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Abstract

The selective removal of °Sr from natural waters and technological effluents is an important issue to ensure radiation
safety. Manganese dioxide with layered structure was prepared through the reaction of potassium permanganate with
manganese chloride in alkaline medium at room temperature. The results of X-ray diffraction method and Fourier trans-
form infrared spectroscopy confirmed the formation of c-disordered hexagonal birnessite. Scanning electron microscopy
revealed that the synthesized birnessite is formed as agglomerated microspheres. Scanning electron microscopy and
adsorption-desorption method revealed that birnessite is formed as agglomerated microspheres with mesoporous
texture and external surface area of 207 m?/g. To determine the efficiency of the synthesized birnessite in selective
removal of strontium ions from multicomponent solutions, the effect of contact time, competitive ions (Na, K, Ca) and
pH on strontium ions adsorption was investigated in detail. Strontium ions adsorption has demonstrated a fast initial
adsorption followed by a much slower sorption process. It was found that the synthesized birnessite can effectively
remove strontium ions from monocomponent solution. The presence of alkaline metals ions in the model solutions (up
to ~0.3 mol/l) had little effect on strontium ions adsorption; however, calcium ions caused considerable decrease in the
adsorption parameters. However, taking into account a relatively high adsorption parameters obtained in the model
solutions characterized by a high concentration of calcium ions and a significant excess of calcium over strontium ions,
the synthesized birnessite can be considered as an adsorbent with a rather high selectivity toward strontium ions. It can
be effectively applied for the removal of strontium ions from multicomponent solutions with a high salt content. The
alkaline medium is preferable for selective removal of strontium ions. The synthesized birnessite has lots of additional
advantages, such as its simple fabrication process, low-cost raw materials and the ease of desorption.
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1 Introduction (28.8 years), high solubility and biological toxicity. The
results of extensive research have revealed that °Sr with
Nuclear weapon tests, nuclear accidents or unauthorized 137Cs radionuclides is among the most abundant radioac-

release of radionuclides from nuclear facilities cause con- tive pollutants in natural waters as well as in technological
tinuous increase in concentration of artificial radionuclides solutions; that is why, the selective removal of these radio-
in the environment. *°Sr is one of the most hazardous radi-  nuclides needs special attention to ensure radiation safety.
oactive fission products owing to its long half-life period
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Adsorption is the most effective and economically
feasible method of purification of aqueous solutions
containing trace amounts of Sr(ll) ions [1, 2]. Synthetic
inorganic adsorbents are the preferred materials for the
removal of strontium radionuclides from natural waters
and technological solutions due to their high selectivity,
radiation and thermal stability. The widely used adsor-
bents are oxides/hydrated oxides of Ti(IV), Mn(IV), Zr(1V),
Sn(lV), poly-antimony acids, crystalline titanates and sili-
cotitanates, as well as various composites on their basis
[1-5].

Manganese dioxide is considered as a promising mate-
rial for the selective removal of strontium ions from multi-
component contaminated waters [6-12]. The term “man-
ganese dioxide” (MD) in the scientific literature refers to
a number of mineral species, the main structural unit of
which is [MnOg] octahedron (where Mn is represented pre-
dominantly by Mn*" and Mn3*). These MnOg octahedral
units can be linked by edge- or corner-sharing in different
ways to form crystals with layered (busserite, birnessite,
etc.) or tunnel (cryptomelane, todorokite, etc.) structure
[13].

There are many publications that show the high effi-
ciency of manganese dioxide for ?°Sr removal from
multicomponent solutions [2]. However, the correlation
between the adsorption efficiency of manganese dioxide
and its crystal structure is complicated by the fact that the
authors have not paid enough attention to the identifica-
tion of the manganese dioxide phase used. For example,
several composite adsorbents containing manganese
dioxide, defined as “manganese hydroxide,” have demon-
strated a high efficiency in the removal of *°Sr from model
solutions simulating low-level liquid radioactive waste [9]
as well as radioactive waste waters from nuclear power
plants with various surfactants [10].

