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Abstract

Lithium is an essential metal for our society. Notably, increasing energy storage system
will necessitate much more lithium in the future. This study focused on brine deposit while lithium
exists in hard rocks as well. Conventionally, solar evaporation has been used to concentrate lithium
from brine, but it takes more than one year. Thus, a more rapid process is desired for the
accelerating demand. Here, two types of adsorbent, ion exchange (IX) resin and heterosite ferric
phosphate (FP), were studied in order to extract lithium selectively from brine rapidly. First, more
than thirty IX resins were tested in lithium chloride solution. Out of the thirty, sulfonate,
iminodiacetate and aminomethylphosphonate resins succeeded in extracting lithium with the value
of 16.3-32.9 mg-Li/g. However, no resins could adsorb lithium from a mixed brine solution which
contains other interfering cations like sodium. An aluminum loaded resin was also tested since
some past studies had reported lithium selectivity with this material. Its adsorption density was 6.6
mg-Li/g and was higher than any other resins tested for the mixed brine in this study. Nevertheless,
the overall results showed that the IX resins were not so suitable for lithium extraction from a
mixed brine. Then, heterosite FP was investigated as an alternative adsorbent. The FP can adsorb
lithium selectively with the addition of a reducing agent to form lithium iron phosphate. This study
used thiosulfate (TS) and sulfite (SF) individually as a reducing agent. The maximum adsorption
density was 45.9 mg-Li/g by SF reduction at 65 °C, which is almost the same as the theoretical
value of 46.0 mg-Li/g. The maximum selectivity over sodium was 2541 by SF reduction at 45 °C.
Additionally, it was confirmed that the FP could be recycled by persulfate oxidation without
degradation. Finally, the kinetics was studied and fit using pseudo first-order and shrinking sphere

model. The two models fit the experimental results and indicated that the lithium extraction



reaction was chemical reaction controlled. Since the FP method was found to be promising, it is

highly recommended that it should be developed further by using natural brine sources.



Lay Summary

Mobile phones and electric cars always have a battery. Some kinds of battery contain
lithium (Li) and are called lithium batteries. As we buy a new mobile phone with better quality
and buy an electric car for an eco-friendly lifestyle, Li demand has been increasing. However, with
a conventional method using solar heat, it may take more than one year to concentrate lithium from
brines, which are saltwater and primary lithium sources. More rapid technologies are required to
meet the rapidly increasing demand. This work investigated two extraction techniques using a solid
adsorbent with experimental results for speedy lithium recovery. The extraction of lithium was

demonstrated as a potential pathway to rapid lithium recovery from saltwater solution.
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AAS Atomic adsorption spectroscopy
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Co Initial concentration in solution
Cr Resin concentration in solution
da Actual denisty

DI Deionized

dry R Dry resin

DVB Divinylbenzene

E Electrode potential

E° Standard electrode potential
ESS Energy storage system

EV Electric vehicle

FP Ferric phosphate

FPD Ferric phosphate dihydrate

HSC HSC Chemistry 6.0

ICP-OES Inductively coupled plasma - optical emission spectroscopy
IX lon exchange
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KLi
KL, solid
KLi, solution
kWh
LCE
LFP
LIB
mAh
Mrp
Mm
NF
ppm
PS
Qe

Qe
Rpm
I's
SAC
SDB
SF
SFP
SHE
SX

TS

Selectivety of lithium to a metal

Molar ratio of lithium to a metal in solid
Molar ratio of lithium to a metal in solution
kilowatt hour

Lithium carbonate equivalent

Lithium ferrous (iron) phosphate
Lithium ion battery
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Weight of ferric phosphate
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Nanofiltration
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Adsorption density on resin
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Solvent extraction
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Chapter 1. Introduction

Lithium is one of the critical metals in today’s world, and the demand for lithium is now
sharply increasing due to the accelerating use of energy storage systems containing lithium ion
batteries. While lithium is obtained from mineral ores or brines, lithium from brines is now getting
more attention since brines are known to have more reserves than ores.? Brines containing lithium
exist mainly in the “lithium triangle” of Argentina, Bolivia and Chile in South America.>* There
are also a lot of medium size or small size of brines deposits around the world including oilfield
brines and geothermal brines. Since brines which contains a higher concentration of lithium have
been preferentially mined in the past decades, conventional solar evaporation processes, which
require vast areas and an enormous amount of time, have been utilized as a major method to
concentrate and recover lithium. However, new processes now need to be developed in order to
meet the accelerating demand by mining brines with a lower concentration of lithium. To recover
lithium efficiently from low concentration resources, new processes should be more rapid, lithium-
selective, and small-scale than the solar evaporation process. Therefore, some researchers have

8

proposed new rapid processes such as ion exchange resin’®, solvent extraction®!’, inorganic

11-16 21,22

and ferric

absorbent such as aluminum oxide'''®, manganese oxide!”?°, titanium oxide

23-25 26,27 28-30

phosphate*2° phosphate precipitation®®?’, nanofiltration?®*3°, membrane electrolysis*'~*. Some
of them are now used commercially or under a pilot test. However, there is no established process
other than solar evaporation. This thesis focused on two processes out of the available options: ion

exchange resin and ferric phosphate adsorption.



Chapter 2. Literature Review

2.1. Lithium Chemistry

2.1.1. Electrochemical Properties of Lithium

Lithium is one of the alkali metals with an atomic number of 3 and an atomic weight of
6.941. It is reactive as with the other alkali metals and is generally dealt with in the form of salts
or compounds such as lithium carbonate Li,CO3. From the electrochemical point of view, lithium
has the lowest oxidation-reduction potential with the standard electrode potential of -3.05 V as
shown in Equation (2.1) and Table 2.1.

Li* +e =Li E =-3.05Vvs. SHE (2.1)

Table 2.1 Properties of possible anode materials.*

Standard electrode potential Density  Capacity density

E° (vs. SHE) [V] [g/em’] [Ah/kg] [Ah/dm’]
Li -3.05 0.53 3860 2060
Na 2.71 0.97 1170 1130
Al -1.66 270 2980 8050
Zn -0.76 714 820 5860
Fe -0.44 785 960 7550
cd -0.40 .65 480 4120
Pb -0.13 114 260 2940

Lithium also has a very low density with 0.53 g/cm®, which enables batteries to have higher



capacity per unit weight. For the above two reasons, lithium is very useful for battery development.

2.1.2. Lithium Ion Battery

Lithium ion battery (LIB) is one of the most important lithium products. This thesis
doesn’t focus on the chemistry of lithium ion batteries, but it is essential to know this topic as a
“lithium researcher”. Therefore, this section only summarizes chemical reactions at the anode and

cathode when the charge and discharge occur.

Metal oxide layers  Graphite layers

Charge Discharge
Li*ion |
* - +
£
()
Anode Cathode Anode Cathode
& _e-,
It It
I ¥
LiMeO = Li, . ,MeO +x Li* + xe Li;,MeO +x Li* + x e = LiMeO
CotxLi* +xe>LiCq Li,Co Co* xLi* +xe

Figure 2.1 Schematic illustration of charge-discharge in lithium ion batteries, Me= Co,

Fe+P, Mn, Ni+Mn+Co, Ni+Co+Al, Ti, S, etc.”

When a battery is charged, the following reactions in Equation (2.2) occur. Lithium metal oxide

at the anode provides carbon at the cathode with electrons via lithium ion electrolyte.

Cathode: LiMeO — Li; ,MeO + xLi* +xe’

(2.2)
Anode: C, + xLi* + xe” — Li,C,

When a battery is discharged, the reactions in Equation (2.3) occur. Carbon at the cathode supplies



electrons to lithium metal oxide at the anode. Lithium moves into and out of the electrode materials.

Cathode: Li, ,MeO + xLi* +xe” — LiMeO

. . (2.3)
Anode: Li,C, — xLi* + C; + xe’

There have been various metals used in lithium ion batteries such as Co, Fe+P, Mn, Ni+Mn+Co,
Ni+Co+Al, Ti. Moreover, lithium sulfur (Li+S) batteries are currently being focused on by many

researchers.>® The cathode reaction of LiS batteries is Equation (2.4).
2Li" +S+2e” —>Li,S (2.4)

Although the electronic conductivity of sulfur is lower than other cathode materials, it has a higher
theoretical capacity (1675 mAh/g) than that of other available cathode materials for lithium ion
batteries such as lithium cobalt oxide (—140 mAh/g). There are various problems for practical use,

but this is why lithium sulfur batteries are now eliciting much interest.

2.1.3. Eh-pH Diagram

To understand the aqueous chemistry of lithium, an Eh-pH diagram is one of the essential
tools. Figure 2.2 is an Eh-pH diagram for the Li-H,O system when (a) [Li']=1 M and (b)
[Li"]=0.072 M. Almost all the experiments in this thesis used the condition of [Li"]=0.072 M(=500
mg/L) because this value is close to the concentration in South American brines. These figures
show that lithium exists as lithium ion (Li") in almost all the range of pH and Eh regardless of the

concentration.
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Figure 2.2 pH-Eh diagram for Li-H20 system at 25 °C, 1 atm, (a) [Li]=1 M or (b)

[Li]=0.072 M (Drawn by HSC).



From Figure 2.3 (a), it is clear that lithium can be recovered from aqueous solution as Li»COs3,
which is the standard commercial product of lithium for the battery market. However, when the
concentration is reduced to 500 mg/L or 0.072 M, lithium carbonate is not precipitated unless an
over-addition of carbonate is used (Figure 2.3 (b)). This result confirms that it is necessary to pre-

concentrate lithium in brines prior to precipitation of lithium carbonate.
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2.2. Lithium Market

2.2.1. Supply/Demand and Price

The lithium market is expanding. It is a new market without a clear history unlike the
copper market. It is therefore more difficult to predict supply/demand and price of lithium in a
today’s rapidly fluctuating market.>” While there are several reports from some companies, the

data by BMO Capital Markets is cited here in Figure 2.4.

1000 - - $18,000
iy
500 - 416,000
B $14,000
5
700 A
§12,000
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A F 510,000
w500
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ap { &
$6,000
300
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0 ; ; . ; . 50
2014 2015 2016 2017 20188 2019t 2020 2021E  2022E 2023 2024F  2025E
m— Sypply Demand  =@—Lithium Carbonate (5/1) & Lithium Hydroxide (5,/1)
Notes:

1. Carbonate price forecasts are BMO estimates
2. For hydroxide prices, assumed 52,000/t historical hydroxide-to-carbonate premium
3. Demand forecast is BMO base case

Figure 2.4 Lithium supply/demand and price and their estimates.*®

According to the graph, there won’t be a supply deficit by 2025, although, around 2015, there was
a concern of lithium shortage. The price of lithium carbonate and hydroxide are expected to drop

and then increase gradually over time. At first glance, it seems that there is no problem in the



lithium market because, according to the current estimates, a sufficient amount of lithium would
be supplied to the lithium market and the price would be stable. However, this topic is controversial
since the lithium market is unique, and it’s not easy to predict future demand.

First of all, it takes some time for lithium to be supplied into the market, especially from
brine deposits. Since the process used for brine deposits is mainly solar evaporation, which
normally takes at least one year to concentrate lithium, the market can be affected by the supply
situation in the past few years. In other words, a certain amount of lithium should be prepared
beforehand to meet the demand in the next few years. On the other hand, the demand side of the
market is rapidly changing, and the future demand is unclear at least in the current situation. Some
automobile companies announced a sales target for EVs and the lithium market reacted so as to
prepare for those targets, but there has been less demand because EVs are not yet common among
consumers due to the restriction of infrastructure and available models. It is more complicated than
expected to keep the lithium market in balance by predicting supply and demand. This is one of
the reasons that the price of lithium compounds hit the highest point in 2018. In the early 2010s,
the market was thought to become short of lithium soon due to EVs production, and the price rose
rapidly though the supply finally managed to meet the demand. This means there is a possibility
that lithium demand will catch and surpass its supply in the near future while the current estimates
show the opposite situation. For example, China, which is one of the biggest markets for EVs in
the world, has started to head toward becoming an EV society by making laws to restrict the
emission of greenhouse gases. It is uncertain how fast EVs will spread to the world. To maintain
the supply of lithium, a process is needed to make lithium compounds quickly. The slow response
time for the use of long-term solar evaporation of brines is not sufficient to meet rapidly escalating
demand for lithium chemicals. This is the reason that a lot of researchers are working on rapid

lithium recovery technologies.



2.2.2. Products and Applications

Lithium is utilized in various ways. Figure 2.5 shows the changes in lithium uses from
2003 to 2020. According to the graph, lithium use has been increasing because the demand for
lithium batteries has been dramatically increasing. Almost half of the lithium produced was
consumed for lithium batteries in 2019. The rapid increase in demand in the current period (Figure

2.4) due to lithium battery production is expected to continue.

Annual use of Lithium in Primary Lithium Industries
16000

14000

2 3
-
[
[ ]
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@Battery MGlass & Ceramics [@Li Grease OAir con @ Medical OPolymers @ Metallurgy OOther

200

o

Figure 2.5 Annual use of lithium in tonnes in each of the primary lithium usage industries

from 2002 to 2020.%°

Rockwood Holdings, Inc. report about 23 kg-LCE (lithium carbonate equivalent) of
lithium is needed for one EV while only about 3 g is needed for one cellphone as shown in Table
2.2.% For instance, Tesla, Inc. made a plant, called Tesla Gigafactory 1, to make lithium ion battery

EVs in a larger scale than ever before.
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Table 2.2 Amount of lithium used in various devices.*’

Usage Lithium used in LCE
Cellphone 3g
Laptop 30g
Plug-in hybrid car (16 kWh) 9kg
EV (25 kWh) 23 kg

Other than lithium batteries, ceramics and the lubricant industry are the primary lithium
consumers. Aluminum production and pharmaceuticals also use lithium as one of their critical
components though the total consumption is not so large. For those industries, various kinds of
lithium compounds are prepared. Table 2.3 shows key products and key applications of lithium,

and Figure 2.6 illustrates a lithium value chain.®

Table 2.3 Lithium compounds and applications.>’

Key product Key applications

Lithium carbonate | Lithium ion batteries, Glass ceramics, Cement, Aluminum
Lithium hydroxide | Lithium ion batteries, Grease, CO2 adsorption, Mining
Lithium metal Lithium batteries, Pharmaceuticals, Aluminum alloy

Butyl-lithium Elastomers, Pharmaceuticals, Agrochemicals

Lithium carbonate and hydroxide are the main lithium products used in lithium ion batteries, glass
ceramics and lubricants, which, in total, occupy more than 50 percent of the lithium use. Lithium
carbonate is used for most glass products because it decreases the viscosity and melting point of

glass. In the ceramics industry, lithium hydroxide is used for lithium grease. Lithium greases

-1 -



adhere well to metal over a wide range of temperature. Lithium carbonate is also useful for
aluminum production since lithium can lower the melting point of the molten electrolyte of
aluminum and increase the electrical conductivity in the electrolysis cell. This helps decrease costs
and energy for aluminum production. When welding steel alloys, lithium may be used to reduce
the melting temperature and lower the surface tension. Some other lithium compounds also
enhance electrical conductivity in some metal processes. Interestingly, as some environmental
concerns are increasing, lithium hydroxide is applied to adsorption of one of the greenhouse gases,
carbon dioxide. Lithium metal and lithium organic compounds like butyl-lithium are also critical

products for life science such as pharmaceuticals.
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Figure 2.6 Lithium value chain.*
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Though more explanation will be provided later, it should be noted here that lithium carbonate is

firstly produced from ores and brines in most cases, from which other compounds are produced
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such as lithium hydroxide and lithium metal.

2.3. Lithium Deposits

2.3.1. Overview

It is vital to review lithium deposit types before discussing the separation science and

technology of lithium because separation technology is dependent on lithium deposit type.

(a) Resources Others, 2397 (b) Reserves Other‘s 107

Brine (GeothermalV
1000 \ Brine (Oil fields), 1497

Figure 2.7 (a) Resources and (b) Reserves in terms of deposit types in thousands metric

tonnes Li metal equivalent.

Figure 2.7 is the estimate of the global lithium resources and reserves based on data summarized
in 2015.2 According to the graph, lithium deposit types are divided into two. Brines constitute
about 58% of global resources and 82% as reserves while ore minerals about 37% and 17%

respectively.
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Figure 2.8 (a) Resources and (b) Reserves in terms of countries in thousands metric tonnes

Li metal equivalent.’

Figure 2.8 shows that more than half of the resources are in the lithium triangle of Argentina,
Bolivia and Chile in South America and almost 80 percent of the estimated reserves are in the
triangle as well.’ These data indicate that brines would be expected to be a more abundant lithium
source in the future if technologies are developed which can extract lithium from brine more
rapidly and economically.

