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INTRODUCTION

Intense anthropogenic pressure on natural 
water bodies, destruction of water ecological sys-
tems has led to the fact that today there are almost 
no surface water sources, which are characterized 
by high water quality. Therefore, more priority 
sources of water supply with the use of ground-
water are used more and more often, which in 
most cases are characterized by high hygienic 
indicators and stable composition. However, the 
use of such waters is to some extent complicated 
by their contamination in some springs with com-
pounds of iron, manganese, hydrogen sulfide and 

nitrates. There is a seasonal excess of iron and 
manganese concentrations in surface water.

The removal of iron and hydrogen sulfide 
can be easily achieved by aeration and filtration 
of water [Podgorni et al., 2014]; nitrates are eas-
ily excreted on anion exchange resins [Kassim et 
al., 2019]. Purification of water from manganese 
(II) ions is a much more complex problem, as the 
Mn2+ ions in an aerated medium are oxidized tens 
to hundreds of thousands of times slower than the 
Fe2+ ions. [Li-HuaCheng et al., 2020].

The ion exchange removal of manganese ions 
from natural waters is problematic, as the con-
centrations of hardness ions in such waters are 
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an order of magnitude higher than the concentra-
tion of manganese, which, accordingly, leads to 
the predominant removal of hardness ions from 
water. [Gomelya et al., 2017]. This significantly 
complicates the water treatment process and 
increases its cost. The same can be said about 
baromembrane processes of water purification 
(reverse osmosis and electrodialysis), which pro-
vide almost complete desalination of water [Pro-
danovic et al., 2013], whereas there is a need to 
remove a few milligrams of manganese from a 
liter of water. 

Therefore, more promising in this case are 
the processes based on the use of manganese 
oxidation catalysts and sorbents with catalytic 
properties. 

Recently, the works describing the processes 
of extraction of manganese ions from water by us-
ing sorption methods have been published. [Biela 
et al., 2016, Flieger et al., 2020]. Sorbents with 
a supported catalyst film, preferably manganese 
oxide, are often used to increase the purification 
efficiency. [Ormanci et al., 2013, Massoudinejad 
et al., 2014]. A catalyst for the oxidation of man-
ganese ions based on manganese ore was also de-
veloped [Patent 93087 Ukraine, 2014].

It should be noted that the oxidation of Mn2+ 
ions, even in the presence of catalysts, largely 
depends on a set of factors [Mamchenko et al., 
2012], such as: pH, redox potential of the medi-
um, the concentration of manganese and oxygen 
ions. The author [Mamchenko et al., 2013] con-
cluded that the autooxidation reaction between 
Mn (II) and MnO2 in solutions does not occur at 
pH below 9.0.

In general, the oxidation of manganese (II) 
ions on the surface of catalysts is accompanied by 
the formation of MnO2. Although in the complete 
absence of chlorides, the formation of Mn2O3 is 
possible [Cerrato et al., 2011].

Recently, more and more attention is paid 
to biological methods of water demanganization 
[Geszvain et al., 2012, Sinha et al., 2013]. How-
ever, biochemical oxidation of manganese is a 
more complex process than sorption and chemi-
cal catalytic oxidation; moreover, it is often much 
slower than these processes. At the same time, the 
enzymatic oxidation of manganese can take place 
in high yield.

Sorption-catalytic extraction of the Mn2+ ions 
from water can be more technological, able to 
stably provide the required efficiency of water 
purification. 

The use of magnetite and its derivatives for 
the oxidation of manganese (II) ions can be espe-
cially promising. After all, this catalyst provides 
high results in the deironing of water [Gomelya 
et al., 2016].

The aim of the work was to create a sorbent-
catalyst for water demanganization using magne-
tite and modified cation exchange resin, evalua-
tion of the efficiency of the developed catalyst, 
determination of the main stages of the process of 
manganese extraction from water.

In order to achieve this goal, the following 
tasks were set:
 • to evaluate the effectiveness of the use of mag-

netite in the removal of manganese (II) ions 
from water.

