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A method for obtaining nanocomposite sorbents, which are selective towards Li* ions, has
been proposed. The samples were based on adsorptive-active anatase, the selective
component being lithium-manganese spinel LiMn,0,. This component was synthesized
preliminarily, its nanoparticles were added to the sol of insoluble titanium hydroxocomplexes,
and the nanocomposite was precipitated from this suspension and calcined at 500°C. A
number of sorbents with different molar ratio of Ti:Mn were prepared via this procedure;
they were investigated by means of chemical analysis, X-ray diffraction analysis, optical
microscopy, transmission electron microscopy and scanning electron microscopy. The
size of nanocrystallites was 20—30 nm. An increase in the spinel amount caused a decrease
in the sorbent grain size; however, they the sorbent grains were mechanically durable due
to TiO, which was a binder. Adsorption of Li* from the solution containing an excess of
Na* ions was studied. The optimal amount of LiMn,0O, (13%) was determined. The
sample was obtained in the form of rather large grains (0.3 mm) and the selectivity
coefficient Li*/Na* was about 500. The sorbent was regenerated by a 1 M HNO; solution
without manganese leakage. After 10 cycles of sorption-desorption, the concentrate was

obtained. This concentrate can be used for Li,CO; precipitation.
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Introduction

Lithium and its compounds are used to produce
alloys, thermoelectric, optical and laser materials [1].
They are also used in medicine, metallurgy and
pyrotechnics. Nowadays, the usage of lithium in
chemical power sources is in a focus of attention. In
2020, the demand for lithium will be more than
20,000 tons (lithium carbonate equivalents) [2]. This
metal is contained in water of some salt lakes, the
most salars known being located mainly in South
America. Some minerals, such as spodumene, petalit
and ambligonit, also contain lithium and used for
producing this metal. Lithium-ion batteries are
secondary sources of lithium: the technologies for
their recycling have been already developed [3]. The
development of lithium deposits (salars) and the
recovery of lithium from primary and secondary
resources cause ecological risks [4]: alienation of
fertile lands, salinization of fresh water sources, high
consumption of fresh water and its pollution with

soluble lithium compounds (maximal allowable
concentration is 0.03 mg dm™) and other toxic
additions.

Sea water [5] and mine water [6] are considered
as alternative lithium sources despite the low content
of this metal (0.1—0.2 mg dm™). In this case, sorption
method involving lithium-selective sorbents are
attractive. Such inorganic sorbents as lithium titanates
and manganates, which are preliminarily converted
into H-forms, are the most widespread [7—9]. The
sorbents are characterized by spinel structure. As a
rule, sorption of ions by inorganic sorbents is due to
the substitution of counter-ions of functional groups
(ion exchange); sometimes ion exchange is
accompanied by additional interaction of sorbed ions
with these groups. This is confirmed directly with
spectroscopic methods [10] or indirectly by modeling
kinetic curves of sorption [11]. As opposed to the
traditional ion exchange, the mechanism of lithium
sorption on spinels involves not only ion exchange
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(adsorption on nanocrystallite surface), but also
intercalation to octahedral spaces between
octahedrons [12].

The disadvantage of spinels is fine dispersion:
it is difficult to use them as a filler of sorption column.
This problem can be solved via the development of
nanocomposites containing a binder that is also able
to sorb Li* ions. Earlier, we prepared coarse dispersive
nanocomposites containing simultaneously TiO, and
Li,,sMn,,;Ti,0, [12]. They were used for sorption
[13] and electromembrane [14] recovery of Li* ions
from the solution that also contained an excess of
Na* and K* ions. In the nanocomposite, the binder
(TiO,) is in a form of rutile [12], which is less
adsorptive inert material than anatase [15]. The
procedure of the nanocomposite synthesis involved
formation of spinel in hydrated double dioxide of Ti
and Mn under calcination of this sorbent. It had
been preliminarily impregnated with LiOH solution.

The aim of this work is to develop anatase-
based nanocomposites containing Li-selective spinel.
Their sorption properties were investigated.