Table 2.4 and Table 2.5 show some ore-type and brine-type mining sites respectively.*
Ore-type deposits mainly exist in the US, Canada, Australia and China. Some deposits are in Africa
and Europe, but they are not major ones. Australia and China are still expanding the operation of

lithium production from pegmatites.
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Table 2.4 Lithium mining sites and resources in tonnes (ores).*’

Deposit types Mining Sites Li [t]

North Carolina Former operations | 230,000

North Carolina Undeveloped 2,600,000

Barraute, Quebec 90,000
Bernic Lake, Manitoba 18,600
Others, Canada 147,000
Bikita, Zimbabwe 56,700
Manono, Zaire 2,300,000
Pegmatites Greenbushes, Western Australia | 1,500,000
Ores Mount Marion, Western Australia 19,800

Mount Catlin, Western Australia 20,000

Koralpa, Austria 100,000
Larritta, Finland 14,000
Various, Russia 1,000,000
Brazil, Minas Gerais & Ceara 85,000
China 750,000
Hectorites McDermitt Caldera Oregon/Nevada | 2,000,000
Jadarite Jadar, Serbia 850,000

Of course, brine-type deposits are mainly found in the lithium triangle as shown in Table 2.5. It is
also known that some geothermal and oilfield brines in the US, such as the Smackover formation,

have the potential for lithium production. That is why there are now many interests in the methods
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of how to extract lithium from oilfield brines.

Table 2.5 Lithium mining sites and resources in tonnes (brines).*’
Deposit types Mining Sites Li [t]
Silver Peak, Nevada 40,000
Salar de Uyuni, Bolivia 8,900,000
Salar de Hombre Muerto, Argentina | 850,000
Continental Salar de Rincon, Argentina 1,400,000
Brines Salar de Oraroz, Argentina 300,000
Brines Salar de Atacama, Chile 6,900,000
Salar de Maricunga,Chile 200,000
China & Tibet 2,600,000
Geothermal
Brawley, Southern California 1,000,000
Brines
Oilfield Brines Smackover Formation USA 750,000

2.3.2. Ore Deposits

As shown in Table 2.4, pegmatite is the most common lithium ore type, which contains
some lithium minerals such as spodumene, while there are some other ores such as hectorite. Table

2.6 summarizes some lithtum minerals with the theoretical and practical amount of lithium

contained.
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Table 2.6 Lithium minerals.*’

Li>O [wt%]

Mineral Composition
Theoretical | Practical
Petalite LiAlSi4O10 4.9 3.0-4.5
Spodumene LiAlSi206 8 1.5-7.0
Amblygonite (Li,Na)AIPO4(F,OH) 10 89
Lepidolite K(Li,Al)3(AlSi,Rb)4010(F,OH): 4.1 34
Eucryptite LiAlISiO4 11.9 5
Hectorite Nap3(Mg,L1)3S14010(OH)2 - 0.3-0.7
Jadarite LiNaSiB;070H - -
Igneous rock - - 1-35 ppm
Carbonate rocks - - 8 ppm
Shales and clay - - 70 ppm
Seawater - - 0.18 ppm

As shown in Table 2.5, continental brines in South America are the main brine-type

Many pure minerals contain several percent of lithium, while the

rock deposits is higher than brine deposits.

2.3.3. Brine Deposits

- 17 -

amount of lithium found in

natural minerals is smaller because the minerals are not pure. Usually, the concentration in hard

deposits that are exploited, while a few geothermal brines or oilfield brines are also

commercialized. Continental brines contain at most 0.05-2% of lithium. Some analytical data of



brines are provided below in Table 2.7.*° Continental brines generally contain 5-12% of sodium,
and some other ions such as magnesium, sulfate, boron, potassium as shown in the table. Calcium
is also found in continental brines. Sodium and potassium may be partially recovered via
evaporation as chloride salts before lithium recovery. Magnesium and calcium are precipitated as
carbonates by soda ash addition before the lithium concentration gets high enough to be
coprecipitated as a carbonate. It is necessary to remove sulfate and boron because they disturb
lithium production in the following process. Sulfate precipitates with sodium as sodium sulfate

when brine temperature is low. Boron is an unfavorable impurity in lithium products and must be

removed.
Table 2.7 Analytical values of continental brines.*
Evaporation Mg [%] | SO4[%] | B [%] | K [%]
Brines Li [%]
[mm/y] (Mg/Li) | (SO4/Li) | (B/Li) | (K/Li)
Salars de Atacama 0.96 1.65 0.05 2.36
3200 0.15
(Chile, SQM) (6.4) (11.0) | (0.3) | (15.7)
Salars de Atacama 1.02 1.76 0.05 1.97
3200 0.16
(Chile, Chemetall) (6.4) (11.0) | (0.3) | (12.3)
Salars del Hombre Muerto 0.097 0.952 | 0.034 | 0.61
2400 0.069
(Argentina, FMC) (1.4) (13.8) | (0.5) | (8.9)
Great Salt Lake 2 0.006 | 0.65
- 0.004 -
(Utah, USA) (500.0) | (1.5) | (162.5)
SilverPeak 0.028 0.494 | 0.008 | 0.53
760-1200 | 0.016
(Nevada, USA, Chemetall) (1.4) (309 | (0.5) | (33.1)
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Table 2.7 Analytical values of continental brines,*’ cont’d.

Evaporation | Li | Mg[%] | SO4[%] | B[%] | K[%]
Brines
[mm/y] [%] | (Mg/Li) | (SO4/Li) | (B/Li) | (K/Li)
Dead Sea 0.07 0.003 0.6
- 0.002 -
(Israel/Jordan) (35.0) | (1.5) | (300.0)
Rincon 0.344 1.228 0.12 0.75
1500-2100 | 0.04
(Argentina, Admiralty) (8.6) (30.7) | (3.0) | (18.8)
Uyuni 0.651 0.854 0.08 1.6
1200-2200 | 0.035
(Bolivia, Gerve—) (18.6) 24.4) | 23) | (45.7)
West Taijnar 1.538 3.45 0.038 | 0.84
2600-3100 | 0.025
(China, Qinhai Citic Group) (61.5) | (138.0) | (1.5) | (33.6)
East Taijnar 1.87 2.2 0.022 | 0.38
2600-3100 | 0.05
(China, Qinhai Lithium) (37.4) (44.0) | (04) | (7.6)
Zhabuye 0.03 2.228
2300 0.13 - -
(China, Zhabuye Lithium) (0.2) (17.1)
Dongxiung Cuo 0.008 0.571
2300 0.035 - -
(China, Sterling) (0.2) (16.3)

2.4. Processes for Lithium Production

2.4.1. Overview

As explained in 2.3, ore and brine deposits are the primary resources of lithium. In most
cases, when making products, especially for lithium ion batteries, those deposits are processed and

refined into lithium carbonate. If necessary, lithium carbonate is then converted into lithium
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hydroxide. In this section, therefore, the following three processes are explained with some
practical examples.

1) Process from ore deposits to lithium carbonate

2) Process from brine deposits to lithium carbonate

3) Process from lithium carbonate to lithium hydroxide

2.4.2. Process of Ore Deposits

Ores firstly go through mineral processing like grinding and sieving to get lithium mineral
concentrates. The lithium concentration of the concentrates is slightly higher than brine but is still
low. In order to extract lithium from the concentrates, there is a common method decomposing
ores by using sulfuric acid. Figure 2.9 and Figure 2.10 present the process schematically and in a

simplified flow chart.
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Figure 2.9 An example of flow chart of Li2CO3 production from ores.*!
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Figure 2.10 A simplified flow chart of Li2CO3 production from ores.*

First, the concentrates are roasted and reacted with sulfuric acid in a rotary kiln at high temperature
(=1100 °C). Lithium sulfate (Li2SO4) is extracted into water and the solution is recovered by
filtration followed by neutralization for impurity rejection. LiCOs can be obtained by adding soda

ash.

2.4.3. Process of Brine Deposits

A schematic illustration of the brine process is shown in Figure 2.11, and a representative

flow chart is in Figure 2.12, which is drawn based on a report by JOGMEC, 2010%.
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Figure 2.11 A schematic illustration of lithium production from brines.*
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Figure 2.12 A representative flow of lithium carbonate production from brines.*
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First, brine containing around 0.2% of lithium is pumped up from wells. Then in

evaporation ponds, brine is concentrated by solar heat for about one year so that lithium

concentration finally gets to 4-6%. During the evaporation, some sodium and potassium are

removed as chloride salts by making use of a solubility different as shown in Table 2.8.

Table 2.8 Solubility of chloride salts at 25 °C.*

Compounds

Solubility [g/100 g-H20]

LiCl

NaCl

KCl

MgCl

CaClh

84.5

36.0

35.5

56.0

81.3

Table 2.9 Solubility of hydroxide salts at 25 °C.*

Compounds

Solubility [g/100 g-H:O]

LiOH

NaOH

KOH

Mg(OH);

Ca(OH),

12.5

100

120.8

0.00069

0.160
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Boron and magnesium removal follow the evaporation. Magnesium is rejected by adding
a base to precipitate magnesium hydroxide. During this step, magnesium and calcium precipitates
and are removed from brine as hydroxides. Other monovalent cations remain in solution because
of the difference of the solubility of their hydroxide in Table 2.9.

Lithium carbonate is finally precipitated by adding soda ash Na;COj3 and then dried. As
magnesium and calcium are removed beforehand, only lithium precipitates as lithium carbonate.
Some sodium and potassium ions remain in solution, but these species can be ignored due to the
solubility difference of their carbonate salts in Table 2.10. This lithium carbonate is a product itself

and can be a source of other lithium compounds like lithium hydroxide LiOH.

Table 2.10 Solubility of carbonate salts at 25 °C.*

Compounds Solubility [g/100 g-H20]

Li>CO; 1.3
Na,COs 30.7
K2CO:3 111.4
MgCO:s 0.18
CaCO; 0.00066

This section introduces seven practical cases below. Figure 2.13 is the process flow of
Salar de Atacama, Chile. After the evaporation step, boron is removed by SX and magnesium is

precipitated by lime.
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Salar de Atacama, Chile
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}

Evaporation

—> NaCl, KCI

v

0.9%Li

——— MgCl,

LiCl solution: Max 6%.L.i
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Figure 2.13 Process flow of Salar de Atacama, Chile.*

Figure 2.14 is the process flow of Salar de Hombre Muerto, Argentina. This process uses

an adsorption method onto alumina at a certain pH and temperature to enhance lithium

concentration before evaporation because of low concentration in brines.
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Salar de Hombre Muerto, Argentina
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Figure 2.14 Process flow of Salar de Hombre Muerto, Argentina.*’

Figure 2.15 is the process flow of Salar de Oraroz, Argentina. In this process, magnesium
removal is performed in the first place to increase the lithium concentration before evaporation
because of low concentration in brines. Besides, crude lithium carbonate is first recovered and then

redissolved and refined to remove impurities efficiently.

- 26 -



Salar de Oraroz, Argentina

Brines: 0.08%Li
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Figure 2.15 Process flow of Salar de Oraroz, Argentina.*

Figure 2.16 shows the process flowsheet for lithium recovery in China and Tibet. This
method firstly removes sulfate by natural cooling because sulfate inhibits evaporation and lithium

cannot be concentrated sufficiently as a result.
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China & Tibet
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Figure 2.16 Process flowsheet for lithium recovery in China & Tibet.*

Figure 2.17 is the process flow of CITIC method (CITIC Group Corporation Ltd.,
formerly the China International Trust Investment Corporation, is a state-owned investment
company of the People's Republic of China). This method is similar to the process of Salar de
Atacama, Chile (Figure 2.13), but it removes boron by hydrochloric acid treatment, whose process
is not clearly explained in the literature. Spray drying and kiln processing are used to concentrate

lithium more efficiently.
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Figure 2.17 Process flow of CITIC method.*

Figure 2.18 is the process flow of POSCO method (POSCO, formerly Pohang Iron and
Steel Company, is a multinational steel-making company headquartered in Pohang, South Korea).
This process does not use evaporation in an ideal case and precipitates and removes magnesium
hydroxide and calcium carbonate by adding sodium hydroxide and sodium carbonate. After the
removal, lithium phosphate is precipitated by adding sodium phosphate, and the precipitates are

redissolved by phosphoric acid. Membrane electrolysis makes lithium hydroxide from the lithium
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phosphate solution and CO; addition forms lithium carbonate form.

POSCO method

Brines

e— NaOH
—> Mg(OH),
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— CaCO;
Na;PO,

Li;PO, precipitate

[— H3PO4

v

Li;PO, solution

v

Membrane electrolysis

!

LiOH

}7 CO,

Li,CO5

Figure 2.18 Process flow of POSCO method.*

Figure 2.19 is the process flow of Bateman method. This process doesn’t use evaporation

either in an ideal case. Membrane electrolysis and solvent extraction are used to enhance lithium

concentration in lithium chloride solution.
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Figure 2.19 Process flow of Bateman method.*

As mentioned above, there are different optimum methods to recover lithium from brine
with different characteristics. Additionally, it is generally said that favorable conditions for lithium
extraction are (1) High Li concentration, (2) Low Mg and B concentration, (3) Low SOg4
concentration, and (4) High K concentration. Conditions (1) and (2) directly lead to lower cost.
Condition (3) makes it easier to separate lithium from brines while (4) increases profit with greater

amounts of byproducts.

2.4.4. Process for Lithium Hydroxide Production

Lithium hydroxide is an essential product for the production of lithium ion batteries.

Although there are some methods proposed to make LiOH directly from brines, this section only
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mentions a method using lithium carbonate because there are few direct processes which are

feasible. Lithium hydroxide solution is firstly produced by Equation (2.5).
Li,CO, + Ca(OH), — CaCO5 | + 2LiOH (2.5)

Then, lithium hydroxide monohydrate LiOH*H>O is crystallized from the mother solution by

evaporation as shown in Equation (2.6).
LiOH +H,0 — LiOH-H,0{ (2.6)

In order to precipitate and crystallize higher grade of lithium hydroxide monohydrate for lithium
ion batteries, it is important to prepare a higher concentration of lithium hydroxide solution with a
higher grade of lithium carbonate.*> There are also various processes proposed using membrane

electrodialysis to get lithium hydroxide solution.
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2.5. Lithium Extraction Technologies

2.5.1. Overview

For the past several decades, a combination of solar evaporation and carbonation has been
mainly utilized to produce pure lithium compounds. However, this combination can be applied
only to brine that has a relatively high concentration of lithium, roughly more than 500 mg/L. The
evaporation method also takes approximately one year to concentrate lithium and subsequently
precipitate lithium carbonate. Thus, other rapid processes have been considered and studied
recently as shown in Table 2.11.*® This section reviews those technologies by considering some

practical examples.

Table 2.11 Technologies for lithium extraction from brine and their mechanism.

Technology Mechanism Developer

Lithium-containing solutions in ponds

are concentrated by solar heating so that

Solar
lithium carbonate can precipitate after | cynventional
evaporation _ .
adding soda ash (sodium carbonate).
2LiCl+ Na,CO, — Li,CO, + 2NaCl
In place of soda ash, phosphoric acid is
Phosphate .. s
used to precipitate lithium. POSCO26:27
precipitation

3LiCl+H,PO, — Li,PO, +3HCI
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Table 2.11 Technologies for lithium extraction from brine and their mechanism, cont’d.

Technology Mechanism Developer
Lithium ions are absorbed into aluminum hydroxide’s
Ion exchange layers formed in ion exchange resins.
Dow>”’
resin LiCl+NaCl-2Al(OH), -nH,O0
— NaCl+LiCl-2Al(OH), -nH,O
Aluminum Lithium ions are absorbed by the same mechanism as the | FMC!!"13
based ion exchange resin adsorption. The adsorbent in the form | Simbol!*!°
adsorbent of powder or granulated beads. Eramet'¢
Manganese
Lithium ions are adsorbed into layers of manganese
based JOGMEC?
oxide such as HisMn;.604 and A-MnO:s.
adsorbent
Titanium based Lithium ions are adsorbed into layers of titanium oxide
Neometals?

adsorbent

such as H,TiO:s.
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Table 2.11 Technologies for lithium extraction from brine and their mechanism, cont’d.

Technology Mechanism Developer
Lithium ions are extracted to an oil phase
Solvent
from a water phase. Tenova®'
extraction
faucos R-H_, +LiCl,, - R-Li_, +HCI_
Lithium ions are concentrated by making
| use of the differences in ion rejection ratios
Nanofiltration | MGX?
and water flow rejection through a
membrane
Magnesium and calcium ions are removed
— as hydroxide.
Membrane Research
2H,0+2¢e" > H, +20H"
electrolysis U underway>*
Mg?** +20H™ — Mg(OH),
Ca®* +20H™ — Ca(OH),
Ferric Lithium ions are selectively extracted to form lithium ferrous Research
phosphate phosphate by ferric phosphate reduction by thiosulfate. underway?*-
2FePO,+2LiCl+2Na,S,0,
reduction 25

— 2LiFePO, + Na,S,0 +2NaCl

2.5.2. Phosphate Precipitation

Phosphate precipitation is a newly invented technology to replace the carbonation step in

the solar evaporation process as shown in Figure 2.18. Phosphoric acid is added to precipitate

lithium from brine as Equation (2.7).
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3LiCl+H,PO, —> Li,PO, +3HCI 2.7)

While this method needs extra processes to convert lithium phosphate into lithium carbonate or
hydroxide,*’ it has succeeded in shortening the solar evaporation step by precipitating lithium
phosphate whose solubility, 0.027 g per 100g of H2O, is much lower than lithium carbonate’s

solubility, 1.3 g per 100g of H>O, at ambient temperature (Table 2.12).

