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Adsorption of Strontium from Acidic Waste Solution by
Mn-Zr Mixed Hydrous Oxide Prepared by Co-Precipitation

Siileyman Inan and Yiiksel Altas

Institute of Nuclear Sciences, Ege University, Bornova-Izmir, Turkey

A manganese—zirconium mixed hydrous oxide with Mn to Zr
mole ratio of 1:1 was prepared to study the sorption behavior and
the removal of strontium from acidic radioactive waste solutions.
Mixed hydrous oxide was identified and characterized by DTA/
TGA, XRD, and surface analysis. The parameters affecting stron-
tium adsorption, such as initial pH, contact time, initial metal ion
concentration, temperature, adsorbent dose, and selectivity towards
competing ions were investigated. Sorption data have been inter-
preted in terms of Freundlich and Langmuir equations. Thermody-
namic parameters such as standard enthalpy (AH°), entropy
(AS°), and free energy (AG°) were calculated from the slope and
intercept of the plots of In K, versus 1/7. The results indicated that
the sorption of strontium onto manganese—zirconium mixed oxide is
endothermic and spontaneous in nature.

Keywords acidic solutions; co-precipitation; MnO,—ZrO,;
sorption; strontium

INTRODUCTION

The age that started with Becquerel’s discovery of
radioactivity, and gathered momentum with the advent
of nuclear power, has unavoidably generated its own
type of waste. Radioactive waste is generated at various
stages of the nuclear fuel cycle, which includes the mining
and milling of uranium ore, fuel fabrication, reactor
operation, and spent fuel reprocessing. Besides these
sources, radioactive waste is produced as a result of the
ever-increasing use of radioisotopes in medicine, industry,
and agriculture (1).

Strontium is a soft, silver-gray metal that occurs in nat-
ure as four stable isotopes. Strontium is present in nature
chiefly as celestite (SrSQO,4) and strontianite (SrCOs), and
it comprises about 0.025% of the earth’s crust. Strontium
has a variety of commercial and research uses. It has been
used in certain optical materials, and it produces the red
flame color of pyrotechnic devices such as fireworks and
signal flares. Strontium has also been used as an oxygen
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eliminator in electron tubes and to produce glass for color
television tubes. Sixteen major radioactive isotopes of
strontium exist, but only strontium-90 has a half-life
sufficiently long (2).

Strontium-90 (half-life = 28 years) a product of uranium
fission, is released to the environment from nuclear plant
accidents, nuclear weapons testing, waste streams asso-
ciated with fuel processing, and leakage from radioactive
waste storage facilities. Based on total inventory, half-life
and biological activity, strontium-90 is one of the most
important radionuclides released from nuclear reactors in
the first one hundred years of disposal (3).

The ever increasing pressure to reduce the release of
radioactive and other toxic substances into the environ-
ment requires constant improvement/upgrading of
processes and technologies for treatment and conditioning
of liquid radioactive waste. Treatment of liquid radioactive
waste quite often involves the application of several steps
such as filtration, precipitation, sorption, ion exchange,
evaporation and/or membrane separation to meet the
requirements both for the release of decontaminated
effluents into the environment and the conditioning of
waste concentrates for disposal (4).

Inorganic compounds are extremely proven candidates
for the separation of cesium and strontium from aqueous
waste streams (5). The good compatibility of inorganic
materials with the final waste forms, such as glass
and concrete, selectivity, thermal and chemical stability,
and their tolerance against ionizing radiation are
critical advantages of these materials over the organic
exchangers (6).

Various types of inorganic ion-exchangers and adsor-
bents have been reported for the removal of strontium:
natural and synthetic zeolites (7), titanosilicates and
titanates (8-10), titanium and zirconium phosphates (11),
hydrous metal oxides and their mixtures (12-18).

The lack of selectivity is one of the problems that can
limit the possibility of using particular sorbents in liquid
radioactive waste management, regardless of how promis-
ing the Kp or capacity data may be (12). A number of
inorganic sorbents show selectivity to *°Sr from alkaline
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waste solutions, but, so far, only few sorbents were reported
to be selective to strontium from acidic radioactive waste
streams (6). Silica-based sorbents (19-22) and metal
antimonate (23,24) compounds have been identified as
highly promising ion exchangers for the removal of *°Sr
and other key radionuclides from acidic or Ca-bearing
nuclear waste effluents. New type of materials are needed
for the selective removal and safe storage of *°Sr from
acidic nuclear waste solutions and from groundwater.

