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Abstract—Sorbents based on manganese oxides were prepared by KMnO4 reduction in aqueous-ethanol me-
dium. The influence of the synthesis conditions (temperature and time of the sol–gel synthesis, type of struc-
ture-forming cations, calcination temperature) on the pore structure and on the performance and selectivity in 
90Sr sorption was studied. The sorbents have the mesoporous structure with the specific surface area of 180–
220 m2 g–1 and mean pore size of 10–20 nm. Manganese oxide of channel structure in the Na+ form, prepared 
by the reaction at 25°С for 5 h and heat-treated at 350°С, exhibits the highest performance and selectivity in 
90Sr sorption (distribution coefficient Kd = 1.04 × 104 cm3 g–1, Sr–Ca separation factor DSr/Ca = 99). The sor-
bents synthesized exhibit the highest performance and selectivity in neutral and alkaline media. 

Keywords: manganese oxides, synthesis, aqueous-ethanol media, sorption, strontium, liquid radioactive 
waste  

Objects associated with operation of nuclear power 
facilities are potentially hazardous for the population 
and environment. Operation of nuclear power plants 
and nuclear power facilities on ships and submarines 
results in formation of large amounts of liquid radioac-
tive waste (LRW) requiring utilization (removal of 
radionuclides and their reliable disposal). 90Sr is one of 
the most hazardous radionuclides; its half-life is rela-
tively long, 28.5 years [1–3]. 

Various physicochemical methods were suggested 
for removing radionuclides from aqueous media. 
These include chemical or electrochemical deposition, 
ion exchange, membrane separation, adsorption, etc. 
[4–6]. Adsorption remains a widely used method ow-
ing to its efficiency and easy implementation. The de-
velopment of highly selective ion-exchange materials 
for removing radionuclides from liquid radioactive 
waste remains a complex problem, because radionu-
clides are usually present in trace concentrations 
against the background of high concentrations of con-
comitant ions competing with radionuclides in sorption 
processes [7]. 

DOI: 10.1134/S1066362219060110 

Porous inorganic materials are particularly interest-
ing owing to their specific properties and structural 
diversity [8]. Mixed-valence manganese oxides with 
tunnel and layered structures form a large class of po-
rous materials with the pore size from micropores to 
mesopores. Because these oxides demonstrate high 
cation-exchange properties, they can be used as ionic 
and molecular sieves [9, 10]. The structures of manga-
nese oxides are built of MnO6 octahedra. Combination 
of the MnO6 octahedra by sharing common faces re-
sults in the formation of a layered structure, e.g., bir-
nessite (the interlayer spacing is in the range 7.4–8.0 Å 
depending on structure-forming cations or molecules) 
[11]. The MnO6 octahedra in the channel structures are 
combined by sharing common faces and vertices. The 
channel size in various structures is different. For ex-
ample, in the cryptomelane structure there are 2 × 2 
channels (4.6 Å) [12, 13], whereas in the todorokite 
structure there are 3 × 3 channels (6.9 Å) in which 
Mg2+ ions are located [14]. 

Sorbents based on manganese oxides are prepared 
most frequently by the reduction of MnO4

– ions in 
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aqueous or organic media [15–18]. Mesoporous man-
ganese oxides were prepared previously by the sol–gel 
method (reduction of KMnO4 with polyvinyl alcohol); 
they showed high performance in sorption of stable 
strontium ions and of 85Sr radionuclides from aqueous 
solutions. It was found that the samples contained 
large amounts of carbon-containing pyrolysis products 
of polyvinyl alcohol, negatively affecting the sorption 
performance and selectivity [19]. 

This study was aimed at preparing sorbents based 
on manganese oxide by the reduction of KMnO4 in 
aqueous-ethanol medium and at determining their per-
formance and selectivity in the 90Sr sorption. The use 
of ethanol as reductant allows controlled reduction of 
KMnO4 under mild conditions and complete removal 
of organic oxidation products in the step of the hy-
drogel washing.  

