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Highlights

e The mineralogical characteristics of the clays in the Bigadi¢ borate basin have been assessed.

e Selective cation exchange of hectorite with various cations was investigated.

¢ Mg and Li concentrations transferring from clay to acidic solution were ascertained.

¢ Experimental observations were conducted based on the ions' diameters and hydration enthalpy.

e Partition coefficient values were calculated from solutions and interpreted.
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ABSTRACT: Although lithium is a common element worldwide, it is primarily concentrated in specific
areas, including pegmatites, granites, and clays, as well as brine. Today, research in various countries is
exploring experimental techniques for extracting Li from Li rich rocks and clays. The Bigadi¢ boron
deposits form in a volcano-sedimentary environment in western Turkey, and their boron minerals
interlayer with significant amounts of Li-rich hectorite. However, the clays' high Mg content presents a
significant complication, increasing the cost of lithium processes and necessitating an intricate extraction
process.

In this study, a solution with high Li and low Mg content was obtained by a two-step extraction
process from raw Bigadic clays with high Li content. Raw hectorite samples NaCl, CaCl: and FeCls cation
sources were mixed by the mechanical mixing method to provide cation absorption on the clay surface.
The targeted ion, Li, was transferred from the clay to the solution by preferential displacement using acid
treatment. The findings produced through Dui =[Li(ay)]/[Liag] (ppm/ppm) and logDri= 1319/T) + 5.5
([Li@g]) -00%% formulae were analyzed and interpreted. The investigation has demonstrated the viability of
selective cation exchange procedures upon rich lithium clay reserves present in Bigadic.

Keywords: Bigadic Borate Deposit, Clay Minerals, Hectorite, Lithium Extraction, Selective Cation Exchange
1. INTRODUCTION

In recent years, the significance of lithium (Li) in the global market has risen due to advancements in
technology that utilize Li's high electrochemical potential, leading to a corresponding rise in its price [1-
3]. The utilization of rechargeable lithium batteries, particularly for eco-friendly electric/hybrid vehicles,
is a significant factor in making lithium a reliable and useful material/source, therefore, as it produces no
pollutants and meets the objectives of sustainable environmental policies. However, the demand for
lithium is dramatically growing, and it is becoming crucial for the comprehensive investigation and
utilization of all available natural and artificial sources [4].

Although clays are found in restricted regions on the Earth's surface such as Turkey, France, Morocco,
Arizona and Nevada, they can possess large amounts of Li in their crystal structures, serving as a potential
source of the Li element. However, understanding and predicting clay crystal systems poses a challenge
due to the reactions of clay minerals which release cations by exchange or solution and the existence and
diversity of exchangeable cations. Additionally, another difficulty is the existence of varying binding
energies of these cations to different exchange sites located on clays [5-7].

Hectorite (Na0.6Mg2.7Li0.3514010(0OH)2), widely recognized as an adsorbent, catalyst, and
rheological additive, and its use has lately increased in fields such as optics, medical materials, and tissue
engineering is a smectite group magnesium-lithium clay mineral. Hectorite with the chemical formula
NaosMg27Li035i4O10(OH)2 has a Si-O-Mg(Li)-O-Si layered trioctahedral structure separated by interlayer
cations, such as Na+, and Li+. The adjacent negatively charged 2:1 layer is fixed by interlayer cations and
by hydrogen bonding between water molecules coordinated to interlayer cations and basal oxygen atoms
of the tetrahedral sheets. The partial isomorphic substitution of Li* for Mg?* in the octahedral sheets is
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responsible for the negative charges of hectorite. These negative charges are compensated by the interlayer
cations in the interlayer space and interlayer cations can also be exchanged with other cations.
Additionally, hectorite nanolayers exhibit an anisotropic charge distribution, with negative charges on the
basal faces and positive charges on the edges [8, 9]. In addition to these characteristics, hectorite can be
defined as a highly functional nanoparticle that can be used in cation exchange reactions with a high cation
exchange capacity (CEC) of 50-150 mmol/100 g in the pH range of 6-13 [8]. and a large specific surface area
of about 350 m?/g [10]. The positioning and quantity of lithium in the crystal site must be clearly defined
in the extraction of the Li element from hectorite or Li-rich clays. This is because Li* can occupy two distinct
sites in the clay: i) Li+ substituting for Mg?* in the structural octahedral sites, and ii) exchanged Li*, a cation
that is primarily located in the interlayer sites and is exchangeable [11]. It is essential to ensure that these
two sites are distinguished from each other. It is believed that the replacement of Mg?* with Li* in the
octahedpral sites is a result of the element's position in the periodic table and their closely linked external
geochemical cycles [12, 13].

Many studies have revealed that besides inorganic ions, organic cations can also be incorporated into
the interlayer space of hectorite through an ion-exchange reaction [14-22]. Bivalent cations are much more
likely to enter the exchange sites than monovalent cations [23]. The treatment of rare-earth element and Li
rich clay group minerals to be exploited for these elements are based on the fact that the charge on clay
minerals is predominantly negative, attracting cations from solutions to neutralize the said charge. Ion
exchange in these minerals occurs through a reversible chemical reaction between the ions in the solutions
and the ions positioned on the crystal surface due to the unbalanced electrical charges within the crystal
framework. Ion exchange reactions follow the law of mass action; however, the reactions are constrained
by the count of exchange sites on the mineral and the strength of the bond between the exchangeable
cations and the mineral surface [7, 24-28]. Hectorite possesses several active sites utilized for cation
exchange, including interlayer, surface, edge, and inter-particle sites for conducting the ion-exchange
reaction as outlined above. These active sites enable the clay to interact with other substances readily,
leading to diverse types of reactions. This unique property allows for the manipulation of the hectorite's
structure and functionality [9].