Table 2.12 Solubility of phosphate salts at 25 °C.*

Compounds Solubility [g/100 g-H20]

Li3PO4 0.027

Naz;POq 14.4

K5PO4 105.8
Mg3(POs4)2 -
Cas(POs)2 0.00012

POSCO currently has projects to recover lithium from brine or battery recycling with this
method.?®?” However, it is doubtful that phosphate precipitation can be applied to low-

concentration brines because this method still partially uses solar evaporation in practical cases.

2.5.3. Ton Exchange Resin

IX resin is a widely used material for water softening, water purification and metal

separation. IX resins commonly consist of a polymer matrix and functional groups introduced into
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the matrix. Most commercial IX resins use styrene-divinylbenzene (SDB) as their matrix. SDB
forms a three-dimensional structure by styrene polymer chains and divinylbenzene (DVB)

crosslinks (Figure 2.20). Here, DVB is called a crosslinking agent.

—CH,—CH—CH,—CH— CH2 CH— CH2 CH—CH,—CH—CH,—CH—

55

—CH,—CH—CH,—CH— CH2 CH—CH,—CH—CH,—CH—CH,—CH—
—CH,—CH—CH,—CH—CH,—CH—CH,—CH—CH,—CH—CH,—CH—

Figure 2.20 Chemical structure of SDB copolymer.

The number of crosslinks partially determines how small the micropores in resin are and how hard
resin is. The more crosslinking, the smaller the micropores and the harder the resin. The percentage

of DVB amount is usually calculated as an index of the degree of crosslinking with Equation (2.8).

Crosslinkage = DVB [6] = — VS OFDVB 10 2.8)
Mass of total monomer

Also, a porous-type resin can be manufactured by using a special polymerization method, while
otherwise, SDB resin is usually gel-type. As for functional groups, sulfonate (R-SOsH") and
quaternary ammonium (R-NR3"OH") are commonly used as a strong acid - and strong base -
exchanger, respectively. They are introduced on the copolymer matrix by chemical reaction as
illustrated in Figure 2.21. In the figure, R-SO3™ and R-NR3" are called fixed ion because they
cannot move freely in a resin, and H" and OH™ are called counter ion, which makes a neutral pair

with the fixed ion.
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N § O S N N,
\SOS'H* \SOS-H+ SOz H \NR;OH- \NR;OH‘ NR3 OH

Figure 2.21 Chemical structure of resin with (a) sulfonate, (b) quaternary ammonium.

However, there are many other types of resins. Some have special functional groups on them, and
others contain additional chemical compounds on functional groups. Keeping this in mind, IX
resin for lithium extraction is next reviewed.

Although IX resins are conventional adsorbents to recover metal ions from solutions,
lithium is much more difficult to adsorb selectively than other metal ions such as copper ions. The
reason is that, in brine, a much higher concentration of sodium, potassium, calcium and magnesium
ions are present (sometimes 100 times as high as lithium concentration in mol/L), and these ions
have a higher affinity to cation exchange resins. Despite the unfavorable conditions for ion
exchange resins, Dow Chemical in the US invented aluminum loaded resins which can take lithium
selectively from brine by the reaction in Equation (2.9),>” although the approach remains

challenging for practical use.
LiCI+NaCl - 2AI(OH), - nH,O — NaCl+LiClI- 2Al(OH), -nH,O (2.9)
Some other investigations have looked at solvent impregnated resins that extract lithium
into resins loaded with an organic phase. S. Nishihama et al., for example, studied 1-phenyl-1,3-

tetradecanedione (C11phDK) / tri-n-octylphosphine oxide (TOPO) impregnated resin to separate

lithium ions from sodium and potassium ions.® Solvent impregnated resin method is one of the
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most promising ways to recover lithium because of its high selectivity, but the gradual extraction
of solvent from the resin, which makes the resin more difficult to be reused, remains problematic
especially in oil and gas wastewater which can contain some organic phases.

The two special types of ion exchangers above are not believed to be in commercial use.
However, some commercial IX resins with unique functional groups may be candidates for lithium
extraction as well. Table 2.13 lists the functional groups of cation exchange resins and chelating
resins which were surveyed in this study. It was not sure that these functional groups are effective
for selective lithium extraction, but commercial resins of these functional groups were tested for

lithium recovery and the results are discussed in Chapter 4.

Table 2.13 List of functional groups of IX resin studied in this thesis.

Name Chemical structure Note
| .
(|3H2 — |C|) Commonly used as cation exchange
Sulfonate HC s—om _
N/ 1l resin
0]
|
| /]
HC \ ——S_ .
Phosphonate + | / (/) / O Selective for antimony, bismuth and
| o Vi .
Sulfonate CH, (I) ! iron
| _ o
HC —P
N7 N
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Table 2.13 List of functional groups of IX resin studied in this thesis, cont’d.

Name Chemical structure Note
//O
(|3H2 CH,~C_ Selective for copper,
. | _ 4 :
Iminodiacetate H(|: \ /—CHZ—N—>M2+\ cobalt, nickel and
7 .
CHZ—C\\ zinc
O
,0 Selective for lead,
CH,—P”
Aminomethylphosphonate | O'/ \ copper, zinc, nickel,
CH2 — ‘\ 7’
(Aminophosphonate) H(l: \ > CHy— MM . iron, antimony and
|
bismuth
| CH, \ /
| — i ™ Selective for copper
Bispicolylamine HC ———CH,—N—M
N\ / \N

and nickel

Hydroxypropylpicolylamine

CH
|CH2 2\N /
Hé—@——CH vy
N\ / 2H Lo

2Nl

&h,

Selective for copper

and nickel
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Table 2.13 List of functional groups of IX resin studied in this thesis, cont’d.

Name Chemical structure Note
|
Thiouronium (|3H2 — Selective for mercury
, . HC ———CH,—S HN NH, .
(Isothiouronium) | \ // L and precious metals
| C .
(|:H2 ___ ///\ Selective for mercury
Thiourea HC CH,—HN' S NH, ‘
| N\ / \ y and precious metals
+
M
|
(|3H2 —
HC /
| ’@ S Selective for mercury
Thiol | PN
c|:H2 __ s and precious metals
HC /
N\ 7/
|
H5;C
CHy  — 3| CHy /7~
| —F—F—CH,—N 2/0 /CH ;
N- HC \ 7/ CH, o7 o7\ Selective for borate
| /0~ __CH
~ O/
methylglucamine A~/ (boron)
HO HC
7N
H.C OH
>">0H
|
<|3Hz — NH,
HC ——CH C .
| @ 2 \ Selective for uranyl
N—O
Amidoxime \M2'+ (uranium) and precious

metals
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Table 2.13 List of functional groups of IX resin studied in this thesis, cont’d.

Name Chemical structure Note
| Selective for divalent heavy
Cl:Hz — CHzCH
. /
Polyamine HC ——CH,—HN—y~—NH metals such as mercury,
N\ / AN /
HZN/'\IH iron, copper, zinc
Amphoteric |
CH, CHj o
(Quaternary amine Hé —CHz—lle'— CH2—C< . Effective for salts removal
N\ / l oM
+ Carboxylate) HsC

2.5.4. Al/Mn/Ti-based Adsorbent

Some metal oxides/hydroxides also can adsorb lithium. They have a higher selectivity for
lithium than ion exchange resins although it takes more time than ion exchange resins to complete
extraction because lithium needs to be intercalated into the layers of the metal oxides/hydroxides.

Aluminum-based adsorbents are typically LiClI/AI(OH)3 compounds, which have a
similarity to the aluminum-loaded resin. The loading mechanism is the same as well. Since the
aluminum-loaded resin only has adsorption sites on the surface of the resin, and the aluminum-
based adsorbent has adsorption sites along its whole surface, the latter generally has a higher
capacity. Some companies, FMC, Simbol and Eramet, have their patents for aluminum
adsorbents.!1-1¢

A manganese-based adsorbent was first reported by K. Ooi et al.!®»!®* and had high
selectivity for lithium, raising interest among many researchers. Some papers were published after

the first report; however, the adsorption mechanism is essentially the same as the aluminum

adsorbents. The manganese-based adsorbent is now being tested with the Uyuni salt lake in Bolivia
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by Japan Oil, Gas and Metals National Corporation (JOGMEC).?

A titanium-based adsorbent also has comparable capacity for lithium recovery according
to the study by R. Chitrakar et al.,>! and Neometals used a similar kind of titanium-based absorbent
to extract lithium directly from brine.?? Furthermore, the three adsorbents are granulated for
practical operation in columns, and they are currently being studied in terms of their optimal binder
and the method of granulation. In spite of the potential of the three adsorbents, there are still few

practical operations; only a few pilot tests have been carried out.

2.5.5. Solvent Extraction

Solvent extraction is another promising method for lithium recovery.*® Lithium ion is
extracted and stripped by the reaction between aqueous and organic phase (Equation (2.10)).

Loading : Liz, +HLgq —Hyy + Lil o (2.10)
Stripping: LiL ;g +Hyq — Ligg +HLg g |

The symbol L refers to the lithium extractant. Several extractants have been developed to satisfy
each condition for each metal. For example, hydroxyoxime extractants from BASF and Solvay are
very famous for copper SX from dilute leach solutions. Solvent extraction technology shows
higher selectivity for lithium over other monovalent ions such as sodium and potassium ions. On
the other hand, other divalent ions, such as magnesium and calcium ions, should be removed and
lithium should be pre-concentrated before the solvent extraction step to maintain the efficiency of
the process.

As for a practical case, Tenova, an Italian company, is now testing an SX process in
Israel.”!? Figure 2.22 is a flow sheet of the process. This process uses SX to extract lithium and

separate sodium and potassium after calcium and magnesium removal. The extracted lithium is
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directly conveyed to electrolysis to make lithium hydroxide solution from lithium sulfate.

Fee Brine with Residual Ca & Mg . NaOH
Feed Brine O in Residu & Mg Q\AE\e‘d&\.\O‘\ N ;
¥ » R%xa\ — » g Poishing  —
| Na,CO4
Ca & Mg
3

4 Li PLS

( H,SO,

Solvent Loaded Purifiec ‘

D) cofRERR D) SomEEE - R LIOH-H,0
* ¢ 4 ¢ - [,— : Product
: . - [ Crysializalion
Spent Scrub - LiOH
Sf,:;xb S(x\.llll on Li,SO4 . " N & 0nyng P — ’

Raffinate
4

Figure 2.22 A flow sheet of lithium production using solvent extraction by Tenova.’

2.5.6. Membrane Technologies

Membrane technology is also expected to play an essential role in lithium extraction.
Somrani et al.?® studied nanofiltration and low pressure reverse osmosis for lithium ion separation
from brine. Although temperature and pressure control are required, the membrane process can be
applied to low concentrations of lithium, such as lithium in oil and gas wastewater. Furthermore,
while fouling is a huge concern, as discussed in other membrane applications, the membrane
process can be applied to a variety of brines or wastewaters when conditions are adequately
determined and controlled. MGX has reported success in lithium extraction from oilfield produced

wastewater.>>** Besides nanofiltration, some researchers have investigated membrane electrolysis.
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Nieto et al.®* studied the removal of magnesium and calcium by making hydroxide ions by

membrane electrolysis.

2H,0+2e” —H, +20H" (2.11)

With an anode of a titanium mesh coated with an iridium-based mixed metal oxide (IrO2/TiOz;
65/35%), a cathode of a stainless steel wire mesh with a stainless steel current collector and an
in-between anion exchange membrane, hydroxide ions are produced on the cathode side by
Equation (2.11).

Mg* +20H™ — Mg(OH),

0 B (2.12)
Ca™ +20H" — Ca(OH),

Then, with the reactions in Equation (2.12), the produced hydroxides precipitate magnesium and
calcium ions in brine. This technology is novel because it does not need to use either base like

sodium hydroxide or carbonate salts like soda ash in order to remove both ions from brine.

2.5.7. Ferric Phosphate Reduction

This technology uses the redox couple of ferric phosphate (FP) and lithium ferrous (or
iron) phosphate (LFP), which is inspired by the mechanism of a rechargeable battery cell of lithium
iron phosphate. LFP is one of the most popular cathode materials for LIBs because of low cost,
performance and safety. The practical capacity is typically 140—160 mAh/g while the theoretical
capacity is 170 mAh/g. When FP is reduced in aqueous solution by a reducing agent or an external
potential, lithium ions in the solution are selectively adsorbed into FP with the formation of LFP.
According to the existing researches, it is known that only the reversible couple of “heterosite-
structure FP”” and “olivine-structure LFP” can take up and release lithium selectively due to their

unique structure. Therefore, the structures of heterosite FP and olivine LFP are firstly reviewed
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here before getting into the detail of this technology.

FP has several structures. The most common form adopts a-quartz structure, and two
orthorhombic phases and one monoclinic phase are also known. One of the orthorhombic FPs is
heterosite FP. This structure is named after heterosite (Fe**,Mn**)POs. Heterosite FP is in
orthorhombic lattice system, Pbnm (No. 62) space group with lattice parameters of a=4.76 A,
b=9.68 A, ¢=5.82 A >° Figure 2.23 is the structure of heterosite FP drawn by VESTA. The figures
clarify that, among PO4 tetrahedra along the c-axis, there are octahedral spaces for some cations

being inserted.

(@) (b)

‘ PO, tetrahedra ‘ FeOg octahedra

Figure 2.23 Schematic illustrations of heterosite FP structure: (a) oblique view, (b) view

along the c-axis (Drawn by VESTA).

LFP is generally known with the mineral name of triphylite and has only one structure,
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which is the olivine structure. This structure is named after olivine (Mg>*,Fe?"),SiO4, a common
mineral on the earth. Like olivine, triphylite or LFP is in orthorhombic lattice system, Pbnm (No.
62) space group with lattice parameters of a=4.71 A, b=10.38 A, ¢=6.05 A.>! This means that
heterosite FP and olivine LFP have almost the same structure. With the parameters, the illustrations
of triphylite structure can be drawn by VESTA in Figure 2.24. By comparing Figure 2.24 with
Figure 2.23, it is shown that olivine LFP is structured by the octahedral spaces of heterosite FP
being occupied by lithium ions. When the transformation between FP and LFP occurs by lithium
insertion and desertion, the unit-cell volume expands only by 6.5%.>* This stability is an advantage
of LFP as a battery material. On the other hand, it also has a structural drawback. Since there are
only one-dimensional pathways for lithium ion migration (c-axis direction), LFP/FP has lower
conductivity than other cathode materials with two- or three-dimensional pathways. This
phenomenon was reported and discussed by some researchers in terms of diffusion coefficient,
activation energy and migration energy.>>>® When the structure is reviewed in detail, the strong P-
O covalent bonds of PO4 tetrahedra keep oxygen from being released, which contributes to high
resistance to thermal ignition.>” This is also why the FP/LFP couple is preferable as a cathode
material of LIB in terms of safety. The P-O covalent bonds additionally weaken covalent bonds of
the iron ion and lower the Fe**/Fe?* redox potential, which makes the Fe**/Fe** couple easier to be
oxidized and reduced even in the solid phase of FP or LFP.>® Thanks to those unique structures,
the FP/LFP redox couple can absorb and release lithium selectively and repeatedly.

When it comes to methods to make LFP powders, they can be synthesized by both solid-
state and solution-based methods®. Standard solid-state methods are mechano-chemical activation,
carbo-thermal reduction and microwave heating. They are simple ways to obtain well-crystallized
structure, but typically consume so much time and energy and often result in poor purity. On the

other hand, solution-based methods can usually obtain high purity and can control particle sizes
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for the homogeneous property. Solution-based methods include hydrothermal synthesis, sol-gel

synthesis, spray pyrolysis, co-precipitation and microemulsion drying.

‘ PO, tetrahedra ‘ FeOg octahedra o Li*ion

Figure 2.24 Schematic illustrations of triphylite structure: (a) oblique view, (b) view along

the c-axis (Drawn by VESTA).

Coming back to the lithium extraction technology, the ferric phosphate reduction method
is not used in practical sites currently, but its research has been underway in recent years. While
LFP is widely used in rechargeable batteries, it is only recently that the FP/LFP redox couple has
started to be used to recover lithium selectively from brine. X. Liu et al. firstly proposed an
electrochemical cell with FP/LFP electrodes for lithium extraction from brine.*!** With an external

potential applied, lithium ions are extracted from catholyte brine, and lithium ions are stripped
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from anode LFP into anolyte like NaCl solution as shown in Equation (2.13).

