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ABSTRACT

LITHIUM EXTRACTION FROM GEOTHERMAL BRINE BY
ADSORPTION METHOD WITH ELECTROLYTIC
y-MnO, SORBENT

In recent years, studies on the recovery of lithium metal have attracted great
attention due to its wide application areas, especially in lithium-ion batteries. Recovery
of lithium from brines is preferred considering the environmental impacts in mining.
The application of manganese oxide sorbents to recover lithium from geothermal brines
has been extensively studied as it is a potential source of lithium. In this thesis,
adsorption was performed in Tuzla Geothermal Power Plant (TGPP) at 87 °C and 2 bar
using a mini-pilot system in the reactor near the reinjection well of the plant to
investigate the adsorption performance in field conditions. As a new approach,
electrolytic manganese dioxide (y-MnQO»), which is widely used as cathode material in
batteries, was used as the sorbent material for lithium and its adsorption/desorption
performance was investigated.

Batch adsorption experiments were performed in synthetic lithium solution and
the optimum working conditions were determined as pH 12, adsorbent concentration of
3 g/L, and initial lithium-ion concentration of 200 mg/L. The highest adsorption
capacity of the sorbent in the Langmuir model was found as 9.74 mg/g. The maximum
adsorption performance was obtained at 1h adsorption in Tuzla GPP. In the continuation
of the study, desorption was carried out in acidic medium with the brine-treated sorbent.
Lithium concentration was enriched to around 250 ppm with repetitive desorption
studies. Reusability of the sorbent was investigated and the reused sorbent showed
almost 40% performance compared to virgin powder. y-MnO; was found as a promising

sorbent for the separation of lithium from geothermal brines.
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OZET

JEOTERMAL TUZLU SUDAN ADSORPSIYON YONTEMIi
KULLANILARAK ELEKTROLITIK y-MnO, ADSORBANI ILE
LITYUM AYRISTIRILMASI

Son yillarda ozellikle lityum iyon pillerde genis uygulama alanlar1 nedeniyle
lityum metalinin geri kazanimi ile ilgili ¢alismalar biiyiik ilgi gormektedir.
Madencilikteki c¢evresel etkiler g6z Oniline alindiginda, lityumun tuzlu su
kaynaklarindan geri kazanilmasi tercih edilmektedir. Giinlimiizde, potansiyel bir lityum
kaynagi olmasindan dolay1, jeotermal tuzlu sulardan manganez oksit bazli adsorbanlar
kullanilarak lityum iyonlarinin geri kazanilmasi kapsamli bir sekilde incelenmistir. Bu
tezde, saha kosullarinda adsorpsiyon performansini arastirmak i¢in Tuzla Jeotermal
Santrali'nde (TGPP), tesisin reenjeksiyon kuyusunun yakinindaki reaktdrde mini pilot
bir sistem kurularak, 87 °C ve 2 bar'da adsorpsiyon gergeklestirilmistir. Yeni bir
yaklasim olarak, yaygin olarak pillerde katot malzemesi olarak kullanilan elektrolitik
manganez dioksit (y-MnQO»), lityum icin adsorban malzeme olarak kullanilmis ve
adsorpsiyon/desorpsiyon performansi arastirilmistir.

Sentetik lityum ¢ozeltisinde kesikli adsorpsiyon caligmalar1 yapilmis ve
optimum ¢alisma kosullar1 pH 12, adsorban konsantrasyonu 3 g/L ve 200 mg/L'lik
baslangi¢c lityum iyon konsantrasyonu olarak belirlenmistir. Langmuir modelinde
adsorbanin en yiiksek lityum adsorpsiyon kapasitesi 9,74 mg/g olarak bulunmustur.
Maksimum adsorpsiyon performansi sahada yapilan 1 saatlik adsorpsiyon sonucu elde
edilmistir. Calismanin devaminda tuzlu su ile muamele edilmis sorbent ile asidik
ortamda desorpsiyon gerceklestirilmistir. Lityum konsantrasyonu, tekrarlayan
desorpsiyon ¢aligmalar1 ile yaklastk 250 ppm'ye kadar zenginlestirildi. Sorbentin
yeniden kullanilabilirligi arastirildi ve yeniden kullanilan sorbent, islenmemis toza
kiyasla neredeyse %40 performans gosterdi. y-MnO», lityumun jeotermal tuzlu sulardan

ayrilmasi i¢in umut verici bir sorbent olarak bulundu.
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CHAPTER 1

INTRODUCTION

Lithium i1s the lightest and 25th most abundant metal, and has a number of
desirable properties, including high specific heat capacity, a high electrochemical
potential of 3.04 V, and a low coefficient of thermal expansion.'* The lithium element
is never found in nature in its free form and is only found in compounds, primarily ionic
compounds, due to its strong reactivity and flammability, which is common by other
alkali elements.’

In recent years, due to their attractive physical and chemical characteristics,
lithium compounds have been widely used in a variety of fields, including the glass and
ceramics, lubricating greases, metallurgical industries, chemicals, pharmaceuticals,
rubbers, and, most notably lithium-ion batteries.*® Therefore, it is important to identify
fast and efficient methods for separating, purifying and recovering lithium from its
sources. Considering the gradual depletion of ores in mining and environmental
impacts, it is preferable to recover lithium from brine solutions.”® Geothermal brines
contain high concentrations of minerals and are a source of various valuable elements,
making it a potential source of lithium.’ Lithium is industrially produced as a variety of
compounds depending on the projected end-use application and processing techniques.
The most commonly produced lithium compound is lithium carbonate (Li2COz3) (60%),
which is then followed by lithium hydroxide (23%), lithium metal (5%), butyl lithium
(4%), and lithium chloride (3%).!°

Recently, a number of technologies have been developed to extract lithium from
water sources. Among these technologies, adsorption has emerged as an ideal method
for the separation of lithium, providing significant advantages such as wide availability,
high efficiency, cheaper cost and simplicity in operation.” Currently, adsorption with
metal oxides and hydroxides is the most studied and technically advanced method for
the selective removal of lithium from brines, and among them, manganese oxide and
titanium oxide derivatives are one of the most promising absorbent materials.'' There

are several known polymorphs of manganese oxides, including o-, -, A- and y-MnO»



which are widely employed as catalysts, electrode materials in Li-ion batteries and ion
sieve adsorbents.'? Most representatively, synthesis and application of spinel type A-
MnQO:; ion sieve adsorbents in the recovery of lithium ions from brines have been
extensively studied.!®> The y-phase of MnO» polymorphs is used in commercial alkaline
batteries because of its capability to intercalate protons, hence, its lithium intercalation
mechanism has also been investigated.'*

In the thesis, as a new approach, this relatively inexpensive electrolytic
manganese dioxide (y-MnQO;), which is normally used as the cathode material in
lithium-ion batteries, was used as an absorbent material for lithium. In the first stage,
structural characterization of y-MnO> powder was carried out using XRD, XRF, SEM,
BET and DLS methods and the compatibility of the used powder with commercial y-
MnO; was examined. Afterwards, experiments were carried out using synthetic lithium
solution to examine the adsorption performance of y-MnO» powder, then an adsorption
experiment was carried out in Tuzla geothermal power plant to see the adsorption
performance under field conditions. The desorption performance of the powder was

studied in an acidic environment.



CHAPTER 2

LITERATURE REVIEW

2.1. Lithium Supply/Demand

The lithium market is gradually expanding. Lithium production has increased
rapidly in the last decade due to high demand for lithium in the production of lithium-
ion batteries (LIBs). Since rechargeable LIBs are widely utilized in the rising market of
portable electronics and especially in electric vehicles, lithium consumption for
LIBs has increased exponentially in recent decades.!> This have a major influence on
lithium prices on the global market. In China, for instance, the price of lithium
carbonate increased from $6,400 to $12,000 per/ton.'®

Due to the projected development of these technologies, demand for lithium is
expected to increase by up to 900 thousand tons per year by 2025 in the near future,
which is three times more than about 300 thousand tons per year in 2018.!7 According
to one of the latest estimates, lithium demand would reach 1.79 million tonnes per year
by 2030, up from 317,000 tonnes presently, with the majority of the demand coming
from the electric vehicle sector.!! Electric vehicles are reported to account for
75 thousand tons of lithium consumption per year, or around 24% of world's total
demand. Based on projections for increased production of electric vehicles employing
LIBs, this is expected to climb to 1.42 million tonnes/year by 2030, accounting for 79
percent of overall demand.'® While there are several reports from some companies, the

data by BMO Capital Markets!? is cited here in Figure 2.1.
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Figure 2.1. Lithium supply/demand and price."

2.2. Application Areas of Lithium

According to the US Geological Survey's current data on global lithium
resources in the end-use market?’, batteries accounted for the majority of lithium
consumption in 2019 with 65%, followed by ceramics and glass industry with 18%,
lubricating greases with 5%, production of polymers with 3%, while the remaining

distributions are given in the Figure 2.2. below.
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Figure 2.2. Distribution of lithium's numerous applications across the world in 2019.%!