First, studies of selectivity of MnQO, to alkaline earth
cations have been accomplished in mid-70th. Later on, its
properties as a sorption material for strontium have been
studied in great detail. Typical Kp values for manganese
oxides are ca. 100mL/g. Like for other materials of high
affinity to strontium, the dependence of adsorption of
Sr** on pH reaches a plateau in alkaline media. In order
to afford the working ability of manganese oxide in more
acidic solutions, which is especially valuable for technical
applications, modification of MnO, by an acid-insoluble
oxide, SiO,, TiO, has been proposed. It has been shown
that mixed xMnQO, - ySiO, sorbents remain active up to
pH =~ 4.0, having enhanced capacity for strontium and
higher Kp values. Hydrous, amorphous MnO,-TiO, com-
posites have much greater affinity to Sr** ions at pH=7
than single oxides. One may therefore concludes that mod-
ification of MnO, by acid-resistant oxides may be highly
promising for the amendment of this material. Zirconia
seems even more favorable, in particular, if one bears in
mind its own reasonable ion-exchange property and high
capacity towards Sr** (13,14).

Selectivity and cation exchange property of manganese
oxides (25-30) and cation exchange and acid resistant
properties of zirconia (13) are well known. As a conse-
quence, manganese—zirconium mixed hydrous oxide seems
a prospective material for the sorption of strontium.

The co-precipitation of hydrous oxides (manganese and
zirconium oxide) affect seriously surface properties (speci-
fic surface area, porosity, acidic sites, etc.) of each compo-
nent, which provides a supplementary influence on the
sorption (12).

Numerous parameters influence the quality of precipi-
tates, vs raw materials used (such as, manganese sulphate,
nitrate, and chloride); the pH of the initial and the final
solutions; the excess of the oxidant; the type of a neutraliz-
ing agent (lithium, sodium, potassium hydroxide); the
washing method, and pH of leachates (31).

Previously, we prepared hydrous zirconium dioxide and
studied the sorption of strontium from alkaline solutions
(13). The aim of this study was to present an additional
investigation on the sorption behavior of strontium, as
an important fission product usually present in acidic solu-
tions. For this aim, manganese-zirconium mixed hydrous
oxide was co-precipitated and the parameters that affect
strontium adsorption were investigated.

EXPERIMENTAL
Chemicals and Reagents

Zirconium(IV) chloride was purchased from Riedel De
Haen. Manganese(I) nitrate tetra hydrate, strontium
nitrate, hydrogen peroxide, and sodium hydroxide were
purchased from Merck. Strontium nitrate was used to
prepare Sr(II) stock solutions (1000mg- L™, in 2% HNO3).
The working solutions were prepared by diluting the
stock solutions to appropriate volumes. All reagents used
in the experiments were AnalaR grade. Ultrapure water
(resistivity 18.2 MW -cm, TOC level 1-5ppb) was pre-
pared by the Millipore model water purification system
including Elix and Mili-Q was used in the experiments.

Preparation of Mn-Zr Mixed Hydrous Oxide

11.7g ZrCl, and 12.6 g Mn(NOs), - 4H,O were dissolved
in water with the addition of 20mL hydrogen peroxide
under stirring to prepare a 0.5M 100 mL mixed solution.
1 M KOH was slowly added to the mixture under vigorous
stirring at room temperature until the final pH was reached
to 12. The resulting mixtures were stirred for 1 hour and
left for 24 hours for aging. Then the settled solutions were
decanted, and precipitates were repeatedly washed with
distilled water until the constant pH value was accessed.
Further operations included filtering and airdrying at room
temperature. Materials obtained are uniform powders of
dark chocolate color.

The composition of the material was determined by dis-
solving 0.120 g of hydrous Mn-Zr oxide in 3mL of concen-
trated HCI in the presence of hydrogen peroxide with
heating. The solution was diluted and the elements were
determined by ICP-OES spectrometry. It was observed
that the weight ratio of Mn/Zr in the mixed hydrous oxide
was conserved as the initial weight ratio of 0.60.

