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ABSTRACT

Recently, the interest for lithium resources has bgrewing because the
demandof lithium has been rapidly increasing as lithium secondary batteries
become commonly use@urrent lithium productiors carried out mainly with
brine of salt lakes and pegmatite, which are locally limitesourcesto
particular countries. Althoughanotherlithium resource, seawater Bghly
accessiblesince lithiumion in seawater exists at quite low concentration,
0.150.20 mg/L, the lithium recovery from seawater is considered ineffective
and inefficient.However, the concentrated seawater undergnagorative
process to produce s#las enrichedithium concentration and is expected to
provide efficient and effective environment for lithium recovery system.
Nevertheless, o#r cation enormously coexist in the lithium resource,
requiring selectie lithium extraction method to recovery lithium from the

lithium resource

Adsorption technique, the representative method to selectively extract
lithium, has been investigatedidely and considered as the appropriate
technique for concentrated seawatae toits high selectivityto lithium and
capacity Among various adsorbentshe most prominent adsorbent,
manganese oxide adsorbent can be prepared by extracting lithium from spinel
type lithium manganese oxide with acid treatméithium recovery process
using adsorbents includes several ligaisorbent separation process which
several research grougsave reported various type adsorbents, such as
granulation and membrane, to enhance the efficiency of. However, these types
of adsorbents require high manufaatg cost and the uses of harmful reagents.

Therefore, it is necessary to develop other separation method which are



environmentallyfriendly and economically effective.

In this study, magnetically watseparable lithium adsorbent is
suggested while réaing magnetiteithium manganese oxide hanocomposite.
To attain the material, primarily, spirglpe lithium manganese oxides (LMO)
having different Li/Mn ratio, 0.63.00, were synthesized, which are the
foundation where magnetite phase grows. Then,neiigLMO (M-LMO)
was prepared by adding LMO in Fe(QHplution and heating the mixture in
high temperature. With XRD and HREM, it was found that two crystal
phase exist on a particle of the product, and the mechanism of the reaction,
Fe’* redox reaction, was suggested based on the result of XPS and other
related researches. On a basis of the proposed mechanism, several conditions
were controlled to maximize magnetization and minérthe destruction of
LMO during the reaction. With the aptized condition and LMOs having
different Li/Mn ratio, MLMOs were synthesized and the most effective LMO
was determined with several lithium adsorption tests. As a result, the
adsorbent from M_LMO of LMO-2.5 (M-LMO-2.5) showed higher lithium
adsorbing cpability, 6.84 mg/g which is 58.31% of the calculated capacity of
LMO in the composite, and better stability for repetitive uses. Then, in order
to certify the feasibility of MLMO-2.5 for industrial application in
concentrated seawater, the measuremensebéctivity with distribution
coefficient (Ky) and the adsorption tesin concentrated seawater were
performed, and MHMO showed high selectivity to lithium ¢Li* >> Mg?*
> Na" > K*) and lithium adsorbing capability for the concentlaseawater,
highly salty water. Consequently, the results of this study demonstrates that
magnetitelithium manganese oxide nanocomposite was successfully
synthesized and could be a promising candidate as a magnetically water

separable and selectively lithivatsorbable @erial for lithiumrecovery.
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1. Introduction

Recently, a secondary batteries using lithium have been becoming
more essential as many electronic devices, such as smart phone, hybrid or
electronic vehicle and etc. adopt the secondary batteries for electronic source.
Therefore, lithium grow to be more important element while the demand for
lithium rapidly increase. Accomdg to estimation from U.S. department of
energy, it is estimated that global lithium demand will become more than triple
of the expected lithium global supply 2015 before 2025 [1T hus, lithium
reserves is likely exhausted in the near future, whidhdceause large
increment in lithium price. In addition, as a possession of the resource become
one of competence of a nation in global society, lithium plays an important
role in global society and the exploitation of lithium resources turn out to be

an ssue over the world.

