxygen and its
diffusion in water do not limit the course of
the process. The course of the hydrogen
sulphide oxidation process in the Kkinetic
region is also evidenced by the activation
energy values, which vary for different
conditions in the range from 53.1 to
67.5 kJ/mol.

With increasing temperature, the rate of
oxygen absorption from the air in the case of
a purely physical process decreases. But its
partial consumption for the oxidation of
hydrogen sulphide (regeneration of the
catalyst) causes a shift in the equilibrium,
which contributes to its absorption by an
aqueous solution.

On-line ISSN 2521-151X

The lack of a clear dependence of the
values of the rate constant and activation
energy on temperature may be due to a
number of factors: 1) different shapes of
clinoptilolite particles; 2) uneven distribution
of MnO: particles on the surface and near-
surface layers of zeolite particles, which is
due to the heterogeneity of the surface
morphology and chemical composition of
zeolite particles; 3) different sizes of MnO:
particles, which were formed during the
decomposition of manganese nitrate at the
stage of clinoptilolite modification.

A significant effect of the pH of the
medium on the rate of hydrogen sulphide
oxidation was found. At lower pH values (pH
6.0), the rate of H2S oxidation decreased
(compared to the process at pH 7.0), while at
higher pH values (pH 8.5) it increased. This is
illustrated by the dependences of H>S
concentration on time for the specified
conditions (Fig. 6 and 7) and the value of the
H>S oxidation rate constant (Table 1).

Table 1. Values of H,S (total) oxidation rate constants (s) depending on temperature, pH

and air consumption

Temperature, pH Air consumption, cm®/min

°C 50 100 200
6.0 6.05-10° 1.024-10* 1.71-10*

15 7.0 2.26:10™ 5.03-10™ 6.62:10™
8.5 4.09-10* 5.26-10™ 6.81-10™
6.0 1.19-10* 2.42:10* 3.51-10*

20 7.0 3.90-10* 5.42:10* 9.21-10*
8.5 5.44-10™ 8.62:10™ 9.86-10™
6.0 0.13-10* 3.82:-10% 4.99-10*

25 7.0 5.53-10* 1.29-10°3 1.59-10°3
8.5 1.13-10°3 1.33-10°3 1.70-10°3
6.0 2.42:10% 4.26-10* 5.42:10*

30 7.0 8.63-10* 1.72-10°3 1.99-10°°
8.5 1.65-10°3 1.82:10°3 2.24-10°°
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Fig. 6. Dependence of HS

concentration on time in anaerobic (1) and
aerobic conditions (pH 6.0; 20°C);

air consumption (cm®/min): 2 — 50; 3 — 100;

4 —200.

At the same time, the increase in pH in
different ranges affects the increase in the rate
constant differently. Thus, with an increase in
pH from 6.0 to 7.0 at the same temperature,
the value of the rate constant generally
increases to a greater extent than in the case
of an increase in pH from 7.0 to 8.5.
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Fig. 7. Dependence of H>S
concentration on time in anaerobic (1) and
aerobic conditions (pH 8.5, 20°C);
air consumption (cm®/min): 2 — 50; 3 — 100;
4 —200.

For example, at a temperature of 15 °C
and an air flow rate of 50 cm3/min, with an
increase in pH from 6.0 to 7.0, the value of k
increases by 3.8 times, and with an increase in
pH from 7.0 to 8.5 — by 1.8 times. At 30 °C
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and a flow rate of 100 cm®min, the
corresponding increase in the rate constant is
4.1and 1.1.

At the same time, it is known that with
the shift of the pH of the medium to the
alkaline region, the value of the RedOx
potential decreases, which should negatively
affect the rate of H2S oxidation. However, the
positive effect of increasing pH on the value
of the rate constant is due to the fact that in
aqueous solutions hydrogen sulphide is in
molecular (H2S) and ionic (HS™, S%°) forms.
There is an equilibrium between them, which
primarily depends on the pH of the solution

H.S 2 HS + HT,
HS 2 S* +H".

Based on the experimentally determined
equilibrium constants (pKai, pKay) for these
reactions, the equilibrium content of H>S and
HS™ values at temperatures (15, 20, 25 and 30

°C) and pH (6.0, 7.0 and 8.5) were calculated
(Table 2).

Table 2. Distribution of hydrogen
sulphide forms depending on temperature and
pH

Temperature,| pH Contents, %
°C H2S HS-
15 6.0 88.3 11.7
15 7.0 43.1 57.0
15 8.5 7.2 92.8
20 6.0 89.9 10.1
20 7.0 47.1 52.9
20 8.5 8.5 915
25 6.0 9.1 90.9
25 7.0 50.0 50.0
25 8.5 1.0 99.0
30 6.0 91.8 8.2
30 7.0 52.9 47.1
30 8.5 4.2 95.8
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The content of S?~ is not given in the
table 2, since its concentration becomes
noticeable at pH above 11.5.

At pH 6.0, the molecular form of
hydrogen sulphide dominates, due to which
the rate of its oxidation is relatively
insignificant. Already at pH 7.0, the ratio
between the two forms of hydrogen sulphide
Is practically the same, which causes an
increase in the value of the oxidation rate
constant. In the weakly alkaline region (pH
8.5), the hydrogen sulphide ion predominates.
Therefore, with an increase in pH from 7.0 to
8.5, a significant increase in the rate of the
process is observed.

