
Submit Manuscript | http://medcraveonline.com

Introduction
One of the main environmental problems in the 30-kilometre 

exclusion zone of the Chornobyl NPP is the processes of radionuclide 
transfer (migration) through groundwater and groundwater. 
The active source of radioactive isotopes in the Exclusion Zone 
groundwater (cesium, strontium, uranium, plutonium and americium) 
is the temporary radioactive waste containment sites (TRS), which 
are burial sites for parts of buildings, metal structures, radioactive 
soil, forest, etc.1 To date many methods of cesium ion extraction they 
known, but practice shows that the most effective is the combination 
of several methods and the achievement of selective extraction of 
137Cs. The most common methods are adsorption, ion exchange, 
chemical precipitation, chemical reduction, membrane technologies, 
coagulation, extraction, and ion flotation.2–5 Adsorption methods 
have become the most widely used in liquid radioactive waste 
decontamination technologies due to a wide range of adsorbents, 
process efficiency, simplicity of technology and a wide range of 
applications.6,7 Among natural minerals, clinoptilolite, vermiculite, 
and montmorillonite we most often used for radionuclide sorption, 
but their main disadvantage is a relatively low sorption capacity.1,4

The most effective sorbents for cesium extraction are ferrocyanide 
sorbents8–11 and sorbents based on magnetite nanoparticles12–14 and 
complex magnetite-silicate-zeolite sorbents15,16 which are quite 
promising for the selective removal of cesium (up to 80 %) and 
strontium (up to 90 %) radionuclides from contaminated waters 
by magnetic separation. A particularly promising technology for 

radioactive water purification is the application of Plasma Sorb 
technology, which uses multi-stage purification not only by physical 
methods, but also by complex sorbents, including ferrocyanides, 
iron nanoparticles and other components.17 The application of 
this technology allows obtaining technical water that meets the 
requirements of the DSTU 4808:2007 standard in terms of its 
indicators (Sources of the centralized drinking water supplying. The 
hygienic, ecological requirements to water quality and the rules of 
selection, Ukraine). Therefore, the development and implementation 
of ferrocyanide-magnetite sorbents is an urgent issue to reduce 
the amount of hazardous liquid radioactive waste and potential 
environmental risks in their management.

Materials and methods of research
Low-level radioactive water they prepared by the acid method 

from soil collected in the suburbs of Fokushima near the NPP.18 A 1 g 
soil sample we dissolved in 10 ml of 40% HF overnight, 700 ml of tap 
water we added while stirring, and the pH we adjusted to a value not 
exceeding 8.5 with NaOH solution. The concentration of sodium ions 
was 0.09 mol/l. This concentration of sodium ions does not affect the 
sorption of 137Cs ions.

According to X-ray fluorescence analysis, Fukushima soil contains 
the following chemical elements, %: O – 0.077; Al – 0.129; Si – 0.08; 
P – 0.017; S – 0.008; K – 0.051; Ca – 0.034; Ti – 0.011; V – ppm 
446±46; Cr – ppm 163±20;Mn – 0. 003; Fe – 0.029; Ni – ppm 168±7; 
Cu – ppm 201±5; Zn – 0.001; Ga – ppm 93±4; As – ppm 98±6; Rb 
– ppm 369±6; Sr – 0.001; Y – ppm 108±7; Zr – 0.001; Nb – ppm 
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Abstract

The article is devoted to the development of nanoscale sorbents based on copper 
ferrocyanide and magnetites for the removal of cesium, strontium, and heavy metal ions in 
their simultaneous presence in a multicomponent two-phase low-level radioactive solution 
containing complexing agents and surfactants. It they noted that the highest values of 
cesium ion removal from low-level radioactive water - 99.96% and 99.62% - are obtained 
with sorbents based on 100% copper ferrocyanide and a mixture of copper ferrocyanide 
and industrial magnetite in a ratio of 2 to 1. The efficiency of the sorbents in terms of 
the distribution coefficient is 2394 and 1589.7 ml/g, which ensures the purification of 
radioactive water from trace concentrations of cesium ions to values of 2394 and 265.11. 
These sorbents provide water purification to values less than 2 Bq/cm3, which is typical for 
1-4 classes of water quality in terms of radiation safety of groundwater and surface water 
as sources of centralised drinking water supply. It is noted that sorption of cesium ions on 
copper ferrocyanide and magnetite is carried out in the presence of water molecules and 
hydroxo groups. It is shown that artificial magnetite in its pure form exceeds the sorption 
capacity of industrial magnetite. This is due to the difference in the phase composition 
and particle size of the crystals. The results obtained will be use as components of the 
technological process in the Plasma-Sorb technology developed at the State Institution 
“The Institute of Environmental Geochemistry” of the National Academy of Sciences of 
Ukraine for the treatment of low- and intermediate-level radioactive water from Ukrainian 
nuclear power plants.

