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Abstract

Resource recovery from natural reserves is appealing and Li extraction from different brines is in
the forefront. Li extraction by membranes is reviewed in the literature much more than electrochemical
processes. However, a very recent review thoroughly discussed Li recovery by electrochemically
switchable ion exchange (ESIX). This paper reviews Li recovery by both charge transfer processes, namely
electrodialysis (ED), and electro-sorption processes, namely capacitive deionization (CDI). It also reviews
ESIX with a focus on performance matrices and includes comments on the technology readiness of each
separation technique. These processes exhibit promising perspectives on the separation and recovery of Li
both selectively and non-selectively from simulated brine solutions and Li salt solutions. Readers are
provided with guidelines to choose between the processes, depending on the applied voltage, current
density, specific energy consumption and purity of recovered Li. Most electrochemical lithium capturing
systems (ELiCSs) have been tested at the lab scale. Therefore, future research should be directed toward
pilot-scale development and parameter optimization. Furthermore, we urge the ELiCSs research
community to report information in a standard form that allows meaningful comparisons and insights into

the systems.
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1. Introduction

The global demand for clean, cheap and sustainable energy resources is tremendously escalating
and is driven by technological advancements [1]. The most prominent sources of renewable and clean
energy are solar and wind power. In fact, by 2030, solar and renewable wind energy will cost only two-
thirds as much as fossil fuels [2]. However, these energy resources are seasonal, which reduces their
reliability at all timings and locations of need. This demonstrates that the flexibility of power systems to
quickly adapt to changes in power supply and demand is key. Storage technologies will therefore be the
cornerstone for energy security during low production and high demand times. In this context,
electrochemical energy storage emerges as one of the fastest-growing segments that is able to provide an
uninterrupted power supply and load-shifting capability [3]. Fig. 1 shows the accumulated global
electrochemical energy storage market power capacity at the end of 2019. It shows an operational installed
battery storage capacity of about 9520.5 MW, with Li-ion batteries (LIBs) accounting for the largest portion
(88.8%) of this capacity [4]. This huge share taken by LIB poses a lithium supply risk since Li is

increasingly used in grid storage, electronic devices, and next-generation electric vehicles (EV) [5].
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Fig. 1. Electrochemical energy storage market capacity till the end of 2019 (modified from [4]).

Lithium (L1i), the 25™ most abundant metal on earth [1], is considered a critically important element
in energy systems. The small ionic radius of Li makes it an electrochemically active metal, which has
become an important building block for the construction of the increasingly demanded LIBs [6]. According
to the consumption and production status of Li, utilization of Li by the LIB industry by 2025 is expected to

account for almost 66% of the current Li production worldwide [7, 8]. This rapidly growing demand for
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rechargeable LIBs is due to their unique characteristics, such as high operating voltages, energy densities,
long life cycles at low self-discharge rates, and environmental friendliness [9]. The former properties make
the LIBs an essentially valuable material that derives our modernized world today. The use of LIBs is
expanding every day in various applications, from small cellular phones to large power generation systems.
In this context, the biggest future consumer of LIBs will be the EV industry. Demand for LIBs for electric
(EV), hybrid electric (HEV), and plug-in hybrid electric (PHEV) vehicles are expected to reach about $221
billion by 2024 [10].

Besides the use of Li and its compounds in fundamental batteries and energy storage devices, they are
tremendously attractive as vital elements in numerous industries. Fig. 2 shows the distribution of the global
Li end-use market share in 2019 [11]. Li is used in various fields in the form of lithium carbonate (60%),
lithium hydroxide (23%), lithium metal (5%), lithium chloride (3%), and butyl lithium (4%) [12]. Lithium
carbonate is mainly used in batteries, ceramics, special glass, and continuous casting mold-flex powders
industry[11]. Lithium hydroxide is primarily used to produce synthetic rubber, dyes, and lubricating greases
that can function in high temperatures and loads. Around 70% of the lubricating greases used in the world
contain Li [13]. Industrial drying and air conditioning/treatment applications use Li in the form of lithium
chloride due to its distinctive hygroscopic properties. Additionally, highly purified Li compounds are
increasingly used in pharmaceuticals, biomedical applications, and the synthesis of vitamins and organic
compounds. Furthermore, Li metal is used in the primary aluminum production industry and the
manufacture of strong and lightweight alloys of manganese and Li [5, 7, 10]. As a consequence of the
accelerating global demand for Li in numerous important applications, the global annual Li consumption
rate is expected to continue to increase from 2015 to 2050. During this time, 5.11 million tons of Li will be
consumed, which may account for one-third of the total Li reserves on land today [10].If the consumption
continues to increase at such an accelerating rate, efforts should be conveyed and directed towards the
allocation and processing methods for the separation, purification, and recovery of Li from all potential

resources [14].
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Fig. 2. Distribution of global Li end-uses in various applications in 2019 (modified from [11]).

With the increased utilization of Li in various fields, the demand for accessible lithium is increasing[1].
Li resources can be classified according to their physical state [15], as illustrated in Fig. 3. Salt lake brine,
geothermal brine, seawater, and spent Li electrolyte are the most common liquid resources of Li [1, 9].
Minerals ores, such as spodumene, petalite and lepidolite as well as spent Li batteries and electronic waste
make up the solid lithium reserves [9]. In 2020, the US Geological Survey (USGS) reported that the total
Li resource is about 80 million tons; however, it demonstrates an uneven geographic distribution
worldwide, with the majority of the Li resource concentrated in Bolivia (31%), followed by Argentina

(25%),), Chile (13 %), and Australia (9%) and China (7%).

Brine is defined as a high saline solution with average total dissolved solids (TDS) concentrations
in the range of 170-330 g/L, which are much higher in value than that for seawater (about 35 g/L) [16]. The
cations other than Li* present in most brines are sodium (Na"), magnesium (Mg*") and calcium (Ca*") [17].
Important anions in brines chloride (CI'), carbonate (COs*) and sulfate (SO4*) [17]. Geothermal brines
persist deep underground with Li concentrations in the range of 10-20 mg/L, while salt lake brines exist on
the surface and exhibit much higher Li concentrations in the range of 100-1000 mg/L [16, 18]. Seawater
contains an enormous amount of Li, 230 billion tons[17]. However, the concentration of Li" is too low
(0.17 mg/L) to be used in direct Li recovery [19].

A secondary Li resource is spent Li-ion batteries. Currently, the industry favors the extraction of
Li from aqueous resources because they contain more than 85% of recoverable Li and it can be recovered
cost-effectively [20]. The largest resource for commercial Li production is continental brine with a
production capacity of 120.5 ktons/year (59% of the total), followed by hard rock (25%), clay (hectorite)
(7%) and geothermal brine (3%) [15]. However, it is very challenging to achieve high selectivity of Li"

relative to other dissolved cations present in brine[18]. In particular, the high Mg*"/Li" mass ratio is a
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limiting factor that restricts the development of processes for recovering Li from brine[18]. Despite the
predominance of brine as a source of Li, the depletion of high-quality brine continues to increase, which
can lead to the loss of the primary source of Li [15]. Moreover, the total Li content in hard rock (0.11 Mton)
is much lower than that in brine (1.45 Mton) and the cost of extracting Li from hard rocks is estimated to
be US$ 6-8 kg™, which is twice the price of Li extraction from brine (US$ 2-3 kg''). However, the extraction
of Li from hard rocks persists, and according to the USGS in 2018, the production of Li from brines is still
not enough to meet market demand [16]. This is mainly due to the presence of excessively high
concentrations of interfering ions, especially Mg, which hinder the extraction of Li from salt lake brines.
The alternative of extracting Li from seawater is considered a major challenge due to the complicated
technical procedures, high capital costs, and the low concentration of Li, all of which make it economically
impractical [5, 9, 21]. However, the recycling of Li in spent LIBs has gained great interest and is expected

to increase as demand for rechargeable LIBs increases [1].
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Fig. 3. Graphical representation of the amount and type and of Lithium resources based on their physical
state (generated from [16]).
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1.1. Existing technologies for Li recovery

Li extraction from the Li containing mineral rocks such as spodumene, petalite and lepidolite
generally begins with crushing and heating of the mineral in order to increase the surface area and the
mobility of constituent ions. Also, heating shifts the mineral from the alpha to the beta configuration, and
then the mineral concentrate is sequentially cooled, powdered, treated with hot sulfuric acid and sent
through a thickener filter system. This step separates the liquid containing Li" from solids containing
impurities like Mg®* and Ca®" that had been precipitated in previous steps. The addition of soda ash
(Na»COs3) into the Li stream precipitates Li»COs. This solid is purified by dissolution, crystallization,
filtration and drying, to yield high purity Li»CO3 [22, 23].

Brine processing for Li extraction has not one, but many different techniques. Commercial-scale
Li production is carried out by a soda evaporation process. Typically, geothermal brine or continental brine
is collected in wide, short-walled tanks where it undergoes solar-influenced liquor concentration. Brines
carry Li concentrations in the range of 220-3800 mg/L [24], which after partial evaporation increases to the
range of 300-5000 ppm. During the solar-induced concentration procedure, other cations tend to precipitate
with counter anions once their concentration increase above saturation. Remaining ions in the solution,
particularly Mg*" and SO.*, are removed by adding a small amount of lime or are removed in a post-
treatment stage. Then Li" is precipitated as LiCOs with the addition of soda ash. Impurity removal at the
post-treatment stage is performed either by solvent extraction or lime addition, depending on the remaining
impurities. Solar drying is a crucial step in the entire process since the sun is a freely available resource.
This method renders high profits due to its low cost. The time required for Li extraction is important when
there is a huge market with a massive demand for the extracted Li. Solar drying takes 12-18 months in
general, and the actual timeline varies depending on the climatic conditions. Therefore, almost all of the Li
extraction processes for brines that have been studied to date focus on concentrating Li" in the mother liquid
more rapidly by reducing the solar evaporation step from months to hours, while at the same time separating

Li from coexisting ions to reduce post-treatment costs [16].

Solvent extractions and chemical precipitation are other early methods for recovering Li from
brines. Li can be chemically precipitated as lithium aluminate or lithium carbonate with the addition of
aluminum chloride or sodium carbonate, respectively. The aluminate process is suitable for high Mg*"/Li*
brines, while the carbonate process is suitable for low Mg”*/Li" brines. Li can also be separated by solvent
extraction using chelating reagents that have a particular affinity for Li", such as triacyl phosphine and
tributyl phosphate. Long-chain alcohols and diols can also be used in solvent extraction. However, chemical
precipitation and solvent extraction leave huge volumes of sludge to dispose and are therefore, less

environmentally friendly.
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Li" extraction by membrane-based processes has a long history compared to electrochemical
techniques. Membrane-based processes are driven by external stimuli such as thermal gradient, pressure,
and electric field. Nanofiltration (NF) for Li extraction has been studied at a full scale [25, 26] . Commercial
NF membranes (Desal 5 DL [26], Desal DK [27], Desal DL-2540 [28], DK 1812 [29], and NF 90 [30])
have been applied in different systems, as have some custom-made membranes. Simulated, dilute brine
solutions were used in almost all experiments since the technique is unable to handle a high Mg*"/Li" ratio.
The best performing system exhibited 85% separation of Li* over Mg®". The separation of Li in these
processes is based on steric hindrance and Donnan exclusion. Li" has lower steric hindrance along with
lower hydration energy. Membrane-based processes are promising in sustainability aspects, because they

have a low footprint, yet they suffer from membrane fouling and high operational costs.

Ion imprinted membrane (IIM) [31-33] and ion sieve membrane (ISM) [34-36] demonstrate
selective adsorption of Li but are driven by different stimuli. lon-imprinted membranes that are prepared
mainly using crown ether and calixarenes demonstrate lower adsorption capacity despite being highly
selective. Adsorption capacity and chemical stability are high in ion sieve membranes, and this is the result
of an intercalation mechanism. Furthermore, both of these membrane processes require chemical treatment

to facilitate the desorption of Li" and to regenerate the membrane.

Employing low-grade heat to create a gradient in vapor pressure on either side of the membrane
distillation crystallization (MDC) unit allows the passage of water and volatile components from the feed
side to permeate stream across a hydrophobic membrane. Subsequently, the MDC unit crystallizes Li ions
from the concentrated brine in the feed side by transporting them through the crystallizer unit. [37-39]. At
the best-operating conditions, the system renders a 73% recovery of Li' [40]. This value is still low and
separation of Li" from other ions is extremely difficult. Furthermore, membrane fouling and wetting are

additional problems.

The cumulative numbers of articles published about different membrane-based techniques for Li
recovery from the year 2006 are plotted in Fig. 4. This figure shows that despite concerns over fouling, NF
is researched to a greater degree compared to IIM, ISM, and MDC. Research on Li recovery using 1M,
MDC and supported liquid membranes (SLM) has shown little growth over the last two years. This could
be due to limitations of the process caused by large volumes of organic solvents involved or by the difficulty
in reusing waste chemicals. Li extraction utilizing membranes is well reviewed in two papers [15, 41].
Although electrodialysis (ED) [42] and capacitive deionization (CDI) [43] employ membranes, ion mobility
in the two processes is induced by an applied potential difference. Thus they are within the scope of this

research paper and discussed later in sections 2.2 and 2.4.
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Fig. 4. Year vs a cumulative number of published papers for the membrane-based techniques. Abbreviations
in the legend refer to nanofiltration (NF), supported liquid membrane (SLM), ion-imprinted membrane
(IIM), ion sieve membrane (ISM), membrane distillation crystallization (MDC), selective electrodialysis
(SED), and permselective exchange membrane capacitive deionization (PSMCDI), respectively. Based on
data from [15, 25-40, 44-51].

