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Abstract The paper describes the effectiveness of ura-

nium(VI) and europium(III) removal from aqueous solu-

tions using potassium ferrate(VI) at different pH values.

The removal of a mixture of alpha- and beta-emitting

radionuclides (137Cs(I), 90Sr(II), 152Eu(III), 243Am(III),
239Pu(IV), 237?239Np(V), 238?233U(VI)) from synthetic

fresh water and simulated seawater has been checked as

well. There is an indication that potassium ferrate(VI)

could be used as an effective scavenger for almost all

investigated radionuclides except cesium.
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Introduction

The acute problems of pollution of natural waters with

radionuclides exist in many regions over the world [1–5].

These problems are extremely important for areas around

acting and abandoned uranium ores mining (238U, 226Ra,
232Th etc.) and nuclear facilities after accidents (artificial

radionuclides: 137Cs, 90Sr, 239Pu etc.). One of the common

ways to remove radionuclides and non-radioactive heavy

metals from aqueous solutions is their sorption and/or co-

precipitation onto iron(III) oxy/hydroxides accompanying

with subsequent coagulation and sedimentation [6–10].

This process requires addition of iron(III) salts to the

solution and further increase of the pH value by sodium

hydroxide or ammonia solutions [6, 7]. Potassium fer-

rate(VI), K2FeO4, interacts with water resulting in forma-

tion of iron(III) hydroxides without any additional

reagents:

4FeO2�
4 þ 10H2O ! 4Fe3þ þ 3O2 " þ 20OH� ð1Þ

Under acidic conditions (E0 redox potential vs. SHE):

FeO2�
4 þ 8Hþ þ 3e� ! Fe3þ þ 4H2O; E0¼ þ2:20 V

ð2Þ

Under basic conditions:

FeO2�
4 þ 4H2O þ 3e� ! Fe(OH)3 þ 5OH�; E0¼ þ0:72V

ð3Þ

Strong oxidizing action of iron(VI) and coagulation of its

reduction products are the two main properties of the

potassium ferrate(VI) which determine its possible appli-

cation in drinking water treatment and decontamination of

polluted groundwaters [11–13]. Ferrates(VI) can be used for

the effective removal of metals [14–24]. Recently fer-

rates(VI) have been extensively studied for the organic

pollutants oxidative destruction [25–36]. They have great

potential for color removal (degradation of humic sub-

stances) and water disinfection (killing of bacteria). As far

as heavy metals, including actinides, have tendency to form

stable water soluble complexes with natural organic matter

[37–39] and to be concentrated by microorganisms either

due to sorption onto their membrane or due to uptake into

cells [40–42], the aforementioned properties of ferrates(VI)

can have a possible positive effect on removal of such
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metals. One of the advantages of the ferrates(VI) is the

homogeneous distribution of an active agent (hexavalent

iron) in the bulk of the solution and, thus, the efficient

capture of contaminants by aggregated particles of ferrihy-

drite that are formed as a result of ferrate(VI) reduction [20].

Potassium ferrate(VI) can effectively remove europium,

neptunium, plutonium and americium from specific aque-

ous solutions that simulate alkaline radioactive liquid waste

[16, 17, 21]. In [20, 22] the removal of Sr(II), Th(IV),

Np(V) and U(VI) was investigated in a broader pH range. It

was shown that treatment with potassium ferrate(VI) works

at least in the pH range from 4 to 8. The pH values of

natural waters can vary significantly from about 3 (acid

lakes usually located near volcanoes) to about 11 (alkaline

lakes usually containing high amounts of dissolved salts,

particularly sodium, calcium, magnesium carbonates and

bicarbonates). To get fuller outlook on possible ferrate(VI)

application, in this work we checked the effectiveness of

uranium(VI), europium(III) and cesium(I) removal from

aqueous solutions at pH values from 3 to 11. We also

applied K2FeO4 to remove the mixture of alpha- and beta-

emitting radionuclides from synthetic fresh and sea waters

as a model for drinking water treatment.