 • to determine the contribution of catalytic oxi-
dation and ion exchange in the processes of 
water purification from manganese using cat-
ion exchange resin modified with magnetite.

 • to investigate the processes of manganese (II) 
ions extraction from dilute solutions in arte-
sian water using magnetite-modified cation 
exchange resins.

MATERIALS AND METHODS

Magnetite and magnetite-modified KU-2–8 
cation exchange resin were used as catalysts and 
sorbent catalysts.

Magnetite was obtained according to the 
method described in the work [Radovenchik et 
al., 2020].

The modified KU-2–8 cation exchange resin 
was obtained in two stages. In the first stage, the 
ion exchange resin was treated with a solution 
containing the iron (II) and iron (III) ions in the 
ratio Fe2+:Fe3+ = 1:2. The first stage lasted until 
the saturation of the cation exchange resin with 
iron ions. In the second stage, the cation exchange 
resin was treated with a 10% alkali solution. The 
mixture was stirred until complete hydrolysis of 
iron ions with the formation of magnetite in the 
pores of the cation exchange resin.

The processes of the cation exchange resin 
KU-2–8 modification can be described by the fol-
lowing equations:

8(𝑃𝑃 − 𝑆𝑆𝑆𝑆3−)𝐻𝐻+ + 𝐹𝐹𝐹𝐹2+ + 2𝐹𝐹𝐹𝐹3+ → (𝑃𝑃 − 𝑆𝑆𝑆𝑆3−)8𝐹𝐹𝐹𝐹2+, 𝐹𝐹𝐹𝐹23+ + 8𝐻𝐻+ 

8(𝑃𝑃 − 𝑆𝑆𝑆𝑆3−)𝐻𝐻+ + 𝐹𝐹𝐹𝐹2+ + 2𝐹𝐹𝐹𝐹3+ → (𝑃𝑃 − 𝑆𝑆𝑆𝑆3−)8𝐹𝐹𝐹𝐹2+, 𝐹𝐹𝐹𝐹23+ + 8𝐻𝐻+ 
(1)
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(𝑃𝑃 − 𝑆𝑆𝑆𝑆3−)8𝐹𝐹𝐹𝐹2+, 𝐹𝐹𝐹𝐹23+ + 8𝑁𝑁𝑁𝑁𝑆𝑆𝑁𝑁 → 8𝑃𝑃 − 𝑆𝑆𝑆𝑆3−𝑁𝑁𝑁𝑁 + 𝐹𝐹𝐹𝐹3𝑆𝑆4 

(𝑃𝑃 − 𝑆𝑆𝑆𝑆3−)8𝐹𝐹𝐹𝐹2+, 𝐹𝐹𝐹𝐹23+ + 8𝑁𝑁𝑁𝑁𝑆𝑆𝑁𝑁 → 8𝑃𝑃 − 𝑆𝑆𝑆𝑆3−𝑁𝑁𝑁𝑁 + 𝐹𝐹𝐹𝐹3𝑆𝑆4 
(2)

where: P – polymeric residue of cation exchange 
resin.

Solutions of manganese sulfate in arte-
sian water were used as working media, which 
had the following characteristics: hardness H = 
4.4–4.8 mg-eq/dm3, alkalinity A = 4.2–4.7 mg-
eq/dm3, pH 7.7–7.79, concentration of calcium 
ions [Ca2+] = 3.4–3.8 mg-eq/dm3, concentration 
of chlorides [Cl-] = 80 mg/dm3, concentration of 
sulfates [SO4

2-] = 41 mg/dm3. The concentration 
of manganese ions ranged from 1 to 340 mg/dm3.

The doses of magnetite during water deman-
ganization under static conditions were 500 and 
1000 mg/dm3. The consumption of the magne-
tite-modified KU-2–8 cation exchange resin was 
20 cm3/dm3. The concentration of manganese ions 
in the solution for static studies was 1–30 mg/dm3.

