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Since lithium is one of the most popular materials for the electronics industry, it is of interest
to consider alternative sources of its receipt. The article analyzes the main sources of lithium
production, global stocks and the dynamics of its production. We have considered the possibility of
obtaining lithium from sea water by sorption method. The comparative characteristic of sorption
materials based on the multivalent metal oxides was conducted, their structure parameters were
determined. By method of X-ray analysis structure of the sorbents was studied. It is shown that the
titanium-manganese sorbent is composite material consisting of particles of TiO,, rutile coated with
amorphous MnQ;. By electron paramagnetic resonance method valence states of manganese
component in the sorbent structure were set. Adsorption isotherms from lithium solutions
simulating sea water were obtained. The effect of modification of sorption materials by ion
application was studied. It is shown that the highest sorption capacity to Li" ions corresponds to
titanium-manganese sorbent.

Keywords: lithium, composite materials, titanium dioxide, titanium-manganese sorbent, ion
application

Number of high-tech products and alternative energy products that are developed and used, is
growing, particularly in the areas of information, communication technology, energy and mobility.
This growth contributes to the demand for metals.

Most of these technological metals are geochemically rare, their average mass concentration
in the earth's crust is less than 0.01%. Because they are very important in modern technology,
scientists engaged in search of sources of metal extraction.

Due to its unique properties, lithium plays an important role in the industrial development of
modern society. Among the consuming industries a variety of chemical power sources,
construction, glass ceramics, refrigerants and air drying systems, energy, special oils and lubricants,
polymers, metallurgy of light structural alloys, disinfectants for water treatment, etc. can be named.
For each of them lithium materials of defined specification are required.

Current estimates of world reserves of lithium are in total approximately 30,000,000 tons of
lithium or 150,000,000 tonnes of lithium carbonate [1].

New directions for use of lithium mineral resources, which are currently being developed
around the world, especially for the production of batteries, particularly lithium carbonate
production, demonstrate the change in economic conditions that promote the growth of lithium
sales [2].

Basic Li-containing salts that are consumed commonly are carbonate, hydroxide and lithium
chloride. Current capacity of the segment "lithium salt" is about 7800 tons of Li, of which 61%
(4700 tons Li) accounted for lithium carbonate, 23% (1826 tonnes Li) - on lithium hydroxide, 6%
(500 tons Li) - lithium chloride and 10% (774 tons Li) - to other products, including chemicals for
the production of batteries [3].

World consumption of lithium only by existing electronics manufacturers is now about 110
thousand tons per year and could double by 2020.
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Table 1. Production of lithium (2009) and the world reserves, in metric tons

Country Production Reserves
Argentina 2,200 800,000
Australia 4,400 580,000
Brazil 110 190,000
Canada 480 180,000

Chile 7,400 7,500,000
People's Republic of China 2,300 540,000

Portugal 490 Not available

United States Withheld 38,000
Zimbabwe 350 23,000

World total 18,000 9,900,000

According to reports of the British information and rescarch firm Roskill Information
Services, the global demand for lithium for the past ten years is estimated at about 13 000-14 000
tonnes Li (in terms of lithium metal), and in equivalent of money - more than 1 billion USD. (data
at the end of 2005). The average annual growth of this indicator - 2-5%, although at the 16th
Congress of industrial minerals, held in early April 2003, analysts predicted a steady growth in
demand for lithium products 4,7-10% annually. This percentage of increase can be called
optimistic, if not to take into account the dependence of the demand for lithium on the general state
of the global economy and business activity in the sectors of final consumption. It should be noted
that the opinion of manufacturers differs from the views of analysts. One of the leading players on
the lithium market - Chilean company SQM - suggests a 30% growth that occurred in the past three
years, and its US competitor FMC, being less categorical, is talking about 10%.

Existing lithium extraction from natural brines is known in Chile, Argentite, USA, and China.
All processes are based on solar evaporation to concentrate brine, sometimes in combination with
precipitants or sorbents based on aluminum oxide for the selective recovery of lithium. The largest
lithium producer SQM processes material brines from the Salar de Atacama in Chile, the initial
concentration of lithium in which is 0.15%. Use of "free" solar energy for evaporation is a very
important aspect in reducing the energy needs of the enterprise. Performance of production depends
on the topographic conditions (average temperature, wind, humidity) and brine composition (initial
content of lithium and other elements, including magnesium, which forms hygroscopic salt and
keeps part of lithium-containing brine).