2.2.1. Lithium-ion Batteries

Today, lithium and LIBs make up approximately 37% of the world's
rechargeable battery industry and their popularity is increasing day by day.?? Due to its
extremely high energy density and high electrochemical potential, lithium is used in
rechargeable lithium ion batteries (LIBs).>?*> Rechargeable LIBs are commonly used in
mobile phones, computers, video cameras, electric vehicles, and grid storage
applications.”* LIBs are classified into two types as primary and secondary batteries.
Secondary batteries are rechargeable while primary batteries are non-rechargeable.?’ In
primary batteries, metallic lithium is used as the anode, while the electrolyte is a lithium
salt dissolved in an organic solvent. In secondary batteries, lithtum metal oxides such as
LiCoOz, LiNiO» and LiMn,0O4 are used as the cathode, and as the electrolyte, an organic
liquid dissolved with substances such as LiClO4, LiBF4 and LiPFs are used. Primary
batteries have a lithium concentration ranging from 0.60 g to 4 g, whereas secondary
batteries have a lithium content ranging from 0.35 g to 26 g. 2°

Primary lithium batteries are most commonly used in cameras, calculators,
computers, watches, electronic games, and other electronic devices, while secondary
lithium batteries are mainly used in portable computers and mobile phones, video
cameras, tablets, and electric vehicles.?

LIBs have excellent cycle life and extended life, high specific energy (230
Wh/kg), high power density (12 kW/kg), and exceptional charging and discharging
efficiency, and these features have made LIBs the preferred technology for supplying
energy to EVs and other portable electronic devices.?”*® The supply and demand for
electric cars are significantly impacted by LIBs since they are lighter, more compact,
and more dependable than other types of rechargeable batteries now on the market. As a
result, it is expected that the demand for LIBs will rise dramatically in the coming

years.'?



2.2.2. Other Applications

Ceramics and glasses are the second most common use of lithium after batteries.
The use of lithium in glasses and ceramics improves a variety of product qualities, such
as increasing the mechanical strength and decreasing the shrinkage in fine ceramics.”’
When lithium is utilized in ceramics, it lowers the melting temperature
and increase fluxing power. As a result, it lowers the firing temperature and shorten the
firing cycle time and enhances product quality, plant efficiency, and productivity. In
glasses, lithium enhances the melting rate of glass by lowering the viscosity of the glass
and lowering the melting temperature. According to the tests, the performance of the
glass furnace can be enhanced by 6-17% with a small amount of lithium, such as 0.1-
0.2%. %

Another important lithium end use is lubricating greases, with lithium greases
accounting for approximately 65% of all lubricating greases. Greases mainly consist of
lubricating oil, additives and thickeners. A metallic soap is used as a thickener, and
lithium soap is one of them. Lithium greases are highly stable, do not degrade at high
temperatures or harden at low temperatures, and have great water resistance, making
them a good choice for the lubrication of mechanical systems.>!

For the production of aluminum, Li>COs is used as an electrolyte additive in
molten aluminum, as a result of which it increases the electrical conductivity and also
lowers the melting point. In this way, metal yield is increased and fluorine emissions are
reduced.? Furthermore, LiCl or LiBr are used in air handling and air conditioning
systems because they can keep humidity levels constant.*?

Lithium is used to form alloys with many metals, of which lead and aluminum
alloys are the most important ones. While lead alloys are used in the bearings of railway
wagons, aluminum alloys are used in the structural components of aircraft. Aluminum-
lithium alloys are preferred by aircraft manufacturers due to their low weight and high

stability properties.®



2.3. Lithium Resources

Lithium can be obtained from various natural sources, which are classified as
solid and liquid sources. Solid sources are consist of mineral ores, clays and recycled
waste lithium-ion batteries, while liquid sources are mainly salt lake brine, geothermal
brine, and seawater.>*

Almost all of the commercial lithium is currently produced from brines and
high-grade lithium ores. The distribution of lithium in various resources is given in
Figure 2.3. It is seen that, continental brines account for 59% of available lithium
resources, followed by hard rock (25%), hectorite (7%), and geothermal brines (3%).%?
In 2019, global lithium resources were reported to be 80 million tons (Mt), with the
majority of the resources located in the Bolivia (21 Mt), United States (6.8 Mt),
Argentina (17 Mt), Chile(9 Mt), Australia (6.3 Mt), China (4.5 Mt), Congo (Kinshasa)(3
Mt), and Germany (2.5 Mt).?°

G!;“ﬂ!'!f"'" Oilfield Brines

nES 3% Jaderite
% %

Hectaorite
i

Figure 2.3. Distribution of lithium at various natural resources.*

2.3.1. Minerals/Clays

There are about 131 lithium minerals that are known, of which several silicates
and phosphate-based minerals of economic importance, and have been investigated to
exploit lithium values®. Table 2.1. shows some typical lithium-containing minerals and

their lithium content®. At present, the majority of mineable minerals are found in



pegmatite environment, which are coarse-grained intrusive igneous rocks formed as a
result of magma crystallization at depths in the crust. *® Pegmatites include spodumene,
lepidolite, eucryptite, petalite, and amblygonite, whereas hectorite and jadarite are
claylike minerals. Australia, Canada, Zimbabwe, Portugal, and Brazil are the leading
producers of lithium from hard rock ores. Greenbushes, located in Western Australia, is
the world's largest lithium mine, producing high-grade lithium concentrate in the form

of spodumene.’’

Table 2.1. The most widely used Li-bearing minerals *-*°.
Mineral name Formula Li content % (w/w)
Spodumene LiAlS1206 3.7
Lepidolite K(Li,Al)3(Si,A1)4010(F,OH)> 1.39-3.6
Petalite LiAlSi4010 1.6-2.27
Eucryptite LiAlSi04 2.1-5.53
Amblygonite (Li,Na)AIPO4(F,OH) 3.4-4.7
Hectorite Nao.3(Mg,L1)3S14010(OH)2 0.54
Jadarite LiNaSiB3;07(OH) 7.3
2.3.2. Brines

Lithium extraction from brines has attracted more and more attention as it is
more environmentally friendly and cost-effective than extraction from ores.*® The cost
of producing lithium from salt lake brines is predicted to be US$2-3 kg™!, compared to
US$6-8 kg ! from ores or spodumene.®

Seawater is the richest resource of lithium (approximately 230 billion tonnes),
but the low lithium concentration (0.1-0.2 ppm) makes it unsuitable for technological
applications.*® Geothermal waters and oil-well brines both contain considerable levels
of lithium.?? Lithium concentrations range from 0.1 - 500 mg/L in several mineral-rich
and hot geothermal brines.® Therefore, geothermal water is one of the most promising
lithium resource from a technological standpoint. *!

The ABC (Argentina, Bolivia, and Chile) area of South America is responsible
to almost 70% of the world's lithium resources. Lithium concentrations range from
0.04-0.16 percent in the salars of Chile, Argentina, and Bolivia. Bolivia (resource: 9.0

Mt with 532 mg/L Li), Chile (resource: 2.6 Mt, 400-700 mg/L Li), and Argentina



(resource: 7.5 Mt, 1500-2700 mg/L. Li) make up the next three countries in terms of
brine deposits, which together make up about eighty percent of the global brine
reserves.* In Table 2.2 below, the world's primary lithium-containing brine sources is
listed, along with lithium concentrations and other typically observed metal

concentrations.*?

Table 2.2. The major lithium-containing brine resources.*?

wt(%)
Source, Location Li Na Mg K Ca
Salar de Atacama, Chile 0.157 9.1 0.965 2.36 0.045
Clayton Valley, USA 0.0163 4.69 0.019 0.4 0.045
Salton Sea, USA 0.01-0.04 5.0-7.0 | 0.07-0.57 | 1.3-2.40 2.26-3.9
Great Salt Lake, USA 0.0018 3.7-8.7 0.5-0.97 | 0.26-0.72 | 0.026-0.04
Salar de Uyuni, Bolivia 0.0321 7.06 0.65 1.17 0.0306
Hombre Muerto, Argentina | 0.068-0.121 | 9.9-10.3 | 0.018-0.14 | 0.24-0.97 | 0.019-0.09
Zabuye Salt Lake, China 0.0489 7.29 0.0026 1.66 0.0106
Taijinaier, China 0.031 5.63 2.02 0.44 0.02

Although brines are the significant sources of lithium today, they contain several
ions along with lithium, making it difficult to selectively recover lithium from brine
sources. These co-existing ions include Mg?", Ca**, K* and Na®, among which brines
are typically rich in Mg?*". Therefore, it is necessary to separate lithium from other
coexisting ions, in order to extract high-purity lithium products from brines. Li* and
Mg?* are more difficult to separate than other ions because they have comparable
chemical properties and ionic hydration radii. For comparison, lithium has an ionic
radius of 0.79 angstrom (A) and magnesium has an ionic radius of 0.72 A.!! Due to the
complexity of process, magnesium/lithium ratio (Mg/Li ratio) is important in brine
deposits. Hence, there are ongoing studies about recovering lithium from brines with

high Mg/Li ratios.*



2.3.2.1. Lithium in Geothermal Brines

Lithium-rich geothermal brines have been identified as a potential domestic
supply of lithium. Geothermal fluid is a hot and concentrated salt solution that has been
enriched with Li, K and B elements by circulation through extremely hot rocks. To put
it another way, geothermal energy is used for the energy-consuming process of
extracting lithium from the rocks.** Recovery of lithium from geothermal brines has
several advantages. There are no expenses or negative environmental impacts related
with ore mining and physical processing. Also, because of ore minerals are already in
solution, there are no costs involved with their dissolution into an aqueous phase. Even
low-lithium brines are an important resource since geothermal waters process hundreds
of m? of brine every hour and contain low but considerable amounts of Li*.? The figure
below gives the comparison of lithium extraction applications from geothermal brines
with extraction from other sources in terms of their negative effects on environmental

factors.