The structural stability of Mn—Zr hydrous oxide against
acid solution was proven by observing no weight loss for
five day contact with the nitric acid solution of pH 2.

Batch Sorption Studies

The sorption experiments of strontium ions were con-
ducted by batch process. The pH values of these solutions
were adjusted with 1 mol- L~ NH; and 1 mol-L~! HNO;
solution by using Metrohm 654 pH meter with a combined
pH eclectrode. Batch sorption experiments were performed
by a thermostatically controlled shaker at 130rpm
(GFL-1086 model). In the experiments, Mn-Zr mixed
oxide was separately shaken with strontium solutions at
varying experimental conditions in 25mL Erlenmeyer
flasks. The supernatants were filtered through a filter paper
(Whatman No. 41) and the concentration of strontium in
the solution was measured before and after equilibrium
by a Perkin-Elmer Optima 2000DV ICP-OES. All the
experiments were carried out in duplicate and the mean
value was used in all cases. The adsorption percentages
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(Ads %) were calculated by:
Ads O/OZ(C[—CL)/C,) x 100 (1)

where C; and C, are the initial and equilibrium concentra-
tion of strontium in solution (mg-L™").

RESULTS AND DISCUSSION
Identification and Characterization

Thermal analysis related to Mn—Zr mixed hydrous oxide
was performed by DTA/TGA analysis using a Shimadzu
thermal analyzer. From the DTA curve, the endothermic
peak observed at 390K indicates the maximum value of
loss of water. From the TGA data, it was calculated that
the adsorbent includes 2.6 mol water. It was observed that
at 1199 K, the mixed oxide is converted to oxide by losing
completely its water (Fig. 1). X-ray diffraction analysis was
performed using a Perkin-Elmer model diffractometer
(CuKuo radiation A = 1.5418 A at 32 kV/22mA). Figure 2
shows the XRD analysis of Mn-Zr mixed oxide. From
the XRD pattern, it was observed that Mn—Zr mixed oxide
has an amorphous structure. Specific surface area and pore
diameter were measured by High Speed Surface Area
Analyzer (Micromeritics ASAP 2020 model). The specific
surface area (BET) of the sorbent was measured as
254m?-g~'. As it can be seen from Fig. 3, Mn—Zr mixed
oxide has a pore diameter of less than 20 angstroms. This
data, is in good agreement with manganese types sorbents
(14,16) in the literature, points out the microporous charac-
teristics of the sorbent.

The Effect of Initial pH
25mL of 100mg-L ™' strontium nitrate solutions were
treated with 0.1000 g of Mn—Zr hydrous oxide at different

TGA OTA
mg uty
16.00 |
<2000
14.00
<000
1200 F 1-20.00
10.00 | 4 -40.00
i 1 1 1 i P
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FIG. 1. DTA/TGA curves of Mn-Zr mixed hydrous oxide.
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FIG. 2. X-ray diffraction pattern of Mn—Zr mixed hydrous oxide.

pHs, in a thermostatically controlled shaker at 130 rpm, at
303K, for 3 hours.

Figure 4 shows the effect of pH on the adsorption
efficiency of strontium on Mn-Zr hydrous oxide. A sharp
increase of strontium adsorption was observed between
pH 3 and 4, then it becomes nearly constant between the
pH range of 4-8.

pH is an important factor controlling the process of
sorption. Understanding the sorption behavior of metal
ions from aqueous solution on hydrous oxides, requires
knowledge of the chemistry of the oxide-water interface
and the thermodynamic parameters governing sorption
and desorption. The amphoteric nature of hydrous metal
oxides, as sorbents, strongly influences the sorption of
metal ions from aqueous solution. Hydrous oxides
(MOH) in acidic media react with H" to produce a proto-
nated (MOH3 ) surface with an anionic exchange group as
shown in Eq. (2). In alkaline solution the hydroxyl ion
reacts with the hydrous oxide to produce the deprotonated
(MO™) form as shown in Eq. (3) (32)

MOH; — MOH® +H™ (2)

Positive Neutral

0.12 + \
0.10 ]
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£ 0.08
g ]
© ] \
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> 8 |
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FIG. 3. Pore size distribution of Mn-Zr mixed hydrous oxide.
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FIG. 4. Effect of initial pH on the Sr*™ sorption on Mn-Zr mixed
hydrous oxide (Initial strontium concentration: 100 mg - L™, temperature:
30°C, contact time: 180 min., sorbent amount: 0.1000 g).