Active development of ore deposits are in Australia (Talison - the largest producer), Brazil,
Canada, China, Portugal and Zimbabwe. Lithium is found in many minerals, but only petalite
spodumene ores are commercially interesting. Concentrates of ores containing lithium oxide, are
mainly used in glass and ceramic industry and are not converted into lithium carbonate as
production of carbonate from brine is much cheaper.

Almost all chemical elements that are found in the earth's crust as solid minerals can also be
found in the ocean waters.

Naturally, the ocean currents negate the content of these elements in seawater. However, it
must be assumed that in some regions of the world that are not exposed to global movements of
water masses (creeks, local seas, etc.) increased content of certain dissolved elements can be stored.
Unfortunately, information about the content of local excesses of those components in the coastal
waters is practically absent in the available sources.

Nevertheless, literature describes the results of a sufficiently large number of researchers
attempting to develop technologies for extraction from seawater of various practically important
elements [5-9]. It is believed that these researchers before the experimental work had more
information about the content of these elements in some regions of the world ocean.

All commercially recoverable components of seawater are contained therein in relatively high
concentrations, so their extraction technology is tried and true and is not a complicated problem.
The situation is different with the microcomponents.
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For preconcentration of seawater microcomponents a variety of techniques can be used:
chemical or electrochemical deposition, solvent extraction, flotation, sorption, membrane and
biological concentration, etc. However, in practice, when dealing with large volumes of water it is
necessary to immediately renounce all methods that entail the use of solutions of any reagents due
to huge amounts of them. Therefore, such processes as precipitation, extraction, flotation, requiring
pre-treatment of water or the introduction of new, not contained in water substances should be
immediately discarded.

It is believed that the main focus in the area of the concentration of trace elements in sea
water may be the use of sorption processes. First of all, this is due to the simplicity of the
technology - contact of easily separable phases of water and solid insoluble sorbent, presence of a
wide range of mineral and organic sorbents, their adjustable selectivity with respect to various
elements. It is also important that hydrometallurgy and water treatment have long experience with
large-scale sorption processes.

There are several schemes for increasing the concentration of lithium salts in sea water, due to
evaporation using solar energy and selective adsorption on specially designed surfaces. The degree
of readiness of these schemes for industrial applications is significantly different. Evaporative
technologies are known and used in the development of lithium brine deposits. Unfortunately,
adsorption methods are still at the level of laboratory research. Recent prospective studies were
associated with granulated adsorbents based on manganese oxide. It has been shown that such
adsorbents can be used again and again. After elution of adsorbed lithium and other ions by acid
solutions, sorbents can be reused for the extraction of lithium. It is believed that such multi-purpose
use of sorption materials may give effective use of investment funds with capital investments.

However, the creation and study of chemically stable sorption materials, which are
characterized by a large number of adsorption/desorption cycles without sacrificing capacity for
lithium, is a major scientific and technical challenge at the moment [10].

Recent studies show that the greatest intercst today is aroused not only by industrially
produced sorption materials [11, 12], but by the composite [13, 14], and inorganic ion-exchange
materials and adsorbents [15-16].

As the most promising sorbents for the extraction of our lithium inorganic materials based on
double oxides of multivalent metals Al;O; - MnOs, TiO; - MnO;, ZrO; - MnO; 1 SnO; - MnO,
were determined.

To increase the selectivity of the developed sorption materials for lithium ions additional
processing was used, resulting in the formation of directional characteristics, namely, ion
application. For this, initial sorbent was saturated with lithium ions and subjected to heat treatment,
which resulted in the incorporation of lithium into the structure of the sorption material. Subsequent
removal of lithium ions from the matrix led to the formation of structural-organized selective
sorption sites.

Chemical analysis

For prepared experimental batches of inorganic sorption materials analysis of the chemical
and fractional composition was made. Data are presented in Table 2.

