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EVALUATION OF SYNTHETIC CRYPTOMELANE AS AN ADSORBENT
FOR SELECTIVE REMOVAL OF STRONTIUM IONS FROM WATER EFFLUENTS

Abstract. *’Sr is a fission product of uranium, which has become a component of the environment due to nuclear weapon tests,
the operation of nuclear fuel cycle enterprises and nuclear power plants, or radiation accidents. The chemical properties of strontium
ions are similar to calcium, so the development of techniques for selective removal of strontium radionuclides from water effluents
assumed greater importance in recent years. Manganese dioxide mineral species are considered promising adsorption materials for
selective removal of strontium radionuclides from water effluents. Synthetic cryptomelane (manganese dioxide mineral with tunnel
structure) was prepared by the hydrothermal method in an acidic solution. The results of X-ray diffraction and Fourier transform
infrared spectroscopy confirmed the tunnel structure of the synthesized material. Results of scanning electron microscopy revealed
that cryptomelane is formed as micron-sized rounded particles of cocoon-shaped morphology composed of nanofibers. To determine
the efficiency of the as-synthesized cryptomelane in the selective removal of strontium ions from multicomponent solutions, the effect
of contact time, foreign cations (Na, K, Ca), and pH on strontium ions adsorption was investigated in detail. The as-synthesized cryp-
tomelan demonstrated fast adsorption kinetics and enhanced adsorption in an alkaline medium, as well as high adsorption efficiency
in diluted multicomponent solutions. The desorption experiments demonstrated that strontium ions adsorbed by the synthesized crypto-
melane cannot be easily desorbed. The obtained results allow considering synthetic cryptomelane as a promising material for selective
removal of strontium ions from multicomponent solutions and further retention by the crystals.

Key words: Manganese dioxide, cryptomelane, selective adsorption, strontium radionuclides, water decontamination.

Introduction with layered (busserite, birnessite, etc.) or tunnel
%Sr (half-life ~ 28 years) is a fission product of uranium,  (cryptomelane, todorokite, etc.) structure. They are
which has become a component of the environment composed of MnO, octahedra (where Mn is represented
due to nuclear weapon tests, operation of nuclear fuel predominantly by Mn** and Mn*") as the main building
cycle enterprises and nuclear power plants or radiation  blocks [6].
accidents. The chemical properties of **Sr are similar to There are several publications that show
calcium ones, so when entering the human body, strontium  the high efficiency of synthetic cryptomelane for
radionuclides can easily replace calcium and cause damage  strontium and cesium ions removal from multicomponent
to human health. Therefore, the development of techniques ~ solutions with inactive metal cations (Na, K, Ca, Mg)
for selective removal of strontium radionuclides from [5, 7]. According to these data, the adsorption of cesium
contaminated waters become important in recent years. and strontium radionuclides on synthetic cryptomelane
Adsorption is the most effective and economical is substantially governed by a cation-exchange
method used for purification of natural and technological  reaction. The selectivity coefficients were estimated as
waters contaminated by strontium radionuclides [1]. K, =0.6andK_ = 1.0.
Synthetic inorganic adsorbents are the preferred materials Despite the fact that the synthetic cryptomelene is
due to their efficiency, radiation, and thermal stability.  considered a promising adsorbent for strontium ions,
The highest selectivity to strontium ions was demonstrated  the published information is not sufficient for practical
by crystalline titanates, silicotitanates, oxides/hydrated application. Particularly, the adsorption kinetics
oxides of titanium (IV), manganese (IV), zirconium (IV),  of strontium ions, adsorption capacity, and the desorption
and various composites [1-4]. procedure of strontium ions have not been investigated.
High selectivity to strontium ions of some manganese In this study, the synthetic cryptomelane was prepared
dioxide-based adsorbents have been discussed in many by a hydrothermal method via the reaction between Mn(Il)
publications [1-5]. The term “manganese dioxide” and Mn(VII) ions in an acidic medium. The synthesized cryp-
in most cases refers to a number of mineral species tomelane was used for the removal of Sr ions from the model
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solutions in batch mode to evaluate the adsorption process.

Experimental

Synthesis of cryptomelane. Cryptomelane (a-MnO,,)
was prepared by the hydrothermal method under acidic
conditions as described in [8]. Briefly, KMnO, solution
(0.37M,100mL)wasaddedtoMnCl, solution(0.52M,30ml)
containing HNO, (65%, 3mL). The resulting suspension
was then transferred into a Teflon-lined stainless steel
autoclave, sealed and maintained at 100 °C for 24 h without
shaking or stirring. The obtained black precipitate was
filtered, washed several times with distilled water, and then
dried at 120 °C for 12 h in air.