Experimental

Hydrous titanium dioxide

For the synthesis of a macroporous sample of
hydrous titanium dioxide (HTD) and composites
based on HTD, a sol of insoluble titanium
hydrocomplexes was used which was obtained by
electrochemical method. To this end, 1 M TiCl,
solution was used and ZrOCl, was added to stabilize
it. The molar ratio of Ti:Zr was 1:0.05. A two-
chamber cell was used for electrodialysis, its
electrodes were made of platinum titanium. A cation
exchange membrane was utilized to separate the
anode and cathode spaces. The distance between
the membrane and each electrode was 1 cm, the
cross section of each chamber was 4 cm?, and their
height was 4 cm. The working area of the membrane
was 16 cm?. Electrodialysis was carried out at the
current density of 250 A m™2. Turbidity of the
titanium-containing solution was detected after 5 h
with a Tyndall cone observed by means of laser
irradiation, which indicated the formation of a
colloidal solution. The content of Cl~ ions was
determined using the ionometer I-160MI, equipped
with a Cl-selective electrode ELIS 131Cl; it reached
a minimum value.

Hydrous manganese dioxide

Hydrous manganese dioxide (HMD) was
obtained by the following reaction:

2KMnO,+3MnSO,+2H,0—>5Mn0,+K,SO,+2H,S0,.

Sulfuric acid that is formed promotes the

dissolution of Mn,O; impurities, which are formed
as a by-product:

Mn,0,+H,S0,—>MnO,l+MnSO,+H,0.

Adiabatic drying was used for HMD and
benzene was used as a working fluid. The resulting
xerogel was mixed with solid LiOH, the molar ratio
of Li/Mn was 1:2. The mixture was calcined for 5 h
at 400°C, cooled to room temperature, ground again
and then calcined at 600°C.

Sorbents containing manganese spinel

Lithium manganate was introduced into a
freshly prepared sol of titanium hydroxocomplexes.
The molar ratio of Ti:Mn was 1:0.05, 1:0.1, 1:0.2,
1:0.3, 1:0.4, 1:0.5, and 1:1. The suspension was
sonicated for 5 min using a Bandelin device and
immediately dispersed through a capillary to a column
filled with immiscible liquids: n-heptane and
concentrated NH,OH solution. The obtained
granules were washed with water until the eluate
was neutral, dried adiabatically with benzene,
calcined at 500°C, treated with 1 M HNO, solution
and washed again with deionized water.

Characterization of sorbents

Chemical analysis was performed by an X-ray
fluorescent spectrometer X-Supreme 8000 XRF
(Oxford Instruments). Microphotographs were
obtained by using a Trek DCM510 camera with a
RL05-48 ring diode illuminator attached to a PZO
optical microscope (PZO, Poland). The particle size
distributions were plotted as dependencies of particle

fraction (W) on grain size (d), where W, =g, / Zqi,
i=1

q is the amount of particles of one or the other size,

i is the integer [Zqi = 300)
i=l1

Transmission electron microscopy (TEM)
images of granules were obtained by using a
transmission microscope JEOL JEM 1230 (JEOL,
Japan). Scanning electron microscope (SEM) Tescan
Mira 3 LMU (Czech Republic) was also used. For
thermogravimetric analysis of spinel, a Derivatograph
Q-1500 (Paulik-Paulik-Erdei system, Hungary) was
used. The heating rate was 5 degree min~'.

For X-ray analysis, a diffractometer DRON-3M
(LOMO, RF) with external standards certified by
Si0, (standard 260) and Al,O, (intensity standard) was
used (Cu-radiation, Ni-filter). Pore volume and
specific surface area were determined by a method
of nitrogen adsorption and desorption using an
automatic gas adsorption analyzer Quantachrome
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AS1Win (Quantachrome Instruments, USA).
Calculations were performed according to the BET
model.

Investigation of sorption and regeneration

Sorption studies were performed using a two-
component solution containing 0.01 mol dm™ LiCl
and 0.5 mol dm™ NaCl. The solution was pre-basified
to pH 10 with lithium hydroxide. The 4 g dm~ dosage
of the sorbent was left overnight, then decanted,
washed with deionized water and left overnight with
1 M HNO, for desorption. Then equilibrium and
desorption solutions were analyzed. Under these
conditions, complete saturation of sorbents with ions
occurs, which is possible at the specified pH value.
Li* and Na* ions in the solution were determined
using a PYE UNICAM SP 9 atomic absorption
spectrometer (Philips) and a PFM-U4 flame
photometric device (Analytpribor, Belarus),
respectively.