Hard rock Underground Geothermal

mining TEServoirs water
Emission of CO2
(per tonne of lithium) 15,000kg 5,000 kg Okg
Use of water 3m?
(per tonne of lithium) 170 m?

469 m?

Use of land 1m?
(per tonne of lithium) 464 m?
Source: Minviro 3,124 m?

Figure 2.4. Comparison of the environmental impacts of lithium extraction from
different sources.*

As an example, in a geothermal power plant in Salton Sea, USA, the recovery

and recycling of lithium chloride from geothermal brine results in the production of
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around 15 thousand tons of lithium salt per year. As a result, geothermal brine solutions
are a significant source of lithium and have the potential to produce lithium salts that are
cost-effective.*> However, the complex chemistry, high salt content, and high
temperatures of lithium-rich geothermal brines create challenges for the economic
extraction of lithium.!!

Turkey is positioned in the Alpine-Himalayan folds, and owing to its
favorable geological conditions, Turkey possesses rich geothermal resources. In Turkey,
there are over 1000 geothermal and mineral water resources. In 170 of these geothermal
resources, the temperature is above 40 °C. The location of geothermal fields is 78% in
Western Anatolia, 9% in Central Anatolia, 7% in Marmara region, 5% in Eastern
Anatolia and 1% in other regions.*® The Canakkale-Tuzla geothermal field on Turkey's
Biga Peninsula is important since it contributes to Turkey's energy generation and has a
comparatively high lithium concentration of roughly 25 ppm. The facility is also the
30th largest geothermal power plant in Turkey.*’

Figure 2.5. shows the lithium potential in the geothermal fields in Turkey while
the Table 2.3 below gives the concentration of several existing ions taken from the

retention pond of the Tuzla geothermal power plant.

Table 2.3. Ion concentration of Tuzla geothermal brine.*®

Atom No | Element ppm (mg/L)
3 Li 24.1
5 B 21.8
11 Na 25450.0
12 Mg 104

11
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Figure 2.5. Lithium Potential in Geothermal Systems in Turkey.*’

2.4. Methods for Lithium Extraction from Brines

There are numerous techniques that have been developed and extensively
studied for the extraction of lithium from brines, including precipitation, adsorption,
solvent extraction, ion exchange, and membrane processes.’® Among the several
techniques listed above, the adsorption method gives significant economic and
environmental advantages for extracting lithium from brine with a high ratio
of Mg/Li and low Li" concentration.’! The process is relatively simple, with low energy

consumption, high recovery rate, and high selectivity to lithium.?

2.4.1. Chemical Precipitation

Chemical precipitation is used to separate heavy metal ions from aqueous
solutions with the addition of precipitating agents. In this process, the chemical reaction

between the soluble metal compounds and the precipitating reagent converts the
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dissolved metals into an insoluble form of metal hydroxides, sulfides or carbonates.
Afterwards, filtration and/or settling is used to remove the precipitates from the
solution. The amount of ionic metals present, the precipitants used, reaction conditions
(particularly pH), and the presence of other components are all factors that influence the
precipitation.> The flowsheet of the two-stage precipitation process used for the lithium
recovery from Uyuni salar brine is shown in Figure 2.6. At the beginning of the
precipitation process, the lithium-rich brine is subjected to a series of solar pond
evaporations to obtain a concentrated brine. Lime (Ca(OH)») is then added to remove
magnesium as Mg(OH):, and sulfate as CaSO4. Then in the carbonation process; lithium
reacts with Na,COj3 to produce technical-grade %99.6 Li>COs.* This process, however,
is unsuitable for brines with a high Mg?>"Li" ratio, which makes lithium extraction
challenging. Furthermore, this process produces large volumes of sludge, uses lots of

chemicals and takes a long time to complete.**

Brine

Ca(OH), — Mg, B Removal
Mg(OH); Processing
L § — 280, 2H,0 — torecover
Adsorbed B Ma(CH), and B
Na;Co0, —{ Ca, Mg Remaval
Ca-Mg
= oxalale
L 5 Roasting = Ca0-Mg0

Evaparation

Purfication ~ —— Residual Ca, Mg, alc.

20 gL Li solution
. Carbonation
Naﬂiﬁ% (B0-50°0) ‘ Evaporation
Carbonale treatment
before recycling lo
1.5 g/L Li solution evaporalion
Li.CO,

Figure 2.6. Flow sheet for lithium recovery from Salar de Uyuni brine.*



2.4.2. Solvent Extraction

One of the most popular techniques for removing metal ions from brines is
solvent extraction, usually referred to as liquid-liquid extraction. In this procedure, an
organic solvent containing an extractant (eluent) is combined with an aqueous metal salt
solution, and the metal ions migrate from the aqueous to the organic phase after forming
a hydrophobic combination with the extractant. The complex's affinity for the aqueous
phase over the organic phase, as well as the complexes' relative solubility in both

phases, are what lead to this migration.?

e %
10 492 Orsanic compound
\——OrganicSolventPhaseﬁ‘-eooﬁ—_ g ) P
(° ¢ e in OrgamcSo]vent
Organiccompound "?g: ?
R - )
in Water ;%a— Aqueous Phase —=9@
29
1 B s
i}

BeForeextraction w—ll S%ake i AFterextraction

Figure 2.7. Schematic Representation of the Solvent Extraction Process>.

The solvent extraction methods studied for lithium extraction from brines fall
into three basic groups as: crown ether systems, multi-component systems including an
extractant, a co-extractant, and a diluent, and ion liquid systems. An aqueous stripping
agent, typically an acidic solution such as HCI, is then used to recover the metals that
have been extracted into the organic phase."''>> Currently, Tributyl phosphate (TBP)
/ kerosene and ferric chloride (FeCls)is one of the most commonly used solvent
extraction systems for the extraction of lithium ions.’*> FeCl; works as a co-extraction

agent in this system, where it is critical for extracting lithium ions.®*®! Tributyl
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phosphate (TBP) is one of the most widely used neutral organophosphorus extractants
while kerosene is a common diluent. > However, there are some disadvantages of using
solvent extraction method for lithium recovery such as, using large quantities of organic
solvents as an extractant corrodes process equipment and damages the environment.
Therefore, it is important to develop sustainable technologies for lithium extraction

from aqueous systems.**

2.4.3. Ion Exchange

The ion exchange method is one of the methods used today to separate lithium
from brines. The metal ions in solution are reversibly exchanged with the ions in a solid
ion exchange material during the chemical process known as ion exchange. Strong or
weak cation and anion exchangers are the two major categories under which ion
exchange resins belong.®> The schematic representation of ion exchange process for

removal of metal ions is shown in Figure 2.8.
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Figure 2.8. Schematic representation of ion exchange process .

Polystyrene sulfone cation exchangers and strongly basic anion exchangers are

two types of ion exchangers that are commonly used.®® The ion exchange process has
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the drawbacks of being strongly influenced by solution pH and cannot be applied on a

large scale. Also, synthetic resins are inherently costly.®

2.4.4. Adsorption

Adsorption can simply be defined as a mass transfer process in which the metal
ion is transferred from the liquid phase to the surface of the solid and bonded by
physical or chemical interactions.®* Adsorbent refers to the surface on which adsorption
takes place, whereas adsorbate refers to the molecular species that is adsorbed on it. The
desorption process is the opposite of adsorption, which results in the release of the
adsorbate from the surface. The schematic representation of the adsorption/desorption

process is given in the Figure 2.9. below.

Desorption

Liquid phase O O O 0 OT O O . Adsorbate
9 . ’lﬁds:m:pt-mn ,. }‘ Adsorbed phase

Surface

nan O YR T LTV I LT
O 1 Oad L)

Solid phase

:' i T:'— Adsorbant

Figure 2.9. Schematic representation of adsorption/desorption process.®’

Adsorption process is divided as physical and chemical adsorption according to
the interaction forces between the adsorbate and adsorbent. Physical sorption occurs as
a result of weak Van der Waals forces. In physical adsorption electrostatic forces occur
including dipole-dipole and dispersion interactions, as well as hydrogen bonding
between the adsorbate and the adsorbent. While in chemical adsorption stronger
electrostatic forces such as covalent or electrostatic chemical bond occurs between
adsorbent and adsorbate.®

The adsorption mechanism from the aqueous phase onto an adsorbent consists of

three steps, as shown in the figure below:
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(1) Film diffusion takes place, that is, the movement of a solute from a bulk
solution to the adsorbent's surrounding film.

(2) The solute transported into the film moves to the pores of the adsorbent by
internal diffusion.

(3) In the last stage, the adsorbate is adsorbed on the outer surface of the

adsorbent by binding of the ions to the active sites.®’

Figure 2.10. General mechanism of adsorption process.®

2.5. Lithium Extraction from Brine by Adsorption Method

Among the methods used in the process of selectively removing lithium from
brines, adsorption has shown to be a good method of extracting lithium, with several
advantages including availability, cheaper cost, profitability, efficiency, and simplicity
of use. Various Li" adsorbent materials have been previously reported for lithium
removal, including aluminum salt adsorbents, natural ores and carbon materials and

manganese oxide based adsorbents.”®

17



2.5.1. Manganese Oxides

Manganese oxides (MnQy) are essential functional metal oxides used in a variety
of technological applications including catalysts, hazardous metal adsorbents, ion-
sieves, electrochemical battery electrodes (primarily lithium-ion batteries), and
electrodes for supercapacitors.”” Currently, manganese oxide-based ion sieves are
recognized as the most promising adsorbents for lithium in industrial applications.”! In
aquatic environments, manganese oxides have many binding sites that are covered in
surface hydroxyl groups, protons, and coordinated water molecules. They also have a
high surface area and a microporous structure. Due to the hydroxyl groups on their
surfaces, their surface charges vary according to pH values. They generally have a
negative surface charge and therefore have a high adsorption capacity for metal ions.
Consequently, they are commonly used as lithium adsorbents.”?