Since metallic lithium is chemically active in nature, lithium is
produced from the mixture with other elements or chemical compounds.
Lithium raw material exist in various forms in nature: brine in salt lake,
pegmatite ores, sedimeamy rocks anetc.Among them, brine is the most
maj or resource of Ilithium, maRjng up
Brine is highly concentrated salt water including higher lithium
concentration than other lithium resources, which leads to senpléow
cost lithium production process. Generally, lithium is easily produced with
evaporating brine water by the sun and refining the evaporated brine water.
However, the brine water is locally restricted only in some specific districts
or countries, sutas Bolivia, Chile, Argentina, USA and Chif2a 3]. Also
pegmatite or sedimentary rocks including lithium component are limited
only for some districts like Fige 2 [4]. Therefore, other countries which do
not have brine or pegmatite are searching & fithium resources able to

1



substitute conventional lithium supplying sources. As the new lithium
resources, there are geothermal water and seawater. Geothermal water is the
ejected water from geothermal power plant where lithium exist in
approximate 10 gL concentration. This is a feasible resource to produce
lithium, but it is also locally limited because the required states for
geothermal power generation are pretty conditional. Seawater is other new
lithium resources which attracts global attentiocergly. Since its
accessibility is pretty higher than other resources and it has considerable
deposition amount of lithium, totally 230 billion tons, many countries having
coast or ocean are developing lithium extracting technology due to its
feasibility. However, lithium concentration in seawater is 0.1 mg/L to 0.2
mg/L, which is too low concentration to adopt conventional lithium
production method in brine, evaporating and refining production process.
Because oé large amount of other catiosuch as sadm, potassium,
magnesium and calcium coexisting in seawater, its cost and energy to
separate and refine lithium using evaporating method is quite high and thus,
the method is not proper method for extract lithium from seawater.
Therefore, in order to acige feasibility of lithium production from seawater
at an industrial level, the method able to selectively extract lithium from
seawater without using a lot of energy and high cost is indispensabile.
There are several methods which can extract lithiuniramn
aqueous lithium resources and recovery the lithium ion: adsorption (ion
exchange)5-10], solvent extraction [£12] and ceprecipitation [13] These
technologies have been investigated for various aqueous type lithium
resources and among them, theagtion method is considered as the most
suitable lithium extraction method for aqueous lithium resources, such as

seawater, due to its extremely high selectivity for lithium ion. Since the



mechanism of the method is described by the presence of micsopahe
adsorbent crystal, which is suitable size for passing small lithium ion and
excluding other large size catiptihe method is called bynesieve type
adsorption method'he method uses inorganic adsorbent having ion
exchange properties for lithiuran and is operated in battype pra@ess,
which require low cost industrial infrastructure. While vast studies on the
inorganic adsorbent have been done, many different kinds of adsorbents have
been developed for the extraction of lithium: Hi®a, HSbQ, H2TiOs3,
HZr>(PQy)3[14-17]. Among these inorganic adsorbents, manganese-oxide
based adsorbent have been recognized as the most interesting adsorbent due
to its higher selectivity and capacity to lithium ion than others, and
environmentally harmlessness and low cost. The mangdaesd adsorbent
could be generated from spirtgpe lithium manganese oxide after
extracting lithium from spinel structure. In addition to its application for
adsorbent of lithium, spindype lithium manganese oxide has been
developed for cathodeaterial d lithium secondary batteriesd electrode
for selective electroinsertion of Li idi8] due to its selective lithium
adsorption properties. There are many kinds of lithium manganese oxide
existing because in spinel framework manganese can take theritigat
tetravalent states and lithium comtean vary. According to Fige 3
summarized bwn earlier wor19], lithium manganese oxide phase could
be varied by Li/Mn ratio, the valence state of manganese and exchanged
lithium content amount. Among thesnanganese oxide, spirgtucture
LiMn 204, Li1.33Mn1670a, Li1.eMn1.604 have attracted lots of attention and
many research group have reported many studies about these m@di@rials
21]

Spinel typelithium manganese oxide is the crystal framework based



on cubic closed packed structure constructed oxygen atoms. In case of a
typical spineltype lithium manganese oxide, LiMos, manganese (Il) and
manganese (IV) atoms are located in 16d octahedral sites, occupying half
octahedral sites and composing{@noctahedron structure with oxygen
atoms, and lithium atoms occupy 8a tetrahedral sites. As lithium content
increase in the spinel structure, extra lithium occupies the Manganese
octahedron sites, which raise the manganese valence state close to 4.0 and
stablize the spinel crystal structure. Therefore, there are two representative
spinel lithium manganese oxide, LiMdy and Lk 33VIin1.670s4, the former is
consist of Mn (1V) and Mn(lll) equally and the latter one is composed only
with Mn (V). And spinel lithiumrich manganese oxide,ldVin1.604 [21] is
reported as a catiedeficient lithum manganese oxide having hexagonal
lattice having only Mn (IV). Lithium desertion frorhése spinel type lithium
manganese oxid&iMn20a, Li1.33MN1.6704, Li1.éMn1.604lead toderive
spineltype manganese oxide having proton lattic&é)nO2, MnO,

0.31H20, MnQ 0.5H20 respectively which have selective lithium
adsorption properties.