Cathode: FePO,+Li" +e~ — LiFePO,

) ) (2.13)
Anode: LiFePO, — FePO,+Li" +e~

The electrochemical cell consumes electrical energy.

As an alternative, Intaranont et al.>> > used thiosulfate (S203*, TS) as a reducing agent to
promote the redox reaction of FP/LFP. As in Equation (2.14), thiosulfate is oxidized to
tetrathionate by reducing FP particles into LFP particles. The reduction potential of FP/LFP is 3.45
V vs. Li/Li* and 0.40 V vs. SHE?}, while S40¢*/S203* reduction potential is -0.015 V vs. SHE
from HSC database. It is clear that the overall reaction is favorable because the potential difference
is positive.

Cathodic: FePO,+Li" +e~ — LiFePO, E° =0.40V vs.SHE
Anodic: 2S,0,> —»S,0,° +2e" E°=-0.015VVs.SHE (2.14)
Overall: 2FePO,+2Li* +2S,0,> — 2LiFePO, +S,0,> AE° =0.42V vs.SHE

Figure 2.25 is an Eh-pH diagram for the TS-H>O system. As there is no potent oxidizing agent in
the experimental system of this research, the diagram considers the gentle oxidation into

tetrathionate (S4O¢”") and possible acid decomposition of Equation (2.15).
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Figure 2.25 pH-Eh diagram for TS-H20 system at 25 °C, 1 atm, [S]=1 M (Drawn by HSC).

Sulfate species (SO4* and HSO«") were excluded in this diagram.

Na,S,0, + 2HCI — 2NaCl+S{ +S0O, T +H,0 (2.15)

Conversely, Intaranont et al.>*** prepared FP for the lithium extraction by the delithiation
of LFP with persulfate (S20s>, PS) in Equation (2.16). The reduction potentials of S20s*> /S04 is
1.94 V vs. SHE from HSC database. This reaction is also favorable from a thermodynamic point

of view.

Cathodic: 5,0, +2e~ — 2S0,* E° =1.94V vs.SHE
Anodic: LiFePO, — FePO,+Li* +e” E°=0.40VVs.SHE (2.16)
Overall: 2LiFePO, +S,0,> — 2FePO,+2Li* +2S0,” AE° =1.54V vs.SHE

Figure 2.26 is an Eh-pH diagram for the PS(persulfate)-H>O system. Both the reaction equation
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and the diagram prove that the reduction potential of persulfate is high enough to oxidize LFP to

FP.

Eh §VOIts) PS - H20 - System at 25.00 C
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Figure 2.26 pH-Eh diagram for PS-H:20 system at 25 °C, 1 atm, [S]=1 M (Drawn by HSC).

With the reducing and oxidizing reactions, Intaranont et al.>>?° studied the lithium
extraction from brine and reported the following points.
1) Heterosite-FePO4 was chosen as FP adsorbent due to its unique structure, where Li"
can be inserted to form olivine-structured LFP.°!
2) Heterosite-FePO4 can be obtained by the delithiation of LFP with the use of
potassium PS (K2S,0s) as an oxidizing agent.®?

3) The delithiation rate was dependent on the molar ratio of PS:LFP, while it took 2
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hours at most to convert 99% of LFP to FP in the case of the minimum theoretical
reaction ratio of 1:2.

4) Sodium TS (Na2S»03) completed the lithiation of FP into LFP.

5) The kinetics of the lithiation could be explained by a surface-reaction limited model.

6) The lithiation rate was first-order proportional to both lithium and thiosulfate
concentrations, and an overall second order rate constant was around 0.03 min"! M.

7) The maximum adsorption capacity was 46 mg-Li/g-solid, which is comparable with
that of any other types of adsorbents except some manganese-based adsorbents with
the capacity of 38-40 mg-Li/g-solid®¢°.

8) The extractions of other ions such as sodium, potassium and magnesium from a brine

solution were less than 4 mg/g-solid.

In place of thiosulfate, other reducing agents have been studied by some researchers.

TIodide (I) is one of them. Kuss et al.%’

successfully converted FP into LFP with lithium iodide in
acetonitrile, which is an organic solvent. Intaranont tried to use the same reaction of iodide in

aqueous solution as shown in Equation (2.17). The potential of I/I' couple is from HSC database.

Cathodic: FePO,+Li" +e~ — LiFePO, E° =0.40V vs.SHE
Anodic: 21" > 1, +2e” E° =0.62V vs.SHE (2.17)
Overall: 2FePO,+2Li" +2I~ — 2LiFePO, +1,  AE®=-0.22V vs.SHE

Since the overall reaction is thermodynamically unfavorable, the reaction was aided with the zinc-
iodine reaction of Equation (2.18).%
I,+Zn —Znl, (2.18)

However, the author found that the reaction was incomplete although a high concentration of

iodide was used and iodine was removed from aqueous phase to a solid phase of zinc iodide in
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order to promote the overall reaction in Equation (2.17) by following Le Chatelier’s principle.
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Figure 2.27 pH-Eh diagram for I-H20 system at 25 °C, 1 atm, [I|=1 M (Drawn by HSC).

Figure 2.27 is an Eh-pH diagram for I-H>O system. Triiodide (I3°) is a byproduct of the Io/I" couple

formed by the following reaction. Regardless of the presence of triiodide, the diagram clearly

shows that the reduction potential of iodine/iodide couple is above that of FP/LFP couple.

The same author studied sodium nitrite (NaNQO), formaldehyde (CH20), formic acid

(HCOOH), and sodium sulfite (Na>SOs3) as alternative reducing agents and found that sulfite was

L+1" 1, (2.19)

the most suitable. It is reported that sulfite fully converted FP to LFP.>* Equation (2.20) shows the
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reactions which are considered to occur. The potential of the sulfate/sulfite couple at each pH is

calculated from data in HSC.

Cathodic: FePO,+Li* +e~ — LiFePO, E°=0.40V vs.SHE
Anodic:
HSO, +H,0 — S0, +3H" +2¢"
E° =-0.34, —0.52V vs.SHE (pH =5,7)
SO, +H,0 »S0,* +2H" +2¢"
E° = —0.64V vs.SHE (pH =9) (2.20)
Overall
2FePO, +2Li* + HSO, +H,0 — 2LiFePO, +S0,> +3H"
AE® =0.74, 0.92V vs.SHE (pH =5,7)
2FePO, +2Li" +SO,* +H,0 — 2LiFePO, +S0O,* +2H"
AE® =1.04V vs.SHE (pH =9)

The advantage of sulfite over thiosulfate as a reducing agent is that sulfite needs an only
half dosage of thiosulfate since SF reacts with FP with the ratio of one to two while TS does with
the ratio of one to one. Figure 2.28 is an Eh-pH diagram for SF-H>O system. The diagram

considers the acid decomposition of sulfite into sulfur dioxide in Equation (2.21).

Na,SO, +2HCI — 2NaCl+S0, T +H,0 (2.21)
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Figure 2.28 pH-Eh diagram for SF-H20 system at 25 °C, 1 atm, [S]=1 M (Drawn by HSC).

According to the equation and diagram, the potential difference is dependent on pH and, in the
range of neutral pH, it is around 1 V. This difference is more than twice that of the thiosulfate case,

AE°=0.42 V. At the same time, it should be noted that, under an uncontrolled pH condition, the

SF-H20 - System at 25.00 C

502(g) HSO3(-a) i
i § S0O3(-2a)
0 2 4 6 8 10 12 14
C:\HSC6\EpH\S25.1EP pH
ELEMENTS Molality Pressure
S 1.000E+00 1.000E+00

potential difference decreases as the reaction produces protons.

As for an oxidizing agent, hydrogen peroxide is an alternative to persulfate. LFP would
be oxidized by the following reaction in (2.22). The potential of hydrogen peroxide is from HSC
database. The potential difference AE°=1.44 V is comparable to that of persulfate AE°=1.54 V.

However, it’s not promising because it can only be used as an oxidizing agent in acid solution,?*
b

where ferric phosphate is partially dissolved into solution.
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Cathodic: H,0, +2H" +2e” — 2H,0 E° =1.84V vs.SHE
Anodic: LiFePO, — FePO,+Li" +e” E°=0.40VVvs.SHE (2.22)
Overall: 2LiFePO, +H,0, + 2H" — 2FePO,+2Li" +2H,0 AE° =1.44V vs.SHE

2.6. Summary and Objectives

This chapter firstly focused on lithium chemistry from a scientific point of view. Second,
the lithium market was reviewed in order to grasp supply and demand in the future. Lithium
production was then reviewed from types of deposit to processes and technologies. Out of the
technologies reviewed, this thesis focused on ion exchange resin and ferric phosphate reduction.
The following summarizes the development of each technology and objectives for this research.

Ion exchange resin probably has the longest history as a rapid lithium recovery process.
Although this method is a conventional method to recover metal ions from solutions, lithium is
much more challenging to adsorb selectively than other metal ions. The reason is that, in brine, a
much higher concentration of sodium, potassium, calcium and magnesium ions are present
(sometimes 100 times as high as lithium concentration in mol/L), and these ions have a stronger
affinity than lithium to general cation exchange resins. Despite the unfavorable conditions for ion
exchange resins, in the 1980s, Dow Chemical in the US invented aluminum-loaded resins which
can adsorb lithium selectively from brine.””” However, as the invention needs some special
conditions to be carried out and the selectivity is not so high, it has not yet been applied to a
practical situation. Since then, there are fewer promising reports about lithium-selective ion
exchange resins for brine while a lot of new types of resins have been developed like chelating
resins. Therefore, this thesis tested a wide variety of commercial resins from various producers
and summarized the current situation of ion exchange resins around lithium extraction from brine.

Ferric phosphate is a relatively new adsorbent for lithium extraction from brine. While
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lithium iron phosphate is widely used in rechargeable batteries, it is only recently that the ferric
phosphate (FP)/lithium iron phosphate (LFP) redox couple is used to recover lithium selectively
from brine. X. Liu et al. used an electrochemical cell with FP/LFP electrodes for lithium extraction
from brine.>'*? Furthermore, as an electrochemical cell consumes electrical energy, Intaranont et
al. used sodium thiosulfate as a reducing agent to promote the redox reaction of FP/LFP to load
lithium from a mixed salt brine.?> > To be sure, this method using a reducing agent showed
excellent lithium selectivity over other cations such as Na*, K*, Mg**, but more studies should be
carried out and it is necessary to develop a scientific understanding in order to apply the process
into a practical site. Therefore, in this thesis, lithium extraction by FP/LFP redox reaction promoted

by reducing agents was studied from the following points of view.

1) What kind of material is the best to make heterosite FP?

2) Which reducing agent is favorable?

3) How much are the capacity and selectivity?

4) How do temperature and pH have an impact on the process?
5) Isit possible to recycle ferric phosphate?

6) How long does it take to extract lithium? (Kinetics)

Overall, this study investigated the possibility of the use of ion exchange resin and ferric
phosphate method for lithium extraction from brine. Especially, the points which distinguish this

work from the other works are as follows.

a) Many kinds of commercial IX resins were screened for lithium extraction from brine

b) Some precursor materials were compared for the formation of heterosite FP
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¢) Some reducing agents were investigated and compared for the FP reduction into LFP
d) Lithium extraction by the sulfite reduction was investigated in detail for the first time
e) Effects of temperature and pH on the FP method were well investigated for the first time

f)  Simplified kinetic models were developed for the FP method at different temperature

This thesis consists of 6 chapters. After an explanation of the experimental methods,
Chapter 4 and Chapter 5 discuss the experimental results of lithium extraction by ion exchange
resin and ferric phosphate respectively. Finally, Chapter 6 concludes all the discussions and

mentions challenges and outlook for future works.
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Chapter 3. Experimental Methods

3.1. Preparation

This work required preparation of synthetic solutions from various salts, measurement of

pH and the testing of many ion exchange materials and ferric phosphate substrates. The chemical

materials, sources of ion exchange materials obtained, and experimental and analytical equipment

used are summarized below

3.1.1. Materials

All the experiments in this study were carried out with the following materials unless

otherwise noted. IX resins are listed in Table 3.1 with their characteristics.

Buffer, Reference Standard pH 10.00 &+ 0.01 at 25 °C (Color Coded Blue), VWR Analytical
BDH®

Buffer, Reference Standard pH 4.00 £ 0.01 at 25 °C, VWR Analytical BDH®

Buffer, Reference Standard pH 7.00 + 0.01 at 25 °C (Color Coded Yellow), VWR Chemical
BDH®

Calcium chloride hexahydrate, BioUltra, >99.0% (calc. based on dry substance, KT), Sigma
Aldrich

Calcium Standard for AAS, TraceCERT®, 1000 mg/L Ca in nitric acid, Sigma Aldrich
Copper(I) chloride, reagent grade, 97%, Sigma Aldrich

Hydrochloric acid 1.0 N, VWR Chemical BDH®

Hydrochloric acid 36.5 - 38.0% ACS, VWR Chemicals BDH®

Iron(III) phosphate dihydrate, Fe 29%, Sigma Aldrich
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Lithium chloride, anhydrous, free-flowing, Redi-Dri™, ACS reagent, >99%, Sigma Aldrich
Lithium iron phosphate (LiFePO4) powder, 500g/bag, LIB-LFP-500G, MSE supplies
Lithium iron(Il) phosphate, powder, <5 pum particle size (BET), >97% (XRF), Sigma Aldrich
Lithium Standard for AAS, TraceCERT®, 1000 mg/L Li in nitric acid, Sigma Aldrich
Magnesium chloride hexahydrate ACS, Amresco

Magnesium Standard for AAS, TraceCERT®, 1000 mg/LL Mg in nitric acid, Sigma Aldrich
Nitric acid 68 - 70%, ARISTAR® ACS, VWR Chemicals BDH®

Phosphorus Standard for AAS, TraceCERT®, 1000 mg/L P in H20, Sigma Aldrich
Potassium chloride 99.0-100.5% ACS, VWR Chemicals BDH®

Potassium Persulfate (Crystalline Powder/Certified), Fisher Chemical

Potassium Standard for AAS, TraceCERT®, 1000 mg/L K in nitric acid, Sigma Aldrich
Sodium chloride >99.0% ACS, VWR Chemicals BDH®

Sodium hydroxide 1.0 N, VWR Chemical BDH®

Sodium Standard for AAS, TraceCERT®, 1000 mg/L Na in nitric acid, Sigma Aldrich
Sodium Sulfite Anhydrous (Crystalline/Certified ACS), Fisher Chemical

Sodium Thiosulfate Anhydrous (Certified), Fisher Chemical

- 60 -



Table 3.1 List of resins tested in this study.

Functional Ionic
No. | Manufacturer Name Structure | Matrix

group form

1 Dow XE 832 Gel SDB | Aluminum loaded -
2 Dow AMBERLITE IR120 plus Gel SDB Sulfonate Na*
3 Lanxess LEWATIT MonoPlus S 108 Gel SDB Sulfonic acid Na*
4 Purolite PUROLITE C100 Gel SDB Sulfonic acid Na*
5 Mitsubishi DIAION SK1B Gel SDB Sulfonic acid Na*
6 Samyang TRILITE SCR-B Gel SDB Sulfonate Na*

LEWATIT MonoPlus SP
7 Lanxess Macroporous | SDB Sulfonic acid Na*
112
8 Purolite PUROLITE C150 Macroporous | SDB Sulfonic acid Na*
9 Purolite PUROLITE C160 Macroporous | SDB Sulfonic acid Na*
10 Purolite PUROMET MTC1500 Macroporous | SDB Sulfonic acid Na*
11 Mitsubishi DIAION PK216 Macroporous | SDB Sulfonic acid Na*
12 Mitsubishi DIAION PK228 Macroporous | SDB Sulfonic acid Na*
13 Samyang TRILITE CMP28 Macroporous | SDB Sulfonate Na*
Phosphonic acid
14 Purolite PUROMET MTS9570 Macroporous | SDB and Na*
Sulfonic acid
Iminodiacetic
15 Dow AMBERLITE IRC748i Macroporous | SDB Na*
acid
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Table 3.1 List of resins tested in this study, cont’d.

Ionic
No. | Manufacturer Name Structure | Matrix Functional group
form
LEWATIT
16 Lanxess Macroporous | SDB Iminodiacetic acid Na*
MonoPlus TP 207
LEWATIT
17 Lanxess Macroporous | SDB Iminodiacetic acid Na*
MonoPlus TP 208
PUROMET
18 Purolite Macroporous | SDB Iminodiacetic acid Na*
MTS9300
19 Mitsubishi DIAION CRI11 Macroporous | SDB Iminodiacetate Na*
AMBERLITE
20 Dow Macroporous | SDB Aminomethylphosphonate Na*
IRC747
LEWATIT Aminomethylphosphonic
21 Lanxess Macroporous | SDB Na*
MonoPlus TP 260 acid
PUROMET
22 Purolite Macroporous | SDB Aminophosphonic acid Na*
MTS9500
LEWATIT MDS TP H>SO4
23 Lanxess Macroporous | SDB Bis-picolylamine
220 salt
PUROMET
24 Purolite Macroporous | SDB Bispicolylamine FB/SO4
MTS9600
25 Dow DOW XUS 43605 | Macroporous | SDB | Hydroxypropylpicolylamine -
26 Dow DOW XUS 43600 | Macroporous | SDB Thiouronium -
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Table 3.1 List of resins tested in this study, cont’d.