MOH" — MO~ +H* (3)

Negative

Inan et al. (2006) have previously studied the sorption of
strontium onto hydrous zirconium dioxide. The increase in
the sorption of Sr(II) ions on hydrous zirconium dioxide
with increasing pH of the aqueous solution is explicable
on the basis of enhanced dissociation of surface hydroxyl
groups of the hydrous oxide. At a lower pH, the oxide sur-
faces will have a positive character and less affinity for
strontium ions; on the other hand at higher pH, the oxide
will behave as negatively charged surface, as a result of
which the uptake is a maximum in alkaline solutions (13).

Venkatesan et. al. reported that the sorption of stron-
tium on hydrous zirconium dioxide was found to be
strongly dependent on pH. The sorption edge was occured
at pH = 8. When the equilibrium pH reaches 8, Sr*>" under-
goes hydrolysis to Sr(OH)™. Partial hydrolysis of Sr*" to a
lower charged ion Sr(OH)" could be accounted for this
behavior (32,33).

Hydrous Mn oxides (HMO) in particular are important
scavengers of trace metals and other contaminants in the
environment because of their ubiquitous presence in clays,
soils and sediments, their high surface area, and strong
affinity for many elements. Sorption is affected by both
electrostatic and chemical forces. Manganese oxides can
exhibit a low pH point of zero charge (pHpzc) and can
develop a large negative surface charge over the pH range
of interest in most natural waters (34).

By the co-precipitation of manganese—zirconium mixed
hydrous oxide, it was achieved to remove strontium from
acidic solutions which is especially valuable for technical
applications.

100 3000

a0 F = 2500
s - 2000
g B0 =
=2 11800
@A £
+ 40F N
p - 1000

—0— S+ Sorption, %
2 r —— K - 500
D I 1 1 1 1 1 1 1 1 1 1 1 1 1

' 1]
0 50 100 150 200 20 300 3HBO 400
Time (Mn.)

FIG. 5. Effect of contact time on the sorption of Sr** on Mn-Zr mixed
hydrous oxide (Initial strontium concentration: 100mg-L™!; initial pH:
4.1; temperature: 30°C; sorbent amount: 0.1000 g).

The Effect of Contact Time

The adsorption of strontium on hydrous manganese—
zirconium oxide was studied as a function of shaking time
ranging from 15-360 minutes. The other parameters were
kept constant. The adsorption yield increases with the
shaking time (Fig. 5). At the start, the ions adsorbed and
occupied selectively the active sites on the sorbent. As the
contact time increased the active sites on the adsorbents
were filled. The rate of adsorption became gradually slower
and reached a plateau.

The Effect of Initial Metal lon Concentration

Strontium sorption by hydrous manganese-zirconium
oxide as a function of the initial metal ion concentration
was studied from 5 to 300mg-L~"'. The amount of Sr*"
ions adsorbed on the sorbent (mg- g~ ') increased with the
initial concentration of the metal ions (Fig. 6). The quantity
of the adsorbed strontium on hydrous manganese—
zirconium oxide was calculated as the difference between
initial and equilibrium concentration [Eq. (1)].

In order to understand the adsorption capacity of the
adsorbents, the equilibrium data were evaluated according
to the Freundlich and Langmuir isotherms. The analysis of
the relationship between mixed oxide adsorption capacity
and strontium concentration was performed using the
Langmuir equation:

q:(ci_ce)'V/W (4)
Ce/qe =1/gsb+ C./qs (5)
where ¢, is the quantity of strontium ion adsorbed per unit

mass of the sorbent, ¢gs indicates the maximum adsorption
capacity of mixed oxide, b is a constant related to the
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FIG. 6. Effect of initial concentration on the Sr** sorption on Mn-Zr
mixed hydrous oxide (Initial pH: 4.1, temperature: 30°C, contact time:
180 min, sorbent amount: 0.1000 g).

adsorption intensity, C, is the strontium concentration at
equilibrium, C; is the initial concentration of strontium,
V' is the volume of solution, and W is the mass of the
sorbent. From the slope and intercept of the linear graph
of C,/q. versus C,, Langmuir constants gs and b were
calculated.