EXPERIMENTAL 

Hydrogels of manganese oxides are prepared by the 
sol–gel method allowing control of the composition 
and structure of the oxides obtained by varying the sol 
and gel formation conditions. 96% ethanol was added 
to a 1.0 wt % KMnO4 solution (KMnO4 : EtOH weight 
ratio 1 : 10). The synthesis was performed in a rotary 
evaporator at 25°С for 5 h (series 1) and at 80°С for  
48 h (series 2). The hydrogel obtained was filtered off 
and washed with distilled water to remove excess elec-
trolytes to neutral pH value. Then, a portion of the hy-
drogel was heat-treated at 150°С for 5 h. The hydrogel 
preliminarily kept for 24 h in aqueous solutions con-
taining 0.1 M K+, Na+, Mg2+, and Ca2+ was heat-treated 
for 5 h at 350°С. The initial solutions were prepared 
using distilled water and chemically pure grade chemi-
cals: KMnO4, KCl, MgCl2·6Н2О, NaCl, and CaCl2· 
6Н2О (Five Oceans, Belarus). 

X-ray diffraction analysis of samples was per-
formed with a DRON-3 diffractometer in monochro-
mated CuKα radiation at reflection angles 2θ from 20° 
to 80°. The surface structure, morphology, and ele-
mental composition of the materials obtained were ex-
amined with a JSM-5610 LV scanning electron micro-
scope equipped with an EDX JED-2201 JEOL point 
chemical analysis system (Japan), after preliminary 
vacuum sputtering of gold onto the sample surface. 

The adsorption properties and texture of the sam-
ples were estimated from the isotherms of low-
temperature (–196°С) physical adsorption–desorption 

of nitrogen. The isotherms were taken by the volumet-
ric method with an ASAP 2020 МР analyzer of surface 
area and porosity (Micromeritics, the United States). 
The specific surface area was determined by the BET 
method (ABET). The adsorption pore volume (Vsp,ads, 
Vsp,des) and the adsorption mean pore diameter (Dsp,ads, 
Dsp,des) were calculated by the one-point method. Prior 
to analysis, the samples were heat-treated for 1 h in a 
vacuum (150°С, 133 × 10–3 Pa). 

The sorption characteristics of the manganese ox-
ides obtained were studied at the Laboratory of Chro-
matography of Radioactive Elements, Frumkin Insti-
tute of Physical Chemistry and Electrochemistry, Rus-
sian Academy of Sciences. Prior to use, the samples 
were ground in a mortar to the particle size smaller 
than 0.2 mm and dried in air to constant weight at  
80°С. The sorption characteristics of the samples were 
determined for macroamounts of Са2+ and tracer 
amounts of 90Sr as an example. Experiments were per-
formed in the batch mode by stirring a 0.1-g portion of 
the air-dry sorbent with 0.02 dm3 of the solution for 
48 h. As a liquid phase we used a model 0.01 M CaCl2 
solution (pH 6.0) spiked with 90Sr (about 105 Bq dm–3). 
Then, the mixture was filtered, and the concentration 
of Са2+ ions and activity concentration of 90Sr in the 
filtrate were determined. From the analysis results, we 
calculated the static exchange capacity (SEC) for Са2+, 
distribution coefficient (Kd) of 90Sr, and Sr/Ca separa-
tion factor (DSr/Ca), using formulas (1)–(3), respec-
tively:  

SEC = (C0 – Ce)VL/ms  (1) 

Kd = (A0 – Ae)VL/(Aems),  (2) 

DSr/Ca = KdCe/SEC,  (3) 

where С0 and Сe are the Са2+ concentrations in the ini-
tial solution and filtrate, respectively, M; А0, and Аe, 
activity concentrations of 90Sr in the initial solution 
and filtrate, respectively, Bq dm–3; VL, liquid phase 
volume, cm3; and ms, sorbent weight, g. 