1.2. Highlighting electrochemical Li capturing systems (ELiCSs)

High-efficiency methods for production of Li are continually being investigated to meet the demand
associated with the accelerating growth of its consumption [52]. It is important to focus not only on
technologies for Li recovery that are considered novel and promising, but also to consider technologies that
have environmentally friendly [53-56], energy-efficient [53-56] and cost-efficient [53] features. These
processes draw tremendous attention towards them, and their attractive characteristics make them strong
substitutes for the conventional Li recovery techniques addressed in the previous section. Traditional Li
recovery techniques have continuously suffered from their lengthy process times [54], high energy
consumption, low utilization of resources, and high sludge formation [19] and these characteristics hinder
their effective use as reliable Li recovery approaches in the near future. Electrochemical ion-separation
processes have emerged as simple and environmentally benign methodologies that can be effectively
utilized for the selective capture of Li as well as a vast array of other valuable elemental resources such as
nickel [57, 58], cesium [59, 60], and copper [57]. For Li extraction, electrochemical systems are very

promising and exhibit outstanding performance in terms of Li recovery capacities, tunability [53, 61], cyclic
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efficiency, reversibility, and selectivity. Thus, vast research activities were conducted in the past decade to
investigate and improve the performance of these electrochemical lithium capturing systems (ELiCSs).
ELiCSs can be categorized into three broad classes depending on their basis of separation: battery-
based, electro-membrane-based, or membrane enhanced battery-based. They can be further classified based
on their recovery system and configuration, as shown in Fig. 5. Generally, the driving force for capturing
Li in all ELiCSs is to apply current [53], where the amount of Li removed (immobilized) from a feed

stream depends on the invested charge of the electrode [62].
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Fig. 5. Classification of electrochemical Li capturing systems.

Battery-based ELiCSs are systems that usually employ at least one faradaic electrode to capture Li-ions
using charge transfer across the fluid-solid interface between the electrolyte and the electrode [2,12]. Kanoh
and his team first reported this approach in the early 1990s, when they designed an electrochemical system
that used A-MnO; as the working electrode and Pt wire as the counter electrode to capture Li ions from a
solution of mixed cations. Li ions were captured via the A-MnQO; intercalation electrode, while oxygen
evolution took place on the counter Pt electrode [7, 20, 63]. This approach was innovative at the time but
suffered from considerable energy consumption during its capture and release steps [53]. Two decades later,
inspired by the concept of the desalination battery, La Mantia and Yoon groups proposed the use of silver
as a counter electrode to simultaneously capture chloride ions at the counter electrode while Li ions are
adsorbed and desorbed at the intercalation electrode, thus requiring much less energy [64, 65]. The approach

mentioned above is now known as the electrochemical ion-pumping mechanism. Electrochemical ion-

12
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pumping systems (EIPS) have two main configurations depending on the operating principle. EIPS with
battery operating principle uses Li selective electrodes (intercalation electrode) to capture Li ions and
usually metal counter electrodes (like Pt and Ag) to capture cations simultaneously (Fig. 6(1)). On the other
hand, EIPS with a mixed ion battery principle uses a Li selective electrode and a Li exclusive electrode, as
shown in Fig. 6(2).

The last recovery system under the category of battery-based separation systems is the
electrochemically switched ion-exchange recovery system (ESIX). This system has a hybrid electrode
configuration since it employs a faradaic intercalating electrode against a non-faradaic (capacitive or
pseudocapacitive) electrode (Fig. 6(3)). The utilization of the large capacity and low self-discharge
characteristics of faradaic electrodes and fast removal rates experienced with the non-faradaic electrodes
bridges the performance gap between battery and capacitor-based separation systems [66].

Membrane-enhanced battery-based ELiCSs have a similar configuration to the battery-based ones, but
include both membranes and faradaic electrodes to achieve Li capturing. The rocking chair (Fig. 6(4))
system is a faradaic ion separation process where an anion exchange membrane (AEM) divides its cell into
two compartments, each having a Li intercalating electrode. By applying an electric potential between the
two electrodes, Li is captured from the brine reservoir by the cathode, while it is released into the recovery
solution at the anode. Continuous recovery of Li can be achieved through the proper switching of the
position of the electrodes. Similar to the rocking chair configuration, the redox battery configuration (Fig.
6(5)) also uses AEM to separate the system into two reservoirs, one capturing and releasing Li from the
intercalating electrode, and the other using redox couple reactions such as the Is /" [67] and Zn/Zn**[1, 20]
redox couples. Traditional capacitive deionization (CDI) is known for its extensive and effective use in low
saline desalination applications. With the increased interest in Li recovery, it has been enhanced by using
the battery operating principle to recover Li. Li passes through a cation exchange membrane to be absorbed
into an intercalating electrode, while anions pass through an anion exchange membrane to accumulate at a
capacitive or pseudocapacitive electrode, as shown in Fig. 6(6). Lastly, electro-membrane-based ELiCSs
are applications of the well-known electrodialysis (ED) systems. The ED system for Li recovery is
considered membrane-based and consists of a series of anion and cation exchange membranes between two
non-faradic electrodes. When the potential is applied to those electrodes, Li selectively migrate through the
cation exchange membranes towards concentrating compartments and so, the process is termed selective
electrodialysis (SED) (Fig. 6(7)). This SED process is further developed by employing a bipolar membrane
or an ionic liquid membrane (Fig. 6(8,9)) that facilitates this lithium recovery process.

Increased global focus on Li research has been best evidenced by the number of exclusive reviews
published in 2019-2020 on Li recovery. A total of six reviews have been published with two mainly

focusing on membrane-based processes for Li extraction. These two reviews highlight membrane
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fabrication [15] and nanochannel regulation [41] to enhance the selectivity for Li, while the others focus on
the electrochemical aspects [20, 61, 68], the broad spectrum of charge transfer and ion separation principles,
with particular emphasis on material and engineering aspects and reactor design of ESIX systems. However,
there has not been a single review comparing electrochemical Li recovery by ESIX, CDI and ED processes.
Such a review is much needed since understanding the common and process-specific features of these
processes will influence the design of new hybrid processes that will pave the way for highly selective and
energy-efficient Li recovery from natural brines. Hence, this review intends to cover the recent research
done on ESIX, CDI and ED, starting with the fundamental operation principles, evaluating how process

parameters govern the quality of Li output, as well as with their technology readiness level (TRL).
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Fig. 6. Different configurations of ELiCSs: (1) Battery operating principle, (2) Mixed-ion battery operating
principle, (3) Hybrid battery principle, (4) Rocking chair configuration, (5) Redox battery configuration,
(6) HCDI configuration, (7) Selective Electrodialysis (SED), (8) Bipolar membrane electrodialysis
(BMED), and (9) Ion liquid membrane electrodialysis (ILMED). The individual panel numbers correspond
to the configuration numbers in Fig. 5 [53, 54, 69-72].
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2. Electrochemical Li capturing systems
2.1. Performance parameters

The performance of ELiCSs is assessed by key parameters such as recovery ratio of Li", insertion
capacity, separation coefficient of Li" toward co-existing ions, current efficiency, and specific energy
consumption. Those parameters are directly influenced by the ionic strength of feed, solution, which
account for the concentration and mass ratio of co-existing ions, and expressed using a mathematical model
as addressed below [55, 73, 74].

Many Electrochemical processes depend on the selectivity of electrodes for capturing desired ions
(e.g., Li") by intercalation. The Li" selectivity of a Li-capturing electrode (a}})in the presence of other ions
is determined by the ratio of the molar concentration of Li" in the recovery solution (C/; ) to the molar
concentration of coexisting cation in the source solution ( Cy; ). This is shown in Eq. (1), where M represents
any cation other than Li* (e.g., Na*, K, Mg®* or Ca®") [75]. The separation factor (SF) represents the
enhancement of Li concentration by recovery process, as well as a comparison of Li purity in the recovery
and in source solution as expressed in Eq. (2) [55]. SF can determine the required run time needed to achieve

desired performances, but they are strongly dependent on the characteristics of the brine solution

. Cly
akl = C_g (1)

/&) -
Cu/,

The recovery rate of Li" (RR;;) determines the amount of Li" recovered from the source solution per unit
mass of the electrode material [75]. The recovery rate is a critical parameter that is commonly employed to
evaluate the overall performance of ELiCSs such as ESIX and CDI process. In Eq. (3), the (RR;;) is found
by dividing the concentration difference of the initial (Cy;) and the final (C Lfl) concentration of Li" in source

solution and final volume of the source solution (V) over the mass of active material of the electrode.

0 _ ~f
RRy; = L=t~ C)s 3)
m
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ELiCSs consume electrical energy while recovering Li and the amount used is an important aspect
of their performance. The energy required per unit Li recovered by ELiCSs can be calculated using Eq. (4)
[76]. This equation calculates the electrical energy consumed as the circular integral of voltage profile with

respect to charge (W) and the amount of Li" recovered (Cy;).

_$AEdq

VCy; @

For EISX and CDI technologies, the specific energy consumption (Esgc) can be determined using
Eq. (5) at constantly applied voltage (U). Where (My;) is the molar mass of Li, (I) is the applied current,
(w) is the effective mass of electrode, and (E};) is the extraction capacity of Li [55]. The current efficiency
(n1;) determines the percentage of current applied that is effectively employed to extract Li".The current
efficiency (Eq. (6)) is affected by the selectivity of capturing material. The current efficiency will be low if
the electrode intercalates a large amount of cations other than Li" or provide a secondary reaction[76]. In

Eq. (6), F is the Faraday constant of (96,485 C/mol).

My US 1 (D)dt
SEC ™ 36Euw

©)

_ FELi w
10 My [, 1 (t)dt

" x 100 (©)

Typical electrodialysis (ED) processes as well as processes based on ED consist of IEM,
concentrate and dilute chambers and electrodes. Ideal IEMs are determined by the ease transport of cations
to the negatively charged cathode, while the migration of anions toward the positively charged anode [23].
The migration rate of Li" (J;) through IEM is determined by the concentration difference of Li" in the
concentrate chamber (Cp; ) and in the desalinating chamber (CLOL-) with respect to the effective area of
IEM (A) and the operating time(t), as expressed in Eq. (7). The percentage of Li recovered (R;;%) is found
by the difference of initial (C LOL-,C) and final (C Lfl .) concentrations of Li" in the concentrate chamber with
respect to the initial volume (V,) and concentration of Li* (C;;) in dilute chamber, as displayed in Eq. (8)

[74, 77, 78].
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The effectiveness of Li recovery can be evaluated by the separation coefficient (Fy_r;) or the
separation efficiency (S;;) as expressed in Eq. (9) and Eq. (10), respectively. The separation coefficient
refers to the molar concentration of Li" relative to the molar concentration of coexisting ions at the dilute
chamber. The final total molar concentration of ions in the dilute chamber relative to the initial

concentration was divided by the same ratio for molar concentration of Li in the desalinate chamber. The
separation efficiency refers to the difference of initial(C, LOi,d) and final concentration (C, Lfl 2) of Li" with

respect to the initial concentration of Li* in the dilute chamber.
p

f
CM,C 0
C
Fy-ri = 7 = ©)
CLi,C
Coi
Cha—Cl,
S, = % x 100% (10)
Li,d

For ED and ED-based processes, the specific energy consumption (Esgc) and current efficiency
(n.,;) for Li" recovery from brine solution are evaluated as shown in Eq. (11) and (12), respectively. In Eq.
(11), (ng) refers to the number of moles of Li" that migrated from the feed solution. The current efficiency
(Eq. (12)) influences by the number of moles Li" at the initial time (ny.) and at time t (n;.) in the
concentrate chamber, the valence of other ions that are present (z) and the number of membranes in

electrodialysis stack (N) [79].

t
Ul I()dt
Esge = —fo ni ) (11)

Ny = (nt,C — Tlo,c) zF
" NS, I (t)dt

x 100 (12)
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2.2. Types of processes
2.2.1. Electrochemically switched ion exchange (ESIX)

Electrochemically switched ion exchange (ESIX) technology enables intercalation and
deintercalation of an element into an appropriate electrode material upon application of an electrical
potential. This electrode switches between a cathode and an anode as the electrical potential is switched.
The technology has evolved significantly over the years. The entire cycle consists of four steps [56] as
shown in Fig. 7. In the first step, the intercalation of Li ions onto the electrode material occurs at negative
bias. During this stage, Li" adsorbs to the working electrode, which is an energy-generating step analogous
to discharge of a battery. The role of the counter electrode varies depending on the nature and type of
counter electrodes. After a given period, the Li source solution will be replaced with a recovery solution in
the second step. The recovery solution is typically a solution with low or no Li". In the third step, a positive
bias is applied to the electrode pair, during which all Li" captured by the working electrode is transferred
to the recovery solution. This step consumes energy and is similar to charging a rechargeable battery.
Finally, the recovery solution is replaced again with the source solution, prior to starting another Li"
capture/release cycle. This technique operates in a mechanism complementary to that of a Li-ion battery,
and the corresponding intercalation and deintercalation steps are analogs to discharging and charging a

rechargeable battery.
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Fig. 7. Schematic of typical Li recovery process in brine using A -MnO as the Li capturing electrode and
Ag as the chloride capturing electrode (obtained from [56]).

A-MnO», which is an electrode material used in commercially available Li-ion batteries, iron (III)
phosphate and Li-deficient lithium manganese oxides (LMO), have been frequently used as working
electrodes. Pt was the counter electrode used in the early ESIX processes, but energy-intensive water
splitting reactions that produce H» and O, took place at the Pt counter electrode increasing energy
consumption [80, 81]. However, in later studies, Pt was replaced with Ag, due to its ability to adsorb CI".
In this configuration, the cell was simple and was driven by entropy. Energy consumption was further
lowered with the introduction of a nickel hexacyanoferrate (II/11T) based electrode. These systems no longer
entail mixing entropy and are somewhat limited to the solvation of Li" ions in the solution. The technique

is simple, rapid, easy to operate, and shows low energy consumption with high selectivity.

ESIX, similarly to other electrochemical Li recovery methods, does not yield Li in a form that is
directly usable. If Li concentration is high enough in the recovery solution, there would be no need for the
time-consuming solar drying steps used in the conventional lime soda evaporation process for Li extraction.
This process is mainly being used in the countries of Chile, Bolivia, Argentina, and Australia. Studies show
that adopting ESIX reduces the time scale for producing a usable product from years for solar drying to

hours [20]. ESIX isolates Li from the coexisting ions in the source solution and concentrates it in the release
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solution. This technology offers the extended advantages of efficiently removing other coexisting ions. In
the conventional process, other ions are removed by precipitation, which requires additional reagent and
produces large volumes of sludge that require additional treatment prior to disposal. In the following
section, the most recent ESIX systems are critically compared to highlight each system’s advantages and

disadvantages. The evolution of the working/counter electrode pairs will also be discussed.

The recovery of Li or any other elements from a very low concentration solution is mostly limited
by mass transport. However, this can be overcome by having a higher electrode surface area with a stack
of smaller electrode pairs of working and counter electrodes arranged in an array, rather than a single
electrode with a larger area. [17]. In order to obtain a high concentration of Li in the final product, it is
important to keep the volume of the recovered solution as low as possible [17]. Li’s selectivity to other
elements is assessed by evaluating test samples from source and recovery solutions taken before and after

the test [82].