Keywords: complex sorbents, copper ferrocyanide, low-activity liquid radioactive water, 
nanomagnetite, radionuclides, sorption

Material Science & Engineering International Journal

Research Article Open Access

https://crossmark.crossref.org/dialog/?doi=10.15406/mseij.2024.08.00230&domain=pdf


Magnetite-ferrocyanide-copper sorbents for recovery of cesium ions from low-activity liquid radioactive 
waters

16
Copyright:

©2024 Sergii et al.

Citation: Sergii G, Oksana A, Lyudmila O, et al. Magnetite-ferrocyanide-copper sorbents for recovery of cesium ions from low-activity liquid radioactive 
waters. Material Sci & Eng. 2024;8(1):15‒18. DOI: 10.15406/mseij.2024.08.00230

37±5; Ba – ppm 323±68; Pb – 0.002. In terms of oxides, wt. %: Al2O3 
– 10.436; SiO2 – 46.861 ZrO2 – 0.11; Nb2O5 – ppm 52; P2O5 – 1.492; 
SO3 – 2.514; K2O – 5.464; CaO – 8.095; Cr2O3 – ppm 238; Ni2O3 
-ppm 236; MnO2 – 0.546; Fe2O3 – 21.318; CuO – ppm 252; ZnO – 
0.22; TiO2 – 2.508 V2O5 – 0.08; Ga2O3 – ppm 125; As – ppm 130; 
Rb2О – ppm 404; SrO – 0.069; Y2O3 – ppm 138; BaO – ppm 361 
PbO – 0.094.

Copper ferrocyanide, nanopowders of artificial magnetite (Figure 
1) and industrial magnetite concentrate (Poltava GOK, Ukraine) 
(Figure 2), and their mixtures were used as sorbents. Copper 
ferrocyanide we prepared by solid phase reaction by grinding ferric 
ferrocyanide with copper sulphate in a porcelain mortar for 30 min:

2CuSO4⋅5H2O + K4[Fe(CN)6]⋅3H2O = Cu2[Fe(CN)6]⋅7H2O + 2K2SO4 
+ 6H2O

Artificial magnetite19 was produced by electro-erosive dispersion 
(EED) in plasma of sawdust from St3 or St40 steel (ISM NASU, 
Ukraine), American analogues of M1017 and 1040 steels. The phase 
composition of the nanopowder is as follows: Fe3O4 - 82.1%; FeO - 
6.2%; Fe-bcc - 5.2%: FeO(OH) - 6.4% (Figure 1).

The degree of purification of weakly active radioactive water from 
cesium ions we calculated by the formula:20
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Where Ai, Af - initial and final activity of radioactive water, Bq

The distribution coefficient we calculated according to the formula: 
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Where V - volume of liquid phase, ml; m - sorbent weight, g

The purification factor we calculated according to the formula: 
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For purification of radioactive water, sorbents were administered 
at a ratio of 1:10, i.e. 4 (6) g per 400 ml of water (4 g - 100%, 6 
g - 100% copper ferrocyanide +50% magnetite). The activity of 
the compound samples (ARR) we measured using a FoodLight 
radiometer (developed by State Institute “Institute of Environmental 
Geochemistry” of National Academy of Sciences of Ukraine) and 
Gamma radiation spectrometer “ATOLL-3M” (Company Experience 
NPMSP, SP, Kyiv, Ukraine).

