
83

Research on the efficiency of the MnO2/clinoptilolite composite synthesized under microwave radiation in the
processes of water purification from Fe2+ ions

ISSN 0321-4095, Voprosy khimii i khimicheskoi tekhnologii, 2026, No. 2, pp. 83-90

© Marta Pyrih, Zenovii Znak, 2026

                          This article is an open access article distributed under the terms and conditions of the Creative
                           Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).

UDC 661.183

Marta Pyrih, Zenovii Znak

RESEARCH ON THE EFFICIENCY OF THE MnO
2
/CLINOPTILOLITE COMPOSITE

SYNTHESIZED UNDER MICROWAVE RADIATION IN THE PROCESSES OF WATER
PURIFICATION FROM Fe2+ IONS

Lviv Polytechnic National University, Lviv, Ukraine

The composite of MnO2/clinoptilolite nanoparticles was synthesized by impregnating

natural clinoptilolite with a solution of Mn(NO3)2 with subsequent decomposition of

Mn(NO3)2 under microwave electromagnetic radiation (radiation frequency: 2.45 GHz;

power: 500 W). EDX analysis showed that doping of clinoptilolite with manganese occurs

both due to ion exchange and adsorption from the Mn(NO3)2 solution, and the manganese

content in the surface and near-surface layers of clinoptilolite particles was also determined.

The effect of pH and temperature on the rate of oxidation of Fe2+ ions in model FeSO4

solutions with an initial Fe2+ concentration of 5±0.1 mg/L in a column was investigated

using the native form of clinoptilolite and the synthesized MnO2/clinoptilolite composite.

It was found that the rate of oxidation of Fe2+ in the presence of the native form of

clinoptilolite is very low. At the same time, in the case of using the MnO2/clinoptilolite

composite, the oxidation rate is one to two orders of magnitude higher. It was found that

the pH of the medium has the greatest influence on the course of oxidation of Fe2+ ions.

For example, at pH 8.5 and a temperature of 200C, the time required for complete

oxidation of iron(II) ions is no more than 70 s.
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oxidation.
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Introduction
The quality of natural surface waters in Ukraine

often does not meet regulatory standards. In many
cases, this is due to damage or destruction of the
infrastructure of municipal water utilities: treatment
plants, water canals, pumping stations, fresh water
supply and wastewater disposal networks, as well as
critical damage or destruction of hydraulic structures
(dams, weirs, reservoirs) damaged by russian aggression
[1–5]. For example, the destruction of the Kakhovka
hydroelectric power station caused a massive discharge
of water and the displacement of bottom sediments,

in which heavy metals had accumulated for decades,
which sharply increased the risk of contamination of
groundwater and soil in the runoff and infiltration
zones [6]. In view of the above, the involvement of
new water resources in the water supply of the
population of Ukraine is increasingly relevant. These
include, in particular, natural groundwater and mine
waters, which are currently not used due to the
presence of impurities that make them impossible to
use directly for consumption. These include, in
particular, iron compounds.

Therefore, the purification of the above-mentioned
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militarily contaminated, underground, mine and other
waters is relevant. Given the very large needs for
water supply, it is very important to find effective,
cheap and technologically simple methods for
conditioning contaminated natural waters. The
simplest methods for removing iron(II) compounds
are oxidation with air oxygen [7,8]. But these waters
contain a complex of pollutants of different phase-
dispersion composition (dissolved (for example, iron(II)
compounds), highly dispersed and colloidal particles).
Therefore, purification methods that combine several
purification processes are effective, for example,
separation of dispersed particles, removal of iron(II)
compounds [9]. Sorption methods that use sorbents
of various nature, on which iron ions are
simultaneously oxidized due to the significant area of
contact of oxygen with water [10,11]. At the same
time, a complex effect in water purification processes
is provided by sorbents modified with compounds
that give them additional functional properties [12].
In particular, for water purification from iron(II) ions,
it is advisable to use sand, ceramics, zeolites modified
with manganese(IV) oxide, which has catalytic-
oxidative properties [13,14]. Most often,
manganese(IV) oxide is deposited on a support using
potassium permanganate as a precursor, the use of
which is associated with formal difficulties [13].
Therefore, a method for the deposition of manganese
oxides on natural clinoptilolite using ultrasonic and
electromagnetic radiation was developed [15,16].