As it can be seen from Table 1, the developed synthesis technology for inorganic oxide-based
sorption materials allow the preparation of these materials at the stage of the synthesis in the form
of granules with size of 0,5-1,5 mm, particularly suitable for the dynamic sorption processes.

X-ray analysis

As it is known from the literature, when oxide sorption material is heat treated structural
changes are possible. In this connection X-ray analysis of the manganese-titanium sorbent was
conducted, including the original samples, those applicated and not applicated with lithium ions.
Diffractograms of TiO; - MnQ, sorbent with heat treatment at temperatures of 18, 400, 600 OC are
shown in Fig. 1-3.
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Table 2. Characteristics of synthesized sorption materials based on double oxides of

polyvalent metals
Initial ratio of . .\ Fractional composition, %
. Chemical composition of
Material co;zlp?nents  htained m‘;teﬁ oA <10mm | 1020 >20
e:Mn mm mm
AlO3 - MnO, 1:1 Al sMng 40;.5-nH,0O 20 75 5
Ti0; - MnO, 1:1 TipeMng 4O2-nH,0 15 80 5
Zr0; - MnO, 1:1 Zry sMng 405 nH,0 13 82 5
Sn0; - MnQ, 1:1 Sny gsMny 40,2 -nH,0O 10 80 10

Fig. 1. Diffractograms of initial non-applicated adsorbent TiO; - MnQ; at 18°C,

It can be assumed that the investigated sorption material consists of crystalline TiO; with
rutile lattice, covered with x-ray amorphous MnQ,. Sorbent particle size is 11.7 nm. Parameters of
the TiO; crystal lattice: @ = 4,6075; ¢ = 2,9267.

As the X-ray diffraction patterns of manganese-titanium sorbent applicated with lithium and
thermally treated at a temperature of 400 °C shows (Fig. 2), significant changes in the structure of
the material do not occur. Sorbent particle size is 11.6 nm. Parameters of the TiO, crystal lattice: a =

4,5840; c =2,9274.

123

Fig. 2. Diffractograms of TiO, - MnO; adsorbent applicated with lithium and thermally

treated at 400 °C .
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On the diffractogram (Fig. 3), it can be observed that further heat treatment of TiO,-MnO,
adsorbent applicated with lithium at temperature of 600 °C causes composition of two crystal
structures: rutile with lattice parameters a = 4,59085, ¢ = 2,9552 and spinel with lattice parameters a
= 4,5933, ¢ =2,9522.

ea

Fig. 3. Diffractograms of TiQ; - MnQ; adsorbent applicated with lithium and thermally
treated at 600 °C .

Electron paramagnetic resonance

Due to the fact that the X-ray analysis method can not identify the valence states of
manganese ions in the manganese component of the sorbents, a study of applicated and non-
applicated double adsorbents at various temperatures of heat treatment was conducted by electron
paramagnetic resonance (EPR).

The EPR spectra of TiO; - MnO, sorbent samples applicated with lithium are shown in
Fig. 4, 5.
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Fig. 4. EPR spectra of TiO; - MnO; sorbent samples applicated with lithium at 18 °C (1) and
after heat treatment at 550 °C (2).

As it be seen from the analysis of EPR spectra at 18 °c (8. =208 g =],94() EPR
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Fig, 5. EPR spectra of Ti0; - MnO; sorbent samples applicated with lifhium at 18 °C (1} and
after heat treatment at 700 °C (2), 800 °C (3).

As it is seen from Figure 5, at heat treatment temperature of the applicated sorbent aromnd
700-800 °C, growth of paremegnetism is observed due to the formation of spinel structure with
M, Mn* components,

Noclear magnetic ressmance

To clarfy the qualitative composition, the nature of infermolecular interactions, chemical
environment of nncled, binary ecrbents applicated with lithinm and thermally treated at various
temperatures were studied by muclesr megnetic resonance (NMR).

NMR - spectea of sampleg of TiO; — Mn0, sorbent applicated with lithium and thermally
treated at temperature renge of 18- 600 °C are shown in Fig, 6-7.

Fig. § shows NMR-specirum of standard LiQH. As it is seen from Fig. 7, NMR-specirum of
applicated at 18 °C i alightly broadened. This fact can be explained by diffugion of lithium jons to
adsorbent matrix and by influence of paramagnetic Mn* jons.