Experimental

Materials and chemicals

The electrochemical approach to the synthesis of the solid

ferrates(VI) is considered to be the best way for the

industrial production [43]. We synthesized K2FeO4 by this

approach according to the well-known procedure [44]. On

the first step of the synthesis the concentrated solution of

FeO4
2- was obtained by anodic dissolution of metallic iron

in 40 % aqueous solution of NaOH. After that, the solution

was filtrated to remove the sediment of iron(III) com-

pounds as well as the metallic shatters which could come

off the electrode during the synthesis. Then, solid KOH

was dissolved in the solution to precipitate K2FeO4. The

precipitate of K2FeO4 was separated by vacuum-filtration

and washed on the filter gradually by ethanol and sulfuric

ether. The last step was the drying in vacuum.

The synthesized potassium ferrate(VI) was the easily

electrifiable fine crystalline powder of a black color. It gave

typical for FeO4
2--solutions purple color when dissolved

in water. The quality of the product was checked by room-

temperature Mössbauer spectroscopy. Mössbauer spectra

were measured on a Perseus spectrometer working at

constant velocities, the control and the adjustment of the

spectrometer-vibrator rate being performed by laser inter-

ferometer. A common Ritverc’s c-source of 57Co in

metallic rhodium matrix [45] with the activity of 0.8 GBk

was employed. The constituent of K2FeO4 (a single line

with the isomer shift -0.90 mm�s-1 related to a-iron [46])

comprised more than 90 % of the total spectrum area.

Trivalent iron impurities are present as unresolved broad-

ened constituents comprising less than 10 % of the spec-

trum area.

The following radionuclides were used in this study:
238?233U(VI), 237?239Np(V), 239Pu(IV), 243Am(III),
152Eu(III), 90Sr(II), 137Cs(I). Concentration of all radionu-

clides was c.a. 10-7 M. Due to low concentration and

low specific activity of 238U (T1/2 = 4.47�109 a) and
237Np (T1/2 = 2.14�106 a) the relatively short-lived
233U (T1/2 = 1.59�105 a) and 239Np (T1/2 = 2.36 days)

tracers were added. 239Np was milked from the parent
243Am by solvent extraction with tri-octylamine in toluene.

Solutions of other radionuclides (90Sr, 137Cs, 152Eu, 239Pu

and 243Am) were prepared from their stock solutions in

nitric acid. All other commercial reagents were of analyt-

ical grade and used as received. All solutions were pre-

pared with deionized MilliQ water.

The synthetic fresh (moderately hard) and sea waters

were prepared according to [47] as presented in Table 1.

Experimental procedures

All experiments were carried out at ambient atmospheric

conditions.

Uranium, europium and cesium removal was studied in

0.1 M NaCl solutions at different pH values. Solutions were

prepared with deionized water and pH values were adjusted

with 0.1 M NaOH/NaCl and 0.1 M HCl/NaCl solutions

prior to addition of potassium ferrate(VI). Uranium solu-

tions with concentration of 10-7 M were prepared by dilu-

tion of the uranyl nitrate stock solution with concentration of

10-4 M. 233U was added as a tracer to measure uranium

Table 1 Composition of synthetic fresh and seawater used in this

study

Moderately hard fresh water Seawater

Component Concentration

(mg L-1)

Component Concentration

(g L-1)

NaHCO3 96.0 NaCl 21.03

CaSO4�2H2O 60.0 Na2SO4 3.52

MgSO4 60.0 KCl 0.61

KCl 4.0 KBr 0.088

Na2B4O7�10H2O 0.034

CaCl2�2H2O 1.32

MgCl2�6H2O 9.50

SrCl2�6H2O 0.02

NaHCO3 0.17

pH = 7.9 pH = 8.1
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content by liquid-scintillation spectrometry (TriCarb 2500,

Canberra/Packard). Europium and cesium solutions were

prepared by dilution of Eu(NO3)3 and CsCl solutions (nat-

ural content of stable isotopes). 152Eu (T1/2 = 13.54 a) and
137Cs (T1/2 = 30.07 a) were added as tracers to measure

europium and cesium content by c-ray spectrometry (high

purity germanium detector, GC 3020, Canberra). The stock

solution of 0.01 M potassium ferrate(VI), K2FeO4, was

prepared by dissolving weighted amount of solid reagent in

MilliQ water. The aliquots of K2FeO4 stock solution were

added to solutions containing uranium, europium and

cesium. Then solutions were intensively shaken for few

seconds and left to settle. The solutions were sampled

periodically to determine the optimal equilibration time—

i.e. time, when the steady-state is reached. All samples were

centrifuged at 40,0009g within 10 min to remove particles

of ferric hydroxide. Supernatants were then analyzed for the

content of uranium, europium and cesium.