Purification of water from manganese ions 
under static conditions was performed by con-
tacting the solutions with magnetite or modified 
cation exchange resin for 5 hours without stirring 
and with stirring. Water samples for analysis of 
manganese content were taken every hour.

Based on the obtained data, the extent of water 
purification (%) was calculated by the formula:

𝐸𝐸 =
(𝐶𝐶0 − 𝐶𝐶)

𝐶𝐶0
∙ 100 (3)

where: C0 and C – initial and equilibrium concen-
tration of manganese (II) ions in solution, 
mg/dm3.

Solutions of manganese sulfate in distilled 
and artesian water at concentrations of Mn2+ from 
5 to 340 mg/dm3 were filtered during studies on 
the extraction of manganese ions on the KU-2–8 
cation exchange resin and magnetite-modified 
cation exchange resin through ion exchange resin 
(loading volume 10 cm3). The consumption of so-
lutions was 10 cm3/min. The sample volume was 
250–1000 mg/dm3. The concentration of man-
ganese and pH were determined in the selected 
samples, and the residual hardness was also de-
termined using artesian water.

Total dynamic exchange capacity (TDEC) 
(mg-eq/dm3) was calculated by the formula:

𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 =
(𝑇𝑇0 − 𝑇𝑇𝑖𝑖) ∙ 𝑉𝑉𝑆𝑆𝑆𝑆

𝑉𝑉𝑖𝑖
 (4)

where: С0 – initial concentration of ions in solu-
tion, g-eq/dm3;

 Сi – concentration of ions in the i-th sam-
ple after sorption, g-eq/dm3;

 VSV – sample volume, dm3;
 Vi – volume of ion-exchanging material, 

dm3.

RESULTS AND DISCUSSION

At the initial stage, the processes of water pu-
rification from manganese ions during oxidation 
by free contact of aqueous solutions with air were 
investigated both without stirring the solutions 
and with constant stirring.

In general, studies have confirmed the pub-
lished data that the manganese ions are practi-
cally not released from the water during normal 
aeration, even when the pH rises to 9. At a pH 
in the range from 7.51 to 8.28 for five hours was 
not observed reducing the concentration of man-
ganese when using the Mn2+ solutions with a con-
centration of 1.0; 5.0; 15.0; 30.0 mg/dm3. When 
the pH of the solutions was adjusted to 9.00 as a 
result of simple settling, both without stirring and 
with stirring, the concentrations of manganese 
(II) changed insignificantly (Table 1). The maxi-
mum degree of withdrawal did not exceed 30%.

As can be seen from Table 1, the efficiency 
of manganese extraction increased when used as 
a catalyst for magnetite in concentrations of 500 
and 1000 mg/dm3. The degree of manganese ex-
traction increased along with the concentration of 
magnetite. However, without stirring, the clean-
ing efficiency was also low. This is due to the fact 
that in a stationary solution, the diffusion of oxy-
gen and Mn2+ ions to the catalyst surface is quite 
slow. In the case of mixing solutions at a dose 
of magnetite of 500 mg/dm3, almost complete 
extraction of manganese at low concentrations 
(1–5 mg/dm3) and a significant reduction in man-
ganese content at initial concentrations of 15 and 
30 mg/dm3 were achieved.

Given the fact that magnetite is a fairly fine 
material, its use under dynamic conditions is 
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significantly complicated by significant hydrau-
lic resistance, which, accordingly, significantly 
reduces the rate of filtration of solutions through 
magnetite. Therefore, we obtained the samples 
of KU-2–8 cation exchange resin, modified with 
magnetite, as described above.

This material has previously been used suc-
cessfully to accelerate the oxidation of iron dur-
ing water aeration [Radovenchik et al., 2020]. It 
has provided effective extraction of iron at simple 
contact of its solutions with air. 