There are several crystallographic polymorphs of manganese oxides (MnQO>) in
nature. These polymorphs differ from one another in terms of their structural
characteristics. Due to the way [MnQOs] octahedra are linked together by corner or edge
sharing, tunnels or interlayers with various sizes of gaps occur. The number of cations
or protons intercalated or extracted from the MnQO: lattice is thought to be strongly
governed by either the size of the tunnel or the interlayer spacing between sheets of
[MnOs] octahedra. n The following are the major manganese dioxide polymorphs:
pyrolusite or f-MnO> (1x1 tunnel), hollandite or a-MnO> (2 X 2 tunnel), nsutite or y-
MnO, (2x1/1x1 tunnels), ramsdellite or R-MnO> (2X1 tunnel), birnessite or 8-MnO-
(layered) and A-MnO; (spinel/ with 3D pores), where (mxn) represents the tunnel
dimensions.'* Their selectivity for various ions or electron transfer kinetics is quite high

due to their unique crystal structure. '
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y-Mn0O,

Figure 2.11. Crystal structures of a-, B-, R-, y-, 8-, and A- polymorphs of MnO,.'*

The schematic representation of a-, B-, R-, y-, 8-, and A- polymorphs of

manganese oxide which vary in chain and tunnel (mxn) structures shown in Figure 2.11,

while the crystallographic data of these major tunnel and layered manganese oxides

given in Table 2.4.

Table 2.4. Crystallographic data of tunnel and layered manganese oxides.”

Crystallographic | Mineral Crystal Symmetry Lattice parameters (A) Features
form (Tunnels)
R-MnO, Ramsdellite Orthorhombic a=4.53;b=9.27,¢c=2.87 (1x2)
B-MnO, Pyrolusite Tetragonal a=4.39;c=2.87 (1x1)
a-MnO, Hollandite Tetragonal a=9.96;c=2.85 2x2)
vY-MnO, Nsutite Complex tunnel(hex) a=9.65;c=4.43 Ax1)y(1x2)
A-MnO, Spinel Cubic a=_8.04 (1x1)
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2.5.1.1. Lithium-manganese oxide ion sieves

The most promising adsorbent is lithium ion-sieve (LIS), which has the
following characteristics: low toxicity, cheap cost, good chemical stability, and high Li+
absorption capacity.'>’* Lithium manganese oxides (LMO) and lithium titanium oxides
(LTO) are the two main categories for LIS. Because of its high lithium selectivity,
significant lithtum adsorption capacities, and great regeneration performance, the LMO-

type lithium-ion sieve is the most favored lithium adsorbent.”
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Figure 2.12. Ion Sieve effect.®”

The template ions in the tunnels and interlayer gaps must be eliminated by a
topotactic extraction process with acid in order to get manganese oxide ion-sieves.
Following the extraction process, a topotactic reaction allows metal ions to re-enter the
tunnels and interlayer spaces. In the removal and insertion of metal ions, there are two
different types of reactions. The first is a redox-type reaction, while the second is an
ion-exchange type reaction.”® Therefore, LIS adsorbents have specific crystal sites that
could only allow ions with ionic radius of smaller or equal to that of the target ions

structure. The template ions have a screening and memory function that allows them to
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adsorb target ions from the presence of several other ions. Lithium has the smallest
ionic radius among all metal ions and because of that only lithium ion can enter the
vacancy for lithium-ion sieve adsorbents®®’>

Several manganese oxide type have been investigated as lithium-ion sieves,
including, A-MnO;, MnO;'0.3H>O, and MnO;-0.5H>O, which are derived from
LiMnO4, Lii33Mni 6704, and LijéMn; 604, respectively.”’ Their theoretical lithium

adsorption capacities from the aqueous solutions are summarized in Table 2.5.

Table 2.5. Theoretical adsorption capacities of the mainly used lithium ion-sieves®

Precursor Ion-sieve Theoretical adsorption capacity
LiMn,04 A-MnO» 39.9 mg/g

Lii33Mn; 6704 | Mn0O,.0.3 H,O 59.5 mg/g

Lii67Mn; 6,04 | MnO,.0.5 H,O 72.8 mg/g

The molar ratio of Li/Mn in various precursors affects the theoretical adsorption
capacity of various adsorbents. Theoretical adsorption capacity typically increases with
the Li/Mn molar ratio of the precursor. The largest theoretical adsorption capacity is
found in MnO>.0.5H>O, whose precursor Li 167Mni16704 has a Li/Mn molar ratio of
1:1.9

Manganese oxide sorbents has been synthesized, characterized, and investigated
for lithium adsorption under different conditions. A variety of modifications have
enhanced lithium sorption capacity. For example, Wang et al’® synthesized A-MnO, ion
sieve by acidification of spinel LiMn2O4 with nitric acid and obtained that the ion-sieve
has a high Li" sorption capacity of 30.9 mg/g specifically at pH=13, in 10mmol/L LiCl
solution and the ion sieve was selective for Li-ion. In another study, Yang et al.”
synthesized LiMn»Os4, eluted Li* with acid, and obtained A-MnO, with an adsorption
capacity of 24.7 mg/g in Li" solution at pH 10. Furthermore, the lithium selectivity was
found to be significantly greater than that of magnesium, implying that A-MnO- could
be used to extract Li* from brine or saltwater with a high Mg**/Li" ratio.

However, the actual performance of manganese oxides under real conditions for
complex solutions might be lower than the experimental sorption capacity values
obtained in synthetic solutions. As an example, Wang et al.®* synthesized a variety of

manganese oxides, including LiMn2Oy4, Lii 6 Mn1.6604, and LisMnsO12, and tested them
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for selective recovery of lithium from geothermal water. The powdered LisMnsO1> was
shown to perform best for low lithium concentrations, however when tested against real
geothermal brines, only had a maximum adsorption capacity of 8.98 mg/g.*

The adsorption characteristics of lithium ion-sieves are now mostly studied
using an ion exchange mechanism. Li" intercalation and deintercalation in LMO-type

LIS are said to follow an ion exchange process, according to Shen and Clearfield 3!

LiMn,0, + H* - HMn,0, + Li* 2.1

Lithium ions in solids can be completely replaced by protons through this
process, although the sites of Mn>" and Mn*" in crystals remain constant during Li*/H"
ion exchange. It also exhibits good selectivity and excellent renewability for Li"
because the spinel structure is maintained. Furthermore, the ion sieve's adsorption
capacity increases as the pH of the solution rises, indicating the presence of an ion

exchange process.®’

Figure 2.13. Representation of (a) the spinel LiMn2O4 unit cell, (b) the structure of the
three-dimensional LiMn,O4 framework, and (c) the structure of A-MnO
with voids after Li" extraction.®
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Figure 2.14. Structure of spinel-type lithium manganese oxide.’®

The A-MnO> (HMO) sorbent is obtained by the extraction of Li" ions from the
LiMn2O4 (LMO) adsorbent precursor. After the lithium-ion is extracted by acidification,
a gap as same as the size of lithium-ion is obtained without any damage in the structure.
Therefore, the resulting A-MnO» contains regular vacancies. In order to create a cubic-
close-packed array, oxygen atoms occupy the 32e sites. manganese atoms and some
lithium atoms share the octahedral 16d sites, and the other Lithium atoms occupy the
tetrahedral 8a sites. Figure 2.13 and 2.14 above shows the spinel structure of LiMn»O4
(LMO). In Figure 2.13, Li, Mn, and O atoms are given with the colours of green, pink,
and red, respectively. The spinel-type ion-sieves have an effective pore radius of around
0.7A, which makes them selective for the adsorption of lithium and manganese

oxides.!!

2.5.1.2. Electrolytic Manganese Dioxide (y-MnO3)

Electrolytic manganese dioxide (EMD), is one of the cathode materials that is
most frequently employed for alkaline batteries which has zinc and manganese dioxide
as electrodes, the lithium—manganese dioxide primary batteries and supercapacitors.

Due to its low manufacturing cost, environmental friendliness, strong redox potential,
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greater relative performance across a wide temperature range, and extended storage life,
this material is gaining more and more attention.

The crystal structure of electrolytic manganese oxide (EMD) is intimately
associated with the e-, B- and y-polymorphs of MnO», so it may contain these phases in
the structure. y-MnQO;, also referred to as nsutide MnQ», is one of the best materials for
battery applications and can be synthesized both chemically and electrochemically.®’
The structure of y-MnO»> is thought to be an irregular intergrowth of both ramsdellite
(R-MnO3) and pyrolusite (B-MnO) polymorphs.’* The y-MnO, polymorph is said to
have a main ramsdellite structure with varied degrees of pyrolusite intergrowth
including micro twinning imperfections. According to Ruetschi®, another notable
feature of y-MnO; is the existence of cation vacancies and protons in the structure.
According to Ruetschi, vacancies exist in -MnO> and each vacant Mn*" site is connected
to four protons in Hydroxyl form (OH") to balance the charge of manganese ions. These
protons are referred to as "Ruetschi protons," and they are localized in the empty
octahedra.3¢

The intergrown structure of y-MnO» polymorph is given in Figure 2.15. The
purple and yellow [MnQOs] octahedrons shown in the illustration, while the red spheres
symbolize oxygen atoms and the locations of (1x1) and (2x1) tunnels represented with

arrows.?’