The purpose of this work is to establish the
efficiency of oxidation of iron(II) ions using MnO2

deposited on natural clinoptilolite as a result of the
decomposition of manganese nitrate under the influence
of microwave electromagnetic radiation.

Experimental

To obtain the MnO2/clinoptilolite composite,
zeolite (clinoptilolite) from the Sokyrnytsia deposit
(Transcarpathian region, Ukraine) was used. Natural
clinoptilolite was pre-enriched by physical methods:
during grinding and by washing clay impurities with
water under intensive stirring. After washing and
drying to a constant mass at room temperature (this
achieves the natural moisture content), a clinoptilolite
fraction with sizes of 1.0–1.5 mm was separated.
Clinoptilolite modification was carried out as a two-
stage process. At the first stage, clinoptilolite was
impregnated with a 0.5 M solution of Mn(NO3)2 at a
mass ratio of solid and liquid phases of 1:4 with
constant stirring and under the action of acoustic
radiation in the ultrasonic (US) range. To generate
ultrasonic radiation, an ultrasonic emitter «Ultrasonic
Disintegrator UD-20» was used (frequency: 20 kHz,
power: 10.2 W). Modification was carried out under
isothermal conditions at a temperature of 25±0.50Ñ

for 30 min. During this time, sorption equilibrium
was practically reached, as evidenced by the practically
constant concentration of Mn2+ ions in the
modification solution. The concentration of Mn2+ ions
was determined complexometrically. Modified
clinoptilolite was separated from the solution by
filtration under vacuum.

At the second stage, wet clinoptilolite impregnated
with a Mn(NO3)2 solution was transferred to a quartz
glass, which was placed in the resonator chamber of a
Samsung microwave oven (radiation frequency:
2.45 GHz, power: 500±25 W). Under the influence
of ultrahigh-frequency electromagnetic radiation,
Mn(NO3)2 decomposed with the formation of dispersed
particles of manganese oxide and the release of a
characteristic brown gas (NO2) directly in the quartz
glass:

Mn(NO3)2=MnO2+2NO2.

MnO2 particles gave the clinoptilolite particles a
color ranging from dark brown to almost black. The
difference in color is due to the uneven composition
of natural clinoptilolite particles.

Morphological analysis of the surface of modified
clinoptilolite, as well as the content of manganese
and exchangeable cations (Na, K, Ca, and Mg) in
the surface layers of zeolite particles, which are
contained in natural clinoptilolite, was carried out by
energy-dispersive X-ray spectroscopy (EDX) using an
INCA Energy 350 device (Oxford Instruments),
integrated into the Zeiss EVO-40XVP scanning
electron microscope system.

To study the efficiency and regularities of
the oxidation of Fe2+ ions using the synthesized
MnO2/clinoptilolite composite, a FeSO4 solution with
a concentration of 5.0±0.1 mg/L was passed through
a glass column filled with the MnO2/clinoptilolite
composite from the bottom up (Fig. 1).

Air was also bubbled through the solution in the
column to ensure oxidation of Fe2+ ions. The column
was equipped with a system of fittings located at
different heights to sample the solution for Fe2+ ions
at different residence times in the column. These
data were used to establish the dependence of the
Fe2+ ion concentration on time.

To establish the effectiveness of MnO2 as an
oxidation catalyst, parallel studies were conducted using
the same clinoptilolite fraction, but in its native form,
i.e., not modified.

To avoid premature oxidation of Fe2+ ions, the
FeSO4 solution was prepared by dissolving a portion
of FeSO4⋅7Í2Î in distilled water, from which dissolved
oxygen was first removed by boiling. The pH value of
the FeSO4 solution, which was controlled using a pH
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meter, was adjusted by dosing 0.01 M solutions of
H2SO4 or NaOH. The lower pH value of 5.5
corresponds to the acidity of many types of groundwater,
and the upper pH value of 8.5 is the permissible value
according to regulatory documents.

The content of Fe2+ ions in the solution was
determined spectrophotometrically according to DSTU
ISO 6332:2003 (ULab-102 spectrophotometer) at
510 nm using 1,10-phenenthroline as an indicator.

Results and discussion

The EDX method established that during the
treatment of natural clinoptilolite with a solution of
Mn(NO3)2, ion exchange occurs: exchangeable cations
of clinoptilolite are exchanged for Mn2+ ions from
the solution (Fig. 2).