Research results
The results on purification of weakly active radioactive water 

from caesium ions by sorbents based on copper ferrocyanide and 
magnetite, as well as by complex sorbents based on them, we shown 
in Figure 3 & 4, Table 1. As can be seen from Figure 1 & 2, γ-bursts on 
activity of caesium ions in water are close to the natural background, 
which confirms the correct choice of sorbents. The highest degree 
of purification of radioactive water from caesium ions - 99.96% 
and 99.62% it’s provided by sorbents based on copper ferrocyanide 
(100%) and a mixture of copper ferrocyanide (100%) with 50% of 
natural magnetite (Table 1). In terms of distribution coefficient, 
the efficiency of sorbents is placed in the following range: 100% 
СFС>100% AM>100% IM>100% CFC+50% IM>100% CFC+50% 
AM, which corresponds to 2394>2373>2331.5>1590.7>1589.7 ml/g 
(Table 1).

Figure 1 X-ray diffraction pattern of nanopowder containing polyvalent iron 
oxides obtained by electrical discharge dispersion (EDD).

Figure 2 X-ray diffraction pattern of industrially produced magnetite 
nanopowder (Poltava GOK, Ukraine).

Figure 3 Intensity of γ-spectrum for 137Cs+ of weakly active radioactive water 
after treatment with sorbents: a - background; b - initial radioactive water; c - 
100% CFC; d - 100% AM; e - 100% IM.
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Figure 4 Intensity of γ-spectrum for 137Cs+ of weakly active radioactive water 
after treatment with sorbents: a - 100% CFC+50% AМ; b - 100% CFC+50% IM.

According to the coefficient of purification of weakly active 
radioactive water from trace concentrations of caesium ions 
sorbents can be placed in a number as follows: 100% СFС>100% 
CFC+50% AM > CFC 100% +50% IM> 100%AM> 100% IM, which 

corresponds to the values 2394>265.11>227.1>107.86>36.72 (Table 
1). According to the data of measuring the activity on the Atoll-
3M device of a water sample after its purification with a sorbent of 
the 100%CFC+50%M clade, complete sorption of cesium ions is 
recorded (Table 2 and Figure 5).

Table 1 Cesium ion exchange characteristics of ferrocyanide-magnetite 
sorben

Sorbent A, Bq/cm3 S, % Kd, ml/g Kp
RW 23.95 - - -

100% СFС 0.01 99.96 2394 2394
100% AM 0.22 98.96 2373 107.86
100% IM 0.635 97.35 2331.5 36.72
100% CFC+50% AM 0.105 99.56 1589.7 227.1
100% CFC+50% IM 0.09 99.62 1590.7 265.11

Note: RW, initial radioactive water; CFC, Cu ferrocyanide; AM, artificial 
magnetite; IM, industrial magnetite

Table 2 Water measurement on the Atoll-3M device

Channel Energy, keV HWHH*, кеV Area Unrecognisable area Nuclides Activity, Bq
219,194 668,405 67,450 -217 229 Cs-137 -3

469,622 1435,185 77,181 4121 185 K-40 385

*Peak half-width and half-height.

Figure 5 Intensity of γ-spectrum for 137Cs+ weakly radioactive water after its 
treatment with sorbent 100% CFC+50% IM.

The classification of groundwater and surface water quality 
as sources of centralized drinking water supply according to the 
environmental indicator, namely the radiation safety criterion, they 
given.21 The range of values of water quality indicators (criteria) we 
divided into four classes: Class 1 - excellent, desirable water quality; 
Class 2 - good, acceptable water quality; Class 3 - satisfactory, 
acceptable water quality; Class 4 - mediocre, limitedly suitable, 
undesirable water quality. In the Table 3 summarizes the data for 
compliance with the requirements of the standard21 activity of treated 
water in terms of caesium ion content. As can be seen from the data 
of Table 3, the developed compositions of sorbents provide water 
purification from cesium ions of all 4 classes. On sorption of strontium 
ions, the question is open. The developed compositions of sorbents 
are capable of sorption of strontium ions. However, in sediments, after 
sorption of caesium ions, no β-radiation we observed. Therefore, there 
is an assumption that strontium ions remained in the composition of 
water or evaporated during drying of the sediment.