(a) B-MnO, (b) R-MnO,

Figure 2.15. Schematic representation of the y-MnO; structure in which (a) pyrolusite
and (b) ramsdellite (R-MnOy) is intergrown to form (c) y-MnO, %’
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The tunnels in y-MnO; structure (1x1)(2x1), has a size of 1.89, 2.3 A, meaning
that the lithium ion with ionic radius of 0.6A, could be intercalated into the tunnel
vacancy.®®

In the study of Minakshi et al.¥, the electrochemical discharge of y-MnO, in
aqueous LiOH and (KOH) medias was studied, and the intercalation mechanism of
lithium was investigated. It was observed that rectangular tunnels in the y-MnO;
structure accept lithium ions (Li") of comparable size to Mn*", followed by columbic
interactions, and thus the structure is stable after the intercalation/extraction of lithium
ions.

In another study, Jung et al®

proposed that, the lithium-ion is positioned in the
center of a regular octahedron composed of six adjacent oxygen atoms, with the
assumption that all O-Li distances should be equal to 1.9 A°. Figure 2.16 (b) represents

the model of a lithiated structure.

Figure 2.16. Schematic diagrams of: (a) untreated y-MnO, (b) chemically lithiated y-
MnO, %,
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CHAPTER 33

EXPERIMENTAL

3.1. Materials

The y-MnO; powder used as the sorbent material for lithtum adsorption study,
was purchased from China. Lithium chloride (LiCl) (anhydrous, analytical grade), was
supplied from Loba Chemie (Mumbai, India), and used without further purification. For
the desorption experiments, Hydrochloric Acid (HCl) ACS reagent 37% was supplied
from ISOLAB (Wertheim, Germany). Sodium Hydroxide (NaOH) (pellets, puriss
grade) was supplied by Sigma-Aldrich (St. Louis, MO, USA). For the preparation of
buffer solutions, ammonia solution (%25 w/w) and NH4Cl (ammonium chloride)

powder of 99% purity were supplied from Merck (Darmstadt, Germany).

3.2. Equipment

3.2.1. Measurement of Li" concentration in aqueous solutions

The lithium-ion concentration in solutions was determined by the flame
photometry method. The flame photometer works on the principle of measuring the
amount of light emitted when a metal is inserted into a flame. Sheerwood 360 Flame
photometer (Cambridge, UK) was used for the analysis. The device enabled the
detection of lithium (Li"), and four other cations (Na®, Ba?>", Ca®", K*). Since the
intensity of the flame's produced light is directly correlated with the concentration of the
species being measured, the concentrations of desorbed Li" in solutions were initially
determined by first creating a calibration curve using stock solutions with known

concentrations of Li* ion.
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Figure 3.1. Schematic representation of a flame photometer *°.

The Inductively Coupled Plasma-Optical Emission Spectroscopy (ICP-OES)
method was also used during the experiments for the determination of lithium-ion
concentration in solutions. ICP-OES works on the principle of excitation of atoms when
plasma energy is applied to the sample from the outside. As the excited atoms return to
their lower energy states, the rays are emitted and those corresponding to the photon
wavelength are measured. Finally, the type of element is determined by the position of
the photon rays, while the content of these elements is determined by the intensity of the

rays.’!

3.2.2. Spectroscopic Methods

An X-ray diffractometer (XRD), the Philips X'Pert Pro (Eindhoven,
Netherlands), was used to determine the crystalline structure of the sorbent powder and
the phases it contains, with a copper anode as an X-ray source, a generator voltage of 45
kV, a tube current of 40 mA, and a Cu-Ka wavelength of 1.5406 A. The sample was
scanned between the 20 angles of 10° - 80° and the scanning rate was 0.08° per second.
The elemental composition of the sorbent was determined by using X-ray Fluorescence

(XRF) spectrometry, SPECTRO IQ II (Kleve, Germany).
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3.2.3. Particle Characterization

The specific surface area and porosity of the sorbent were analyzed using the
Brunauer-Emmett-Teller (BET) surface area and porosimetry analyzer (ASAP 2020,
Micromeritics Instruments, Atlanta, GA). Measurements were performed isothermally
at 77.4 K by using N adsorption. Before the measurements, samples were degassed at
150 °C for 3 h in a vacuum. Scanning Electron Microscopy (SEM), FEI Quanta 250 Feg
(Oregon, USA), was used to analyze the morphology of the sorbent. For the particle size
and zeta potential measurements, Malvern dynamic light scattering (DLS) Nano-ZS

instrument (Worcestershire, UK) was used.

3.3. Batch Adsorption Experiments

Several batch adsorption experiments were performed to understand the
adsorption mechanism of the absorbent material and to examine its adsorption
capacity. Analytical study of the sorbent was carried out to optimize the adsorption
process. For the batch adsorption experiments, synthetic Li" containing solutions with
different concentrations was prepared by dissolving LiCl in deionized water. The
mixture obtained after the adsorption experiment was taken and centrifuged at 6000
rpm for 30 minutes. The remaining solid was isolated from the decantate, after which
the lithium-ion concentration in the decantate and in the initial solution before
adsorption was measured by the ICP-OES method. Prior to ICP-OES analysis, the
samples were acidified with %2 of HNO; (nitric acid). The parameters including,
sorbent amount, adsorption time, initial Li* concentration, solution pH and temperature
were investigated.

The adsorption capacity (mg/g) of the sorbent is calculated by Equation (3.1),

(Co — Cy)XV

Q= (3.1)

Where Co is the initial Li" concentration in solution (mg/L); Ct is the Li"
concentration of the solution after the adsorption process at time t (mg/L); V is the

volume of solution (L); and W is the weight of the ion sieve (g).
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3.3.1. Sample Preparation

Synthetic Li" solutions of known concentrations were prepared. To prepare 200
ppm lithium solution, 606.1 mg of LiCl was dissolved in 500 mL of deionized water.
Other concentrations were prepared by diluting the 200 ppm stock solution. For
example, for 100 ppm lithium solution, 50 mL of 200 ppm solution was taken and
diluted with 1 to 2 ratio by adding up to 100 mL with deionized water.

For the preparation 1M of HCI, which was used for pH adjustment in the
experiments, 41.6 mL of 37% HCI (12 M) was taken, first added to 250 mL deionized
water in a 500 mL volumetric flask, and then completed with deionized water up to 500
mL. For the preparation of the buffer solutions, (prepared with 1 mol/L NH; and 1
mol/L NH4Cl solutions). To prepare 1 M (NH3) ammonia solution, 26 mL of 25%
ammonia solution (13.4 M) was taken and made up to 350 mL with deionized water.
For the preparation of 1M NH4Cl solution, 13.4 g of NH4Cl was weighed and dissolved
in 200 mL of deionized water. The pH values of the buffer solution were adjusted using

different molar ratios of NH3/NH4Cl.

3.3.2. Sorbent Amount and Initial Li* Concentration

To investigate the effect of the y-MnO, amount on Li" adsorption performance;
30, 60, 90, 120 and 150 mg of y-MnQO, were added to 30 mL of 50 ppm Li" solution in a
50 mL beaker and stirred continuously at room temperature for 24 h.

In order to examine the effect of initial Li" concentration on the adsorption
capacity of y-MnO;, 60 mg of y-MnO; powder was weighted and added to 30 mL of
LiCl solutions with Li" concentrations of 25, 50, 100 and 200 ppm and stirred

continuously in a 50 mL beaker at room temperature for 24 h.

3.3.3. Solution pH

In order to study the effect of solution pH on lithium adsorption performance of

v-MnO2, 60 mg of y-MnO: was added into 30 mL of solution with different pH values of

29



6, 8, 10 and 12, and stirred continuously at room temperature for 24 h. The pH
adjustments were done by using droplets of 2.0 M of NaOH and 1.0 M HCI solutions.
Then, in order to keep the pH of the solution constant throughout the experiment,
NH4CI-NH3 buffer solutions were prepared for the pH range of 8-11. Afterwards, the
same experimental procedure was applied for the adsorption mediums adjusted to

different pH values with the buffer solution.