All chemicals were of analytical grade and were used
as received without additional purification. Nonradioactive
SrCl,x6H,0 was used as a surrogate for *’Sr because of its
identical chemical characteristics.

Characterization  procedure  and  adsorption
experiments are well described in [9]. All the experiments
were performed in duplicate.

Results and discussion

Cryptomelane belongs to the hollandite-type minerals
with a well-defined one-dimensional tunnel structure
(Fig. 1a). Cryptomelane structure is composed of double
chains of edge-shared MnO, octahedra linked at vertices
to form (1 x 1) + (2 x 2) tunnels. The small (1 x 1) tunnels
in the cryptomelane phase are empty, and the larger ones
(2 x 2) with a pore size of 4.6 A are filled with potassium
ions and water molecules to stabilize the structure.
A general formula of cryptomelane is A Mn O, (A denotes
the cations in the (2 x 2) tunnels; 0<x <2, in most cases A is
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potassium cation) [6, 8]. Although in natural cryptomelane
the tunnel sites are occupied primarily by K*, variable
amounts of other cations (Ca, Na, Ba, Ag, Sr, Pb, Zn, Co,
etc.) and water molecules can be also present [10, 11].

The synthesized product is micron-sized rounded
particles of black color. SEM images show that particles
have cocoon-shaped morphology (Fig.1 b) and they are
composed of nanofibres. At higher magnification (Fig.1 c),
the individual nanofibers with an average width of ~ 50 nm
and a length of ~ 1 um can be seen. The nanofibers are
dense, with a uniform uniform diameter along the entire
length. The EDS spectrum of the outer surface (Fig.1 d,
e) demonstrates the presence of peaks corresponding to K,
Mn, and O elements. The average atomic ratio of K/Mn is
about 0.115.

The X-ray diffractogram of the synthesized sample (Fig.
2 a) exhibits several well-defined and symmetrical peaks
pointing on well crystallized material. The peaks observed
at 20 =12.8° (110), 18.1° (200), 25.8 (220), 28.8° (310),
37.7° (211), 42.2° (301), 49.8° (411), 56.0 (600) match
the pattern of the standard cryptomelane with tetragonal
symmetry corresponding to KMn,O, ., (JCPDS 29-1020).

The FTIR spectrum of the synthesized sample (Fig.
2 b) displays absorption bands similar to those previously
reported for cryptomelane [12, 13]. The broad band
at3300cmisattributedtothestretchingvibrationofhydroxyl
groups. The absorption band at 1635 cm™ is attributed to
the hydroxyl groups bending vibration of water molecules.
An intensive peak at 720 cm! has been mentioned in many
publications describing the FTIR cryptomelane spectra

Fig. 1. Schematic structure of
cryptomelane (a); Representative SEM
images of the synthesized cryptomelane
(b, ¢); EDS spectrum of the surface part
of the synthesized cryptomelane (d, e)
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Fig. 2. Diffraction pattern (a) and FTIR spectra (b) of the synthesized cryptomelane
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(variations from 708 to 720 cm™), and obviously, it is among
the main characteristic vibrations of the MnO, octahedral
framework of cryptomelane [13].

Strontium ions adsorption studies. To determine
the efficiency of the synthesized cryptomelane for
the selective strontium ions removal from multicomponent
solutions, the effect of contact duration, pH, and competitive
ions (Na, K, Ca) on strontium ions adsorption was carefully
investigated (Fig.3).

The effect of contact time on the amount of strontium
ions adsorbed by the synthesized cryptomelane
(Qg,, mg/g) from the monocomponent solution with Sr
ions concentration of 40 mg 1" (Fig. 3 a) demonstrates that
strontium ions adsorption is a fast process; it has reached
equilibrium within 60 min.

The effect of pH on strontium ions adsorption on
the synthesized cryptomelane was studied in a model
monocomponent solution with Sr ions concentration
of 40 mg 1" (Fig. 3b). The adsorption capacity increases
almost linearly from 2.4 to ~ 11 mg g with increasing pH
from 3 to 11. Thus, the experimental studies have revealed
that the alkaline medium is preferable for the effective
removal of strontium ions from multicomponent solutions
using cryptomelane as an adsorbent.