The Borate Basin around Bigadic¢ in Western Anatolia is extensively recognized with its Miocene
borate deposits attracting widespread interest. On-going explorations and exploitation activities in the
basin revealed the clay layers of the deposits are Lithium-rich [29-36]. The initial investigation of Li
leaching was conducted by [37] utilizing sulfuric acid solution from ulexite-clay samples sourced from the
Kirka borate deposit, including dolomite, montmorillonite, and hectorite. Despite favorable leaching
conditions, this study highlighted that acid leaching failed to exhibit discernible Li selectivity (99%) and
led to significant dissolution of iron (42.97%), magnesium (58.10%), and calcium (35.04%). With the
advancement of technology new research was conducted, including new processes to obtain a solution
rich in the element Li, and a very rich Li solution was obtained, but the biggest technical problem was that
the solution was enriched with elements such as Mg and Ca at the same time as Li [34, 35]. Regarding the
usefulness of grain size reduction, [36] also conducted a study and found that when grinding samples of
different grain sizes and compositions, the amount of Li increased with decreasing grain size, while the
increase in the amount of Li was associated with clay minerals.

All of the above indicates that we have entered a period of significant investment in lithium mining
and production worldwide and in Turkey. Furthermore, it seems inevitable that lithium will open new
dimensions in the economic and political fields as a result of international trade predictions. The growing
economic and geopolitical significance of this raw material has attracted global attention to the boron
basins in Turkey. The principal challenge encountered during the extraction of lithium from clays in Boron
basins in Turkey is the co-extraction of magnesium. This study aims to develop a lithium-rich magnesium-
poor solution during the extraction of lithium from clays. The findings of this study demonstrate the
feasibility of obtaining a Li-rich, Mg-poor solution in the preliminary stages of extracting this raw material.
For this purpose, unlike previous research, the clay samples were mixed and ground with a cation source
before being mixed with acid. Additionally, the focus of the research was on the extraction of lithium
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between the layers rather than on the octahedral layer. NaCl, CaCl: and FeCls salts were blended and
grinded as cation sources with Li-rich clays. In addition, the partition coefficient values of the geochemical
data were calculated, evaluated and interpreted to support the integrity of the data and the applicability
of the study.

1.1 Geology of the Bigadi¢ Borate Basin

The NE-SW-trending Bigadi¢ Borate Basin is classified as among the boron-rich basins in Western
Anatolia (Figure 1). It covers an area of approximately 50-90 km and deposited over an amalgamated
basement consisting of tectonic units of the Menderes Massif, the Sakarya Zone, the Lycian Nappes, and
the Bornova Flysch Zone. The area experienced extensional deformation starting from the latest Oligocene
as being a part of the Aegean Extensional province [38-42]. Miocene is remarkable with the development
of the NE- and SW-trending basins as manifestations of a highly attenuated lithosphere and accompanied
volcanism [43, 44]. These basins were filled with deposits eroded from highlands and produced by the
surrounding volcanoes (Figure 1). The Neogene volcano-sedimentary sequences from bottom to top;
basement volcanic unit, basement limestone unit, lower tuff unit, lower borate unit, upper tuff unit, upper
borate unit and basalt [38]. (Figure 1, stratigraphic section). Quaternary sediments cover all these Neogene
units.

Within the Miocene units of the Bigadi¢ Basin lie four open pits that are renowned worldwide as
containing the largest colemanite and ulexite deposits: Simav, Tiilli, Acep, and Avsar quarry (Figure 1).
These deposits were formed due to Tertiary-Quaternary volcanic activity and are distinguished by the
presence of borate minerals [40, 41]. Borate minerals are operated from two distinct section, upper and
lower. In the lower section, the units enriched in borate minerals consist of intercalations of clayey
limestone, marl, claystone, mudstone and tuff. In the upper section, the lithological sequence is very
closely similar to that of the lower section, where units such as limestone, claystone, clayey limestone,
marl and tuff are intercalated [30, 41] (Figure 1, stratigraphic section, left). This study used samples from
the upper borate zone of the Simav quarry. The Simav quarry represents the basin's deeper parts, with
Ca- and Na-borates (colemanite + ulexite) being the predominant borate minerals present in Simav (Figure
1. stratigraphic section, right). Clays of the quarries intercalate with other sediments in borate-rich strata,
and these clays indicate considerable quantities of the element Li. Li in borate deposits in the region is
mostly confined to clay minerals, and studies of clays have shown that the clays in this region contain
between 0.17 and 0.58% Li20 [31].

2. MATERIAL AND METHODS

The experimental studies were carried out in two stages. The first process is based on the
characterization and determination of clays. The second process involves mixing clays with a cation source
in a high-energy mill and obtaining a lithium-rich solution with the addition of a solvent.