Langmuir isotherm models the monolayer coverage of
the adsorption surface. This model assumes that adsorp-
tion occurs at specific homogeneous adsorption sites
within the adsorbent and intermolecular forces decrease
rapidly with the distance from the adsorption surface.
The Langmuir adsorption model further based on the
assumption that all adsorption sites are energetically iden-
tical and adsorption occurs on a structurally homogeneous
adsorbent (39).

The Freundlich equation, which was applied for the
adsorption of strontium, is given as:

Q. = KG}" (6)
Eq. (6) can be rearranged to linear form:
1
logg =logK + ;log C. (7)

where ¢ is the amount of the solute adsorbed per mass unit
adsorbent, C, is the equilibrium concentration, and K and
n are the Freundlich constants characteristic of a particular
adsorption isotherm and can be evaluated from the inter-
cept and slope of the linear plot of log ¢ versus log C..

The corresponding Langmuir and Freundlich para-
meters along with correlation coefficients are reported in
Table 1.

Based on the value of the correlation coefficient
(R*>=10.985) it can be seen that the behavior of strontium

TABLE 1
Langmuir and Freundlich constants for the sorption of
strontium on Mn-Zr mixed hydrous oxide

Freundlich constants

K 16.98

n 9.3

R? 0.796
Langmuir constants

gs (mg-g~h) 30.86

b (L-mg 0.40

R? 0.985

adsorption on the hydrous manganese-zirconium oxide is
a Langmuir type isotherm (Fig. 7). The Langmuir values
of gs was calculated as 30.9mg-g ! by the slope of the
isotherm and »=0.40L-mg ' through the ordinate at
the origin of the isotherm.

The Effect of Temperature

The experiments were carried out at 293, 303, 313, and
333 K. The other parameters were kept constant. Figure 8
shows that the uptake of strontium slightly increases with
the increasing temperature.

The distribution coefficients (Kp) were calculated by:

Kp =(Ci—C,/C,) - (V/m) (8)

where C; and C, are the initial and equilibrium concentra-
tions of Sr** jons in the solution, respectively, mg-L~!, ¥
is the solution volume (mL) and m is the mass of the
sorbent (g).

B
*
A 4
4
&
33
2 4
y = 0,0324x + 0,0802
1 R? = 0,9851
D T T T
0 50 100 150 200

Ce SF (mo.L'"

FIG. 7. Langmuir isotherm for Sr** sorption on Mn—Zr mixed hydrous
oxide.
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FIG. 8. Effect of temperature on the Sr*" sorption on Mn—Zr mixed
hydrous oxide (Initial strontium concentration: 100mgL~"; initial pH:
4.1; contact time: 180 min; sorbent amount: 0.1000 g).

The values of AH° and AS° were calculated from the
slope and intercept of the linear variation of In Kp with
reciprocal temperature, 1/7 (Fig. 9) by:

InKp = (—AH°/RT) + (AS°/R) 9)

where K, is the distribution coefficient (mL-g~'), AS° is
the standard entropy, AH° is the standard enthalpy, T
is the temperature, and R is the gas constant (kJ-mol -
K.

The free energy of specific adsorption AG® was calcu-
lated by:

AG® = AH®° — TAS® (10)

The values of AH°, AS°, and AG® are given in Table 2. The
value of AH® =27.47kJ -mol~' and AG° = —17.98kJ - mol ™"

10
8— \
" 6
—
£
(]
§ 4 y=-3304.1x+18.18
= R®=0.9958
2 4
ﬂ T T T T T
00029 0003 00031 00032 00033 00034 0.0035

1KY

FIG. 9. Variation of In Kp with 1/T for sorption of Sr** on Mn—Zr
mixed hydrous oxide.

TABLE 2
Thermodynamic parameters for strontium
sorption on Mn—Zr mixed hydrous oxide

AH® (kj-mol ™) 27.47
AS° (j-mol™'- K™ 150
—AG® (kj-mol ™)

293K 16.48
303K 17.98
313K 19.48
333K 22.48

at 303 K suggest that the sorption of strontium on mixed
oxide is an endothermic and a spontaneous process.