Amorphous (hydrous) manganese oxide, extracted from
soil samples, which have been collected in contaminated
areas of Belarus, showed an accumulation of °Sr in the
amounts exceeding the background by 5-10 times. Sub-
sequent laboratory studies confirmed the high adsorption
capacity of freshly synthesized hydrous manganese oxide
samples with respect to *°Sr at pH values from 4 to 9 [14]. It
should be noted that the terms“amorphous”and “hydrous”
manganese dioxide, as a rule, refer to the mineral named
“birnessite"—manganese dioxide with layered structure.
This mineral is formed in the form of fine-dispersed, poorly
crystallized particles, the X-ray diffraction patterns of
which show broad diffuse peaks.

Other publications inform on high selectivity of man-
ganese dioxide samples with tunnel structure when
sorbing %°Sr from multicomponent solutions containing
calcium and magnesium ions. For example, manganese
dioxide adsorbent ISMA-3 (Russia) based on the mineral
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psilomelane (or cryptomelane) had the following separa-
tion coefficients: Sr-Ca—23, Sr-Mg—650 [6].

Other adsorbent ISM-S (Russia) based on manganese
dioxide with the composition (Na, K)g 55_93MnO; ¢_5 4
(apparently, cryptomelane) was successfully used for treat-
ment of water from accumulating basin of the Mayak Pro-
duction Association (Chelyabinsk Region, Russia) with high
content of 2°Sr. The initial °°Sr activity was about 3.0x 1078
Ci/l and total water hardness of 4.5-5.4 meq/I [15].

The manganese dioxide samples with a tunnel struc-
ture (cryptomelane and todorokite), studied in [7], showed
the selectivity coefficients K, = 1.0 for cryptomelane and
Ksrmg =50.0, Ksy/c, =10 for todorokite. It was mentioned
also that todorokite is highly efficient in adsorption of
other radionuclides—>’Co (in the pH range of 1-10) and
137Cs (in acidic solutions).

Thus, the brief analysis of references indicates the high
efficiency of manganese dioxide in the removal of *°Sr
from contaminated waters; however, it does not allow
correlating the adsorption and selective to strontium ions
properties with a certain crystalline structure of MD and
requires additional research.

The aim of the present work is the synthesis of manga-
nese dioxide with a layered structure (birnessite) and the
determination of its efficiency in removal of strontium ions
from mono- and multicomponent model solutions.

Later the obtained data will be compared with the
adsorption properties of manganese dioxides with a tun-
nel structure (cryptomelane and todorokite) to answer the
question on what manganese dioxide type has the best
selectivity to strontium ions.

2 Experimental
2.1 Materials and reagents

Chemicals (MnCl,-4H,0, KMnO,, NaNO;, KNO;, NaOH,
KOH) were of analytical grade and used without addi-
tional purifications. Nonradioactive SrCl, x 6H,0 (Dae Jung
Chemicals & Metals Co., Ltd., Siheung City, South Korea)
was used as a surrogate for °°Sr because of its identical
chemical characteristics. All working solutions were pre-
pared using distillated water; pH was adjusted with a suit-
able quantity of NaOH and HCI, monitored with a digital
pH meter. All adsorption experiments were carried out at
ambient temperature.

2.2 Synthesis of birnessite
To synthesize birnessite, we used a redox chemical method

involving the reaction between Mn(ll) (MnCl, salt solution)
and Mn(VIl) ions (KMnQ, salt solution) in alkaline medium
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(KOH solution, pH 9-10) at KMnO,/MnCl, ratio of 0.56 [16].
The mixture was aged for 24 h at room temperature. Black
precipitate was filtered under vacuum, washed several
times with distilled water and then dried at 70 °C for 24 h.
The obtained product was ground before the adsorption
experiments.

2.3 Characterization

The surface morphology of the synthesized birnessite was
observed by a JEOL JSM-6490LV scanning electron micro-
scope (JEOL Ltd., Japan). The studied samples were sput-
ter-coated with a thin Pt layer prior to examination. The
scanning electron microscope (SEM) was equipped with
an Oxford Instruments energy-dispersive X-ray spectros-
copy (EDS) system for analyzing elemental composition.

Fourier transform infrared (FTIR) measurements were
taken using a Nicolet Nexus 470 FTIR spectrometer (Nico-
let Instrument Corp.) with attenuated total reflectance
mode.