3.4. Adsorption Study in Tuzla Geothermal Power Plant

Adsorption study was carried out in real field. Tuzla geothermal power plant was
selected as model field since Li" concentration is relatively higher compared to other
plants in Turkey. Extracting valuable ions from a geothermal brine is a challenge
because the translational velocity is high, the brine is salty. The system is hot meaning
that the used material should resist and it contains lots of coexisting similar ions for
instance Na" and Mg?" which could interfere the selective extraction of lithium ion.
Therefore, the y-MnO; powder is placed in a reactor near the re-injection well. It is
considered to be the best placement of the system energy harvesting is already done
before the lithium uptake process. Textile filters are used, the sorbent powder is placed
in. An adhesive epoxy resin is applied to the coverage of the filter to keep the sorbent
powder in it, otherwise powder is removed from the textile filter via brine flow. The
study was carried out at 87 °C and 2 bar conditions in the reinjection well system. Then,
1.5, 3.0, 17.0, 18.5, and 20 h of sorption times were employed as a process parameter.
After the sorption study was completed, the sorbent material (y-MnO; powder) treated

with the geothermal brine was used in desorption experiments.
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Figure 3.2. Photographic image of the mini-pilot system in Tuzla GPP at Ayvacik,
Turkey

3.5. Desorption Experiments

A series of experiments were conducted to investigate the desorption behavior of
Li" loaded y-MnO; in diluted hydrochloric acid (1.0 M HCI). Certain amount of brine-
treated sorbent powder is put into acidic solution. The idea is to replace Li" ions that is
placed in the vacancies of the y-MnO; structure with H" (protons). Then, the mixture
obtained was taken and centrifuged at 6000 rpm for 30 min. The remaining solid was
isolated from the decantate and the lithium-ion concentration in the decantate was
measured by flame photometry method. For the flame photometry analysis, a blank and
standard Li" solutions were prepared using lithium chloride (LiCl) and deionized water
to construct a calibration curve with a concentration range containing the expected Li"
concentrations. Thus, the intensity values recorded from the flame photometer fall
somewhere within the range of the calibration curve. The parameters including the
sorption time, sorbent amount, desorption time, solution pH, and repetitive desorption to

enrich the Li" concentration were studied.
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3.5.1. Sorption time

The y-MnO; treated with brine at different sorption times of 1.5, 3.0, 17.0, 18.5,
and 20 h was taken and 10 g of each were added to 30 mL of 1.0 M HCl in a beaker and
stirred continuously at room temperature for 24 h. At the end of the experiment, the
desorbed lithium concentrations in the solution were measured and compared to

investigate the effect of the sorption time on Li" uptake performance.

3.5.2. Sorbent Amount

In this part of the experiment, in order to examine the effect of the Li" loaded y-
MnO; amount on Li" desorption performance; 0.5, 1.0, 1.5, 2, 2.5, 5.0, 7.5, and 10 g of
Li" loaded y-MnO, were added to 30 mL of 1M HCI and stirred continuously at room

temperature for 24 h.

3.5.3. Desorption time

In the desorption time experiment, the desorption efficiency of lithium-ion was
tested for different desorption times. 10 g of Li* loaded y-MnO> was added into 30 mL
of 1.0 M HCI and stirred continuously in a 100 mL beaker at room temperature for 3, 6,

9, 12, 24 and 48 h of desorption times.

3.5.4. Solution pH

The effect of the pH on lithium desorption efficiency of the desorbing agent was
tested for 24-hours of desorption time. In this experiment, 10 g of Li" loaded y-MnO,
was added into 30 mL of solution with different pH values (2,4,6,8 and 10), and stirred
continuously at room temperature. The pH adjustments were done by using 1.0 M of

NaOH and HCI solutions.
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3.5.5. Repetitive desorption

Repetitive desorption experiments were carried out to enrich the Li"
concentration of the solution from low concentrations, as well as removing the other
ions present in the geothermal brine. In this experiment, 10 g of brine-treated y-MnO»
powder was added to 30 mL of 1.0 M HCI in a 50 mL beaker and stirred for 24 h,
centrifuged for 30 min at 6000 rpm to separate the decantate and the remaining solid.
Then, the decantate was separated and 10 g of brine-treatedy-MnQO, was added into the
decantate again. This process was repeated for 4 cycles (days) and at the end of each

process, the Li" concentration in the decantate was measured.

3.5.6. Reuse of y-MnQO:

Although the absorbent material is affordable (about $3/kg), the potential re-use
of the material is of economic importance, especially given the need to use large
quantities of sorbent material. Therefore, comparison of the adsorption performance
between virgin sorbent and second use is examined in this study. To observe the
reusability of the absorbent material, the remaining y-MnO> solid after the desorption
experiments was collected after centrifugation and used for re-use experiments. In the
re-use experiments, the separated sorbent was again subjected to adsorption process in
Tuzla geothermal brine for 15 h. Afterwards, the sorbent that is subjected to adsorption
process for the second time, is subjected to a desorption experiment. In the desorption
experiment, 0.3 g, 2 g and 10 g of the virgin and re-used y-MnO> were added to 30 mL
of 1.0 M HCI solution and stirred at room temperature for 24 h on a magnetic stirrer to
compare their desorption results. Then, to investigate whether the desorption efficiency
of reused y-MnO; was affected by the desorption time, experiments were performed for

24 and 48 h.
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CHAPTER 4

RESULTS AND DISCUSSION

4.1. Structural and Morphological Analysis of y-MnQO: powder

4.1.1. XRD and XRF of y-MnO: sorbent

¢ Akhtenskite (s-MnQO,)
A Pyrolusite (B-MnQO,)
* Ramsdellite (R-MnQO,)

Intensity

10 20 30 40 50 60 70 80
26 (degree)

Figure 4.1. XRD pattern of the y-MnO; powder

Figure 4.1 presents XRD pattern of y-MnO; (EMD) powder purchased from
China and provides the structural information. The XRD results show that the
reflections can be indexed to a mixture of three phases: akhtenskite (e-MnOy),
pyrolusite (B-MnOz) and ramsdellite (R-MnO»), which are different polymorphs of
MnOs;. The broad reflection observed at the 20 angle of 22.1° corresponds to the (001)
plane of ramsdellite (R-MnO») phase and the peak 28.7° may likely from (110) plane of
pyrolusite (-MnOz) polymorph. Pyrolusite (3-MnQO), has a tetragonal structure and is
the stable form of MnO, at ambient temperatures, whereas ramsdellite (R-MnQO) has
orthorhombic structure.”> The diffraction peaks observed at an angle of 37.3°, 42.6°,

56.4° and 67.5° likely correspond to the akhtenskite (e-MnQO») phase with (100), (101),
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(102) and (110) planes, respectively. Akhtenskite (e-MnQO>) is a metastable polymorph
of MnO, with hexagonal structure.””> The multiphase XRD model of the y-MnO; is in
agreement with the study by Kim et al.', which observed £-MnO> as an independent
phase present in a conventional EMD material. The commercial EMD studied was

found to be multiphase and contained R-MnQO., e-MnQO; and -MnO.

Intensity

10 20 30 40 50 i0 30
20 (degree)

Figure 4.2. XRD patterns of the y-MnO before and after treated with geothermal brine

The XRD pattern of the y-MnO, powder before and after treated with geothermal
brine are shown in Figure 4.2. As the XRD patterns show, the permanent signals before
and after treated with geothermal brine are similar to each other, which can be indicate
that the structure is retained after the adsorption of lithium takes place. The reflections
located at 20 angle of 22.40°, 37.31°,42.74° and 56.47° for the sorbent before treated
with brine and at 22.24°, 37.14° and 42.62° and 56.28° for the sorbent after the brine
treatment. The lattice spacing (d) of the mentioned diffraction peaks were estimated as
3.97 A,2.41 A, 2.12 A and 1.63 A for before and 4.00 A, 2.42 A, 2.12 A and 1.64 A for
the sorbent after treated with brine.

Based on the 20 values indicated, the XRD pattern of the sorbent after brine
treatment shifted to a slightly lower angle compared to the sorbent in the first state,
which could be due to lattice expansion. It can be attributed to the incorporation of
certain ions found in salt water (e.g. Li* and Na") into the lattice structure.”*** This is

also consistent with the increase in the d (lattice spacing) values.
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Table 4.1. Elemental Composition of the y-MnO, powder

Element (w/w) % Oxide w/w) %
Na 4.18 NayO 5.64
Mn 70.13 MnO 90.55

Table 4.1 gives the elemental composition of the commercial powder. As
theoretically expected, the majority of the powder's content is Mn nearly 70% by mass.
However, it was determined that there was approximately 4% Na in the structure. In
addition, there are negligible amounts of impurities such as Mg, Al and Ca elements in
the structure. Since XRF analysis gives the compounds both in oxide form and
elemental composition, the MnO; content is a higher at %90.55 and NaxO is 5.64%. The
origin of the Na content in the y-MnO» powder could be the Na additives used in the

treatment during mining of MnO> ore.”

4.1.2. Zeta Potential of y-MnO:
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Figure 4.3. Zeta potential of y-MnO: at different pH values.

To gain more insight into the factors affecting sorption at the tested pH values,
zeta potential was measured for the sorbent at various pH values. For zeta potential
measurements, 10 mg of y-MnO was dispersed in 100 mL of 1 mmol/L NaCl solution,
the pH was adjusted to 2-10 with 0.1 M HCI and NaOH, and the suspension was

allowed to settle for 24 h before measurement. Figure 4.3 shows the zeta potential
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values varying in the pH range of 2-10. It was observed that as the pH increased, the
charge negativity increased. The increase in the negative charge of the particles may
have increased the attractive force between the positively charged lithium ion, thus
achieving higher sorption efficiency. This result is in agreement with other studies. For
example, Zhang et al’! compared surface zeta potentials of the varied MnO> polymorphs
including a-, B-, y-, 6-, and A-MnO> as a function of solution pH and observed that
surface zeta potentials of all adsorbents decreased due to the continuous deprotonation
effect of surface hydroxyl groups. The zero charge point (pH;.c) of the y-Mno, sorbent
was determined as 2.8, which is consistent with the literature since manganese oxides, a

type of surface acidic oxides, have zero charge point values between 2.0-4.5.!4

4.1.3. Particle Size Distribution and BET Analysis of y-MnO:

The specific surface area, pore volume and average pore diameter of y-MnO»
powder were measured by The Brunauer-Emmett-Teller (BET) method using the
nitrogen gas adsorption-desorption at 77 K. For y-MnO,, a specific surface area of 33.7
m? g’!, a total pore volume of 0.065 cm®g’1, and average pore diameter of 76.9 A (7.69
nm) were obtained, indicating that the sorbent powder has a mesoporous structure.”® The
particle size distribution of y-MnO> nanoparticles measured by the Dynamic Light

Scattering (DLS) method is given in Figure 4.4. The average diameter particle size was
observed as 50.89 nm.
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Figure 4.4. Particle size distribution of y-MnO»
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4.1.4. SEM images of y-MnQO; powders

The morphology of the y-MnO, powder was investigated by SEM using
secondary electron detector. A serious aggregation is observed in the structure, which is
not a surprise since the imaging is performed on solid powder samples. Submicron
diameter spherical morphology is observed as the primary particles in aggregates. Any

other phase regarding with nearly 4% by mass of Na was observed in the structure.