The Effect of Sorbent Dose

The volume of solution (25mL) and the concentration
of strontium (100mg-L~!) were kept constant while the
amount of Mn-Zr mixed oxide varied from 0.0500 to
0.1500 g. The results of the dependence of strontium sorp-
tion on the amount of sorbent dose are shown in Fig. 10. It
1s seen that, an increase in the sorbent concentration causes
an increase in the strontium adsorption. This is expected
because increasing sorbent particles in the solution causes
more strontium ions interact to these particles.

Selectivity Towards Competing Metal lons

The influence of divalent cations Ca>" and Ba>" for the
adsorption of strontium on the mixed oxide was investi-
gated. In the experiments, 1.14 x 10 >mol- L~ strontium
nitrate solutions including each 1.25x 1074, 1.25x 1073,
and 2.5 x 10> mol - L™! of calcium nitrate and 3.65 x 107>,
3.65x 107*and 7.3 x 10"*mol - L' of barium nitrate were
treated with 0.1000 g mixed oxide at pH 4.1, during 3 h at
303 K. Distribution coefficients (Kp) and strontium

100
a
" {6000
o
80 I://' 15000
= /
: o 1 4000
é 60 =
g 300 3
= 4
& 404 o &
. \_,-L‘
n 4 2000
20 * e
. o 41000
.'_____,-f —a— % s+ Sorption
0 T T T T T 0
1 2 3 4 5 B 7

Dose ofthe sarbent (g.L")

FIG. 10. Dependence of Sr** sorption on dose of the sorbent (Initial
strontium concentration: 100mgL~; initial pH: 4.1; temperature: 30°C;
contact time: 180 min).



08:53 25 January 2011

Downl oaded At:

ADSORPTION OF STRONTIUM FROM ACIDIC WASTE SOLUTION 275

TABLE 3
The effect of Ca>", Ba®>" on the sorption of Sr**
Ca’" initial concentration (mol-L™") 0 1.25%x107* 1.25%x 1077 2.50x 1077
Sr** adsorption (%) 85.7 75.3 53.6 38.9
Kp Sr (mL-g™ ") 1498.3 761.7 288.4 159.1
Ba’" initial concentration (mol-L™") 0 3.65%x107° 3.65%x 107* 7.30 x 10~*
Sr*™ adsorption (%) 86.2 83.6 76.0 61.6
Kp Sr(mL-g™ ") 1561.6 1269.8 792.1 400.5

adsorption efficiency were determined. As seen in Table 3,
for increasing concentrations of Ca*" ions, the strontium
adsorption efficiency and Kp values decrease. However,
in the presence of Ba®' ions, mixed oxide showed more
selectivity for Sr*" ions than Ba*" jons.

CONCLUSION

A novel Mn—Zr mixed hydrous oxide for effective stron-
tium removal from acidic solutions has been prepared by a
simultaneous oxidation and co-precipitation method. The
prepared Mn—Zr mixed oxide with a high surface area
(254m?- g~ ') was amorphous. Manganese and zirconium
in this material existed mainly in the oxidation state +IV.
The mixed hydrous oxide showed high Sr** uptake in the
acidic region which is important to handle acidic waste
solutions. The maximum sorption capacity for Sr*" was
309mg-g .

Among the tested cations, calcium was the greatest
competitor with strontium for sorptive sites on the sorbent
and the strontium removal was not significantly decreased
when relatively low concentration of these cations
occurred. Furthermore, mixed hydrous oxide has a greater
affinity for Sr*" in the presence of Ba®" ions. The selecitv-
ity of the mixed oxide for alkaline-carth metals increased
in the series Ba < Sr < Ca.

The overall results indicate that, Mn—Zr mixed hydrous
oxide is a good candidate for the removal of Sr*" especially
from acidic waste solution.

ACKNOWLEDGEMENT

The authors are grateful to Ege University Research
Foundation for providing financial assistance for this
project under Research Contact No. 2006 NBE 008.

REFERENCES

1. TAEA, (2002) Issues And Trends In Radioactive Waste Management,
Proceedings Series, STI/PUB/1175, IAEA, Vienna.

2. Peterson, J.; MacDonell, M.; Haroun, L.; Monette, F. (2007) Radi-
ological and Chemical Fact Sheets to Support Health Risk Analyses
for Contaminated Areas, Argonne National Laboratory Environmen-
tal Science Division.