Ionic
No. | Manufacturer Name Structure Matrix Functional group
form
LEWATIT MonoPlus TP
27 Lanxess Macroporous SDB Thiourea -
214
28 Purolite PUROMET MTS9140 | Macroporous SDB Thiourea -
29 Purolite PUROMET MTS9200 | Macroporous SDB Isothiouronium H*
N- Free
30 Dow AMBERLITE IRA743 | Macroporous | Polystyrene
methylglucamine Base
N-methyl Free
31 Mitsubishi DIAION CRBO05 Macroporous SDB
glucamine Base
Free
32 Purolite PUROMET MTS9100 | Macroporous ADB Amidoxime
Base
33 Purolite PUROMET MTS9240 | Macroporous SDB Thiol H*
Free
34 Mitsubishi DIAION CR20 Macroporous SDB Polyamine
Base
Quaternary amine
Inner
35 Mitsubishi DIAION AMPO03 Gel SDB and
Salt
Carboxylate

3.1.2. Apparatus

All the experiments in this study were carried out with the following apparatus unless

otherwise noted.
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* Electric furnace: Exciton

¢ pH meter: Oakton ION 700

*  Shaker: Lab-Line Orbit Environ-Shaker 3527
¢ Water bath shaker: Thermo Scientific SWB 25
* AAS: Varian AA240

* ICP-OES: Agilent ICP-OES 5110

*  XRD: Rigaku Multiflex 2kW

3.2. Procedures for Lithium Extraction with Ion
Exchange Resin

3.2.1. Preparation of Ion Exchange Resin

Before a series of lithium extraction experiments with IX resins, all the resins obtained
from the companies were pretreated. The resins were washed with deionized (DI) water several
times to remove impurities on their surface and immersed into DI water so that they were fully
hydrated. Then, they were vacuum filtered for just 30 seconds. These resins were directly used.

After washing and before experiments, actual density and swelling ratio of the resins were
measured for later calculation of the experimental results. Actual density d. was calculated from

the volume and mass of the resins as follows.

Mass of wet resins [g-wet R]
Volume of wet resins [mL-wet R]

Actual density d, [g-wet R/mL-wet R]= (3.1)

The volume was measured by a 10 mL graduated cylinder. The resins were put into the cylinder
with DI water and tapped so that they were fully packed. After vacuum filtration for 30 seconds,

all the packed resins were weighed using an electronic scale. Next, the swelling ratio rs was
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calculated with wet volume and dry mass in Equation (3.2).

Volume of wet resins [mL-wet R]

- (3.2)
Mass of dry resins [g-dry R]

Swelling ratio r, [mL-wet R/g-dry R]=

Dry mass was obtained after the weighed wet resins were dried at 60—65 °C in an oven for 12
hours. These measurements were repeated three times, and the average was used for subsequent

experiments and calculation. The values of each resin are listed in Table 3.2.

Table 3.2 Actual density and swelling ratio of resins.

No. Resin da [g-wet R/L-wet R] | rs [mL-wet R/g-dry R]
1 XE832 825 1.89
2 AMBERLITE IR120 plus 854 2.24
3 | LEWATIT MonoPlus S 108 841 2.05
4 PUROLITE C100 814 2.21
5 DIAION SK1B 848 2.13
6 TRILITE SCR-B 829 2.18
7 | LEWATIT MonoPlus SP 112 810 2.61
8 PUROLITE C150 800 2.27
9 PUROLITE C160 839 1.98
10 PUROMET MTC1500 799 2.50
11 DIAION PK216 818 2.29
12 DIAION PK228 826 1.90
13 TRILITE CMP28 841 1.83
14 PUROMET MTS9570 751 3.62
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Table 3.2 Actual density and swelling ratio of resins, cont’d.

No. Resin da [g-wet R/L-wet R] | rs [mL-wet R/g-dry R]
15 AMBERLITE IRC748i 720 3.99
16 | LEWATIT MonoPlus TP 207 740 3.41
17 | LEWATIT MonoPlus TP 208 749 3.49
18 PUROMET MTS9300 763 2.93
19 DIAION CRI11 713 3.89
20 AMBERLITE IRC747 745 3.97
21 | LEWATIT MonoPlus TP 260 768 3.40
22 PUROMET MTS9500 749 3.63
23 LEWATIT MDS TP 220 735 3.02
24 PUROMET MTS9600 707 2.98
25 DOW XUS 43605 696 3.22
26 DOW XUS 43600 725 2.23
27 | LEWATIT MonoPlus TP 214 735 3.25
28 PUROMET MTS9140 686 3.19
29 PUROMET MTS9200 718 2.93
30 AMBERLITE IRA743 699 2.90
31 DIAION CRBO05 730 2.71
32 PUROMET MTS9100 791 2.14
33 PUROMET MTS9240 730 2.62
34 DIAION CR20 668 3.35
35 DIAION AMP03 703 2.84
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3.2.2. Lithium Loading Test

Lithium loading test was performed to see how much lithium could be extracted from a
brine solution. First of all, two types of synthetic solution were prepared with DI water and reagents.
The first was a lithium chloride (LiCl) solution and the other was a brine containing chloride of
lithium, sodium, potassium, magnesium and calcium. Table 3.3 shows the concentration of each
metal ion in both solutions and they were labeled as A1 and A2 solution respectively. The

concentration was determined roughly by referring to that of saline lakes in South America.®*7

Table 3.3 Metal ion concentration in synthetic LiCl solution and brine.

LiCl Brine

Species (A1) (A2)

mg/L mol/L mg/L mol/L

Li 500 0.07 500 @ 0.07

Na - - 90000 3.91
K - - 6000 0.15
Mg - - 2500 0.10
Ca - - 2000 0.05

The washed wet resins were contacted with both solutions in batch tests. A 300 mL volume of LiCl
solution or brine was prepared in an Erlenmeyer flask. Initial pH before putting IX resins was
always around 6 at ambient temperature. Before adding the resin, 0.1 mL of the solution was taken
by a syringe filter for AAS analysis of initial concentration. Then, 1.5 mL of the wet resins were

added to the solution, which gave the dosage of 5 mL-wet R/L. Since it was hard to measure such
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a small volume of resins with a graduated cylinder, the volume was converted into weight by the
actual density prepared in the last section so that 1.5 mL of resins could be taken by weight on an
electronic balance. With the flask covered with parafilm, it was shaken for 24 hours on the shaker
at 220 rpm at an ambient temperature of around 20 °C. After 24 hours, 0.1 mL of the solution was
taken again for AAS analysis of final concentration. Both samples for AAS analysis were diluted
200 times in solution with 1% of hydrochloric acid (HCI) and 3.81 g/L of potassium chloride (KCI).

After AAS analysis, adsorption density q. [mg-Li/g-dry R] was calculated as follows:

C, [mg-Li/L]-C, [mg-Li/L]
C, [mL-wet R/L]
r, [mL-wet R/g-dry R]

Adsorption density q, [mg-Li/g-dry R]= (3.3)

where C,: initial lithium concentration in solution before loading, Ce: equilibrium (or final) lithium

concentration in solution after loading, Cr: resin concentration in solution and rs: swelling ratio.

3.2.3. Lithium Stripping Test

Lithium stripping test was carried out after the loading test to see how much lithium could
be recovered from resins back into solution. First, all the resins after 24-hour loading were washed
with DI water three times. The washed Li-loaded resins were used for a batch-style stripping test.
They were put into 20 mL of 1 M HCI and shaken for 12 hours on the shaker at 220 rpm and
ambient temperature. After 12 hours, 0.1 mL of the solution was taken for AAS analysis. The
sample for AAS analysis was treated in the same way as described for the loading experiments.

Adsorption density qe [mg-Li/g-dry R] was calculated as follows:

C, [mg-Li/L]
C, [mL-wet R/L]
r, [mL-wet R/g-dry R]

Adsorption density q, [mg-Li/g-dry R]= (3.4)

where Ce: equilibrium lithium concentration in solution after stripping, Cr: resin concentration in
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solution and rs: swelling ratio.

3.3. Procedures for Lithium Extraction with Ferric

Phosphate

3.3.1. Preparation of Ferric Phosphate

Ferric phosphate powder was prepared in two different ways before a series of lithium
extraction experiments because there is no commercial reagent of ferric phosphate. One was
dehydration of ferric phosphate dihydrate (FePO4-2H>O, FPD) and the other was oxidation of
battery-grade lithium iron phosphate (LiFePO4, LFP). First, the dehydration of FPD was done by
calcination. FPD powder was put into a crucible and calcined for 2 hours at 300-600 °C in the
electric furnace. Second, oxidation of LFP was treated chemically by potassium persulfate
(K2S20g) in aqueous solution. Equation (3.5) is the oxidation reaction and LFP and PS react in
the ratio of 2:1.

2LiFePO, +K,S,0, — 2FePO, +Li,S0,+K,SO, (3.5)

Here in this experiment, in order to oxidize LFP completely, LFP and PS were reacted in
the ratio of 1:1. Specifically, 370 mL of 0.2 M PS solution was prepared in an Erlenmeyer flask
and 0.2 M of LFP powder (11.67 g/370 mL) was put into the solution. Then, it was shaken on the
shaker for 24 hours at 220 rpm and ambient temperature. After 24 hours, the powder was vacuum
filtered and dried at 60-65 °C for further experiments and XRD analysis and acid digestion as well.
The solution was also recovered and diluted 100 times in solution with 2% of nitric acid (HNO3)

for ICP analysis
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3.3.2. Lithium Loading Test

A lithium loading test was performed to see how much lithium could be extracted from
solution onto ferric phosphate. First, eight kinds of synthetic solution were prepared with DI water
and reagents as shown in Table 3.4. In order to study the effects of other ions on lithium extraction,
solutions with each metal ion, Li*, Na*, K*, Mg?* and Ca*", were separately prepared in addition

to brines. Each of the solutions was labeled as B1 to B8 respectively.

Table 3.4 Metal ion concentration in eight synthetic solutions.

Brine Brine
Brine LiCI NaCl KCI MgCl, CaCl,
w/o Ca w/oNaCa
Species (B1) (B4) (B5) (Bo6) (B7) (BY)
(B2) (B3)

mg/L mol/L mg/L mg/L mg/L mg/lL mg/L mg/L mg/L

Li 694  0.10 694 694 694 - - - -
Na 45980 2.00 45980 -k - 45980 - - -
K 5865 0.15 5865 5865 - - 5865 - -
Mg 2431  0.10 2431 2431 - - - 2431 -
Ca 2004  0.05 - - - - - - 2004

*There was still some concentration of sodium from reducing agents (Na,S,O3 and Na,SOs3).

The prepared FP was tested for these eight solutions by batch testing. A 100 mL volume
of each solution was prepared in a plastic bottle. Before adding FP powder, 0.1 mL of the solution
was taken by a syringe filter for ICP analysis of initial concentration. The initial pH before adding

a reducing agent and LFP was always around 6 at ambient temperature. A reducing agent was
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added and dissolved into the solution. The dosage of sodium thiosulfate and sodium sulfite was
15.8 g/L (=0.1 mol/L) and 12.6 g/L (=0.1 mol/L) respectively. Then, 0.75 g of FP was added, which
gave the dosage of 7.5 g/L or 0.05 mol/L. A lid was placed on the bottle and it was shaken for 24
hours on the water bath shaker at 100 rpm at 25, 45 or 65 °C. The pH was uncontrolled or controlled
at 5, 7 or 9 with sodium hydroxide. During the 24 hour experiment, 0.1 mL samples of the solution
were taken several times at a certain time for ICP analysis. All the samples for ICP analysis were
diluted 1000 times in solution with 2% of nitric acid (HNO3). After 24 hours, the powder was
washed with DI water three times, vacuum filtered and dried at 60—65 °C for stripping experiments

or for XRD analysis or acid digestion.

3.3.3. Lithium Stripping Test

A lithium stripping test was carried out after each loading test to see how much lithium
could be recovered from LFP back into solution. The dried powder after loading was used for
batch-style stripping test. A stripping method is same as that of preparation of FP, but the volume
of solution was varied. A mass 0f 0.63 g of LFP was put into 20 mL of 0.2 M K>S,0s (LFP:PS=1:1)
and shaken for 24 hours on the shaker at 220 rpm and ambient temperature. After 24 hours, the
powder and solution were recovered and treated for XRD and digestion/ICP analysis in the same

way above.

3.3.4. Acid Digestion

In order to analyze an exact ratio of elements in the solid, FP or LFP powder was digested
with concentrated HCI. In a small beaker, 0.01 g of FP or LFP was reacted with 5 mL of 38% HCl

and 5 mL of DI water for an hour under a fume hood. After one hour, all the solution was filtered,
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collected in a 100 mL volumetric flask and diluted in 2% HNO3 for ICP analysis. Based on the
analysis results of acid digestion, adsorption density Q. [mg/g-FP] was calculated as follows for

each element;

Adsorption density Q, [mg/g-FP]=
Mg [0]

where mm: weight of an element in solid after loading, mrp: weight of ferric phosphate used for

loading. The selectivity of lithium over other ions Kyi [-] was also calculated as follows:
Lisolia LMoOI-Li/mol-M]

[mol-Li/mol-M] (3.7)

K
Selectivity K, [-]= ”

Li,solution

where Ky solid: molar ratio of lithium over each metal in solid after loading, Ky solution: molar ratio

of lithium over each metal in solution after loading.

3.4. Analysis Procedures

3.4.1. Atomic Absorption Spectroscopy (AAS)

The aqueous samples were diluted with a solution of 1% HCl and 3.81 g/L KCI and were
directly analyzed by AAS. Since AAS can measure only one element at the same time, in this study,
AAS was used to measure the concentration of lithium (Li) only. The measurement was carried

out at a wavelength of 670.9 nm, which is the most sensitive peak of Li.

3.4.2. Inductively Coupled Plasma Optical Emission Spectrometer

(ICP-OES)

The aqueous samples were diluted with 2% HNOs and were directly analyzed by ICP. ICP
was used to measure the concentration of lithium (Li), sodium (Na), potassium (K), magnesium

(Mg), calcium (Ca), iron (Fe), phosphorus (P) at the same time. The wavelength for each element

72 -



was set as follows in Table 3.5.

Table 3.5 Wavelength for the measured elements.

Element Wavelength [nm]

Li 670.78
Na 589.59
K 766.49
Mg 280.27
Ca 396.85
Fe 259.94
P 213.62

3.4.3. X-ray Diffraction (XRD)

The dried solid samples were analyzed by XRD to determine their crystal structure.
Samples were ground in a mortar and pestle if required. The samples were mounted and smoothed

on a glass plate and analyzed by x-ray diffraction at 40 kV and 40 mA with Cu-Kao.
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Chapter 4. Lithium Extraction with Ion

Exchange Resins

4.1. Lithium Recovery from LiCl Solution

First of all, all the resins listed in Table 3.1 were tested in lithium chloride solution (A1
solution) in order to check the capacity of each resin. Lithium capacity of each resin is summarized
in Figure 4.1. Overall, functional groups of sulfonate, iminodiacetate and aminophosphonate
showed better performance than the others with the capacity of around 20-30 mg/g. Only resins
with relatively high capacity from XE 832 to PUROMET MTS9500 were tested in the next

experiment with brine solution (A2 brine solution).
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XE 832

AMBERLITE IR120 plus
LEWATIT MonoPlus S 108
PUROLITE C100

DIAION SK1B

TRILITE SCR-B

LEWATIT MonoPlus SP 112
PUROLITE C150
PUROLITE C160
PUROMET MTC1500
DIAION PK216

DIAION PK228

TRILITE CMP28
PUROMET MTS9570
AMBERLITE IRC748i
LEWATIT MonoPlus TP 207
LEWATIT MonoPlus TP 208
PUROMET MTS9300
DIAION CR11
AMBERLITE IRC747
LEWATIT MonoPlus TP 260
PUROMET MTS9500
LEWATIT MDS TP 220
PUROMET MTS9600

DOW XUS 43605

DOW XUS 43600
LEWATIT MonoPlus TP 214
PUROMET MTS9140
PUROMET MTS9200
AMBERLITE IRA743
DIAION CRBO05

PUROMET MTS9100
PUROMET MTS9240
DIAION CR20

DIAION AMP03

2.94
22.0
21.1
20.5
21.3
20.6
22.0
21.3
18.4
20.5
21.3
18.9
18.0
16.3
24.9
27.5
329
28.0
221
30.6
30.6
27.2
3.38
0.238
1.54
3.29
0.778
0.866
3.16
1.16
0.217
7.01
0.942
2.81
0.682
10 20 30

Capacity [mg-Li/g-dry R]

40

Figure 4.1 Lithium adsorption density of resins in LiCl solution in mg-Li/g-dry resin.