Lipossesses a smaller ionic radius and hydration energy than other cations that are naturally present
in salt lake brines and spent LIBs or discharges. In electrochemical Li recovery, liquid sources of Li are
used, where Li" coexists with chlorides of, Na*, K*, Ca®*, and Mg*". Li migration to suitable sites is based
on how compatible the ionic radius of Li" is with the interstitial sites of the Li capturing electrode. In this
aspect, K', Na“, and Ca*" do not compete with Li because they have higher ionic radii. However, Mg** has
a smaller ionic radius, and it is similar to that of Li", so maintaining a satisfactorily higher level of Li/Mg
selectivity is crucial but difficult [69]. Hydration energy of Mg*" is four folds higher than that of Li*. The
difference in hydration energy in the aqueous medium is used to separate the two ions. The energy supplied
to the system by the applied potential in the test window during the intercalation process is only sufficient
for the Li" to migrate to the tetrahedral interstitial sites of the A-MnO, electrode. The higher hydration
energy of Mg restricts its effective diffusion into the oxygen-rich A-MnO lattice [82].

Li capture and release are characterized by the capacity vs voltage curves, as shown in Fig. 8.
During Li capture, cell capacity decreases along with a drop in cell voltage while the releasing step
demonstrates capacity increase with the increase in voltage. The energy consumed in a single cycle is
calculated by the circular integral of the capacity vs. voltage plots obtained for charging and discharging
half-cycles. It is also the area of the polygon formed by combining the curves of the two half-cycles. To
increase its meaningfulness, the energy consumption is usually reported per mole or per gram of Li

recovered, which is called the specific energy consumption (SEC).
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Fig. 8. Plot of voltage vs. capacity curve of A -MnO,/Ag system, energy consumption during operation was
calculated by the circular integral of the graph (2.48 Wh-gii") [82].

2.2.1.1. A-MnO,/Pt

The concept of Li-ion recovery by the ESIX approach was first proposed by Kanoh ef al. in 1991,
employing a 0.75 pum film-thick spinel-type MnO- (A-MnQ;) battery material fabricated on a Pt plate [80].
Electrochemical Li insertion and release were characterized by cyclic voltammetry (CV) performed on 0.1
M LiCl solution in the potential region of 0.246 to 1.244 V. During the intercalation step, which corresponds
to the discharging cycle of a battery, the insertion of Li resulted in two distinct peaks at 0.69 and 0.52 V
(vs. SCE) in the forward sweep of the CV test. The subsequent release of Li from the Li loaded electrode
was probed by two oxidation peaks at slightly higher potentials of 0.67 and 0.82 V (vs. SCE) in the anodic
curve. The definite peaks at cathodic and anodic sweeps were found to correspond to the reduction and
oxidation of Mn (IV)/Mn (III) at two different sites, occurring with the transport of Li into and out of the
spinel lattice. The kinetics of the process tended to increase at peak currents as the scan rate increased from
0.1 to 0.5 mV-s"'. However, above 0.5 mV-s™, the two peaks combined into one, leading to the belief that
Li insertion is a slow kinetic process. In this initial demonstration, the Pt counter electrode had no specific
role other than maintaining charge balance in the system during intercalation and deintercalation by
undergoing a high energy-consuming water-splitting reaction. A subsequent study by the same team found
that this A-MnO»/Pt system was effective for recovery of Li at concentrations higher than 10 mM, while it
was completely ineffective at concentrations below 0.1 mM [81]. Furthermore, inhibition of Li insertion

was observed in mixtures containing alkali earth metals. Li ions are inserted into the tetrahedral binding
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sites of A-MnQO, to reduce the valence state from (IV) to (III). It was assumed that the divalent ions adsorb
to the outer surface of the electrode by electrostatic interactions and act as a barrier for Li to intercalate into
the electrode. However, in the later study, Li selectivity was reduced primarily by Mg, which as an ionic
radius similar to Li" [69, 82]. This method rendered good performance results for Li salt solutions with a
Li concentration greater than 10 mmol/L, but the sensitivity was poor at 0.1 mmol/L or less. Furthermore,
in the early studies, the ionic composition of the aqueous phase was evaluated by AAS, whereas it was
evaluated by a more precise method of ion chromatography (IC) later in the study. The Pt counter electrode

of this combined system has little contribution to process improvement.

2.2.1.2. A-MnO/Ag

A-type manganese dioxide is often used as an electrode in battery-based processes. Li is captured
and subsequently released by applying potentials in the range of 0.2 to 1.2 V and then reversing the
potential. A simulated desalination brine solution having 0.063 mM of Li* and 132.7 mM of Mg*" (Mg/Li
ratio of 2107) in a diverse solution containing Na*, K, Ca?", and Mg?**, was processed by a system using
circular-shaped A-MnO electrode [82]. Compared to seawater, brine from a desalination plant is regarded
as a better source of Li due to its high concentration in brine. The Li content in seawater is extremely low
at 0.17 ppm, which indicates that developing an efficient and economical method of capturing Li is difficult.
On the other hand, the brine from seawater desalination plants has 2-3 times higher concentrations of Li.
The utilization of seawater as a source for water and specific elements has been widely studied. Along with

Li" ions, desalination brine contains all elements present in seawater, yet at a higher concentration.

It was able to produce a concentration of Li in the recovery solution of 190 mM with 99% purity
[82]. It is noteworthy that 99% purity was achieved after applying two consecutive recovery processes, with
purity averaging 56% after the first recovery process. This demonstrates the value of applying multiple
recovery processes. Performance of multiple recovery processes can also be assessed by the enrichment
factor, which is the concentration of Li in the recovery solution compared to that in the feed solution. The
enrichment factor increased from 249.5 after the first recovery process to an excellent 3019 after the second
consecutive recovery process while demonstrating a specific energy consumption of only 3.07 Wh-gi;”". Li
recovery per unit mass of electrode material was high at 10.1 mg/g. Furthermore, this study examined the
effect of applied current density on the resultant Li capture process. At a constant current density of -10
pA-cm?, the Li enrichment factor was 249, whereas it dropped to 135 when the current density doubled to
-20 pA-cm™. This behavior was caused by limited mass transport at high discharging rates. In addition to
mass transport limitations, there was some evidence that lower enrichment factors were caused by increased

dissolution of Mn at high applied currents [83].
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In another study using A-MnO; and Ag electrodes, Liu and coworkers [84] used repetitive half-
cycles to increase adsorption capacity. The adsorption half-cycle was repeated five times before proceeding
to desorption. The results clearly show a decrease in Li" concentration in the source solution after each run,
accounting for 2 mmol-g” of Li adsorbed per cycle. Additionally, in a mixed solution with Na*, K*, Ca**
and Mg”, Li" had superior selectivity with selectivity coefficients of 38.78, 35.63, 29.0, and 120.08,
respectively. The retention of activity after 50 cycles of intercalation/deintercalation was 82.8% of its
starting value when adsorption and desorption were performed at a constant current of 50 mA-g™. This

system was tested with a high Li" concentration of 1 M, which is far from that in available Li" sources.
y g

A study by Xu ef al. showed a transformation in cathodic and anodic peak positions when the scan
rate was increased from 0.5 to 10 mVs™ in CV tests using a A-MnO, cathode and an Ag anode [83]. Sweep
at 0.5 mVs™' scan rate, the two reduction peaks appeared at 0.75 and 0.6 V, and conversely, two oxidation
peaks at 0.65 and 0.85 V in the respective cathodic and anodic curves as given in Fig. 9. With the increment
of the scan rate, the distinct peaks broadened and shifted towards lower potentials in the cathodic curve,
and the shift was towards higher potentials for the two oxidation peaks in the anodic curve [83]. The driving
force of the Li intercalation, whether it is diffusion controlled or the adsorption controlled, can be
understood by the intensity of the redox peak vs square root value of the scan rate plot. This plot is compiled
by processing information in Fig. 9 If the intercalation is driven predominantly by diffusion of Li", the plot
will exhibit a linear relationship between the intensity and the square root of the scan rate. More precisely,
the transfer from Mn (IV) to Mn (I1I) is faster than Li inclusion and exclusion from the interstitial sites and
electrolyte solution. The effect of the morphology and surface area of the MnO electrodes was assessed by
employing a MnQO; powder electrode and a MnO; film electrode in otherwise identical reaction systems,
authors assuming similar MnO; content in both systems. After 100 cycles of operation, concentration of
Li" in the feed was dropped by 25.4 mM for the MnO; film electrode while it decreased by 18.6 mM for
MnO, powder electrode, corresponding to that Li concentration increase was 25.3 mM and 18.1 mM in the
recovery solutions, respectively. Additionally, Li" recovery efficiency over 100 cycles declined slightly in
the film electrode (<10% drop), but the decline was relatively large in the powder-based electrode (> 20%
loss). This could be related to the combined effects of the dissolution of Ag and loss of MnO; powder.
Notable features in this process include a potential reduction from 0.6 V to 0.3 V during 30 minutes of

intercalation, along with a potential increase from 0.7 V to 1.0 V for 30 minutes of deintercalation.
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Fig. 9. CV curves of A -MnO; electrode in 1 mol-L™" of LiCl solutions at various scan rates [84].

Preliminary work on a pilot-scale system is vital in order to take advantage of the progress in
developing technologies at smaller scales and use it to develop processes that can deal with commercial
quantities of brines. Scaling up comes with an inherent set of problems that require slight modifications of
process parameters compared to those used in laboratory-scale systems. The upscaled system that uses A-
MnO»/Ag electrodes for electrochemical Li ion pumping showed a slight decrease in the purity to 88% with
an enrichment factor of 1800 [17]. The process design could support an incoming flow of 250 L-h™ and
could produce a flow of 1 L-h"' of brine concentrate. When the system is fed with desalination concentrate
from a RO and MD based water desalination plant with an initial Li concentration of 0.035 mM, the Li
concentration in the product was 62 mM after being treated by 14 pairs of A-MnO, /Ag electrode couples
in a parallel configuration. The initial brine contained Na*, Ca®", Mg*" and CI ions with a Mg/Li ratio of
2029. Like the lab-scale system, during Li insertion, A-MnQ; is converted to Li;Mn,O4 and Ag to AgCl,
where x is between 0 and 1 (0 < x < 1). An additional step of washing the chamber with a fresh stream of
deionized water is included in the pilot-scale system as shown in Fig. 10. Its purpose is to wash out the
impurity ions before releasing Li ions into the release solution. Having the middle step of washing the
chamber alleviates the necessity of costly post-treatment to enrich Li in the recovery solution. In general,
these tests were performed at a potential sweep between 0.2 V to 1.2 V with a change of + 0.3 V and a
constant current of = 50 pA [17]. Higher selectivity for Li was demonstrated by the purity values. In the
initial feed, Li exhibits a purity of 0.0048% due to the massive abundance of coexisting ions. The value
increased to 3.0% in the intermediate tank and to 88% in the final recovery solution, and Li capture

performance was improved by repeating the Li release step 5 times.
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Fig. 10. Schematic of A -MnO»/Ag cell design in the pilot-scale [83].

2.2.1.3. A -MnOy/activated carbon

Despite Ag’s indispensable role in the capture of chloride ions, the dissolution of Ag, which reduces
the long-term stability of the anode, is an intractable challenge [64, 85]. Replacing Ag with activated carbon
showed an increase in the energy consumption for Li recovery by 29.148 Wh-gii”' [69] when the feed
solution is a mixture of chlorides of Na*, K*, Ca*" and Mg®" along with 30 mM Li. However, the system
rendered a high level of stability, demonstrating no loss in coulombic efficiency with an insignificant drop
(3%) in capacity over 50 cycles of charging-discharging in the CV sweep region from 0.0 to 1.1 V. This A
-MnO»/activated carbon system resembles a hybrid supercapacitor system. The hybrid supercapacitor
conceptually consists of a supercapacitor electrode (activated carbon) and a battery electrode (A-MnO>),
which is advantageous in increasing overall cycle performance by increasing the charge density. Here, an

AEM is used in the middle of the spacer and activated carbon to prevent cations from adsorbing onto the
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pores of activated carbon. The role of AEM in the system is similar to the membrane used in CDI [86]. The

amount of Li recovered is enhanced by repeating the release cycle twice.

2.2.1.4. A -MnO/NiHCF

NiHCF is a derivative of Prussian blue and is cheap and earth-abundant material. It is the
coordination compound typically found as the sodium or potassium salt of nickel hexacyanoferrate(Il) or
(). The affinity of the hexacyanoferrate unit for Na™ and K offers the advantage of removing coexisting
alkali metal ions from brine, given that NiHCF is deployed in a two-electrode system as the counter
electrode. NiHCF is already being studied as the positive electrode for Na” and K" ion batteries and has
been found to have good specific charge retention [87]. NiHCF is undeniably cost-effective and durable,
compared to Ag or Pt. In the A-MnO»/NiHCF system, NiHCF has been shown to act as a Li exclusion
electrode with at least a 23.6% improvement in Li" selectivity compared to A-MnO»/Ag [54] and A-
MnO»/AC [56, 69] This was based on measurements that were made on the recovery solution by ICP-MS.
The function of the NiHCF counter electrode is different from that of Ag. In the case of Ag, at the same
time as Li" is adsorbed to A-MnO, CI is adsorbed to Ag to form AgCl. On the other hand, in the NiHCF
system, adsorption of co-ions occurs in the Li release step, when the system is subjected to a positive bias.
As Li is released from LiMn,O4 to regenerate A-MnQ,, secondary ions from the solutions are included in

NiHCF to form (M-NiHCF) [56].

In an equimolar solution of 100 mM LiCl, NaCl, KCIl, and MgCl,, after an extraction/release cycle,
the selectivity coefficient of Li against Mg was 315, when the release step was performed on a 156.3 mM
KCl recovery solution. In the simulated Atacama brine, which has a low Li concentration (42 mM) but has
concentrations of K* and Mg”" near 100 mM, the selectivity (Li'/Mg*") was high at 1700 with an energy
consumption of 3.6 Wh-mol'1i;. This confirms the possibility of this process being used with real salt lake
brine solutions that have high Na*, K" and Mg?*. Another distinct advantage of the NiHCF counter electrode
is the ability to use seawater or other brine as a recovery solution, rather than a salt solution prepared in
pure water. This is possible because NiHCF attracts cations of alkali metals from solution in order to

maintain the charge neutrality in the recovery solution.