3. Martin, A.; Simon, H.A. (1972) In: Management of Radioactive
Wastes from Fuel Reprocessing; 55-75.

4. TAEA, (2003) Combined methods for liquid radioactive waste
treatment, IJAEA-Tec Doc-1336, Vienna.

12.

13.

14.

15.

17.

18.

19.

20.

. Behrens, E.A.;

. Kumar, S.S.; Sivaiah, M.V.; Venkatesan, K.A.; Krishna, R.M.;

Murthy, G.S.; Sasidhar, P. (2003) Removal of cesium and strontium
from acid solution using a composite of zirconium molybdate and
zirconium tungstate. J. Radioanal. Nucl. Ch., 258 (2): 321-327.

. Moller, T. (2002) Selective Crystalline Inorganic Materials as Ion

Exchangers in the Treatment of Nuclear Waste Solutions; Academic
Dissertation: Helsinki.

. Marinin, D.V.; Brown, G.N. (2000) Studies of sorbent/ion-exchange

materials for the removal of radioactive strontium from liquid
radioactive waste and high hardness groundwaters. Waste Manage.,
20: 545-553.

. Duff, M.C.; Hunter, D.B.; Hobbs, D.T.; Fink, S.D.; Dai, Z.; Bradley,

J.P. (2004) Mechanisms of strontium and uranium removal from
high-level radioactive waste simulant solutions by the sorbent mono-
sodium titanate. Environ. Sci. Technol., 38: 5201-5207.

. Tripathia, A.; Medvedev, D.G.; Clearfield, A. (2005) The crystal

structures of strontium exchanged sodium titanosilicates in relation
to selectivity for nuclear waste treatment. J. Solid State Chem., 178:
253-261.

Clearfield, A. (1997) Titanium = silicates,
M;HtisOy4 - (SiOy)3-4H,0 (M=Na®, K%) with three dimensional
tunnel structures for the selective removal of strontium and cesium
from wastewater solutions. Microporous Mater., 11: 65-75.

. Nakayamaa, S.; Itoh, K. (2003) Immobilization of strontium by

crystalline zirconium phosphate. Journal of the European Ceramic
Society, 23: 1047-1052.

Girboga, G.; Tel, H.; Altas, Y. (2006) Sorption studies of cesium on
Ti0O,-SiO0, mixed gel spheres. Sep. Purif. Technol., 47: 96-104.

Inan, S.; Tel, H.; Altas, Y. (2006) Sorption studies of strontium
on hydrous zirconium dioxide. J. Radioanal. Nucl. Ch., 267 (3):
615-621.

Pendelyuk, O.; Lisnycha, T.V.; Strelko, V.V.; Kirillov, S.A. (2005)
Amorphous MnO,-TiO, composites as sorbents for Sr>" and
UO3*. Adsorption, 11: 799-804.

Venkatesan, K.A.; Sasidharan, N.S.; Wattal, P.K. (1997) Sorption
of radioactive strontium on a silica-titania mixed hydrous oxide gel.
J. Radioanal. Nucl. Ch., 220 (1): 55-58.

. Trivedi, P.; Axe, L. (1999) A comparison of strontium sorption to

hydrous aluminum, iron, and manganese oxides. J. Colloid Interf.
Sci., 218: 554-563.

Logunov, M.V.; Skobtsov, A.S.; Soldatov, B.V.; Pazdnikov, A.P.;
Voroshilov, Y.A.; Rovny, Sergey, 1. (2004) Research and application
of inorganic selective sorbents at Mayak PA. C.R. Chimie, 7:
1185-1190.

Shabana, E.I.; El-Dessouky, M.I. (2002) Sorption of cesium and
strontium ions on hydrous titanium dioxide from chloride medium.
J. Radioanal. Nucl. Ch., 253 (2): 281-284.

Horwitz, E.P.; Chiarizia, R.; Dietz, M.L. (1992) A novel
strontium-selective extraction chromatographic resin. Solvent Extr.
Ion Exch., 10: 313.