That is, there is selectivity of ion exchange in
the studied system. First, Na+ and Mg2+ ions are
exchanged; they are exchanged almost completely,
therefore they are absent from the EDX spectrum.
To a lesser extent, K+ and Ca2+ ions are exchanged.
Their content in modified clinoptilolite (in the surface
layers) is 0.74 and 0.42 wt.%. At the same time, the
manganese content reaches even 56 wt.%. Therefore,
it can be assumed that the absorption of Mn2+ ions
occurs not only due to ion exchange, but also due to
the sorption of Mn(NO3)2 from the modification
solution.

At a low initial pH value of 5.5, the initial rate
of oxidation of Fe2+ ions is very low even when using
modified clinoptilolite (Fig. 3a). In the case of
unmodified clinoptilolite, an increase in temperature

from 10 to 200C has practically no effect on the rate
of oxidation of Fe2+ ions (Fig. 3a, curves 1–3). The
presence of MnO2 on the surface of clinoptilolite
causes an increase in the rate of oxidation of Fe2+

ions. Thus, at a temperature of 200C, the initial rate
of oxidation is higher, compared to unmodified
clinoptilolite at temperatures of 10–300C and modified
at 15 and 200C, by 190, 2.4 and 1.52 times, respectively.
That is, in the presence of MnO2, the rate of oxidation
of Fe2+ is higher by approximately 2 orders of
magnitude.

Increasing the pH of the medium causes an
increase in the oxidation rate of Fe2+ ions (Fig. 3).
Thus, an increase in pH from 5.5 to 6.5 causes an
increase in the initial oxidation rate by approximately
an order of magnitude in all cases (Fig. 3b). At pH≈7.0,
the initial oxidation rate for the native form of
clinoptilolite increases by 2.8, 4.7, and 6.5 times at
temperatures of 10, 15, and 200Ñ, respectively. At the
same time, in the case of modified clinoptilolite, a
different trend is observed: the initial rate of the process
at temperatures of 10, 25, and 200Ñ increases by 7.1,
5.3, and 4.3 times, respectively. Such results can be
explained by the oxidation of Fe2+ with the formation
of Fe(OH)3, the particles of which somewhat block
the surface of MnO2 particles on clinoptilolite. This
conclusion is confirmed by the dependence of the
initial oxidation rate on pH with its further increase.
However, no clear pattern of increase in oxidation
rate from pH values at the specified temperatures was
found. For example, the increase in the process rate

Fig. 1. Scheme of a laboratory setup for studying the purification of model water from Fe2+ ions: 1 – tank with model solution;

2, 5 – rotameters; 3 – column with clinoptilolite or MnO2/clinoptilolite composite; 4 – compressor
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at pH 8.5 compared to 7.5 is 1.6, 1.3 and 1.7 times,
respectively, at the specified temperatures. This is
probably due to the heterogeneity of the shape of
natural clinoptilolite particles, heterogeneity of size
and heterogeneity of distribution of MnO2 particles
on clinoptilolite, and the formation of Fe(OH)3.

The significant influence of the pH value of the
medium on the rate of oxidation of Fe2+ ions is due
to the following main factors: (1) with an increase in
pH, Fe2+ forms hydroxo complexes Fe(OH)+, which
are more reactive, while at lower pH, less reactive
aqua complexes are formed; (2) the formation of poorly
soluble Fe(OH)3, due to which the equilibrium in the
Fe2+–Fe3+ system shifts towards the formation of Fe3+,
i.e. a decrease in the concentration of Fe2+; and (3)
an increase in the rate of oxidation by dissolved oxygen
[17].

The values of the oxidation rate constant of
iron(II) ions under various conditions are given in
Table.

The value of the Van’t Hoff temperature
coefficient (γ) calculated for processes involving the
MnO2/clinoptilolite composite at temperatures of 10
and 200Ñ at pH of the medium of 5.5, 6.5, 7.0, 7.5
and 8.0 is 2.0, 1.7, 2.5, 4.6 and 4.4, respectively. For
the process of oxidation of Fe2+ ions involving the
MnO2/clinoptilolite composite, the activation energy
values are within 41.7–54.5 kJ/mol (with the exception
of only one case at pH 6.5). The obtained data indicate
that the process of oxidation of Fe2+ ions occurs in
the kinetic region. However, an increase in temperature
in the case of deironing of groundwater, the temperature

of which is usually not more than 150Ñ, is not
economically feasible.