To determine the dependence of Kd(90Sr) on pH of 
the liquid phase, we added a 1 M HNO3 or NaOH  
solution to an 0.1 M NaNO3 solution. The equilibrium 
pH values were determined with an Ekotest 2000 pH  
meter. 

The following sorbents were tested under similar 
conditions for comparison: 
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(1) MDM, sorbent based on modified manganese 
dioxide, TU (Technical Specification) 2641-001- 
51255813-2007, semicommercial batch, produced by 
the Frumkin Institute of Physical Chemistry and Elec-
trochemistry, Russian Academy of Sciences; 

(2) Termoxid-3K, spherogranulated sorbent based 
on hydrated titanium and zirconium oxides, TU 2641-
014-12342266-04, commercial batch, produced by 
Termoxid Research and Production Company (Za-
rechnyi, Sverdlovsk oblast, Russia); 

(3) NaA, synthetic zeolite of type А, TU 2163-003-
15285215-2006, commercial batch, produced by 
Ishimbai Special Chemical Catalyst Plant (Bashkor-
tostan, Russia); 

(4) S-N 103, synthetic titanosilicate, an analog of 
ivanyukite natural mineral, laboratory sample, synthe-
sized at the Nanomaterials Science Center, Kola Scien-
tific Center, Russian Academy of Sciences (Apatity, 
Murmansk oblast, Russia); 

(5) CL, natural clinoptilolite from Shivertui deposit 
(Chita oblast, Russia); 

(6) KU-2×8, strongly acidic sulfonic cation-
exchange resin, commercial batch, produced by Tokem 
Research and Production Association (Kemerovo,  
Russia). 

The activity concentration of 90Sr in solutions was 
determined by the direct radiometric method using 
SKS-50M spectrometric complex (Green Star Tech-
nologies, Russia) after sample standing for no less than 
10 days. The concentration of Ca2+ ions in solutions 
was determined by volumetric complexometric titra-
tion.  

RESULTS AND DISCUSSION 

The results of the X-ray diffraction analysis show 
that all the samples have the amorphous structure. 
Therefore, their phase composition cannot be identi-
fied by this method. Therefore, we performed IR spec-
troscopic analysis of the samples (Fig. 1). 

As can be seen, in all the IR spectra there are peaks 
at 1580–1585 cm–1, characteristic of stretching vibra-
tions of OH groups bound to Mn atoms of the crystal 
lattice. The intensity of the peaks in this region de-
pends on the synthesis conditions insignificantly. The 
bands at 400–800 cm–1 can be assigned to characteris-
tic vibrations of Mn4+–O bonds in manganese oxides. 

The absorption band at 770–760 cm–1 is characteristic 
of manganese oxides with the tunnel structure and is 
present in the IR spectra of all the samples [20]. The 
position and intensity of the absorption bands signifi-
cantly differ for samples 1–4, suggesting different 
types of Mn–O bonds depending on the synthesis con-
ditions. The intensity of the characteristic absorption 
band of the tunnel structure of manganese oxides 
(770 cm–1) for these samples does not vary noticeably. 
With an increase in the synthesis time at a constant 
temperature of 25°C, the IR spectra remain virtually 
unchanged (samples 1 and 3, Fig. 1a). On the other 
hand, for samples 3 and 4 an increase in the synthesis 
temperature at a time of 48 h leads to an increase in  
the peak intensity at 400–650 cm–1, accompanied by 
the shift of the strongest peaks in the interval 490– 
630 cm–1 into a narrower interval, 520–590 cm–1. 

Based on the results of preliminary studies, sam- 
ple 4 was taken as the initial sample for preparing sor-
bents based on manganese oxides. Introduction of sin-
gle-charged K+ and Na+ cations into the structure of 
manganese oxides (samples 5 and 6, Fig. 1b) does not 
lead to significant changes in the intensities and posi-

Fig. 1. IR spectra of manganese oxides obtained under 
different synthesis conditions. The numbering corresponds 
to samples in Table 1. Sample nos.: (a) 1–4 and (b) 5–8. 