The modified cation exchange resin was used 
in the purification of manganese sulfate solutions 
in artesian water under static conditions (Table 2). 
The reaction medium (pH) in these solutions was 
in the range of 7.2–7.7. As can be seen from 
Table 2, under static conditions using cation ex-
change resin modified with magnetite, almost 
complete removal of manganese ions from water 
was achieved. Given that the technology of water 
purification using oxidation under static condi-
tions is quite complex, we used unmodified and 
modified KU-2–8 cation exchange resin under 
dynamic conditions.

It should be noted that when modifying the 
KU-2–8 cation exchange resin with magnetite at 

the last stage of the process, the resin is treated 
with alkali. In this case, the Fe2+ and Fe3+ ions in 
the pores of the ion exchange material form mag-
netite Fe3O4, and the cation exchange resin itself 
turns into Na+-form and can effectively sorb cat-
ions from solutions, including the Mn2+ cations. 
We studied the processes of sorption of manga-
nese ions on the KU-2–8 cation exchange resin 
depending on its form (Fig. 1).

As can be seen from Figure 1, the cation ex-
change resin effectively absorbs manganese in 
H+- and Na+-forms. In the Ca2+-form, the capacity 
of the cation exchange resin reaches 1700 mg-eq/
dm3, while in the H+- and Na+-forms the capac-
ity of the cation exchange resin in manganese ex-
ceeds 2000 mg-eq/dm3. In this case, when using 
cation exchange resin in the Ca2+-form, a leakage 
of manganese ions in the concentrations greater 
than 10 mg/dm3 is observed in the first samples 
of the filtered solution. This indicates that at low 
concentrations of manganese ions, they will be 
practically not sorbed on the cation exchange res-
in in the Ca2+-form, due to the high selectivity of 
the cation exchange resin for calcium ions.

It is known that when sorption of heavy met-
als from water occurs in the presence of hardness 

Table 1 – The dependence artesian water purification efficiency from manganese (II) ions on their initial 
concentration, oxidation time and dose of magnetite at pH 9.00

[Mn2+]initial
Dose of 

magnetite
Equilibrium concentration Mn2+, mg/dm3 Extent of water purification, %

Contact duration, hours
mg/dm3 1 2 3 4 5 1 2 3 4 5

1.0

--

1.0 0.9 0.9 0.9 0.9 0.0 10.0 10.0 10.0 10.0
5.0 4.0 3.5 3.5 3.5 3.5 20.0 30.0 30.0 30.0 30.0
15.0 14.5 13.5 13.0 13.0 13.0 3.0 10.0 13.3 13.3 13.3
30.0 29.1 28.5 28.0 27.5 27.0 3.0 5.0 6.7 8.3 10.0
1.0*

--

0.9 0.8 0.8 0.8 0.8 10.0 20.0 20.0 20.0 20.0
5.0* 3.9 3.6 3.5 3.5 3.5 22.0 28.0 30.0 30.0 30.0
15.0* 14.2 13.3 12.9 12.8 12.8 5.3 11.3 14.7 14.7 14.7
30.0* 29.0 28.3 27.8 27.0 26.7 3.3 5.7 7.3 10.0 11.0
1.0

500

0.6 0.5 0.5 0.4 0.4 40.0 50.0 50.0 60.0 60.0
5.0 4.0 3.5 3.0 3.0 3.0 20.0 30.0 40.0 40.0 40.0
15.0 13.0 12.1 11.3 11.0 11.0 13.3 19.3 24.7 26.7 26.7
30.0 28.0 26.0 25.0 25.0 25.0 6.7 13.3 16.7 16.7 16.7
1.0*

500

0.3 0.2 0.1 0.1 0.1 70.0 80.0 90.0 90.0 90.0
5.0* 1.3 0.6 0.5 0.5 0.5 74.0 88.0 90.0 90.0 90.0
15.0* 3.8 3.0 2.5 2.5 2.5 74.7 80.0 83.3 83.3 83.3
30.0* 11.0 10.0 9.5 9.2 9.0 63.3 66.7 68.3 69.3 70.0
1.0