Rapid and non-destructive x-ray diffraction (XRD) analysis gives insight into the underlying Li
insertion process. The change in lattice constant evaluates Li capture and subsequent changes in the A-MnO»
crystal structure during various time intervals along with the capture and the release step. Spinel type
LiMn;O4 belongs to the Fd3m space group with a lattice constant of 8.23 A, while that of completely
delithiated A-MnO is 8.03 A. During Li capture, Li may intercalate into all of the A-MnO, vacant sites, in
which case the XRD pattern of the working electrode after capture is identical to spinel LiMn,O4 lattice

frame [88]. In the second possibility, A-MnO, and LiMnOs phases coexist after the discharge step [82].
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However, the lattice constant corresponding to the LiMn,O4 phase in the binary mixture was slightly lower
at 8.19 A, but no significant difference in the lattice constant of MnO in pristine and coexisting phases was
observed. This is due to Li’s partial insertion into the spinel A-MnO lattice caused by the insufficient mass
transfer of Li. In most of the studies employing A-MnO; cathode, regardless of the phase after lithiation,
XRD analysis showed that the pristine A-MnO; phase recovered faster during the regeneration step than

during the capture step.

2.2.1.5. A -MnO,/LiMn204

Another possibility for the Li recovery process is to have working and counter electrodes of the same
type. Both electrodes could have an Mn-based framework, with the working electrode having a lower
content of Li (MnO,) compared to the counter electrode (LiMn,O4). In such a system, two electrodes are
immersed in two different tanks separated by an AEM, and adsorption and desorption take place
simultaneously on working and counter electrode, respectively [89]. Unlike the usual four-steps adsorption-
desorption approach, the four steps in these systems are defined for one electrode because the working
electrode becomes the counter electrode later in the cycle (Fig. 11). The first step of the cycle starts with
the adsorption of Li at the working electrode, during which the working electrode compartment is filled
with Li" source solution and the counter compartment with a recovery solution (30 mM LiCl). The second
step includes flushing the solution from both tanks until the outlet stream’s conductivity is lower than 10
uS-cm™, followed by refilling with the solutions opposite to that in step 1. Then, in the third step, the
direction of the current is reversed to that of the first step. The initial Li concentration in the source solution
has a positive effect on the resulting adsorption capacity. For example, increasing the Li" concentration
from 5 to 100 mM enhanced the Li* adsorption capacity from 1 mmol-g™' to 4.5 mmol-g" after 120 minutes
of cycle runtime. Also, the impact of the applied voltage on the adsorption capacity was not as prominent
as the Li" concentration effect. When the applied voltage varied from 0.25V to 1.5V with an increment of
0.25V, the adsorption capacity was approximately 3.7 mmol-g" for all applied voltages in the range 0.5V
to 1.5V. In the case of an applied voltage of 0.25V, the adsorption capacity was as low as 2.8 mmol-g™,
and this drop was related to an applied voltage being lower than the voltage required for the system to reach
equilibrium [89]. Manganese loss was found to be minimal (0.01%) during all operating conditions of the
system. Although the Mn loss was not significant, the adsorption capacity was 57.1 % of the original after

30 cycles.
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Fig. 11. Schematic of four steps operation in lithiated and delithiated working/counter electrode pair,
solutions in tank A and B during step 1 are switched by step 3, and it is represented by relative amounts of
ions in each compartment. For instance, tank A is the concentrate in step 1, while tank B is the concentrate
in step 3 [89].

2.2.1.6. LMO/BDD

Battery recycling wastewater is a rich source of many compounds. If properly designed, the anodic
reaction at the counter electrode of an ESIX system could be manipulated to remove organic pollutants. At
the same time, Li" is captured at the LMO working electrode along with the rapid removal of organic
pollutants [88]. Boron doped diamond (BDD) is an oxidant generating electrode, thus reactive oxygen
species formed degrade the pollutants partially by fractionation or completely by mineralization. In the case
of the LMO/BDD system, 98.6% pure Li" was recovered from the process, and 65% of the total organics
in the system were decomposed, when the system operation was studied using a battery cycler. The Li
recovery rate was proportional to the applied current density, however, the applied current density had a

negative impact on the LMQO’s adsorption capacity. Therefore, it is important to select an appropriate
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current density depending on the amount of Li" expected to be captured over a given period of time. The
findings of this study are important because wastewater from battery recycling plants could potentially be

a large source of Li" to meet the high demand for this element in the future.

2.2.1.7. LMO/Ppy
Polypyrrole (Ppy) was also studied as a replacement for the Ag electrode in a system with a Li deficient
LMO acting as the working electrode [90]. The LixMnO> fabricated by pulse layer deposited thin film was
evaluated to have 1:2 Mn/O and 1:1 Mn(IV)/Mn(Ill). Detailed analysis of the bulk chemistry of the LMO
material showed that Li insertion in the MnO» happens by a topotactic Li insertion mechanism, whereas Li"
is removed from LiMn,O4 by maintaining the cubic symmetry in isotopical expansion. Additionally,
Mn(III) depletion and recovery take place at 1.1 V and 0.4 V, respectively. At low intercalation rates, Na"

was found to interfere with Li*, but XRD showed no evidence that Na* is intercalated in the MnO» structure.

2.2.1.8. LMO/Ppy/AlLO3

Most recently, a Ppy/Al,Oz hybrid was immobilized on a LMO electrode to produce a working
electrode with a versatile 3D nanostructure that was used in combination with an activated carbon counter
electrode [7] in a LMO-based ESIX system. The system had promising stability in a complex simulated
brine solution (23.48 mM Li*, 120.83 mM Mg*’, 256.4 mM Na*, 47.83 mM K" and 0.57 mM Ca*"). It
showed an activity retention of 91.66% after 30 cycles of continuous operation with 97.37% pure Li" at a
constant current of 0.75 mA. SEC was as low as 1.41 Wh-mol'-L™ with an adsorption capacity of 1.85
mmol-g™. The importance of Ppy/Al,O; on LMO was assessed to have a higher diffusion coefficient of Li"
compared to other systems, which affirms the enhanced Li" capture/release kinetics with Ppy/Al,Os on the

LMO surface.

2.2.1.9. LiFePO4/Ag

Mantia and coworkers employed iron(Ill) phosphate in a 4 -step Li intercalation deintercalation cell
[55]. When the system resembled the actual extraction process taking place at Salar de Atacama,
observations suggest that the ESIX process operating at a current density of 0.5 mA-cm™ could yield within
eight days the same amount of Li extracted over a year at Salar de Atacama. With a low energy consumption
of 2.8 Wh-mol™, the selectivity of Li" with respect to Na" and K" was very high at 29000 and 36000
respectively, but moderately high for Mg®* (9000). Increasing the current density from 0.05 to 0.5 mA-cm’
? increased Li adsorption from 74 to 99 mM, but further increasing it to 5 mA-cm™ reduced it to 52 mM.
The corresponding Li recovery efficiencies were 69.4, 92.9, and 48.8% as the current density increased.
This shows that at a high current density, such as 5 mA-cm™, mass transport is hindered, resulting in lower

Li recovery. Concentrations of secondary ions generally increased as the current density increased, except
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for potassium. Thus, a current density as high as 5 mA-cm™ is not appropriate for Li recovery in some
solutions. The purity (99.98%) and adsorption (74 mM) is excellent at 0.05 mA-cm™, while Li recovery
efficiency (97.86%) adsorption (99 mM) is high at 0.5 mA-cm™. These values are important in industrial

processes to decide on which system parameters are economical for an expected production outcome.

2.2.1.10. FePO4/NiHCF

Iron (III) phosphate (FePOs) in olivine structure and NiHCF(II) both have iron in the matrix, but
with iron in different oxidation states. Iron phosphate serves as the Li-capturing electrode and NiHCF is
the Li exclusion counter electrode. The pair showed similar energy consumption to systems with Ag as the
chloride capturing counter electrode [64, 73]. During Li capture, Fe (III) is reduced to Fe(Il) as Li enters
the matrix of iron phosphate, and Fe(II) is oxidized to Fe(Il) in NiHCF as a cation is released into solution.
During the Li release step, the cation returns to the NiHCF matrix. In this study, Atacama brine, seawater,
and 90 mM KCl solutions were studied as recovery solutions to evaluate the selectivity and Li release
characteristics in the LFP/NiHCF system. Results showed that the use of Atacama brine dramatically
increased the Li content in the recovery solution from an initial 4.3% to 106%. At the same time,
concentrations of Na” and K™ were reduced in the brine solution by 18% and 56%, respectively, due to their
inclusion in the NiHCF matrix. Similarly, when seawater was used as a recovery solution, concentrations
of Na" and K" were reduced by 31% and 62%, respectively, while Li content increased by 20.4%. These
observations shed light on the importance of research on counter electrode materials that can operate well
using natural salt resources as recovery solutions if the technology is to be viable on an industrial scale.
Observed SEC with different recovery solutions was in the order of Atacama < seawater < 90 mM KCl,
showing that Li content has a positive influence on the specific energy consumption. The initial Li
concentration was high in Atacama brine, which yields a lower specific energy consumption of 8.7 Whmol'.
On the other hand, seawater with the lowest Li concentration had the highest SEC at 12 Whmol™. Li purity
in systems where real brines are used is well below 99%, but this is to be expected because the source
solution contains many other cations and anions at different proportions. Therefore, assessing the
percentage increment or decrement of a specific ion of interest in the recovery solution is a fair approach
to evaluating the process validity. The specific energy consumption, purity, and Li content of the recovery
solution of the LFP/NiHCF system are comparable to MnO»/Ag or MnO»/NiHCF systems. The theoretical
specific charges calculated by Mantia et al. were found to be 148 and 170 mAh.g™' for LMO and LFP,
respectively, which were about 20 units higher than the actual values [56]. When it comes to ESIX systems,
studies mainly focus on developing new working and counter electrodes. Additionally, studies also focus

on different scan rates and current densities to deduce the mechanism involved and gain insight into the
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kinetics. MnO; is sometimes found to have high energy consumption with insufficient purity after one

recovery cycle [54, 81].

2.2.1.11. Flow-through ESIX
ESIX systems have rarely been studied in flow-through operations. In industrial operation,
continuous flow-through processes are more reliable than batch processes. An important aspect of the flow-
through process is that when changing the solution from the source solution to the recovery solution, no
contaminants from the source solution should be carried over to the recovery solution. On the research
scale, flushing is usually done with pure water until the outlet stream has a minimum conductivity of 10
uS-cm™ or less. It is questionable how practical this is in an industrial process, as the use of large quantities

of the scarce resource of fresh water must be avoided to ensure sustainability.

Palagnia et al. studied a flow-through ESIX system, which incorporates a LMO electrode
sandwiched between two NiHCF electrodes [91]. The cell boundary was defined by two circulating plates
that pressed the electrode stack as shown in Fig. 12, which was an improvement to previously reported
designs [92, 93]. The system was initially tested with a source solution containing only LiCl (1 mM) and
NaCl (1 M). The inlet stream was maintained at a flow rate of 15 mL/min, and the recovery solution of 120
mM KCI was pumped at a rate of 5 mL/min. Adsorption was carried out at 0.5 mA constant current, while
desorption was at ImA. Between the cycles, the system was flushed with 50 mL of 120 mM KCIl, which is
the same composition as the recovery solution. The reactor design was optimized to reduce the dead volume,
which was found to be 0.82 mL, much less than the recovery solution’s volume. The system yielded 5 mL
of 100 mM LiCl with 94% purity after 9 consecutive operation cycles, showing a greener prospect for
industrial utilization. Nevertheless, the system was estimated to concentrate 800 mM LiCl after 200 cycles,

given that the electrodes exert good stability over time.
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Fig. 12. Representation of electrode stacks (left) and plates (right) in a flow-through ion pumping system
[92].

ESIX technology for Li recovery, in brief, has employed simulated brine, natural brine or multi-
ion solution as source solution instead of solutions made from only the lithium salt. SEC showed a variation
in the range 1.4 kWh/kmol to 18.5 kW kWh/kmol. Low SEC for simulated brine source solutions with
moderately high Mg/Li value of 18 is appreciable since this can be improved to industrial scale. With an
AC counter electrode, SEC of 1.4 kWh/kmol was achieved with Mn-based working electrodes modified
with either rGO [70] or Ppy/ALOs [7]. A very high SEC of 60 kWh/kmol was reported when a LMO/BDD-
based system examined the capability of recovering Li along with organic pollutant degradation
simultaneously [88]. This study focused on more proof of concept for the dual role, rather than the process
improvement with regards to Li recovery. Furthermore, Li recovery was carried out in a phosphate buffer

solution, a media suitable for pollutant degradation and Li recovery. On the other hand, traditional Li
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recovery solutions are KCI, LiCl or CaCl, solutions in the range of 10-100 mM, and the solutions ensure
sufficient conductivity in the medium to enable the charge transfer. The time to complete the
discharge/charge cycle varied between 25 minutes to 18 h. Compared to 1-2 years to complete a
conventional solar evaporation process that also has a high level of uncertainty, 18 h is highly regarded.
Energy consumption and recovery rate values were 7.9 kWh/kmol and 14.4 mg/g for the system with a
short cycle time (25 min) [9] as opposed to the 3.07 kWh/kmol and 7.34 mg/g for the system with a long
cycle time (18 h) [82]. The two afore regarded systems employed different working/counter electrode pairs
and source solutions with different initial Li concentrations. Higher Li recovery of 14.4 mg/g with AC
counter electrode in the short cycle system recommends the use of AC counter electrode in ESIX systems
since the recovery is nearly half at 7.34 mg/g in the long cycle system which employed Ag counter
electrode. With Salar de Atacama brine [73, 94] (real or simulated), the specific energy consumption was
in the range of 6-8 kWh/kmol, regardless of the working/counter electrode pair. Interestingly highest Li
recovery rate was observed with Li1.xMn.O4/LiMn,Os system [76]. The majority of A-MnO, working
electrodes exhibit adsorption capacity around 10 mg/g, while it is slightly higher around 30 mg/g for LMO
working electrode systems [76, 84, 90, 95].