The effect of foreign ions concentration on strontium ion
adsorption was studied using four sets of model solutions
with neutral pH, equal concentration of strontium ions
(40 mg I'" or ~ 0.46 mmol 1), and various concentrations
of foreign ions. One of them contained only strontium
ions. Other set of the solutions along with strontium
contained sodium ions (0.01, 0.13, and 0.26 mol 1V).
The third set of the solutions along with strontium
contained potassium ions (0.01, 0.07, and 0.17 mol I,
respectively). And the fourth set of the solutions contained
strontium and calcium (0.01, 0.03, and 0.06 mol 1) ions.
The adsorption capacity of the synthesized cryptomelane
was examined, and the obtained results are presented in
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Fig. 3 c. The obtained results testify that the occurrence
of sodium and potassium ions in the model solutions leads
to areduction of the Qg values. The most notable decrease in
strontium ions adsorption on the synthesized cryptomelane
occurs in the model solutions with calcium ions. The obtained
results are in a good agreement with those presented for
the as-synthesized cryptomelane [5], where a decrease
of ¥Sr distribution coefficient with increasing of foreign ions
concentration (Na, K, Ca, and Mg) was demonstrated.

However, it should be noted that the model solutions
presented here can be considered “rigid experimental
conditions”. The sodium ion concentration, for example,
in one of the model solution (0.26 mol 1! or about
6,000 mg I''; Sr:Na= 1:560) is several hundred times
higher than that in tap water ( 2-20 mg 1) and only one
and a half times lower than sodium ion concentration
in typical seawater (10000 mg 1!). The calcium ion
concentration in other model solutions (0.03 mol I'!, or
1200 mg I''; Sr:Ca= 1:65) is also much higher than that
in tap water (2—-85 mg 1) [14] and even higher than that
in seawater (~ 470 mg I'") [15].

Desorption of strontium ions. There is no available
information on the desorptin of strontium ions from
Sr-loaded cryptomelane. Earlier it was shown that Sr-loaded
birnessite (manganese dioxide with a layered structure)
could be completely regenerated in 0.1 M HCI and
1 M NH,NO, solutions [9]. The desorption of Sr ions from
the Sr-loaded cryptomelane was also carried out using
0.1 M HCl and 1 M NH,NO, solutions as desorbing agents.
The obtained results have shown that after 24-h treatment
the desorption efficiency of the first solution was 4.6 %
and the second one — 5.2 %. These results suggest that
strontium ions adsorbed by the cryptomelane have been
stabilized there and cannot be easily desorbed.

Conclusions

Synthetic ~ cryptomelane ~ was  prepared by
the hydrothermal method via the reaction between Mn(II)

&5
pH

Fig. 3. The influence of the experimental conditions on the amount of Sr ions adsorbed by the synthesized cryptomelane.
Initial strontium concentration - 40 mg I"'; adsorbent dose - 3.33 g I''; pH ~ 6.5; T - 298 K.
Effect of contact time (a); Effect of pH (b); Effect of foreign ions concentration (c).
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parameters obtained when sorbing from the model solutions  of manganese dioxide with layered structure as an adsorbent for
with a significant excess of foreign ions over strontium ions.  selective removal of strontium ions from aqueous solution, SN

The currently presented results demonstrated that  Applied Sciences, 2(8). doi:10.1007/s42452-020-3180-7.

cryptomelane is a promising material for the removal 10. Post, J.E., Von Dreele, R.B., Buseck, PR. (1982), Symmetry
of strontium ions from multicomponent solutions and cat.ion displacements in hgllaqdites: Structure refinements of
and further retention of them inside the crystals. hollandite, cryptomelane, and priderite, Acta Cryst. B, 38:1056-1065.

However, before being suitable for industrial application, 11. Fan, C., V\;ang, L., Fan, X., et all. (20f15), T)(he mmeralolg\;[cal
tomelane should be transformed from finely dispersed ~ & racterization ol argentian ctyptome/ane trom JXiangguang Mn-
cryp y disp Ag deposit, North, J. Mineral. Petrol. Sci., 110:214-223.

powder form to nanocomposite materials. 12Potter, R.M., Rossman, G.R. (1979), The tetravalent
manganese oxides: identification, hydration, and structural

References relationships by infrared spectroscopy, Am. Mineral., 64:1199-1218.