Lithium desertion process is carried out with acid treating lithium
manganese oxide. The lithivextracted manganese oxide can selectively
adsorb and insert lithium ion with protonated spinel crystal framework. The
lithium desertion/insertion process oéthpinel lithium manganese oxide in
aqueous solution have been studied by many research ¢5eips1921]

andthe process are expressed with the following reactions.

Li desertion process
lon-exchangéeype reaction
LiMn2Os + H* A HMn2O4 + Li*



Redoxtype reaction
LiMN 204 + 2H" A Li* + (1L/2)Mr?* +H0 + M sOs3

Li Insertion process
lon-exchangeype reaction
HMn2Os + Li* A LiMn 204 + H*
Redoxtype reaction
HMnO4 + Li* + OH A LiMn 204 + (1/2)H:0 + (1/4)Q

These reactions had been proposed and investigated by many
researcherfl9, 2223] and the mechanism was completed by defining two
kinds of sites for lithium: redekype and iorexchangeype, and the
proportion of each type can be varied according tepieel type lithium
manganese oxide characteristics, such as Li/Ma eatd the valence state of
Mn [20]. These reetion is well described in Fige4 which was proposed by
a researching groJyg0]. Through these reactions, lithium is extracted from
lithium manganese oxide crystal and the lithiariracted manganese oxide,
| -MnOz20r HMn2O4 can insert lithium ion into its spinel framework. Then,
the reversible lithium desertion and insertion procassbe developed into a
lithium recovery system from lithium aqueous sources. According to the
above reactionsyhile redoxtype reaction progress in acid solution,
manganese dissolution in crystal occés the typical spinel type LiVi©a4
is described in the reaction, Mn(lll) coexisting with Mn(IV) in lithium
manganese oxide undergo redox reaction. Some portion of Mn(lll) turn into
Mn(1V) with oxidization and other portion become Mn(ll) with reduction,

which cause the dissolution of litmumanganese oxide crystal. Therefore,



the dissolution of manganese during acid treatment of lithium manganese
oxide can be minimized by reducing the portion of Mn(lll) and developing
ion-exchangeype reaction in desertion process dominantly. In the desert
process of Li3dMny 6704 and Li.eMn1.604formed with 100 % tetravalent
manganese, lithium extraction is dominantly advanced bgxwhange-type
reaction and a small portion is progressed by regipg reaction, which
endow the lithium manganese ogglwith a high chemical stability against
whole process of lithium desertion/insertion process. And it is expected that
those iorexchangeype lithium manganese oxides have the significant large
lithium adsorption capacity on the basis of the higherithcontent of
those crystals in chemical compositi@i].

Due to these advantages, the3Mni.6704 and Li.eMn1.604have
been broadly investigated for the structural and chemical characteristics and
the preparation method, such as agalmethod, dd-state method and
hydrothermal methib[7-8, 24-25]. Also, the investigations for the actual
application in industrial levels have be#dwne by several research groups.
These research groups applied the adsorbents in powder condition for
various lithiumaqueous sources, seawater, brine and geoéthevater [9,
26-28]. However,powder form ofadsorbent have limitation for its industrial
application because separation process from liquid medium is necessary in a
batchtype systentescribed in Figure &nd the powder form is recognized
having low efficiency for separation process. In order to overcome this
limitation, several research groups have been studying the introduction of
other material with the inorganic adsorbents and the change of the form of
the norganic adsorbents. Most studies have been dealt by achieving
granulation and membranization using inorganic lithium adsorbent, lithium