Table 3 Radiation safety indicators

Type of Sorbent

Water quality classes by 137Cs, Bq/cm3 [21]

1 2 3 4

< 2 < 2 < 2 < 100

100% СFС 0.01 0.01 0.01 0.01

100% AM 0.22 0.22 0.22 0.22

100% IM 0.635 0.635 0.635 0.635

100% CFC+50% AM 0.105 0.105 0.105 0.105

100% CFC+50% IM 0.09 0.09 0.09 0.09

Conclusion
According to the results of the performed work, it we established 

that the highest degree of purification of weakly active radioactive 
water from caesium ions – 99.96% and 99.62% is provided by 
sorbents based on copper ferrocyanide (100%) and a mixture of 
copper ferrocyanide (100%) with 50% of industrial magnetite. By 
the value of distribution coefficient (Kd) the efficiency of sorbents 
is in the following range: 100% СFС>100% AM>100% IM>100% 
CFC+50% IM>100% CFC+50% AM, which corresponds to the 
values 2394>2373>2331.5>1590.7>1589.7 ml/g. By the coefficient 
of purification of weakly active radioactive water from trace 
concentrations of caesium ions, the sorbents are located in the 
following row: 100% СFС>100% CFC+50% AM > CFC 100% 
+50% IM> 100%AM> 100% IM, which corresponds to the values 
2394>265.11>227.1>107.86>36.72. The developed compositions of 
sorbents provide water purification from caesium ions of 4 classes of 
water. Sorption of caesium ions on copper ferrocyanide and magnetite 
they carried out in the presence of water molecules and hydroxo 
groups. It is shown that artificial magnetite in pure form exceeds the 
sorption capacity of industrial magnetite. This is due to the difference 
in phase composition and particle size of crystals. 

https://doi.org/10.15406/mseij.2024.08.00230


Magnetite-ferrocyanide-copper sorbents for recovery of cesium ions from low-activity liquid radioactive 
waters

18
Copyright:

©2024 Sergii et al.

Citation: Sergii G, Oksana A, Lyudmila O, et al. Magnetite-ferrocyanide-copper sorbents for recovery of cesium ions from low-activity liquid radioactive 
waters. Material Sci & Eng. 2024;8(1):15‒18. DOI: 10.15406/mseij.2024.08.00230

Funding
The work we carried out within the framework of the contractual 

topic at the State Institution Institute of Environmental Geochemistry 
of the National Academy of Sciences of Ukraine No. 001/2023-d 
of 23.03.23 “Scientific support of research using PLASMA-SORB 
technology for the processing of liquid radioactive waste”. 

Data availability
Manuscript has no associated data.

Use of artificial intelligence
The authors confirm that they did not use artificial intelligence 

technologies when creating the current work.

Acknowledgments 
The authors express their gratitude to the staff of the State Institution 

“Institute of Environmental Geochemistry” of the National Academy 
of Sciences of Ukraine Sergii Shpilka and Senior Researcher PhD 
Volodymyr Burtnyak for their assistance in measuring the activity 
of low-radioactive water samples with developed compositions of 
complex inorganic sorbents.

Conflicts of interest
The authors declare that they have no conflict of interest in relation 

to this research, whether financial, personal, authorship or otherwise, 
that could affect the research and its results presented in this paper.

References
1. Stasyuk IV. Adsorption of radionuclides on ferrocyanides. Problems of 

Safety of Nuclear Power Plants and Chornobyl. 2007;7:62–66.

2. Wang J, Zhuang S. Removal of cesium ions from aqueous solutions 
using various separation technologies. Rev Environ Sci Biotechnol. 
2019;18(2):231–269.

3. Soliman AM, Hewaida AM, Ehab SES, et al. Selective removal 
and immobilization of cesium from aqueous solution using sludge 
functionalized with potassium copper hexacyanoferrate: a low-cost 
adsorbent. J Radioanal Nucl Chem. 2021;330(1):207–223.

4. Aldayel OA. Removal of cesium and strontium from aqueous solution 
by natural bentonite: effect of pH, temperature and bentonite treatment. 
J Eenv Sci Eng. 2010;4(4):1–10.

5. Liu X, Wang J. Adsorptive Removal of Sr2+ and Cs+ from aqueous 
solution by capacitive deionization. Environ Sci Pollut Res Int. 
2021;28(3):3182–3195.