Fig. 6, NMR-spectrum of LiOH (standart).
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Fig. 8. NMR-spectrum of TiO; - M0, sorbent applicated with lithium and treated at 500 °C.

As it can be scen from Fig. S,MhmttemmuatempermofSMUCﬂwmius]ight
broadening of the NMR - spectrum of applicated sorbent, which indicates diffusion of lithium ions
from the surface of pores into the sorbent volume,
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Fig, 9, NMR-spectrum of TiQ; - MnQ; sorbent applicated with lithium and treated at 600 °C,

NMR - spectrum of applicated TiO; - MnO; at 600 °C, shown in Fig. 9, is characterized by &
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significant broadening. This is explained by the subsequent diffusion of lithium ions into the sorbent
volume with a change in its structure.

Sorption of lithium ions from model solutions

The obtained sorption isotherms are shown in Figure 10.

A, mg-eqvig

0 a2 004 0.08 0.08 a1 D2 014
[LiCH], g-equil

Fig. 10. Adsorption isoterms of lithium ions from LiOH solutions by binary oxides : Al,O3 -
MnO; (1), TiO; - MnO; (2), ZrO; - MnO; (3).

As seen from curves shown in the figure, the magnitude of lithium ions sorption isotherm in
the substantial concentration range do not reach the limit values. Limitation in this case is low
solubility of LiOH in water (12.9 g per 100 ml at room temperature).

From the obtained adsorption isotherms disttibution coefficients (Kq) were calculated, values
of which are given in Table 3.

Table 3. Values of distribution coefficients for 0.01 and 0.1 M solutions of lithium hydroxide

Adsorbent Kq4 (0.01 M LiOH) K4 (0.1 M LiOH)
Al,O5-MnO, 50 (120) 14
Ti0;-MnO, 25 (80) 20
ZrQ,-MnQ, 60 (150) 12

Analysis of curves in Fig. 10 and Table 3 shows that in the case of diluted solutions,
absorptive capacity falls in a row:
ZrQ; - MnO; > Al;O3 - MnO; > TiO; - MnO,.

As we approach saturated solutions of lithium hydroxide this row changes to:
TiO; - MnO; > ZrQ; - MnO; > Al,O3 - MnO,

And under these conditions lithium is the most absorbed by the sorption material based on
TiO; - MnO,.

Since modification of sorption materials by ion application requires maximum injection of
applicating ions (in this case, lithium ions), material based on TiO; - MnO, was chosen to study the
effects of these processes on selective properties. Number of samples with different ratios of Ti and
Mn (1:1, 2:1, 1:2) were synthesized. Process flow of synthesis is shown in Figure 11.
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Fig. 11. Flow chart of TiO; - MnO, synthesis.

More detailed lithium-selective properties of the modified sorbents based on TiO; - MnO,
were investigated in solutions simulating seawater.

Since for the processes of lithium ions extraction from seawater by sorption methods the
major disturbing factor is the high concentration of sodium ions, as the model solution containing
NaCl and LiCl was used. The concentration of sodium chloride was taken close to the average
content of sodium ions in seawater. The content of lithium ions in sea water is very low, so to
facilitate the analysis of lithium ions in the experiment, the concentration of lithium chloride in the
model solution was increased in 10 times. Thus, test solution contained 0.5 mol/1 NaCl and 0.0176
mol/1 LiCl. That, in our opinion, was quite correct to study the sorption properties.

Study of lithium and sodium ions sorption by materials based on TiO, - MnO,, obtained by
heat treatment at various temperatures was conducted with stirring under static conditions (0.1 g
sorbent per 100 ml solution).

Bona i sBopoouscHi rexnonorii. Hayxoso-rexmiumi Bicti Ne3 (20), 2016 16



To determine the kinetic characteristics of sorption process sample of solutions were selected
for the analysis. The resulting dependence of lithium and sodium ions sorption on the time of
contact with adsorbents are shown in Figures 12 and 13.
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Fig. 12. Effect of application temperature of sorbent based on TiO; - MnQO; with lithium ions,
on the kinetics of lithium ions sorption in the presence of sodium ions.
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Fig. 13. Effect of application temperature of sorbent based on TiO; - MnQO; with lithium ions,
on the kinetics of sodium ions sorption in the presence of lithium ions.