manganesexide. Macroporous silica bead [29jacroporous cellulose gel



bead [30], polyvinyl chloride (PVC) [28, 3%jere implemented to realize
granulation and applicable size lithium adsorbents. The other research groups
had reported foartype lithium adsorbents by usingnous binders, such as
pitch [32] or agaf33], with lithium manganese oxide as a precursor. These
granulations and forrtypes of lithium adsorbent were converged to use
column operation system for lithium recovery, which is more convenient, but
it requires large pressure and high energy consumption. Therefore, other
research groups have studied membitgpe lithium adsorbing system to

avoid column operation system which require a high pressure. Firstly it was
reported membrangpe lithium adsorbent prepared by impregnating
Li1.33Vin1.6704into PVCin N,N-dimethylformaide (DMF) [34]In addition,
othergroups have reported other forms memb+iape lithum adsorbent,

flat sheet form [35]polymeric resevoir form like tea bag figure [3G)n a

basis of PVC as a binder, DMF as a solvent and spypel lithium

manganese oxide as a precursor. These memtypeadithium adsorbent

might be suitable because of its applicability for continuous operation
system, but the fabrication of these meante requires high manufacturing

cost and the uses of a large amount of environmentally harmful reagents, and
generate massive DMF wastewater which is a highyc substance for
humans. Therefore, it is necessary to develop new selectively lithium
adsorlable material conducting other form lithium recovery system for
industrial applications and overcoming the disadvantages of the granulation
type and the membrasigpe lithium adsorbent. As another form of recovery
system, there is a magnetically adsorksagarable system. This system is
using magnetic particles having a particular function for a specific purpose in
liquid medium, which is able to be separated from liquid medium by
applying a magnetic field. The system has been investigated by many



researclgroups in other field, such as the harmful substance removal system
in aqueous medium. However, in lithium recovery filed, this has hardly ever
been researched. In this system operated in a-bgiehthe magnetic
particle showing specific functions iset core material for operation, which
is mainly derived from magnetic material by realizing composite with other
material.

As a representative magnetic material, there is magneti®y,Fne
of conventional iron oxide. Unlike other conventional iromdex hematite
and maghemite, magnetite is composed by two kinds of iron elements, Fe(ll)
and Fe(lll) distributed in inverse spinel structure of oxygehic closed
packed framework. This iron oxide shows ferrimagnetic property in bulk
state, but it turn duo be superparagmagnetic property when the state of iron
oxide become nanoparticle scale. Magnetite nanoparticle behave like a
paramagnetic atom having large magnetism, which can rapidly response to
applied magnetic fields with small remnant magnetisthaercivity. In
addition, since magnetite has high curie temperature and low blocking
temperature, its magnetic properties is thermally stable and able to be
maintained in a wide temperature range. These characteristics of magnetite
nanoparticle are desible for actual application, such as environmental
remediation, biomedical application and other various field. The iron oxide,
Fex04 not only shows high biocompatibility ahalw toxicity in the human
body [37#38], but also is environmentally harmless nniaie Therefore, their
applications in environmental field, such as water treatment are considered
appropriate and already many research groups havedtingse aspects of
magnetite [3A1]. Also because of its inexpensive reagents for preparation
and vaious synthetic methods, magnetite nanopatrticle can be easily and
affordably prepared. For the industrial applications or other purposes, many



research groupssave tried to endow a particular function to magnetite with
functionalization of magnetite sude by organic or inorganic material.
Organic compounds are employed for various purposes like passivation of
magnetite, improvement of biocompatibility and other specific application.
Besides organic materials, inorganic compounds are used for
functionalization of magnetite by forming various structure composites. The
main purposes of functionalization of inorganic compounds can
approximately be divided into two categories: introduction of magnetic
properties and introduction of inorganic material properi#epending on

the researching purposes, various inorganic compound, such as silica, metal
or oxides, are utilized and many skillful approaches have been investigated
to successfully hybrid two materials. In addition to these aspects, many
studies have l@m done in order to control the nanostructure of composite. In
Figure6 summarized by Wei Wat al.,the structure of nanocomposite can
roughly divided into five types: cotghell, mosaic, sheltore, shelcore

shell and dumbbe[#2]. Most studies haveealt with the already prepared
magnetic nanoparticle for forminganostructured composite and not much
studies were focused on the nanostructure constructed by the growth of
magnetite on the surface of inorganic materials.