6. Tsytlishvili К, Rashkevich N, Poltavska D. Research of modern 
technologies of wastewater treatment of food products combined 
with ozonation and hydrogen peroxide. Key Engineering Materials. 
2022;925:169–178.

7. Someda HH, Shehata MK, Zahhar AA, et al. Supporting of some 
ferrocyanides on polyacrylonitrile (PAN) binding polymer and 
their application for cesium treatment. Separation and Purification 
Technology. 2002;29(1):53–61.

8. The Chemistry of Ferrocyanides. American Cyanamid Company; 
Pennsylvania State University.1953;7:112.

9. Guzii S. Removal of cesium-137 radionuclides from low-level 
radioactive aqueous solutions. Clean water. Fundamental, Applied 
and Industrial Aspects (9-10 November 2023, Kyiv): Material. VІІІ 
International scientific and practical conference / compiled by Zhukova 
V, Koltysheva D. 2023;68–70.

10. Melnichenko T, Kadoshnikov V, Litvinenko Y, et al. Nanodispersion 
of ferrocyanides for treatment of technogenically contaminated water 
containing caesium. J Environ Radioact. 2023;261:107135.

11. Zabulonov Yu, Kadoshnikov V, Melnychenko T, et al. Multifunctional 
nanocomposites as highly efficient sorbents for purification of 
technogenically polluted waters. Geochemistry of Technogenesis. 
2020;4(32):77–85.

12. Feng S, Jie N, Xun Cao, et al. Separation and removal of radionuclide 
cesium from water by biodegradable magnetic prussian blue 
nanospheres. Processes. 2022;10(12):2492. 

13. Zabulonov YL, Kadoshnikov VM. Melnychenkoet TI, et al. Geochemical 
behavior of ferric hydroxide nanodispersion under the influence of weak 
magnetic fields. Mineralogical Journal. 2021;43(2):74–79.

14. Mukhopadhyay J, Pranesh S, Sen D, et al. Uptake of Cs and Sr 
radionuclides within oleic acid coated nanomagnetite–hematite 
composite. Journal of Nuclear Materials. 2015;467:512–518.

15. Ebner AD, Ritter JA, Navratil JD. Adsorption of cesium, strontium, and 
cobalt ions on magnetite and a magnetite−silica composite. Industrial & 
Engineering Chemistry Research. 2001;40(7):1615–1623.

16. Faghihian H, Moayed M, Firooz A, et al. Evaluation of a new magnetic 
zeolite composite for removal of Cs+ and Sr2+ from aqueous solutions: 
Kinetic, equilibrium and thermodynamic studies. Comptes Rendus 
Chimie. 2014;17(2):108–117.

17. Zabulonov Y, Tetyana M, Vadim K, et al. New sorbents and their 
application for deactivation of liquid radioactive waste. LWRT 2022, 
LNCE 469; 2024. 126–136 p.

18. Kasar S, Mishra S, Omori Y, et al. Sorption and desorption studies of Cs 
and Sr in contaminated soil samples around Fukushima Daiichi nuclear 
power plant. J Soils Sediments. 2020;20:392–403.

19. Prikhna T, Bernd H, Pamela Q, et al. Iron oxide nanopowder synthesized 
by electroerosion dispersion (EED) –Properties and potential for 
microwave applications. Current Applied Physics. 2018;18(11):1410–
1414.

20. Eckberg Ch, Choppen G, Rydberg J, et al. Radiochemistry and Nuclear 
Chemistry. 4th Ed. Elsevier, 2013:866.

21. DSTU 4808:2007. Sources of the centralized drinking water supplying. 
The hygienic, ecological requirements to water quality and the rules of 
selection.