(b) 

(a) 
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tions of the characteristic IR bands. Introduction of 
Na+ ions (sample 6) leads to an increase in the inten-
sity of the Mn–O absorption bands without their shift. 
On introducing Mg2+ ions (sample 7, Fig. 1b), the in-
tensity of the peaks at 400–650 cm–1 slightly increases. 
In this case, the characteristic peak at 765 cm–1 has  
a shoulder at 731 cm–1, which is probably associated 
with structural transformations. In the case of introduc-
ing Ca2+ ions into the structure of manganese oxide 
(sample 8, Fig. 1b), the IR spectrum of the sample  
is similar to that of the Na-containing sample (sam- 
ple 6, Fig. 1b), suggesting similar structure of these 
samples.  

Data on low-temperature nitrogen adsorption–
desorption (Table 1) suggest that samples 1–4 and 5–8 
of manganese oxides have different structure. For sam-
ples 1–4, the most significant changes in the adsorp-
tion properties occur with an increase in the synthesis 
temperature from 25 to 80°C and in the synthesis time 
from 5 to 48 h. As compared to sample 1, for sample 4 
the specific surface area increases by a factor of 1.4 
and the pore volume, by a factor of 1.2–1.3. The main 
differences between samples 1–4 and 5–8 consist in 
the coalescence of mesopores and in an increase in the 

pore volume with considerably less pronounced 
change in the specific surface area.  

Comparison of samples 5–8 with sample 4 shows 
that, in the case of introduction of K+ ions (sample 5), 
the values of Vsp,ads, Vsp,des and Dsp,ads, Dsp,des increase 
by a factor of 1.6–1.8 and 2.0–2.2, respectively. Simi-
lar dependence is observed on introducing Na+ (sam-
ple 6), Mg2+ (sample 7), and Ca2+ ions (sample 8).  
The specific surface area either does not change 
(sample 6) or slightly decreases (by a factor of 1.2–1.3 
for the other samples). Introduction of single- and  
double-charged ions acting as the structure-forming 
cations favors the formation of structures with the pre-
set type of ordering for the synthesized manganese 
oxides. 

Layered manganese oxides (samples 1–4) have 
similar morphology. Typical SEM and TEM images 
are shown in Fig. 2 for the sample synthesized at 25°С 
for 5 h and heat-treated at 150°С as example. The sam-
ples have pronounced globular structure with the 100–
200 nm size of spherical particles (Fig. 2a). The TEM 
data (Fig. 2b) show that the globules are agglomerates 
of finer particles of 5–10 nm size. 

Data of energy-dispersive X-ray analysis (Table 2) 
allow estimation of the content of main elements in the 
manganese oxide samples obtained. Irrespective of the 
synthesis conditions, all the samples contain approxi-
mately equal amount of Mn, 65 ± 5 at. %. High content 
of K+ ions in samples 1 and 4 should be noted. These 
ions occur in the interlayer space and in channels of 
manganese oxide structures and are accessible to ion 
exchange in the course of sorption of polyvalent metal 
ions. EDX analysis shows that the content of K+ ions 
in the samples decreases with an increase in the syn-
thesis time and temperature, which should affect the 
ion-exchange capacity of these samples. It should be 

Table 1. Adsorption properties of manganese oxides 
Sample Synthesis conditions/ionic form ABET, m2 g–1 Vsp.ads, cm3 g–1 Vsp.des, cm3 g–1 Dsp.ads, nm Dsp.des, nm 

1 5 h, 25°С 208 0.484 0.523 10 11 
2 5 h, 80°С 188 0.466 0.503 10 11 
3 48 h, 25°С 275 0.431 0.415   7   6 
4 48 h, 80°С 284 0.623 0.621   9   9 

 5а K+ 231 1.01   1.10   19 20 
 6а Na+ 293 1.14   1.25   17 18 
 7а Mg2+ 213 0.843 0.970 16 19 
 8а Ca2+ 222 1.03   1.08   19 20 

a Samples obtained from sample 4. 