2.1 Characterization of Clays

The clay samples (BG1, BG2 and BG3) were first cleaned of coarse gravel and sand-sized materials
and boron minerals to obtain a purer clay composition. Then, the decantation technique, also known as
suspended particle gravity sedimentation, was used to separate silt and clay-sized materials. <2 pm clays
were obtained by centrifugation from the dispersion obtained after the decantation process. An oriented
aggregate mount was prepared for each clay sample prior to X-Ray diffraction (XRD). The oriented
aggregate mounts force the clay mineral particles, usually plate-shaped phyllosilicates, to lie flat, allowing
the incident X-ray beam to be directed along the z-axis of the minerals and the diagnostic basal diffraction
to be recorded. Oriented samples were air dried, then solvated with ethylene glycol (EG) at 60°C for 2
hours and thermally heated at 400°C and 550°C for 1/2 hour. All these steps are the basis for the
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determination of the mineralogical composition of clays <2 um. XRD analyses were performed at Konya
Technical University, Central Laboratory Application and Research Center, Konya, Turkey, in GNR
EUROPE 600 XRD model device, CuKa radiation, 40 mA, 40 kV operating conditions, 0.005° scanning
speed, 0.250 mm slit interval. The 20 range was preferred as 2.0-45.0° for EG-solvated and thermally

treated samples.
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Figure 1. Generalized geological map and stratigraphic section (without scale) of Bigadig¢ Borate Basin,
(the formation colors correspond to the generalized stratigraphic section) (Modified from [30, 41]).
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The cation exchange capacities (CEC) of the clays were determined using the methylene blue
technique. The technique estimates the quantity of exchangeable cations present in reactive clays. The
reaction in this method is the replacement of the methylene blue cations by exchangeable cations of the
clay. Clay adsorbs methylene blue in the quantity of exchangeable cations. After saturation, the added
methylene blue ions are released into the dispersion. Since the amount of methylene blue added is known,
the amount of methylene blue adsorbed by the clay can be calculated and as a result, it can be said that
the clay has a cation exchange capacity equal to the amount of charge adsorbed. In the present study, 3.20
g of methylene blue (C16H18N3SCI) was dissolved in 1L of water and thus 0.01 meq load was obtained
in 1 cm3 volume [45]. The methylene blue solution was added to 1 g of dry clay in 0.5 ml volumes. After
each addition of methylene blue, the clay was mixed and dripped from the dispersion onto the filter paper.
The process was continued until the color left by pure methylene blue on the filter paper was formed
around the clay dripped onto the filter paper. The cation exchange capacity of the clay was calculated from
the amount of methylene blue that was added until the blue ring was formed around the clay.

Field emission scanning electron microscope (FE-SEM) analyses were performed to determine the
micromorphological properties of the samples. The micromorphological analysis of clays was carried out
using a ZEISS GeminiSEM 500 model scanning electron microscope at Necmettin Erbakan University,
Science and Technology Research and Application Centre (BITAM), Konya, Turkey. The operating
conditions of the FE-SEM are 15 kV acceleration voltage, 5-15 mA current and 10-20 s counting time for
each element. The iridium coating process was performed using a Leica EM ACE600 model spray coater
at 0.06 nm/s at 23 °C, at 0.4 nm. Li and Mg contents of the clays were analyzed by ICP-OS, Perkin Elmer
7000 DV model instrument at Selguk University, Advanced Technology Research and Application Center
(ILTEK), Konya, Turkey.

2.2. The Lithium Extraction Process

To increase their surface area, lithium-containing clay samples (BG1, BG2 and BG3) were ground in a
ball mill for 30 min. Three different cation sources with different cation charges were used to perform the
cation exchange in the Li extraction process, these are: sodium chloride (NaCl), calcium chloride (CaCl2)
and ferric chloride (FeCls) (Figure 2.). The anion of the cation source was selected from the halide
combinations in all experimental groups. These cations were chosen mainly because their ion diameters
and enthalpies of hydration (Amnd) were different from each other, and thus ions with different
physicochemical properties were aimed to clearly observe the behavior of the ions during the extraction.
In this experimental phase partially used the technique applied to cation exchange tested by Sun et al.,
(2021). In the experimental groups, the mass ratio of the cation source to the clay mineral is 1: 5. Each clay
(Cl) sample were mixed with a cation source (CS), then CI-SC (BG1-NaCl, BG1-CaCl;, BG1-FeCls, BG2-
NaCl, BG2-CaClz, BG2-FeCls, BG3-NaCl, BG3-CaClz, and BG3-FeCls) experimental groups formed (see
Figure 2). It was then powdered in a ball mill for 2 hours to allow the cations to adsorb onto the clay
surface and to obtain a homogeneous mixture. Nano-multimix X 50 S, high-energy ball mill with 50 mL
chamber at the Biochemistry Laboratory of Selcuk University in Konya/Turkey, was used to grind, mix
the samples, and increase their surface area. All processes involving mixing the clay with the cation source
were collectively referred to as the " Process-A " (Figure 2).

3 g CI-SC samples were taken from each group and mixed with 50 ml 1M sulfuric acid (A) (process-
A) and Clay-Cation Source-Acid (CI-CS-A) solution was prepared (Figure 2). This solution was sloshed in
an Erlenmeyer flask at 90°C for 24 hours in an ultrasonic bath. After the sloshing procedure, the solutions
were percolated with filter paper (pore size 0.45 pm) and each solution was named accordingly as shown
in Figure 2. The mixing process of the CI-CS-A was called the "Process-B". After all of these "Processes-A
and B", chemical measurements were performed on the filtrate (Figure 2).
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Figure 2. Flowchart outlining the methodology section, including the processes-A and B.

3. RESULTS

The mineralogical characterization of the Li-rich clay samples was carried out XRD analysis and is
presented in Figure 3. After the treatment of the ethylene glycol (EG) on the clay sample, it was determined
that at the XRD analysis the 001 reflection of the BG1 expanded from 13.01A to 17.17A, BG2 from 13.25A
to 17.29A and the BG3 from 12.04A to 16.73A (Figure 3, left). After heating for 30m at 400 and 550 °C, the
reflections were observed to have collapsed to about 9.5 to 10 A. The 060 reflections from the randomly
oriented XRD analysis of the samples were detected as 1.539 A for BG1, 1.530 A for BG2 and 1.528 A for
BG3 (Figure 3, middle).