Regeneration of the sample with the optimal
molar ratio of Mn:Ti (0.3:1) was investigated, its H-
form being preliminarily loaded with Li* ions under
dynamic conditions using 0.1 M LiCl solution. After
loading, the sorbent was washed with deionized water,
the volume of which was equal to the bed volume.
The sorbent was removed from the columns and
dried down to constant weight. Several weighted
samples were moved to flasks containing deionized
water or 1 M solutions of NaOH, HNO,, HCI and
H,SO,. The sorbent dosage was 10 g dm™3. The
solution was analyzed after 48 h and residual sorption
capacity (A) was determined. The regeneration degree
was calculated as 100%-(A,—A)/A,.

Multiple sorption-regeneration was performed.
For sorption, a model solution containing Na*
(252 mmol dm™), K* (5 mmol dm™3) and Li*
(0.014 mmol dm™3), which corresponds to the
composition of sea water (without hardness ions).
Previous investigations showed that hardness ions
reduce the sorption of Li*, so it is recommended to
preliminary remove those ions from solution. The
solution was passed through the column (with a
column diameter of 1.3 cm and sorbent layer of
42 cm), and then the sorbent was washed with water.
Then, a 1 M HNO, solution (solution I, five bed
volumes) was circulated through the column for
36 h. After that, a fresh regenerating solution II was
circulated for 4 h (two bed volumes). Then, the
sorbent was washed with deionized water again, and
the next sorption-desorption cycle was carried out.
The same solution was used for regeneration during
10 cycles.

Results and discussion

Structure of prepared materials

First, the phase transformations of the sorbent
obtained from HMD were studied. Figure 1 shows
the data of thermogravimetric analysis. A slight loss
of unbound water is observed up to 70°C. Then,
there is a loss of unbound and bound water as well
as water released by condensation of —OH groups.
These processes correspond to the endopeak at 250°C.
A small exopeak at 580°C refers to crystallization.
At the temperature of about 530°C, the following
transformation occurs:

4Mn0O,—>2Mn,0,+0,7.

3%\V
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Fig. 1. Data of thermogravimetric analysis of HMD Li-form.
The circle indicates the exopeak, which corresponds to the

formation of LiMn,0,

Although this effect is not detected on the
derivatogram, XRD analysis shows the presence of
Mn,0; traces (Fig. 2,a). The addition of spinel to
HTD followed by calcination at 600°C leads to the
formation of composite: the diffracrograms reveal
the signals that are characteristic of anatase (as
opposed to the nanocomposite obtained from double
Ti-Mn oxide [12]) and lithium-manganese spinel
LiMn,O, (Fig. 2,b). In this case, no Mn,0, traces
are observed.

The introduction of spinel into TiO, at the stage
of amorphous HTD formation (Fig. 3) leads to a
decrease in the size of the granules of the LiMn,0O,
nanocomposite (i.e. after calcination, Fig. 4). The
typical Gaussian size distributions of the granules
are observed, which shift to the region of smaller
grain sizes with increasing spinel content. At a high
content of spinel (Ti:Mn=1:1), fine powder is formed,
the particle size is less than 0.1 mm. The spinel
specks are seen on the grain surface (Fig. 5,a): The
specks are black with a metallic luster. As seen from
Fig. 3, the spinel nanocrystallites (10—20 nm) are
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Fig. 2. X-ray diffraction pattern: a — LiMn,0, spinel (white circles) containing Mn,0O; traces (black circles), and b — composite
containing anatase (squares) and LiMn,0, (circles)

Fig. 3. TEM image of nanocomposite containing HTD and
LiMn,0, (before calcination)
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Fig. 4. Particle size distribution of the sorbents: TiO, (1) and

TiO, containing spinel LiMn,0, (2—6). The molar ratio of Ti:

Mn was 1:0 (1), 1:0.05 (2), 1:0.1 (3), 1:0.2 (4), 1:0.3 (5) and
1:0.4 (6)

Fig. 5. a — Micrograph of composite granules and b — TEM image of the original spinel nanoparticles incorporated into TiO,.
The molar ratio of Ti:Mn was 1:1 (a) and 1:0.05 (b)

also distributed in the bulk of HTD. These particles
are more contrasting than TiO, particles and shade
them. It is the same for the calcined nanocomposite
(Fig. 5,b).