In this studymagnetically weer-separable and selectively lithium
adsorbable nanocomposite was prepared using theftestive and
environmentally friendly method, and several experiments were carried out
to find more effective and proper fabrication method for the magnetite
lithium manganese oxide. Firstly, lithium manganese oxides varied with
lithium content in the phase were synthesized to verify those lithium
adsorbing capability and find proper candidate precursor for magnetite
lithium manganese oxide composite. Then, ontcimehesized lithium



manganese oxides, the magnetite phase was constructed by reacting the
lithium manganese oxide with Fe(OHnd hydrothermal reaction, and
magnetitelithium manganese oxide composite was formed. On a basis of the
mechanism derived from the analyses results, several experiments were
performed to adjust magnetization and lithium adsorbing properties of the
compoge. Then, the optimized fabrication method for the composite was
prepared. In order to find the most proper lithium manganese oxide as a
precursor for composite, magnetiidium manganese oxides from the

lithium manganese oxides having different propsrivere prepared and
characterized with several analyses, XRD, VSM, chemical composition
analysis, and BET. Then, through lithium adsorption tests and repetitive
adsorption tests using adsorbents from each magfittiten manganese
oxides, the most apppriate composite was selected. The applicability of the
selected composite for actual lithium recovery system was investigated by
measuring its selectivity to lithium and performing the adsorption test in a
possible lithium aqueous resource, concentragedvater. Concentrated
seawater is the highly salty water from the seawater treated with evaporative
process. As one of lithium resources, seawater is not an effective resource
due to its pretty low lithium concentration, 0.15~0.20 mg/L. However, itis a
very important lithium resource for several countries because of its high
accessibility compared with other resources. As a refined version of
seawater, the concentrated seawater is suggested as more effective and
efficient lithium resources having approyately 0.83.2 mg/L lithium
concentration. Therefore, the lithium recovery system built by using the
lithium resource could provide more effective foundation for lithium

production industry.
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Lithium carbonate future supply and demand
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Figure 1. Estimation of future lithium demand and supply from

U.S. DOE [1]
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Li desertion Li insertion

1. LiMn,O, + H* > 1. HMn,O, + Li* >
HMn,O, + Li* LiMn,0, + H*

2. LiMn,O, + 2H* 9 2. HMn,O, + Li*+ OH
Li* + (1/2)Mn2* 2 LiMn,0, +
+H,0 + Mn, 505 (1/2)H,0 + (1/4)0,

\

‘ Acid solution\¢--~.” Li* aqueous
Precursor N/ / resource

of lithium adsorbent
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Figure 5. Description of lithium recovery process using powdetype

adsorbent
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2. Experimental section

2.1 Materials

Manganese sulfate monohydrate (Mn$®GO, DAEJUNG), lithium
hydroxide monohydrate (LIOBi-O, JUNSEI) and hydrogen peroxidex(bs,
30%, JUNSEI) were used as the reagents for the spinel structure lithium
manganese oxide. Iron(ll) sulfate heptahydrate (&SRO, 99+%, Sigma
Aldrich) and sodium hydroxide, pellet (8&, DAEJUNG) were used to
make ferrous hydroxide which was used as the precursor for magitieitibe
manganese oxide composite. As the additives for preparing of the composite,
sodium acetate anhydrous(GO2Na, SigmaAldrich) and L-glutamic acid
(CsHoNO4, 99.0%, SAMJUN) are employed. Hydrochloric acid (HCI, 35%,
DAEJUNG) was used for diluted hydrochloric acid. In the redox titration
experiment of lithium manganese oxide, Iron(ll) chloride tetrahydrate
(FeCb@H,0, SigmaAldrich) and potassium permangam@<MnO,, JUNSEI)
were used as reducing and oxidizing agent. All chemicals were used as
received without any further purificatiorHighly deionized water with

resistivity of 18.0 MM@m* was used during the whole experiments.
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2.2 Preparation of spinelstructure lithium manganese oxide (LMO)