The decisive influence of the pH of the solution
on the oxidation of Fe2+ ions is demonstrated by the
dependence of the duration of the process until almost
complete oxidation of Fe2+. For example, when using
the MnO2/clinoptilolite composite at a temperature
of 200C, the degree of oxidation of Fe2+ ions of 100%
at pH 5.5, 6.5, 7.0, 7.5 and 8.5 is achieved
approximately within 3.8 h, 1.1 h, 20 min, 120 s and
70 s, respectively. At a temperature of 150C, this time
is approximately equal to 4.9 h (determined by
calculation), 1.6 h, 42 min, 140 s and 90 s. When
performing calculations, it is practically impossible to
take into account the participation of iron(III)
compounds, which are formed as a result of the
oxidation of Fe2+ ions and can also catalyze the
oxidation of Fe2+, as well as the blocking of active
catalytic centers on the surface of modified
clinoptilolite by poorly soluble iron(III) compounds
in oxidation processes.

Therefore, the composite of MnO2/clinoptilolite
nanoparticles synthesized by the decomposition of
manganese nitrate under the action of microwave
radiation can be used as an effective filter loading for
water purification from dispersed particles and soluble
iron(II) compounds.

Conclusions

Using the EDX method, the manganese content
on the surface and in the near-surface layers of the
modified clinoptilolite particles was determined,
reaching 56 wt.%. Modification with manganese occurs

Fig. 2. EDX spectrum of the MnO2/clinoptilolite nanoparticle composite obtained by decomposition in a microwave

electromagnetic field
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Fig. 3. Dependence of Fe2+ ion concentration on time under the following conditions: pH:

 a – 5.5; b – 6.5; c – 7.0; d – 7.5; e – 8.5; temperature: 1 and 4 – 100Ñ; 2 and 4 – 150Ñ; 3 and 6 – 200Ñ
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due to ion exchange and sorption of the Mn(NO3)2

solution.
The oxidation of Fe2+ ions, in particular with

the participation of the MnO2/clinoptilolite composite,
occurs mainly in the kinetic region, which is confirmed
by both the values of the Van’t Hoff temperature
coefficient (γ≥2) and the activation energy value
(Ea=41.7–54.5 kJ/mol).

Doping clinoptilolite with manganese(IV) oxide
contributes to an increase in the rate constant of the
oxidation of Fe2+ ions by two orders of magnitude.

The greatest influence on the rate and,
accordingly, the value of the rate constant has the pH
of the medium: in particular, with an increase in pH
from 5.5 to 8.5, the value of the rate constant of Fe2+

oxidation at temperatures of 10 and 150Ñ increases by
three orders of magnitude.

Natural clinoptilolite, doped with MnO2 particles
according to the developed method, is a promising
filter material for effective water purification from
iron(II) compounds.
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ÄÎÑË²ÄÆÅÍÍß ÅÔÅÊÒÈÂÍÎÑÒ² ÊÎÌÏÎÇÈÒÓ
ÌnÎ