The mechanical abrasion strength of TiO, is
90%. The addition of spinel at a molar ratio of

Ti:Mn=1:0.05 practically does not impair the
strength. A slight deterioration is also observed for
the sample with the ratio Ti:Mn=1:0.2 (i.e. 85%).
For the sorbent with a higher content of Mn
(Ti:Mn=1:0.4), much lower abrasion resistance
(61%) was found.

Selective to lithium ions nanocomposite sorbents based on TiO, containing manganese spinel
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Fig. 6. Differential pore size distribution of LiMn,0,

Lithium spinel shows a mesoporous structure.
In the differential pore size distribution, two closely
located peaks (at 5 and 10 nm) are visible (Fig. 6).
As opposed to calcined titanium dioxide, the specific
surface area of lithium spinel is four times lower due
to inconsiderable microporosity (Table 1): the order
of magnitude of the volume of micropores is only
1073 m? g7'. This additive causes a slight decrease of
the mesoporosity contribution to the total pore
volume, which is determined by a method of nitrogen
adsorption-desorption. Comparing with TiO,, the
reduction of the specific surface area reaches 33%
when the molar ratio of Ti:Mn is 1:0.4.

Table 1
Influence of LiMn,O, content on the porous structure
of TiO,
Molar ratio Volume, cm’ g Specific
. . surface area
Ti:Mn  |microporesmesopores| total m?g!
1:0 (TiO,) 0.23 0.05 0.29 290
0:1 (LiMn,O,)| 2.31-10° | 023 |0.23 73
1:0.05 0.22 0.05 0.29 280
1:0.1 0.20 0.04 0.24 265
1:0.2 0.18 0.04 0.22 240
1:0.3 0.13 0.03 0.16 218
1:0.4 0.11 0.03 0.14 193

The positive effect of low microporosity may
be the lack of selective sorption centers for hardness
ions and alkaline metal ions. Sorption of Li* ions
should occur through intercalation and adsorption
on the surface of primary nanoparticles [8].

Sorption properties of nanocomposites

The sorption capacity (A) of the fine sample
LiMn,O,, previously converted to hydrogen form,

was 2.3 mmol g~! and 1 mmol g! for Li* and Na*
ions, respectively. Thus, the total capacity at pH
10 was 3.3 mmol g~!, and the selectivity coefficients

(K,) was 1000 (here K| =M, and C is the ion

Na ~Li

concentration in the solution). A shift of the pH
value to the acidic region indicates ion exchange
mechanism of adsorption on the surface of primary
particles. Spinel nanoparticles in anatase improve
sorption properties of the nanocomposites, as the
spinel content in the samples increases (Fig. 7, here
the A value is a function of the ratio of the molar
concentration of Mn and Ti in the samples).
However, the growth rate of the capacity slows down,
which is obviously due to mutual shielding of the
surfaces of anatase and spinel nanoparticles. As a
result, the part of the surface containing the
functional groups becomes inaccessible.

2.0 T T . T 600

1300 &

0.0 0.1 0.2 0.3 0.4
Cy,

Mn'

Fig. 7. Dependence of the summary sorption capacity towards
Li* and Na* ions (1) and Li*/Na* selectivity coefficients (2) on
the molar ratio of Mn and Ti ratio in sorbents

This shielding determines the percolation nature
of the dependence of the selectivity coefficient on
the C,,,/Cy parameter due to the effect of
intercalation enhances with increasing spinel content
in the samples. The dependence is approximated by
a sigmoidal function: for samples with low spinel
content, a slow increase in selectivity is observed,
followed by a sharp growth, and finally a slight
increase in the K, value is visible. The percolation
threshold can be explained by a sharp decrease in
anatase micropores volume due to their shielding
with spinel nanocrystallites. Such micropores act as
centers for selective sorption of Na* ions. Therefore,
the contribution of sorption due to intercalation and
adsorption of Li* on the surface of spinel and anatase
nanocrystallites is enhanced. Indeed, in comparison
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with the sample, for which C,,/C=0.2, the
reduction in the volume of micropores is 28% for a
sorbent with higher spinel content (C,,,/Cy=0.3),
as follows from Table 1. This decrease is the largest
one among the studied samples.