X-ray diffraction (XRD) studies were carried out on a
DRON-3 diffractometer (Scientific Industrial Enterprise
“Burevestnik,’ St. Petersburg, Russia) using Cu-K, radiation
in the range 10°-90° in 26 at room temperature.

The specific surface area, pore volume and nitrogen
adsorption-desorption isotherm of the synthesized sam-
ple at liquid nitrogen temperature (— 196 °C) were deter-
mined with the surface area analyzer Nova 2200e (Quan-
tachrome, USA).

2.4 Adsorption experiments

A strontium chloride stock solution of 500 mg/l was
diluted, as required, to obtain the desired concentration.

Adsorption experiments were carried out in batch
mode under shaking by placing a dry ground birnessite
sample (0.05 g) in a series of polypropylene flasks with
15 ml of SrCl, solution. After 24-h treatment, the residual
solution was filtered through a Whatman filter paper and
analyzed for Sr concentration by the atomic absorption
spectrophotometer model AA-8500 (Nippon Jarrell-Ash
Co., Ltd., Kyoto, Japan).

The amount of strontium ions adsorbed, or the adsorp-
tion capacity of the synthesized birnessite, Qg (mg/g), was
calculated as follows:

(Co-C)-V

Q. =
Sr m

where C; and C, are the initial concentration and concen-
tration of strontium ions at time t (mg/l) in the experimen-
tal solution, Vis the volume of the solution (I), and Wis the
weight of the adsorbent (g).

Adsorption efficiency Es, (%) was calculated as follows:

Co—C
E;, = — - 100
Sr CO

All the experiments were performed in duplicate.

2.5 Desorption of strontium ions and repeated
adsorption

The desorption studies were carried out with 1 M HCl or
1 M NH,NO; solution as the desorbing agent. A dry Sr-
loaded birnessite sample (0.05 g) with the known amount
of strontium ions adsorbed was put in a polypropylene
flask with 15 ml of desorbing solution. After 24-h treat-
ment, the residual solution was filtered through a What-
man filter paper and analyzed for Sr concentration by the
atomic absorption spectrophotometer.

The amount of strontium ions desorbed, Qp ¢, (Mg/g),
of the studied sample, was calculated as follows:

CD : VD
mp

QD_Sr =

where Cj, is the concentration of Srions in the desorbing

solution (mg/l), V is the volume of the desorbing solution

(1), and my is the weight of the studied sample (g).
Desorption efficiency Ep s (%) was calculated as follows:

QD Sr
E -
D_Sr er

- 100

The experimental conditions of the repeated adsorp-
tion were identical to those used in the first adsorption
cycle.

The efficiency of the repeated adsorption (the adsorp-
tion retention) was calculated as a ratio of adsorption effi-
ciency of the second (third....) adsorption cycle to adsorp-
tion efficiency of the first cycle.

At the end of adsorption as well as desorption experi-
ments, the studied samples were washed with distilled
water and dried at 70 °C for 24 h.

3 Results and discussion
3.1 Birnessite synthesis

Birnessite is a common name for hydrated layered manga-
nese dioxides (phyllomanganates) formed by two-dimen-
sional layers of edge-sharing [MnO¢] octahedra, with
hydrated cations (e.g., Na*, K*, Ca®*) and water molecules
in the interlayer region. The typical interlayer distance is
close to~7 A. Birnessite is a widely distributed in natural

SN Applied Sciences

A SPRINGER NATURE journal



Research Article

SN Applied Sciences (2020) 2:1379 | https://doi.org/10.1007/s42452-020-3180-7

environments mineral, and it can be easily synthesized
in laboratory conditions through various pathways [17].
Synthetic birnessite is formed as a porous fine-dispersed
powder with high specific surface area (from dozens to
hundreds of m?/g) and a low point of zero charge ~2-2.5
[18].

Since the morphology and particles’ size of synthetic
birnessite have been shown to influence its sorption and
oxidative properties [19], the synthesized mineral phase
has been studied by SEM, EDS, FTIR and XRD methods.