The CEC of samples BG1, BG2 and BG3 was determined using the methylene blue cation exchange
technique and was found to be 62 mmol/100 g, 54 mmol/100 g and 52 mmol/100 g respectively. In order
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to determine the micromorphological structure of smectites, FE-SEM analysis was performed from BGI,
BG2 and BG3 samples and wavy subhedral smectite flakes and irregular outlines were observed in each
sample (Figure 3, right).

To determine the behavior of Li and Mg during the extraction of Li from the crystal structure of
hectorite, the amount of Li and Mg elements was determined by chemical analysis. The Li contents of the
raw clay samples (BG1, BG2 and BG3) are 2326.58 ppm, 1446.80 ppm and 1857.27 ppm, respectively. The
Mg content is quite high and varies between 15.12%, 15.72% and 13.18% (Table 1).

Air Dry Glycolation 550°C (060)
e
BGI = 2
BG3 <
-
&
BG3 <
2 <
&
25 10 15 2 5 10 15 "-2 5 10 15 o 60 625 65
Cu-Ka (1.541874 ) 2Theta

Figure 3. X-ray diffraction (XRD) patterns of clay-sized fractions separated from powdered clay samples
at Bigadig borate deposits Low-angle XRD patterns from 20: 2 to 15 ° for air-dried, ethylene-glycolate
and thermally heated at 550°C vertically oriented to the c-axis of clay minerals at the left and middle.

High angle XRD patterns from 20: 60 to 65° including 060 reflections from randomly oriented clay
samples at right. FE-SEM images of the samples are shown to the right of the figure.

Table 1. The table displays the Li and Mg levels in the BG1, BG2, and BG3 clays and the clay-cation
source-acid (CI-CS-A) solutions.

ppm ppm ppm ppm Recovery %(*)
(clay) (C1-CSacn-aq) (C1-CS(caci2-aq) (CI-CSreci3-aq)
BC1 BC1-NaCl-Aq BC1-CaCl:-Aq BC1-FeCl-Aq NaCl CaCl FeCl
Li 2326,5 1821,6 1652 603,3 78,29 71,00 25,93
Mg 151227,9 5443,3 6178,3 4249,1 3,59 4,08 2,80
BC2 BC2-NaCl-aq BC2-CaCl2-aq BC2-FeCl3-aq
Li 1446,8 843,3 990,5 457,1 58,28 68,46 31,59
Mg 157234,0 4271,5 4229,5 3901 2,71 2,68 2,48
BC3 BC3-NaCl-aq BC3-CaCl2-aq BC3-FeCl3-aq
Li 1857,2 1216,7 933,1 6139 65,51 50,24 33,05
Mg 131810 4584,8 5031,63 4500,2 3,47 3,81 3,41
(*) The right three columns illustrate the percentages of Li and Mg elements that transition from the clay to the
solution.

3.2 Chemical Composition and Extraction Process of Clays

The extraction of lithium-rich samples BG1, BG2 and BG3 were carried out through two separate steps,
Process-A and Process-B (see Section the Lithium Extraction Process), further details of the procedure can
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be found in [22]. Li and Mg concentrations were measured in all experimental groups following the
processes-A and B. Among Cl-CSnacy-A solutions, the highest concentration of Li was obtained from
Clec)-CSwacy-A solution with 1821.6 ppm (Table 1). The Mg content of these solutions varies between
4271.5 ppm and 5443.3 ppm and increases in direct proportion to the Li content. The magnesium content
of these solutions ranges from 4271.5 to 5443.3 ppm (Table 1). In CI-CS(cac2-A solutions, the highest Li
concentration was determined as 1652.0 ppm in Clecy-CScac-A solution. The Mg content of these
solutions increases up to 6178.3 ppm. Li contents of CI-CSeci3-A solutions are quite low, varying between
457.1 ppm and 613.9 ppm. The Mg content of the same samples is ranging from 3901.0 ppm to 4249.1 ppm
(Table 1) (Figure 4). As the Li content increases within the chemical composition of all solutions, so too
does the Mg content. The percentage of Li and Mg transferred from clay into solution was calculated from
the chemical data (Table 1). For all experimental groups, the percentage of Li transferred from the clay to
the solution was quite variable, ranging from 78% (for CI-CSwacy-A solutions) to 25% (for Cl-CSeeciz-A
solutions) (Table 1) (Figure 4). For CI-CSwacy-A solutions, the highest Li% was found in the Cleac1-CSwacy-
A sample with 78%. Among the CI-CS(caci-A solutions, the highest Li content was found in the Clgc)-
CScacin-A sample with 71%. The amount of Li% that was transferred from the Cl-CS(FeCl3)-A samples to
the solution was detected to be quite low and was determined to be between 25% and 33% (Table 1) (Figure
4). For all experimental groups, the Mg% rate transferred from the clay to the solution was quite low and
was calculated between 2.48% and 4.08% (Table 1, right). The rate of lithium release from clay into solution
is quite high in comparison with magnesium and, proportionally, the amount of Mg increased as the
amount of Li increased (Figure 4, left).