Figure 4.2 is a graph of the weight of lithium stripped vs. that of lithium loaded. There is a good

correlation between the results from the loading and the stripping. This is evidence of the accuracy

of AAS measurement of the solution after both loading and stripping.
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Figure 4.2 Correlation between results of loading and stripping tests in the case of lithium

chloride solution (A1 solution).

4.2. Lithium Recovery from Brine

Lithium capacity of each resin is summarized in Figure 4.3. The resins generally have
poor selectivity (and lithium loading) when exposed to brine solution with high salinity. Only the
aluminum loaded resin (XE 832) maintained a reasonable lithium capacity. Furthermore, the
aluminum loaded resin showed a higher capacity in the brine compared to the simple solution of
lithium chloride. It is indicated that the high concentration of other ions increases the activity of

lithium ions and promotes lithium loading (calculation of activity is carried out in Chapter 5).

- 76 -



XE 832 | 6.639
AMBERLITE IR120 plus | 0.336
LEWATIT MonoPlus S 108 | 0.317
PUROLITE C100 } 0.279
DIAION SK1B |} 0.308
TRILITE SCR-B | 0.336
LEWATIT MonoPlus SP 112 | 0.343
PUROLITE C150 | 0.318
PUROLITE C160 | 0.347
PUROMET MTC1500 | 0.293
DIAION PK216 | 0.283
DIAION PK228 |} 0.313
TRILITE CMP28 § 0.345
PUROMET MTS9570 | 0.209
AMBERLITE IRC748i |0.086
LEWATIT MonoPlus TP 207 |0.155
LEWATIT MonoPlus TP 208 | 0.142
PUROMET MTS9300 |0.166
DIAION CR11 |0.069
AMBERLITE IRC747 |0.136
LEWATIT MonoPlus TP 260 |0.084
PUROMET MTS9500 | 0.132
LEWATIT MDS TP 220 | No Data
PUROMET MTS9600 |No Data
DOW XUS 43600 | No Data
LEWATIT MonoPlus TP 214 | No Data
PUROMET MTS9140 | No Data
PUROMET MTS9100 | No Data
PUROMET MTS9200 | no Data
PUROMET MTS9240 | No Data
DIAION CR20 | No Data
DIAION CRBO5 | No Data
DOW XUS 43605 | No Data
AMBERLITE IRA743 | No Data
DIAION AMPO3 | No Data 1 1 1

0 10 20 30 40
Capacity [mg-Li/g-dry R]

Figure 4.3 Lithium adsorption of resins in brine in mg-Li/g-dry resin. No Data = No

experiment was conducted with brine because of its low capacity in pure LiCl solution.

Figure 4.4 is a graph of the weight of lithium stripped vs. that of lithium loaded in the case of
brine solution (A2 solution). There is no correlation between the results from the loading and the

stripping. That is because lithium uptake was so small that measurement error would overlap the
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difference between initial and final concentration in the loading experiment (samples were diluted
200 times when analyzed). Therefore, the adsorption density shown in Figure 4.3 was calculated

from the results of the stripping experiment.

10

XE 832
(Aluminum |loaded resin)

Lithium stripped [mg]

0 DL 00

0 2 4 6 8 10
Lithium loaded [mg]

Figure 4.4 Correlation between results of loading and stripping tests in the case of brine

solution (A2 solution).

4.3. Summary
Out of the resins listed in Table 3.1, the resins with functional groups of sulfonate,
iminodiacetate and aminophosphonate had better performance in contact with lithium chloride

solution (A1l solution). However, these resins could not recover lithium selectively from a brine
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solution (A2 solution) except the aluminum loaded resin (XE 832). While XE 832 is worth
investigating furthermore under various condition, the results indicated that the use of ion
exchange materials is not so suited to recover lithium from brine solutions. Therefore, the attention

of this study turned to iron phosphate based adsorbents.

Capacity [mg-Li/g-dry R] Capacity [mg-Li/g-dry R]
0 10 20 30 40 O 10 20 30 40

XE 832 LiCly, p— Alloaded g

AMBERLITE IR120 plus 2
LEWATIT MonoPlus S 108 ]

PUROLITE C100

DIAION SK1B

TRILITE SCR-B

i Sulfonate
LEWATIT MonoPlus SP 112 ] >
PUROLITE C150 @-SOsH
PUROLITE C160
PUROMET MTC1500
DIAION PK216
DIAION PK228
TRILITE CMP28 Y,
PUROMET MTS9570
AMBERLITE IRC748i L)
LEWATIT MonoPlus TP 207 Iminodiacetate
LEWATIT MonoPlus TP 208 } @-cm—w _ CH,=COOH
PUROMET MTS9300 \CH,— COOH

DIAION CR11 | J
AMBERLITE IRC747 Aminomethylphosphonate

L o
LEWATIT MonoPlus TP 260 I @_mz_ NH— CH,— h— OH
PUROMET MTS9500 L

Figure 4.5 Lithium adsorption density of the resins which showed higher selectivity in LiCl

solution.
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Chapter 5. Lithium Extraction with Ferric
Phosphate

5.1. Preparation of Ferric Phosphate

5.1.1. Ferric Phosphate Dihydrate

Ferric phosphate dihydrate (FPD) was calcined at temperatures of 300, 500 and 600 °C.
The as-received FPD was amorphous. After calcining at 300 and 500 °C, there was no crystalline
material left; just amorphous FPD. Crystal ferric phosphate (FP) was obtained at 600 °C. However,
the structure was different from heterosite FP (suitable for Li extraction). The calcine had another

structure of ferric phosphate: a-quartz type.

« Ferric phosphate (a-quartz type)

[ ]

o
e
>
)
k)
c

3 Calcined at 600° C
=
2
o

< Calcined at 500° C
[3)
nd

Calcined at 300° C

FePO,-2H,0 (Sigma Aldrich)

10 20 30 40 50

20 [deg] (CuKa)

Figure 5.1 XRD patterns of ferric phosphate dihydrate calcined at 300, 500 and 600 °C.
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After the loading test, there was no change in the FP structure, and lithium was not extracted.

Li loading at 65° C

Li loading at 20° C

Relative intensity [-]

FePO,*2H,0_calcined at 600° C

10 20 30 40 50
20 [deg] (CuKa)

Figure 5.2 XRD patterns of ferric phosphate obtained by calcination of ferric phosphate

dihydrate at 600 °C and samples after lithium loading tests at 20 °C and 65 °C.

5.1.2. Lithium Iron Phosphate (Reagent Grade)

Reagent grade lithium iron phosphate was studied by delithiation by oxidation with
potassium persulfate and then attempted relithiation by reduction with thiosulfate. It was
confirmed by AAS analysis that lithium could be wholly extracted from LFP by PS oxidation.
However, according to XRD results in Figure 5.3, the structure of oxidized FP was not well-
crystallized heterosite FP. In addition, the delithiated FP couldn’t extract lithium even from LiCl
solution when reduced by TS. This is mainly because the reagent grade LFP has low electronic

conductivity®® and could not carry the electronic current during the reduction reaction.
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o Heterosite ferric phosphate

Heterosite FePO, (reference)
>
=
(72]
o Dellthlated at65° C
<} o °
s
% Reagent grade LiFePO,
©
o
10 20 30 40 50

20 [deg] (CuKa)
Figure 5.3 XRD patterns of reagent-grade LFP and delithiated and lithiated ones at 65 °C

in comparison with calcined FPD.

5.1.3. Lithium Iron Phosphate (Battery Grade)

LFP battery grade was converted to heterosite FP by PS oxidation. The complete
extraction of lithium was confirmed by AAS analysis of solution after delithiation (100% of the
lithium from LFP was extracted into solution). Typically, in order to get carbon coated and obtain
high electronic conductivity, battery-grade LFP is synthesized in the presence of carbon black
whose surface area is high>®. Therefore, it is indicated that the successful result is due to the carbon

coating.
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o Heterosite ferric phosphate

Delithiated

Battery-grade FP

Relative intensity [-]

VN

10 20 30 40 50
26 [deg] (CuKa)

Figure 5.4 XRD patterns of battery-grade (BG) LFP and delithiated FP by PS oxidation.

In summary, it was not possible to prepare ferric phosphate from FPD and reagent-grade
LFP while persulfate oxidation of battery-grade LFP successfully made heterosite FP, which can
be used for lithium extraction. Therefore, ferric phosphate used as a lithium adsorbent in the

following experiments was prepared from battery-grade LFP by persulfate oxidation.

5.2. Selection of Reducing Agents

Some experiments were carried out to compare a selection of reducing agents to determine
which is preferable for lithium extraction. Three agents were tested: cuprous (Cu"), thiosulfate
(TS) and sulfite (SF). Cuprous was experimentally studied because no literature uses cuprous as a

reducing agent for the FP method.

- 83 -



» Botallackite (Cu,(OH);Cl)  Hannebachite (CaSO,-0.5H,0)
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Figure 5.5 XRD patterns of battery-grade (BG-) LFP and BG-FP (delithiated LFP by PS
oxidation), and products after loading experiments by cuprous (Cu*) at room temperature
(RoC), by cuprous (Cu*) at 65 °C (65C), by thiosulfate (TS) at 65 °C (65C), by sulfite (SF)
at room temperature (RoC) and by sulfite (SF) at 65 °C (65C). All the loading experiments

used B1 brine solution.

First, reduction by cuprous was not successful while it dissolves well in brine with a high

concentration of chloride as chloride complex. XRD patterns in Figure 5.5 show that it could not
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reduce FP into LFP completely. Also, it left an unfavorable material called Botallackite
(Cu2(OH)3Cl). This result indicates that cuprous ions were oxidized immediately in solution by air
before reacting with FP.

Second, thiosulfate successfully reduced FP into LFP. There is an XRD pattern of LFP
produced by thiosulfate reduction at 65 °C only in Figure 5.5 and it cannot promote the reaction
entirely at ambient temperature, but it surely had the potential for lithium recovery.

Third, sulfite is also a promising reducing agent. While it is a problem that sulfite ions
make unfavorable salts with calcium called Hannebachite (CaSO3-0.5H20), this reagent can
recover lithium efficiently even at ambient temperature if there is no calcium in solution. In Figure
5.5, XRD patterns of LFP produced by sulfite reduction clarified that it could make LFP at room
temperature and the higher temperature. Therefore, this study investigated thiosulfate and sulfite

as a reducing agent for the reaction of lithium extraction in the following discussion.

5.3. Products after Lithium Loading

The work reported above confirmed that heterosite FP could be made using thiosulfate
and sulfite as reducing agents. This section starts to discuss details of the ferric phosphate based
lithium extraction method. As a first step, the capacity and selectivity of this method were studied
by contacting FP with solutions containing metal ions other than lithium by checking XRD patterns

in the case of thiosulfate and sulfite separately.

5.3.1. Thiosulfate Reduction

Figure 5.6 shows XRD patterns after thiosulfate reduction at 25 °C in B1-B8§ brine

solution. There is a bit of change of FP into LFP in the case of B1-B3 solution. However, there is
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no change in the case of the lithium chloride solution (B4). This may be because higher salinity
may be required to facilitate the reduction reaction of FP. The experiments with FP in contact with
sodium, potassium, magnesium and calcium ions at 25 °C did not show evidence of change in

structure.

u J 0 A TS Ca (BS)

TS Mg (B7)

TS K (B6)

TS Na (B5)

|

A

i\
n ﬂ TS Li (B4)
A

TS Brine w/o Na, Ca (B3)

1A
I
1

C .

A

Relative intensity [-]

TS Brine w/o Ca (B2)

ﬂ \ i TS Brine (B1)

FP-BG

LFP-BG

10 20 30 40 50
20 [deg] (CuKa)

Figure 5.6 XRD patterns of battery-grade (BG-) LFP and BG-FP (delithiated LFP by PS
oxidation), and products after loading experiments by thiosulfate (TS) at 25 °C. The

loading experiments used B1-B8 brine solution.
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Figure 5.7 shows XRD patterns after thiosulfate reduction at 45 °C in B1-B8 brine
solution. In the case of B1-B3 solution, FP was almost wholly converted to LFP. In the case of
lithium chloride solution (B4), there is a more substantial change in the pattern at 45 °C than 25 °C,
but some FP was still in the final product. Again, a new material is not formed from FP in contact

with sodium, potassium, magnesium and calcium ions at 45 °C.

U e
TS Mg (B7)
e
U e
TS Li (B4)

—-——————AA——A-—M—A——-M—A‘—AMM—M_A

TS Brine w/o Na, Ca (B3)

ﬂ ﬂ ﬂ h TS Brine w/o Ca (B2)
A

ﬂ n | h TS Brine (B1)
A

FP-BG

Relative intensity [-]

LFP-BG

10 20 30 40 50
20 [deg] (CuKa)

Figure 5.7 XRD patterns of battery-grade (BG-) LFP and BG-FP (delithiated LFP by PS
oxidation), and products after loading experiments by thiosulfate (TS) at 45 °C. The

loading experiments used B1-B8 brine solution.
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Figure 5.8 shows XRD patterns after thiosulfate reduction at 65 °C in B1-B8 brine
solution. FP was utterly reduced to LFP in B1-B4 solution while sodium iron phosphate (NaFePOs,
SFP) was produced from FP and sodium ions at 65 °C. Potassium, magnesium and calcium ions

did not make any compounds with FP even at 65 °C.

= NaFePO,
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Figure 5.8 XRD patterns of battery-grade (BG-) LFP and BG-FP (delithiated LFP by PS
oxidation), and products after loading experiments by thiosulfate (TS) at 65 °C. The

loading experiments used B1-B8 brine solution.
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5.3.2. Sulfite Reduction

Figure 5.9 shows XRD patterns after sulfite reduction at 25 °C in B1-B8 brine solution.
Firstly, B1 and B8 brine solution, which contains calcium ions, produced the salts of calcium and
sulfite. This means that it is difficult to separate lithium from calcium by sulfite reduction. That’s
why this study won’t discuss sulfite reduction in B1 and B8 solution from the next section. There
are more significant LFP patterns than those observed for thiosulfate at 25 °C in the case of B2—
B4 solution, but the pattern of FP remains. There was no significant change in the pattern when FP

was in contact with sodium, potassium and magnesium ions in salt solutions at 25 °C.
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Figure 5.9 XRD patterns of battery-grade (BG-) LFP and BG-FP (delithiated LFP by PS
oxidation), and products after loading experiments by sulfite (SF) at 25 °C. The loading

experiments used B1-B8 brine solution.

Figure 5.10 shows XRD patterns after sulfite reduction at 45 °C in B1-B8 brine solution.
Hannebachite was also formed at 45 °C in B1 and B8 brine solution. In the case of B2—-B4 solution,
LFP was completely produced without FP remaining. Sodium, potassium and magnesium ions do

not interact with FP even at 45 °C.
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Figure 5.10 XRD patterns of battery-grade (BG-) LFP and BG-FP (delithiated LFP by PS
oxidation), and products after loading experiments by sulfite (SF) at 45 °C. The loading

experiments used B1-B8 brine solution.

Figure 5.11 shows XRD patterns after sulfite reduction at 65 °C in B1-B8 brine solution.
The calcium salt was formed again at 65 °C in B1 and B8 brine solution. In the case of B2—B4
solution, LFP was produced entirely without FP remaining. Sodium iron phosphate (SFP) was

formed in B5 solution only. Solutions containing potassium and magnesium ions at 65 °C did not
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change the structure of the solid.

Relative intensity [-]

Figure 5.11 XRD patterns of battery-grade (BG-) LFP and BG-FP (delithiated LFP by PS

oxidation), and products after loading experiments by sulfite (SF) at 65 °C. The loading
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experiments used B1-B8 brine solution.
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5.4, Capacity and Selectivity

The previous section reported on lithium extraction by checking XRD patterns of the
products. It is confirmed that FP was appropriately reduced into LFP under most of the conditions,
while there were some differences due to temperature and a reducing agent. Notably, it turned out
that it was not useful to add sulfite as a reducing agent in B1 and B8 solution containing calcium

ions. Based on the discussion in the last section, this section will discuss capacity and selectivity.

5.4.1. Thiosulfate Reduction

Figure 5.12 shows the adsorption density of each metal on FP after thiosulfate reduction
at 25 °C in B1-B8 brine solution. In the case of B2 brine solution, the adsorption density of lithium
was 12.5 mg/g and the other metals were also adsorbed with the density of several milligrams per

gram of FP.