The synthesized birnessite is a fine-dispersed black
powder. SEM images show that birnessite is formed
as rounded 20-30-um particles (Fig. 1a); however, at
a higher magnification it can be seen that the particles
are agglomerates of smaller globules with a diameter of
about 200-250 nm (Fig. 1b). Birnessite of similar morphol-
ogy was reported in the literature [20]; however, it possible
to find information on synthetic birnessite particles with
other morphology too [19]. Microanalysis of the particles
showed that they comprise such elements as K, Mn and O.

3.2 Characterization of the synthesized birnessite

As it is published in the scientific literature, the identifi-
cation of both natural and synthetic birnessites is a chal-
lenge, since this mineral phase is formed as fine-dispersed
poorly crystallized particles. The diffraction patterns show
broad blurry peaks; that is why, birnessite is often named
as amorphous or hydrous manganese dioxide. Only rel-
atively recent detailed studies of a number of synthetic
birnessites made it possible to distinguish two varieties,
triclinic and hexagonal birnessite. It was also found that
hexagonal birnessite can have both ordered and disor-
dered along the c-axis structures [16, 21]. The octahedral
layers of synthetic triclinic and hexagonal birnessite were
found to differ in Mn valence states and vacancy concen-
tration that determines some difference in their chemical
activity [22].

The X-ray diffractogram of the synthesized sample
(Fig. 2) exhibits four broad asymmetric peaks at 26 of
12.4° (d spacing of 7.2 A), 25.0° (d~3.6 A) 37.0° (d~2.5 A)
and 65.6° (d~1.4 R). The position of the maxima and the
intensity ratio of these peaks coincide well with that of
disordered hexagonal birnessite, named as turbostratic
birnessite [16, 21]. All peaks are strongly broadened, indi-
cating the presence of very small and/or poorly crystal-
lized particles.

FTIR spectroscopy serves as a relatively simple tech-
nique for differentiating between manganese dioxides
with layered and tunnel structure. It was established that
a broad peak at 760 cm™ is unique to the manganese
dioxides with tunnel structure and assigned to an asym-
metrical Mn-O stretching vibration, corresponding to cor-
ner-sharing MnOg4 octahedra [23]. This absorption band is
absent in the FTIR spectrum of the synthesized birnessite
(Fig. 3), and thus, it confirms the layered structure of the
synthesized phase.

The FTIR spectrum of the synthesized birnessite dis-
plays the prominent absorption bands at~3300 and
1635 cm™' which are usually assigned to the ~OH stretch-
ing vibration and banding vibration of molecular water,

Fig. 2 Diffraction pattern of the synthesized birnessite

Fig. 1 SEM images of synthesized birnessite particles at different magnifications
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Fig.3 FTIR spectra of the synthesized birnessite

correspondingly. These bands indicate the presence of
crystal water in the birnessite structure. FTIR absorb-
ances in the 400-900 cm™' region represent contribution
from Mn-0O stretching vibrations in the octahedral lay-
ers of manganese dioxides [22, 23]. The presented here
FTIR spectrum is typical for hydrated layered manganese
dioxides (phyllomanganates): relatively high contents of
bound water, the presence of OH-groups and bands that
can be assigned to Mn-0 vibrations.

The nitrogen adsorption-desorption isotherms of
the synthesized birnessite are shown in Fig. 4. A typi-
cal type-IVa isotherm with an H3 hysteresis loop is
observed that points to the presence of a substantial
amount of mesopores in the framework of the syn-
thesized birnessite [24]. The specific surface area (BET
method) and total pore volume calculated from the
adsorption-desorption isotherms were 207 m?/g and
0.68 cm?/g, correspondingly.

0.0 040 o.80

Relative pressure (P/Po)

Fig. 4 Adsorption-desorption BET isotherms of the synthesized
birnessite

3.3 Strontium ions adsorption studies

To determine the efficiency of the synthesized birnessite
in selective removal of strontium ions from multicompo-
nent solutions, the effect of contact time, competitive
ions (Na, K, Ca) and pH on strontium ions adsorption was
investigated in detail.

3.3.1 Effect of contact time on strontium ions adsorption

Figure 5 shows the effect of contact time on the amount
of strontium ions adsorbed by the synthesized birnes-
site. It can be seen that strontium adsorption is a two-
step process; a half of the strontium ions presented in
the solution were adsorbed within first 3 h, and then the
Qs, value slowly increased. It did not reach equilibrium
over the duration of the study (72 h).