BGI1 ) BG1

o0
50

40

Lithium (Mg/Li)

Percentage (%)

r—

Cl-CSpacn-A CLCS caciy-A

- 2 205 o : =0
-e-Li 7829506667 7100540741 iy Ot A Lo A Clitoe
== Mg  3,59940151 4085422877 2800732507 —a=Mp/Li 68 2088197189 3739891041 7043096304
BG2 BG2
120
0
T -0
f_.‘: &0 » - -
g 50
z
3 a0 b
S
-]
10
0 - -
Cl-CSmwn=-A Cl-CSwazrA CLCSrecu-A
T 58,28691176 6846102941 31,59367647 Faw chay CICSmn-A  ClCSewnrA  ClCSaecneA
—e— Mg 271665088 2,689939107 2ABI0N4885  —e—mg1i 1086764706 5065219969 4270065623 8534237585
BG3
BG3 0
v .. =
= [ :J. 60
< s - Z
o = 50
] g
= . E
Z =
2 = 3
£ W g
i 2w
& =
o — - 5 °
CRCSparn=A Cl-CSicarur A [ a
-e-[j 6551007758 50,24036606 33,05380424 - Raw clay ClCSmmn-A  ClCScaurA | ClCSrenrA
—a— Mg 3 478340154 3817335089 3414158322 =a=Mgli 7096969697 3768225528 5392380238 7330513001

Figure 4. Graphs display the percentages of Li and Mg elements being released from clay minerals into
CI-CS-A solution (Left). Calculation is based on the ratio of Li content in solution to Li content in raw
hectorite, and Mg content in solution to Mg content in raw hectorite. The Mg/Li ratios of raw clay and

CI-CS-A solutions (right).
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The molar Mg/Li ratios of BG1, BG2 and BG3 clays are 65, 108.6 and 70.9 respectively.
After applying the "A + B process”, the molar Mg/Li ratio in the solutions decreased to 2.9 - 5.0 for Cl-
CSaci-A solutions, to 3.7 - 5 for CI-CScaciz-A solutions and to 7.0 - 8.5 for CI-CSecis)-A solutions (Table
2) (Figure 4).The Mg/Li ratios of the clays BG1, BG2, and BG3 were 65, 108.6, and 70.9, respectively. After
applying the " process-A + B " with CI-CSnacy-A, the Mg/Li ratio in the solutions for Clec)-CSnacy-A,
Clacy-CSmacy-A and Clees-CSmacy-A decreased to 2.9, 5.0, and 3.7, respectively (Figure 4, right) (Table 2).
The application of the " process-A+B " resulted in Mg/Li ratios ranging from 3.7 to 5.3 for CI-CScac2)-A
solutions. Molar ratios of Mg/Li were calculated for the solutions Clec1)-CSeeciz)-A, Clpc2)-CSeecis-A and

Clsc3)-CSeecns-A, resulting in ratios of 7.0, 8.5 and 7.3 (Table 2) (Figure 4).

Table 2. The calculated Mg/Li ratios in BG1, BG2 and BG3 raw hectorite and the Cl-CS-A solutions.

Sample ID Mg/Li Rations of Mg/Li Rations of Solutions
Raw Clays (CI-CS Nac-A) (CI-CS(cacr-A) (CI-CSreci3-A)
BG1 65,00 2,98 3,73 7,04
BG2 108,67 5,06 4,27 8,53
BG3 70,96 3,76 5,39 7,33

Table 3. Li and Mg contents of BG1, BG2, and BG3 raw hectorite samples and calculated partition
coefficients of Li contents in C1-CS-A solutions.
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BG1 2326 151227 0.015 1277 1.408 3.856 0.045 0.057 0.108 9.211 9.114 8.106
BG2 1446 157234 0.009 1.715 1.460 3.165 0.046 0.039 0.078 8.441 8.602 7.828
BG3 1857 131810 0.013 1.526 1.990 3.025 0.053 0.075 0.103 8.808 8.542 8.123
Dvi= [Liway)/[Lieg], D 1i=Mg = ([Liay]/[Mgay])/([Licy]/[Mgaq]), logDLi = -1319/T(K) + 5.5 ([Liag])0080

3.3 Calculation of Li partition coefficients in Cl1-CS-A solutions

To interpret the data from the processes-A and B intelligibly, this study computes the partition
coefficients of Li contents in CI-CS-A solutions. Partition coefficients values are given in Table 3 and Figure
5, they are displayed either as Dri=[Li(ay)]/[Liag](ppm/ppm) or D Limg =(Li/Mg)ay/(Li/Mg)@q (ppm/ppm)
[11]. Depending on the cation source, the calculated Dvi and D’rimg ratios vary (Figure 5). The ratio of Dui
for the Cl-CSwac-A solutions of all the samples is between 1.27 and 1.71, while for the CI-CScaci2)-A
solutions it is between 1.40 and 1.99. In CI-CSec3-A solutions the DLi ratio increases, varying between
3.02 and 3.85 (Table 3) (Figure 5). For Cl-CSwacy-A solutions the D'Liymg ratio is quite low, ranging from 0.04
to 0.05, while for CI-CScacia-A solutions it is slightly increased to 0.04-0.07. The D'Limgratio increases up to
0.8-1.0 in CI-CSgeciy-A solutions (Table 3) (Figure 5). A more general expression for the Dii has been
established by using the formula logDri. This formula is known as Van't Hoff's law, which is logDwi =
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al03/T+b Van't Hoff's law formula and a (slope) and b (intercept) is parameters (see: [11] for details). This
formula was utilized in this study to determine the different behavior of different cation sources at
constant temperatures. In this formula, the (T) is 90°C and b is 5.5([Liag]) %%, where [Liag] is in mg/L, and
also ([Lig)]) reflects the Li value transferred to the solution by extraction. The data of previous study were
applied to the equation logD1=-1319/Tx+5.5 ([Li(@q)])0-9%% (see: [11] for details). The calculated logDvi values
show an increase as the amount of Li in the solution composition increases. While the calculated value for
CI-CSnvacy-A and Cl-CScaciz-A solutions are up to 8.4, it is between 7.8 and 8.1 for CI-CSeciz-A solutions
(Table 3) (Figure 5).
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Figure 5. Calculated partition coefficients for lithium content in CI-CS-A solutions. a: Dii exchange
against CI-CSmacy-A, Cl-CScaciz-A and Cl-CSeeciz-A solutions, b: D+ rimgexchange against Cl-CSwaci-A,
Cl-CS(caci-A and CI-CS¢recis-A solutions and c: logDriexchange against CI-CSwacy-A, Cl-CScaci-A and
Cl-CS(FeCl3)-A solutions.
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4. DISCUSSION
4.1 Characterization of Clay Mineral