In ESIX, within a single cycle of Li capture/release, several repetitive recovery steps are performed
to increase the amount of Li recovered. Energy consumption is generally calculated with reference only to
the first cycle, resulting in lower calculated energy consumption than actually occurs over all cycles. Also,
the recovery solution volume is usually maintained at low values in order to increase the concentration of
recovered Li. If extraction to the pL volume requires several cycles (about 5 concentrating cycles), then the
large volumes that are expected at an industrial scale will require > 1000 cycles of concentrating during the
Li release half cycles. The pumping energy related to the multiple steps within a cycle, together with the
time-inclusive release process, must endure a considerable amount of energy that needs a full understanding

before being implemented on a large scale.

Source and recovery solutions in ESIX systems are kept either in two separate tanks or in the same
tank, which requires that it be flushed between the two solutions. Flushing is done with pure water or the
recovery solution, but since the recovery solution is made with pure water, a scarce resource is being
consumed. In this regard, very few studies with NiHCF counter electrode have utilized brine as a recovery

solution, which is unfortunate in light of the need for sustainability.
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2.2.2. Capacitive deionization (CDI)

Besides ED and ESIX, capacitive deionization (CDI) is another promising electrochemical process that
is considered to be simple in configuration and environmentally benign, and that can be utilized as a
potential Li recovery method [15]. CDI has long been extensively investigated and gained a huge interest
as an advanced water treatment technology that can be employed in various applications ranging from
desalination of brackish water and seawater to water softening and removal of weak acids [96]. The basic
operation of CDI is based on creating an electrostatic field between two porous electrode materials
characterized by a high specific surface area. Applying the voltage forces cations and anions to migrate
towards the oppositely charged electrodes and the ions enter the electrical double layer created between the
electrode surface and the bulk solution. Then, when a reverse charge is applied, the ions are released to the
solution, thus regenerating the electrodes for the next cycle [71, 97]. With the growing exploration and
advancements of CDI cell architectures and designs [98], CDI is widely investigated as a tool for the
selective removal of specific ions from a multicomponent electrolyte. In this context, new and limited
references have discussed and explored the application of the CDI process for the selective capture of Li.

These studies are summarized in Table 1 and briefly reviewed below.

To enhance the selective capture of certain ions and the deionization efficiency of the process,
membrane capacitive deionization (MCDI) was introduced. Here, conventional CDI processes were
adapted by adding anion and cation exchange membranes (AEM and CEM) between the two electrodes.
To promote specific recovery of Li’, the MCDI process was further modified by using a monovalent cation
exchange membrane that is selective for Li ions. This process is called monovalent selective membrane
CDI (MSMCDI). Shi et al. [99] demonstrated the use of this MSMCDI approach for the selective capture
of Li ions from a mixed solution containing lithium and magnesium ions. Here, the MSMCDI process
combined two activated carbon (AC) capacitive electrodes, which are usually employed in conventional
CDI processes. The process differed from conventional CDI by the addition of a monovalent selective
cation exchange membrane (MSCEM) between the solution and the cathode and a conventional AEM
between the solution and the anode. The MSCEM allowed for the selective capture of monovalent Li" over
Mg*". This system was applied to a LiCl/MgCl, simulated brine feed mixture containing 5.0 mg/L of Li".
Fig. 13 shows a schematic diagram of this MSMCDI process. When voltage is applied to the MSMCDI
cell, Li" migrates through the MSCEM to accumulate in the double layer near the cathode surface, while
Mg*" is blocked by the membrane and retained in the feed. This process demonstrated a superior Li
selectivity of 2.95 when operating conditions such as cell voltage, feed concentration, and operating time
were optimized to 1.0 V, 30 mL/min, and 10 min, respectively. Fig. 14(a) compares the corresponding

selectivity coefficients and removal rates of Li" and Mg using conventional CDI, MCDI, and MSMCDI.
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It was evident from these results that the MSMCDI demonstrated the highest selectivity and removal
percentage for Li" ions, reaching a removal rate of 38%. Additionally, the process demonstrated a lower
specific energy consumption of around 0.0018kWh mol™, which is much lower than that of a conventional
ED process (0.04-0.27 kWh mol™"). Therefore, this increases the feasibility of using MSMCDI for Li

recovery.

Monovalent Cation Exchange Membrane

Anion Exchange Membrane
Activated Carbon
Current Collector Current Collector

Fig. 13. Adsorption and desorption processes of membrane capacitive deionization (MCDI) system [99].

The application of Li recovery using CDI and MCDI processes is considered new and somewhat
limited. Thus, hybrid capacitive deionization (HCDI) is gaining much interest as an emerging electro-
membrane assisted process for the selective capture of ions such as Li from mixed ion solutions [100, 101].
HCDI is a modified CDI process designed specifically for the targeted recovery of ions of interest. This
aim s typically achieved by replacing one of the capacitive electrodes with a faradaic intercalating electrode
that can selectively capture and retain an ion of interest during the adsorption process and successfully
release it during the desorption process. Furthermore, the counter capacitive electrode is usually wrapped
with an AEM to prevent the capture of targeted ions by these electrodes during the desorption process and
to reduce the effects of co-ions, thereby controlling the ion recovery efficiency [102]. A A-LMO/AC HCDI
cell was examined for the selective recovery of lithium from an aqueous solution containing (Li", Na", K",
Ca?*, and Mg>") [103]. This process had a specific recovery of 0.35 pmol Li/g-adsorbent, which was 7 times
higher than the amount recovered by a physical adsorption process under the same experimental conditions.
This study has shed light on the effects of competitive ions and the concentration of Li" on the selective
recovery of Li" ions. The selectivity order obtained was Li* >> Mg?" > Ca?* >K* >Na", which indicated the
primary influence of ionic radii and the extent of charge of these cations on Li-ion selectivity (Fig. 14(b)).
It was observed that the higher the concentrations of coexisting cations in a solution, the lower the recovery
of Li". Also, considerable Li-ion selectivity was observed when the solution contained sodium as a
competitive cation, and this behavior was attributed to the narrow void space of the intercalation electrode

that may not allow the intercalation of sodium ions. On the other hand, a reduction in Li" selectivity was
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noted when the feed solution contained divalent cations. When an electrical potential is applied to the
electrode surface, divalent ions exhibit a stronger electrical force, move faster, and form a thicker diffusion
layer on the electrode surface than monovalent ions, thereby hindering the migration of Li". Nevertheless,
one of the shortcomings of this study was the high specific energy consumption of the process, which was

23.3 Wh/g of Li.

Early studies done by Ryu et al. focused on electrode enhancement for a better HCDI process. They
were the first to suggest using electrostatic field assistance (EFA) to improve the desorption and absorption
of Li ions in the LMO/AC HCDI process [104]. They tested the desorption of Li by coating the current
controller with a Li selective adsorbent rather than the carbon/CEM layer. They observed a lower desorption
efficiency of 45%, compared to the conventional desorption process that uses an acidic solution. In their
later study [105], they focused on studying the effects of varying initial Li concentration and applied
potential on Li adsorption in the adsorption step. Figure 14(c) illustrates the main results of this study that
show that Li adsorption increased with increasing feed concentration and applied voltage up to 1.0 V. This
effect was due to these parameters increasing the diffusivity of Li when they are higher. It is important to
note that in general, the CDI or HCDI process needs to apply voltages less than 1.0 V to avoid water splitting

and the occurrence of other undesirable electrode reactions [106].
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Fig. 14. (a) Selectivity coefficients and removal rates of Li" and Mg*" using CDI, MCDI, and MSMCDI
[99, 103, 104]. (b) Li-ion selectivity with respect to competitive cations with various feed concentrations
of Li/M (M = Na", K*, Ca®*, and Mg®") [99, 103, 104]. (c) Amounts of extracted Li obtained with various
initial Li" concentrations, with and without an applied cell potential in the adsorption process [99, 103,
104].

Due to its simple and straightforward setup, the HCDI process offers an easy and fast approach to
evaluating fabricated membranes for such applications as lithium recovery. For instance, an HCDI setup
was used to study the effectiveness of a novel polyvinylidene fluoride (PVDF-EDA) based AEM that was
thought to efficiently block the co-ion effect and improve the desorption step in the HCDI process [101].
In this study, the effectiveness of a series of fabricated membranes was evaluated based on effective Li
adsorption and desorption efficiencies, and the membrane with the best overall performance in the HCDI
process was selected. The chosen membrane was characterized by a high Salt Adsorption Capacity (SAC)
that reached over 30 mg/g with a desorption efficiency of 96%. The HCDI process also demonstrated its
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stability over more than 20 repetitions of the process by showing current efficiencies reaching above 0.9
with a current density of 10 A/m” In another work, Siekierka [106, 107] used a novel spinel-type material
based on lithium-manganese and iron compounds as a Li adsorptive material in an HCDI process for Li
recovery from a multicomponent solution. The material was used to build a negatively polarized electrode
that provided an adsorption capacity of 32 mg/g-salt, 16 mg/g-salt, and 0 mg/g-salt for LiCl, NaCl, and
KCI, respectively. One of the main aims of this study, which is of great interest here, was the determination
of the working electric mode that optimized Li capture. The study analyzed an array of various electrical
sequences, including constant current (CC), constant voltage (CV), zero current (ZC), zero voltage (ZV),
reversed constant current (RCC), zero charge voltage (ZVC), and reversed constant voltage (RCV). The
results show that the successful application of CC-ZC-RCC mode allowed the system to extract Li ions

from the multicomponent solution with the highest observed efficiency of more than 76.

For ELiCSs, an important aspect to consider is their performance when using real brine solutions,
because using real brines provides information on the influence of existing impurities on process
performance. One of the few research papers that utilized real brine solutions to test and evaluate the
performance of HCDI was by Siekierka et al. [108]. In this work, geothermal brine was used to evaluate
the performance of a HCDI system consisting of a lithium-titanium-manganese-oxide (LMTO) and an AC
electrode coated with a poly(vinyl chloride)/ethylene diamine AEM. Two sets of process parameters were
compared and evaluated. The first sequence started with adsorption of Li at constant voltage (CV), followed
by its desorption at reversed constant voltage (RCV) and final desorption with zero voltage (ZVC), hence
resulting in a CV-RCV-ZVC mode. The other mode reversed the sequence of the desorption processes,
giving a CV-ZVC-RCV mode. This study shows that by applying 2V of external voltage in both modes
during the CV and RCV operations, the CV-RCV-ZVC system exhibited slightly less energy-intensive
behavior and consumed about 0.059 kW/m® of energy. However, the CV-ZVC-RCV mode was chosen as
the preferable mode for this application, because it provided an extremely high SAC value of 800 mg/g of
salt. This was due to the RVC mode allowing the formation of a thin and highly packed layer of ions on the
surface of the electrode, namely a solid electrolyte interface (SEI). This interface exhibits high ionic
conductivity and facilitates the migration and penetration of monovalent ions such as Li. The work was
further expanded [109] to investigate parameters that should be used to assess the performance and
effectiveness of such HCDI processes. The first parameter discusses the Salt Adsorption Capacity (SAC)
of the process. This parameter is usually affected by (i) redox reactions between competing ions and the
intercalating electrode, (ii) the specific surface area of the adsorbent affecting the spontaneity of the
adsorption process, and (iii) the formation of solid electrolyte interface multilayers. The second parameter
is the reproducibility of the HCDI process, which must be relatively high if it is to become an effective

process. The last important parameter is the energy consumption of each step of the HCDI process.
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The flow-electrode-based capacitive deionization (FCDI) process has long been studied and
developed in the field of water desalination. It has gained tremendous attention as a low energy consumption
process that provides high and continuous salt removal. Unlike conventional CDI that uses a fixed solid
electrode, FCDI provides the advantage of eliminating the need for a rinsing process by using suspended
electrode material that provides continuous electrostatic adsorption and desorption of desired ions [110].
Continuous extraction of Li from an aqueous solution using flow-electrode capacitive deionization was
investigated by Ha et al. [111]. In this study, activated carbon anode and cathode slurries were continuously
introduced and circulated (25 mL/min) through flow channels against a feed solution of LiCl flowing at a
rate of 3 mL/min. Fig. 15 shows a schematic diagram of the process in two circulation modes. The
continuous feed mode achieved multiple salt removal efficiencies and the batch feed mode operated with
higher desalination capacities. The study showed that Li could be effectively collected from the saline feed
at numerous concentrations. Here, the salt removal varied with the change of feed concentration and flow
rate, and the process showed the highest salt removal efficiency of 91.7% when the feed concentration was
the highest value of 100 mg/L. Also, the process showed an improvement in the salt removal rate when the

feed flow rate was decreased from 9 to 3 mL/min.

(a) Batch Mode (b) Continuous Mode
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Fig. 15. Schematic of FCDI with (a) batch and (b) continuous mode of operation for Li" removal (modified
from [111]).
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Although the studies on CDI for lithium recovery are clear, they lack consistency in terms of their
research focus and what functional parameters were tested. This discrepancy is crucial and should be
addressed to maintain a continuing adequate development in this field. Table 1 provides a summary of the
operating parameters and main results from the previously discussed research. Most of the research papers
discussed are intensely focused on the development of AEM/CEM and electrode materials, but the desirable
focus on the important process parameters for effective Li recovery is somewhat lacking. This inadequate
research focus can be reversed by concentrating on developing improved operating modes and system
architectures, as well as testing various Li source solutions. The feed solutions that have been tested were
mostly single-component solutions of Li salts. In light of exploring new processes for effective and efficient
Li recovery, testing with multi-ion feed solutions and real brine solutions such as salt lake brine and
geothermal brine is highly needed. The acquisition of data for operation with such real waters is strongly
advisable, since real feed waters contain abundant organic matter and hardness ions that may hinder the
performance of the CDI process and cause scaling and fouling issues on its electrode surface. Hence, this
area needs much evaluation. As can be seen in Table 1, varied source solution concentrations and flow
rates have been tested (16-1457 ppm, 10-67 mL/min). However, there is little work that evaluates the
effects of flowrate and residence time in the presence of trace amounts of Li that is important data for the
development of such applications. Most CDI systems run at constant potentials ranging between 0.6 V to
3.5V, but they still have a high specific capacitance, which is reflected in the good desorption efficiency
of the process. Although reported efficiencies were good (see Table 2), they lack consistency with each
other. Some were evaluated by their faradaic efficiencies, while others relied on desorption or salt removal
efficiency. Since Li recovery with HCDI is highly dependent on the intercalating electrodes used, recovery
ratios are reported in terms of milligrams of lithium recovered per gram of electrode material used. The
highest specific recovery ratio reported reached 800 mgri/g of clectrode When a 16 ppm of lithium in a

geothermal brine solution was used as the feed source in the process.