1. Voronina, A.V., Semenishchev, V.S., Dharmendra, K.G. 13. Kang, L., Zhang, M., Liu, Z.H., et al. (2007), IR spectra of

(2020), Use of Sorption Method for Strontium Removal, in Pathak, = manganese oxides with either layered or tunnel structures, Spectrochim.
P., Gupta, D.K. (eds.). Strontium contamination in the environment, — Acta 4, 67(3-4):864-869. https ://doi.org/10.1016/j.saa.2006.09.001
Springer: 203-226. https ://doi.org/10.1007/978-3-030-15314 -4 11 14. Ong, CN., Grandjean, A.C., Heaney, R.P. (2009), The
2. Sylvester, P., Clearfield, A. (1998), The removal of strontium  mineral composition of water and its contribution to calcium and
and cesium from simulated Hanford groundwater using inorganic ion ~ magnesium intake, in Cotruvo, J., Bartram, J. (eds.). Calcium and
exchange materials, Solv. Extr. lon Exch., 16:1527-1539. https ://doi. ~ magnesium in drinking-water: public health significance. Geneva:
org/10.1080/07366 29980 89345 93oronina, A.V., Semenishchev, =~ World Health Organization:36-56.
V.S., Dharmendra, K.G. (2020), Use of sorption methods for 15. Krumgalz, B.S. (1982), Calcium distribution in the world
strontium removal ocean waters. Oceanol. Acta, 5:121-128.
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Anomauia. 'V pesynomami eunpobysanv sidepnoi 30poi, pobomu niONpueMcme s0epHo20 NATUEHO20 YUKIY, AMOMHUX eleKmpocmanyii
ma padiayiiHux agapii padiocmpoHyill, K NPOOYKM NOOLLY YPAHY, CMA8 KOMNOHEHMOM HABKOIUUWHbO020 cepedosuyd. Lleil padionykiio € ananozom
Kanvyito, Momy pO36UmMoK Memooig CeleKmuHO20 SUOALCHH padioCMpOHYilo 31 CMIYHUX 800 € akmyambHoio npobnemoro. Minepanu Oiokcudy
MAH2AHY pO32NA0AOMbCA AK NePCReKMUeHi adcopoyitini mamepianu 05 CeNeKMUBHO20 BUOALEHHS padioCMPOHYIIO 3 600HUX pO3yuHie. CuHmemuyHuL
Kpunmomenan (Minepan 3 MYHeNbHOIO CMPYKMYpoio) Oye CUHMEe306aHull 6 KUCIOMY DO3YUHI 3 SUKOPUCINAHHAM 2IOPOMEPMANbHO20 Memooy.
Pesynomamu penmeeniecvroi ougppaxyii ma ingpavepsonoi cnekmpockonii @yp'e niomeepounu myHeibHy CmMpyKmypy CUHME308aAH020 Mamepiay.
Pesynomamu ckanyganbHoi enekmponHoi MiKpOCKONIT noKa3au, wjo Kpunmomenan ymeoploemuscs y 6u2iaoi OKpY2aux YacmuHoK MIKDOHHO20 pO3MIDY,
AKI CK1a0aromvcs 3 HAHOGONIOKOH. 3 Memoio GU3HAYEHHS CeleKMUGHUX G1ACMUBOCHeN CUHME306aH020 Minepaty 3 6a2amoKOMNOHEHMHUX PO3UUHIE
npogedeno demanvhi OOCTIOJNCEH S 6NAUBY Yacy pearyil, konyenmpayii kamionie wo xonkypyioms (Na, K, Ca), ma pH posuuny na adcopbyiiiny
no6edinky ionie cmponyiro. CunmemuyHull KpUNMOMELarn NPOOEeMOHCMPY8As WBUOKY KiHemuKy I ni0suujeHy aocopoyiio 8 JIyHCHOMY cepedosuiyi,
a makodic GUCOKY egekmusHicmb adcopoyii 3 6azamoKoMnoHeHmHux posuunie. JlecopOyiini excnepumenmu NoKa3an, wo IOHU CMPOHYII0, SKI
BUILYYAIOMbCS CUHMEMUYHUM KPUNTNOMENAHOM, He MOICYmb Oymu 1e2ko oecopbosai. Ompumani pe3ynomamu 0036015100b pO32A0AMU CUNMEMUYHUL
KpUnmomenau sk nepcnekmusHutl Mamepian 0jis CeeKmueHo20 eULy4eH s I0HI6 CIMPOHYIIO 3 6a2amoKOMNOHEHMHUX PO3YUHIE.

Knrouoei cnosa: dioxcuo maneamny, Kpunmomenan, ceneKmugna aocopoyis, padiocmponyiil, 0e3axmueayis G0OHUX POZUUHIE.
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