The second set of experiments included a mixture of
137Cs(I), 90Sr(II), 152Eu(III), 243Am(III), 239Pu(IV),
(237?239)Np(V) and (238?233)U(VI) in synthetic fresh water

and seawater. The solutions were periodically sampled,

solid particles were then separated and supernatant solu-

tions were characterized. Concentration of 90Sr was

determined by Cherenkov radiation after equilibration with
90Y. 137Cs, 152Eu, 239Np and 243Am content was deter-

mined by c-ray spectrometry. 233U and 239Pu content was

determined by alpha-spectrometry.

Results and discussion

U(VI), Eu(III) and Cs(I) removal from 0.1 M NaCl

solutions

The dependence of the U(VI), Eu(III) and Cs(I) removal

from 0.1 M NaCl solution at different initial pH values and

initial concentration of K2FeO4 10-4 M versus time is shown

in Fig. 1. The steady-state has been reached within 10 min of

experiments in case of Eu(III) and within 7 h in case of

U(VI). Removal of Cs(I) was negligible at any pH values and

time intervals. The equilibrium fraction of the removed

uranium(VI), europium(III) and cesium(I) is 91, 99

and\10 %, respectively, and remains constant within the

24 h. Precipitates forming due to ferrate(VI) decomposition

were not specially studied. It is known from earlier work that

they consist of nanosized particles of ferrihydrite [20]. The

high values of the U(VI) and Eu(III) removal can be

explained by their high tendency to sorb onto different

mineral surfaces and formation of strong inner-sphere

complexes with different surface hydroxyl groups (e.g.

:Fe–OH) [48–50]. Cs(I), as other monovalent cations, has

low sorption onto particle surfaces and reacts preferably via

cation exchange with clay and other minerals with layered

structure [51–53] that is not inherent for ferrihydrite.

Removal of uranium(VI) at initial ferrate(VI) concen-

tration of 10-6 M is shown in Fig. 2. Lower concentration

of K2FeO4 results in lower uranium(VI) removal, but faster

kinetic of the process: the steady-state is reached already in

10 min. This fact can be explained by partial dissolution of

Fe(III) and low concentration of sorption sites at low initial

Fig. 1 Time-dependence of U(VI) top, Eu(III) middle and Cs(I) bot-

tom removal from 0.1 M NaCl solutions at initial K2FeO4 concen-

tration of 10-4 M and different initial pH values
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concentration of ferrate(VI). Thus, we used the concen-

tration of K2FeO4 as 10-4 M for further experiments.

The removal of uranium(VI), europium(III) and

cesium(I) from aqueous solutions at different initial pH

values and initial concentration of potassium ferrate(VI) of

10-4 M at steady-state is shown in Fig. 3. The complete

recovery of U(VI) occurs at initial pH 6–8 and of Eu(III) at

initial pH 8–11, while Cs(I) is not removed from solutions

under all experimental conditions. Lanthanides(III) and

actinides(III) have similar chemical properties and are

usually considered as analogues. Their sorption onto iro-

n(III) oxides becomes significant only at pH values higher

than five [8, 54] that agrees with our observation on low

removal of europium(III) at pH B5.2. Uranium(VI) readily

sorbs onto iron(III) oxides at pH[4 [8]. The hydrolysis and

formation of neutral and negatively charged carbonate

complexes decrease the U(VI) sorption [22]. These earlier

findings are in agreement with presented here high sorption

of uranium(VI) at initial pH 5–7 and its decline at higher

pH values. Thus, the driving force of metals removal by

potassium ferrate(VI) is their sorption onto ferrihydrite and

subsequent coagulation and sedimentation.