As it can be seen from the curves in Figure 12, consistent increase in the temperature of
treatment from 20°C to 700°C leads to a significant increase in the sorption capacity to lithium ions
from 0.5 to 3.0 meq/g. It is important to mention good kinetic characteristics of the obtained
materials. For example, 1.5 hour contact is almost enough to reach maximum sorption values. Some
drop of sorption capacity is observed for samples with low heat treatment temperature, possibly due
to competing sodium sorption.

As it was shown above, the selectivity of the sorbent based on TiO; - MnO; to lithium ions is
increased with increasing of heat treatment temperature of applicated sorbents. Adsorption capacity
for lithium ions increases, and for sodium ions decreases. It should be noted that even sorbent that
passed heat treatment at low temperatures (200-300 °C), also in brief contact with a solution
absorbs sodium ions in trace amounts. Only increase in duration of sorbent-solution contact leads to
competitive adsorption of lithium and sodium ions. However, with increasing of heat treatment
temperature, sorption capacity to sodium ions irreversibly decreases, and to lithium - increases.

Boaa i sopoouncHi Texaouaorii. Hayxono-rexmiumi sicri Ne3 (20), 2016 17



Ti-2Mn 400 C
— = Ti-zMn 500 C

"1 A meygy = Tr-2Mn 600 C
Ti-ZMn
=
L
- ,,—'/
ad o T
- —
RN "_/
El ) /,/'
, 2 rd —_————
e ————
) e
.I //’ - |
£
'fl o T h 2 g an I £ A
tune s
Ti-2Mn 400 C
-=— Ti-2Mn 520 C
F A mewty ~ - Ti-2Mn 600 C
Ti-Z2Mn
-
3
g4
1 T T T
% N ——
I
1 15 ! » 1
tine. lars

B
Fig. 14. Kinetics of adsorption of lithium (A) and sodium (B) ions by Ti-2Mn sample after
heat treatment.
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Fig. 15. Kinetics of lithium ions adsorption by 2Ti-Mn sample after heat treatment.
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Fig. 16. Sorption capacity of sorbents based on TiO; - MnO; for lithium ions on background
of sodium ions, depending on the temperature of application of sorbent with lithium ions.
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Fig. 17. Sorption capacity of sorbents based on TiO» - MnO; for sodium ions on background
of lithium ions, depending on the temperature of application of sorbent with lithium ions.

Sorption behavior of the composite titanium-manganese containing oxide materials is
changing radically after passing the thermal stage of application with lithium ions, which is
associated with introduction of lithium in the structure of the material and formation of transitional
structures. From the showed data it can be concluded that thermal application greatly increases the
sorption capacity of oxide material for lithium ions with a simultaneous drop in sorption of sodium
ions. Moreover, absorption of lithium ions is accelerated. For some samples 90% of the maximum
sorption capacity is achieved in 2-2.5 hours.