The widening of 001 reflection to approximately 17 A with the use of ethylene glycol or glycerol in the
identification of smectite group clays is one of the most important identification techniques in X-ray
diffraction pattern analysis of crystallographically oriented clay minerals. Smectite group is clearly
distinguishable from other non-expandable clays with this method [46-48]. [31] and [49] in their
characterization studies of clays from the borate zones of Bigadig; state that the 060 reflectance is >1.52 A
and the 001 reflectance of smectites after treatment ethylene glycol is 17 A. In this study, after the treatment
of the EG, it was determined that the 001 reflection of samples expanded up to 17.45 A (Figure 3). 001
reflections collapse to almost 9.5 to 10 A after heating to 400 and 550 C, EG application and heat treatments
indicate that the clays investigated are 2:1 smectite clays with swelling properties (Figure 3). The 2:1 type
smectites have various cation substitutions in both tetrahedral and octahedral positions and depending
on the properties of these cations, smectites are defined as di- and tri-octahedral [46]. The positioning of
Mg and Fe (II) and divalent ions in the octahedral structure results in the formation of trioctahedral
smectites, whereas the placement of Al and Fe (III) ions in the octahedral structure results in dioctahedral
smectites [50-52]. The 060 reflections of samples BG1, BG2 and BG3 were determined to be >1.528 A in the
detailed XRD diffractogram, indicating that these clays can have trioctahedral structures. Mg, which is
one of the substantial components of the trioctahedral smectite is constantly found in the interlayer space
beside the octahedral structure [50, 51]. The % MgO content of the Li rich clays representing the Bigadig
region was reported to be 23.33% by [31] and 22.5% by [49]. The MgO content of the samples examined in
this investigation falls within the range of around 21.85% - 26.08%. The results suggest that the clays found
in the Bigadic region possess a trioctahedral structure and are compatible with the MgO content (27.5%)
of raw hectorite [53, 54]. The smectite in the Bigadi¢ region must have a trioctahedral structure because
trioctahedral smectites tend to contain more Li than dioctahedral smectites [55]. Despite several studies
suggesting that hectorite should contain a Li2O content greater than 1.0%, no minimum limit has been
established. Using the term 'hectorite' for clay that has less than 1.0% Li20 is acceptable [55-57]. Studies
involving chemical analysis of smectites in the region have revealed that the Bigadig clays contain Li2O
within the range of 1462 - 3000 ppm [31, 34, 49]. The Li concentration in samples BG1, BG2 and BG3 have
recorded 2326.5 ppm, 1446.8 ppm and 1857.2 ppm, respectively (Table 1). Based on the mineralogical and
chemical data presented above, it was determined that samples BG1, BG2, and BG3 are hectorite with a
2:1 trioctahedral structure. The key feature of hectorite is the substitution of Li* with some of the
coordinated states of Mg?* at the octahedral sheets, leading to layer charge and determining the CEC of
clays. The CEC of the hectorite ranges from 50 to 150 mmol/100 g in the pH range of 6 to 13 [10]. CEC of
the BG1, BG2 and BG3 clays samples were determined as 62 mmol/100 g, 54 mmol/100 g and 52 mmol/100
g, respectively and these values are in agreement with the CEC values observed in raw hectorite.

4.2 Process of the Lithium Extraction

Lithium extraction study conducted on clays from Bigadi¢ and other borate deposits in the region
evaluated chemical processes including the utilization of sulfuric acid and hydrochloric acid, as well as
roasting water leaching methods [34, 35, 58, 59]. In this study, unlike previous research, the clay samples
were mixed and ground with a cation source before being mixed with acid. Grinding the clay with the
cation source increases the specific surface area of the clay. This significantly enhances the ion exchange
potential of the charged clay, facilitating the adsorption of the cation onto the clay surface. The extraction
of lithium from clays via the ion exchange method relies on the interplay between appropriate cations and
the lithium within clay crystal structures. Several studies have demonstrated that organic cations can be
included within the interlayer space of hectorite through an ion exchange reaction, in addition to inorganic
ions [14-22]. Hectorite has many active sites used for cation exchange, interlayer-, surface-, edge- and inter-
particle sites for the ion-exchange reaction. These active sites of clays can easily interact with other
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components and cause different types of reactions to occur, so this can be used to change the structure
and functionality of hectorite in particular [9].