CDlI is an emerging technology that has been a strongly innovative process for removing charged ionic
species from aqueous solutions. Up to this point, however, research on MCDI and HCDI for Li recovery
applications is very limited. This underrepresentation may be attributed to the undesirable loss of Li ions
during the continuously occurring charging and discharging cycles, which hinders the efficiency of the CDI
process in comparison to the other ELiCSs. Additionally, it is noted that CDI employs costly equipment
compared to ED and ESIX. Therefore, future work should focus on the effects of feed solution composition,
a better alternative to the electrode pairs, optimization of current density, and the potential for a given

system. This will make HCDI a strong competitor in the search for the dominant Li recovery process.
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1 Tablel
2 Summary of previous research on CDI processes for Li recovery.

Research Source of Source solution Applied Recovery Stability Efficiency Specific energy Ref.
focus Li Concentration Flowrate voltage ratio (RRy,) [cycles] consumption
[ppm] [mL/min] V] [mg/g] [duration] (SEC) [Wh/mol]
p LiCl
rocess + 152.6 it 10-30 0.6-1.4 B 2-30 min B 1.8 [99]
enhancement
MgCl,
96%
1
Membrane LiCl 848 Lic 67 1.23 30 3 cycles desorption - [101]
development 1 hr
eff.
Lithium
Electrode based 5 Cycles
1457 i 2 1. 2.41 . 160. 1
development binary ST 0 0 > 40 min - 60.77 [103]
solution
45%
Electrode LiOH 60 Lion 40 35 8.7 3 days desorption _ [104]
development
eff.
Electrode . 5 Cycles
LiOH 50 L 20 0.1-2.0 1.36 105
development ! vt 2 hrs - - [103]
Electrode 76%
LiCl 424 1 1.2 i . 1
development i He 67 3 78 30 min faradaic eff. - [107]
Process Geothermal 3 Cycles 73% [108,
16 1 2 . 1.2
evaluation brine 6 67 800 lhr faradic eff. 6 109]
Process 215.06 91.7%
development LiCl 100 Lici 39 1.2 L 2 hrs salt removal _ [111]
pmol.m™.s
(Flow process) eff.
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2.2.3. Electrodialysis (ED)

Electrodialysis (ED) is an electrochemical membrane-based separation process, which depends on the
electric potential gradient for the separation of ionic species in aqueous solutions [78, 112]. Under the
influence of potential difference between two electrodes, an electric field is generated that induces the
passage of ions through the ion exchange membranes (IEM). Consequently, concentration and dilution of
specific ions relative to the feed solution occur in the concentrate and dilute streams, respectively [72, 113].
A typical ED system contains a stack of repeating units called cell pairs that contain a cation exchange
membrane (CEM) and an anion exchange membrane (AEM) that separate alternating concentrate and dilute
compartments. The system also has electrode compartments at both ends [78]. Recently, ED has been
widely used in various industrial fields for selective separation of ions and displays low energy consumption
due to not requiring a phase transition. This environmentally friendly technology has been commonly used
in industrial wastewater treatment and desalination of seawater and brackish water. Types of ED can be
classified according to the characteristics of their IEM. Selective electrodialysis (SED) uses IEM that are
selective for monovalent ions; bipolar membrane electrodialysis (BMED) uses bipolar IEM and ion liquid
membrane (ILM) uses liquid ion membranes. ED-based technologies have been utilized in
hydrometallurgical processes to recover Li from brines, spodumene concentrate, and spent LIBs recovery
solution [72, 78]. Nevertheless, only a limited number of research papers have examined the use of ED-

based technologies for the recovery of Li, as summarized in Table 2.

2.2.3.1.  Selective electrodialysis

Selective electrodialysis (SED) is a new electro-membrane process that employs monovalent selective
IEMs instead of the conventional IEMs [114-116]. SED has been employed to extract Li" from brine
solution (high Mg**/Li" ratio) and seawater, due to its excellent permselectivity of monovalent and high
retention of multivalent ions and a lower requirement for pretreatment [117]. Thus, SED is considered a
promising technology for Li" separation and recovery from aqueous Li resources. In general, the
monovalent anion exchange membranes (MAEMs) and monovalent cation exchange membranes (MCEM)
are placed in the SED stack in an alternating manner [116]. In ED, when a potential difference is applied
between the cathode and anode electrodes, it induces the anions to move to the anode side and the cations
to the cathode side. In SED, the monovalent anions (e.g., Cl") and monovalent cations (e.g., Li", Na", and
K*) are transferred only through MAEMs and MCEM, respectively [114-116]. Divalent anions (e.g., SO4%)
and cations (e.g., Mg®" and Ca®") are rejected by MAEMs and MECM, respectively, as shown in Fig. 6(7)
[118]. Consequently, the concentrations of monovalent ions increase in the concentrate chamber and

decrease in the dilute chamber, while the concentrations of divalent ions remain constant in the dilute
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chamber [116, 118]. Lastly, sodium carbonate (Na,COs3) is added to the flow of monovalent mixed ions,
leaving the concentrate chamber and then heated to 80 — 90 °C in order to form a precipitate of lithium

carbonate (Li,COs) [64].

Parsa et al. [119] studied the application of SED for separating Li" and Na" from sodium-
contaminated lithium bromide solution at different applied voltages and initial concentrations of Li".
Increasing the applied voltage resulted in higher Li' recovery; however, it led to higher energy consumption.
On the other hand, operating with a highly concentrated feed solution resulted in a negative impact on the
recovery of Li" and increased the energy demand as well. The feasibility of applying SED for extracting Li
from simulated brine with high Mg*/ Li* has been investigated. Nie et al. [120] showed the technical
capability of SED in this application and observed that the mass ratio of Mg®"/Li" was significantly reduced
from 150 to 8 and high recovery (95.3%) of Li" was achieved. The readiness of SED for the recovery of Li
was tested through a preliminary study by using an artificial brine solution to evaluate and optimize the
operating conditions that govern the performance of SED [121]. In this study, the effect of applied voltage,
the mass ratio of Mg*'/Li*, pH, and linear velocity of feed solution were investigated. The results showed
that at high-applied voltage, the separation coefficient, recovery of Li" and specific energy consumption
were remarkably elevated. To minimize the energy requirement by SED, the optimum applied voltage was
selected at 5V. Moreover, the performance of SED was enhanced slightly when varying either pH or linear
velocity at 5V. Surprisingly, the separation coefficient rose to the maximum value of 51 at a mass ratio of
37 of Mg*"/Li* and remained almost the same at mass ratios of 77 and 92, while the recovery of Li was
improved at a high mass ratio of Mg®"/Li". Correspondingly, the optimum Mg*'/Li" mass ratio was selected
to be 60. These results indicated that the mass ratio of M (e.g., Mg*', Ca®*, Na"and K*)/Li" in feed solution

is a critical operating parameter, as it limits the Li" separation efficiency in the SED process.
Y gp P y p

A number of studies have intensively investigated how the characteristics of the feed solution affect
the performance of SED in separating Li [122-124]. Nie ef al. [124] compared the selectivity of Li" by
SED at a high mass ratio of Mg?'/Li" and mass ratio of Na'/Li". The results showed that higher selectivity
of Li" was achieved when raising the mass ratio of Mg*"/Li*, while lower selectivity of Li* was exhibited
at a higher mass ratio of Na'/Li". This demonstrated a notable separation efficiency of monovalent ions
toward divalent ions. Also, this finding proved that the competence in selectivity of Li" toward other
monovalent cations. The effect of coexisting pairs of monovalent cations (Na', K*) and divalent cations
(Mg**, Ca*")on the migration rate and recovery percentage of Li were investigated by Chen et al. [122].
They found that the migration rate of Li sharply declined when the molar ratios of both Na'/Li" and K'/Li"
were elevated from 1 to 3 and stabilized at higher ratios as shown in Fig. 16(a) and Fig. 16(b). At the same

ranges of molar ratios, the percentages of Li recovered were gradually decreased as seen in Fig. 16(c) and
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Fig. 16(d). The migration rate and recovery percentage of Li were improved when the mass ratio of both
Mg**/Li" and Ca?'/Li" rose from 1 to 3, which is consistent with previous studies [121]; however, they
gradually dropped at high molar ratios. From here, Chen et al. related the effects of other cations on the
migration rate of Li to their differences in radii size. The radii sizes of the monovalent cations (e.g., K" and
Na") are close to that of Li" than are those for divalent cations. To further verify the separation of Li and
magnesium, the effect of coexisting ions (K", Na*, and SO4*) was studied [123, 124]. The results showed
that high molar concentration ratios of monovalent ions to Li" lead to poor ion fractioning. This result was
also related to radii size, where the effect of coexisting monovalent cations on the separation of Li at a high
ratio of Mg/Li is in the sequence of K™ > Na'. On the other hand, the ion fractioning of Li and Mg was
improved significantly with the insertion of HCO;™ and SO4* since Mg" forms MgHCO5"and MgSOs.
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Fig. 16. The migration rate of Li (a) at a different mass ratio of Na'/Li" and (b) at a different mass ratio of
K'/Li" [121]. The recovery percentage of Li (c) at a different mass ratio of Na'/Li" and (d) at a different
mass ratio of K'/Li"[122].

45



O 00 N O U A W N B

[EEY
o

11
12
13

14
15
16
17
18
19
20
21
22
23
24
25
26
27
28

Guo et al. [19] investigated the implementation of SED separating lithium chloride (LiCl) from
concentrated seawater and salt lake brine over a range of applied voltages. Compatible with previous
studies[119, 121], high Li recovery (80%) was achieved when concentrated seawater was used as feed.
However, at the maximum applied voltage tested, the recovery ratio decreased due to ion leakage
phenomena. As a result, the high concentration of Li in the feed chamber became weak because of the high
concentrations of Mg”*" and Ca®". Moreover, the mass ratio of Mg*"/Li" was reduced from 16.07 to 5.62.
For salt lake brine, SED was operated at a higher range of applied voltages, since it had a higher ionic
strength and higher mass ratio of Mg/Li than the concentrated seawater. Notably, a substantial Li recovery
ratio of 76.45% was obtained, and its specific energy consumption was about an order of magnitude lower
than that for concentrated seawater. Accordantly, salt lake brine was selected to be more suitable for ion
fractioning of Li and Cl, owing to lower energy requirement. Overall, most SED studies indicate that the
selectivity of MCEM toward Li" in the presence of other monovalent cations is insufficient and needs

further improvement in order to extract a considerable amount of Li from primary liquid resources of Li.

To enhance the selectivity of MCEM toward Li, Bajestani et al.[125] demonstrated a novel
experimental work by fabricating a three homemade CEMs for recovery of Li* from a LiBr solution
contaminated with Na’. A basic homemade CEM was prepared (HH-CEM). Another membrane was
developed by first modifying the surface of HH-CEM by inserting a spinal type of Li selective adsorbent
on the surface of the membrane (M-HHCEM). A third membrane was formed by placing the same adsorbent
material within its matrix (C-HHCEM). The performance of all fabricated membranes was assessed and
verified compared to a commercial CEM (CMH-PES). The results revealed that all homemade membranes
performed better in terms of the migration rate of Li and molar selectivity of Li than the commercial one.
This is attributed to the type of material used in membrane fabrication, where HH-CEM is made of less
heterogeneous materials than CMH-PES. As a result, Na" passed through the membrane more easily, hence
there was a lower molar selectivity of Li in the commercial membrane. In addition, Fig. 17 shows that the
highest Li" flux was achieved by HH-CEM; however, it exhibited a lower molar selectivity compared to
M-HHCEM and C-HHCEM. This was attributed to the presence of Li—sieve adsorbents on the surface or
within the membranes that improved the molar selectivity of Li". In addition, the highest molar selectivity

was achieved when inserting the adsorbent material on the surface of membrane (M-HHCEM).
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Fig. 17. A comparison of migration rate and molar selectivity of Li through four different cation exchange
membrane (CEM); Home—made heterogeneous (HH-CEM), modified home-made heterogeneous (M-
HHCEM), composite home-made heterogeneous (C-HHCEM), and commercial heterogeneous cation
exchange membrane (CMH-PES) [125].

2.2.3.2. Bipolar membrane-based ED

The bipolar membrane electrodialysis (BMED) method is an integration of bipolar membrane (BM)
with the IEM in the ED stack (Fig. 18). A BM is a type of IEM that consists of three layers: a cation-
exchange layer, an anion-exchange layer and a hydrophilic interface layer, as shown in Fig. 18(a) [72, 126,
127]. When a direct current electric field is applied in a BMED, the water molecules present in the
hydrophilic layer dissociate into hydrogen ions (H") and hydroxide ions (OH") [128]. The electric field also
induces the negatively charged ions to be transferred towards anode through the AEM and the positively
charged ions towards cathode through the CEM (Fig. 18(b)). Simultaneously, the H" and OH™ from BM are
combined with the anions and cations that pass through the AEM and CEM, respectively [128]. As a result,
the acidic and basis solutions resulted from the BMED process are concentrated in acid and base recovery
compartment, respectively. BMED is a promising technology with high efficiency that separates an aqueous
solution into a basic stream containing its cations and an acidic stream containing its anions [72, 129].
BMED can also be considered an environmentally benign and sustainable method because it eliminates the

need for added chemicals [126]. Furthermore, BMED has an advantage compared to ED due to its high
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chemical and mechanical stability, low electrical resistance, low voltage drop, high current efficiency, high

permselectivity, and long lifetime [127].
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Fig. 18. (a) Structure of bipolar membrane, (b) schematic diagram of bipolar membrane electrodialysis
(BMED) consisting of anion exchange membrane (AEM), cation exchange membrane (CEM), and bipolar
membrane (BM) (modified from [126]).

lizuka et al. [130] investigated the implementation of a BMED process for the simultaneous
separation and recovery of Li from a simulated spent LIBs solution (mixture of Li and cobalt (Co)) with
the addition of chelating agent (EDTA). The results showed a high recovery of Li (about 99%) and that the
concentration of Li" increased with increasing feed. They also observed that the amount of Li recovered
was reduced when the feed solution becomes more alkaline (~pH 12). This work confirmed the capability
of the BMED process with EDTA to recover Li from spent LIBs solution at moderate pH levels. Another
interesting study evaluated the design of a Li" desorption rate using BMED for the recovery of Li from
lithium manganese oxide (LMO) [131]. The effects of the number of BM sheets, applied voltage, pH level
and flow rate on recovery of Li were studied. The highest desorption efficiency of Li” of 70% was removed
from LMO at higher applied potential per BM sheet. The lowest flowrate was able to shorten the operating
time by 30 min. Overall, the optimum performance of the module was observed when four BM sheets were
used at a pH value of 4 or below, with applied potential of about 6V per sheet and at minimum circulation

flow rate.
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The feasibility of BMED was further investigated for simultaneous recovery and separation of Li
and boron (B) from the simulated geothermal brine solution. The effects of applied voltage and pH on
process performance were studied by Bunani et al. [132]. Consistent with previous studies [131, 133], the
separation efficiency of Li in the base chamber reached as high as 99% at high voltages (18 V). However,
an adverse impact on the recovery ratio was observed at the maximum applied voltage, which was caused

by ion leakage that takes place at high applied voltages.