https://doi.org/10.15406/mseij.2024.08.00230
https://ouci.dntb.gov.ua/en/works/4Mg0BGB9/
https://ouci.dntb.gov.ua/en/works/4Mg0BGB9/
https://ouci.dntb.gov.ua/en/works/4Mg0BGB9/
https://ouci.dntb.gov.ua/en/works/4yGDb3L9/
https://ouci.dntb.gov.ua/en/works/4yGDb3L9/
https://ouci.dntb.gov.ua/en/works/4yGDb3L9/
https://ouci.dntb.gov.ua/en/works/4yGDb3L9/
https://pubmed.ncbi.nlm.nih.gov/32902750/
https://pubmed.ncbi.nlm.nih.gov/32902750/
https://pubmed.ncbi.nlm.nih.gov/32902750/
https://www.scientific.net/KEM.925.169
https://www.scientific.net/KEM.925.169
https://www.scientific.net/KEM.925.169
https://www.scientific.net/KEM.925.169
https://www.sciencedirect.com/science/article/abs/pii/S1383586602000187
https://www.sciencedirect.com/science/article/abs/pii/S1383586602000187
https://www.sciencedirect.com/science/article/abs/pii/S1383586602000187
https://www.sciencedirect.com/science/article/abs/pii/S1383586602000187
https://www.google.co.in/books/edition/The_Chemistry_of_Acrylonitrile/GGYDzgEACAAJ?hl=en
https://www.google.co.in/books/edition/The_Chemistry_of_Acrylonitrile/GGYDzgEACAAJ?hl=en
https://pubmed.ncbi.nlm.nih.gov/36773552/
https://pubmed.ncbi.nlm.nih.gov/36773552/
https://pubmed.ncbi.nlm.nih.gov/36773552/
http://znp.igns.gov.ua/wp-content/uploads/2020/08/4-32_9.pdf
http://znp.igns.gov.ua/wp-content/uploads/2020/08/4-32_9.pdf
http://znp.igns.gov.ua/wp-content/uploads/2020/08/4-32_9.pdf
http://znp.igns.gov.ua/wp-content/uploads/2020/08/4-32_9.pdf
https://www.mdpi.com/2227-9717/10/12/2492
https://www.mdpi.com/2227-9717/10/12/2492
https://www.mdpi.com/2227-9717/10/12/2492
https://oaji.net/articles/2021/7867-1624901767.pdf
https://oaji.net/articles/2021/7867-1624901767.pdf
https://oaji.net/articles/2021/7867-1624901767.pdf
https://www.sciencedirect.com/science/article/abs/pii/S0022311515302701
https://www.sciencedirect.com/science/article/abs/pii/S0022311515302701
https://www.sciencedirect.com/science/article/abs/pii/S0022311515302701
https://pubs.acs.org/doi/10.1021/ie000695c
https://pubs.acs.org/doi/10.1021/ie000695c
https://pubs.acs.org/doi/10.1021/ie000695c
https://www.sciencedirect.com/science/article/pii/S1631074813000295
https://www.sciencedirect.com/science/article/pii/S1631074813000295
https://www.sciencedirect.com/science/article/pii/S1631074813000295
https://www.sciencedirect.com/science/article/pii/S1631074813000295
https://www.springerprofessional.de/new-sorbents-and-their-application-for-deactivation-of-liquid-ra/26821262
https://www.springerprofessional.de/new-sorbents-and-their-application-for-deactivation-of-liquid-ra/26821262
https://www.springerprofessional.de/new-sorbents-and-their-application-for-deactivation-of-liquid-ra/26821262
https://link.springer.com/article/10.1007/s11368-019-02376-6
https://link.springer.com/article/10.1007/s11368-019-02376-6
https://link.springer.com/article/10.1007/s11368-019-02376-6
https://www.sciencedirect.com/science/article/abs/pii/S1567173918302281
https://www.sciencedirect.com/science/article/abs/pii/S1567173918302281
https://www.sciencedirect.com/science/article/abs/pii/S1567173918302281
https://www.sciencedirect.com/science/article/abs/pii/S1567173918302281
https://shop.elsevier.com/books/radiochemistry-and-nuclear-chemistry/choppin/978-0-12-405897-2
https://shop.elsevier.com/books/radiochemistry-and-nuclear-chemistry/choppin/978-0-12-405897-2

	Title
	Abstract
	Keywords
	Introduction 
	Materials and methods of research 
	Research results 
	Conclusion
	Funding
	Data availability 
	Use of artificial intelligence 
	Acknowledgments
	Conflicts of interest 
	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Table 1
	Table 2
	Table 3 