A sample with molar ratio Ti:Mn=1:0.3 (spinel
content is 13%) was chosen for practical use. In this
case, relatively large granules are formed (Fig. 4).
This sample displays high selectivity towards Li* ions.
A further increase in the spinel content leads to a
slight improvement in selectivity. Moreover, smaller
granules are formed, and they are mechanically
unstable. Thus, the optimal content of spinel is 13%.
Further regeneration of this sample was studied.

First of all, the regenerating solution was
chosen. Trace amounts of Li* ions in deionized water
is due to leakage of the residual solution from pores
(Fig. 8). Desorption of Li* in alkaline solution is
caused by Na*—Li" exchange, here the adsorbed
Li* ions leave the surface of primary particles. The
sorbent is completely regenerated by a 1 M H,SO,
solution, however, the losses of manganese are 0.12%
and 0.18% with respect to the total sorbent mass at
20°C and 45°C, respectively. The losses are less in
the case of HCI solution (0.08% and 0.1% at 20°C
and 45°C, respectively). The reduction of Mn (1V)
occurs and it is accompanied by the evolution of O,
(in H,SO,) or Cl, (in HCl). Manganese leakage
means deterioration of the sorbent selectivity during
multiple uses. At the same time, no manganese traces
were found in a 1 M HNO, solution. The regenerating
solution of this composition was used further for
multiple sorption-regeneration. In order to achieve
complete desorption, fresh regenerating solution was
used (solution II). This approach was applied to
multiple sorption-desorption.

For the first sorption cycle, the capacity (A;)
reached (mmol g '): Li* — 0.032, Na* — 0.12, and
K* — 0.005. The ratios of capacities (A/A,, where A
is the capacity in the next sorption cycles) are given

100

50 f

Regeneration degree, %

NaOH

H,0 HNO, HCl  H,S0,

Fig. 8. Regeneration of the sorbent containing LiMn,0,

Table 2
Multiple sorption-desorption of Li* on the composite
containing 13% of LiMn,0,

Sorption Desorption
Cycle| capacity, AL, |C (solution 1), mmol dm
Ap/A L [mmol g ! | Li Na' K"
1 1.00 0 1.13 5.34 0.17
2 1.00 0.001 231 | 1092 | 0.36
3 0.98 0 3.54 | 16.74 | 0.55
4 1.03 0.001 4.82 | 22.83 | 0.75
5 1.01 0 6.16 | 29.22 | 0.96
6 1.04 0 7.56 | 3594 | 1.18
7 1.01 0.001 9.03 | 43.03 | 141
8 0.99 0.001 10.58 | 50.52 | 1.65
9 1.02 0 12.21 | 58.47 | 1.90
10 0.98 0 13.94 | 6693 | 2.17
in Table 2.

After 10 cycles of sorption-desorption, solution
1 was used for obtaining Li,CO, and by-product (the
mixture of nitrates and carbonates of K and Na)
similarly to data reported in ref. [14]. The byproduct
can be used as a fertilizer for acidic soils.

Conclusions

A method for obtaining nanocomposite sorbents
(a size of primary particles is 20—30 nm), which are
selective towards Li* ions, has been proposed. The
samples are based on adsorptive active anatase, the
selective component being lithium-manganese spinel
LiMn,0,. This component was synthesized
preliminarily, its nanoparticles were inserted into the
sol of insoluble titanium hydroxocomplexes; the
nanocomposite was precipitated from this suspension
and then calcined at 500°C. The optimal amount of
LiMn,0, is 13%. The sample is obtained in a form
of rather large grains (~0.3 mm); the selectivity
coefficient Li*/Na* is about 500. The sorbent is
regenerated by a 1 M HNO,; solution without
manganese leakage. After 10 cycles of sorption-
desorption, the lithium-containing concentrate was
obtained; it was applied to Li,CO; precipitation. The
advantage of the nanocomposite over titanium-
manganese sorbent [14] is the ability to use the
regenerating solution many times. However, the
sorbent requires a higher consumption of this
solution.
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CEJIEKTHUBHI 10 IOHIB JITTIO HAHOKOMIIO3UTHI
COPBEHTH HA OCHOBI TiO,, IO MICTATb
MAPTAHLEBY INIITHEID