Therefore, Bunani ef al. selected an optimum applied voltage of 15 V based on minimizing ion
leakage at 2.41% and 2.65 % of Li and B in the acid and base compartments, respectively. In addition, the
highest Li" recovery ratio of 99.5% was achieved at a moderately high pH in the feed solution. On the other
hand, the Li separation efficiencies showed almost no change with pH and had an average value of 99.6%.
The BMED was able to recover Li and B as LiOH and H3;BOs, respectively. This work was extended to
study the effect of initial feed concentration of co-existing monovalent ions (Na“ and CI) on the
performance of the BMED [134]. At the different initial concentration of Na” and CI', a negligible influence
of the separation of the BMED was observed with respect to time. In addition, Bunani et a/. reported that
the separation efficiency of lithium and boron were greater than 90% at an applied voltage between 25V
and 30V.

Further studies were conducted on BMED for simultaneous separation and recovery of Li and B
from a solution of lithium tetraborate. Ipekgi er al. [135] investigated the effect of concentration and type
of acid and base solutions used in the acid and base recovery compartment at different applied voltages on
the migration rate and recovery of Li. They found that when the initial concentrations of acid and base were
increased at fixed applied voltage, the removal ratio of both Li and B were enhanced a certain extent, since
high ion conductive medium induced more ions transfer. In addition, replacing NaOH and HCI with LiOH
and H3BOj at otherwise fixed operating conditions resulted in lower recoveries of Li and B. Such behavior
is related to ion conductive medium that does not ionize to the extent that a strong acid would act when a
weak acid (e.g., H3BOs3) is employed in the acid chamber. Nevertheless, at higher initial concentrations of
H;BOs and LiOH, the performance of the BMED system was improved. Such a finding verified that the
recoveries of Li and B were significantly affected by the initial concentration of acid and base used in the
BMED system. These results implied that the conductivity of acid and base solutions should fall between
0.3 and 0.5 mS/cm, regardless of the strength of the acid and base. In a similar manner, Ipekgi et al. [136]
conducted additional research to further verify the adaptability of BMED system. The influence of
heterogeneous BM implementations at different operating conditions were examined. Heterogeneous BM
is fabricated from more heterogeneous materials compared with homogenous BM. In agreement with their
previous work [135], the separation efficiencies and recoveries of Li and B increased to a certain extent

with increasing applied potential. Moreover, the results showed that the performance of the BMED was
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strongly influenced by flowrate of the feed solution. They found that a low feed flowrate allowed the
membrane to come into contact with the feed solution longer, causing partial adsorption of Li* and BOs™
on the membrane surface. Furthermore, the replacement of HC1 and NaOH with H3BOs and LiOH in the
acid and base feed showed a negligible effect on the recoveries of Li and B at the optimal operating

parameters.

2.2.3.3. lonic liquid membrane-ED

Ionic liquid membrane electrodialysis (ILMED) technology is a membrane-based separation
process that consists of feed and permeate phases separated by an ionic liquid (IL) [137]. ILs are ionic
compounds that are liquids at room temperature and they have attractive properties such as high thermal
stability, non-flammability, and negligible vapor pressure [137, 138]. Moreover, ILs can be utilized to select
specific cations and anions due to their physicochemical properties [139]. In the past few years, ionic liquid
membranes (ILMs) have gained great attention in the separation of mixtures of organic compounds as well
as mixtures of gases and metals [139-141].

Recently, the demand for lithium-6 (°Li) has increased since it is a major component material used
in the production of tritium, which is used as fuel in fusion reactors. However, the natural sources of °Li
are limited. Therefore, a novel Li isotope separator method using ionic liquid impregnated organic
membranes (IL-I-OM) integrated with ED was developed by Hoshino and Terai , as illustrated in Fig. 19(a)
[142]. The results showed that Li isotopes were separated and concentrated by ED, because the [L-I-OM
allows the permeation of only Li" and the rates of permeation of different Li isotopes differ based on
characteristics of the IL-I-OM. To improve the durability of IL-I-OM and increase the separation efficiency
of °Li, the effects of membrane thickness (Imm, 2 mm, and 3 mm) and a protection cover on the integrity
of the IL-I-OM were investigated [143]. They found that the durability of IL-I-OM was improved by an
overcoat of nafion 324, since it limited the overflow of ionic liquid. Moreover, the separation coefficient of
°Li in the ED process was improved when using a highly porous organic membrane of 3 mm thickness.
Hoshino [144] proposed a new approach that verified the applicability of using IL-I-OM to extract Li" from
seawater, and a schematic of the process is shown in Fig. 19(b). He found that the concentration of Li" in
the cathode side increases up to 5.94% at minimum applied voltage, showing that the IL-I-OM has high
selectivity for Li" relative to coexisting ions. Consistent with his previous work [142, 143], the outflow of
the ionic liquid was prevented and the recovery of Li increased up to 22.2% when both sides of the

impregnated membranes were covered with nafion 324.
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Fig. 19. Schematic diagram of an ionic liquid impregnated organic membrane combined with ED (IL-I-
OM-ED). This system is composed of a cation exchange membrane, an anion exchange membrane, and an
ionic liquid impregnated organic membrane embedded between them, which acts as a mobile medium for
transported Li*; (a) °Li enrichment from Li solution of natural isotope ratio [142] and (b) Li" recovery from
seawater [144].

Hoshino’s conducted another study on applying the ionic liquid membrane electrodialysis
(ILMED) method to the recovery of Li" from SW at an electric potential of 2-3V [145]. In this study, the
outflow of IL was prevented by installing two CEMs on both ends of the IL, as illustrated in Fig. 20. The
selected commercial CEM is permeable to all cations (e.g., Na*, K*, Ca®", Mg®") expect for Li". The results
showed that the divalent coexisting ions were separated and concentrated at the cathode side with the help
of IL-I-OM, while all Li" remained at the anode side. This led to an increase in the separation efficiency to

a maximum value of 63% [145].
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Fig. 20. Schematic diagram of an ionic liquid membrane (ILM-ED). This system is composed of two cation
exchange membranes installed at both ends of the ILM. The Li" concentrates at the anode side and allows
the permeation of all other cations toward the cathode side [145].

Currently, the application of ILMED for Li recovery has gained great interest. Liu et al. [18]
developed a new ILMED to be selective for Li to recover it from simulated brine solution with a high mass
ratio of Mg/Li. The ILMED consists of a liquid membrane between two CEMs, as illustrated in Fig. 21.
The ILM increased the electro-migration of Li" and resulted in a significant drop of Mg/Li ratio in the brine
from 50 to 0.5 at a current density of 4.375A-m™ after 12 h of operating time. In addition, lower specific
energy consumption of 16 Wh/g of Li was achieved by the ILMED system compared to a typical ED.
Another study on the ILMED method for recovering Li from salt lake brines was conducted by Zhao et al,
and they studied the effects of electric potential and temperature. [146]. In agreement with Liu et al.[18] ,
a remarkable reduction of Mg/Li ratio in the brine from 100 to less than 2 was observed with minimum
specific energy consumption of 0.13kWh/mol at the optimal applied voltage of 3V and temperature of
20 °C. These experimental results verified that ILMED is a promising method because of its high selectivity

for Li and efficient energy consumption when treating a brine solution that contains several ions.
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Fig. 21. Schematic diagram of the sandwiched liquid membrane electrodialysis (ILM-ED). This system is
composed of two cation exchange membranes and a liquid membrane-embedded between them, which act
as a carrier to enhance electro-migration of ions [18].

Most of the research conducted on ED and ED-based processes for separation and recovery of Li
has focused on studying the influence of applied voltages and the characteristics of feed solutions in bench-
scale experiments. The highest Li recovery of 90.5% with a minimum specific energy consumption of
0.0045 kWh/mole was achieved by a SED process treating a simulated brine solution. Moreover, a number
of studies on SED processes have shown that the degree of Li" selectively is limited by the presence of
monovalent cations (e.g., Na" and K"). However, there are many novel approaches to improving the
selectivity of Li in SED processes. The studies on BMED have demonstrated the feasibility of producing a
pure Li salt solution (e.g., LiOH) from a boron-lithium mixed stream at considerable specific energy
consumption. Nonetheless, the feed solution is needed to be treated in order to produce a pure LiOH product
and to prevent membrane scaling. Unlike BMED, SED needs a basic solution (e.g., Na>CO3) to be added
to the concentrate chamber in order to obtain a high-grade lithium salt (e.g., Li2CO3) and improve the purity
of the recovered Li. An integrated SED-BMED system was developed to extract lithium from simulated
salt lake brine and produce LiOH [147]. Such a system eliminated the need for a recovery unit after the
SED process and prior to the BMED process. In addition, studies on ILMED and LM-I-O-ED processes
have shown that they have a superior selectivity for Li" over other cations. Moreover, these studies revealed

the feasibility of extracting lithium from primary liquid resources with efficient energy utilization. To the
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best of our knowledge, the vast majority of research conducted on ED-based technologies for Li recovery
have been at bench-scale, and most of them were conducted using a simulated brine solution. Moreover,
the effect of membrane fouling and scaling have not been addressed, though the separation and recovery of
Li depend on IEMs in ED-based processes. From a practical perspective, future work needs to be directed
toward developing improved membranes that have greater Li selectively and reduced membrane scaling.
Additionally, economic analysis of the processes should be conducted to evaluate their potential to be

operated at a large scale.
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Table 2

Summary of previous research on ED-based technology for the recovery of Li at optimum conditions.

Operating parameters Results
Source of Li Method Li’ . Acid and Applied Recovery Separation Separation Current Specific Ref.
. Ratio base Flowrate . . . energy
concentration o . voltage percentage coefficient efficiency efficiency .
M) (M/Li’) concentration (LPM) V) (Ru; %) (Fuss) (Su) % (n %) consumption
(M) Li /0 M-Li Li) /0 I 7 (KWh/ m3)
Li,SO4 (aq) 0.3 n.m. n.a. 25.2 6 75.8 n.m. n.m n.m 40.5 [148]
2 n.m. n.a n.m 7 20 n.m 45 180 n.m [119]
Na- LiBr (aq)
2 n.m. n.a n.m 5 n.m. n.m 32.2 n.m. n.m [125]
LiC1.H,O 1 150° n.a 1000 6 70 27.5 n.m n.m n.m [124]
and
MgCl.cH,0 0.7 18.9° n.a 1000 20 90.5 10.4 n.m 8.68 0.01 [124]
Salt lake 0.8 21.4° n.a 1000 20 nm 9.9 n.m n.m. 22.3 [124]
AT . SED b .
Brine solution 1 60 n.a nm 5 72.5 12.5 7 n.m. 0.2 [121]
0.02 3¢ n.a n.m. 5 71.5 65 n.m 51.5 0.05
a [122]
Brine 0.02 14 n.a n.m. 5 76 7.8 n.m 41.5 0.03°
solution
0.02 20° n.a n.m. 6 67.7 6.4 nm n.m. 0.2 [123]
Concentrated 0.02 16° n.a n.m. 7 n.m. n.m n.m ~1.2 ~2.3¢ [19]
seawater
5 36° n.a n.m. 10 76.5 n.m. n.m ~4.7 0.7¢ [19]

Salt lake brine

55



Table 2

Cont. summary of previous research on ED-based technology for the recovery of Li at optimum conditions.

Operating parameters Results
o+ Acid and . . . Specific
Source of Li Method Li Ratio base Flowrate Applied Recovery Separation Separation Current energy Ref.
concentration o+ . voltage percentage coefficient efficiency efficiency .
M) (M/Li’) concentration (LPM) R%) (Ru; %) (Fisi) (Su) % (n %) consumption
(M) Li /0 M-Li Li) /0 I 7 (KWh/ m3)
n.m.
0.05 n.m. n.m. n.m. 30 97.8 n.m. 20 18.7 [134]
n.m.
0.04 n.m. 0.003 n.m. 15 83.7 99.9 n.m. n.m. [132]
Li,B407.5H>0O
BMED n.m.
0.05 n.m. 0.05 n.m. 30 62 94.7 n.m. 7.9 [135]
n.m.
0.04 n.m. 0.003 50 25 73 n.m. n.m. 32 [136]
n.m. n.m.
n.a n.m. 2 22.2 n.m. n.m. n.m. [144]
Seawater 4.9E-5
n.m. n.m.
n.a n.m. 2-3 n.m. 63 n.m. n.m. [145]
ILM-
i ED 2
S“;“?lated 50" na n.m. nm. nm. n.m. 65 0.11° [18]
rine
0.14 3
Salt lack 100° na n.m. n.m. n.m. n.m. n.m. 0.13¢ [146]

Not applicable (n.a) and Not measured (n.m.).
*Simulated solution, ® Mass ratio (Mg/Li), Mole ratio (Mg/Li),  Mole ratio (Na/Li), ¢ specific energy consumption (kWh/mol of Li)
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2.3. Technology readiness levels of processes