1000

0.4 0.3 0.2 0.2 0.2 60.0 70.0 80.0 80.0 80.0
5.0 3.5 3.0 2.8 2.5 2.5 30.0 40.0 44.0 50.0 51.0
15.0 11.0 10.0 9.0 8.0 8.0 26.7 33.3 40.0 46.7 46.7
30.0 24.0 23.0 22.8 22.5 22.4 20.0 23.3 24.0 25.0 25.3

– While stirring the solution.
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ions, the capacity of the cation exchange resin on 
heavy metal is as many times smaller than the ca-
pacity of hardness ions, as many times lower its 
equivalent concentration in solution is [Trokhy-
menko et al., 2017]. That is, at a manganese con-
centration of 1–5 mg/dm3, or 0.036–0.182 mg-eq/
dm3, and at a water hardness of approximately 
4.3 mg-eq/dm3, the manganese ion capacity 
will be at least 20 times lower than the hard-
ness ion capacity and will not exceed 100 mg-
eq/dm3. This means that in this case, when us-
ing cation exchange resin, the main process will 
not be the removal of manganese ions, but the 
softening of water.

In some cases, especially when preparing 
drinking water, such deep softening is impracti-
cal. In addition, the process is significantly com-
plicated by the need to periodically regenerate the 
cation exchange resin from hardness ions. At the 
same time, there is a difficult problem of utilizing 
the fulfilled regeneration solutions.

Therefore, we used magnetite-modified cat-
ion exchange resin to extract manganese from 
water in both the Na+- and Ca2+-form (Fig. 2).

In the case of using magnetite-modified 
KU-2–8 cation exchange resin, efficient extrac-
tion of manganese ions is ensured both at the 
stage when the ion exchange resin is in the Na+-
form and effectively sorbs double-charged cat-
ions from water and at the stage when the cation 
exchange resin is completely saturated with hard-
ness ions and manganese ions.

As can be seen from Figure 2, the manganese 
ions were completely removed on the modified 
cation exchange resin in the Na+-form at their 
concentration in solution at the level of 5 mg/dm3 
(Fig. 2, curve 1). If 7–8 dm3 of water was missing 
in the first stage, manganese extraction was pos-
sible both due to sorption on the cation exchange 
resin and catalytic oxidation on the magnetite, 
then later, when all the cation exchange resin 
turned into the Ca2+-, Mg2+-form, manganese 
extraction was mainly due to catalytic oxidation 
on magnetite. This is also confirmed by the data 
shown in Fig. 2 (curve 2, 4).

In this case, the cation exchange resin was 
previously converted to the Ca2+-form. Therefore, 

Table 2 – The dependence of manganese ions residual concentration, the degree of extraction of manganese ions 
from artesian water and the pH of the medium from the time of mixing of solutions using magnetite-modified 
KU-2–8 cation exchange resin in the amount of 20 cm3/dm3

[Mn2+]initial

Equilibrium concentration Mn2+, mg/dm3 Extent of water purification, %
рНinitial рНfinalStirring duration, hours Stirring duration, hours

1 2 3 4 5 1 2 3 4 5
1.0 0.50 0.30 0.25 0.25 0.10 50 70 75 75 90 8.998 7.736
5.0 0.85 0.50 0.25 0.25 0.10 83 90 95 95 98 8.989 7.743

15.0 5.00 1.30 0.80 0.40 0.15 67 91 95 97 99 8.947 7.711
30.0 10.00 3.50 1.50 0.60 0.20 67 88 95 98 99 8.878 7.696

Fig. 1. Dependence of residual concentration of manganese ions (1; 2; 3) and pH (4; 5; 6) on the volume of 
the passed solution and the form of the KU-2–8 cation exchange resin (Vi = 10 cm3): H+-form (1; 4), Na+-form 

(2; 5), Ca2+-form (3; 6) (TDEC1= 2187 mg-eq/dm3; TDEC2= 2169 mg-eq/dm3; TDEC3= 1708 mg-eq/dm3)
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it did not absorb the hardness ions from the wa-
ter. Its capacity was also small during the sorp-
tion of manganese ions at their concentration of 
5 mg/dm3. It is obvious that the bulk of manga-
nese ions were removed from the water due to 
catalytic oxidation on magnetite.