M.O. Yaban, JI.M. Poxcoecmeencoka, O.B. Ilarvuux,
JI.M. Ilonomapuwosa, FO.C. /[3azvko

3anporoHOBaHO CIociO ofepKaHHSI HAHOKOMITO3UTHUX
COpOEHTIB, sIKi € CEJIEKTUBHMMU 1110710 ioHiB Li*. 3pa3ku MicTATh
aicopOIiliHO aKTUBHUI aHaTa3, CeJIEKTUBHUM KOMITOHEHTOM €
JiTifi-mMapraHuesa wimiHeab LiMn,0,. Lleit komrnoHeHT OyB no-
repeHbO CUHTE30BaH U1, i HOro HAHOYACTUHKU BBOIMJIU 10 30J110
HEPO3UMHHUX TiIPOKCOKOMIUIEKCIB TUTaHY, & HAHOKOMITO3UT
ocamxKyBaM 3 1€l cycriensii i mpoxaptoanu mipu S00°C. Takum
YUHOM OJEPXYBaJIU DPSL COPOEHTIB 3 Pi3HUM MOJSIPHUM
criBBimHOmeHHAM Ti:Mn, 110 mani Oyau HOCTimKeHi 3a A0To-
MOTOI0 XiMiYHOTO aHali3y, PeHTTeHiBCbKOI CIIEKTPOCKOITii, Or-
TUYHOI MiKPOCKOTIi1, TPAHCMiCiliHOI eJIEKTPOHHOI MiKPOCKOTIII i
CKaHYIOUOI eJIEKTPOHHOI MiKpockornii Po3mip HaHOKpUCTaTiTiB
craHoBUTh 20—30 HM. BcTaHoBeHo, 1110 30iIbIIIEHHS KiJTbKOCTI
LITTiHEJTi 3MEHILYE PO3Mip 3epeH COPOEHTY, OIHAK BOHU MEXaH-
ivHO noBroBiuHi 3aBasgku TiO,, sIKUi € 3B’SI3yI0Y0I0 PEYOBU-
Hoto. BuBueHo ancop6uito Li* 3 po3unHy, 110 MICTUTh HAUIU-
moK ioHiB Na*. BcraHOBJIeHO onTMMaIbHY KiJibKicTh LiMn,0,
(13%). 3pa3ok oTpUMYIOTh Y OPMi JTOCUTD BEJTMKHX 3epeH (~0,3
MM), KoedilieHT cenektuBHOCTI Li*/Na® craHOBUTbH OGJIM3BKO
500. Copbent pereHepyotb | M pozunHom HNO; 6e3 BUTOKY
Manrany. [Ticis 10 umkiiB copOiii—necopOiiii oxepXXyBaau KOH-
LIEHTPAT, SIKUI Najli MOXXHAa BUKOPUCTOBYBATH IS OCAIKEHHS
Li,CO,.

KuouoBi ciioBa: aHaTas, 1ITiHe b, HAHOKOMITO3UT, JIITiid,
azicopoIris.
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A method for obtaining nanocomposite sorbents, which
are selective towards Li* ions, has been proposed. The samples
were based on adsorptive-active anatase, the selective component
being lithium-manganese spinel LiMn,0,. This component was
synthesized preliminarily, its nanoparticles were added to the sol
of insoluble titanium hydroxocomplexes, and the nanocomposite
was precipitated from this suspension and calcined at 500°C. A
number of sorbents with different molar ratio of Ti:Mn were
prepared via this procedure; they were investigated by means of
chemical analysis, X-ray diffraction analysis, optical microscopy,
transmission electron microscopy and scanning electron
microscopy. The size of nanocrystallites was 20—30 nm. An
increase in the spinel amount caused a decrease in the sorbent
grain size; however, they the sorbent grains were mechanically
durable due to TiO, which was a binder. Adsorption of Li* from
the solution containing an excess of Na* ions was studied. The
optimal amount of LiMn,0, (13%) was determined. The sample
was obtained in the form of rather large grains (<0.3 mm) and the
selectivity coefficient Li*/Na* was about 500. The sorbent was
regenerated by a 1 M HNO; solution without manganese leakage.
After 10 cycles of sorption-desorption, the concentrate was
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obtained. This concentrate can be used for Li,CO; precipitation.

Keywords: anatase; spinel; nanocomposite; lithium;
adsorption.
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