4. Conclusions

Under anaerobic conditions, hydrogen
sulphide oxidation occurs only at the initial
stages of the process due to the oxidizing
ability of manganese oxide. In the presence of
manganese oxides in the system, play the role
of catalysts for the oxidation of hydrogen
sulphide in the liquid phase.

Hydrogen sulphide oxidation in the
three-phase system “solid phase (MnOz) —
liquid (H2S) — gas (02)” occurs in the kinetic
region; the value of the Van't Hoff
temperature coefficient is 2.0...3.7, the
activation energy of the heterogeneous
oxidation process of H2S is 53...67 kJ/mol.

Increasing the pH of the aqueous
medium from weakly acidic (pH 6.0) to
neutral (pH 7.0) or weakly alkaline (pH 8.5)
contributes to an increase in the rate of
hydrogen sulphide oxidation due to a shift in
the equilibrium in the H>S-HS™ system
towards a more reactive ionic form.

The results obtained can be used to
develop options for a technological scheme
for water purification from hydrogen
sulphide, taking into account the pH of the
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environment. If the water containing
hydrogen sulphide is weakly acidic, then its
pH must be adjusted to neutral or weakly
alkaline before purification from hydrogen
sulphide.
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OYMIIEHHA BOJIM BII CIPKOBO/HIO 3 BUKOPUCTAHHAM
K/THOIITUJIOJITY, MOAUPIKOBAHOI'O OKCUAAMUA
MAHI'AHY

Mapma Hupia*,3enosiii 3nax*
1 . - . " . . . " .
HamonaneHuii yHiBepcuret "JIbBiBCbKa momiTexHika", Ykpaina,

marta.a.pyrih@Ipnu.ua

Cipkosodenb micmumbvcs y 6azamvox 6udax nio3eMHux ma waxmuux 600. L[i eoou moocymo
cayayeamu 000AmKOBUM PecypcoM NUMHUX 600, OOHAK HeoOXiOHe iX pemenbHe OYUUeHHS 8I0
CIPKOBOOHIO, OCKILNbKU YUHHUMU 8 YKpaiHi HopmamusHumu 0oKkymenmamu HassHicmos HaS y nummiii
600i He Odonyckaemvcs. Haulbinow eghexmusnumu memooamu ouuujerns 600 6i0 HaS € oxucho-
Kamanimuymi, 30Kkpema 3 UKOPUCMAHHAM AK Kamanizamopa maneany oxcuoig (MnxOy), nanecenux
Ha Hociu. Aemopamu po3pobaeHo Hosull Memood moouixyeanus copbenmis yacmunkamu MnxOy
wsixom imnpecnyeanns npupoono2o kaunonmunonimy pozuunamu Mn(NO3)2 3 nodarvuwum tiozo
PO3KNAOAHHAM — ni0  OI€I0  HAOBUCOKOYACHMOMHO20 — el1eKMPOMASHIMHO20 — GUNPOMIHIOBAHHSL.
Ompumanuii copoenm, mooughixosanuti yacmunxamu MnxOy, 6y10 6ukopucmano y 00cnioHceHHsaxX
OKUCHEHHSI CIPDKOBOOHIO 'V MOOENbHUX pOo3uuHax 3 Konyewmpayieto 10 me/n. Jocnioocenns
npOBOOUNU 8 AHAEPOOHUX YMO8AX MA 3a NPUCYMHOCMI KUCHIO, W0 3abe3neyysanu bapboomasicem
nogimps 3 eumpamoio 6io 50 0o 300 cm®/xe uepesz wap MoOUPIKOBAHO20 KIUHONMUNONIMY, AKUILL
0y10 po3mawio8ano y CKIAHIU KOMOHYI. 3MIHHUMU napamempamu Oyiu maxoxc 3HadeHHs pH
MmooenvHoeo posuuny (6.0; 7.0 i 8.5) i memnepamypa (15, 20, 25 i 30 °C). Bcmanosneno, wo
3HAYeHHs KOHCMAaHmu WeUOKoCcmi 30L1buly8anoc, He MmilbKu 30 30i1bUleHHAM meMmnepamypu i
sumpamu nosimps, ane u i3 3oinouwenuam pH cepedosuwa. 36invuwennsn pH cepedosuwa cnpuyunse
3MEeHUWEeHHsT PeOOKC-NOMEHYIANY OKUCHUKA, Npome B00HOYAC CHPUSE 3MIWEeHHI0 pIieHOo8acU 8
cucmemi HaS—-HS™ y 6ix tionnoi ghopmu ciprosoonro. Ile 3abesneuye Oinbuty weuoKicmo toco
oxucnenus. Pospaxoseamni 3mnauenus memnepamypnoco xoegiyiecuma Bamwm Toggpa (2.0...3.7) i
enepeii akmueayii oxucnenna H2S (53...67 klowxc/monv) ceiouams npo nepebic npoyecy y
KinemuuHiti obnacmi. Becmanosneno, wo 3a pH 6i0 7.0 i euwe 3a sumpamu nogimps 6auzvxo 200
cm®/xe (3a ymos docnioy) cmyninb OKUCHEHHS CIpKOGOOHIO 6npodoedic 60 xé npamye oo 100 %.
Omorce, BUKOHAHUMU — OOCTIONCEHHAM NIOMBEPONCEHO BUCOKY  eeKMUBHICb  OMPUMAHO20
copbenmy, mooughixosanozo wacmunxamu MnyOy.

Knrwouoei cnosa: kiunonmunonim, Maneany okcuou, MOOUPIKY8aHHs, OUUUeHHS 800U, CIDKOBOOEHD,
copbyis