Trivedi and Axe [25] showed similar results for stron-
tium ions adsorption on hydrous aluminum, iron and
manganese oxides. Carrying out a long-term experiment
(over 90 days), authors found that strontium adsorption
on porous hydrous oxides can be described by a two-
step process: rapid and reversible adsorption on the
external surface followed by a much slower intraparticle
diffusion and adsorption on interior sites. The second
step was a diffusion-controlled process, and it could
continue for several days or months before equilibrium
is reached.

Comparable sorption behavior was also observed
by authors in isotherms, where over several orders of
magnitude a linear relationship between the amount of
strontium ions adsorbed and the bulk strontium concen-
tration in aqueous solutions was found suggesting one
average type of site on the oxide surface.
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Fig.5 Effect of contact time on the amount of Sr ions adsorbed by
the synthesized birnessite. Initial concentration of strontium ions—
1.44 mmol/l; pH~6.5
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3.3.2 Effect of concentration of competitive ions
on strontium ion adsorption

In this study, we considered the effect of sodium, potas-
sium and calcium ions with respect to the adsorption of
strontium ions because these ions are abundant in both
seawater and freshwater, and Na, K ions are the main
chemical constituent in a typical evaporator concentrate
from nuclear power plants. The effect of competitive ions
concentration on the synthesized birnessite adsorption
capacity was studied in five model solutions with neutral
pH keeping the concentration of strontium ions constant
(80 mg/I or~0.9 mmol/l) and varying the concentration
of other ions.

The first solution contained only strontium cations. The
second along with strontium contained sodium cations
(0.1 mol/l). The third solution besides strontium contained
sodium and potassium cations (0.2 and 0.1 mol/I, respec-
tively). The fourth one contained strontium and calcium
(0.03 mol/l) cations with significant excess of calcium over
strontium ions in the solution (Ca/Sr~33/1). The fifth solu-
tion contained strontium, calcium, sodium and potassium
cations. The adsorption capacity of the synthesized birnes-
site was examined, and the obtained results are presented
in Fig. 6.

One can see that the synthesized birnessite efficiently
removes strontium ions from the first solution (adsorption
capacity ~ 24 mg/g and adsorption efficiency ~99.8%). In
the second and third solutions with sodium and potas-
sium ions, the adsorption capacity slightly decreases up to
21.6 mg/g (Eg,~90%) and 21 mg/g (Eg, ~86%), respectively.
It is obvious that an increase in the concentration of alkali
metal ions in the solution from 0.1 to 0.3 mol/I (the second
and third solutions) does not cause a noticeable change in

254

Iy

1 2 3
Solution

Fig.6 Effect of competitive ions concentration on the adsorption
capacity of strontium ions on the synthesized birnessite. Initial con-
centration of strontium ions—0.9 mmol/l; pH ~6.5. Solutions: 1. Sr
ions; 2. Sr+Na (0.1 mol/l) ions; 3. Sr+Na (0.2 mol/l)+K (0.1 mol/l)
ions; 4. Sr+Ca (0.03 mol/l) ions; 5. Sr+Ca (0.03 mol/l)+Na
(0.2 mol/l) +K (0.1 mol/l) ions
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the adsorption parameters. This fact indicates that sodium
and potassium ions in the concentrations used have no
significant effect on the adsorption of strontium ions on
the synthesized birnessite. In the fourth solution with the
significant excess of calcium ions over strontium ions, the
adsorption parameters of the synthesized birnessite are
markedly reduced (Qs, —6.0 mg/g, Eg,~25%,). The reason
is that strontium chemically resembles calcium, and there-
fore, these cations are competitors for available adsorption
sites. The presence of sodium and potassium ions in the
fifth solution with calcium ions does not have an addi-
tional effect on strontium ions adsorption (Q¢, — 5.5 mg/g,
E; ~23%).