Removal of a- and b-emitting radionuclides

from synthetic fresh water and seawater

The normative documentation for tap water usually con-

tains requirements on maximum allowable levels of total a-

and b-activity. Here we present results on cleaning of the

aqueous solutions containing a mixture of radionuclides.

Removal of a- and b-emitting radionuclides from their

mixed solution in synthetic fresh water and seawater shows

the same time-dependent trend—the steady-state is reached

within 10 min. The initial pH value of both fresh and

seawater is around 8. The results obtained for 0.1 M NaCl

solutions indicate that the removal of uranium(VI) and

trivalent actinides and lanthanides should be around

70–80 %. According to [20, 22] the Sr(II) and Np(V) re-

moval can achieve 90–100 % under conditions of our

experiment. The obtained experimental data are summa-

rized in Table 2. The removal of almost all radionuclides

under these conditions reaches 70–90 %. Not surprisingly,

it was impossible to remove cesium(I). A bit lower removal

in seawater for all radionuclides can be caused by com-

petitive sorption of divalent cations (Ca2?, Sr2?, Mg2?)

onto ferric hydroxide surface.

Thus, a simple treatment of either fresh or seawater with

small amount of potassium ferrate(VI) (10-4 M; 5.6 mg L-1

of iron) can significantly lower the total a- and b-activity.

Conclusions

Potassium ferrate(VI) demonstrates high efficiency of

radionuclide removal from aqueous solutions under dif-

ferent conditions. Steady-state is reached within 10–30 min

after mixing the solutions containing radionuclides and

Fig. 2 Time-dependence of uranium(VI) removal from 0.1 M NaCl

solutions at initial K2FeO4 concentration of 10-6 M and different

initial pH values

Fig. 3 Removal (%) of uranium(VI), europium(III) and

cesium(I) from 0.1 M NaCl solution at initial K2FeO4 concentration

of 10-4 M and different initial pH values

Table 2 Removal (%) of a- and b-emitting radionuclides from

synthetic fresh water and seawater

Moderately hard fresh water Seawater

Radionuclide Removal (%) Radionuclide Removal (%)

a-emitting radionuclides
(238?233)U 81 ± 3 (238?233)U 79 ± 5
237Np 66 ± 3 237Np 64 ± 4
239Pu 92 ± 5 239Pu 88 ± 4
243Am 79 ± 4 243Am 86 ± 4

b-emitting radionuclides
90Sr 83 ± 4 75 ± 3
152Eu 78 ± 2 71 ± 1
137Cs 2þ5

�2 1þ5
�1
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ferrate(VI). At average 80 % of all a- and b-emitting

radionuclides can be removed either from fresh water or

seawater. Application of ferrates(VI) is ecologically

friendly because it does not require any additional reagents,

like ammonia or basics, to produce iron(III) hydroxides to

sorb radionuclides. Homogeneous distribution of fer-

rate(VI) in solution volume at initial stage makes the

removal of contaminants very efficient. These results along

with oxidative and disinfecting properties of K2FeO4 and

low solubility of its reduction products meeting the criteria

of maximum allowed concentration of iron in water show

that potassium ferrate(VI) can be effectively used for the

drinking water treatment and decontamination of polluted

groundwater and liquid radioactive wastes.

Acknowledgments The reported study was supported by Russian

Science Foundation (project 14-13-01279).

References

1. Lieser JH (1995) Radionuclides in the geosphere: sources,

mobility, reactions in natural waters and interactions with solids.

Radiochim Acta 70–71:355–375

2. Eisenbud M, Gesell T (1997) Environmental radioactivity from

natural, industrial, and military sources, 4th edn. Academic Press,

San Diego

3. Stegnar P, Shishkov I, Burkitbayev M, Tolongutov B, Yunusov

M, Radyuk R, Salbu B (2013) Assessment of the radiological

impact of gamma and radon dose rates at former U mining sites in

Central Asia. J Environ Radioact 123:3–13

4. Tominaga T, Hachiya M, Tatsuzaki H, Akashi M (2014) The

accident at the fukushima daiichi nuclear power plant in 2011.

Health Phys 106(6):630–637

5. Waseem A, Ullah H, Rauf MK, Ahmad I (2015) Distribution of

natural uranium in surface and groundwater resources: a review.