In this study, three different inorganic salts containing monovalent (NaCl), divalent (CaCl?) and
trivalent (FeCls) ions were applied to raw hectorite samples (BG1, BG2 and BG3). The reason for choosing
these three different cation sources is to determine the change in the amount of lithium passing from the
crystal structure of hectorite to the solution according to the type of cation source and to calculate the
partition coefficient for more interpretable results. According to the results, comparing the Li contents of
the solutions after proceses-A+B, the Li contents of the Cl-CSnacy-A and Cl-CScaciz-A solution o are quite
high compared to Cl-CSeeci3-A (Table 1). Although the ionic radii of the Na* and Ca?" (102 and 100 pm,
respectively, [60]) were larger than those of the Li* (76 pm, [60]), the highest lithium content in the end-
solution was measured in the CSwacy-A and Cl-CScaciz-A solutions. In general, divalent cations be more
tend to preferentially to adsorbed on clay exchange zones than monovalent cations, which explains the
displacement of the Li* against the Ca? jon and also Li enrichment in solution [11]. The situation is
different for monovalent Na*, and the dominant process in the displacement between Na* and Li* during
the CI-CS-A interaction is related to the hydration energy of the ions. The hydration energy (AHmya),
which is also correlated with 7%t (Z = charge on the cation, r = cationic radius (pm)), indicates how strongly
anion attracts water molecules [61, 62]. The larger the atomic size lesser the hydration energy or the energy
decreases [63] because the activity coefficient is affected by the radius of the hydrated ion. The ionic
diameter of the Na* is larger than the Li* but the AHmyd of Li* (-520 kJ/mol) is higher than that of the Na* (-
406 kJ/mol). This becomes effective in the CI-CS-A solution interaction, the transition of lithium from
exchangeable positions in the clay crystal lattice into solution and the preferential displacement of these
elements. Although the ion radius of Fe¥ (64.5 pm) is close to that of Li* (76 pm) or even smaller in
diameter, the amount of Li* in the CI-CSeci3-A solutions is quite low (Table 1). The fact that Fe*? has a
higher AHHya potential (-4430 kJ/mol) compared to the AHnyd potential of Li* (-520 k]/mol) caused a lower
exchange rate of Li* and Fe?* in the solution-clay interaction, because as the water cluster binding studies
indicate that the ions with high charge densities bind larger water clusters more strongly than those with
lower charge densities [62, 64, 65].

The main problem with Li extraction is the presence of both univalent and divalent cations in the clay
surface, as this creates significant differences regarding the nature of the exchanger and the concentration
of the solution. Bivalent ions are more strongly bound to clay minerals than univalent ions, but this
assumption is not valid for Li+ and Mg?". The diameter of Li* (76 pm) is larger than that of Mg?* (72 pm),
but the AHHyd of Mg?* (-1921 kJ/mol) is higher than that of Li* (-520 kJ/mol). The high hydration energy
means that when Li* and Mg? bound to the clay surface come into contact with the solution, Mg
preferentially transfers into the solution more, which is one of the main problems in Li extraction. As a
result of the experimental studies carried out as part of this study, it was found that the transition of the
Mg?* into solution was significantly lower than that of the Li+. The recovery of lithium from the-CS(NaCl)-
A solutions ranges from 58 to 78% and that of magnesium from 3.5 to 2.7% and the ranges from 50 to 71%
and that of magnesium from 2.68 to 4.08% for Cl-CS(CaClz)-A solutions when the process-A and B is
applied to clays (Table 1). These favorable results show that Mg-poor and Li-rich solutions can be obtained
with the addition of Na* and Ca? cation sources to the Bigadig clays. Detailed explanations about this are
given below.

In this study, Li* in the exchangeable cation position in the interlayer position of the clay and Li+ in
the octahedral sheets were intended, and for this purpose, 1 M H250s at 90°C was used in the process-B.
The main reason for avoiding the heating process is that heating induces the small cations to migrate out
of their interlayer space. When this effect is evaluated by considering Li rich clays, heating of the Li rich
clay causes Li* to migrate from the interlayer space into the vacant octahedral sites or hexagonal holes of
the tetrahedral sheets, or both [66]. [67] have detected that from X-ray photoelectron spectroscopy of Li-
Montmorillonite heated at 250 and 350 °C, the Li* cations migration from interlayer space to hexagonal
and octahedral sites with occupancies of 60 and 40% respectively. In addition, the heating process causes
reduction in layer charge, this is called the Hofmann-Klemen effect and refers to the reduction of the layer
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charge by heating octahedrally charged smectites saturated with small cations (e.g. Li, Mg, Cu) after heat
treatment (when heated to 110°C or more) [66, 68-72]. Acid treatment is one of the most applied solvent
extraction methods for the recovery of Li from the hectorite because acid treatment chemically leads to
controlled, ion-exchange, and partial dissolution of the hectorite structure. Protonated hectorite is
produced by the treatment with mild acid [73, 74], but if the acid is strong enough, the proton strongly
attacks the oxygen regions connecting the octahedral and tetrahedral sheets at the edge of the surfaces
and partially disrupts the hectorite structure. This increases the specific surface area and average pore
volume of the acid-activated hectorite [75-77]. Komadel et al. (1996) [76] indicated that the dissolution rate
of Li*is slightly higher than that of Mg? at lower acid concentrations and stated that protons preferentially
attack Li* octahedra. Based on the above explanations, the fact that the transfer of Li* from hectorite to the
solution is much higher than the transfer of Mg?* can be interpreted in this study in two ways. i) First,
lithium is found in higher concentrations than magnesium in the interlayer position of hectorites. It is
supported by the results obtained from CI-CScaci-A solutions that lithium is more abundant in the
interlayers position of hectorites (The % Mg composition transfer into the solution is much lower than the
% Li composition). The application of CaClz is a useful methodology for determining interlayer Li*
quantities or for the separation of lithium from interlayers. [78] and [11] recommended the application of
1 N CaCl: to eliminate all exchangeable lithium that exists in the interlayer sites of the clays synthesized.
ii) Secondly, the Li element located in the octahedral site can show more susceptibility to the acidic process,
as mentioned above.