The presented results testify that the synthesized
birnessite can efficiently remove strontium ions; sodium
and potassium ions have little effect on strontium ions
adsorption, while the presence of calcium ions in the
solution results in a significant decrease of the birnes-
site adsorption parameters. It should be noted, however,
that calcium ion concentration in the model solutions
(0.03 mol/l, or 1200 mg/l) is very high compared to that
in tap water (2-85 mg/l) [26] and even higher than in sea-
water (~470 mg/l) [27]; that is why, the obtained rough
results testify to the high efficiency of the synthesized
birnessite in the removal of strontium ions from multicom-
ponent solutions with high salt content.

The additional experiments to determine the effect of
calcium on the adsorption parameters of the synthesized
birnessite showed that its adsorption efficiency gradually
decreases from 63 to 12.5% with increasing in calcium ions
content in the model solutions from 0.01 to 0.06 mol/I.

The experimental results, indicating a significant
effect of calcium ions on strontium ions adsorption, are
presented in other publications. For example, Voronina
et al. [2] collected and analyzed distribution coefficients
of strontium (K,) for a number of inorganic adsorbents,
including those based on manganese dioxides. The pre-
sented data allow comparing distribution coefficients of
strontium in the presence of high sodium and calcium
concentrations in a solution. Seawater, 0.1 M NaNO;
and 0.01 M CaCl, are the examples of these media. It
was shown that most of the studied adsorbents dem-
onstrate a high K, value when sorbing radiostrontium
from 0.1 M NaNO;; however, the presence of calcium ions
in the solution leads to a sharp decrease in the K, value
for almost all adsorbents tested. The sorption material
based on amorphous barium silicate (BaSiO;) showed
the highest selectivity for strontium over calcium ions
in seawater—K,=6.0 x 10*-6.4 x 10> ml/g. Manganese
dioxide-based adsorbents, including modified manga-
nese dioxide adsorbent (MMD adsorbent, the structure
has not been announced), ISM-S, and ISMA-3 demon-
strated the distribution coefficient values of 1.4 x 103,
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1.1x10° and 5.0x 102 ml/g in 0.01 M CaCl, solution,
respectively. These values are higher than those for natu-
ral and synthetic zeolites (1-3 x 102 ml/g), measured in
0.01 M CaCl, solution.

To summarize the carried out adsorption studies, one
can say that the synthesized birnessite can efficiently
remove strontium ions; its adsorption capacity is little
affected by sodium and potassium ions in the concen-
trations tested, while it decreases in the presence of
Ca ions. However, taking into account a relatively high
adsorption parameters obtained in the model solutions
characterizing by a high concentration of calcium ions,
the synthesized birnessite can be considered as an effec-
tive adsorbent for selective removal of strontium ions
from multicomponent solutions.

3.3.3 Effect of solution pH on strontium ions adsorption

Strontium ions adsorption on the synthesized birnessite
is greatly affected by solution pH, since this parameter
influences the birnessite surface charge and strontium
ions species.

Strontium exists in aqueous solutions (without strong
complexation anions) mainly as Sr?* within a wide pH
range, and above pH 13, strontium ions form Sr(OH)*
species.

The point of zero charge (PZC) of birnessite is close
to 2.5 [18]. The PZC determines the pH value where the
electrical charge density on the birnessite surface is zero.
When the pH is higher than 2.5, the birnessite surface
becomes negatively charged and thus it could interact
with positively charged strontium ions species and vice
versa.

Assuming the surface hydroxyl groups are the adsorp-
tion sites, the effect of solution pH on strontium ions
adsorption would be mostly determined by the protona-
tion-deprotonation transition of these groups. As the pH
increases from 2.5, the surface hydroxyl groups will be
gradually deprotonated, so the arising negative surface
charge would contribute to an increase in adsorption.

The effect of pH on strontium ions adsorption on the
synthesized birnessite was studied in the model solution
with the excess of calcium ions (Ca/Sr=33/1). One can see
(Fig. 7) that the adsorption capacity increases almost lin-
early from 2.4 to 9.6 mg/g with increasing pH from 3 to
9. The adsorption efficiency is 40% in the latter case that
is 1.5 times higher than that in the neutral solution. Such
behavior is typical for synthetic birnessite in sorption of
alkali and alkali earth cations, and it has been described
in many publications [28]. Thus, the experimental studies
show that the alkaline medium is preferable for effective
removal of strontium ions from multicomponent solutions.