Although ion application significantly increases cost of produced materials, through the
example of TiO,-MnO, it is shown that the effectiveness of their use can be significantly greater.
Material cost can be reduced by using waste as a raw material and obtain acceptable results in terms
of price:performance.
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XAPAKTEPH3AIIASI COPBIIHOHHBIX MATEPHAJIOB, COJAEPKAIIIAX
OKCH/IbI MHOT'OBAJIEHTHBIX METAJLJIOB JJISI TIPUMEHEHHWS B ITPOIECCAX
H3BJEYEHHA JIUTHA U3 COJIEBBIX PACTBOPOB
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IlockonvKy naumuii R6HAEMCA OOHUM U3 CAMBIX BOCMPeOOBARHBIX MAMEPUaAno8 Ons
npouseooumeneyd 3NEKMPOHUKY, RPeOCMAasisem UHMepec pACCMOMpemy albMmepHAmueHbvie
ucCmouHuKYu ez20 noayyenus. B cmamve npoananusuposanvt 0CHOBHBIE UCMOYHUKY 000bINY TUMUS,
MUpoable 3anacel U OuHamuka e2o 0obviuu. Hamu paccMompena 603M0ICHOCMb ROTYHEHUS TUMUA
u3 MOpCKoOU 600vl copbyuonnvim memooom. IIposedena CpAGHUMENbHAR XAPAKMEPUCMUKA
COPOYUOHNHBIX MAMEPUANO8 HA OCHO8E OKCUOO8 MHO208ANCHMHBLIX MEMALN08, OnpedeneHsl
napamempul ux cmpykmypul. Memodom ghazoeozo penmzenocmpykmypHo20 GHARU3A YCMAHOBNEHO
cmpoenue copbenmos. Iloxasano, ymo muman-mapeanyessiii copbenm A6nAemcs KOMNO3IUMHbLIM
Mamepuanom, cocmoawum uz yacmuy TiO, pymuna, noxpvimuix amopgrvim MnO; Memoodom
NEKMPOHKO20 NAPAMAZHUMHOZO DE3OHAHCA YCMAHOBNEHO GAEHMHbIe COCMOAHUS MAP2AHYesow
Komnonenmsi 8 cmpykmype copbenma. Ilonyuenvt uzomepmul adcopbyuu aumus u3 pacmeopoe
MOOENUPYIOWUx MOpCKYI0 600y. MHccne0oeano 6usHue MOOUQPUYUPOBAHUs COPOYUOHHBIX
mamepuanos memooom uonnoz2o annauyupoearnus. Iloxasano, ymo naubonvbwuyo COpOYUOHHYIO
emxocmb no uonam Li' umeem muman-mapzanyeswiii copbenm.

Kniouegote cnoga: numuti, KOMRO3UMHBIY MAmMepuan, OKCUO Mumana, muman-mapeanyesoli
copbenm, annauyuposarue

XAPAKTEPH3AIN COPBIIMHAX MATEPIAJIIB, IO MICTSTh OKCHIH
BATATOBAJIEHTHUX METAJIIB JIJIS1 3ACTOCYBAHH/ B ITPOIIECAX
BHWJIYYEHHA JITTIO 3 COJIBOBHX PO3YHMHIB
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Ocxinoku nimiti € 00HuM 3 Haubinbwi 3ampebysanux mamepianie 018 6uUpobHUKiE
€NeKMPOHIKY, NPeOCMABNAE iHmMepec PO32NAHYMYU ANbMEPHAMUGHL 0XCepena U020 Ompumants. Y
cmammi npoananizoeano OCHOGHI Oxcepena 8udoOymky nimiio, ceimoei 3anacu i Oounamixa o020
suoobymxy. Hamu po32naHyma MOJCIueicme OMpUMAHHA Nimilo 3 MOpPCbKOi 800u copbyiiinum
memooom. IIposedena nopiensanvua xapaxmepucmuxa copOyitiHux mamepianie HA OCHOBI OKCUOI8
bazamosanenmnux Memanis, eusHaueni napamempu ix cmpykmypu. Memodom a3zoeozo
PEHM2EHOCMPYKMYPHO20 aHanisy ecmaroeneno 6yoogy copbenwmis. Iloxaszano, wjo muman-
Mapzanyeausi CopbeHm € KOMRO3UMHUM Mamepianom, wjo ckradacmocs 3 vacmunok TiQ,, pymuny,
noxpumux amopgrum MnQO>. Memooom enexmporHO20 NaApaMazHimHO20 Pe30OHAHCY 6CMAHOBNEHO
8aneHmuull Cman Map2anyegoi Komnowenmu 6 cmpykmypi copbeumy. Ompumano izomepmu
aocopbyii nimilo 3 posyunie, wo Modenioomes MOPCbKy 600y. [ocnidsceHo snnus mMoougiKysants
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copbyitinux mamepianie memooom ionHoz0 annnixyeanHs. Iloxazano, wo Haubinewsy copbyiuny
. . ++ “
emuicmo no ionam Li” mae muman-mapeanyesuti copbenm.

Kmouosi cnosa: nimiid, xomnosumnuii mamepian, oxcud mumawny, mMumaH-mapeanyesuti

copberm, annuikyeaHHA
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