Obviously, in the first, rather limited stage 
of water purification, the processes of sorption 
of manganese ions along with hardness ions 
mainly prevail. Subsequently, when the ex-
change capacity of the cation exchange resin 
is exhausted, the extraction of manganese oc-
curs mainly due to its oxidation on magnetite. 
It is likely that manganese oxide (MnO2) is in-
cluded in the structure of magnetite or fixed in 
the porous polymer material that is the basis of 
the cation exchange resin. All this ensures the 
maintenance of catalyst activity. Therefore, it 
can work for a long period of time. It is advis-
able to use mechanical filters to trap the MnO2 
particles that can be washed out of the sorbent.

The possibility of oxidation of manganese 
ions on the magnetite deposited on the KU-2–8 
cation exchange resin in the Na+-form can be 
judged from the data shown in Figure 3. 

As can be seen from Figure 3, the total ex-
change capacity of the unmodified KU-2–8 
cation exchange resin for Mn2+ ions reached 
2169 mg-eq/dm3, and the magnetite-modified 
cation exchange resin reached 2861 mg-eq/dm3. 
This suggests that even at relatively high con-
centrations of manganese ions in solutions, some 
ions are removed by sorption and some by oxida-
tion on magnetite. 

These assumptions are confirmed by the fact 
that when filtering a solution of manganese sulfate 
through the magnetite-modified cation exchange 
resin in the Na+-form, its capacity for manganese 
ions was 32% higher compared to the unmodified 
cation exchange resin (Fig. 3). It is obvious that 
even under these conditions, 32% of the manga-
nese ions present in the solution were oxidized on 
magnetite by dissolved oxygen. However, this is 
at a manganese concentration of 340 mg/dm3 and 
an oxygen concentration of 8 mg/dm3.

At lower concentrations of manganese, the 
contribution of oxidation in the process of puri-
fication of water from manganese ions is signifi-
cantly higher. At least in the process of water de-
manganization on the modified cation exchange 
resin in the Ca2+-form (Fig. 2), it is quite probable 
that the oxidation processes of manganese pre-
dominate over the processes of its sorption.

CONCLUSIONS

It was shown that magnetite at a concentra-
tion of 500 mg/dm3 and the magnetite-modified 
KU-2–8 cation exchange resin in the amount of 
20 cm3/dm3 provide effective removal of manga-
nese ions from solutions with a concentration of 
1–30 mg/dm3 with stirring in contact with air. 

It was established that when using the mag-
netite-modified KU-2–8 cation exchange resin 
in the extraction of manganese ions from water, 
it is possible to extract the manganese ions both 
due to ion exchange and due to their catalytic 

Fig. 2. Change in the concentration of manganese ions (1,2), hardness (3,4) and pH (5,6) 
depending on the missed volume of a solution of manganese sulfate ([Mn2+] = 5 mg/dm3) in 

artesian water through the KU-2–8cation exchange resin, modified with magnetite (Vi = 10 cm3) 
and cation exchange resin forms: Na+- form (1,3,5); Ca2+-form (2,4,6)
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oxidation on magnetite with dissolved oxygen. It 
was shown that when using the magnetite-modi-
fied cation exchange resin during sorption of the 
manganese ions from a solution with a concentra-
tion of 340 mg/dm3, its capacity for manganese is 
32% higher in comparison with the unmodified 
cation exchange resin. This is due to the catalytic 
oxidation of manganese on magnetite. 

It was shown that at a concentration of man-
ganese in artesian water at the level of 5 mg/dm3 
when purifying the solution under dynamic con-
ditions on the KU-2–8 cation exchange resin 
modified with magnetite, at a volume of 10 cm3 
ionite, complete extraction of manganese is pro-
vided by filtering more than 10 dm3 water.
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