Lithium manganese oxide having spinel structure was synthesized
with hydrothermal methodeferring to the previous work [8]Lithium
precursor solution was prepared by dissolving L&D and HO2(30%) in
deionizedwater. 0.4 M MnS@®i.O solution was prepared in Tefkined
stainless steel autoclave. 50 mL LiOH an®kisolution was dropped into 50
mL 0.4 MnSQ solution stirred with magnetic stirring. After maintaining this
mixture with stirring for 2 h, the autaote was sealed and then heated at 110
~C for 8 h. After cooled the autoclave to room temperature, the precipitate was
filtrated and washed with deionized water for several times. And the obtained
precipitated was dried at 6C for at least 12 h and calaited at 400C for 4
h. In order to obtain lithium manganese oxide having various Li/Mn ratio,
LiOH precursor amount was varied from 1.0 M to 3.0 M and the samples were
designated as LMQ.0 to 3.0, respectively. This method is described inreig
8.

2.3 Preparation of magnetitelithium manganese oxide (MLMO)
composite

The composite was synthesized with developing magnetite crystal on
the surface of LMO. Firstly, 1.6 g Fe@H,O and additive (sodium acetate,
glutamic acid, no additive) were dissolveddrionized and deoxygenated
water (30, 60, 90 mL). And 40 % NaOH solution (3, 4.5, 6 mL) was dropped
into FeC} solution with magnetic stirring and kept for 30 min to form

greenishwhite Fe(OH) solution entirely. The precipitation process of

18



Fe(OH)» was a@rried out under nitrogen gas to maintain deoxygenated
conditions. Then, LMO solution which was prepared by adding and dispersing
LMO into 20 mL deionized water was added in Fe(©Bblution. While
magnetic stirring under Natmosphere, the mixture was mi@ined in room
temperature for 1 h. The mixture was transferred to Téft@d stainless steel
autoclave and heated at 20D for 12 h. After cooled naturally, the magnetic
powder was separated with a magnet and washed with deionized water, and
the proces was repeated for several times. And the powder was dried@ 60
for 12 h. By adjusting the reaction conditions of solvent volumadtiadgthe
amount of NaOH40 %) solution and LMOs, the effect of each conditions for
synthesizing the composite was clarified and the optimized composite was

produced based on those effects. Thelespoocess is depicted in Figure 8

2.4 Acid treatment for Li* extraction from L MO or M -LMO

In order to give lithium adsorption property to LMOs orLMIOs,
lithium extraction process was carried out with acid treatment. LMOs-or M
LMOs were immersed in 0.5 M HCI solution and shaken with 150 rpm for 24
h. The acidreated samples weremarate from HCI solution and washed with
deionized water for several times and dried at 60 Each samples are

designated as HMOs and-NMOs, respectively.
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Adding dropwise of
1.2 M H;05(,q and
1.0, 2.0 and 2.5, 3.0 M LiOH ,,

Synthetic processes
1. Precipitation reaction:
Mn2* + 20H" - Mn(OH),
2. Redox reaction:
2Mn(OH), + H,0,
- 2MnOOH + 2H,0

Transfer
to autoclave

0.4 M MnSO4q) 3. Li* insertion:

Stirat R.T.
Ifi:z h Sol\{othermal a;queous 2Li* + 20H- + 4MnOOH + H,0,
reaction at 110 °C for 8 h \ > 2LiMn,0, +4H20/
Filter and
Sample codes wash with
water
LiOH thhlum
concentration manganese oxide .

20M LMO-2.0 Calcination at
25M LMO-2.5 400 °Cfor 4 h ;
3.0M LMO-3.0 Spinel structure-

lithium manganese oxide

Black precipitation ;
(ex: LiMn,O,)

Figure 7. Schemdor synthesis of lithium manganese oxidd.MO)

varied with lithium precursor amount
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- Addition of
Additive

(glutamic acid, NaOH,, (40%)

sodium acetate)

FeSO, solution

(FeSO, 1.6 g,

deionized and
deoxygenated water)

£

Addition of LMO
solution
(LMO-2.0, 2.5, 3.0
0.5 g, water 20 mL) .
Stirring for 1 hr Reaction at 200 °C Magnetite-LMO
for 12 hr in autoclave composite

Schikorr reaction
3Fe(OH), > Fe;0, + 2H,0 + H,
Without O,, and
373K<T<573K

Lith
dsi

a
Magnetite

Figure 8. Scheme for preparationmethod of magnetite-lithium
manganese oxide
(M-LMO)
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. . . Schikorr reaction Size of LMO
Adjustment DLl condition magnetite phase precursor
Condition | Solvent volume Additive type 40% NaOH,, amount LMOs

30 mL Acetate 3.0 mL LMO-2.0
Variation 60 mL Glutamate 4.5 mL LMO-2.5
90 mL 6.0 mL LMO-3.0

Table 1. Synthesizd M-LMO from various conditions
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Magnetite

il
adsi nt
.