Figure 4.5. SEM images of the y-MnO» powder at 10 000 x (a,c) and 25 000 x (b,d)
magnification

4.1.5. Elemental Composition of Sorbent After the Sorption and

Desorption Process

Table 4.2 presents elemental composition of y-MnO, before and after the
sorption as well as after desorption processes. It was observed that the amount of Na* in

the sorbent increased after the sorption process. This is an expected result due to the
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high Na" content of the geothermal brine. Upon interaction, most probably it leaves Na*
on the surface of the structure. The same is true for all elements in the brine. Since a lot
of elements adhered to the surface of the sorbent, the total weight and its composition is
varied. For instance, Mn content seems to decrease. However, Mn content remains
unchanged, total mass increased upon the adsorption of other elements like Na'. After
desorption, the values of the elements coming with the interaction with the brine
decreases. However, the percent composition did not recover to the initial values. Some

of the elements remained adhered to the surface of the sorbent.

Table 4.2. Elemental composition of y-MnO, before/after the sorption and desorption

process
(%)
Element Before After After
sorption sorption desorption
Na 4.2 8.90 6.0
Mn 70.1 60.1 66.3
Ca 0.10 1.63 0.10
Cl 0.005 1.24 1.0
Mg 1.0 1.27 1.1
Fe 0.003 1.28 0.8
Sr 0.008 0.53 0.1
Ba 0.03 0.40 0.4
Al 0.2 0.40 0.3

4.1.6. Morphological Analysis of the Sorbent Before and After the

Sorption

The morphology of the p-MnO: before and after the brine treatment is
investigated by using the scanning electron microscopy as given in Figure 4.6. No
physical change was observed in p-MnO: before and after the sorption study. Since

MnO:; is a ceramic material, it is resistant against temperature and salinity of the brine.
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Figure 4.6. The morphology of the y-MnO> powder before (a,c) and after treated with
geothermal brine (b,d)

4.2. Batch Adsorption

4.2.1. Effect of Sorbent Amount on Adsorption Performance

The effect of the y-MnO; dose on the adsorption performance is given in the
Figure 4.7. According to the experimental results, the removal of Li" from solution was
increased when the sorbent dose was increased from 2 g/L to 20 g/L. An increase in the
surface area and the larger availability of active sites on the surface of y-MnO- could be
the origin of the increase in the Li" removal. However, as the sorbent amount increases,
adsorption capacity was found to be decrease. This result can be explained by the
aggregation of the sorbent when it increases above a certain amount, resulting in a
decrease in the active surface area. Sorption capacity was found to be 6.2 mg/g when
the sorbent concentration was 3 g/L. This value is a bit smaller than the values reported
in the literature, which lies between 15-50 mg/g for various conditions.”” Although this
value seems smaller, the conditions and the scale of the adsorption process are different.

The first difference is that the commercial sorbent material used can be ordered in tones
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and supplied within days. This is not possible for lab-made MnO> materials. In addition,
v-MnO2, whose electrochemical activity is normally studied for lithium-ion batteries,
can be expected to show lower adsorption performance than conventional lithium

manganese oxide ion-sieves.
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Figure 4.7. Sorbent amount in dispersion vs. Adsorption performance (Co =57 mg/L,
pH=13, time 24 h, at RT.)

4.2.2. Effect of initial Li* Concentration of Solution

+

The variation of the adsorption capacity of y-MnO, with respect to the initial Li
concentration of the solution is given in Figure 4.8. The adsorption capacity is found to
increase as the Li" concentration of the solution in which the adsorption is performed
increases. The capacity reaches the adsorption capacity of 6.4 mg/g when the
concentration was 200 ppm. The sorption process is claimed to be governed by two
steps, which are boundary layer diffusion and intraparticle diffusion. By increasing the
initial concentration of Li*, the surface of the adsorbent is contacted with more Li,
which is resulted by the diffusion of the Li" at a larger amount through the boundary
layer in unit time.”® In other words, the surface of the adsorbent may not have been fully
bound with the adsorbates at the beginning of the adsorption process, whereas at the
optimum initial lithium concentration, all surfaces of the active site may have been

filled with adsorbates.”®
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Figure 4.8. Initial Li" concentration in solution vs. Adsorption capacity (pH=12, sorbent
dose of 2 g/L, at RT for 24 h)

4.2.3. Effect of pH on Adsorption Capacity

Figure 4.9. and 4.10. show the adsorption capacity at various pH of the solution.
The adsorption capacity of the y-MnO, powder show remarkable increase as the pH
value of the Li" solution in which the adsorption process took place increased. The
highest sorption capacity for y-MnO> was achieved at pH 12 with a value of 1.8 mg/g.
The uptake of lithium ions by the y-MnO; sorbent was found higher under basic
medium as the surface sites were more negatively charged at higher pH levels. As the

electrostatic interaction between the positively charged Li* and the sorbent became

stronger, the surface exhibited a larger affinity for adsorbing the Lit.®
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Figure 4.9. Solution pH vs. Adsorption capacity (sorbent dose of 2 g/L, at RT for 24 h)
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This result is also compatible with studies in the literature on the effect of pH on
adsorption capacity. Park et al'” studied the change of lithium sorption capacity in the
pH range of 2-10 and observed that the sorption capacity increased as the pH increased
and reached the highest sorption capacity of 6-7 mg/g at pH 10. Another example from
the literature, Yang et al’® also studied lithium sorption of A-MnO, in the pH range of
4-11 and observed that the adsorption capacity of A-MnO> is very low under acidic
condition. The adsorption capacity of A-MnQO; increased sharply as the pH increases,
and reached a maximum at pH>10, indicating that the alkaline medium favored lithium
sorption. The increase in the sorption amount is due to the deprotonation effect of the
surface hydroxyl group with increasing pH, which is valid for manganese oxides, is

interpreted in the same way for y-MnO».
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Figure 4.10. Solution pH vs. adsorption capacity when buffer solution is used (sorbent
dose of 2 g/L, at RT for 24 h)

Figure 4.10 gives the result of the experiment using NH4CI-NH3 buffer solution
in order to keep the pH of the solution constant during the adsorption experiment. The
adsorption capacity was found to be higher in the experiment using the buffer system
compared to basic solution prepared by NaOH. The reason of this result may be the

effect of Na" is prevented since Na” competes with Li".
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4.2.4. Sorption Isotherms

In order to study the sorption isotherms of the y-MnO- sorbent for lithium, 0.06
g of A-MnO, powder was contacted with 30 mL of LiCl solutions with Li"
concentrations ranging from 25 to 200 mg/L. Each sample was stirred continuously for
24 h at 18°C to obtain the final equilibrium Li" concentration. In order to fully
understand the interaction between sorbate and sorbent and to make the most effective
use of the sorbent, the fitting of the sorption isotherm models is essential. Models of the
Langmuir and Freundlich isotherms were fitted to the experimental data of Li"
adsorption by y-MnO, sorbent as a function of equilibrium concentration. The results
are shown in Figure 4.11 and 4.12, respectively, where the linearized forms of the

Langmuir and Freundlich isotherm models are expressed by Eqs (4.1) and (4.2)'°!:

e @.1)
de adm € KLdm ’
logqge = % logC, + log Kg (4.2)

Where Ce denotes the solution's equilibrium Li* concentration in mg L', ge
denotes the equilibrium Li* adsorption capacity in mg g, gm denotes the theoretical
maximum adsorption capacity in mg g, and Kp denotes the Langmuir empirical
constant in Lmg™!. The slope and intercept of the plot of Ce/qe vs. Ce can be used to
calculate the values of gm and Ki. The Freundlich constants Kr and n, measured in mg
gl and g L! respectively, depend on temperature and system. The slope and intercept of
the log ge vs. log Ce plot can also be used to determine the values of n and K.