Fig. 2. (a) SEM and (b) TEM images of manganese oxide 
synthesized at 25°С for 5 h with the subsequent heat 
treatment at 150°С.  

(a) (b) 

1 μm 100 nm 
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noted that the samples prepared by conversion of the 
K+ form of manganese oxides to other Мn+ forms have 
the residual content of K+ ions about 2–4 at. %, sug-
gesting the presence of these cations in different forms 
with different mobility, so that a part of the K+ cations 
are not involved in the ion exchange. 

Comparison of the sorption-selective properties of 
the manganese oxides prepared and of other inorganic 
sorbents shows that the sorbents based on manganese 
oxides in the K+ form with the tunnel structure and 
sorbents MDM and S-N 103 exhibit the best character-
istics in the 90Sr sorption (Table 3). Samples with  
the channel structure (1, 4) exhibit higher sorption per-
formance and selectivity than layered samples (2, 3, 5, 
6) do.  

No direct correlation is observed between SEC and 
Kd. This is due to the fact that the exchange capacity is 
determined at macroconcentrations of Са2+ cations, 
whereas the distribution coefficient characterizes  

the affinity of the sorbent for 90Sr at microconcentra-
tions. Analysis of the Kd and DSr/Ca values for channel 
manganese oxides shows that the kind of the intro-
duced cation does not significantly influence the sorp-
tion-selective characteristics. 

Real liquid radioactive waste is often characterized 
by increased content of Са2+ and Mg2+ ions. Therefore, 
determination of the effect of hardness ions on the 
sorption characteristics of the sorbents is of consider-
able practical interest. An increase in the Ca2+ concen-
tration leads to a significant decrease in Kd both for 
sample 6 (Table 1) and for the reference MDM sample. 
The most pronounced decrease in the sorption-
selective characteristics occurs already in the presence 
of 0.02 M Ca2+, which is caused by competing sorption 
of Са2+ ions whose chemical properties are close to 
those of Sr2+ (Fig. 3). 

The effect of pH on Kd is more complex. Three 
well-defined portions are observed in the pH depend-

Sample Synthesis conditions/ionic form 
Element content, at. % 

Mn O K metal introduced 
1 5 h, 25°С 58.6 32.3 9.1 − 
4 48 h, 80°С 66.3 27.2 6.5 − 
5 K+ 61.1 32.5 6.4 − 
6 Mg2+ 68.8 27.2 1.4 2.6 
7 Na+ 63.0 33.9 2.1 1.0 
8 Ca2+ 64.0 31.0 1.8 3.2 

Table 2. EDX data for manganese oxide samples 

Table 3. Static exchange capacity (SEC) for Са2+, distribution coefficient (Kd) of 90Sr, and Sr/Ca separation factor (DSr/Ca) for 
manganese oxide samples (0.01 M CaCl2, рН 6.0, S : L = 1 : 200) 

Sample t, h Tsol–gel/Theat, °C Ionic form SEC for Ca2+, mmol g–1 Kd(90Sr) × 10–3, cm3 g–1 DSr/Ca 
1 

5 
25/150 K+ 0.85   0.75   5.6 

2 
25/350 

Na+ 0.74 10.6   99    
3 Ca2+ <0.01     5.77 – 
4 

48 
80/150 K+ 0.24   1.23 48    

5 
80/350 

Na+ 0.44   3.83 66    
6 Ca2+ –   2.89 67    

MDM – – Na+, K+ 0.96   8.59 56    
Termoxid-3K – – Na+ 0.23   0.22   8.9 

NaA     Na+ 1.65   4.40   5.7 
S-N 103     Na+ 1.20 23.0   92    

CL     Na+ 0.34   0.31   4.6 
KU-2×8     Na+ 1.80   0.22   1.4 
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