2
/ÊËÈÍÎÏÒÈËÎË²Ò, ÑÈÍÒÅÇÎÂÀÍÎÃÎ Ï²Ä

Ä²ªÞ ÍÂ×-ÂÈÏÐÎÌ²ÍÞÂÀÍÍß, Ó ÏÐÎÖÅÑÀÕ
Î×ÈÙÅÍÍß ÂÎÄÈ Â²Ä ²ÎÍ²Â Få2+

Ìàðòà Ïèð³ã, Çåíîâ³é Çíàê

Êîìïîçèò MnO2/êëèíîïòèëîë³ò áóâ ñèíòåçîâàíèé
øëÿõîì ðîçêëàäó Mn(NO3)2, ðîç÷èíîì ÿêîãî ïîïåðåäíüî
³ìïðåãíóâàëè ïðèðîäíèé êëèíîïòèëîë³ò, ï³ä ä³ºþ íàäâè-
ñîêî÷àñòîòíîãî åëåêòðîìàãí³òíîãî âèïðîì³íþâàííÿ
(÷àñòîòà âèïðîì³íþâàííÿ 2,45 ÃÃö, ïîòóæí³ñòü 200 Âò).
Íà îñíîâ³ EDX-àíàë³çó, âñòàíîâëåíî, ùî äîïóâàííÿ êëè-
íîïòèëîë³òó â³äáóâàºòüñÿ ÿê çàâäÿêè éîííîìó îáì³íó, òàê
³ àäñîðáö³¿ ðîç÷èíó Mn(NO3)2, à òàêîæ âèçíà÷åíî âì³ñò
ìàíãàíó íà ïîâåðõí³ òà ïðèïîâåðõíåâèõ øàðàõ ÷àñòèíîê
êëèíîïòèëîë³òó. Äîñë³äæåíî âïëèâ ðÍ ³ òåìïåðàòóðè íà
øâèäê³ñòü îêèñíåííÿ éîí³â Fe2+ ó ìîäåëüíèõ ðîç÷èíàõ
FeSO4 ç êîíöåíòðàö³ºþ Fe2+ 5±0.1 ìã/äì3 ó êîëîí³ ç âèêî-
ðèñòàííÿì íàòèâíî¿ ôîðìè êëèíîïòèëîë³òó òà ñèíòåçîâà-
íîãî êîìïîçèòó MnO2/êëèíîïòèëîë³ò. Âñòàíîâëåíî, ùî
øâèäê³ñòü îêèñíåííÿ Fe2+ çà ïðèñóòíîñò³ íàòèâíî¿ ôîðìè
êëèíîïòèëîë³òó çà óìîâ äîñë³äó äóæå íèçüêà. Âîäíî÷àñ, ó
ðàç³ âèêîðèñòàííÿ êîìïîçèòó MnO2/êëèíîïòèëîë³ò
øâèäê³ñòü îêèñíåííÿ íà îäèí-äâà ïîðÿäêè á³ëüøà. Âñòà-
íîâëåíî, ùî íàéá³ëüøèé âïëèâ íà ïåðåá³ã îêèñíåííÿ éîí³â
Fe2+ ìàº çíà÷åííÿ ðÍ ñåðåäîâèùà. Çà ðÍ 8.5 ³ òåìïåðàòóðè
200Ñ ÷àñ äî ïîâíîãî îêèñíåííÿ éîí³â çàë³çà(²²) ñêëàäàº
70 ñ.

Êëþ÷îâ³ ñëîâà: êëèíîïòèëîë³ò, ìîäèô³êóâàííÿ,
÷àñòèíêè MnO2, ³îíè çàë³çà(²²), î÷èùåííÿ âîäè, îêèñíåííÿ.
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CLINOPTILOLITE COMPOSITE SYNTHESIZED
UNDER MICROWAVE RADIATION IN THE
PROCESSES OF WATER PURIFICATION FROM Fe2+

IONS
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* e-mail: zenovii.o.znak@lpnu.ua

The composite of MnO2/clinoptilolite nanoparticles was
synthesized by impregnating natural clinoptilolite with a solution
of Mn(NO3)2 with subsequent decomposition of Mn(NO3)2 under
microwave electromagnetic radiation (radiation frequency:
2.45 GHz; power: 500 W). EDX analysis showed that doping of
clinoptilolite with manganese occurs both due to ion exchange
and adsorption from the Mn(NO3)2 solution, and the manganese
content in the surface and near-surface layers of clinoptilolite
particles was also determined. The effect of pH and temperature
on the rate of oxidation of Fe2+ ions in model FeSO4 solutions
with an initial Fe2+ concentration of 5±0.1 mg/L in a column
was investigated using the native form of clinoptilolite and the
synthesized MnO2/clinoptilolite composite. It was found that
the rate of oxidation of Fe2+ in the presence of the native form
of clinoptilolite is very low. At the same time, in the case of
using the MnO2/clinoptilolite composite, the oxidation rate is
one to two orders of magnitude higher. It was found that the pH
of the medium has the greatest influence on the course of oxidation
of Fe2+ ions. For example, at pH 8.5 and a temperature of
200C, the time required for complete oxidation of iron(II) ions
is no more than 70 s.

Keywords: clinoptilolite; modification; MnO2 particles;
iron(II) ions; water purification; oxidation.
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