The Mg/Li ratio in the final solution is pivotal in all lithium extraction processes. If the Mg/Li ratio is
less than 6, a simple precipitation technique produces a Li-rich precipitate phase and effectively separates
Mg from Li. Nonetheless, should the Mg/Li ratio exceed 6, lithium extraction becomes a more arduous
[79] and costlier process. Although the Mg/Li ratios of the raw clays (BG1, BG2 and BG3) extracted from
the field are higher (>6) the ranges suitable for Li extraction, the Mg/Li ratios of the Cl-CSwac)-A and Cl-
CS(caci-A solutions are lower than six (<6) (Table 2). The CI-CSec3-A solutions have an approximate
Mg/Li ratio of 7 to 8. These findings demonstrate that NaCl and CaClz can be used as cation sources to
attain low Mg/Li ratios (<6) in Bigadic¢ hetorite. Li-Mg substitution in raw hectorites is constrained to a
Li/(Li + Mg) atomic ratio approaching 0.1, according to [80]. [78] found that hectorites with Li
concentrations greater than 3600 ppm cannot be obtained experimentally, most likely because it represents
the structural limit. At higher content of Li, the structure of the clay becomes unstable and breaks down
(when no OH- for F- substitutions occur, [11]. The Li/ (Li + Mg) ratios of BG1, BG2, and BG3 clays are
0.015, 0.009, and 0.013, respectively. These low ratios are linked to the high Mg content present in the clays
of the region (Table 3).

DLi partition coefficient calculations were conducted to present the data in a clear and comprehensible
way. An apparent decrease in DLi partition coefficient was observed with an increase in Li concentration
in the solution, indicating a negative correlation (Table 3) (Figure 5). Such a negative correlation is
interpreted as a structural cation substitution occurring during the ion exchange process [11]. As the ratio
of Mg/Li in the solution decreased, we observed a decrease in the DLi partition coefficient values.
Considering the overall data, an efficiency of 70% or greater from a solution with a Mg/Li ratio below
roughly 4 may be achieved by ensuring that the Dui ratio is below about 1.99. For an efficiency of 70%, it
is recommended that D’rimg use a partition coefficient value lower than 0.075. All these data was tested
with the formula logDri=-1319/ T + 5.5 ([Li@q] )008%. The findings indicate a direct correlation between
the concentration of lithium in the solution and logDv.. This correlation increases at a constant temperature
and in relation to the ionic radii [11]. Additionally, for an Mg/Li ratio lower than approximately 6, the
logDrivalue should exceed 8.

5. CONCLUSIONS

The importance of lithium deposits worldwide is increasing as lithium is the main component of
lithium-ion batteries used in various fields such as electric vehicles and portable devices. In addition, as
the need for clean energy solutions grows, lithium plays an important role in renewable energy storage
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systems and in the storage of energy from sources such as solar and wind power. As a result, lithium is
gaining strategic importance. From Turkey's point of view, it appears to be an important source of lithium
in clay deposits. Turkey can benefit economically from this strategic resource through detailed
investigation of lithium-rich clays. This study has achieved very important results in terms of bringing
clays into the Turkish economy economically and easily.
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Figure 6. Modal of the lithium extraction process, Process-A(upper): represents powdering raw
hectorite, increasing the surface area, grinding and mixing BG1, BG2, BG3 clays with NaCl, CaClz, and
FeCl cations and absorbing the cations onto the clay surface. Process-B (below): It represents the mixing
of sulfuric acid and clays mixed with cations at 90 °C and the selective displacement and filtration of
cations. Numerical proportions were not considered in the model, and it was drawn without a scale,
utilizing the Corel Draw software.

Bigadig borate basins hold a global recognition for their extensive borate deposits which are often
interlayered with Li-rich clay occurrences. Owing to the boost in the global Li demand, investigation of
unconventional sources such as clay deposits with the help of technological advancements has become an
important task. Within this scope, sets of CI-CS experiments were conducted on borate basin Li-rich clays
using cation sources like NaCl, CaClz, and FeCls. Each set has been treated with of H250s at a temperature
of 90 °C and filtered. As a result, a solution rich in lithium have been obtained. The processes-A and B are
depicted and modelled in Figure 6 without any scaling.

In the results of this study, in which selective cation exchange was aimed, it was found that the
CI(BG1)-CS(NaCl)-A and CI(BG1)-CS(CaClz)-A solutions of the BG1 sample yielded over 1800 ppm Li
with an efficiency exceeding 70%. High concentrations of lithium were also detected in the C1-CS(NaCl)-
A and Cl-CS(CaClz2)-A solutions obtained from other experiments. The lithium content in solutions of CI-
CS(FeCls)-A is relatively low which is associated with the hydration enthalpy of Fe?* (Figure 6). One of
the most important findings of these investigations is that the transition of Mg into solution from clays
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containing large amounts of Mg (between 13 and 15%) is severely limited. The research demonstrated the
impact of ion diameters on the extraction of lithium-rich and magnesium-poor solutions from Li-rich
clays, and the correlation between hydration enthalpy and Li extraction.

The Mg/Li ratio, which is the easy and economical recovery limit for Li, is <6. This value was
approximately obtained in all the CI-CS-A solutions obtained in this study. The DLi partition coefficient
value was calculated to be less than 2.0 and the D'Limg value to be less than 0.075 in solutions with Mg/Li
ratios of less than 6. Together with the calculated logDri value, it was found that the Li content is related
to the ionic radius at constant temperature. However, cation exchange reactions in natural environments
are highly complicated due to the unpredictability of ion concentration in liquid that passes through clay.
Consequently, regional studies and information collected in this study will aid in identifying variations in
the reactions of local clays, as well as extracting Li from other Li-rich clay formations worldwide and
accurate data interpretation.
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