- 03 -



80

Li
Na
70
K
Mg
60 mCa
o
S
w50
2
jo]
E
> 40
c 30
2
g
o
g 20
<
10
o Ul |

TS Brine TSBrine TSBrine TSLi TSNa TSK(B6) TSMg TSCa
(B1) w/oCa w/oNaCa (B4) (B5) (B7) (B8)
(B2) (B3)

Figure 5.12 Adsorption density of Li, Na, K, Mg, Ca on ferric phosphate after loading

experiments by thiosulfate (TS) at 25 °C (B1-B8 brine solution).

When lithium adsorption density is compared between B1 and B4 solution, the adsorption
density was much higher in Bl case than B4 case, although they contained the same molarity or
molality of lithium. The reason why this phenomenon was observed is probably an effect of the
activity of lithium. Since B1 solution was composed of a high concentration of chloride salts of
other cations, the activity of each chloride salts must be different from its molality. To evaluate the
difference, the mean ionic activity of each chloride salts was calculated by Meissner’s method’".
Table 5.1 shows the calculated values of the mean ionic activity. It is found that activity of lithium
chloride, 0.432 mol/kg-H>0, is four times as high as its molality, 0.100 mol/kg-H>O. Therefore,
it’s reasonable to mention that the adsorption density was higher because lithium activity was

increased by the high concentration of other chloride salts and the reaction of lithium insertion got
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easier to proceed.

Table 5.1 Molarity, molality and mean ionic activity of chloride salts and water activity in

B1 solution at 25 °C, calculated by Meissner’s method’'.

Molarity Molality Mean ionic activity

Species
[mol/L] [mol/kg-H20] [mol/kg-H20]
LiCl 0.100 0.100 0.432
NaCl 2.00 2.09 1.60
KCl 0.150 0.152 0.358
MgCl, 0.100 0.101 0.246
CaCl; 0.0500 0.0503 0.193
Water activity [-] 0.875

Figure 5.13 shows the selectivity of lithium over the other metals after thiosulfate
reduction at 25 °C in B1-B3 brine solution. Selectivity over sodium was 428 in B2 brine solution
while 18 in B3 brine solution because lithium was not adsorbed well in B3 solution and because
the initial concentration of sodium was not so high in B3 solution. Selectivity over potassium,
magnesium and calcium was lower than that over sodium because the initial concentration of those

ions was not so high as that of sodium ions.
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Figure 5.13 Selectivity of lithium over Na, K, Mg, Ca after loading experiments by

thiosulfate (TS) at 25 °C (B1-B3 brine solution).

Figure 5.14 shows the weight percentage of FP in solid after thiosulfate reduction at 25 °C
in B1-B3 brine solution when assuming each metal would make metal iron phosphate. FP was not
all changed to LFP at 25 °C in 24 hours. Even in solution B2, the percentage was 27.8%. The
amount of LFP produced in B3 solution, which contains lower total dissolved solids (TDS) than
B1 or B2, was smaller. This indicates that high TDS may promote the reaction of lithium recovery

in some ways.
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Figure 5.14 Weight percentage of iron phosphate in solid after loading experiments by

thiosulfate (TS) at 25 °C (B1-B3 brine solution).

Figure 5.15 shows the adsorption density of each metal on FP after thiosulfate reduction
at 45 °C in B1-B8 brine solution. Adsorption density of lithium at 45 °C was more than three times
as high as that at 25 °C with the value of 44.5 mg/g in the case of B2 solution. The adsorption

density of the other metals also got a little bit larger.
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Figure 5.15 Adsorption density of Li, Na, K, Mg, Ca on ferric phosphate after loading

experiments by thiosulfate (TS) at 45 °C (B1-B8 brine solution).

Figure 5.16 shows the selectivity of lithium over the other metals after thiosulfate

reduction at 45 °C in B1-B3 brine solution. Selectivity over sodium was 1430 in B2, which is also

more than three times as high as that at 25 °C.
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Figure 5.16 Selectivity of lithium over Na, K, Mg, Ca after loading experiments by

thiosulfate (TS) at 45 °C (B1-B3 brine solution).

Figure 5.17 shows the weight percentage of FP in solid after thiosulfate reduction at 45 °C
in B1-B3 brine solution. The weight percentage was 90.5% in the case of B2 solution. Although
FP did not remain in the case of B1 and B2 solution, less than 10% of the products were impurities.

In B3 solution, FP was still left even at 45 °C.
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Figure 5.17 Weight percentage of iron phosphate in solid after loading experiments by

thiosulfate (TS) at 45 °C (B1-B3 brine solution).

Figure 5.18 shows the adsorption density of each metal on FP after thiosulfate reduction
at 65 °C in B1-BS8 brine solution. Adsorption density of lithium at 65 °C was 44.6 mg/g in the case
of B2 solution. This value is almost the same as the value at 45 °C because it is so close to a
theoretical value of 46.0 mg/g. Additionally, as it is indicated in the last section that sodium iron
phosphate was produced at 65 °C, the adsorption density of sodium was much higher than that at

25 °C and 45 °C, especially in B5 solution.
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Figure 5.18 Adsorption density of Li, Na, K, Mg, Ca on ferric phosphate after loading

experiments by thiosulfate (TS) at 65 °C (B1-B8 brine solution).

Figure 5.19 shows the selectivity of lithium over the other metals after thiosulfate
reduction at 65 °C in B1-B3 brine solution. Selectivity over sodium was 570 in B2, which is much
lower than that at 45 °C because of SFP formation. In the case of B3 solution, there was no sodium
adsorbed and so a small amount of potassium adsorbed. That is why the selectivity over sodium

and potassium was respectively N/A and 1159.
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Figure 5.19 Selectivity of lithium over Na, K, Mg, Ca after loading experiments by

thiosulfate (TS) at 65 °C (B1-B3 brine solution).

Figure 5.20 shows the weight percentage of various forms of FP in solid after thiosulfate
reduction at 65 °C in B1-B3 brine solution. The weight percentage was 89.6% LFP in the case of
B2 solution, which is almost the same value as that at 45 °C. No FP was remaining in every case.
Although there were impurities more than 10% of the products in B1 and B2 cases, impurities in
B3 solution were only 3.3%. That is because there was no calcium ion and few sodium ions from

sodium thiosulfate in B3 solution.

- 102 -



TS Brine w/o Ca
(B2)
TS Brine w/o Na Ca
(B3)

0% 20% 40% 60% 80% 100%
Mineral contained [wt%]

B LiFePO4 m NaFePO4 ®KFePO4 Mg0.5FePO4 m Ca0.5FePO4 ® FePO4

Figure 5.20 Weight percentage of iron phosphate in solid after loading experiments by

thiosulfate (TS) at 65 °C (B1-B3 brine solution).

Figure 5.21 is a graph of adsorption density vs. temperature in the case of thiosulfate
reduction in B1-B4 brine solution. According to the graph, adsorption density is higher at a higher
temperature. Though the experimental values are almost the same as the theoretical value at 65 °C,

they are lower at 25 °C and 45 °C.
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Figure 5.21 Adsorption density vs. temperature in the case of thiosulfate (TS) reduction

(B1-B4 brine solution). The theoretical maximum of the adsorption density is 46.0 mg/g.

Figure 5.22 is a graph of weight percentage of lithium iron phosphate in solid vs.
temperature in the case of thiosulfate reduction in B1-B4 brine solution. The weight percentage is
higher at a higher temperature though the experimental values are around 90% even at 65 °C

because of the presence of impurities like sodium and calcium.
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Figure 5.22 Weight percentage of lithium iron phosphate in solid vs. temperature in the

case of thiosulfate (TS) reduction (B1-B4 brine solution).

5.4.2. Sulfite Reduction

Figure 5.23 shows the adsorption density of each metal on FP after sulfite reduction at
25 °C in B2-B7 brine solution. In the case of B2 brine solution, the adsorption density of lithium
was 28.6 mg/g. This value is more than twice as that of thiosulfate case at 25 °C. In contrast to the
case of thiosulfate, lithium adsorption density is not lower in low TDS solution like B3 and B4.
This fact suggests that thiosulfate is not an effective reductant for lithium loading under low TDS

condition.
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Figure 5.23 Adsorption density of Li, Na, K, Mg, Ca on ferric phosphate after loading

experiments by sulfite (SF) at 25 °C (B2-B7 brine solution).

Figure 5.24 shows the selectivity of lithium over the other metals after sulfite reduction
at 25 °C in B2 and B3 brine solution. The selectivity of lithtum over sodium was 1503 in the B2
brine solution, which is more than three times that achieved with thiosulfate as the reductant. This

means that sulfite is better than thiosulfate at 25 °C when calcium doesn’t exist.
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Figure 5.24 Selectivity of lithium over Na, K, Mg, Ca after loading experiments by sulfite

(SF) at 25 °C (B2 and B3 brine solution).

Figure 5.25 shows the weight percentage of FP in solid after sulfite reduction at 25 °C in

the B2 and B3 brine solution. It is clear that FP was not all changed to LFP at 25 °C, but the value

1s 62.6% in the B2 solution case and more extensive than that of the thiosulfate case.
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Figure 5.25 Weight percentage of iron phosphate in solid after loading experiments by

sulfite (SF) at 25 °C (B2 and B3 brine solution).

Figure 5.26 shows the adsorption density of each metal on FP after sulfite reduction at
45 °C in B2-B7 brine solution. In B2 case, adsorption density of lithium at 45 °C was 45.2 mg/g,
which is so close to the theoretical value. Again, in contrast to the case of thiosulfate, lithium
adsorption density is not lower in B3 and B4 case than in B2 case, which indicates a difference

between thiosulfate and sulfite.
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Figure 5.26 Adsorption density of Li, Na, K, Mg, Ca on ferric phosphate after loading

experiments by sulfite (SF) at 45 °C (B2-B7 brine solution).

Figure 5.27 shows the selectivity of lithium over the other metals after sulfite reduction

at 45 °C in B2 and B3 brine solution. Selectivity over sodium was 2541 in B2, which is close to

twice as that at 25 °C and that of the thiosulfate case at 45 °C.
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Figure 5.27 Selectivity of lithium over Na, K, Mg, Ca after loading experiments by sulfite

(SF) at 45 °C (B2 and B3 brine solution).

Figure 5.28 shows the weight percentage of FP in solid after sulfite reduction at 45 °C in

B2 and B3 brine solution. The weight percentage was 93.3% in the case of B2 solution. Although

FP didn’t remain in the case of B1 and B2 solution, less than 10% of the products were impurities.

- 110 -



SF Brine w/o Ca
(B2)

SF Brine w/o Na Ca
(B3)

0% 20% 40% 60% 80% 100%
Mineral contained [wt%]

HLiFePO4 = NaFePO4 = KFePO4 = Mg0.5FePO4 m Ca0.5FePO4 = FePO4

Figure 5.28 Weight percentage of iron phosphate in solid after loading experiments by

sulfite (SF) at 45 °C (B2 and B3 brine solution).

Figure 5.29 shows the adsorption density of each metal on FP after sulfite reduction at
65 °C in B2-B7 brine solution. Adsorption density of lithium at 65 °C was 45.9 mg/g in the case
of B2 solution. Due to SFP formation, the adsorption density of sodium was much higher at 65 °C

in B5 solution.
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Figure 5.29 Adsorption density of Li, Na, K, Mg, Ca on ferric phosphate after loading

experiments by sulfite (SF) at 65 °C (B2-B7 brine solution).

Figure 5.30 shows the selectivity of lithium over the other metals after sulfite reduction
at 65 °C in B2 and B3 brine solution. Selectivity over sodium is 1056 in B2, which is lower than
that at 45 °C because of SFP formation. On the other hand, selectivity over potassium is higher

than that at 45 °C. This indicates that SFP formation may be disturbed adsorption of potassium.
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Figure 5.30 Selectivity of lithium over Na, K, Mg, Ca after loading experiments by sulfite

(SF) at 65 °C (B2 and B3 brine solution).

Figure 5.31 shows the weight percentage of FP in solid after sulfite reduction at 65 °C in
B2 and B3 brine solution. The weight percentage was 92.6% in the case of B2 solution. Impurities
were less than 10% in both cases, and both products have a higher purity than the products after

thiosulfate reduction.
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Figure 5.31 Weight percentage of iron phosphate in solid after loading experiments by

sulfite (SF) at 65 °C (B2 and B3 brine solution).

Figure 5.32 is a graph of adsorption density vs. temperature in the case of sulfite reduction
in B2-B4 brine solution. According to the graph, adsorption density is higher at a higher
temperature. The experimental values reached the theoretical value at 45 °C, which means sulfite

is better than thiosulfate in the absence of calcium.
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Figure 5.32 Adsorption density vs. temperature in the case of sulfite (SF) reduction (B2—B4

brine solution). The theoretical maximum of the adsorption density is 46.0 mg/g.

Figure 5.33 is a graph of weight percentage of iron phosphate in solid vs. temperature in
the case of sulfite reduction in B2—B4 brine solution. The weight percentage is higher at a higher
temperature. Though the experimental values are larger than 90% even at 45 °C and of course at
65 °C, which again means sulfite can reduce FP to LFP better compared to thiosulfate in the

absence of calcium.
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Figure 5.33 Weight percentage of lithium iron phosphate in solid vs. temperature in the

case of sulfite (SF) reduction (B2—B4 brine solution).

5.5. Effect of pH

This section will investigate whether pH influences the ferric phosphate method. The
relation between pH change and iron dissolution is firstly discussed, and then the prevention of
iron dissolution by controlling pH and the pH effect on lithium capacity of ferric phosphate are
discussed. This section focuses on only the case of 65 °C because pH change and iron dissolution
were observed at 65 °C and it was confirmed that almost no iron was extracted at 25 °C and 45 °C
by either method of reduction.

Figure 5.34 shows iron dissolution from FP and the final pH of a solution in the case of

thiosulfate reduction at 65 °C.
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Figure 5.34 Iron (Fe) dissolution and final pH in the case of thiosulfate (TS) reduction (B1—

B8 brine solution).

According to the graph, almost 40% of iron extracted from FP and the pH went down to 4-5 in
B1-B4 solution while sodium thiosulfate solution itself is neutral at around 7.
2FePO,+2LICl+2Na,S,0, — 2LiFePO, + Na,S,0, + 2NaCl (5.1)
However, as shown in Equation (5.1), there is no acid produced to lower pH and no iron
dissolution by the thiosulfate reduction. Ferric phosphate would not dissolve even at 65 °C and at
pH 4. Therefore, it is appropriate to guess another reaction which produces proton and dissolves
ferric phosphate. The reaction should be involved in thiosulfate because this phenomenon occurred
in the thiosulfate case only. Based on these considerations, it is assumed that ferric phosphate is

reduced to ferrous sulfate by tetrathionate with the following reaction.

14FePO, +5,0,2 +10H,0 —>14Fe?" +14P0,* +4S0,% + 20H" (5.2)
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At the same time, there is a possibility that oxygen oxidizes tetrathionate.
25,0, +70,+6H,0 —»8S0,” +12H" (5.3)

Both oxygen and ferric can be an oxidant, and it depends on a condition how much oxygen or

172

ferric or both contribute to the oxidation. For example, Druschel et al.’” suggested, based on their

experimental results, that the overall reaction of tetrathionate oxidation at low pH was as follows.

S,0s° +3Fe* +2.750, +4.5H,0 — 4S0,” +3Fe*" +9H" (5:4)

On the other hand, when ferric phosphate dissolves into solution as ferrous sulfate, phosphate ions
are neutralized by water and release hydroxide ions, which increase pH. This reaction contradicts
the pH decrease observed while it may be because the amount of protons released from the reaction

above is much more than that of hydroxides.
PO,* +H,0 ->HPO,” +OH" (5.5)

For these reasons, the reaction system of the FP method is so complicated. That’s why, to
investigate the reactions above more in detail, it is necessary to analyze phosphate ions by ICP and
polythionate species by ion chromatography (IC).

Figure 5.35 shows iron dissolution from FP and the final pH of a solution in the case of
sulfite reduction at 65 °C. The graph shows that the pH decreased to 4-5 in the sulfite case while
sodium sulfite solution itself is a little bit alkaline at around 9. There is much less iron dissolution
than observed in the thiosulfate experiments.

2FePO,+2LiCl + Na,SO, + H,0 — 2LiFePO, + Na,SO, + 2HCI (5.6)
The decrease in pH can be explained by Equation (5.6). The reduction by sulfite produces proton

as a byproduct, and the small amount of iron dissolution is attributed to the pH decline.
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Figure 5.35 Iron (Fe) dissolution and final pH in the case of sulfite (SF) reduction (B1-B8

brine solution).

In order to prevent iron dissolution in the thiosulfate case, another experiment was
conducted with Bl solution by thiosulfate reduction at controlled pH 7. Figure 5.36 compares
lithium adsorption density and iron dissolution at pH 4 with that at pH 7. Setting pH at 7 was
effective to keep iron phosphate from dissolving. At the same time, controlling pH didn’t have any

effects on the adsorption density of lithium.
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Figure 5.36 Adsorption density and iron (Fe) dissolution at pH 4 (uncontrolled) and 7
(controlled with sodium hydroxide) in the case of thiosulfate (TS) reduction (B1 brine

solution).