VN i

Lithium Manganese Oxide Magnetits-Lithium

Manganese Oxide

(LMO) (M-LMO)
Separation from Separation from
solution with filtration solution with magnet
<=
H* exchanged 0.5 M HCI K
Manganese Oxide Dispersing for(2q‘)t hr Magnetite-HMO

Li* desertion processes
Sample codes p Sample codes
1. lon exchange:

Before acid | After acid LiMn,O, + H* & HMn,O, + Li* Before acid | After acid
treatment treatment 2. Redox reaction: treatment treatment
LiMn3*Mn%Q, + 2H*
LMO » HMO - Li* + 0.5Mn2* +H,0 + Mn#*; ;04 M-LMO » M-HMO

Figure 9. Lithium desertion from LMO and M -LMO turning into HMO
and M-HMO after acid treatment
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2.5 Characterization

2.5.1 Physical analysis of lithium manganese oxide (LMO) and

magnetite-lithium manganese oxide composite (M.MO)

The synthesized lithium manganese oxide (LMO) and magnetite
lithium manganese oxide composite -(WO) were characterized by the
following physical analyzing method. In order to identify and compare the
crystal phases of LMO and MMO, powder Xray diffraction (XRD) was
carried out using Bruker New D8 Advanceray diffractometer with Cu Ka
radiation (a = 1.5406 A, 40 KV, 40mA), scanning from 10 to 80 at the speed
of 10 degree per second. According to parameters obtained from XRD results
and DebyeScherrer equeon, D = Kl /bcosd the average crystallite size of
LMO was calculated. In Deby8cherrer equation, D means the crystallite size
of a specific peal, is the wavelength of Xay irradiation, K is a constant
related with the shape of crystal and usually assumed asfi8%he full
width at halfmaximum intensity (FWHM) of a specific peak obtained from
XRD and d is the diff rpeak ofiLM@. Tken gl e
morphologies and crystallography weodserved using high resolution
transmission electron microscopy (HEEM) on a JEOL JEMBOOOF at
accelerating voltage of 300 KV after LMO or-MMO were dispersed in
ethanol with ultrasonic for 5 min drsampled onto the Formvsatabilized Cu
grid for observation. The specific surface areas were calculated with the
BrunauerEmmettTeller (BET) equation using Micrometrics ASAP 2010
BET. In the case of MLMO, magnetic properties were measured by a
vibrating sample magnetometry (VSM) for the dried powders at the room

temperature in the range ©10 KOe magnetic field.
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2.5.2 Chemical analysis oflithium manganese oxide (LMO) and

magnetite-lithium manganese oxide composite (M.MO)

The following chemical arigsis were done for the LMO and-MMO
samples, respectively. Compositional analysis of LMO ot MO were
carried out by fully dissolving LMO or MLMO in hydrochloric acid solution
containing peroxide and the lithium, manganese and iron contents in the
soluion were measured with VARIAN 730ES inductively coupled plasma
(ICP) emission spectrometer. For the synthesized LMO samples, the mean
oxidation number of manganesew(f was estimated from the available
oxygen determined from the redox titration usingageium permanganate
solution. Xray photoelectron spectroscopy (XPS) were performed to measure
the electronic and chemical states of Fe and Mn in LMO axddVi® using
KRATOS AXIS-His with monochromatic Mg K radiation as Xray source.

All of the raw data were adjusted for calibrating and locating the C1s peak on

the 284.5 eV binding energy.