The ED, ESIX and CDI processes are compared with performance analysis matrices as shown in
Table 3 in order to evaluate their technology readiness levels (TRL). In general, SED and BMED have
been studied at higher Li salt solutions (> 100 mg/L), while ILMED and ESIX have been applied to trace
Li solutions (0.4 mg/L). From a practical point of view, salt lake brines contain Li>100 ppm, while seawater
has a low Li concentration of 0.17 ppm. Therefore, ED demands further experimenting with seawater or
concentrated seawater as a source solution. ED requires higher applied voltages than ESIX and CDI, which
makes ED relatively energy-intensive. The majority of cathode materials tested for ED are based on Pt, Ti,
Ag, and Ni. Usually, anode materials are of similar origin, except for graphite which has been used in some.
CDI mainly depends on capacitive-type AC-based electrodes, while ESIX showed better performance with
modified LMO electrodes as cathodes. However, the time required for the extraction of a quantitative
amount of Li by ED is 20 min to 6 h, while ESIX can take up to 18 h and CDI takes up to 3 days. Recovery
of Li in ED cannot be directly compared with that in ESIX and CDI since recovery in ED is the relative
amount of Li transferred to the concentrate relative to that initially in the dilute chamber. Li recovery was
in similar ranges for ESIX and CDI (2-30 mg/g), except for one study where the authors found outstanding
Li recovery with very low SEC and an extremely high Li recovery of 800 mg/g. Analysis of performance
matrices allows us to summarize the performance of the three processes, as given in Table 4. Accordingly,

only BMED and ESIX have been studied from the bench scale through to the pilot scale.
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1 Table 3

2 Performance matrices of ED, ESIX and CDL.

Tl Method ED ESIX CDI
Parameters ‘\\\\ SED BMED ILMED
Concentration of Liin  104-34705 245-333 mg/lL.  0.34 mg/L. 0.063mMto1 M 2.3 mM to 0.21M
the feed (mg/L) mg/L
Time required for 360-120 min 120-20 min 720 min 25 min to 18 hrs 30 min to 3 days
quantitate extraction
of the Li
Applied voltage 520V 15-35V 2-3V (-0.25)-3.5V 0.6-3.5V
Electrode used Working: Working: Working: Working: Working:
Pt coated Ti, Pt coated Ti, Pt coated Ti, Ni, MnO,, LMO, AC, PVDF coated
Ni mesh, Ti Ag/AgCl, Ti Ti modified LMO, AC, AC slurry,
LiFePO4 LMO, modified
LMO, LMTO.
Counter: Counter: Counter: Counter: Counter:
Pt coated Ti, Pt coated Ti, Pt coated Ti, AC Pt/ Ag/ Zn/ AC, AC slurry
AC stainless steel, =~ RuO,-coated Ti ~ NiHCF/Ppy/BDD
Ag/AgCl, Ti
Membrane used "CEM: CEM: CEM: n.a CEM:
Homogeneous  Heterogeneous CAS, CMV, MCEM (CIMS).
polystyrene, Polyethylene, CSO
CIMS, CSO, CMIX, MA-40 AEM:
FKS-PET-130, ILM: Conventional
CICM, CMIX. AEM: PP13-TFSI, AEM, PVDF-EDA
“AEM: Heterogeneous  [Csmim][FeCls], based AEM,
Homogeneous  Polyethylene, [Csmim][TFSI], Poly(vinyl
polystyrene, Neosepta, [Comim][TFSI], chloride)/ethylene
ACSASA, AMX, MK-40  (TMPA-TESI) diamine AEM
FAS-PET-130, *“BM:
CIAM Neosepta-BP-
la, BM-3
Operation mode Batch Continuous Continuous Batch Batch
Recovery (Li") 68%- 80% 60%-98% n.m. 2-37.6 mg/g 2.4-800 mg/g
SEC (kWh/kmol) 5-2400 3-19 110-130 1.4-18.5 1.3-160.7
0.01-40.5*

References

[18, 19, 119-125, 132, 134-136, 144-146, 148]

[17, 54-56, 64, 69, 73,
76, 80-86, 88, 90-95,
99]

[99, 101, 103-105,
107-109, 111]

3 "CEM: Cation exchange membrane, = AEM: Anion exchange membrane, ~~ BM: Bipolar membrane.
4 “Specific energy consumption (kWh/m’of Li).
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Table 4

ED, ESIX and CDI processes in a nutshell.

Technical

Method Mechanism Source of lithium . Advantage Disadvantage Reference
maturity
Simulated brine solution Eco-friendly. .
L% B Simulated spent LIBs Bench-scale High separation efficiency and Recgvery unit after SED
v 3 : . Scaling
S Salt lake brine recovery of Li
= igh permselectivity and long
S ) e . 119-125,
A S Simulated pre-treated Bench/Pilot scal lifetime of bipolar membrane Pre-treatment of feed
ED E % geothermal brine ene ot seale No chemical additive solutiom 132, 134-
m = Simulated spent LIBs Production of pure acid and base ’ 136, 144-
= (LiOH) 146, 148]
- Q
. = Salt lake brine High selectivity of ion liquid .
— 83 -
: Seawater Bench-scale membrane toward Li" Scalability
Can support source solution of
complex nature
- Simulated salar de Does not require skilled labor to
2 atacama, uyuni and operate the process Upscaling requires large 17, 54-
2 » U . Easy upscaling with film-based pscalig req & 56, 64, 69,
© olaroz brine Bench/Pilot scale space to switch between
ESIX o . electrodes 73,76,
o) Natural brine . . source and recovery
2 . . . No membranes involved, no scaling . 80-86, 88,
< Li salt solutions- with L e solution tanks
m . and fouling issues requiring of 90-95, 99]
and without MgCl,
membrane replacement
Li extraction time is reduced from
1-2 years to less than 24 h
- Prone to Li ions loss during
8 charging and discharging
5§73 A simple process, gives means for cycles
= 2 s . . [99, 101,
S Lithium based single or electrode and membrane Can undergo scaling and
o © . . o . _ - 103-105,
CDI 9 > binary solutions Bench-scale fabrication/testing fouling issues, require 107-109
g bt Geothermal brine Require application of low voltages replacement of membranes 11] ’
£ 3 (between 0.6-3.5V) Scalability is hard with the
g need for large intercalation

electrodes
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The TRL chart provides a quick view of how easy it will be to convert a process into a commercial,
industrial process. Here, we classified ELiCSs based on the system scale (lab/bench/pilot), flow conditions
(batch/continuous), and Li source (mono salt/ brine/seawater). All ELiCSs were found to be at TRL 4 or
above, as depicted in Fig. 22. To date, only a small fraction of the processes studied (4.3%) have
demonstrated functioning systems at the pilot-scale, which should motivate the scientific community to do
more work on EliCSs at the pilot-scale. Appropriate validation of the processes at the pilot scale will enable
the cost-effective utilization of liquid Li resources, paving the way for the production of commercially
available forms of Li economically and quickly. Nevertheless, a higher proportion (54.4%) of studies have
validated processes at the bench scale, including studies that evaluated the stability of the electrodes and
IEMs in cycling experiments that utilized different types of brine solutions as feed instead of single
component Li salt solution. Another, 21.7% of studies demonstrated high stability of the system in
continuous operation mode. These processes at TRL 5, 6, and 7 can be upscaled and implemented to achieve
TRL 8 through continuous research on process improvement and testing the systems in real industrial

environments.

Industrial implementation incurs the capital cost for infrastructure and equipment, operational
costs, and maintenance costs. Capital cost is related to the process; for instance, CDI requires the highest
capital investment compared to ED and ESIX. Furthermore, the CDI process’s desorption efficiency is only
at a satisfactory level, which is unsuitable for upscaling. This shortcoming is reflected in the TRL rating
with respect to the industrial process, where most CDI processes are in TRL 4 and 5, while only 22.2% of
CDI processes are in TRL 6 with no system reaching TRL 7. On the other hand, 46.7% of the ED systems
studied are in TRL 6, and the others (6.7%) are in TRL 7. The improved performance of the ED at larger
scales could be because the technology has been studied over a longer period than CDI since CDI is
considered a new approach for Li recovery. ESIX is the most versatile technique that is easy to set up and
operate, but most of the processes reported to date are in TRL 5 (72%), TRL 6 (5%), and TRL 7 (5%). With
regards to ESIX, systems that have been studied are generally batch processes with switchable feed and
recovery solutions. Switching between tanks requires a larger surface area of the tanks, which has a serious
impact on the capital cost. On the other hand, flushing the feed to refill the recovery solution consumes
high volumes of scarce fresh water. Addressing these issues will enable easy transfer of the bench and pilot-

scale technologies to real commercial environments.
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3. Perspective and outlook

Increased demand for Li promotes the rapid transition of lab-scale research processes to full-scale,
functioning industrial processes. Electrochemical processes are playing a pivotal role in driving force for
ion separation processes towards industrialization. However, the lack of uniformity in parameters used to
evaluate process performance between various studies limits meaningful comparison of alternative
processes. Specific energy consumption and purity of the recovered Li are dominant factors for performance

evaluation.

SEC has a direct impact on the operational cost of the ELiCSs. Fig. 23 shows that ESIX has SEC
in the range of 1.4 to 18.7 kWh/kmol, which is lower than that for CDI and ED. Bench-scale testing of CDI
was performed mainly with LiCl and LiOH salt solutions. In the limited studies of CDI using simulated
brine or geothermal brine as the feed, SEC was higher than 100 kWh/kmol. SED has higher energy
consumption than BMED and ILMED, but the SEC of ED-based processes cannot be directly compared to
those of CDI and ESIX. However, the SEC for ED is around a few kWh/kmol or kWh/m?, so the energy

demand for ED processes seems to be between ESIX and CDI processes. The ambiguity in units is a
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a standard form that allows meaningful comparisons among the systems.
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Fig. 23. Energy consumption of ELiCSs over the years. Data obtained from [17-19, 54-56, 64, 69, 73, 76,
80-86, 88, 90-95, 99, 101, 103-105, 107-109, 111, 119-125, 132, 134-136, 144-146, 148].

In brine processing, the Mg/Li ratio plays a significant role due to the similar ionic radii of Mg**
and Li". Fig. 24 summarizes how ED, CDI, and ESIX systems perform with brines of different Mg/Li, as
demonstrated by SEC and RR. All of the studies reported so far on CDI have focused on feed solutions
with an Mg/Li ratio of less than 10. Fig. 24(a) indicates that regardless of the Mg/Li ratio in the feed, ESIX
consumed less than 5 kWh/kmol in 80% of the occurrences, and no system exceeds the SEC of 20
kWh/kmol. The industry makes tradeoffs among the following parameters: time, energy, and production
output (quality and quantity) to achieve a balance between the cost and benefits of the production. Thus,
the lower SEC with higher RR is preferred. The quality of the product is measured by its purity, and the
purity of products produced by ESIX was above 95%, except for pilot-scale demonstrations. As already
discussed, pilot-scale systems must address the inherent process performance issues related to scale-up.
CDI offers a high level of recovery with values over 80 mg/g for source solutions below the Mg/Li ratio of
10 (Fig. 24(b)). ESIX has been tested and validated for handling high Mg brines (Mg/Li > 80) and produced

up to 80 mg of Li per gram of the working electrode. Industry prefers the latter scenario because natural
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Fig. 24. Illustration of the relationship between magnesium to lithium feed ratio, (a) specific energy
consumption (SEC), and (b) recovery ratio (RR) of Li. Summary is based on the data from [17-19, 54-56,
64, 69, 73, 76, 80-86, 88, 90-95, 99, 101, 103-105, 107-109, 111, 119-125, 132, 134-136, 144-146, 148].

From the perspective of several studies on the SEC, favorable energy consumption for optimized future
process is found to be below 55 kWh/kmol or less. Developing full-scale applications, however, is not an

easy task and requires massive capital input and infrastructure. Therefore, validation of these SEC numbers
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by more studies is required. With regards to ESIX processes, a capacitive type, carbon-based counter
electrodes and modified NiHCF-based electrodes offer greater promise for improved efficiency and
utilization of real brines. Despite their low SEC, no ESIX process provides more than 80% of Li recovery
with moderately high or high Mg-containing brine. Hence, it is important to find new electrode
combinations and process parameters that can further increase Li recovery with high Mg brines. The
majority of ED processes have dealt with brines containing Li in the presence of B. It is timely to test the
ED process with an exclusive focus on system parameters and IEM performance to offer lower SEC along
with higher RRs. On the other hand, CDI is heavily in need of testing recovery using simulated or real salt

lake brine because most of the work has been done with a solution containing a single Li salt.

4. Conclusion

This study combines and critically reviews and discusses most of the state-of-the-art electrochemical
lithium capturing systems (ELiCSs) and provides future perspectives on their development. Three broad
classifications of ELiCSs were identified: electrodialysis (ED) as an electro-membrane-based process,
capacitive deionization (CDI) as a membrane enhanced battery-based process, and electrochemically
switchable ion exchange (ESIX) as a battery-based process. Brief conclusions from this review are as

follows:

e In ED-based processes, applied voltage guides the ions towards the respective electrodes and
IEMs collect Li" and other monovalent ions in the middle compartment/(s). Therefore, the
electrodes used in ED are general with no particular affinity for Li’, which results in higher
applied cell voltages. The ED-based processes studied so far for Li recovery have mostly
focused on demonstrating a practical approach to evaluating the operating variables that
describe Li’s separation and recovery from an aqueous solution. Among the ED-based
processes, SED and BMED are the most appropriate methods for high recovery of Li" at low
SEC.

e Studies involving ESIX technology for Li recovery considered extracting Li from other liquid
Li resources instead of from solutions of individual Li salts. The Li(1-xyMn,O4/LiMn,O4 system
reported the highest Li recovery rate. Activated carbon counter electrodes provide shorter
cycles with high Li concentrations in the source solution, compared to Pt and Ag counter
electrodes. However, the use of NiHCF counter electrode allows the brine to be a recovery
solution.

e (DI is a membrane-enhanced battery-based process that takes advantage of the selectivity of

the intercalation electrodes along with the ion transport regulation of the IEMs to attain good
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Li ion recovery. CDI is a well-established technology that has proven its reliability as a
promising electrochemical ion-separation technology. CDI is an advancement of ESIX since it
utilizes intercalating electrodes in combination with IEMs. However, its use for selective Li
recovery is still very limited and 95% of studies show that its SEC and RR are similar to those
of ESIX. This demands further study so that process and operating parameters can be
optimized.

e Most ELiCSs have been evaluated at the bench scale, with some of them studied at pilot-scale
using continuous processes. Most CDI processes used as ELiCSs have been tested or verified
only at the laboratory, bench-scale, while ED and ESIX are better-established technologies for
Li recovery.

o Future ELiCSs-related research needs to focus on experiments using natural Li liquid resources
and optimized process parameters. This will provide results that can be used in an economic
analysis that can provide an overview of ELiCSs’ required capital costs, which can be used to

evaluate the potential for scalability and pilot expansion.
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