Chiarizia, R.; Horwitz, E.P.; Dietz, M.L. (1992) Acid dependency
of the extraction of selected metal ions by a strontium-selective



08: 53 25 January 2011

Downl oaded At:

276

21.

22

23.

24.

25.
26.

27.

28.

extraction chromatographic resin: Calculated vs. experimental curves.
Solvent Extr. Ion Exch., 10: 337.

Zhang, A.; Wei, Y.Z.; Hoshi, H.; Kumagai, M. (2005) Chromato-
graphic separation of strontium(Il) from a nitric acid solution
containing some typically simulated elements by a novel silica-based
TODGA impregnated polymeric composite in MAREC process.
Solvent Extr. Ion Exch., 23: 231.

Zhang, A.; Wei, Y.Z.; Hoshi, H.; Kumagai, M. (2008) Separation of
strontium ions from a simulated highly active liquid waste using a com-
posite of silica-crown ether in a polymer. J. Sep. Sci., 31: 3148-3155.
Moller, T.; Harjula, R.; Paajanen, A. (2003) Removal of 858r, 134Cs,
and *’Co radionuclides from acidic and neutral waste solutions by
metal doped antimony silicates. Sep. Sci. Technol., 38: 2995-3007.
Koivula, R.; Harjula, R.; Lehto, J. (2003) %Ni and *’Co uptake and
selectivity of tin antimonates of different structure. Sep. Sci. Technol.,
38: 3795-3808.

Murray, J.W. (1974a) The interaction of metal ions at the manganese
dioxide-solution. Interface Geochim. Cosmochim. Ac., 39: 505-519.
Murray, J.W. (1974b) The surface chemistry of hydrous manganese
dioxide. J. Colloid Interf. Sci., 46: 357-371.

Kanungo, S.B. (1991) Preparation of battery-grade manganese dioxide
through disproportionation of partially oxidized hydrous manganese
oxide in dilute sulphuric acid. J. Chem. Technol. Biot., 50: 91-100.
White, D.A.; Labayru, R. (1991) Synthesis of a manganese
dioxide-silica hydrous composite and its properties as a sorption mate-
rials for strontium. Ind. Eng. Chem. Res., 30: 207-210.

S. INAN AND Y.

29.

30.

31.

32.

33.

34.

35.

ALTAS

Mishra, S.P.; Tiwary, D. (1995) Ion exchangers in radioactive waste
management. Part VIII: Radiotracer studies on adsorption of strontium
ions on hydrous manganese oxide. Radiochim. Acta., 69: 121-126.
Leont’eva, G.V. (1997) Structural modification of manganese(11l, IV)
oxides in synthesis of sorbents selective to strontium. Russ. J. Appl.
Chem., 70: 1535-1538.

Kirillov, S.A.; Lesnichaya, T.V.; Visloguzova, N.M.; Khainakov, S.A.;
Pendelyuk, O.I.; Dzanashvili, D.I.; Marsagishvili, T.A.; Barsukov,
V.Z.; Khomenko, V.G.; Tkachenkoa, A.V.; Chernukhin, S.I.
(2006) On the optimal design of amorphous manganese oxide
for applications in power sources. In: New Carbon Based Materials
for Electrochemical Energy Storage Systems: Batteries, Supercapaci-
tors and Fuel Cells, Vol. 229, Barsukov, 1.V. et al. eds.; Springer:
Netherlands, Dordrecht, 473-479.

Venkatesan, K.A.; Selvam, G.P.; Vasudeva Rao, P.R. (2000) Sorption
of strontium on hydrous zirconium oxide. Sep. Sci. Technol., 35 (14):
2343-2357.

Venkatesan, K.A.; Vasudeva Rao, P.R.; Stamberg, K. (2001) Model-
ling of the sorption of Sr(II) on hydrous zirconium oxide. J. Radioanal.
Nucl. Ch., 250 (3): 477-484.

Tonkina, J.W.; Balistrieri, L.S.; Murray, J.W. (2004) Modeling
sorption of divalent metal cations on hydrous manganese oxide using
the diffuse double layer model. Appl. Geochem., 19: 29-53.

Unlii, N.; Ersoz, M. (2006) Adsorption characteristics of heavy metal
ions onto a low cost biopolymeric sorbent from aqueous solutions.
J. Hazard. Mater., B136: 272-280.