2.6. Evaluation of adsorptive properties of lithium manganese oxide

(LMO) and magnetite-lithium manganese oxide compsite (M-LMO)

2.6.1 Lithium ion adsorption isotherm test of LMO and M-LMO in

batch system

Lithium ion adsorption isotherm and equilibrium test was carried out
with the prepared lithium solution in laboratory. Lithium solution was
prepared by dissolving LiGn deionized water at 0.01 M1{69.4 mg/L). The

buffer solution (0.2 M ammonium hydroxide/ammonium chloride solution)
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was added into the 0.01 M lithium solution for adjusting pH of the solution to
10.10. For a batch system experiment, all test wasuobed by using 125 mL

vial containing lithium solution. Lithium adsorbents (acid treated LMO or M
LMO) was added into 0.01 M lithium solution in 1.0 g/L concentration (100
mg adsorbent in 100 mL lithium solution). The vial containing the mixture
was shakefor about 72 h at 298 K. Then, in order to separate adsorbent from
sorbent, in case of the adsorbent from LMO, the mixture was centrifuged but,
for the adsorbent from MMO, it is separated by applying external magnetic
field using magnet. The lithium coentration of remaining solution was
measured with inductively coupled plasma (ICP) emission spectrometer. The
lithium ion adsorption capacity per gram of adsorben) (@s calculated
from the change of lithium concentration after adsorption test toloe/ng

equation:

Qe = (Co-CoVIW

in which Q is the amount of adsorbed lithium ion per gram of adsorbent at
equilibrium (mg/g), Gis the initial concentration of lithium solution (mg/L),
Ceis the concentration of remained lithium solution at equilibrium (mg/L), V

is the solution volume (mL) and W is the weight of adsorbent (g).
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2.6.2 Repetitive lithium ion adsorption test of MLMO

Repetitive lithium ion adsorption isotherm and equilibrium test was
conducted only for the adsorbents froraUMIO. After lithium ion adsorption
test, the separated adsorbent was dried aC6&nd immersed in 0.5 M HCI
solution and shaken for 24 h in order to regenerate the adsorption property.
Then, separated adsorbent from HCI solution was washed with deionized
water several times and dried at & For the regenerated adsorbents, lithium
ion adsorption test was camcted in the same condition of the first test and
lithium ion adsorption capacity was measured. This process was repeated for

2 times.

2.63 Measurement of selectivity of lithium ion compared to other cation
for M -HMO

The selectivity ohdsorbent, VFHMO for Li* to other cation, Na K,
and Md* mainly coexisting in seawater was evaluated by comparing
distribution coefficient (K) for each ions. The distribution coefficient
typically is employed as an index for how much an adsorbent is liable to
adsorb aspecific and individual adsorbate in a particular media. This
coefficient can be measured by the ratio of the amount of therbedso
adsorbate per unit mass of adsorbent to the amount of the remaining adsorbate
in solution. Therefore, Kvalue was determined by dispersing 0.1 g adsorbent,
M-LMO, in 10 mL solution containing about 0.01 M of several catioh, Li
Na', K*, and Md@" atpH 10.10, respectively, and shaking the vial containing

the solution to maintain dispersity of adsorbent in solution for 72 h at 298 K.
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After reaching the equilibrium, the remained solution was analyzed with
inductively coupled plasma (ICP) emission spatketer to measure each
cation concentration. Then, tlkg value for each catiowas determined on
the basis of the measured cation concentration and the following equation.

Kd (mL/g) = Adsorbed cation ion per a gram of adsorbent,BWO (mg/g)

/Cation ion concentration in remained solution (mg/mL)

2.64 Lithium adsorption test of M-HMO in the concentrated seawater

For verifying the feasibility of industrial application for the prepared
M-HMO, lithium adsorption test was carriealit in one of actual lithium
resources, concentrated seawater. Concentrated seawater, as mentioned in
introduction section, is the seawater which undergone the evaporative process
and have higher lithium concentration than regular seawater. The content of
each catiormre shown in Tabl2. Lithium adsorbent, MHMO, was immersed
in concentrated seawater with 0.1 g/L adsorbent concentration and stirred with
mechanical stirrer fob daysat the room temperature. Then, after separating
magnetic MHMO particlewith magnet, the remained seawater was sampled

and analyzed with ICP.
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Lithium Recovery Process

Repetitive use of adsorbent

Li* Adsorbent e e e
(HMO) i
(M-HMO) Desorption |
Acid

treatment
ﬁ

Li* solution  "°%°™*"  Dispersing Separating from Li* Separating from acid

adsorbent solution with magnet solution with magnet

Figure 10.Schematic proces®f lithium adsorption and repetitive tests of M-HM
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