Crit Rev Environ Sci Technol 45(22):2391–2423

6. Anderson RF, Fleer AP (1982) Determination of natural actinides

and plutonium in marine particulate material. Anal Chem

54(7):1142–1147

7. Peretrukhin VF, Silin VI, Kareta AV, Gelis AV, Shilov VP,

German KE, Firsova EV, Maslennikov AG, Trushina VE (1998)

Purification of alkaline solutions and wastes from actinides and

technetium by coprecipitation with some carriers using the

method of appearing reagents: Final Report. Pacific Northwest

National Lab, Richland

8. Romanchuk AY, Kalmykov SN (2014) Actinides sorption onto

hematite: experimental data, surface complexation modeling and

linear free energy relationship. Radiochim Acta 102(4):303–310

9. Adegoke HI, Adekola FA, Fatoki OS, Ximba BJ (2014) Adsorption

of Cr(VI) on synthetic hematite (a-Fe2O3) nanoparticles of dif-

ferent morphologies. Korean J Chem Eng 31(1):142–154

10. Emerson HP, Powell BA (2015) Observations of surface-medi-

ated reduction of Pu(VI) to Pu(IV) on hematite nanoparticles by

ATR FT-IR. Radiochim Acta 103(8):553–563

11. Solo HM, Waite TD (1989) Direct-Filtration of ground-water using

iron (VI) ferrate—A pilot-study. Abst Am Chem Soc 198:119

12. Jiang JQ, Wang S, Panagoulopoulos A (2006) The exploration of

potassium ferrate (VI) as a disinfectant/coagulant in water and

wastewater treatment. Chemosphere 63(2):212–219

13. Jiang JQ (2007) Research progress in the use of ferrate (VI) for

the environmental remediation. J Hazard Mater 146(3):617–623

14. Murmann RK, Robinson PR (1974) Experiments utilizing

FeO4
2- for purifying water. Water Res 8(8):543–547

15. Bartzatt R, Cano M, Johnson L, Nagel D (1992) Removal of toxic

metals and nonmetals from contaminated water. J Toxicol

Environ Health A 35(4):205–210

16. Potts ME, Churchwell DR (1994) Removal of radionuclides in

wastewaters utilizing potassium ferrate(VI). Water Environ Res

66(2):107–109

17. Yu Stupin D, Ozernoi MI (1995) Coprecipitation of 152Eu with

Iron(III) hydroxide formed upon reduction of sodium ferrate(VI)

in aqueous medium. Radiochemistry 37(4):329–332

18. Sylvester P, Rutherford LA, Gonzalez-Martin A, Kim J, Rapko

BM, Lumetta GJ (2001) Ferrate treatment for removing chro-

mium from high-level radioactive tank waste. Environ Sci

Technol 35(1):216–221

19. Filip J, Yngard RA, Siskova K, Marusak Z, Ettler V, Sajdl P,

Sharma VK, Zboril R (2011) Mechanisms and efficiency of the

simultaneous removal of metals and cyanides by using ferrate

(VI): crucial roles of nanocrystalline iron (III) oxyhydroxides and

metal carbonates. Chem-Eur J 17(36):10097–10105

20. Perfil’ev Yu D, Kalmykov SN, Potapova EE, Dedushenko SK

(2013) Interaction of Sr(II) and Np(V) with Potassium ferrate(VI)

reduction products in aqueous solutions. Radiochemistry

55(1):98–100

21. Krot N, Shilov V, Bessonov A, Budantseva N, Charushnikova I,

Perminov V, Astafurova L (1996) Investigation on the copre-

cipitation of transuranium elements from alkaline solutions by the

method of appearing reagents. Westinghouse Hanford Company,

Richland

22. Volkova TS, Medvedev VP, Fedorova OV (2011) Coagulation

treatment of radioactively contaminated waters using sodium

ferrate. Radiochemistry 53(3):308–313
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Zbořil R (2013) Ferrate(VI)-Induced arsenite and arsenate

removal by in situ structural incorporation into magnetic iron(III)

oxide nanoparticles. Environ Sci Technol 47(7):3283–3292
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