The calculated isotherm parameters for Li" adsorption by y-MnO; are listed in
Table 4.3. The experimental data provided a better fit with the Langmuir isotherm rather
than with the Freundlich isotherm, according to the correlation coefficients (R?) of
0.994 and 0.991 respectively. According to the literature 2, the monolayer adsorption
of Li" on the surface of the y-MnO> sorbent can be well described by the Langmuir
isotherm, which also stated that the sorption took place on an adsorbent that is
structurally homogeneous. y-MnO» showed the maximum Langmuir adsorption capacity
(gm) of 9.737 mg g”'. Also, the Freundlich constant, n, is higher than 1 (n >1), meaning

that the adsorption process is favourable. !
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Figure 4.11. Langmuir Isotherm of Li" adsorption by y-MnO,

o Experimental Data
Linear fit to Freundlich Isotherm

03

07

logge

05|

04}

03

02

12 1.4 16 18 20 22 24
logCe

Figure 4.12. Freundlich Isotherm of Li" adsorption by y-MnO»



Table 4.3. Langmuir and Freundlich isotherm parameters

Langmuir isotherm Freundlich isotherm

qm (mg/g) K /(L mg_l) r K./ (mg g_l) n/(g L_l) r

9.737 0.010 0.994 0.301 1.686 0.991

4.3. Desorption

4.3.1. Effect of Sorption time on Desorption

Adsorption time is systematically investigated in the field from 1 to 24 h. The
sorbent powder is put into acidic solution and lithium ion is released. The maximum
concentration is achieved when the sorption time is shorter. As the adsorption time is
extended, the concentration of the lithium released decreases. Figure 4.13. shows
concentration of the lithium desorbed after various adsorption time. The brine-treated
sorbent after the shorter sorption time released higher amount of lithium. Based on this

result, one can conclude that the shorter sorption time better capacity is.
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Figure 4.13. Sorption time in Tuzla GPP vs. Desorption performance (10 g of brine-
treated y-MnO; in 30 mL 1M HCI solution for 24h at RT)
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4.3.2. Effect of Brine-treated Sorbent Amount

The concentration of Li" in decantate solution in the presence of various amount
of y-MnO:> given in Figure 4.14. As the amount of sorbent increases, the amount of Li"
released into the solution increased, and the concentration of Li" reached the maximum
of approximately 26 ppm when 10 g of y-MnO- was used. This is an expected result as
the amount of lithium adsorbed sorbent increases, more lithium ions can be replaced
with hydrogen atoms, resulting in more Li" ions being released into the acidic
environment. Considering the highest desorbed Li" concentration obtained, 10 g was

used as the sorbent amount in order to obtain the highest yield in the subsequent

desorption parameter studies.
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Figure 4.14. The concentration of Li" in decantate solution in the presence of various
amount of y-MnQO;. (Desorption in 30 mL 1M HCI solution for 24h at RT)

4.3.3. Effect of Desorption Time

According to the experimental results seen in Figure 4.15, the desorbed lithium
concentration increased polynomially as the desorption time increased, although it did
not significantly affect the desorption performance of lithium. At the end of the 3h of
desorption period, the lithium concentration desorbed into the acidic environment was
18.5 ppm, while at the end of the 48h desorption period, the lithium concentration

increased to a maximum of 27.5 ppm.
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Figure 4.15. Li" concentration as a function of desorption time (10 g of brine-treated -
MnO:; in 30 mL 1M HCI solution at RT)

4.3.4. Effect of pH
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Figure 4.16. Li" concentration as a function of pH. (10 g of brine-treated y-MnO> in 30
mL 1M HCI solution for 24h at RT)

The desorbed Li" concentration into solution with different pH values of the
desorption environment given in Figure 4.16. When the pH of the desorption medium

was between 2-10, the lithium concentration released to desorption environment ranged



between 3-5 ppm. When the pH was a highly acidic value of -1 (pH of IM HCI
solution), the lithium concentration in the desorption medium suddenly reached 19.6
ppm. The pH is a very decisive parameter for the desorption process since the
desorption mechanism of Li" is due to the ion exchange with H" in solution. Therefore,
a better desorption performance was observed as a result of more protons (more H") in

the environment when the pH of the solution was lower.

4.3.5. Repetitive Desorption and Li" Enrichment

Repetitive desorption experiment was performed to enrich the Li" solution and
the results given in Figure 4.17 at the end of the 4 days of repetitive desorption cycle. At
the end of the 4™ day, the Li* concentration is increased from 27 ppm to around 250
ppm. The higher the Li" concentration of the solution obtained after the desorption
process, the easier it is to precipitate and extract lithium from the solution. This result is
considerable in this respect. However, in order to precipitate the Li" ion in the form of
AILiO> or Li;COs, the Li" concentration should be further enriched, perhaps by

1.18 it was suggested that,

combining it with other methods. In the study of Zhu et a
increasing the lithium concentration enhanced the lithium recovery rate considerably,

especially when the lithium concentration was in the 5-20 g/L range.

Repetitive desorption cycle (day)

Figure 4.17. The concentration of Li" after repetitive desorption with powder treated
with brine
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4.3.6. Re-use of y-MnO:

m 7-MnO, (24h)
@ Reused y-MnO, (24h)
A Reused y-MnO, (48h)

25 F

20

15

[Li*]/ ppm

10

0 2 4 6 8 10
Sorbent amount (g)

Figure 4.18. Re-use performance of the sorbent (Desorption in 30 mL 1M HCI solution
at RT)

The reusability of the y-MnO> absorbent material is worth considering from an
economic point of view. The performance of the y-MnO; powder is examined after
desorption in acidic solution. As stated above, y-MnO; contains vacancies in the crystal
structure which is assumed to be filled with Li*. The desorption process makes these
vacancies empty again by releasing the lithium back out, and the remaining vacancies
may be suitable for the second round of adsorption. After desorption, the powder is
subjected to the adsorption process again in order to see how successfully the lithium is
separated from the voids in the structure of the sorbent, and as a result, to understand its
effectiveness in a second adsorption process. Figure 4.18. shows the Li" concentration
after desorption of the powder of second use. The concentration was 9.4 ppm after 24 h
desorption although the fresh powder yields 25 ppm. It shows slight increase to 11.1
ppm when the desorption time is extended to 48 h. Thus, the reuse of the powder shows

almost 40% performance compared to virgin powder under the conditions employed.

50



CHAPTER S

CONCLUSION

In this thesis, as a new approach, relatively inexpensive electrolytic manganese
dioxide (y-MnO»), which is normally used as the cathode material in lithium-ion
batteries, was used as an absorbent for the isolation of lithium from geothermal brine of
Tuzla Geothermal Power Plant (TGPP). A mini-pilot system was installed in the reactor
near the plant's reinjection well, using commercial electrolytic y-MnO for the
adsorption process. In the first stage of the thesis, the characterization of y-MnO
powder was carried out using XRD, XRF, SEM, BET and DLS methods and the
compatibility of the powder used with commercial y-MnO> was investigated. The XRD
results show that the reflections of electrolytic y-MnO, can be indexed to a mixture of
three phases; f-MnO», e-MnO> and R-MnO; as expected. Similar reflections obtained
before and after treatment with geothermal brine were interpreted as the intercalation of
lithium ion into the y-MnO> structure without destabilizing the structure. By applying
the (BET) method for y-MnO», a mesoporous structure with a specific surface area of
33.7 m? g'!, a total pore volume of 0.065 cm’g™! and an average pore diameter of 76.9 A
(7.69 nm) was observed.

In the second part of the studies, solution pH, initial lithium concentration, and
sorbent amount were studied in synthetic solution to examine the adsorption
performance of the y-MnO> sorbent. The effect of sorbent concentration on the
adsorption capacity of y-MnO> was investigated in the range of 2-20 g/L and it was
observed that the maximum adsorption capacity of 6.2 mg/g was reached when the
sorbent concentration was 3 g/L, but when the adsorbent concentration increased
further, the lithium adsorption capacity was decreased due to the reduction in the active
sites of the sorbent surface as a result of the agglomeration. In the pH study, the
adsorption capacity of the y-MnO; sorbent increased with increasing pH as a result of
the deprotonation of the surface hydroxyl groups, and the maximum adsorption capacity
was obtained at pH 12. At the optimum 200 mg/L of initial lithium concentration, the

maximum adsorption capacity of 6.4 mg/g was reached, which is thought to be due to
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the fact that all surfaces of the active site are filled with adsorbates. The Langmuir and
Freundlich equilibrium models of lithium adsorption were investigated and it was found
that the Langmuir model best describes the adsorption equilibrium showing monolayer
adsorption. The maximum Langmuir adsorption capacity (¢») of the y-MnO; adsorbent
was determined as 9.74 mg/g.

In the last part of the study, adsorption was carried out at 87 °C and 2 bar in
Tuzla Geothermal Power Plant and then the absorbent powder treated with geothermal
brine is subjected to desorption process under acidic medium. Lithium ions are obtained
in the acidic solution at 25 ppm when the amount of y-MnO> was 10 g. The maximum
adsorption performance was achieved at 1 h of adsorption in the field showing that the
shorter adsorption time is favorable. Repetitive desorption experiments were carried out
to enrich the lithium concentration of the solution from low concentrations, as well as
removing the other ions present in the geothermal brine. Lithium concentration was
enriched to more than 250 ppm after four cycles of desorption. This level of
concentration can be even further enriched when the number of cycles is increased. As
an example, the solubility of LioCOs is 1 g/ meaning that this enrichment of lithium in
repetitive desorption may be extended to the precipitation level. Although the y-MnO>
powder is affordable (about $3/kg), the potential reuse of sorbent is of economic
importance, especially given the need to use large quantities of sorbent. Therefore,
reusability studies were carried out and 40% performance was observed for the reused
sorbent compared to the virgin sorbent.

As a result of the studies, the use of electrolytic y-MnO> sorbent for lithium
adsorption was found as a promising candidate for practical use in the separation of
lithium from geothermal brines as a new approach. In the next step of the studies, the
structure of the y-MnO, powder can be improved and stabilized to increase the lithium
adsorption capacity and increase the reusability of the sorbent. Thus, greater amounts of

lithium ions can be recovered from high volume geothermal brine.
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