When it comes to delithiation of LFP, the oxidation reaction in Equation (5.7) occurs. It

is readily found out that the reaction does not dissolve ferric phosphate.
2LiFePO, + K,S,0, — 2FePO,+Li,S0O, + K,SO, (5.7)
While potassium persulfate solution itself is acidic at around 3.9, it is confirmed by ICP analysis

that almost no iron eluted.

5.6. Recycling of Ferric Phosphate

The previous sections discussed details of the ferric phosphate recovery method by using

FP obtained from new battery-grade LFP. However, FP and LFP should be recycled to use this
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method more efficiently in practical situations as shown in Figure 5.37.
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Figure 5.37 Schematic flowsheet of the ferric phosphate method. Flow of FP and LFP solid

is in orange and flow of brine solution is in blue. FP and LFP are recycled by a continuous

loading and stripping cycle.

Figure 5.38 shows XRD patterns of solid after the loading and stripping in the first and
second cycle by thiosulfate reduction at 65 °C and at pH 7 in the B1 brine solution. In both the
first and the second cycle, well crystallized LFP and FP were obtained after the loading and

stripping respectively.
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Figure 5.38 XRD patterns of battery-grade (BG-) LFP and BG-FP (delithiated LFP by PS
oxidation), and products after two cycles of loading and stripping experiments. The loading
experiments used B1 brine solution at pH 7 controlled by sodium hydroxide and lithium
was loaded by thiosulfate (TS) at 65 °C. The stripping experiments used persulfate to

oxidize the loaded materials.

Figure 5.39 shows metal concentration in solution after stripping in the first and second

cycle by persulfate oxidation with a solid concentration of 10 wt%. Lithium concentration in
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solution after stripping was seven times as the concentration in the initial brine in both the first and

the second cycle. Sodium was almost completely rejected.
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Figure 5.39 Concentration of metal ions in the initial brine solution (B1 brine solution) and
solution after stripping in the first and second cycle of the loading and stripping
experiments. The loading experiments used B1 brine solution at pH 7 controlled by sodium
hydroxide and lithium was loaded by thiosulfate (TS) at 65 °C. The stripping experiments
used persulfate to oxidize the loaded materials and it was carried out with a solid
concentration of 10 wt%. In addition to the metal concentration of the stripped ones in the

graph, potassium from K2S20s was also in the solution.

Potassium concentration is a little bit higher than the concentration in the initial brine
because of potassium persulfate. However, as Table 2.10 shows, the solubility of potassium

carbonate is almost 100 times as that of lithium carbonate and they can be separated by carbonate
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precipitation. Alternatively, further concentration and refining would help them separate.

Therefore, the ferric phosphate method can recycle the adsorbent (FP) without degradation.

5.7. Kinetics

Finally, this section discusses the kinetics of the reactions by both thiosulfate and sulfite.
Two models are utilized here. One is the pseudo first-order model and the other is shrinking sphere
model. While, as mentioned, the reactions in the system of the FP method are so complicated,
kinetic models are simplified here. Only one parameter a, reacted fraction of FP, is included in the
kinetic models, and temperature is considered by Arrhenius formula. However, the other factors,
such as the concentration of lithium, thiosulfate, sulfite and particle size distribution of FP powder
and pH, are ignored for simplification. Furthermore, while the two models assume that the
reactions of the FP method are normal chemical reactions, they are also electrochemical redox
reactions. That’s why it is also possible to consider kinetics by the Butler-Volmer equation and the
Tafel equations if the reactions are electron transfer controlled. Here, this study hands over the

electrochemical consideration of kinetics to future works.

5.7.1. Kinetic Models

To begin with, the theory of the two models are reviewed in the following.”? Pseudo first-

order model is described as Equation (5.8).

d—az—ka
dt (5.8)
a=1-e™

where a is fraction reacted, k is reaction rate constant, and t is time. By taking the natural logarithm,

the equation changes to Equation (5.9) and k is obtained as a slope of plots of In(1-a) vs. time.
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In(1— o) = —kt (5.9)

Furthermore, k is described by Arrhenius formula as shown in Equation (5.10).

Ea
k=Ae R
(5.10)

Ink=- E, +In A
RT

where A: frequency factor, Ea: activation energy, R: gas constant, T: absolute temperature. By
taking the natural logarithm again, E, is obtained as a slope of plots of In k vs. -1000/RT.

The shrinking sphere model is described as Equation (5.11).

WV vse k(4nr?)
dt
2 2, 9
dv 3V )3 3 )3, 3
——=k(@n)| — | =k(4n)| — | V3=Kk'V? 5.11
Y 20 el 2 o
2
_d_Vzk'v5
dt

where V: volume of a particle, t: time, k: reaction rate constant, S: surface area of the particle, r:
radius of the particle, k’=k(4m)(3/4m)?>. In the calculation of experimental results, initial radius r,
was set at 1.5 um, which is D50 of the battery-grade LFP. The following equations are derived by

integrating the reaction above.

vi_ys oKt
° 3
1
3 1
1- l = K t (5.12)
V. 1
© 3V,3
1
l—(l—oc)3 =k"t

where V,: initial volume of the particle, o: fraction reacted (=1-V/V,), k’=k’/(3V,'?). From the
last equation, k” is obtained as a slope of plots of 1-(1-a)!® vs. time. By calculating back to

Equation (5.13), k can be obtained. For k in shrinking sphere model, the Arrhenius formula can
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be applied as well.

Ea
k=Ae R
(5.13)

Ink =— E, +InA
RT

Lastly, it is known that kinetics is diffusion controlled when Ei is less than 20 kJ/mol and

chemical reaction controlled when more than 40 kJ/mol.

5.7.2. Thiosulfate Reduction

Figure 5.40 shows x in LixFePOgs vs. time at 25 °C, 45 °C and 65 °C in the case of

thiosulfate reduction in B2 brine. At 65 °C, the reaction was completed in 2 hours or so.

1

0.8

© 0.6

I-I_><

E 0.4 25°C_Exp.
= 45°C_Exp.
65°C_Exp.

0.2

0 -
0 6 12 18 24

t [hour]

Figure 5.40 x in LixFePOy4 vs. time at 25 °C, 45 °C and 65 °C in the case of thiosulfate (TS)

reduction (B2 brine solution).
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Figure 5.41 shows graphs for the calculation of Pseudo first-order model. Rate constant

k and activation energy E. are obtained as a slope of those graphs. While the correlation coefficient

is low at 25 °C, the other three graphs have good correlation.
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Figure 5.41 Calculation of Pseudo first-order model: “In (1-a) vs. time at 25 °C, 45 °C and

65 °C” and “In k vs. -1000/RT” in the case of thiosulfate (TS) reduction (B2 brine solution).

a: fraction of reacted, k: reaction rate constant, R: gas constant, T: absolute temperature.
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Figure 5.42 shows graphs for the calculation of the shrinking sphere model. Again, the

graph at 25 °C has a worse correlation but the others have a better one.
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Figure 5.42 Calculation of shrinking sphere model: “1-(1-a)!”® vs. time at 25 °C, 45 °C and
65 °C” and “In Kk vs. -1000/RT” in the case of thiosulfate (TS) reduction (B2 brine solution).

a: fraction of reacted, k: reaction rate constant, R: gas constant, T: absolute temperature.
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Table 5.2 is a summary of k values and activation energy of the thiosulfate reduction
calculated from the two models. The rate constant of each model gets larger along with temperature.
As activation energy is more than 40 kJ/mol in both cases, it is found that the lithium extraction

reaction by thiosulfate reduction is chemical reaction controlled.

Table 5.2 k value and activation energy calculated from Kinetics in the case of thiosulfate

reduction.

Pseudo first-order model Shrinking sphere model
Values  Temperature

[hour] [um hour']
25°C 0.01 0.01
k 45 °C 0.09 0.04
65 °C 1.50 0.47
Activation energy [kJ/mol] 99.3 90.8

Using the calculated k values, the two models are compared with the experimental results
in Figure 5.43 and Figure 5.44, respectively. While the models ignored some complicated

reactions and particle size distribution and so on to simplify the discussion, they fit the

experimental data well.
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Figure 5.43 Comparison of experimental data and calculated values by Pseudo first-order
model. x in LixFePQ4 vs. time at 25 °C, 45 °C and 65 °C in the case of thiosulfate (TS)

reduction (B2 brine solution).
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Figure 5.44 Comparison of experimental data and calculated values by shrinking sphere
model. x in LixFePOg4 vs. time at 25 °C, 45 °C and 65 °C in the case of thiosulfate (TS)

reduction (B2 brine solution).
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5.7.3. Sulfite Reduction

Figure 5.45 shows x in LixFePOgs vs. time at 25 °C, 45 °C and 65 °C in the case of sulfite

reduction in B2 brine. The reaction was completed in 12 hours and 2 hours at 45 °C and 65 °C

respectively.
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Figure 5.45 x in LixFePOy4 vs. time at 25 °C, 45 °C and 65 °C in the case of sulfite (SF)

reduction (B2 brine solution).

Figure 5.46 shows graphs for the calculation of Pseudo first-order model.
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Figure 5.46 Calculation of Pseudo first-order model: “In (1-a) vs. time at 25 °C, 45 °C and

65 °C” and “In k vs. -1000/RT” in the case of sulfite (SF) reduction (B2 brine solution). a:

fraction of reacted, k: reaction rate constant, R: gas constant, T: absolute temperature.

Figure 5.47 shows graphs for the calculation of the shrinking sphere model. At 45 °C, the

correlation coefficient of the graph is a little bit smaller than the others.
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Figure 5.47 Calculation of shrinking sphere model: “1-(1-a)!”® vs. time at 25 °C, 45 °C and
65 °C” and “In k vs. -1000/RT” in the case of sulfite (SF) reduction (B2 brine solution). a:

fraction of reacted, k: reaction rate constant, R: gas constant, T: absolute temperature.

Table 5.3 is a summary of k values and activation energy of the sulfite reduction

calculated from the two models. Like the thiosulfate case, the rate constant is more significant at

a higher temperature. The extraction reaction of lithium by sulfite reduction is also chemical
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reaction controlled since activation energy is more than 40 kJ/mol.

Table 5.3 k value and activation energy calculated from Kinetics in the case of sulfite

reduction.

Pseudo first-order model Shrinking sphere model
Values  Temperature

[hour] [nm hour]
25°C 0.04 0.02
k 45 °C 0.24 0.19
65 °C 2.57 0.61
Activation energy [kJ/mol] 88.3 76.7

Using the calculated k values, the two models are compared with the experimental results
in Figure 5.48 and Figure 5.49, respectively. While the models ignored some complicated
reactions and particle size distribution and so on to simplify the discussion, they fit the

experimental data well.
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Figure 5.48 Comparison of experimental data and calculated values by Pseudo first-order
model. x in LixFePQOs vs. time at 25 °C, 45 °C and 65 °C in the case of sulfite (SF) reduction

(B2 brine solution).
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Figure 5.49 Comparison of experimental data and calculated values by shrinking sphere
model. x in LixFePOQO4 vs. time at 25 °C, 45 °C and 65 °C in the case of sulfite (SF) reduction

(B2 brine solution).
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5.8. Summary

The preparation of FP as an adsorbent was studied. It was challenging to prepare ferric
phosphate from FPD and reagent-grade LFP, but persulfate oxidation of battery-grade LFP
successfully made heterosite FP, which can be used for lithium extraction. Next, a variety of
reducing agents was studied. Out of Cu”, TS and SF, TS and SF seemed appropriate for the lithium
recovery reaction. The cuprous reduction experiments were not successful. With the adsorbent and
reducing agents, all the experiments were carried out. By checking XRD patterns, it was found
that FP was successfully reduced to LFP in most cases with a significant dependence on
temperature. When sulfite is used for brine solution containing calcium ions, calcium sulfite salts
were produced. At 65 °C, sodium iron phosphate was formed in the absence of lithium.
Experimental results showed the lithium adsorption density could be the same as the theoretical
value of 46.0 mg/g. For example, the value was 45.9 mg/g in the case of sulfite reduction at 65 °C.
Lithium selectivity was also high. The selectivity over sodium, for instance, 2541 in the case of
sulfite reduction at 45 °C. There were pH changes during experiments, but they didn’t have much
impact on adsorption density and iron dissolution. However, 40% of iron was extracted when
thiosulfate was used at 65 °C. The dissolution of iron can be prevented by pH control to ~ 7. When
it comes to practical operation, FP and LFP should be recycled. The cycle of the loading and
stripping test was repeated, and it was confirmed that FP and LFP could be recycled without
degradation. In the last, kinetics was studied by using Pseudo first-order model and shrinking
sphere model. These models were well fitted to experimental results and found that the lithium

extraction reaction was chemical reaction controlled in both thiosulfate and sulfite cases.

- 136 -



Chapter 6. Conclusion

Lithium is now getting more and more attention from around the world as an essential
material for various energy storage systems, especially for electric vehicles, and demand for
lithium has been increasing rapidly. To meet the demand, lithium has been mined from ore minerals
and brines. Since it is known that brines have more lithium reserves than ore minerals in the world,
many researchers are now studying how to recovery lithium effectively from brine. The difficulty
is that brine contains a high concentration of sodium, potassium, magnesium and calcium, which
limit selective extraction of lithium. Conventionally, solar evaporation has been used to reject those
cations into a solid phase and concentrate lithium in brine. However, as the evaporation process
takes more than one year and is highly dependent on climatological conditions, a more rapid
process is strongly desired for the accelerating demand. Therefore, many studies have investigated
new rapid lithium recovery methods using ion exchange resin, solvent extraction, inorganic
absorbents such as manganese oxide, titanium oxide and ferric phosphate, phosphate precipitation,
nanofiltration, membrane electrolysis and so forth. This thesis focuses on two types of adsorbents:
ion exchange (IX) resin and heterosite-type ferric phosphate (FP).

First, IX resin was studied. More than twenty cation exchange resins were tested in both
lithium chloride solution without any other metal cations and a mixed saline solution containing
lithium, sodium, potassium, magnesium and calcium chloride. Sulfonate, iminodiacetate and
aminomethylphosphonate resins successfully extracted lithium from the lithium chloride solution.
The resins recovered 16.3-32.9 mg of lithium per one gram of dried resins. However, no resins
could adsorb lithium strongly or selectively from the saline solution with less than 1 mg of lithium

per one gram of dried resins in loading. This behavior was due to the lack of selectivity for lithium
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extraction. Sodium, potassium, magnesium and calcium ions compete with the lithium adsorption.
Therefore, aluminum loaded resin, which some past studies reported that had relatively good
selectivity for lithium, was also tested. This resin extracts lithium on the surface in the form of
LiCl-2AI(OH)3-nH>O. It showed higher capacity and selectivity than any other resins tested in this
study in the saline solution with the value of 6.6 mg/g. Nevertheless, overall, it was found that IX
resins poorly suited for lithium recovery.

A second study focused on FP as an adsorbent. FP can adsorb lithium ion from solution
by a reduction reaction and turns to lithium iron phosphate (LFP). As a second step, an oxidizing
agent can strip lithium and regenerate FP. In this project, sodium thiosulfate (TS) or sodium sulfite
(SF) was used as a reducing agent. By analyzing X-ray diffraction patterns of the products after
the reduction, it was found that FP was successfully reduced to LFP in most cases with faster
reaction at a higher temperature. However, when SF was used as a reducing agent for lithium
loading from a brine solution containing calcium ions, calcium sulfite salts were produced. In
addition, at 65 °C, sodium iron phosphate was formed in addition to LFP. The maximum of lithium
adsorption capacity was almost the same value as the theoretical value of 46.0 mg-Li/g-FP. For
example, the value was 45.9 mg/g in the case of SF reduction at 65 °C. Lithium selectivity was
also high. The selectivity over sodium, for instance, 2541 in the case of SF reduction at 45 °C.
When TS and SF are compared as a reducing agent, TS is better when a brine solution contains
calcium because SF produces calcium sulfite. On the other hand, SF needs an only half dosage of
TS since SF reacts with FP with the ratio of one to two while TS does with the ratio of one to one.
There was a pH decrease from around 7 to 4 during experiments, but pH did not have much impact
on adsorption capacity. However, 40% of iron was dissolved when TS was used for reduction at
65 °C. This problem of iron dissolution can be prevented by pH control in the neutral region of —

7. When it comes to practical operation, FP should be recycled. The cycle of the loading and
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stripping test was repeated, and it was confirmed that FP could be recycled without degradation.
In the last part of the study, the kinetics of lithium extraction was also studied and fit using both
Pseudo first-order model and shrinking sphere model. These models fit the experimental results
and indicated that the lithium extraction reaction was chemical reaction controlled in both the TS
and SF cases.

In conclusion, as this study found out that the ferric phosphate method is a promising
technology, it is recommended that this technology be developed further by using natural brine

sources.
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