104

Q,, mg/g

3 6,5 9
pH of solution

Fig.7 Effect of pH on the adsorption capacity of strontium
ions on the synthesized birnessite. Solution—Sr+Ca ions
(0.9 mmol/I+0.03 mol/I)

3.3.4 Desorption of strontium ions and repeated
adsorption

Desorption is the process by which a contaminant bound
on the loaded adsorbent can be released. Desorption is
very important aspect of the adsorption process from an
economic and technological point of view, as it allows
regenerating the used adsorbent for another cycle of
application and thus reducing the need for new ones.
Otherwise, the technology for the loaded adsorbent dis-
posal should be developed.

Strontium ions desorption was tested using 0.1 M HCI
and 1 M NH,NO; solutions as desorbing agents. To inves-
tigate the desorption processes and repeated adsorption
(reusing), there were chosen three samples with almost
identical amount of strontium ions adsorbed of 27.0,
27.5 1 27.8 mg/g, correspondingly. The first and second
samples were treated with 0.1 M HCl solution, and the
third sample with T M NH,NO; solution for desorption
of strontium ions. After that, the first and third samples
were used for the repeated adsorption, while the second
one before the repeated adsorption was soaked in 0.5 M
KClI solution for 24 h. The obtained results (Fig. 8) show
that after 24-h treatment the adsorbed strontium ions
were completely deleted by both desorbing agents.

As a result of the second adsorption, the amount
of strontium ions adsorbed by the first sample was
7.1 mg/g, by the second sample—26.1 mg/g, and by
the third sample—26.9 mg/g. Compared to the first
adsorption test, the efficiency of the repeated adsorp-
tion was 25, 95 and 98%, for the studied samples,
correspondingly.
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Fig.8 Results of desorption and repeated adsorption tests. Adsorp-
tion tests: initial concentration of strontium ions—1.44 mmol/l;
pH ~6.5; adsorption time 48 h

Low adsorption ability of the first sample after acid
treatment seems to connect with the transition from
K-hexagonal birnessite to its acid form (H-hexagonal
birnessite). However, the reverse transition from H-hex-
agonal birnessite to K-form by soaking in KCl solution has
led to restoring adsorption ability of the second sample.

Thus, among the tested desorbing agents, 1 M NH,NO;
solution is most preferable, because it is not required
the additional stage (soaking in KCl) for desorption and
repeated adsorption cycles.

4 Conclusions

Synthetic birnessite prepared by the redox chemical
method via the reaction between Mn(ll) and Mn(VIl)
ions in alkaline medium is formed as black mesoporous
agglomerated microspheres with surface area of 207 m%/q.

The results of X-ray diffraction and FTIR analysis con-
firmed the formation of c-disordered hexagonal birnessite;

The batch adsorption experiments revealed that the
synthesized birnessite could achieve an efficient adsorp-
tion of stable strontium ions from mono- and multicom-
ponent aqueous solutions. It was shown that the pres-
ence of alkali metal ions in multicomponent solutions (up
to~0.3 mol/l) has little effect on birnessite adsorption
parameters, while the presence of Ca ions leads to their
sharp decreases. However, taking into account the suffi-
ciently high adsorption parameters obtained when sorb-
ing from the model solutions with a significant excess of
calcium over strontium ions, the synthesized birnessite can
be considered as an adsorbent with a rather high selectiv-
ity to strontium ions;

Strontium adsorption kinetics has demonstrated a
two-step process with initial fast step followed by a much
slower sorption process;
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The pH value in the model solutions has a major impact
on the adsorption ability of the synthesized birnessite; a
higher adsorption efficiency is obtained in an alkaline
medium;

The desorption experiments demonstrated that Sr-
loaded birnessite could be regenerated successfully in
0.1 M HCl or 1 M NH,4NO; solutions; however, the latter
solution was preferable one from economic and practical
viewpoint.

In summary, the synthesized c-disordered hexagonal
birnessite (manganese dioxide with layered structure) is an
effective material for the removal of strontium ions from
multicomponent solutions with high salt content. It has
lots of advantages, such as its simple fabrication process,
low-cost raw materials and the ease of desorption. It might
be potentially applied as an active sorbing phase of the
composite adsorbents that would extend the use of the
latter in various fields.
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